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Preface

A basic study of electrical drives is fundamental to an electrical engineering curriculum, and,
today, gaining a better academic understanding of the theory and application of controlled-
velocity electrical drive technologies is increasingly important. Electrical drives provide
superior control properties for a wide variety of processes, and the number of applications for
precision-controlled motor drives is increasing. A modern electrical drive accurately controls
motor torque and speed with relatively high electromechanical conversion efficiencies,
making it possible to considerably reduce energy consumption. Because of the present
pervasive use of electric machinery and the associated large energy flows, the introduction of
more effective and efficient electrical drives promises significant environmental benefit, and
electrical engineers are responding by introducing new and more efficient electrical drives to a
myriad of industrial processes.

A controlled-velocity electrical drive combines power electronics, electric machinery, a
control system, and drive mechanisms to apply force or torque to execute any number of
desired functions. The term electric machinery refers primarily to the electromagnetic
mechanical devices that convert electricity to mechanical power or mechanical power to
electricity—that is, to electric motors or generators. The term control system refers to the
control electronics, instrumentation, and coding that monitor the condition of the electric
machinery and adjust operating speed and/or match force or torque to load.

With a rigorous introduction to theoretical principles and techniques, this academic
reference and research book offers the master of science or doctoral student in electrical
engineering a textbook that provides the background needed to carry out detailed analyses
with respect to controlled-velocity electrical drives. At the same time, for engineers in general,
the text can serve as a guide to understanding the main phenomena associated with electrical
machine drives. The edition includes up-to-date theory and design guidelines, taking into
account the most recent advances in the field. The years of scientific research activity and the
extensive pedagogical skill of the authors have combined to produce this comprehensive
approach to the subject matter. The considered electric machinery consists of not only classic
rotating machines, such as direct current, asynchronous, and synchronous motors and
generators, but also new electric machine architectures that have resulted as the controller
and power electronics have continued to develop and as new materials, such as permanent
magnets, have been introduced. Examples covered include permanent magnet synchronous
machines, switched reluctance machines, and synchronous reluctance machines.

The text is comprehensive in its analysis of existing and emerging electrical drive
technologies, and it thoroughly covers the variety of drive control methods. In comparison
to other books in the field, this treatment is unique. The authors are experts in the theory and
design of electric machinery. They clearly define the most basic electrical drive concepts and
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go on to explain the critical details while maintaining a solid connection to theory and design
of the associated electric machinery. Addressing a number of industrial applications, the
authors take their investigation of electrical drives beyond theory to examine a number of
practical aspects of control and application. Scalar, vector, and direct torque control methods
are thoroughly covered with the nonidealities of direct torque control being given particular
focus.

The expert body of knowledge that makes up this book has been built up over a number of
years with contributions from numerous colleagues from both the Lappeenranta University of
Technology and the University of Zilina in Slovakia. The authors are grateful for their help.

In particular, the authors would like to thank Professor Tapani Jokinen for his extensive
contributions in general, Professor Olli Pyrhönen for his expert guidance on the control of
synchronous electrical machine drives, Dr. Pasi Peltoniemi for the detailed and valuable
example on tuning the control of an electrically excited synchronous machine, and M.Sc. Juho
Montonen for his permanent magnet machine analysis. The authors would also like to
specifically thank Dr. Hanna Niemelä, who translated some of the included text from its
original Finnish. Finally, we give our warmest thanks to our families, who accommodated our
long hours of writing, editing, and manuscript preparation.

This academic reference and research book uniquely provides comprehensive materials
concerning all aspects of controlled-velocity electrical drive technology including control and
operation. The treatise is based on the authors’ extensive expertise in the theory and design of
electric machinery, and in contrast to existing publications, its handling of electrical drives is
solidly linked to the theory and design of the associated electric machinery.
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Abbreviations and Symbols

A magnetic vector potential [Vs/m], linear current density [A/m]
AC alternating current
AM asynchronous machine
ASIC application-specific integrated circuit
A1–A2 armature winding terminals of a DC machine
AlNiCo aluminium nickel cobalt permanent magnet
A transmission ratio
B magnetic flux density, vector [T] [Vs/m2]
B magnetic flux density, scalar [T] [Vs/m2]
BLDC brushless DC motor
B1–B2 commutating pole winding of a DC machine
C capacitance [F], machine constant, speed of light [m/s]
CE constant, function of machine construction
CT torque producing dimensionless factor
C1–C2 compensating winding of a DC machine
Cio,i outer or inner capacitance between the ball and the race in the ball bearing [F]
Cg capacitance between the races of the ball bearing [F]
C01, C02 capacitance of the filter [F]
Cwf capacitance between the stator winding and the stator frame [F]
Cwr capacitance between the stator winding and the rotor core [F]
Csr capacitance between the stator and rotor cores [F]
c experimentally determined coefficient, distributed capacitance [F/m]
c/h duty cycles per hour
c capacitance per unit length [F/m]
CENELEC Comité Européen de Normalisation Electrotechnique
CHP combined heat and power
CSI current source inverter
D diameter [m], friction coefficient, code (drive end)
D1, D2 diode 1, diode 2
DΩ viscous friction, frictional torque
DC direct current
DFIG doubly fed induction generator
DFIM doubly fed induction motor
DFLC direct flux linkage control
DTC direct torque control
D1–D2 series magnetizing winding terminals of a DC machine
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x ABBREVIATIONS AND SYMBOLS

d thickness [m], axis
DOL Direct On Line
DSC Direct Self Control
E electromotive force (emf) [V], RMS, electric field strength [V/m], scalar
EPMph phase value of emf induced by PM [V]
emf electromotive force [V]
E electric field strength, vector [V/m]
ESR equivalent series resistance [Ω]
e electromotive force [V], instantaneous value e(t) or per-unit value
es back electromotive force vector induced by the stator flux linkage ψ s [V] or

per-unit value
em back electromotive force induced by the air gap flux linkage ψm [V] or per-

unit value
F force [N], scalar
F force [N], vector
F1, F2 terminals of field winding
FEA finite element analysis
FLC flux linkage control
FOC field oriented control
FPGA field programmable gate array
Fm magnetomotive force ∮H ? dl [A], (mmf)
FPGA field-programmable gate array
f frequency, characteristic oscillation frequency [Hz], or per-unit value
fsw switching frequency [Hz] or per-unit value
g distributed conductance [S/m]
Gm transfer function
Gce closed loop transfer function
GTO gate turn-off thyristor
H magnetic field strength [A/m]
hPM height of permanent magnet material [m]
I electric current [A], RMS
IE1, 2, 3, 4 efficiency classes
IC cooling methods
IGBT insulated-gate bipolar transistor
IGCT integrated gate-commutated thyristor, integrated gate controlled thyristor
IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
IM induction motor
Im imaginary part
IP enclosure class
i(t) instantaneous value of current [A]
iB base value for current [A]
Ik, Is starting current [A]
Ist locked rotor current (starting) [A]
Ief effective load current [A]
ia armature current [A]
icom common current linkage [A]
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xiABBREVIATIONS AND SYMBOLS

if field current [A]
im magnetizing current space vector [A] or per-unit value
iPM PM represented by a current source in the rotor [A] or per-unit value
iPE current in the protective earth wire of the motor cable [A] or per-unit value
imPE earthing current [A] or per-unit value
J moment of inertia [kgm2], inertia, current density [A/m2], magnetic polar

ization [Vs/m2]
Jm moment of inertia of the motor [kgm2]
Jload load moment of inertia [kgm2]
Jtot total moment of inertia [kgm2]
j imaginary unit
K kelvin, transformation ratio, constant
Kp amplification
k coupling factor
kC Carter factor
kd distribution factor
kgain gain coefficient
kp pitch factor
kri reduction factor (current ratio of synchronous machine)
kriav ratio of magnitudes of the current space vectors
krs transformation ratio between stator and rotor
ksq,ksk skewing factor
kw winding factor
kwN effective number of turns
L inductance [H]
Lc choke
LCI load commutated inverter
LD total inductance of the direct damper winding [H] or per-unit value
LDσ leakage inductance of the direct damper winding [H] or per-unit value
Ld direct axis synchronous inductance [H] or per-unit value
LdD mutual inductance between the stator equivalent winding on the d-axis and

the direct equivalent damper winding [H] or per-unit value
LdF mutual inductance between the stator equivalent winding on the d-axis and

the field winding (in practice Lmd) [H] or per-unit value
L transient inductance [H] or per-unit values
Ld direct axis transient inductance [H] or per-unit value
Ld direct axis subtransient inductance [H] or per-unit value
Lf total inductance of the field winding [H] or per-unit value
LF inductance of the DC field winding [H] or per-unit value
Lfσ leakage inductance of the field winding [H] or per-unit value
Lk short-circuit inductance [H] or per-unit value
Lkσ mutual leakage inductance between the field winding and the direct damper

winding, i.e., the Canay inductance [H] or per-unit value
Lm magnetizing inductance [H] or per-unit value
Lmd magnetizing inductance of an m-phase synchronous machine, in d-axis [H] or

per-unit value
Lmn mutual inductance [H] or per-unit value
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xii ABBREVIATIONS AND SYMBOLS

Lmq quadrature magnetizing inductance [H] or per-unit value
LQ total inductance of the quadrature damper winding [H] or per-unit value
LQσ leakage inductance of the quadrature damper winding [H] or per-unit value
Lpd main inductance of a single phase [H] or per-unit value
Lp main inductance of a single phase [H] or per-unit value
Lq quadrature axis synchronous inductance [H] or per-unit value
L quadrature axis subtransient inductance [H] or per-unit value
LqQ mutual inductance between the stator equivalent winding on the q-axis and

the quadrature equivalent damper winding (in practice Lmq) [H] or per-unit
value

L0 equivalent inductance [H] or per-unit value
Lm0 magnetizing inductance at no load at the rated stator flux level or per-unit

value
LSRM linear switched reluctance machine
Ls stator synchronous inductance [H] or per-unit value
Lsσ stator leakage inductance [H] or per-unit value
L01, L02 inductance of the filter [H] or per-unit value
L transient inductance [H] or per-unit value
L subtransient inductance [H] or per-unit value
L1, L2, L3 network phases
l length [m], magnetizing route [m], distance [m], relative inductance, distrib

uted inductance [H/m]
lcr critical cable length [m]
le effective core length [m]
l equivalent core length, effective machine length [m], inductance per unit

length [H/m]
M mutual inductance [H], or per-unit value
M modulation index
MMF magnetomotive force [A]
m number of phases, mass [kg]
ma amplitude modulation ratio
mf frequency modulation ratio
m phase number of the reduced system
m0 constant
N number of turns in a winding, magnetic north pole, code (nondrive end)
Np number of turns of one pole pair
NdFeB neodymium iron boron permanent magnet
NEMA National Electrical Manufacturers Association
NPC neutral point clamped (inverter)
n normal unit vector of the surface
n number of teeth, number of units determined by the subscript
pu per unit
P power, losses [W] or per-unit value
Pef effective power [W]
Pe electrical power [W] or per-unit value
Pel electrical power [W] or per-unit value
Pin input power [W] or per-unit value

q
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ABBREVIATIONS AND SYMBOLS xiii

Pmec mechanical power [W] or per-unit value
PE protective earth wire of the motor cable
PID proportional-integrating-differentiating controller
PMSM permanent magnet synchronous motor (or machine)
PWM pulse-width-modulation
PM permanent magnet
PMaSynRM permanent magnet assisted synchronous reluctance motor
MTPV maximum torque per volt
MTPA maximum torque per ampere
Pρ friction loss [W] or per-unit value
p number of pole pairs
Q electric charge [C], number of slots
q number of slots per pole and phase, instantaneous charge, q(t) [C]
R resistance [Ω] or per-unit value
Rball resistance of the ball of the ball bearing [Ω]
Rri resistance of the inner race of the ball bearing [Ω]
Rro resistance of the outer race of the ball bearing [Ω]
RD resistance of the direct damper winding [Ω] or per-unit value
RE representing the part of mechanical power associated with Rr

Rf resistance of the field winding [Ω] or per-unit value
RF resistance of the field winding [Ω] or per-unit value
RM reluctance machine
RMS root mean square
Rs stator resistance [Ω]
RQ resistance of the quadrature damper winding [Ω] or per-unit value
R01,R02 resistance of the filter [Ω] or per-unit value
r radius [m], distributed resistance [Ω/m]
r radius unit vector
S1–S9 duty types of electrical machines
S apparent power [VA], or per-unit value, surface [m2]
S switch, magnetic south pole
SM synchronous motor
SR switched reluctance
SRM switched reluctance motor
SynRM synchronous reluctance motor
SVM space vector modulated inverters
Sst maximum permitted starting apparent power [VA] or per-unit value
SPE power processing ability required by power electronics [VA] or per-unit

value
SU, SV, SW switching function variables
SmCo samarium cobalt permanent magnet
SynRM synchronous reluctance machine
s, slip, Laplace domains operator
sb slip at Tb

s0 base slip value
T temperature [K] [°C], duration [s], torque [Nm], cycle time of the oscillation [s]
T1, T2 transistor 1, transistor 2
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xiv ABBREVIATIONS AND SYMBOLS

TEFC totally enclosed fan cooled
Tsub duration of the subsequent of the modulation [s]
ΔT temperature rise [K] [°C]
T torque space vector [Nm] or per-unit value
Tb pull out torque, breakdown torque [Nm] or per-unit value
Tem electromagnetic torque [Nm] or per-unit value
Te electromagnetic torque [Nm] or per-unit value
TL load torque [Nm] or per-unit value
Tmax maximal torque [Nm] or per-unit value
TN nominal, rated torque [Nm] or per-unit value
Tpull-in synchronizing torque [Nm] or per-unit value
Ts starting torque [Nm] or per-unit value
TwL working torque of the load [Nm] or per-unit value
t0 operating period [s]
tc commutation period [s]
tcef effective cooling period [s]
T1 starting torque, locked rotor torque [Nm] or per-unit value
Tu minimum torque [Nm] or per-unit value
TI integrating time constant [s]
TD differentiating time constant [s]
t time [s]
t tangential unit vector
tj cycle time [s]
tp time of pulse propagation (wave propagation time) [s]
tr rise time, duration of converter pulse [s]
U voltage [V], RMS
Ud supply voltage [V]
UDC,meas measured intermediate voltage [V]
U depiction of a phase
u voltage, instantaneous value u(t), incoming voltage [V] or per-unit value
ucm common mode voltage (star point voltage) [V] or per-unit value
ur reflected voltage [V] or per-unit value
udrop voltage drop estimation error [V] or per-unit value
u2 forward travelling voltage [V] or per-unit value
uDCmE voltage from DC link midpoint to PE [V] or per-unit value
Δu voltage drop [V] or per-unit value
ΔUDC,offs offset voltage [V] or per-unit value
V depiction of a phase
VDE Verband Deutscher Elektroingenieure
VRM variable reluctance motor
VSI voltage source inverter
v speed, velocity, wave velocity, propagation speed of the voltage pulse [m/s]
v vector
W energy [J], coil span (width) [m]
W depiction of a phase
W∗, Wx magnetic co-energy [J]
We magnetic energy (energy stored in magnetic field) [J]
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xvABBREVIATIONS AND SYMBOLS

Wmec mechanical work [J]
Wmt energy converted into mechanical work when the transistor is conducting [J]
Wmd mechanical work when the diode is conducting [J]
Wfc energy stored in the magnetic field [J]
WR energy returning to the voltage source [J]
Wd energy returned through the diode to the voltage source [J]
wins thickness of the insulation layer,[m]
wFe thickness of the iron layer,[m]
X reactance [Ω]
x coordinate, axis
Y admittance [S]
y axis
Z impedance, nonlinear impedance of the ball bearing [Ω]
Zm characteristic impedance of the motor cable [Ω]
Zs characteristic impedance of the filter [Ω]
Zs01, Zs02 impedance of the filter [Ω]
Z0 characteristic impedance [Ω]
z coordinate, length [m]
zQ number of conductors in a slot
α angle [rad] [°], coefficient, temperature coefficient, relative pole width of the

pole shoe
αi factor of the arithmetical average of the flux density
αPM relative permanent magnet width
αSM relative pole width coefficient for synchronous machines
β angle [rad] [°]
Γ energy ratio, cylinder that confines the rotor, integration route
γ angle, rotor angle [rad] [°], coefficient
γc commutation angle [rad] [°]
γD switch conducting angle, dwelling angle [rad] [°]
γ0 turn on switching angle [rad] [°]
δ air gap (length) [m], load angle [rad] [°]
δde equivalent air gap (slotting taken into account) in the d-axis [m]
δe equivalent air gap (slotting taken into account) [m]
δef effective air gap (influence of iron taken into account) [m]
δ , δ0 minimum air gap, (air gap in the middle of the pole shoe) [m]
δ0 minimum air gap, influence of slotting is taken into account [m]
δd equivalent direct axis air gap [m]
δq equivalent quadrature axis air gap [m]
δs load angle [rad] [°]
δm load angle [rad] [°]
Δδef additional effective air gap caused by PM [m]
ε permittivity [F/m], stroke angle [rad] [°], angle, correction term
εr relative permittivity
ε0 permittivity of vacuum 8.854 10 12 [F/m]
η efficiency
Θ current linkage vector [A] or per-unit value
Θ current linkage [A], angle [rad] [°]
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xvi ABBREVIATIONS AND SYMBOLS

θ angle [rad] [°]
ϑ angle [rad] [°]
κ angle, current angle [rad] [°], vector position in a sector
λ angle [rad] [°],
μ permeability [Vs/Am],
μr relative permeability
μ0 permeability of vacuum, 4 π 10–7 [Vs/Am] [H/m]
ν pulse velocity [m/s], ordinal of harmonic
П surface [m2]
ρ resistivity [Ωm], reflection factor (coefficient)
ρν transformation ratio for IM impedance, resistance, inductance
σ leakage factor, ratio of the leakage flux to the main flux, Maxwell stress

[N/m2]
σF tension, tension force [Pa]
σFn normal tension [Pa]
σFtan tangential tension [Pa]
σmec mechanical stress [Pa]
τ relative time, transmission coefficient, control bit (torque or flux linkage)

direct axis transient time constant with an open-circuit stator winding [s]τd0
τd direct axis transient time constant [s]
τd direct axis subtransient time constant [s]
τ quadrature axis subtransient time constant [s]

quadrature axis subtransient time constant with open-circuit stator winding [s]τq0
τp pole pitch [m]
τv phase zone distribution
τA armature time constant [s]
τmec mechanical time constant [s]
Φ magnetic flux space vector [Wb] [Vs] or per-unit value
Φ magnetic flux [Wb] [Vs]
Φδ air gap flux [Wb] [Vs]
Φh main magnetic flux [Wb] [Vs]
ϕ magnetic flux, instantaneous value ϕ(t) [Wb] [Vs],
φ phase shift angle, power factor angle [rad] [°]
ψ magnetic flux linkage [Vs] or per-unit value
ψh flux linkage of a single phase [Vs] or per-unit value
ψm air-gap flux linkage [Vs] or per-unit value
ψ s,u stator flux linkage integrated from the converter voltages [Vs] or per-unit

value
ψ s,i stator flux linkage calculated from the current model [Vs] or per-unit value
ψ s0 initial flux linkage (∼ψPM) [Vs] or per-unit value
ψA armature reaction flux linkage [Vs] or per-unit value
ψC compensating winding flux linkage [Vs] or per-unit value
ψB commutating pole winding flux linkage [Vs] or per-unit value
ψF field winding flux linkage [Vs] or per-unit value
ψPM permanent magnet flux linkage [Vs] or per-unit value
ψ tot total flux linkage of the machine [Vs] or per-unit value
Ω mechanical angular speed [rad/s] or per-unit value

q
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ABBREVIATIONS AND SYMBOLS xvii

Ωhs speed of high speed area starts at Ωhs or per-unit value
ω electric angular velocity [rad/s], angular frequency [rad/s] or per-unit value

Subscripts

0 section
1 primary, fundamental component, beginning of a phase, locked rotor torque, phase

number
2 secondary, end of a phase, phase number
3 phase number
a armature, shaft
A armature
arm armouring
ad additional
av average
act actual
b base value, peak value of torque, blocking
bar concerning bar
bearing concerning bearing
C capacitor
c conductor, commutation
cp constant power
calc calculated
corr correction
cr, crit critical
D direct, damper
d direct, direct axis, distribution
DC direct current
E back emf (electromotive force)
e electrical, electric
eff effective
el electric, electrical
em electromagnetic
err error
est estimate
ext external
f, field, filter
filt filtered
F force, field
Fe iron
grid concerning a grid
i internal
k short circuit, ordinal
L load
LL line to line
m mutual, main, motor, mechanical
M motor
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xviii ABBREVIATIONS AND SYMBOLS

mag magnetizing, magnetic
max maximum
mec mechanical
meas measured
min minimum
N rated
n nominal, normal, normalized, normalization, orthogonal component
non-sal nonsaliency
new new value
old old value
p pole, pitch
ph phase
pu per unit value
PM permanent magnet
q quadrature, quadrature axis, zone
r rotor, rotor reference frame
ref reference
res reserve
s stator
sal saliency
sk skewing
slipring concerning a slip ring
sub subtransient
sum vector sum of currents
syn synchronous
sw switching
t tangential
tan tangential
tot total
tr transient
triangle triangle waveform
u pull-up torque
v zone, coil
w end winding leakage flux
x x-direction, axis
y y-direction, axis
z z-direction, phasor of voltage phasor graph
δ air gap
Φ flux
ν harmonic
σ leakage

Superscripts

^, peak/maximum value, amplitude
imaginary, apparent, reduced, referred, virtual, transient

∗ base winding, complex conjugate
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s stator reference frame
r rotor reference frame
g general reference frame

Boldface symbols are used for space vectors

i current space vector, i= ix+ jiy, i= iejθ [A] or per-unit value
i absolute or per-unit value of current space vector
I complex RMS phasor of the current
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1

Introduction to electrical machine
drives control

Few technologies are more important to our collective quality of life than electrical drive
technology. One could say that electric motors drive and electric generators power the world.
Further, power electronics offers an indefatigable tool for accurate power conversion. And it
seems the importance of the technology is poised to rise to even greater heights in the course
of the next few decades as more reliable, more cost effective, and more flexible electrical drive
systems become available.

For more than a century, electrical machine drives have been powering production
processes for numerous industries. Applications include pumping, ventilation, compression,
milling, crushing, grinding, conveying, and transporting. In modern robot-dependent man
ufacturing systems, electrical drives are responsible for precise position control of various
robot arms and end effectors.

Concerns about air quality in cities and the increasing demand for improvements in energy
efficiency favour using even more electric or hybrid vehicles for transportation needs. The
current rate of change toward even more electromobility is limited only by today’s high price
of electric storage technology. The electrical drives themselves, that is, the motors and
converters, are more than sufficient to serve as a replacement for the existing internal
combustion engines in cars and buses.

Today, more than 50% of the world population lives in urban areas, and that percentage is
growing. This growth in population powers increasing demand for more and better methods
of moving people, materials, and things. Electrical machine drives are becoming an
increasingly essential element of these transportation applications. Globalization, the accel
erating process of international integration, puts added demand on sea and air transport, and
ships and even aircraft are relying more and more on the most up-to-date electrical drive
systems.

Electrical Machine Drives Control: An Introduction, First Edition. Juha Pyrhönen, Valéria Hrabovcová
and R. Scott Semken.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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2 ELECTRICAL MACHINE DRIVES CONTROL

In addition, the average age of the world population is advancing at a rate unparalleled
in human history. By 2050, the elderly will account for 16% of the global population.
Caring for these 1.5 billion senior citizens over the age of 65 will strain the world’s existing
healthcare infrastructure. Fortunately, intelligent machinery has the potential to address the
needs of the ageing population and to ease this demographic challenge. As the sinew of
intelligent machinery, the increasing importance of electrical machines drives again seems
to be clear.

Climate change is also bringing about ever more troubling environmental challenges.
Permafrost in Siberia is melting and releasing methane into the atmosphere, there are stronger
and increasingly damaging storms, and many drought areas are experiencing unprecedented
levels of dryness. The burning of carbon-based fossil fuels to produce both electrical and
motive power has been identified as a major contributor to climate change, and moving
toward electrical power production technologies that do not burn fuels is a possible solution.
Electrical generator drives are essential components of several of the more climate-friendly
power production options currently available such as hydro, wind, and geothermal. Moreover,
electric vehicles, a green alternative to fuel-burning cars, buses, and trucks, also rely on
electrical motor drives.

At present, electric motors are the world’s single biggest consumer of electricity,
accounting for about 70% of industrial power consumption and nearly 45% of total global
electricity consumption. Most in service are polyphase current (AC) induction motors, which
are inexpensive and easy to maintain and can be directly connected to an AC power source.
However, the majority of these AC induction motors lack flexible speed control, so they are
not being used as efficiently as possible. Modern electrical drive technology is beginning to
offer more cost-effective solutions with excellent speed control, making it possible to
significantly improve efficiencies and minimize power consumption. These developments
will encourage the replacement of AC motor systems in existing applications and the
implementation of modern electrical drives for any new ones.

1.1 What is an electrical machine drive?

The word drive comes from the Anglo-Saxon word dríf-an, which was a verb meaning to urge
(an animal or person) to move. It is used as a noun here that can be defined as the means for
giving motion to a machine or machine part. Therefore, an electrical drive can be defined as
an electrical means of imparting motion. When an electrical drive is operated in reverse, it
becomes a means of harnessing motion to generate electricity. To be more specific, when an
electrical drive is driving, it can be referred to as an electrical motor drive. When it is driven, it
can be referred to as an electrical generator drive.

Depending on the application, electric machines often operate in both motoring and
generating modes. And, often, there is no technology difference between an electrical motor
drive and an electrical generator drive. For example, the electric drive motor that propels an
electric train or automobile—referred to as a traction motor—must run forward and backward
and brake in both directions.

Electrical machine drives can be categorized as either noncontrolled or controlled motor
or generator drives. Most motor drives working in industrial applications are noncontrolled.
Almost exclusively, these are three-phase AC induction motors with direct on line (DOL) or
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across the line starting. Large-scale power generation mostly uses DOL drives based on
synchronous generator drives.

To improve performance and efficiency, many applications are making use of controlled
electrical drives. Controlled electrical motor drives are starting to become more popular in
cases where the drives are tied into an industrial automation system. Distributed generation is
driving demand in electrical power industries for speed-controlled electrical generator drives.
In wind power, for example, so-called full power converters are becoming more common
where both the generator and the network connection are fully controlled via power
electronics.

1.2 Controlled variable speed drives

The primary function of any variable speed drive is to control speed, force production,
acceleration, deceleration, and direction of movement, whether it be rotary or linear. Unlike
constant speed electric machines, variable speed drives can smoothly change speed to
anywhere within their design operating range, and this adjustability makes it possible to
optimize production processes for improved product quality, production speed, or safety.

Electrical variable speed drives are offered in a number of basic types, but the two most
versatile for general purpose applications, and therefore the most common, are direct current
(DC) drives and adjustable frequency AC drives. An electrical variable speed drive typically
includes the following three principle elements.

The high-level controller enables (a) the operator to start, stop, and change speed via a
human-machine interface (HMI) using buttons, switches, and potentiometers or (b) a plant
control and set point master computer to send similar commands.

The drive controller converts the fixed voltage and frequency of an AC power source into
adjustable power output to control the electric drive motor over its range of speeds.

The drive motor transforms electrical energy into motor movement. Shaft rotation or
linear actuator movement speed varies with power applied by the drive controller.

1.2.1 DC variable speed drives

DC drives are motor speed control systems based on DC motors or generators.
In a traditional rotary DC motor, the rotor (armature) spins inside a magnetic field that is

initially produced either electromagnetically or via attached permanent magnets (PMs). The
most common electromagnetic approach is to supply the field and armature windings
separately. The result is referred to as a separately excited DC motor. If, instead, the no-
load magnetic field is produced using PMs, the result is referred to as a PMDC motor.
Separately excited and PMDC represent two of the more important and commonly used DC
motor types.

In a separately excited and compensated DC motor, speed is directly proportional to the
voltage applied to the armature and inversely proportional to motor flux, which is a function of
field current. As a result, speed can be controlled via either armature voltage or field current. In
a PMDC motor, speed is also directly proportional to the applied voltage. However, since the
PMDC magnetic field remains constant, PMDC motor speed cannot be increased beyond the
rated speed by reducing armature field current.
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DC drive control

The speed and torque of a DC motor are independent. Speed is proportional to the applied
voltage, and torque is proportional to the applied current.

As in all drives, power varies in direct proportion to speed. That is, 100% rated power is
developed only at 100% rated motor speed with rated torque. Constant power over a specified
speed range is needed for some applications. An armature-controlled DC drive can deliver
less-than-maximum nearly constant power over a portion of its operating speed range.
Because it is a function of speed, the level of power available depends on where in the speed
range it is needed. For example, a particular drive might be capable of delivering 50% of its
maximum power from 50% to 100% of its rated speed, so if 4 kW was needed over the upper
half of the drives speed range, an armature-voltage–controlled drive rated for 8 kW would be
required.

In addition to being armature-voltage controllable, the performance of separately excited
DC drives can be influenced by changes in field current. Normally, they operate using a
constant field excitation, but they can be pushed over their rated speed by reducing field flux
beyond the rated speed point. This is called field weakening.

The advantages of the DC drive

Brushed DC motors are more complicated than AC motors and require more maintenance.
Their most vulnerable component is the mechanical commutator, which acts as a mechanical
inverter in a motor or a mechanical rectifier in a generator. The maximum speed of a DC motor
depends on its mechanical endurance, which may be limited because of the commutator and
brushes. Some of the disadvantages of the traditional DC motor can be overcome with a
brushless DC motor architecture. The brushless DC motor moves the armature to the stator
side and uses power-electronic commutation. Its architecture is similar to that of a PM
synchronous AC motor.

The primary advantages can be summarized as follows.

DC drives can be less complex and less expensive for most power ratings.

DC drives can provide starting and accelerating torques exceeding 400% of rated
(Sowmya, 2014).

DC drives are able to control speed over a wide range (above and below rated speed).

DC drives can be quick starting, stopping, reversing, and accelerating.

DC drives offer accurate speed control and a linear speed-torque curve.

DC drives dominate in sub-kilowatt power applications.

DC drives are easier to understand for maintenance and operations personnel.

1.2.2 AC variable speed drives

AC drives are machine speed control systems based on AC motors or generators. AC motors
typically operate using three-phase AC. Single-phase supplied AC induction motors are also
widely used for lighter duty applications. The motors can be rotary or linear. In general, the
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controller characteristics are the same for either. For clarity, the following discussion focuses
on rotary AC motor drives.

A rotary AC motor has a stationary stator and a spinning rotor. The stator is wound with a
circular array of conductor coils (the windings) that produces static lines of current and a
rotating magnetic field. The rotor carries lines of current that also produce a magnetic field.
Both rotate as the rotor spins. The interaction between the rotor or stator currents and the
common rotating magnetic field is responsible for the force production (torque) of the motor.
Depending on motor type, the rotor currents may be produced via electromagnetic induction
or via an active set of rotor windings. In a PM machine, the function of the stator is the same.
However, the PM rotor lacks the lines of current and only contributes a spinning magnetic
field. In analysis, the PM can be replaced by an equivalent current, if needed. The stator
currents and the common rotating magnetic field are responsible for force production in a PM
machine.

The two most common AC motor types are induction motors and synchronous motors,
each with a number of variations.

The induction motor

An induction motor (also called an asynchronous motor) relies on a slight difference in speed
between the rotating magnetic field of the stator and the rotating speed of the rotor to induce
current in the rotor’s AC windings or integral conductive squirrel cage. This difference in
speed is referred to as slip.

Single-phase supplied AC induction motors are often two-phase capacitor-run motors.
They can exhibit good performance properties for a particular working condition. Because
induced coil currents produce a virtual second phase during operation, shaded-pole
induction motors act like two-phase motors with their virtual second phase working as
a short-circuit winding that produces a rotating field component in the air gap to start the
motor. The single-phase motor types are not excellent performers. In general, they are not
as efficient as multiple-phase induction motors; however, they are ubiquitous in both
industrial and household settings, because of their simple construction, low cost, and
reliability and because single-phase voltage sources are readily available. Single-phase
frequency converters and small three-phase motors are available if speed-controllable
single-phase motor drives are required. Naturally, this should be the trend to enhance
energy efficiency.

Three-phase induction motors are the workhorses of industry. The two most common
types use either active rotor windings or a rotor squirrel-cage architecture. Because in the first
type AC current is transmitted to the active rotor windings via slip rings, it is commonly
referred to as a slip-ring induction motor. The second type is referred to as a squirrel-cage
induction motor.

Slip-ring induction motors equipped with external rotor resistors have high starting torque,
smooth acceleration under heavy loads, adjustable speed, and good running characteristics.
Traditionally, they have been used in applications such as lifts, cranes, and conveyors. More
recently, their general popularity and market share have dropped off significantly. However, the
doubly fed induction generator, a slip-ring machine, remains the most popular generator type for
wind turbines. Squirrel-cage induction motors are simpler and rugged in construction. They are
relatively inexpensive and require little maintenance. They are the preferred choice for lathes,
drilling machines, pumps, and compressors, among other applications.
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The synchronous motor

In contrast to the induction motor, a synchronous motor does not rely on slip induction.
The magnetic poles of its rotor remain magnetically locked with the rotating air-gap
magnetic field, which is synchronous with the frequency of the AC supply current. In a
synchronous motor, the rotor poles are produced via an active set of windings or a circular
array of PMs.

Synchronous motors are available with power ratings from less than 1 kW to tens of
megawatts. Typically, sub-kilowatt synchronous motors are used in applications where a
precise constant speed is needed, such as in clocks, timers, and tape players. Above 10 kW,
the main benefits of synchronous motors are their high efficiency and an ability to provide
power-factor correction. Larger synchronous motors can be found in higher-powered fans and
blowers. Three-phase synchronous motors are also being used as traction motors for electric
vehicles. The best-known example of synchronous traction motor use in an electric vehicle is
France’s high-speed TGV trains (for Train à Grande Vitesse, which is French for “high-speed
train”). The largest synchronous motor drive is the ABB-supplied 101-MW wind tunnel drive
motor owned and operated by the USA National Aeronautics and Space Administration
(NASA).

AC drive control

There are various methods used to transform incoming AC power into the adjustable form of
input needed to control AC motor speed and torque. Two well-known examples are pulse-
width modulation (PWM) and six-step or trapezoidal waveform conversion.

PWM varies the average value of voltage (and current) by rapidly switching (on and
off) the voltage input to the motor. The relative duration of the on and off periods, referred
to as the duty cycle, determines the amount of voltage supplied. Long on periods and short
off periods correspond to high voltage, and short on periods and long off periods
correspond to low voltage. Duty cycle is expressed in percentage with 100% being
maximum voltage. PWM assumes inductive loads. With inductance, energy can be stored
within the magnetic circuit to maintain relatively smooth current in response to the PWM
supply.

For an AC drive to operate smoothly in response to PWM, the motor must receive on-off
switching pulses that are short relative to the time it takes for the load to respond. The PWM
resultant waveform must appear smooth to the load. Typically, AC drive switching frequen
cies can be from a few to tens of kHz.

Power electronics (switching devices)

To implement the appropriate power conversion method (to vary frequency and voltage
of the motor input power supply), both AC induction motors and synchronous motors
are increasingly being coupled with power electronics switching systems to produce
variable-speed AC drives. For induction motors in variable-torque fan, pump, and
compressor applications, the result offers significant and important energy savings
opportunities. For large synchronous motors, the result also makes it easier to get the
massive rotors moving.
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These power electronics can be classified based on the different topologies. By far the
most common AC drives are voltage-source inverter (VSI) drives. Other topologies include
the current-source inverter (CSI), the load commutated inverter (LCI), and the cycloconverter
(CCV).

In a VSI, the DC output of a diode-bridge converter stores energy in a capacitor bus to
supply voltage input to an inverter. In place of a diode rectifier, AC conversion can also be
accomplished using a more complicated active-switch converter capable of four-quadrant
operation and two-directional power flow. Most AC drives are VSI with PWM voltage
output. In a CSI, the DC output of an SCR-bridge (silicon controlled rectifier, i.e., thyristor)
converter stores energy in a series-reactor connection to supply current input to an
inverter. CSIs typically output PWM or a six-step waveform. In an LCI drive, the
DC output of an SCR-bridge converter stores energy via a DC-link inductor circuit to
supply a second SCR-bridge inverter. LCIs output quasi-sinusoidal six-step current. The
CCV is a direct frequency converter approach that transforms an incoming AC waveform
of constant frequency and voltage into an outgoing AC waveform of varying frequency and
varying voltage.

The advantages of the AC drive

The primary advantages of the speed-controlled AC drive can be summarized as follows.

AC drives can be smaller and lighter for higher power ratings.

AC drives can accommodate widely varying loads or extended low-load operation.

AC drives can operate more easily at higher speeds (over 3000 or 3600 rpm).

AC drives need less apparent starting power and offer lower-cost electronic motor
reversing.

AC drives offer better speed and torque control.

AC drives are more common in high power applications.

AC drives require less maintenance are a better choice when access is limited.

1.3 Electrical machine drive implementation

Figure 1.1 compares typical configurations for a controlled and noncontrolled drive. The
shaded areas represent the core electrical drive components. In each case, the primary inputs
are power, either electrical or mechanical, and the control signal, which could be speed,
torque, or position for the controlled drive or simply an on/off command for the noncontrolled
drive. Output is the mechanical power of the output shaft for a motor drive or the generated
electricity for a generator drive.

Instrumentation monitors the state of the motor by measuring critical parameters such as
rotation speed, electric current, and operating temperature. The measurement signals are
transmitted to the controller, which issues control signals to the power electronics based on the
input references and transducer signals. Based on signals from the controller, the power
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Figure 1.1 Block diagrams illustrating the principles of a controlled and noncontrolled
electrical drive where (a) is a drive with a two- or four-quadrant 2Q/4Q power electronic
converter and (b) is a direct-on-line drive. The input of an electrical drive consists of
electrical or mechanical power and an operational reference. Output is the mechanical or
electrical power transmitted either to a mechanical or electric load. In principle, a controlled
electrical drive consists of power electronics, an electric motor or generator, monitoring
instrumentation, and a controller. A noncontrolled electrical drive consists of a contactor with
protective thermal relays and the electric motor or generator. In either case, there are
interactions between the drive system and the network, between the power electronic
converter and the electric machine (transmission line phenomena), and between the electric
machine and the mechanical system.

electronics either converts incoming electrical power to supply motors that produce mechan
ical power or converts outgoing electrical power to supply a storage system or network in
response to incoming mechanical power.

Present-day converters all apply some kind of a modulation technology to convert
electrical power from one form to another. The most common is PWM, with which, for
example, incoming DC voltage can be converted to a suitable AC voltage to accommodate an
AC motor. PWM applies constant voltage in pulses of a given duty cycle (pulses/cycle) and
frequency (cycles/second). For electrical drives, PWM depends on the system having a
suitable level of inductance to filter the PWM input and to achieve smooth electric current
curves despite the chopped voltage.

As implied by the blocks shown in Figure 1.2, the expert in electrical drives should exhibit
competence in several technical areas. Obviously, expertise in energy technology, electric
machines technology, electrical power network technology, measurement technology,
mechanics, control engineering, thermodynamics, and telecommunications technology is
required. How the electrical drive system interacts with its mechanical and electrical
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Figure 1.2 Fields of operation of an electrical drives expert. EMC, electromagnetic
compatibility.

interfaces also must be understood. Figure 1.2 illustrates the main fields of operation and the
areas of expertise of an electrical drives expert.

Telecommunications technology is perhaps not the first thing that comes to mind when
considering electrical drives; however, present-day drives such as those used for ship
propulsion and wind power are operated and monitored remotely. For example, the
condition of electrical drives in ships is monitored in land-based centres via tele
communication protocols utilizing satellites. Similarly, machine systems such as harbour
cranes are monitored via the Internet by the manufacturer for maintenance and product
development purposes.

1.4 Controlled electrical drives and energy efficiency

The growing use of controlled electrical drives significantly affects overall energy use and
energy technology itself. They play an increasingly significant role in the management of
global energy consumption. Controlled electrical drives improve energy efficiencies by more
accurately controlling process energy flow. The following paragraphs will discuss some of
these aspects in more detail.

A great many human activities depend on electromechanical energy conversion. It is
particularly important to many industrial processes and for the housing, commerce, and
transportation sectors as well. In the early 21st century, global electricity consumption
reached 18,500 TWh/a, and current forecasts suggest it will reach 30,000 TWh/a in the near
future. Electrical drives will represent 50 to 60% of this total, so it is easy to understand that



WEBC01 09/22/2016 1:36:27 Page 10

10 ELECTRICAL MACHINE DRIVES CONTROL

Figure 1.3 Chain of efficiencies in electricity production (from chemical or nuclear energy),
transmission, and final use indicating low total efficiency. System performance can be
considered acceptable if 25% to 30% of the primary energy can be used to perform useful
work; however, actual performance can be significantly lower.

improving electrical drive efficiency is a key factor in reducing consumption and the
associated emissions of carbon dioxide (CO2).

Electricity is still produced mostly by rotary electric machines driven by incoming
mechanical power provided by turbines, internal combustion engines, and the like.
Electricity production from solar cells and fuel cells is increasing, but so far, generators
remain the most important means of energy conversion. Furthermore, the strong future
predicted for wind power ensures a continuing important role for rotary electric machines in
power generation.

Since most electricity is still produced by burning fossil fuels or by nuclear power, it is
important to understand the relationship between primary energy demand and final process
efficiency. Figure 1.3 illustrates how the efficiency of each link in a chain of energy
conversions leads to a surprising low resultant total efficiency for the electrical energy
system of a condensing power plant.

The biggest losses are due to the inherently low efficiencies of thermal cycles producing
mechanical work from thermal energy. The maximum theoretical efficiency ηc of a
thermomechanical energy conversion is known as the Carnot efficiency and is defined
as follows.

Tmin
ηC 1 (1.1)

Tmax
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Absolute temperatures Tmin and Tmax are the minimum and maximum of the thermal cycle.
Using a steam power plant as an example, the temperature of the condensed water supplied to
the boiler would be Tmin, and the temperature of the supercharged steam leaving the boiler
would be Tmax. In Figure 1.1, these temperatures are 325 K and 775 K, respectively. The
maximum corresponds to the practical upper limit of present-day steam power plants. Cooling
the condensed water to the minimum 325 K also is within typical capabilities. For these
temperatures, however, Equation (1.1) yields a maximum theoretical efficiency of 58%.
When all efficiency-limiting factors are taken into account (e.g., the isentropic efficiency of
the turbine (typically 80%) and the power needed to run the power plants components), the
actual energy conversion efficiency drops to within the range of 40% to 45%. In combined
cycles (e.g., a gas turbine system with waste heat boiler plus steam turbine), it is possible to
reach 60% electricity production efficiency, and in places where the heat of the process can be
utilized, it is possible to reach 80% total efficiency. Plants that utilize process heat in this way
are referred to as combined heat and power (CHP) plants. CHP technology is prevalent and
most efficient in northern countries like Finland where water and housing must be heated year
round.

The chain of efficiencies illustrated in Figure 1.3 suggests that electricity, which is a
highly refined energy carrier, should be reserved for applications that cannot be served
using other forms of energy transmission. An electrical drive is one such application. With
this in mind, some countries prohibit the use of electricity for direct resistive heating, for
example.

A system using a heat pump driven by a PM synchronous motor drive is capable of
producing as much as seven units of heat output with just one unit of electricity input (the
performance coefficient of the heat pump is typically 3 to 7). Looking again at Figure 1.3
reveals that a heat pump system based on an electrical drive may produce more heat than can
be produced by burning fuel directly. If 30% of the original primary energy goes to driving the
heat pump and if the performance coefficient is seven, then 0.3× 7= 2.1, or 210% goes to heat
the process. Therefore, if electricity is to be the energy transfer medium used for heating,
using an electrical drive to run a heat pump to produce heat energy that is 90 to 210% of the
primary energy is better than using direct resistive heating to produce heat energy that is just
30% of the primary energy.

The final process in the chain, pumps and pipelines for the system in Figure 1.3, should
have as high efficiency as possible to avoid excessive primary energy consumption. Therefore,
the electrical drives expert and the pump specialist should collaborate to select the best possible
technology for the final drive. The motor drive, the pump, and the pipelines must work together
to achieve optimal final drive efficiencies.

Because electrical drives are more controllable than mechanical or hydraulic systems,
their use in many fields of human activity is increasing. Moreover, since electrical drives are
typically more energy efficient, they are becoming important from the point of view of energy
efficiency.

The latest developments in electrical drives are in mobile equipment such as electric or
hybrid vehicles and heavy working machines. Careful integration of electrical drive tech
nologies into mobile equipment systems is resulting in significantly improved energy
efficiency, better emission control, and better performance. Hybrid mobile equipment
uses electrical motor drives to power the subsystems or the drive wheels. These motor
drives are powered by an electrical generator drive, which in turn is powered by an internal
combustion engine. Given the nearly constant speed and load required by an electrical
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generator drive, the internal combustion engine of a hybrid can be sized optimally and
designed to operate cleanly at peak efficiency. For example, the efficiency of a modern low
emission diesel engine, designed to power the generator of a hybrid excavator (50 to 500 kW),
can easily reach an efficiency of 40%.

Electrical power is being produced more efficiently and cleanly, and modern frequency
converters are improving the efficiencies of process control as well. Efficient process
control can save energy and reduce emissions. To illustrate, one manufacturer of electrical
machine drives, ABB, has reported that their installed base accounts for 445 TWh in energy
savings; equivalent to the annual production of 56 nuclear reactors or the yearly consump
tion of more than 110 million households (ABB, 2015). Compared with fossil fuel–
generated electricity, this represents a reduction in CO2 emissions of approximately
336 billion kg, which is the amount emitted in a year by more than 90 million cars.
ABB enjoys approximately 20% market share, so real benefits associated with worldwide
electrical machine drive usage can be estimated to be roughly 8 EJ in energy savings and 1.7
trillion kg in CO2 reduction.

1.5 The electrical drive as an element of a controlled
industrial process

In industrial processes, effective speed or torque control is necessary to achieve reasonable
energy consumption and high quality. This requirement becomes clear if the particular
process requirements are analysed. Industrial processes can be divided into two main
categories: material transformation and material transportation. In each case, being able to
adapt to changing process requirements can lead to improvements in efficiency and quality.
The precise control of speed in response to varying load conditions offered by controllable
electrical drives provides this ability.

Presently, electrical drives are essential process components in a number of industrial
areas, including the chemical industry; fabrication workshops; the plastics industry; the pulp,
paper, and printing industries; the food and soft drink industries; mining; metals; and power
plants. In addition, many electrical drives are being used for the heating, plumbing, and
ventilation of buildings.

All industrial processes require both material and energy. Figure 1.4 shows the energy and
material flows for a typical manufacturing process. Energy and material are consumed to
output a product. The figure illustrates the energy and material inputs and depicts consump
tion as energy and material loss outputs. Processing can involve mechanical power, the
electromagnetic effect, heating or cooling, chemical reactions, or biological reactions.
Mechanical power is applied most effectively via speed-controlled electrical motor drives.
With precision speed control available, processes can be developed that produce high-quality
results with minimal materials and energy consumption.

Process equipment can be categorized as transport devices, equipment that moves
materials from place to place, or processing devices, equipment that modifies the geometries
or properties of materials.

Transport devices include various systems to move solid materials and devices
for controlled delivery of liquids or gases. Device construction varies depending on
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Figure 1.4 Energy and material flows in a typical production process.

material to be transported. Solids such as containers, metals, wood, minerals, or even
human beings are moved by hoists, conveyors, lifts, and vehicles. Fluids such as water, oil,
or liquid chemicals are transported by pumps through pipes or tubes. Gases are forced by
blowers, compressors, or fans through ducts or tubes. A particular application of this kind is
air conditioning.

Processing devices carry out a nearly unlimited variety of material modifications. Every
electrical process device integrates energy control, an electric motor, mechanical power
transmission, and the material modification machinery. An electrical drive provides the first
three: energy control, motor, and transmission. It converts the electrical energy fed to the
system into the required mechanical energy needed to carry out the processing function of the
operating machine. In the most demanding processing tasks, servo drives are needed for
precise position control. For example, electrical component placement machines used in
circuit card assembly in electronics industry must be controlled precisely to place the
components on a circuit card with a high degree of accuracy.

Speed control is an important element of electrical drives. It can be accomplished, for
instance, by using a frequency converter to control energy flow or by using mechanical
gears as to control power transmission. Frequency converters are popular, because they
make it possible to control ordinary noncontrolled electric motors. Newer PM motors,
which have greater torque density than induction motors, often can be applied directly
without the need for power transmission gearing. Electrical drives are referred to as high-
speed drives when the frequency converter feeds the electric motor at a frequency that is
notably higher than the line frequency. These high-speed drives are gradually becoming
more common.

Table 1.1 reviews some general industrial electrical drive applications and lists some of
their more important behavioural characteristics. Table 1.2 lists traditional and more modern
methods of achieving different speeds in electrical drives.

Electrical machine drives are the essential workhorses of modern industry. Their
successful development and implementation demand expertise from multiple engineering
disciplines. When the most appropriate electrical drive is applied correctly to carry out its
targeted process function, energy efficiency can be optimized, and the cumulative effects
throughout industry can bring substantial environmental benefit.
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Table 1.1 Typical industrial (or alike) electrical drive applications

Application Power
[MW]

Typical Speed
[min 1]

Starting
Torque
Ts/TN

Synchronizing Torque
Demand (DOL)

Tpull-in/TN

Maximum Load
Torque
Tmax/TN

Moment of Inertia
Jload/Jmotor

Relative
Smoothness of

Torque

Grinder 2–20 1000–1800 Small Small Normal Normal Smooth
< 20% < 10% 1.5 Jload ∼ jmotor

Chopping Machine 0.1–3 250–500 Small Small Large Large Large variations
< 20% < 10% 2.5–3 Jload > Jmotor

Centrifugal compressor . . . 20 1000–1800 Normal Normal Normal Fairly large Smooth
10,000–100,000 < 40% < 40% < 1.5 Jload > Jmotor

Reciprocating . . . 20 150–500 Normal Normal Fairly large Large Periodic
compressor < 40% < 40% 2 Jload > Jmotor variation

Blower . . . 15 300–1800 Small Normal Normal Large Smooth
< 20% < 40% 1.5 Jload > Jmotor

Centrifugal pump . . . 10 500–1800 Normal Normal Normal Small Smooth
< 40% < 40% 1.5 Jload < Jmotor

Vacuum pump
- Nash . . . 3 200–400 Small Normal Normal Normal Smooth
- Sulzer . . . 3 1000–1800 < 20% < 40% 1.5 Jload ∼ Jmotor Smooth

reduction gear Small Large Normal Fairly large
< 20% ∼100% 1.5 Jload > Jmotor

Ore or cement mill . . . 10 150–500 Large Large Fairly large Normal, varies under May vary
> 100% ∼100% 2 load periodically

Position-controlled
drives

. . . 0.2 0–6000 High — Large Normal, varies under
load

Varies
periodically

Propeller . . . 50 70–300 Small Normal Normal Small Smooth
< 20% < 40% 1.5 Jload < Jmotor

Wind turbine . . . 10 10–1800 — — Normal
1.5

Large
Jload > Jgenerator

Smooth

Mobile machine or 0.05–5 1000–6000 High — Normal large Varies under
train traction Reduction gear 1.5 Jload > Jmotor load

Ship propulsion 1–30 100– Low — Normal Normal
Jload ∼ Jmotor

Smooth
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Table 1.2 Traditional and modern speed control means

Control Method Mechanical
Variator

Hydraulic
Coupling

Motor Pole Number
Switching

Voltage
Control

Slip-Ring Machine
Cascade

Power-Electronics–Based
Control

Power range 0–75 kW 15–12,000 kW 0–5000 kW 0–5 kW 100–10,000 kW 0–100,000 kW

Max speed 4000 min 1 2900 min 1 3000 min 1 3000 min 1 3000 min 1 100,000 min 1

Speed control
range [%]

8–100 25–100 25–100 stepped 60–100 50–100 0–100

Speed of torque
control

Slow Slow Slow Slow Fast Very fast

Speed of speed
control

Slow Slow Slow Fairly fast Fast Fast
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Aspects common to all controlled
electrical machine drive types

This book examines existing and emerging electrical drives, offering thorough coverage of
the variety of drive control methods. The electric machinery considered includes not only
classic rotating machines, such as direct current (DC), asynchronous, and synchronous motors
and generators, but also new electric machine architectures that have resulted from the
simultaneous development of the electromagnetic machinery, the controller, and the power
electronics combined with the introduction of new materials, such as permanent magnets.
This chapter covers a number of aspects that are common to electric machine control in
general.

2.1 Pulse width modulation converter electrical
motor drive

AC drive control is based on frequency and voltage regulation. DC drive control is based on
regulating voltage. In both cases, state-of-the art electrical drives make use of a pulse width
modulation (PWM) principle. PWM is widely applied to convert electrical power from one
form to another, for example, from DC to AC or vice versa. When applying PWM, two
fundamental principles must be understood: a voltage source may not be short circuited, and a
current source may not be open circuited. Furthermore, a good electric circuit design will have
its input and output sides designed so that one is a voltage source and the other is a current
source.

Electric machines are inductive. Inductance works to oppose changes in current by
inducing instantaneous proportional opposing voltages. In effect, the inductance of an
electric machine applies opposing induced voltages as needed to maintain constant

Electrical Machine Drives Control: An Introduction, First Edition. Juha Pyrhönen, Valéria Hrabovcová
and R. Scott Semken.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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machine current, so it can be regarded as a current source. When PWM pulses are supplied
to the terminals of an electric machine, its construction determines how it reacts to the
pulses with its transient or subtransient inductance. Subtransient inductance manifests in
synchronous machines with multiple rotor windings. These transient inductances must be at
a suitable level when the PWM switching frequency is selected. Magnetic flux leakage
resulting in leakage inductance is often regarded as an adverse phenomenon, but in reality,
for example, an induction machine could not be supplied via a PWM pulse pattern in the
absence of leakage inductance. Machine inductive behaviour will be discussed in more
detail in later chapters.

The current-source nature of electric machinery suggests that power should be supplied
as a voltage source. This is why voltage-source converters have become so popular.
However, the current-source nature for some electric machines is unclear. One example is a
rotor surface magnet servomotor with low synchronous inductance. A current-source
converter may be a better solution to drive these machines. In practice, however,
voltage-source converters dominate the market, and current-source converters are seen
only in special cases.

In a voltage-source converter, the DC link voltage is converted into a three-phase AC
voltage having the desired frequency and amplitude. The output of a PWM converter consists
of sharp voltage pulses of varying durations. The phrase “instantaneous average” describes
the idea of producing nearly sinusoidal currents by modulating the converter power switches
so the instantaneously average output voltages follow sinusoidal patterns. There must be a
suitable switching frequency, so the current-source nature of the motor can filter the sharp
voltage pulses to produce acceptable current waveforms.

Induction motors are always high inductance. As a result, it works well with a voltage-
source PWM converter. The induction motor remains the workhorse of the industry. It is
overwhelmingly dominant in terms of number of units installed and in terms of total installed
power. Moreover, it can be integrated with various electrical drive types. However, other
motor types are increasing in importance for electrical drive applications. Various synchro
nous machines, in particular, have become more popular lately. Industrial DC-motor drives
are losing popularity.

Figure 2.1 illustrates a simplified schematic for a squirrel-cage motor drive supplied by a
voltage-source vector-controlled frequency converter. Vector control refers to the use of space
vectors which were developed in the 20th century to model the electrical machine transients.
In this material, the terms “vector” and “space vector” are used synonymously even though
space vectors are not vectors in the classic sense. In electrical machine modelling and
control, space vectors are frequently used to clearly and concisely represent measured three-
dimensional quantities. This is especially true for three-phase systems, where space-vector
representation makes it easier to recognize and interpret electromagnetic behaviours. The
following text introduces the voltage space vector. Chapter 4 offers a more rigorous definition
of space vectors and their application.

Switches k1–k6 carry out the pulse width modulation of the drive. In practice, these
switching functions can be provided by controllable switches, such as metal oxide semi
conductor field-effect (MOSFE) or insulated-gate bipolar (IGB) transistors, or by gate turn-off
(GTO) or integrated gate-commutated (IGC) thyristors and an anti–parallel freewheeling
diode to ensure that the current source, which might be a current-maintaining inductive
component, never becomes open circuited. The switching commands given by k1–k6 are
based on motor control. The frequency converter comes embedded with software that
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Figure 2.1 Induction motor drive equipped with a vector-control voltage-source frequency
converter. The stator current vector, the rotor current vector, and the magnetizing current
vector are denoted is, ir, and im, respectively. The stator voltage is us, and the vectors for stator
flux linkage and air-gap flux linkage are ψs and ψm. The current and flux linkage vectors are in
the directions of the corresponding magnetic effects. The drive controller has one or more
motor models and rotates an image of the machine to emulate its behaviour and to be able to
make control decisions.

includes a motor model. In operation, the converter models motor behaviour, and then rotates
actual motor space vectors as the model prediction dictates. The converter supplies motor
inputs in a controlled manner responding to incoming commands, for example, a speed
command from an upper-level controller.

The ability of motors to convert electrical energy into mechanical energy is based on
electrical and magnetic force effects. The Lorentz force equation can be expressed verbally as
follows. A force dF acts on a charge dQ moving at velocity v through a current-carrying
conductor of length dl subjected to a magnetic flux density B. In equation form,

dl dQ
dF dQv B dQ B dl B idl B (2.1)

dt dt

Figure 2.2 illustrates how the Lorentz force results in DC motor torque production. The
current-carrying motor-armature winding experiences torque-producing forces when subject
to magnetic flux.

The Lorentz force may be used in torque calculations for all machines with conductors in a
magnetic flux field.

In AC motors, according to the law of induction, the voltage space vector us fed to an AC
motor stator winding is integrated into the flux linkage vector of the stator as follows.

∫usdt (2.2)ψs
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Figure 2.2 Elementary electric motor. In the air gap, there is a flux density B and a rotating
coil through which current i flows. The Lorentz force affects the sides of the armature coil.
Coil size is an important factor when calculating torque. A bigger diameter results in bigger
torque. The coil moves to a position where the flux created by the current running in the coil is
collinear to the external flux, the horizontal position in this example. To produce continuous
torque, several coils are needed at different armature angles.

The absolute value of the flux linkage space vector ψ is directly proportional to the flux
density B, the effective number of turns kwN, and the surface S through which the flux travels.

ψ kwN∫B ? dS (2.3)

When voltage is applied, corresponding currents begin to flow. Considering electromechan
ical energy conversion, the flux linkage of the air gap, which is the most important of the flux
linkage components, can be expressed with this equation.

ψ Lm (2.4)m im

Flux linkage in the air gap is in the direction of the magnetizing current vector im and is
associated with the magnetizing inductance Lm. A vector equation can be determined for the
electromagnetic torque vector Te from the Lorentz force.

3 3
Te p ψ p ψ (2.5)is iss m2 2

The length of the current-linkage vectors correspond to magnitude, that is, the maximum
value of the respective sinusoidal current waveforms. The right-hand rule can be applied to
determine current-linkage vector directions. The direction of the current space vector is the
direction of the current linkage of the winding. Definitions for current space vector and
voltage space vector are introduced later in Chapter 4. Because flux linkage and voltage are
related according to the law of induction, changing the direction of the voltage vector in the
stator winding also changes flux linkage direction. If the direction of the voltage vector in the
winding of a three-phase motor changes continually in the right sequence, the flux linkage of
the motor begins to rotate. The moving rotor of an induction motor can lag behind the driving
flux rotation in the air gap. This is referred to as slip. For a synchronous machine, the rotor has
no permanent slip. A synchronous machine has temporary slip during load transients. After
reaching a certain load angle, the rotor rotates at the same speed as the air-gap flux.
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Motor control can be implemented using a frequency converter, which varies voltage
amplitude and AC frequency. A common voltage-source converter consists of three parts. The
50 or 60 Hz three-phase line voltage is fed to an AC-to-DC rectifier unit, which converts it to
DC voltage. This DC voltage is fed to a DC intermediate circuit, which filters the voltage
output of the rectifier. Next, the DC-to-AC inverter switches each motor phase to either the
negative or the positive bus bar of the DC intermediate circuit in the appropriate sequence.
The previous Figure 2.1 illustrated a circuit for a frequency converter–supplied induction
motor drive showing switches k1–k5. In the figure, switches k1, k3, and k5 are conductive. By
switching on only k1, k5, and k6, the flux linkage is made to rotate counterclockwise.

The same frequency converter technology described here can be applied to all rotating
field machines and, in case of network converter, the electrical network. Currently, synchro
nous motors are becoming more popular for many electrical drive applications. As a result,
there is active development in electrical drives based on synchronous motors.

Drives based on DC motors are currently less popular in industrial settings, and AC
motor–based drives are gaining ground. DC motor–based drives, however, remain popular for
small motor applications with less demanding performance requirements. One typical area of
application includes the numerous auxiliary drives present in modern vehicles—as many as
100 in a passenger car. Electrical drive applications in automobiles include the fuel pump, the
starter, the generator, various cooling fans, the windshield wipers, the mirror-turning motors,
and the seat-adjustment motors. Many of these are ON/OFF drives, but larger DC motor
drives can also use PWM choppers to adequately control current.

Electrical drives based on small series DC motors and AC power supplies are built in
extremely large quantities to operate all kinds of hand tools, including drills, grinders, dryers,
and kitchen appliances. In this book, however, the focus is mostly on higher-power precision
drives used mainly in industry, distributed generation, commerce, and housing and increas
ingly often in mobile applications.

2.2 Converter interface to power source

Most industrial drives are connected to an electrical utility grid. Electricity network
technology becomes essential when considering the interface of the electricity network
and power electronics. Generally, just knowing the voltage of the connection point and the
short-circuit power is sufficient. However, it is often necessary to analyse resonances that may
occur in the network and to understand issues related to the quality of the electricity. The
short-circuit power at the point of common coupling can usually be defined from the
properties of the transformer supplying the point of common coupling. The transformer
nameplate gives the rated voltage U, rated apparent power SN, rated frequency, and short-
circuit voltage uk or impedance zk in percent. The rated impedance of the transformer is
expressed according to the following equation.

U2

ZN (2.6)
SN

If the resistance is neglected, the corresponding rated inductance is

U2ZNLN (2.7)
ω 2πf SN
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and the corresponding short-circuit inductance and short-circuit apparent power of the
transformer are

Lk ukLN (2.8)

Sk
SN

uk
(2.9)

EXAMPLE 2.1: The rated apparent power of a 50 Hz, 400 V transformer is 3000 kVA.
Its short-circuit voltage is uk= 6%. Calculate the short-circuit inductance of the transformer
and the short-circuit power at the transformer terminals assuming an infinite supplying
network.

SOLUTION: The line-to-line voltage on the secondary side is 400 V. If resistance is
neglected, the short-circuit inductance of the transformer seen from the secondary side is

2
400

U2 3 V
3

Lk uk 0.06 10.2 ? 10 6H 10.2 μH
2π 502πf SN ? 3000000 VAs

The short-circuit apparent power of the transformer is

SN 3000000 VA
Sk 50 MVA

uk 0.06

The transformer forms the limiting factor for the short-circuit inductance and power at the
transformer terminals. Because the short-circuit apparent power supplying the transformer is
usually so large, there is no need to account for it in the network inductance determination.

If the electrical drive is supplied via a cable of significant length, its effect on the
inductance of the point of common coupling must be added to the transformer inductance.
Cable manufacturers give the inductance per metre, from which it is easy to calculate cable
inductance.

Short-circuit apparent power and short-circuit inductance must be known to connect an
electrical drive to a common coupling point. For example, when connecting a thyristor bridge,
the bridge manufacturer’s guidelines about the minimum commutation inductance in front of
the bridge must be followed and a suitable inductance must be added if the short-circuit
inductance of the network is not sufficient to establish the commutation inductance specified
by the manufacturer.

For direct network drives based on squirrel-cage induction motors, the short-circuit power
of the supplying network must be large enough to avoid overlarge voltage drops during start
up. Typically, about 7 times its rated current surges through an induction motor during a DOL
start, so the available short-circuit power should be approximately 10 times the rated power of
the motor.

If different filters are used at the network interface, it is possible for oscillations due
develop because of the network parasitic capacitances and inductances. This must be
monitored to avoid resonances between the network and the filter.
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EXAMPLE 2.2: Calculate thestartingvoltagedropacross the terminalsof the transformer
from the previous example during an induction motor start-up given the following rated
values: 200 kW, 400 V, 400 A. Suppose that the starting current is 7 times the rated current.

SOLUTION: The rated current of the machine is 400 A. Starting current is, for example,
7 times the rated current, or IkIM= 2800 A. The inductance of the transformer is Lk= 10.2
μH, and the 50 Hz impedance is 0.0032Ω. Therefore, the phase voltage drop on the
transformer secondary side is about 9 V (15.5 V line to line) during machine start-up,
which is 3.84% of the rated voltage. The terminal phase voltage on the transformer
secondary side is 221 V, and the line-to-line terminal voltage is 385 V.

Even with a 3000 kVA/200 kW power ratio, the voltage drop caused by the starting
current is significant and can manifest as, for example, a blinking of lighting.

Overall, at least some basic knowledge about the network supplying the electrical drive
must be known to design an effective system.

In place of a supplying network, electric drives may be operated directly from a voltage
source. The frequency converter DC link may be directly connected to an accumulator in
mobile drives or to a supercapacitor in hybrid systems. A battery or a supercapacitor cannot
replace the DC-link capacitor shown in Figure 2.1. It is instead connected in parallel with it.
Naturally, the voltage sources connected in parallel with the converter DC link must be
modelled somehow. Typically, batteries can be replaced by a voltage source and an equivalent
series resistance (ESR) and possibly a series inductance.

A supercapacitor introduces large capacitance. Its parasitic elements can also be easily
replaced with an ESR and series inductance. For a supercapacitor-supported DC link, the
problems related to highly variable supercapacitor voltage may be mitigated using a
bidirectional DC-DC converter positioned between the DC-link capacitor and the super-
capacitor to keep the DC-link voltage of the motor converter constant. Figure 2.3 illustrates a

Figure 2.3 Supercapacitor system of a parallel hybrid vehicle machine drive converter. The
full-bridge converter can transfer energy to and from the DC link of the electric machine
converter. The electric machine works in both generating and motoring modes, charging and
discharging the supercapacitor.
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power electronic system with an electric machine converter and a full-bridge DC-DC
converter capable of keeping the DC-link voltage UDC constant as the supercapacitor voltage
Usc varies.

2.3 Fundamental mechanics

The fundamental mechanics relevant to electrical drives can be expressed, in principle and
within set boundaries or limits, as two basic equations that describe the mechanics of a
rotating object. The first is an expression of electrical torque.

dΩ
J DΩ (2.10)Te TL dt

Te is the electrical torque produced by the motor, which will be consumed to compensate for
the load torque TL, the frictional torque DΩ, the inertia J, and the dynamic countertorque
caused by the angular acceleration dΩ/dt.

The second equation relates mechanical torque to load torque for electrical drives with
gearing. If the torque efficiency of the gearing is assumed to be 100%, the following
relationship can be expressed. The number of teeth for the two gears are nL and nm, and a is
transmission ratio.

Tm ΩL θL nm a (2.11)
TL Ωm θm nL

Figure 2.4 illustrates a geared motor drive system.
Currently, linear- motion drives are also important. Linear movement can be achieved

using a rotating machine coupled to an appropriate mechanism or by using a linear electric
motor. The linear movement corresponding differential equation for electrical force Fe is
dependent on the load force FL, mass m, speed v, and drag coefficient D as

dv
m Dv (2.12)Fe FL dt

Figure 2.4 The motor shaft rotation is transmitted to the load through mechanical gearing.
Jm is the inertia of the motor,Dm is the friction term of the motor, θm is the rotation angle of the
motor, and Tm is the motor torque. On the load side, TL is the torque produced by the motor to
the load, and TWL is the working torque of the load. The efficiency of a gear is often given as
99% per cogwheel contact.
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Interaction between the drive system and the mechanics can be complicated by the presence of
mechanical resonance. Mechanical vibration, in direct response to the combined torsional
spring, mass, and damping components of the system, also can be present.

Peak performance is needed for servo-based electrical drives. The general equation for an
electric circuit with inductance and resistance is as follows.

di
U E L Ri (2.13)

dt

Comparing Equation (2.13) with Equation (2.10) for electrical torque shows that they are
analogous. Electrical resistance R corresponds to friction D in mechanics, and inductance L
corresponds to inertia J. The back emf E is analogous to load TL.

The time constant of the LR circuit is τel= L/R. The corresponding mechanical time
constant should be τmech= J/D. In engineering, however, the mechanical time constant of an
electrical drive is defined normally as the time at rated motor torque that is needed to
accelerate the inertia J of the drive to the rated speed.

2.4 Basic mechanical load types

Based on their principal behaviour, loads can be categorized into basic types. The most
important examples of load torque as a function of mechanical rotation speed are depicted in
Figure 2.5.

Mathematically, the countering torques can be divided into the following categories.
Static friction can be described with

TL ≅Ω 1 (2.14)L

Figure 2.5 Principal dependence of load torque on mechanical rotation speed for (a) the
blower ∼Ω2, (b) the piston pump ∼Ω1, (c) lift ∼Ω0, (d) the influence of static friction ∼Ω 1,
and (e) the flywheel as a load for an induction motor connected directly to the network.
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Constant torque, produced at constant speed in hoists, lifts, etc., is naturally

TL ≅Ω0 (2.15)L

Torque can be directly proportional to angular speed. This happens in general, for example, in
reciprocating (piston) pumps.

TL ≅Ω1 (2.16)L

Torque is proportional to the square of angular speed in centrifugal pumps and blowers.

TL ≅Ω2 (2.17)L

There are torque relationships based on higher powers of Ω. However, these are not
considered basic load types. Equation (2.17), which relates torque to the square of angular
velocity, is encountered most commonly, because most electrical drives in use today are for
pumping and blowing.

Analogous equations and load types may be found for linear movements. Especially
important is, for example, the air friction for vehicles. This friction may be described
using an equation analogous to Equation (2.17). The force needed to compensate for
the air displacement caused by a moving vehicle is proportional to the square of the
speed v.

FL ≅ v2 (2.18)

2.5 Proportional-integral-derivative controller in electrical
drives

To maximize efficiency, electrical drives must be controlled. The control variable may be
motor torque, speed, or position. In an integrated system, almost any physical variable can be
used as the control variable, such as the CO2 content in a ventilation system. Commonly
today, the proportional-integral-derivative (PID) controller is used to provide generic feed
back control in electrical drives. When controlling a system, the transfer function of it is
needed.

A transfer function has poles and zeros. These are the frequencies for which the value of
the denominator or numerator of the transfer function becomes zero, respectively. The values
of the poles and the zeros of a system determine whether the system is stable. In the simplest
sense, a control system can be designed by assigning specific values to the poles and zeros of
the system. Control systems must have a number of poles greater than or equal to the number
of zeros. Such systems are called proper.

In the Laplace domain, the transfer function of the PID controller with integrating and
differentiating time constants TI and TD is

1 s2TDT I sT I 1
1 sTD (2.19)KPGPID KP sT I sT I
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Controller amplification can be written as

T I TD (2.20)KP T I

Combining the expressions from Equations (2.19) and (2.20), the transfer function can be
expressed

GPID KP
T I TD

T I

1
sT I

sTD KP
1 sT I 1 sTD

sT I
(2.21)

The PID controller keeps the variable being controlled close to its reference value. PID control
is applied as follows.

1. There is a reference value, for example, a speed reference coming from an external
source such as an upper-level controller.

2. A feedback device is used to measure the actual value of the controlled variable and
produce a feedback signal.

3. The feedback signal is subtracted from the reference value to size the error remaining
in the controlled variable.

4. The PID controller manipulates this error signal to produce an internal reference for the
converter.

Figure 2.6 illustrates the placement of a PID controller in a speed-controlled drive.
The speed controller accepts the speed error as an input and produces a torque reference for
the motor drive system. If the speed is too low, more torque is needed and vice versa. The
proportional controller multiplies the error, the integrating controller integrates the error
signal ensuring that no stable error is possible, and the differentiator attempts to suppress fast
changes.

Figure 2.6 A PID controller used to control the speed of an electrical drive. The speed
controller provides the torque controller a reference value. The torque controller may also be a
PI or PID controller depending on the case. This simple approach is valid for DC motor drives.
For AC drives, the torque controller is more complicated but works on the same principles.
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2.6 The speed, torque, or position control of an electrical
drive

A modern electrical drive consists of controllers, converters, the electric machine, the
mechanical load, and measurement instrumentation. Figure 2.7 illustrates the basic construc
tion of a DC motor drive with motor speed as the reference. The simplified system assumes a
fully compensated motor with armature current directly representing drive torque and
constant magnetization. In AC electrical drives, the relationship between torque and motor
current is more complicated, but the basic construction of Figure 2.7 still serves as a useful
example.

Figure 2.8 shows the basic construction for an electrical drive system in which torque is
the reference.

Speed and torque reference control electrical drives can be found, for example, in paper
machinery where paper roller pairs must synchronize speed and operate at the same torque.
One roll drive operates according to the principle illustrated in Figure 2.7, and the second
operates according to Figure 2.8. The torque reference for the second drive comes directly
from the speed controller output of the first. In general, the torque reference configuration is
dangerous and additional precautions must be built in. For example, a speed limiter might be
added to prohibit overspeed in the event of load loss.

Figure 2.9 illustrates a servo drive, which is designed to control rotor position. Servo
drives are widely used in different automated piece goods–handling processes.

Figure 2.10 offers a principal example of behaviour for a position-controlled electrical
drive. Here, torque rises quickly to the maximum rated value as the drive motor accelerates to
maximum rated speed. The drive continues at speed until signalled to stop. The electric drive

Figure 2.7 Basic construction of a DC motor drive using speed as the reference. Armature
current is directly proportional to torque; therefore, iref can be regarded as the torque reference
and iact as actual torque.

Figure 2.8 Basic construction of an electrical drive with torque as reference. Torque is
assumed to be proportional to current.
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Figure 2.9 Position-controlled servo drive.

Figure 2.10 Servo-drive speed, position, and torque behaviour at maximum performance.

motor then ramps up braking torque to stop the motor shaft precisely at the programmed
destination. Torque is always ramped up to avoid problems associated with abrupt starts and stops
such as jerkiness. See Figure 2.10. A position-controlled drive, such as that depicted in Figure 2.9,
cannot brake strongly as shown in the speed curve and must approach its destination slowly.

Examples of embedded PID controllers dedicated to different motor type controls will be
discussed in later chapters.

2.7 Control time rates and embedded system principles

Today, information technology is a necessary component of electrical drive system imple
mentation. Modern processors are capable of handling the high-accuracy control algorithms,
and they adjust electrical drive physical behaviour to meet set targets. In an ideal case, the
integrated circuit coding and the related measurement data combine to produce an almost-
complete representation of the physical world electrical drive.

Efficient data transmission between the various components of the electrical drive
becomes possible with information technology. This exchange of data can be wireless, or
the data may be transmitted along electrical or optical cables. It may also be possible to
eliminate data transmission cables altogether and transmit data along power cables using a
carrier wave.

Figure 2.11 illustrates typical time rates and the signal-processing tasks related to the
control of an electrical drive.
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Figure 2.11 Time-level requirements and sequence of tasks for a motor drive.

An electrical motor drive system has different time-level demands. The electromagnetic
phenomena are fast, but the mechanical phenomena are significantly slower. In Figure 2.11,
the fastest times relate to the modulation of the PWM signal. The shortest PWM pulse
durations may typically be in the range of 1 μs.

Motor currents must be measured at high enough rates (every 5 to 10 μs) to get acceptable
feedback information for control. The higher rate gives a clear image of electric current
behaviours and makes it possible to appropriately filter the actual current value before
performing any current control actions at the 100 to 200 μs level.

The motor model is typically calculated every 25 to 200 μs to evaluate the electromagnetic
state of the motor. In classic direct torque control (DTC), for example, the stator flux linkage is
estimated every 25 μs by integrating stator voltage. Moreover, various correction actions must
take place at the same rate.

There is substantial magnetic energy in the magnetic circuit of a motor, and therefore
changes to its magnetic state may take place at a slower rate, such as every millisecond.

Because torque control is essential and because torque can change rapidly, torque
calculations must be carried out at high speed. In the classic DTC, torque is updated every
25 μs. In vector-controlled drives, the rate may be slightly lower.

Because of its high mechanical inertia, system speed changes at a significantly slower rate
than torque. Therefore, it is sufficient to update the speed controller algorithms every 1 to
2 ms.

Powerful data-processing capability is needed to carry out the aforementioned signal-
processing tasks. At the beginning of the 21st century, the tendency still has been to use signal
processors and related auxiliary circuits, such as application-specific integrated circuits
(ASICs), to control the power electronics of electrical drives. However, the development
trend seems to be leading toward packing all the control electronics and required code for the
power electronics onto a single field-programmable gate array (FPGA) circuit. See
Figure 2.12.
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Figure 2.12 Development trend in control electronics toward FPGAs and away from ASICs.
With FPGAs, all the necessary functions, including modulators, measurements, protection
algorithms, data systems, and memories, are included in the one device. A software processor
uploaded in the FPGA runs the necessary programmes.

The most efficient electrical drives are capable of extremely accurate control of rotation
speed and torque. Offering fast and precise position control, these are referred to as servo
drives.

Traditionally, frequency converters operate with control cycle durations of a few dozen
microseconds. This speed can be increased significantly, when information is not transmitted
between different units, using an FPGA-based integration. For example, a welding machine
control was implemented at the Laboratory of Control Engineering at the Lappeenranta
University of Technology with a control cycle of 64 ns.

The continuing development of power electronics and microprocessors is improving the
characteristics of electrical drives. Markets for intelligent electrical drives will expand as the
awareness of these improved drives increases. They offer compelling competitive advantages
such as low maintenance, energy efficiency, and sophisticated process control.

2.8 Per-unit values

Normally, electrical drives are analysed using per-unit (pu) values. Per-unit values reveal
directly a parameter’s relative magnitude. For instance, a relative magnetizing inductance
of Lm = 3 pu for an asynchronous machine is considered quite high. On the other hand, a
value of Lm = 1.5 pu is low. The stator leakage inductance Lsσ per-unit values typically vary
in the range of 0.1 to 0.2. Focusing on per-unit values in this way makes it possible to
compare electric machines that have different ratings. For example, their relative magnet
izing inductances can be compared. Per-unit values are especially important when machine
control is implemented in an embedded system. By coding the control in terms of per-unit
values, a common software program can be used to control motors of different sizes and
ratings.

In practice, there are two per-unit value types. One type is used for direct motor control,
and the other is used for embedded programming using fixed-point numbers. The per-unit
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values are obtained by dividing each dimension with a base value. Typical per-unit values for
motor control are derived using the following base values:

peak value for rated stator phase current îN

peak value for rated stator phase voltage ûN

rated angular frequency ωN 2πfsN

rated flux linkage, corresponding also to the rated angular velocity ψ̂N

rated impedance ZN

time in which 1 radian in electrical degrees tN 1 rad=ωN is travelled at a rated angular
frequency. Relative time τ is thus measured as an angle τ ωNt

apparent power SN corresponding to rated current and voltage

rated torque TN corresponding to rated power and frequency

When operating sinusoidally, the rated RMS current of the electric machine is IN and the
line-to-line RMS voltage is UN. Therefore, the base value for current is

^Ib iN 2IN (2.22)

The base value for voltage is

UN

^ωNiN

Ub ûN 2
3

(2.23)

Angular frequency is

ωN 2πfsN (2.24)

The base value for flux linkage is

ψb ψ̂N
ûN

ωN
(2.25)

The impedance base value is

Zb ZN
ûN

îN
(2.26)

The base value for inductance is

Lb LN
ûN (2.27)
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The base value for capacitance is

(2.28)
iNCb CN

ωNuN^

^

The apparent power base value is

3
iNuN

iNuN cos φN2ωN ωN

^^

^^

Sb SN 3UNIN (2.29)
2

And, finally, the base value for torque is

3 3UNIN cos φN (2.30)Tb TN

^

^

The appropriate per-unit values are

us

uN

is
iN

(2.31)

(2.32)

us;pu

is;pu

Equations (2.31) and (2.32) also show that is and us represent the amplitudes of space vectors
is and us.

^

^

^

RsiN
uN

The relative inductance values are the same as the relative reactance values. Therefore, the
following expression, for example, for magnetizing inductance Lm can be formulated.

iN

Rs;pu (2.33)

^

Lm Lm

uN
Lm;pu Xm Xm;pu (2.34)

Lb ^
^

uN

ωNiN

The per-unit value of stator flux linkage is

ωNψ sψ s;pu (2.35)
ûN

The per-unit angular velocity and speed are as follows.

ω n
ωpu npu (2.36)

ωN f N

Given that n is rotational speed in 1/s. The relative time gets the form

τ ωNt (2.37)
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Also, according to Equation (2.37), relative time replaces real time when using per-unit
equations. Real time, however, can be used in per-unit equations. This is accomplished by
replacing relative time τ with ωNt.

In general, the equations introduced in this text are written using absolute vector values
and absolute time. However, most of the included examples employ a per-unit presentation.
The reader should take care to understand for each case if the presentation is in per-unit or
absolute values. In general, the pu subscripts have not been added to equation parameters.
Here is an example of an absolute-value stator voltage space-vector equation in rotor
coordinates (superscript r).

ur
s Rsi

r
s

dψ r
s

dt
jωrψ

r
s (2.38)

When using per-unit values, the above can be divided by the base value of the voltage. If
grouped appropriately, the expression becomes

^^

^

^

^

^

RsiN
uN uN uN

^

^

^

Therefore, the voltage equation given in per-unit values is as follows.

^

dψ r
s;pur ir jωr;puψ

r (2.40)u Rs;pus;pu s;pu s;pudτ

This equation follows the same form as the absolute value Equation (2.38). However, the per-
unit time may cause problems. If normal time is used in the per-unit value equations, the

^^

equation can be rewritten as

dψ r1 s;pur ir jωr;puψ
r (2.41)u Rs;pus;pu s;pu s;puωN dt

The absolute-value differential Equation (2.10) for rotating movement with electric torque Te,
load TL, and J as inertia can be rewritten

3 J d2θ
Te pψ TL (2.42)iss2 p dt2

This can be dividing by the base value of torque adapted according to mechanical angular
velocity Ω=ωr/p with pole pair number p.

Jd2θ
TL

3 J d2θ dτ2

TL ppψs is ω2Te 2 p dt2 N (2.43)
3p 3p 3p 3p

iN iN iN iNuN cos φN

ur
s

uN^

irs dψ r ωN jωr ωNψ r
s s (2.39)

îN d ωNt ωN

uN cos φN uN cos φN uN cos φN2ωN 2ωN 2ωN 2ωN
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The per-unit value equation for rotation becomes

d2θ
Te;pu ψs;pu TL;pu (2.43)is;pu τJ dτ2

This equation contains a mechanical dimensionless per-unit time constant τJ,pu.

Jω2
N 2Jω2 ω2 2J

^

p N N

^iNuN cos φN 3iNuN cos φN^^
τJ;pu ωN (2.43)3p iNuN cos φN2ωN ωN

^^ 3p2 p2

The absolute value of the mechanical time constant can also be written as follows.

2 2 2J J J

uNiN cos φN

ωN ωN ωN

^^
TJ 3SN cos φN pp p 3UNIN cos φN2

J2 s (2.44)ΩN
3UNIN cos φN

According to Equation (2.44), the mechanical time constant is the ratio of the kinetic energy of
a rotor rotating at synchronous speed to the power of the machine. This constant is a measure
of the time it takes for a motor to spin up from a standstill to synchronous speed given constant
driving torque throughout the start-up period at the maximum torque magnitude made
available by the motor’s rated power. Half this value is known as relative kinetic energy
(constant of inertia), and it is marked as H= TJ/2 (seconds).
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The fundamentals of electric
machines

Motors and generators are key elements in electrical drives. They are generally referred to as 
“electric machines”. In principle, all electric machines can function in either of two rotating 
directions and in two torque directions, independently of rotation direction, making them four 
quadrant devices. Therefore, an electric machine can operate in either direction as a motor or a 
generator, which differentiates them from many other types of energy conversion machinery 
that limit rotational directionality. For example, an internal combustion engine can never 
convert mechanical work and exhaust gases back to fuel. However, an electric machine can be 
converting electrical power into mechanical power, then reverse function in a few milli
seconds to begin converting mechanical power into electrical. For example, the kinetic energy 
of a hybrid car or a train can be converted into electricity and stored in a battery for later use or 
fed to a power grid for immediate use. Only the one-directional properties of some auxiliary 
systems inhibit the bidirectional functionality of an electric machine system. The electric 
machine itself, in principle, is not limited. 

Three-phase alternating current (AC) machines represent the most important family of 
electric machines for industrial drives and other heavy-duty applications. In addition, 
traditional brushed direct current (DC) machines with separately controlled excitation 
windings still play an important role, but this importance is declining as AC drives need 
less maintenance and offer higher efficiencies. However, DC motor drives with low-cost 
PM-excited motors are extensively used in nonindustrial applications. These drives are used, 
for example, in automobile starters, windshield wipers, fans, pumps, etc. The universal motor, 
a DC series motor accommodated for operation with AC, also plays a significant role as the 
chosen power source for many powered hand tools such as drills, angle grinders, saws, etc. 
Switched reluctance (SR) machines have also gained some kind of market position, and one 
later chapter in this material is dedicated to this machine type. This textbook, however, 
concentrates mostly on rotating field machine drives. The most important electric machine 
types studied here are induction machines (IMs) and various synchronous machines (SMs). 
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Induction machines can be divided into two categories: squirrel-cage machines and 
wound rotor machines with slip rings. The squirrel-cage type is the real workhorse of the 
industry, and the wound rotor type, with three-phase rotor winding, is widely used for wind 
power applications in doubly fed systems where the IM stator is direct online (DOL) 
connected and the rotor is controlled via a four-quadrant frequency converter enabling 
subsynchronous and supersynchronous speed control. In addition, the rotor can be DC 
supplied when the wound-rotor IM operates as an SM. This can be explained by the fact that a 
three-phase winding creates a constant sinusoidal flux when supplied by DC, for example, so 
that one rotor slip ring is connected to positive and the two other ones to negative DC supply. 
The rotor then has to rotate synchronously with the air-gap flux. 

Synchronous machines come in a wide variety of configurations. The traditional 
SM has DC slip rings to supply the rotor field windings. The rotor can have either salient 
(projecting) or nonsalient electromagnetic poles. It is possible to construct brushless 
excitation systems using machines in series. Permanent magnet excitation is popular in 
machines up to 10 MW in power. Lately, nonexcited synchronous electric machines—
synchronous reluctance machines (SynRM)—using plain steel rotors have become popular. 
The rotors of these machines must offer high saliency. The SynRM rotor features an array 
of flux barriers (usually internal air pockets) to increase saliency and can be further 
enhanced by inserting PMs into the air pockets to produce a PM-assisted (PMa) SynRM. 
Both PMSMs and SynRMs come in a variety of configurations offering unique properties. 
A PMa SynRM is similar to an ordinary PM machine with PMs embedded within its rotor. 
What distinguishes one type from the other is which torque is bigger, the reluctance torque 
(PMa SynRM) or the PM torque. 

Three-phase Brushless DC (BLDC) drives are also widely used, especially in low-power 
automation applications. In practice, there is little difference between the BLDC and a PMSM. 
In principle, however, the difference is clear: the back electromotive force (emf) of the BLDC 
is trapezoidal, while the back emf of the PMSM is sinusoidal. Moreover, BLDC commutation 
is accomplished using the actual timing of the DC current pulses, while the PMSM is normally 
vector controlled using sinusoidal currents. 

All electric machines need a magnetic circuit and windings. A magnetic circuit consists 
typically of iron and air. Adding PM material significantly modifies the magnetic circuit, 
because the relative permeability of PM material μr,PM is approximately the same as that of air. 
The PM material increases the effective magnetic air gap. If the PMs are positioned on the gap 
surface of the rotor, this effective air gap is increased by the magnetic length hPM/μr,PM. As a  
consequence, a rotor surface magnet PM machine has significantly less magnetizing induc
tance than a similar electrically excited machine with a normal air gap. 

Windings are normally set into slots or (less commonly) onto the gap surfaces of the stator 
or rotor. When PMs are used in the magnetic circuit, the windings and magnets together make 
up the portion of the magnetic circuit that strongly affects circuit permeance, as mentioned 
previously, and provides excitation. Using PM material brings an additional and predictable 
equivalent excitation current in the rotor. 

Normally, insulated windings are set into stator slots that fall within the magnetic circuit. 
In principle, machines need at least two windings: a stationary winding and a rotational 
winding. Of these, the rotating winding can be replaced with PM material or, in case of 
reluctance machines, by high saliency. Electrical torque production results from the interac
tion between the stationary and rotating windings, or stationary windings and PMs on the 
rotor, or stationary windings and high rotor saliency. 
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There are multiple ways to mechanically configure an electric machine. It can be a radial 
flux machine with a cylindrical internal rotor or an annular external rotor. It can be an axial 
flux machine with a disk-shaped rotor or a transverse flux machine with a more complicated 
magnetic flux path. Or, it can also be a linear machine. However, here the focus will be on, and 
the text will refer to, the control properties of an internal rotor radial flux machine unless 
otherwise specified. It is, however, possible to claim that the machine user does not need to 
know accurately the actual construction of the machine. Even the converter does not need to 
know the machine internal construction as it only can see the machine via its terminals. 
Therefore, the machine construction is irrelevant from the control point of view. Only the 
machine type must be known. 

Figure 3.1 depicts two magnetically connected windings that form the basis of an 
elementary electric machine. The coils with kwsNs and kwrNr effective turns represent, for 
example, the windings of an asynchronous machine. More accurately, they represent the coil 
system of a single-phase transformer, but for symmetrical multiphase machines, machine 
behaviour can be represented with single-phase equivalent circuits. Therefore, the equivalent 
circuit of Figure 3.1 represents a basic description of any electric machine having two 
windings (stator and rotor windings). In cases of more complicated machines, the equivalent 
circuit is modified to represent the behaviour of more-linked windings. Of course, the 
movement of the different windings with respect to each other and the number of phases add 

Figure 3.1 Image (a) represents a two-coil electric machine system with a main flux phasor 
Φm produced by the stator and rotor current flux components, that is, Φm Φ Φ . Φm is the s r
mutual sum flux phasor linking both electric circuits. Both windings have their own leakage 
fluxes Φsσ and Φrσ. Image (b) is a phasor diagram showing the temporal dependence and 
phase shift of the fluxes, and image (c) is the equivalent circuit of the system ignoring 
resistances and magnetic circuit losses and referring rotor quantities to the stator. In (a) and (b) 
the flux components Φ and Φ are opposing. In this case, however, Φ is stronger, and s r s 
therefore the mutual flux Φm travels in the direction determined by the stator currents. Which 
current linkage will dominate depends on the machine type. 
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extra features to the equivalent circuit, but the machines can be described with the equivalent 
circuit of Figure 3.1, in principle. 

The stator coil in Figure 3.1 carries a current is. This current alone produces the stator 
magnetic flux Φ . When the flux travels from the stator to the rotor, part of it travels through s
the rotor coil. In addition, the rotor carries its own current that produces corresponding flux 
components. The common flux linking the stator and the rotor coils - Φm - is called the main 
flux. The part of the stator-produced flux that does not link to the rotor coil is called stator 
leakage flux Φsσ. Correspondingly, as the rotor coil carries its own current, it produces its own 
flux including a leakage flux component Φrσ. These fluxes are not temporally in phase or in the 
same spatial direction. Therefore, when calculating their sum, a phasor representation must be 
adopted for the currents, voltages, fluxes, and flux linkages. 

Phasors describe temporally phase-shifted phenomena. Space vectors, which describe 
rotating fluxes, are covered in more detail later in Chapter 4. Space vectors will be used to 
represent rotating or travelling current linkages, fluxes, and flux linkages developed by 
multiwinding systems. The stator windings have kwsNs effective turns; therefore, the space 
vector for stator flux linkage can be expressed as follows 

ψs kwsNsΦs (3.1) 

The stator leakage flux similarly produces the following space vector for the leakage flux 
linkage. 

ψsσ kwsNsΦsσ (3.2) 

The main flux linking the stator and rotor produces the flux-linkage space vector of the air gap 
with the stator windings 

ψm kwsNsΦm (3.3) 

A basic principle in modelling electric machines for electrical drive control is to refer all flux 
linkages, inductances, and resistances to the stator voltage level. The transformation ratio 
between the stator and the rotor is, in practice, taken into account automatically. Especially in 
drives that cannot monitor the rotor windings during operation, the stator control electronics 
only sees the phenomena linked to the stator windings. Therefore, it is not even necessary to 
know how many effective turns there are in the rotor windings. In cases where the rotor 
windings can be accessed, for example, via slip rings in SMs or wound rotor IMs, it is 
important to know the transformation ratio between the rotor and stator windings. 

Inductance is a measure of the windings’ capability to produce flux linkage. Therefore, the 
air-gap flux-linkage (main flux linkage) space vector can be written 

Lm (3.4)irψm kwsNsΦm imLm is 

Correspondingly, the stator and rotor space vectors for leakage flux linkage can be written as 
follows. 

ψsσ isLsσ (3.5) 

ψ rσ irLrσ (3.6) 
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When the components of the flux-linkage space vector are known, the stator and rotor flux 
linkage vectors can be written according to these equations. 

Lsis Lmir (3.7) 

Lrir Lmis (3.8) 

The stator and rotor inductances are Ls and Lr 

Ls Lm Lsσ (3.9) 

Lr Lm Lrσ (3.10) 

ψs ψm ψsσ Lsσis is ir Lm 

ψ r ψm ψ rσ Lrσir is ir Lm 

For an electrical drive, flux linkage is also the integral of the voltage supplied to the 
windings. The voltage not consumed by resistive losses in the windings integrates into the 
flux linkage. Therefore, if the stator is supplied with a voltage defined as voltage space 
vector us, and the windings have resistance Rs, the space vector of stator flux linkage can be 
integrated thus 

ψs ∫ us isRs dt (3.11) 

There are, therefore, two equations that can be used to calculate stator flux linkage for 
supplied windings: (3.7) and (3.11). Further on in the discussion of motor control, the 
equations are referred to as the current model (ψs Lsis Lmir for the IM and similar 
equations for other types of machines) and the voltage model (ψ ∫ us isRs dt).s 

When commissioning an electrical drive, the nameplate values and parameters, such as 
resistances, inductances, pole pair number, etc., must first be input into the embedded 
converter control software. The converter must know the equivalent circuit parameters to 
control the electric machine. Moreover, how the input parameters will vary as a function of 
motor operating condition must somehow be estimated. In principle, the converter is capable 
of performing no load test and other tests during drive initialization. However, it is important 
to have some basic knowledge of the machine’s construction and its influence on the most 
important parameters. These areas are discussed next. 

3.1 Energy conversion in electric machines

The fundamental idea of an electric machine is to convert electrical energy into mechanical 
and vice versa. To understand such a conversion process, one must become familiar with the 
different forms of power. Three-phase instantaneous power is the sum of the three phase 
components of electrical power. 

Pel t u1i1 u2i2 u3i3 (3.12) 

Mechanical power is the product of electromagnetic torque Tem and mechanical angular 
velocityΩr. 

Pmech t TemΩr (3.13) 
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Neglecting losses, electrical power equals mechanical power. 

(3.14)Pmech t Pel t

An electric machine has p magnetic pole pairs. Therefore, there is a steady state dependency 
between mechanical angular velocity and electrical angular velocity ωr. 

ωr pΩr (3.15) 

In electromechanical power conversion, the induction phenomenon is of principal impor
tance. The following Figure 3.2 summarizes the basic principles of electromechanical power 
conversion in an electrical drive. 

As Figure 3.2 indicates, power conversion in both directions is possible. Outgoing 
power is slightly less than incoming power  in  either direction, because of system losses that 
cannot be fully eliminated. One loss factor on the electrical power side is stator resistance 
Rs, which loses a fraction of the input electrical power to Joule losses (heat). These Joule 
losses manifest as reduced flux linkage and, in turn, reduced electromagnetic torque. In 
addition to Joule losses, there are losses in the magnetic circuit and the frictional losses 
of the rotating machinery (mechanical friction and windage losses). However, 

Figure 3.2 Basic phenomena in an electrical drive. The supplied stator voltage space vector 
us is integrated into the stator flux-linkage space vector ψs. The flux-linkage space vector and 
the current space vector is produce electromagnetic torque. The mechanics interact with the 
torque to produce speed Ωr. This angular velocity corresponds to the stator angular velocity 
ωs, which together with the stator flux linkage, produces the back emf of the system. The input 
and output powers are equal in an ideal lossless system, and in practice, electromechanical 
power conversion is highly efficient. 90% efficiencies and higher are common. Electro
mechanical power conversion is possible in both directions. Electrical power can be produced 
from mechanical power or mechanical power can be produced from electrical (generating or 
motoring). For a linear drive, the electromagnetic torque must be replaced by a corresponding 
force Fem and the angular velocity must be replaced with speed v. 
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electromechanical power conversion is typically one of the most efficient energy conver
sion methods. It is much more efficient, for example, than thermal conversion systems. In 
the power range of industrial drives, overall machine efficiencies are typically better than 
90%. On the mechanical power side, viscous friction DΩr defines the mechanical losses of 
the system. The mechanical friction and windage losses of the electric machine could be 
considered elements of viscous friction and accounted for on the mechanical power 
conversion side. 

3.2 Industrial machine windings

In AC machines, a travelling wave of magnetic flux is the basis for electromechanical energy 
conversion. The travelling magnetic field follows the air gap between the stator and rotor of 
the machine. In a rotating electric machine, the wave motion is rotary. In a linear machine, the 
motion is translation, following a rectilinear or curvilinear path. 

Polyphase windings and a corresponding polyphase alternating current input are required 
to generate the moving wave. The magnetic axes of the windings are positioned in a spatial 
phase shift: 120° for three-phase windings and 90° for reduced two-phase windings. The 
currents have a corresponding temporal phase shift. 

Figure 3.3 illustrates how a single stator coil forms a rectangular waveform of the current 
linkage and, because the air gap is smooth, essentially rectangular flux density in the air gap. A 
Fourier analysis for the unit amplitude of a trapezoid function reveals the amplitude of the 
fundamental, indicated by a dashed line, is 4/π. 

If the winding of Figure 3.3 is fed with sinusoidal AC, a pulsating current linkage 
waveform is obtained that alternates according to Figure 3.4. 

The curve form of the current linkage can be improved by adding slots; however, the 
current linkage of a single coil is still a pulse. Pulsating current linkage windings are 
currently popular in so-called tooth-coil or concentrated nonoverlapping windings 
machines (discussed in brief later in Section 3.3). The design principle for tooth coil or 
concentrated nonoverlapping windings is to interact with the PM rotor using an air-gap 

Figure 3.3 Distribution of the current linkage Θ produced by a single full-pitch coil in the air 
gap of a rotating electric machine – If there are only two poles in the machine, its periphery 
will be encircled at the distance of two pole pitches 2τp. Since the circle is continuous, a single 
coil producing a continuous square wave can be assumed, and the Fourier analysis is 
straightforward. θ is an angle running on the air gap surface from 0 to p2π that depends on the 
number of pole pairs p. 
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Figure 3.4 Pulsating current linkage waveform produced by a single loop at different times t
and different current values – θ is an angle running on the air-gap surface from 0 to p2π
depending on the number of pole pairs p. 

harmonic, usually not the fundamental. At the machine terminal connections, where the 
control electronics interfaces, this type of machine still looks like any other machine with 
rotating field windings. Therefore, the converter does not need to know how the windings 
are designed to control the machine. Feedback is not affected by the number of pole pairs p. 
The number of pole pairs is only needed to provide a speed feedback signal to the converter. 
Mechanical angular velocity must be multiplied by p to get accurate electrical angular 
speed information for motor control. 

When the target is to produce a nicely rotating flux, at least two-phase windings are 
required. Two is the minimum number required to implement the necessary spatial phase 
difference of the windings and the temporal phase difference of currents. Two-phase 
windings are commonly used in various single-phase fed DOL machine systems. From the 
theoretical point of view, the two-phase windings are important, because the processor-
based control systems of current electrical drives usually apply virtual two-phase 
constructions. 

In principle, the phase number m can be selected freely, but in practice, due to the three-
phase distribution network, most electric machines use three-phase constructions. Polyphase 
windings can be considered symmetrical when constructed as follows. The air gap periphery 
is divided evenly between all the poles so the pole arc, a pole pitch of 180 electrical degrees, is 
achieved. Pole pitch τp is given in metres. 

πD
τp (3.16)

2p

Figure 3.5 shows how the periphery of the machine is divided into phase zones. In the figure, 
the number of pole pairs is p= 1, and the phase number is m= 3. 
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Figure 3.5 The division of the periphery of a three-phase two-pole (m= 3, p= 1) machine 
into phase zones of positive and negative values. The pole pitch is τp, and the phase zone 
distribution τv. Source: Pyrhönen et al. 2014. Reproduced with permission of John Wiley & 
Sons Ltd. 

The phase zone distribution can be written 

τp
τv (3.17) 

m

Therefore, the number of zones will be 2pm. For a stator with Q slots, the number of slots per 
zone is expressed by q slots per pole and phase. 

Q
q (3.18)

2pm

The armature windings of a three-phase electric machine are usually constructed in the stator 
and spatially distributed in the stator slots so current linkage produced by the stator currents is 
distributed as sinusoidally as possible. Using the zone distribution described in Figure 3.5, the 
simplest possible three-phase rotating field windings result in three coils, which are inserted 
into slots according to Figure 3.6. Figure 3.7 illustrates the behaviour of the current linkage 
waveforms of the simplest windings. 

Figure 3.7 illustrates that a current linkage waveform produced with simple three-phase 
winding deviates considerably from the sinusoidal waveform. Therefore, electric machines 
usually employ several additional slots per pole and phase. It is possible, however, to 
design a machine with satisfactory performance using only one slot per pole and phase 
(q= 1). In a machine this simple, there are a large number of spatial harmonics in the 
magnetic flux traversing the air gap. These harmonics may result in unsmooth torque 
production, which is referred to as torque ripple, and potentially problematic machine 
vibration. The undesirable effects of torque ripple can be mitigated to some extent using 
special control techniques if nonsinusoidal currents are applied. It is more advisable, 
however, to design machines that minimize or eliminate torque ripple when applying 
sinusoidal currents. Smooth operation is extremely important when the mechanical power 



WEBC03 09/22/2016 2:9:22 Page 45

45 THE FUNDAMENTALS OF ELECTRIC MACHINES 

Figure 3.6 Simplest form of three-phase windings at the instant when iW = iV = ½ iU, 
(iU + iV + iW = 0). The lower part of the figure illustrates how the windings penetrate the 
machine. The coil end at the rear end of the machine is not illustrated realistically, but the coil 
comes directly from one slot to another without travelling along the rear end face of the stator. 
The ends of the phases U, V, and W at the terminals are denoted U1-U2, V1-V2, and W1-W2. 
Source: Pyrhönen et al. 2014. Reproduced with permission of John Wiley & Sons Ltd. 

Figure 3.7 Current linkage waveforms of simple three-phase windings at the instants when 
iW = iV = ½ iU and iW = iU, iV = 0. iU + iV + iW = 0 always holds for a three-phase system 
without a neutral point conductor. The representations show the fundamental harmonics of a 
staircase current-linkage curve. The stepped curve is obtained by applying Ampère’s law to 
the current-carrying tooth zone of the electric machine. Source: Pyrhönen et al. 2014. 
Reproduced with permission of John Wiley & Sons Ltd. 
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Figure 3.8 Three-phase windings with two coil sides per pole and phase. Slots per pole and per 
phase q= 2. Source: Pyrhönen et al. 2014. Reproduced with permission of John Wiley & Sons 
Ltd. 

produced by an electrical drive is applied directly. For example, the torque ripple of a lift 
motor directly connected to rotate the cable drum of the lift must be less than 0.5% of the 
rated torque to ensure lift ride comfort. For direct drive systems, in general, the highest-
quality torque motor drives are preferred. 

Figure 3.8 and Figure 3.9 illustrate integral slot windings with p= 1, q= 2, and m= 3. 
According to Figure 3.9, higher values of q (slots per pole and phase) result in a more 

sinusoidal current linkage of the stator windings. The harmonic amplitude of the current 
linkage for a polyphase (m> 1) rotating-field stator (or rotor) windings Θ̂sv can be expressed 
as follows. 

Θ̂sν
m

2 
4 
π
kws ν Ns 

pν

1 
2 

2 Is 
mkws ν Ns 

πpν
îs (3.19) 

Inserting ν= 1 into the equation gives the amplitude value for the fundamental. 

Figure 3.9 The current linkage produced by the windings on the surface of the stator bore of 
Figure 3.8 at time iW = iV = 1/2iU. Source: Pyrhönen et al. 2014. Reproduced with permission 
of John Wiley & Sons Ltd. 
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EXAMPLE 3.1: Calculate the amplitude of the current linkage if Ns = 100, kws1 = 0.96, 
m= 3, p= 1, and isU t î 10 A. If the effective air gap is δeff = 0.001 m, calculate also 
the flux density in the air gap caused by the current linkage. 

SOLUTION: According to the given quantities, the effective value of the sinusoidal current 
is 7.07 A, and based on Equation (3.19), the amplitude of the current linkage is 916.7 A. 

The field strength H is 

H
Θ̂sν

δeff 

916.7 A 
0.001 m 

916700 A=m 

The corresponding flux density B is 

B μ0H 1.15 T 

3.3 Effective winding turns and spatial harmonics

Since the windings are spatially distributed in the slots on the stator surface, the flux 
penetrating them does not intersect all the windings conductors simultaneously. There is 
temporal phase shifting. Therefore, the emf of the windings is not calculated directly from 
the number of turns Ns. Electromotive force is calculated using the windings factor kwsν, 
which corresponds to the spatial harmonics. The emf of a fundamental harmonic induced 
in a winding turn is calculated using the flux linkage ψ s by applying Faraday’s induction 
law. 

dΦ dψ sνeν Nskwsν (3.20) 
dt dt

Figure 3.10 illustrates the voltage phasor graph of the two-pole winding shown in Figure 3.8. 
The coils of the phase U travel from slot 1 to slot 8 and from slot 2 to slot 7. Therefore, a 

voltage, the difference between phasors U1 and U8, is induced in coil 1. The total fundamental 
voltage of the phase can be expressed with the following equation. 

UU U1 U8 U2 U7 (3.21) 

The fundamental winding factor kws1 can be defined as the ratio of the geometric sum and the 
sum of absolute values. 

kws1 
U1 

U1 

U8 

U8 

U2 

U2 

U7 

U7 
0.966 1 (3.22) 

The winding factor is always 1. A value of kws1 = 1 can be achieved when q= 1. In general, 
the winding factor for a spatial harmonic ν is calculated as the product of the pitch factor kp, 



WEBC03 09/22/2016 2:9:24 Page 48

48 ELECTRICAL MACHINE DRIVES CONTROL 

Figure 3.10 The voltage phasor graph for the windings of Figure 3.8 – Qs = 12, p= 1, and 
qs = 2. At the given time instant, the spinning SM salient pole rotor with nonvisible DC 
windings produces peak positive and negative voltage values in slots 1 and 7, respectively. 
Peak values are induced in slots 2 and 8 next, and so on. The phasor angles depict time 
difference, and the phasor lengths correspond to induced voltage magnitude. Source:
Pyrhönen et al. 2014. Reproduced with permission of John Wiley & Sons Ltd. 

the distribution factor kd, and the skewing factor ksq, which can be found, for example, in 
Pyrhönen et al. (2014). 

ν π sin ν π 12 sin W π 2 mqm 2ν ? ? (3.23)kwν kpνkdνkskν sin 
ν π 1Qτp 2 νπ psin 2 mqmp Q

W is the coil width, ν is the order of the harmonic, Qs is the number of stator slots, p is the 
number of pole pairs, and m is the phase number. Depending on the number of phases m, the 
slot windings develop spatial harmonics (k is a positive integer) given by 

ν 1 2km (3.24) 

A symmetrical three-phase winding may develop the following spatial harmonics listed in 
Table 3.1. 

The values for harmonic order ν shown in the Table 3.1 do not include 1 or any 
harmonics divisible by 3. A symmetrical polyphase winding does not produce a harmonic that 
propagates in the opposite direction at the frequency of the fundamental harmonic. In contrast, 
a single-phase winding, m= 1, does produce a harmonic with a ν= 1 ordinal. This 
particularly harmful harmonic impedes the smooth efficient operation of single-phase 
machines. For instance, a single-phase induction motor with the field rotating in the negative 
direction will not start without assistance. 

Table 3.1 Orders of the harmonics developed by a three-phase winding (m= 3) 

k  0  1  2  3  4  5  6  7  8  .  .  .  

ν +1 +7 +13 +19 +25 +31 +37 +43 +49 . . . 

5 11 17 23 29 35 41 47 . . . 
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Figure 3.11 The cancellation of the third harmonic in a three-phase winding. The winding 
currents are iU = 2iV = 2iW. When the third harmonic of phases V and W combines with 
the harmonic of phase U, the harmonics cancel. Source: Pyrhönen et al. 2014. Reproduced 
with permission of John Wiley & Sons Ltd. 

In an electrical drive, harmonics in the windings can result in torque ripple. Especially for 
the lowest stator harmonics (k = 1), harmonic order values of 5 and +7 produce a significant 
sixth time harmonic in the machine torque if the rotor has the same order spatial harmonics. 

From the winding factor, see Equation (3.23), the relative magnitude of the current linkage 
harmonic, (3.19), can be derived. Figure 3.11 illustrates how even a short pitch winding 
produces a third harmonic with significant amplitude, about 22% of the amplitude of the 
fundamental harmonic. This, however, is not very harmful, because the third harmonic is 
cancelled by the current linkage wave produced by the windings. The figure shows windings 
currents iU = 2iV = 2iW and iU = 1. 

An ideal polyphase winding, therefore, produces harmonics with orders that can be 
calculated by using Equation (3.24). However, the third harmonic may cause problems in 
real delta-connected windings if the machine has any anisotropy in the concentricity of its rotor 
and stator. Normally, it is recommended to use star-connected windings, if possible, to avoid a 
circulating current in delta. For example, rotor eccentricity in a delta-connected winding machine 
may cause significant extra losses caused by the third-harmonic current circulating in delta. 

When the stator is fed at an angular frequency ωs, the angular speed of the harmonic νwith 
respect to the stator is the following ratio. 

ωs
ωsν (3.25)

ν

The movement direction for the spatial harmonic, denoted by the sign of the harmonic, must 
be taken into account in Equation (3.25). For example, the harmonic ν= 5 produces a spatial 
wave that propagates slowly in the negative direction. 



WEBC03 09/22/2016 2:9:25 Page 50

50 ELECTRICAL MACHINE DRIVES CONTROL 

The positive and negative values associated with the various harmonic order values verify 
that flux wave harmonics propagate in both positive and negative directions in the air gap. 
This was illustrated already in Figure 3.7, which shows how the shape of the current linkage 
wave changes as the wave propagates in the air gap. The deformation of the wave, in 
particular, is an indication that harmonic amplitudes proceed at different speeds and in 
different directions. Each harmonic induces a voltage of fundamental frequency in the stator 
windings. The order of the harmonic indicates how many wavelengths of the harmonic fall 
within the distance 2τp between a single pole pair of one fundamental harmonic. This yields 
the number of pole pairs and the pole pitch of the harmonic. 

pν νp (3.26) 

τp (3.27)τν
ν

The amplitude of the ν th harmonic is determined from the amplitude of the current linkage of 

^

the fundamental harmonic according to this equation 

Θ1 
kwν (3.28)Θ̂ν
νkw1 

^

Figure 3.12 shows how an increase in the number of slots per pole and phase (q) improves the 
shape of the current linkage curve, now qs = 3. In the figure, the magnetic axis of phase U is in 
the direction of the arrow drawn in the middle of the curves on the left. For a three-phase 
machine, the directions of the phase V and W currents result in magnetic axes spaced 120°
from the axis of phase U. 

The current linkage wave propagating through the stator bore produces a rotating field that 
propagates along the periphery. This is a rotating-field machine winding. The main flux 
penetrating the winding varies almost sinusoidally as a function of time 

Φh sin ωstΦh t (3.29) 

^

According to Faraday’s induction law, the induced voltage fundamental is obtained by the 
flux linkage fundamental ψ s1 

Φh cos ωst
dψ s1 dΦhNskws1 Nskws1ωs (3.30)es1 dt dt

If the induced voltage is assumed sinusoidal and neglecting the minus sign, the RMS value 
becomes 

1 1 ^^

^

Φhesmv1 
2 2 

To be able to calculate this value, the peak value of the flux related to the fundamental must be 
known. This peak value must be calculated by integrating the flux density over the pole pitch 
and the effective machine length as illustrated by Figure 3.13. 

τp l

Φh 

Es ωskws1Ns (3.31) 

Bδ dτ dl (3.32)∫ ∫
0 0 
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Figure 3.12 Current linkage waveforms produced by the three-phase winding at different 
values of three-phase current – The wave propagates to the right, and currents vary as a 
function of time. Flux peaks shift to the right with time as shown by angle β. U indicates the 
magnetic axis of phase U, which is stable. Source: Pyrhönen et al. 2014. Reproduced with 
permission of John Wiley & Sons Ltd. 

Figure 3.13 Air-gap fundamental flux density in a rotating field machine. Source: Pyrhönen 
et al. 2014. Reproduced with permission of John Wiley & Sons Ltd. 
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Figure 3.14 The air-gap flux density of a 12-slot stator by 10-pole rotor electric machine 
(q= 0.4). There is a small two-pole fundamental in the machine air gap, but torque production 
comes from the fifth air-gap spatial harmonic. Source: Modified from Jussila 2009. 
Concentrated Winding Multiphase Permanent Magnet Machine Design and Electromagnetic 
Properties—Case Axial Flux Machine. Doctoral thesis, Acta Universitatis Lappeenrantaensis, 
Finland (https://www.doria.fi/bitstream/handle/10024/50604/isbn 9789522148834.pdf). 

Assuming the flux density distribution to be sinusoidal with respect to x and constant with 
respect to y, integration reveals the peak value of flux. 

^ ^Φh αiBδτpl ; (3.33) 

where l is the equivalent core length, and αi is a coefficient indicating the arithmetical average 
of the flux density in the x-direction, which with a sinusoidal flux density distribution yields 
the value αi 2=π. 

As discussed previously, the shape of the propagating waveform improves with increasing 
number of slots per pole and phase q. This type of stator winding is preferable for most AC 
machines. However, if a PM rotor is assumed nonconductive, it is possible to replace the 
traditional winding with a type of winding called a fractional-slot tooth-coil winding 
(concentrated nonoverlapping winding) with q 0.5. Figure 3.14 illustrates a fractional 
slot winding machine with 12 stator slots and 10 rotor poles (q= 0.4). 

The torque production for the 12–10 machine illustrated in Figure 3.14 comes from the 
fifth spatial air-gap harmonic. This suits the rotor configuration and results in relatively 
smooth torque, because this type of machine can have sinusoidal back emf at the machine 
terminals. Therefore, it can be controlled using the same vector control theory as machines 
with traditional windings. From the machine construction point of view, the rotor magnets 
should be nonconductive to minimize losses induced by the complex harmonic content of the 
air gap. This is, nonetheless, a machine design issue. From the electrical drive’s viewpoint, the 
machine reacts like an ordinary PMSM. 

3.4 Induction machine rotors

The most common industrial machine type is the squirrel-cage induction motor. In the rotor of 
such a machine, there is a short-circuited squirrel-cage arrangement of winding conductors. 
See Figure 3.15. The magnetic circuit of the rotor in low-speed industrial motors consists of 
electrical steel laminations and winding conductors. The circular array of conductor rails can 

https://www.doria.fi/bitstream/handle/10024/50604/isbn9789522148834.pdf
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Figure 3.15 Single-cage winding conductors. Cooling fans are not shown, and Qr = 24. The 
image on the right shows typical cross sections for the industrial IM bars of semi-closed or 
closed slot rotors with either a single or double cage. Source: Pyrhönen et al. 2014. 
Reproduced with permission of John Wiley & Sons Ltd. 

be die cast into slots in the electrical steel, or a complete squirrel cage assembled from 
prefabricated copper bars and rings can be soldered or welded into the laminated steel core. 
The short-circuiting end rings often include cooling fins. 

Double cages are frequently used in DOL motors to reduce starting current and increase 
starting torque. From the power electronic drives’ efficiency point of view, the rotor 
construction has a clear adverse impact. Normally, industrial induction motors with die-
cast rotors have closed rotor slots because of easy manufacturing. The slot closing iron bridges 
are prone to losses caused by the pulse width–modulated (PWM) voltage-caused harmonics. 
In addition, the double cage is far from ideal for a PWM supply. Actually, a single cage with 
semi-open slots should be a good choice for PWM-supplied motors. Double-cage motors with 
closed rotor slots, however, are frequently used also in PWM supply. A slightly lower 
efficiency results from this. 

In high-speed IMs, solid steel rotors can be used. The performance characteristics of a solid 
rotor can be significantly improved by slitting the surface of the rotor as illustrated by 
Figure 3.16. Narrow axial slots are used to guide the flow of useful, torque-producing eddy 
currents in a direction favourable to torque production. Radial slots increase the path length for 
the harmful eddy currents produced by certain high-frequency phenomena. Adding a squirrel 
cage to the solid core makes the rotor perform similarly to a laminated squirrel-cage machine 
rotor. Figure 3.17 shows the behaviour of principal static torque for different rotor types. 

The wound slip-ring rotor of an IM is designed following the same principles as for 
multiphase stator windings. A wound rotor must be equipped with the same number of pole 
pairs p as the stator. The rotor winding is connected to an external circuit via slip rings and 
brushes. Before power electronics became standard, the slip-ring induction motor was very 
popular in industrial applications, because its speed can be controlled to some extent by 
adjusting the rotor circuit resistance with an external three-phase resistor. Naturally, this type 
of control increases system losses, so it is no longer commonly used. 
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Figure 3.16 (a) Solid rotor with axial and tangential slots – Short-circuit rings are required in 
this rotor. They can be constructed by truncating the slots leaving continuous short-circuiting 
bands on the rotor ends that extend outside of the stator or by equipping integrating aluminium 
or copper short-circuit rings with the rotor ends. (b) Rotor equipped with short-circuit rings in 
addition to slots and (c) Slotted and cage-wound rotor. Source: Pyrhönen et al. 2014. 
Reproduced with permission of John Wiley & Sons Ltd. 

Today, squirrel-cage induction motors are easily controlled with power electronic 
frequency converters. There are still, however, important applications for the slip-ring wound 
rotor IM. For example, modern wind turbines are an important new area of application making 
use of slip-ring doubly fed generators. The machine stator of these generators connects 
directly to the grid, and the rotor is supplied via a four-quadrant frequency converter driving 
the machine at either a subsynchronous or supersynchronous speed. This enables wind turbine 
speed control using a smaller-capacity frequency converter—typically only about 30% of 
rated drive power. 

Figure 3.17 Schematic torque curves of different induction rotors as a function of 
mechanical angular speed Ωr for (a) a smooth solid rotor without short-circuiting rings, 
(b) a smooth solid rotor equipped with copper short-circuiting rings, (c) an axially and radially 
slotted solid rotor equipped with copper short-circuiting rings, (d) a solid rotor with a copper 
cage, and (e) a rotor with a double-cage winding. Source: Pyrhönen et al. 2014. Reproduced 
with permission of John Wiley & Sons Ltd. 
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3.5 The damper winding

A damper winding resembles the squirrel cage of an induction motor. Typically, it is installed in a 
DOL SM to guarantee continued synchronous operation during a transient. DOL PMSMs with 
damper windings are intended for distributed power production, such as in small hydropower 
plants. In practice, some damping is present in all machine types, and even without the damper 
winding, induced oscillations will eventually attenuate. In nonsalient pole generators, by inducing 
eddy currents for attenuation into it, the solid frame of the rotor can be used as a virtual damper 
winding. Figure 3.18 illustrates the structure of the damper winding for a salient-pole SM. 

Damper windings are typically configured for a particular application and purpose. For 
example, internal damping is essential for the proper operation of DOL machines. Although 
power-electronics–controlled position feedback drives can operate without the damping provided 
by a damper winding, the additional damping does have a remarkable effect on machine operation. 
Damped machine torque response is always faster than undamped response. The torque rise speed 
of a damped machine fed by power electronics is typically from 5 to 10 times that of a similar 
undamped machine. The faster torque rise time is based on the low subtransient time constant of 
damped machines that allows for fast stator current rise. In a frequency converter supply, however, 
the damper winding may suffer from high losses caused by the PWM supply of the stator. Coupled 
to a low switching frequency medium-voltage converter, the damper may even fail. 

A damper winding makes it possible to start a DOL motor like an asynchronous machine. 
For a DOL generator, the damper winding damps the counterrotating fields produced by 
asymmetrical loads. 

Damping parameters must be determined to model a damper-equipped PWM-supplied 
machine. This can be a challenge, because the damper is usually anisotropic and must be 
modelled on the direct and quadrature axes separately. It is possible, however, to tune the 
control using a suitable time constant approach. 

Figure 3.18 The configuration of a damper winding for a six-pole, salient-pole SM. To form 
a complete damper winding, all the bars must be shorted at both ends. In this figure, the final 
end plates of the pole shoes are made of copper and welded to the damper bars. The plates are 
electrically interconnected via copper connection paths, which are shown schematically. 
Source: Pyrhönen et al. 2014. Reproduced with permission of John Wiley & Sons Ltd. 
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3.6 AC winding systems

Most electric machines in use today have three-phase or two-phase windings. The two-phase 
system is common for low-power DOL drives. It is rare, however, to see a frequency converter 
operating a two-phase motor. The great majority of industrial AC electrical drives are three-
phase machines, and most converters are designed for three-phase windings. From the power 
electronics’ point of view, different winding system configurations offer some design 
freedom. Winding system configurations based on multiples of the three phases are interesting 
from the power increase point of view when using low-voltage converters to supply large 
machines. A pair of three-phase converters can supply, for example, a six-phase machine with 
a 30° temporal phase shift. This results in fewer spatial harmonics, increases the operating 
harmonic winding factor, and offers the possibility of increased drive power while still 
keeping voltage low. 

Table 3.2 introduces winding systems commonly used in practice. For industrial motors, 
the most common winding type is the three-phase winding. In large SMs, a six-phase winding 
is used to some degree in the context of power electronic drives. Single- and double-phase 

Table 3.2 Phase systems of the windings of electric machines. The fourth column introduces 
radially symmetric winding alternatives. 

No. of Phases m Normal System Reduced System Corresponding Nonreduced 
System 

1 

2 

3 

4 

5 

6 
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windings occur chiefly in small induction motors that are fed directly from a single-phase 
network. 

There can be only one single-phase winding axis per magnetic axis of an electric machine. 
A polyphase system does not result if another phase winding is located on the same axis, 
because both windings produce collinear flux. Therefore, each nonreduced phase system that 
involves an even number of phases is reduced to involve only half of the original number of 
phases m as illustrated in Table 3.2. If m /2 is an odd number, a radially symmetric polyphase 
system, also called a normal system, is the result. 

3.7 DC machine windings

DC machines with commutators have armature windings on the rotor and several other 
windings in the stator. Figure 3.19 shows all the important industrial DC machine windings 
including a lap-winding armature, compensating windings on the stator pole shoes, commu
tating windings wound on the commutating poles on the quadrature axis, and the excitation 
(field) winding on the stator poles. 

A field winding produces current linkage on the direct axis of the DC machine. The direct 
axis (d-axis) is defined based on the minimum reluctance of the DC machine magnetic circuit. 
In practice, the d-axis is found in the middle of the exciting pole. An armature winding, 
however, produces current linkage on the quadrature axis (the q-axis found between poles) of 
the machine. The flux produced by the armature negatively affects machine performance. In a 
fully compensated machine, commutating poles or compensating windings mitigate this 
harmful influence. A fully compensated DC machine ensures, by its construction, the best 
possible torque production, because the flux and the armature current linkage are always 
perpendicular. 

The air-gap flux produced by armature current (iALm) in an electric machine is called the 
armature reaction. This armature reaction can be eliminated in some DC electrical machine 
architectures by adding compensating and commutating pole windings. Without armature 
reaction compensation, DC machine armature current commutation is more difficult. For PM-
excited DC machines, the problem is less severe, because PM excitation results in inherently 
less armature reaction. Because of this, small PM-excited DC machines normally do not have 
commutating pole or compensating windings. 

3.8 The brushless DC machine

In principle, the Brushless DC machine (BLDC) is built with the winding seen previously in 
Figure 3.8. The rotor of a BLDC differs from the rotor of a PM synchronous motor. The 
BLDC rotor produces, in principle, an air-gap flux density with a full square wave shape. 
Figure 3.20 illustrates the principal construction of a p= 1 BLDC machine. The windings are 
star connected, and the PMs span 180° electrical. The BLDC winding also can be connected in 
a delta configuration. For the delta configuration, the PMs span 120° electrical. 

Figure 3.21 illustrates the principal behaviour of the BLDC machine when the machine 
operates with rectangular current pulses. 

The three-phase currents of the BLDC build 120° DC pulses that follow each other. The 
converter of the BLDC has the same principal components as a three-phase two-level PWM 
converter for AC motors. The commutation is done, however, according to the rotor position 
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Figure 3.19 The image on the left illustrates the winding locations of a DC machine. On the right, the armature lap winding with connection 
to commutator and brushes is shown. Source: Pyrhönen et al. 2014. Reproduced with permission of John Wiley & Sons Ltd. 
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Figure 3.20 BLDC PM machine with an m= 3, q= 2, and p= 1 winding and a two-pole 
rotor surface magnet to produce square wave flux density in the air gap. The winding is, in 
principle, a full-pitch three-phase winding. See Figure 3.8. The distributed winding has two 
coils for each phase. Shown here is the U phase (U11–U12 and U21–U22). 

Figure 3.21 The flux density, flux linkages, induced voltages, and currents of a BLDC with 
q= 2. The stator coils feature a 30° spatial phase shift. The phase of currents must match with 
the phase of induced voltages. For example, iU in the figure produces constant power during 120 
electrical degrees with the induced voltage eU. 
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pulses resulting in the 120° current pulses of Figure 3.21. There is no need for vector control 
or a motor model. Therefore, the machine is regarded as a DC machine. The only principal 
difference between the BLDC and a traditional brushed DC motor is that DC pulses are 
supplied in the BLDC motor by the converter and not as constant DC via the brushes and 
the commutator. A power electronic commutator replaces the mechanical commutator of the 
brushed DC machine. In a BLDC, the armature is in the stator and PM excitation is in the 
rotor. In a DC machine, the rotor carries the armature, and there are either field coils or PMs in 
the stator. 

3.9 The magnetic circuit of an electric machine

The magnetic circuit of an electric machine is governed by Ampère’s law where the magneto 
motive force (MMF) is marked equal to the current linkage of the machine. In the following 
equation, the left hand line integral is the MMF, as recommended by IEC 27-1, and Θ on the 
right hand side is the current linkage. 

i Θ (3.34)∮H ? dl

All the electric currents and PM materials in a running machine combine to produce its current 
linkage Θ. The closed line integral (MMF, ∮H ? dl) of the magnetic field strength H along the 
magnetizing route l corresponds, in practice, to the sum of the magnetic voltages from 
different parts of the machine. More reluctivity in the magnetic circuit results in a larger 
MMF, so more current linkage is needed to magnetize the machine to the desired flux level. 

With no PMs in the machine, the current linkage is mainly consumed in the air gap. This 
leads to a fairly stable inductance value when operating below iron saturation. However, if the 
machine saturates due to overvoltage, the field strength in various parts of the machine begins 
to increase, and more current is required to produce the same flux linkage, decreasing the 
machine’s magnetizing inductance. Moreover, high torque saturates the magnetizing induc
tance considerably, because it causes the lines of force to follow longer paths than at the no-
load condition. 

The permeability of PM material is approximately the same as the permeability of a 
vacuum. Therefore, the PM materials strongly influence the reluctance of a magnetic circuit; 
and consequently, the inductances of the armature winding of a rotating-field machine. 

Polyphase rotating-field machines play a central role on the electrical drive stage, so it will 
be constructive to calculate the magnetizing inductance for an unsaturated machine. As stated 
previously, the peak value of the flux in an electric machine depends on the pole pitch τp, the 
machine equivalent core length l , and the air-gap flux density Bm. The flux linkage of a single 
phase is obtained correspondingly by multiplying by the effective turns (of winding) kws1Ns. 

2 
l B̂m (3.35)ψ̂h kws1Ns τpπ

For a single phase, the magnetic flux density in the effective air gap δef (which takes also the 
effect of the iron into account) can be determined using the current linkage Θ of the phase. 

^μ0ΘsB̂m (3.36)
δef 
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The effective air gap δef represents the reluctance of entire magnetic circuit half with one 
parameter. Depending on the saturation level of the iron, δef can be close to the real air gap, but 
for heavily saturated iron parts, δef can be significantly larger than the real air gap. The effect 
of saturated iron can be seen in the nonlinear behaviour of the magnetizing inductance as a 
function of the increasing flux density level. 

The flux linkage of a single phase can be expressed as follows. 

^2 μ0Θs
ψ̂h kws1Ns π δef 

τpl (3.37) 

The current linkage of the phase winding is 

Θ̂s 
4 
π
kws1Ns 

ν2p
2Is (3.38) 

Substitution yields the following for the flux linkage. 

2 1 4 τp
ψ̂h μ0 l kws1Ns 

2 2Is (3.39)
π 2p π δef 

By dividing by the peak value for the current, the main inductance of the single phase 
becomes 

2 1 4 τp
Lp μ0 l kws1Ns 

2 (3.40)
π 2p π δef 

The magnetizing inductance of the m-phase machine can be determined by multiplying the 
main inductance by m/2. 

m 2 1 4 τpLm μ0 l kws1Ns 
2 (3.41)

2 π 2p π δef 

The magnetizing inductance is the most important part of the machine synchronous induc
tance Ls. 

Lsσ (3.42)Ls Lm 

The other part of the synchronous inductance is the leakage inductance of the winding Lsσ, 
which will not be formulated here. Formulation of the leakage inductance term can be found 
in the literature (Pyrhönen et al., 2014). 

The inductance value expressed by Equation (3.41) gives some guidelines for the 
electrical drive designer. Magnetizing inductance is inversely proportional to the effective 
air gap δef. When PM materials on the rotor surface are used in the magnetic circuit, the 
effective air gap will be significantly higher than in traditional machines. There will be an 
additional effective air gap caused by the PM materials of height hPM. 

hPMΔδef (3.43)
μrPM 

As a result, the magnetizing inductance of a PM machine can be very low, resulting, for 
example, in needing a high switching frequency converter. 



WEBC03 09/22/2016 2:9:30 Page 62

62 ELECTRICAL MACHINE DRIVES CONTROL 

Examining (3.41) further reveals that magnetizing inductance will be inversely propor
tional to the square of the pole pair number p, because pole pitch is inversely proportional to 
the number of poles 2p. 

πD
τp (3.44)

2p

Inserting expression (3.44) into (3.41) yields the following expression for magnetizing 
inductance. 

mDl
Lm μ0 kws1Ns
 

2 (3.45)
πp2δef 

According to Equation (3.45), the level of magnetizing inductance Lm drops as the number of 
pole pairs p increases. Therefore, increasing the number of pole pairs in an induction motor, 
for example, makes it increasingly unsuitable, because the magnetizing inductance of an 
induction motor must be as high as possible. Because dropping of the magnetizing inductance 
with increasing pole pair number p does not actually harm SMs, most electric machines with a 
large number of pole pairs are SMs. Synchronous machines can even benefit from a lower 
value of magnetizing inductance, because their peak torque is inversely proportional to 
Lm + Lsσ. 

Therefore, understanding the relationships expressed by Equation (3.45) is important 
when working in the field of electrical drives and when selecting a correct machine type for a 
specific purpose. How magnetizing inductance behaves as a function of voltage (flux level), 
torque, and pole pair number can be illustrated, in general, with the curves presented in 
Figure 3.22. The torque dependence is a bit more difficult to understand, but remembering the 
Faraday’s principle of lines of forces, it is possible to understand that under stress (torque), the 
lines of force get longer and the MMF ∮H ? dl becomes larger, which results in less 
magnetizing inductance. For electrical drives, it is often important to model the behaviour of 
Lm appropriately to calculate the current model correctly. 

Electric machines are usually designed so that the magnetic circuit somewhat affects 
effective air gap δef already at the rated conditions. Therefore, at the rated flux level Φm,pu = 1, 

Figure 3.22 Principal behaviour of magnetizing inductance as a function of (left) level of air 
gap flux Φm, (middle) torque magnitude T, or (right) pole pair number p – The Lm0,pu 

represents the magnetizing inductance at no load at the rated stator flux-linkage level. For 
example, for a 110 kW four-pole induction motor, Lm0,pu > 3. Lmn,pu is the magnetizing 
inductance at the rated torque and rated stator flux-linkage level. In larger induction motors 
with p= 2, Lmn,pu 3. And, as pole pair number increases, magnetizing inductance decreases 
as a function of 1/p2. In practice, multiple-pole IMs must be designed so magnetizing 
inductance is large enough to maintain an acceptable power factor. 
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the magnetizing inductance has already begun to saturate as Figure 3.20 indicated. Because 
iron saturates rapidly in the range of 2 T, the level of magnetizing inductance collapses if flux 
level increases substantially from its rated value. Finally, magnetizing inductance reaches a 
stable low level where the iron is fully saturated and the inductance corresponds approxi
mately to the inductance of an air core winding. Saturation as a function of torque is more 
moderate but reaches significant values in the range of 3 times the rated torque. The 
inductance is inversely proportional to the square of the pole pair number p. 

In PMSMs, the effective air gap is large and, therefore, magnetizing inductance is low. 
The magnetizing inductance per unit value falls typically in the range of Lm, pu = 0.2 to 0.5 to 
guarantee adequate peak torque. 

3.10 Motor voltage, flux linkage, flux, field weakening, and
voltage reserve

There are many drive types where a wide speed range is needed. Such drives are, for example, 
traction drives, different rolling mill drives, and winding drive in, for example, the paper and 
steel industries. In such cases, there is a need to provide high torque capability at low speeds 
and therefore select the rated operating point of the machine at a fairly low speed and then 
drive the motor also at speeds much higher than the rated speed. It is typical that at least 3 
times the rated speed of the motor is used in such a drive, but much higher speed ratios may be 
used. In such cases, the motor is at low speeds operated with its rated or even increased flux 
level, and beyond the rated point the motor is driven into field weakening. Field weakening 
operation principles are common for all electric motor types. However, those machines that 
allow easy flux level controlling may more easily be used in the field weakening, and 
machines like PMSMs may have difficulties in going into the field weakening as the PMs 
cannot be controlled and the field weakening must be performed by demagnetizing stator 
current. 

According to Faraday’s law, the voltage induced in an electric motor—the back emf—is 
related to the electrical angular frequency ωs and the stator flux linkage ψ s of the drive. 

^ês ψ s

The stator voltage must be approximately equal to the induced voltage. In electrical motor 
drives, the stator voltage is slightly larger than the induced voltage, because there is a small 
voltage drop in the stator resistance Rs. Correspondingly, the induced voltage is a bit larger 
than the induced voltage in generator drives. 

ωs (3.46) 

^

^

^^

es;

According to Equations (3.46) and (3.47), the induced and terminal voltages of an electric 
machine increase with angular frequency if flux linkage remains constant. It is typical in 
electrical drives to keep flux linkage constant until maximum drive voltage is reached. Then, 
the field is weakened. Since ωs increases with machine frequency, the value of stator flux 
linkage ψ̂ must be decreased to keep the induced voltage at the maximum allowable level. s 

es ψ s us;max 

Es	 (3.47)Us 

ωs (3.48) 



WEBC03 09/22/2016 2:9:30 Page 64

64 ELECTRICAL MACHINE DRIVES CONTROL 

Figure 3.23 Voltage, back emf, flux behaviour, and voltage reserve in an electrical drive 
with a 50 Hz AC motor running at 3 times the rated per-unit speed. Field weakening begins at 
45 Hz and not at 50 Hz, which is the rated frequency of the DOL motor used in the application. 

DC machines exhibit this same behaviour, because rotor frequency depends on the rotor 
rotational speed and the number of poles. 

In drives with high-performance dynamics, there is yet another significant feature that 
must be considered. The converter must provide some voltage reserve. Field weakening must 
begin at a lower frequency, below 50 Hz, for example, to maintain a suitable voltage reserve. 
Normally, a 5% to 10% voltage reserve is needed to respond to sudden changes in torque 
demand. Voltage reserve can be defined as follows. 

^ ^ ^ ^ (3.49)us;res us;max es;max us;max ψ̂ sωs max 

Figure 3.23 illustrates voltage and flux linkage behaviours for an electrical drive in the 
constant flux and field-weakening regions. In the figure, a machine designed for DOL 
operation has been used in a speed-controlled drive. The DOL motor rated point corresponds 
to, for example, the 50 Hz rated torque point of the motor. 

In Figure 3.23, the rotational speed and flux linkage per-unit values refer to the DOL drive 
values of the same machine. For example, field weakening begins at 360 V, 45 Hz for a 50 Hz, 
400 V frequency converter-driven motor with about 10% voltage reserve (Us,pu = 0.9, 
fs,pu = 0.9). When motor torque must be increased quickly, the converter can deliver an 
extra 40 V to increase torque in the field-weakening region. 

As said earlier, the field-weakening region is important, for example, for vehicle traction 
drives and for many electrical drives used in the paper and metal-processing industries. 
Examples include the motor drives in electric automobiles and trains and in the reelers and 
unwinders used by the pulp and paper industry. A common step in the paper-making process 
is to feed paper onto or off of a roll or reel at a constant linear paper speed. Maintaining this 
constant paper speed and maintaining suitable web tension require the roll to change its 
rotational speed and torque as the diameter of the paper on the roll varies. For example, as 
paper is fed onto it, a roll must continuously increase rotational speed and decrease torque. 

For these applications, the electrical drive’s voltage reserve can be small, because speed 
changes are gradual. In most cases, however, at least 5% voltage reserve is designed into the 
electrical drive. 
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EXAMPLE 3.2: Calculatetheratedfluxlinkageofa400Vstar-connected50 Hzinduction 
motor assuming a 1.5% voltage drop due to stator resistance. What is the value of the flux 
linkage at 75 Hz in the field-weakening region when 10% voltage reserve is used? 

SOLUTION: The motor peak phase voltage after the voltage drop in the stator winding is 
0.985 2 400 V/ 3 = 2 227.5 = 321.7 V. The rated angular frequency is ωs = 50 
2π. Therefore, the peak value for stator flux linkage in the drive is 321.7/100π= 1.024 Vs. 
This value can be used at low drive speeds. 

Because of the 10% voltage reserve, field weakening begins at 45 Hz. At 75 Hz, the flux 
linkage will be (45 Hz/75 Hz) 1.024 Vs = 0.61 Vs. 

3.11 Motors in power-electronic electrical drives

AC and DC motors are subject to nonidealities-losses and torque quality problems. The 
presence of losses means that machines must be designed to manage the thermal condition of 
the materials. And because PWM-based control introduces additional losses, better cooling is 
needed for a power-electronic supply than that needed for a DOL drive. Moreover, the 
electrical insulations used must tolerate operating temperatures and endure for the design life 
of the machine. In general, however, electromechanical power conversion is very efficient, 
and losses need only be properly considered and effectively managed. 

However, torque or force quality problems can be more problematic and can deteriorate the 
performance of the entire drive system. Torque quality can be especially critical in a direct-drive 
(DD) system. In a DD elevator, for example, the passenger experiences uncomfortable speed 
ripple or noise if the DD motor produces torque ripple that is more than 0.5% of the rated torque. 
Therefore, the lift DD motor must be very carefully designed to achieve a smooth torque level. 

Motor control is one method of improving torque or force quality that is occasionally 
discussed, and it is possible to improve torque or force quality by profiling motor currents. In 
principle, if there is enough voltage reserve for current profiling, producing smooth output 
under all conditions is possible using this approach. However, current profiling control is 
demanding, and it requires a specially tuned drive system. No general models are available for 
motor current profiling. Complex controller systems with learning capability could possibly 
be used to tune motor current waveforms in real time during operation. In general, however, 
AC and DC motors are designed to produce torque and force quality that is good enough for 
the intended purpose using sinusoidal current input. 

An example of a motor that inherently does not produce smooth torque is the switched 
reluctance motor. Its torque is always pulsed, and smooth torque can only be achieved via 
suitable current profiling. One example of such control is given in the chapter discussing SR-
machine drive systems. 
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The fundamentals of
space-vector theory

A fast calculation model is required to control an electric machine in real time. Modelling
based on space-vector theory has been commonly adopted for this purpose. The theory was
widely developed by Kovàcs and Ràcz in their books Transiente Vorgänge in Wechsel
strommaschinen (1954)

Despite its deficiencies, the space-vector model for rotating field machines is fairly well
suited for control if feedback is used to compensate for modelling inaccuracies. For an electrical
drive supplied with pulse-width-modulation (PWM) converter, the electric machine is always,
in principle, in a transient state. The traditional single-phase equivalent circuit with time-
harmonic RMS phasor quantities, applicable to the sinusoidal nontransient state, cannot be used.
Space-vector theory was developed to describe the transient behaviours of electric machines.

Understanding the transient states of electric machines has become more and more
important as electrical drive development has progressed. It is increasingly common to supply
a motor using a frequency converter, which results in internal voltages that are far from
sinusoidal. Even with a sinusoidal supply, electric machines experience transients. They
occur, for example, at start-up and in the context of process control in response to changing
machine loads.

Space-vector theory was developed by Kovács and Rácz in the 1950s. Their purpose was to
develop a model for alternating current (AC) machines to model transients in direct online
(DOL) drives. In the 1960s, Felix Blaschke of Siemens was working with the fundamentals of
vector control for AC machines. Focusing on controlling magnetization and torque separately,
his target was to produce fundamentals that would make it possible to apply DC machine control
principles to AC machines. Space-vector theory provided a firm foundation on which to build.

In space-vector theory, the spatial distribution of current linkages, fluxes and flux
linkages, and voltages are presented with “space vectors”. In this book, these space vectors
will normally be referred to as vectors and denoted with boldfaced italic symbols. For
example, the space vector for stator current is is. It is common for experts to speak about the

Electrical Machine Drives Control: An Introduction, First Edition. Juha Pyrhönen, Valéria Hrabovcová
and R. Scott Semken.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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vector control of drives and not space vector control. Here, in general, the terms vector and
space vector are considered synonomous.

These space vectors are not vectors in the classic sense, but their calculus follows the
mathematical forms of traditional vectors. In the space-vector presentation, the scalar product
of a coefficient and the space vector is a vector, the dot (scalar) product two space vectors is a
scalar, and the cross (vector) product two space vectors is a vector.

For example, the air-gap flux-linkage space vector ψm is the product of the magnetizing
inductance Lm and the magnetizing space vector for current im.

ψm im Lm (4.1)

The instantaneous three-phase stator power Ps is the scalar product of the stator voltage space
vector us and the stator space vector for current is.

3
Ps us ? is (4.2)

2

The vector (cross) product is needed to calculate forces and, especially, to calculate the torque
vector, which is expressed as in the following equation.

3
T pψs is (4.3)

2

Equation (4.3) indicates that torque will be a vector perpendicular to the plane defined by the
stator-flux-linkage and stator-current space vectors. The torque vector will point outwards from
or inwards to the machine shaft depending on operating mode. It will point outwards for a motor
and inwards for a generator rotating in a mathematically positive (counterclockwise) direction.
Normally, torque is expressed as a scalar value and assumed positive for motoring and negative
for generating. Torque production will be examined in more detail in the next chapter.

Because space-vector theory was developed to evaluate transient behaviours in electric
machines and was later adapted to electrical drive control, exact presentation is not necessary.
Especially in feedback control, small modelling simplifications can be made. The following is
a list of simplifying assumptions that are typically made.

1. Flux density distribution is sinusoidal in the air gap.

2. Magnetizing circuit saturation is constant.

3. There are no iron losses.

4. Resistances and inductances are independent of temperature and frequency.

5. The electric machine is treated as if it were a two-pole machine.

1. The assumption of sinusoidal flux density distribution usually brings good results,
because AC machine structures are designed to yield sinusoidal terminal voltages regardless
of the real air-gap flux density waveforms. The electrical drive converter works with the
terminal voltages and not with the more complex air-gap flux density waveforms.
In most cases, an electrical drive will be most efficient if the air-gap flux density
distribution produced is primarily sinusoidal. Fundamental space-vector theory assumes
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that each single-phase winding is constructed to produce a purely sinusoidal flux density.
While not true in practice, this assumption yields acceptable results. For a three-phase
machine in particular, the three windings combine to produce a superposed flux density
wave that is well formed if not sinusoidal.

2. The second assumption of constant saturation is a bit more complicated. Normally, good
vector control necessitates saturation modelling of the inductances, especially the magnet
izing inductance of the controlled machine. This modelling can be carried out using, for
example, look-up tables to update the machine inductances over different operating
conditions. In principle, the differential of the flux linkage vector, see Equation (4.1),
should be written as follows.

dψm

dt
d
dt

imLm Lm
dim
dt

im
dLm

dt
(4.4)

The latter part of the differential should be taken into account in the calculation if the
inductance changes. Experiments have shown, however, that numerical instability can
easily result if the inductance is presented as a function of flux linkage and torque.

ψ ; T (4.5)Lm Lm m

Therefore, the previous expression for the flux linkage differential (4.4) can be reformu
lated as this equation.

dψ dimm Lm (4.6)
dt dt

Ignoring the latter term in Equation (4.4), the inductance Equation (4.5) is updated
according to torque and flux linkage level. This approach seems adequate even for high
performance AC drives.

3. Neglecting iron losses, the third simplification, is not significant from the control point
of view; however, the energy efficiency of a drive cannot be accurately determined using
space-vector theory without including the iron losses. Although not necessary for
frequency converter control, in general, iron losses must be included to obtain accurate
scientific modelling results. In particular, calculating the vector equivalent circuit
becomes a great deal more complicated if any iron loss resistance parallel to the
magnetizing inductance is not accounted for accurately. Further difficulties arise because
the iron losses PFe are dependent on air-gap flux linkage level ψm and frequency f.

f 2;ψ2 (4.7)PFe PFe m

Since a single-phase equivalent circuit describes iron loss as a function of air gap voltage
um, loss should be written as a function of the rated iron loss resistance RFe,N, the rated
frequency fN, and the rated flux linkage level ψm,N.

22f3um ψm (4.8)PFe f NRFe;N ψm;N
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The exponent of frequency can also vary, from 1.5 to 2.5, depending on the magnetic
circuit material of the machine. For an accurate evaluation, the exponent should be
determined, for example, via measurement.

4. The fourth simplification, assuming that resistances and inductances are independent of
temperature and frequency, is valid only at certain operating points, and the modelled
resistance and inductance values must be updated according to known behaviours.

The following expression gives an approximation for the DC resistance as a function of
machine operating temperature T.

T 1 αΔT (4.9)Rs Rs 20 °C

ΔT is the temperature rise of the machine measured from room temperature (20 °C), and α
is the temperature coefficient for the resistivity of the winding material. The temperature
coefficient of resistivity for copper and aluminium is αCu= 3.81 10 3 K 1 and αAl = 3.7
10 3 K 1, respectively.

The assumption of frequency independent inductances is reasonable and typically
gives good results; however, winding resistance varies with AC frequency, and this
dependence should be modelled if precise simulation results are required. In fact, at any
given temperature, the operating frequency resistance in an electric machine winding can
be 50% higher than its DC resistance. The analyst can find guidelines for calculating the
AC resistances for an electric machine in machine design literature, such as in Pyrhönen
et al. (2014). Alternatively, a simple model for AC resistance can be built that depends on
the square of the operating frequency.

c ? f 2f 1 (4.10)RsRs

In the equation, c is an experimentally determined coefficient that establishes the correct
relationship between the known DC resistance value and the desired rated frequency
resistance value.

5. The fifth simplification, assuming a two-pole machine, does not limit space-vector
theory usability by any means. The current converter of the electrical drive sees only stator
voltages and currents at the electric machine’s input and output terminals. Pole pair
number information is not available to the converter, nor does it need it to perform its
function. Of course, several electric machine parameters depend, to some extent, on how
many pole pairs it has; however, these dependencies do not manifest at the connection
terminals. For example, the power factor of a multipole induction motor is lower than that
of a two-pole machine. Furthermore, pole pair number is not the only determinant of
power factor. Machine saturation or reduced per-unit magnetizing inductance also result
in lower power factors for two-pole machines.

Only in the torque equation, where it is used as a multiplier, does number of poles have
any practical effect on the control system of an electrical drive. Moreover, because the
electrical degrees of rotation needed for space-vector theory modelling are p-multiples of
a machine’s cylindrical geometry, rotor rotation angle must be multiplied by pole pair
number to determine rotor electrical angle. The same is valid for angular velocities:
ω= pΩ, where ω is the electrical angular velocity, and Ω is the mechanical angular
velocity.
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These restrictions having been considered and possible straightforward remedies having
been suggested, space vectors for three-phase quantities can now be constructed. These
space vectors will comprise and be helpful in understanding the actual space-vector
model. The mathematical treatment of space vectors almost certainly requires coordinate
transformations. These transformations will be discussed in brief.

4.1 Introduction to the space vector for current linkage

Figure 4.1 illustrates a special winding arrangement and the magnetic axes U, V, and W of a
two-pole three-phase machine. This winding configuration is designed to produce a sinusoidal
current linkage for each one of the three phases individually that when superposed still results
in a sinusoidal flux density distribution across the air gap. To accomplish this, each slot
includes coil sides from all three phases with each composed of a different number of winding
turns. This winding arrangement is mathematically interesting and demonstrates the feasibil
ity of a sinusoidal-phase winding system; however, it is not practical, because it results in a
relatively low winding factor and puts winding turns for all three phases into one slot, which
presents insulation difficulties.

In actuality, this type of sinusoidal-phase winding arrangement is not really necessary.
Because current is always being conducted in at least two phases at any given moment, the
sum current linkages of the three individual phase windings always remain fairly sinusoidal
even though each alone does not produce a sinusoidal current linkage distribution.

For a two-phase winding, however, there are moments when only one phase is actively
conducting. To produce a sinusoidal flux density distribution across the air gap of a two-phase
machine, a winding arrangement analogous to that shown in Figure 4.1 becomes a real
advantage. Without it, a two-phase machine cannot match the performance of an equivalent
three-phase machine.

Figure 4.1 An ideal stator winding arrangement for a three-phase machine illustrating the
three magnetic axes. The arrangement is designed so that each winding produces its own
sinusoidal flux density distribution across the air gap. These superpose to produce a sinusoidal
flux density distribution across the air gap. According to Ampère’s law, the magnetic axis of a
winding is along its flux path. The maximum current linkage lies 90° from the magnetic axis.
The magnified slot on the left shows how each slot shares winding turns for each phase with
this kind of a special winding arrangement.
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Figure 4.2 The stator windings for each phase are typically depicted symbolically as a coil
aligned with the magnetic axis of each phase. The star physical connection of the phases has
been moved to the outer terminals of the windings to make later studies of space vectors more
acceptable. (See Chapter 7.)

According to the first simplifying assumption for space-vector theory modelling, each
individual winding should produce a sinusoidal flux density distribution in the air gap. As just
described, this can be accomplished using the “ideal” but somewhat impractical winding
arrangement illustrated in Figure 4.1. Fortunately, more-workable three-phase winding
configurations can still produce sinusoidal flux density distributions across the air gap, so
they can be implemented without sacrificing overall machine performance.

In practice, three-phase windings produce total current linkages similar to those illustrated in
the previous chapter. See Figures 3.9 through 3.12. Figure 3.11 shows the individual-phase
current-linkage waveforms. As the figures indicate, the individual waveforms deviate subs
tantially from the sinusoidal form, but the superposition of the three phases is more sinusoidal.

In the space-vector theory approach to electric machines, the stator windings for each
phase are typically depicted symbolically as a vector aligned with the magnetic axis of each
phase as illustrated by Figure 4.2.

Consider the magnetic field strengths caused by the phase U winding in Figure 4.3 at the
point γ on the periphery of the machine. The field strength HU(γ) oriented radially in the air

Figure 4.3 (a) Applying Ampère’s law to a particular integration path. The circles arrayed
circumferentially along the outside of the air gap represent conductors, and their diameters
represent the amount of current (cross-sectional area) for each slot. (b) The waveform of the single-
phase “sinusoidal” current linkage. The current linkage fundamental amplitude is kws1NsiU/2.
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gap, of the phase U current, can be calculated by applying Ampère’s law. In Figure 4.3, the
integration path is from the angle γ to γ + π on the machine periphery. The total number of
turns in a stator phase is Ns. The amplitude of the current linkage in the system is kws1NsiU/2.
The current linkage function can be written (kws1NsiU/2) cosγ.

Assuming the phase current linkage is consumed in the air gap of the machine, phase field
strength in the air gap can be expressed with the following equation.

kws1NsiUHU cos γ (4.11)
2δ

The subscript U refers to phase U, and HU is the field strength for that phase alone. By
convention, field strength from the rotor to the stator is considered positive. Field strength in
the opposite direction is negative. The respective air-gap flux density for the phase at point γ is

kws1NsiUBU μ0HU μ0 2δ
cos γ (4.12)

Consequently, the following expression for current linkage can be written

ΘU δHU
kws1NsiU

2
cos γ (4.13)

Without considering magnetic saturation of the electrical steel components, the values for
current linkage, magnetic field strength, and air-gap magnetic flux density are linearly
interdependent.

The two other phases can be treated similarly to obtain their current linkage equations.

(4.14)

(4.15)

ΘV
kws1NsiV

2
cos γ

2
3
π

ΘW
kws1NsiW

2
cos γ

4
3
π

The peak current linkage for each phase runs along the magnetic axis of the phase at any given
instant in time. Furthermore, because conductor density is sinusoidal, the current linkage
distributions are sinusoidal. This sinusoidal form remains unaltered irrespective of the
instantaneous values of the currents.

The instantaneous amplitudes of each individual current linkage are ΘU, ΘV, and ΘW. The
alignment of each amplitude to the magnetic axis of each respective phase yields three
vectors, one for each current linkage. The vector sum of the three current linkage vectors is the
space vector.

Figure 4.4 shows the instantaneous phase currents iU, iV, and iW fixed to the stator
reference frame at time 1 for a symmetric three-phase machine, when the current for phase U
is at a maximum, and the currents of phases V and W are half the negative maximum. The
figure also depicts the amplitudes ΘU1, ΘV1, and ΘW1 of the phase-specific sinusoidal current
linkages corresponding to these currents, which can be expressed as follows.

ΘU1 kws1NUiU t

ΘV1 kws1NViV t (4.16)

ΘW1 kws1NWiW t =2

=2

=2
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Figure 4.4 The formation of the vector sums of the phase-specific current linkage space
vectors. The phase current-linkage vectors are proportional to the instantaneous phase
currents. The vector sums of the phase current linkages are drawn at two time instants
showing how the vector sum rotates as the phases are supplied with three-phase alternating
currents. When supplied from a symmetric three-phase current source, the tip of the space
vector follows a circle.

The individual amplitudes are at the peaks of each sinusoidal current linkage distribution.
The peak values coincide with the magnetic axes of the phases, so the total three-phase
winding current linkage is the sum of the three vectors produced when current linkage
amplitude is given the direction of the magnetic axes. This sum is the space vector of the
current linkage.

Using a space vector for current linkage makes it possible to represent the three-phase
quantity with a single vector that rotates in the complex plane representing actually the cross-
sectional plane of the AC machine. This facilitates the mathematical treatment of electric
machinery. The rotation of the space vector also corresponds to the rotation of flux in the
machine.

4.1.1 Mathematical representation of the space vector

In a three-phase machine, there is a local phase shift of 120 electrical degrees between the
phases. Therefore, it is useful to formulate a phase-shift operator that is an exponential
function based on circle thirds.

j2π
3a e (4.17)

This function can be used to designate the directions of the magnetic axes for the three current
phases. Shown in their positive directions, the three phase-shift operators are denoted thusly.

a0; a1; a2 (4.18)

Multiplying each of these operators by its respective phase current linkage (as a function of
time) will result in three current linkage vectors, one for each phase. Taking the vector sum of
the three vectors gives a vector for total current linkage. This vector Θs t is the current linkage
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space vector for the three phase windings and their currents.

Θs t a0ΘsU t a1ΘsV t a2ΘsW t (4.19)

If its air gap δ is constant and if its electrical steel permeability is very high, the magnetic field
strength in an electric machine varies relative to the magnitude of the current linkage space
vector. Each phase current linkage amplitude produces a field-strength space vector.
However, a coupling factor k can be applied to indicate what proportion of the stator current
linkage is used to produce air-gap field strength and flux density.

a0ΘsU t a1ΘsV t a2ΘsW t
(4.20)k k kHmU t ;HmV t ;HmW t

δ δ δ

Analogously, the space vector for the field strength can be expressed with this equation.

t a0HmU t a1HmV t a2HmW t (4.21)Hm

The air-gap flux density space vector can be formulated by multiplying the field strengths by
the permeability of free air μ0 yielding the following expression, which shows that space-
vector theory relies on the air-gap flux density of the electric machine.

Bm t a0HmU t a1HmV t a2HmW t t (4.22)μ0Hmμ0

When the current linkages of Equation (4.19) are divided by the effective numbers of turns
(e.g., by kw1NU), the phase currents can be combined to analogically formulate a space vector
t . A time-based representation in the stator reference frame, this space vector for current is

expressed in this manner.
is

is t a0isU t a1isV t a2isW t (4.23)

This space vector for current illustrates the overall effect of the three-phase currents in the
three-phase windings. The phase space vectors for current lie in the same directions as the
phase current linkage space vectors.

Equation (4.23) suggests the magnitude of the space vector for three-phase stator current
is 3/2 of the peak value of the phase sinusoidal current. This is shown clearly by Figure 4.4,
where the first sum vector is built with the peak current of phase U. The vector resultant is 3/2
times the current linkage of phase U. Dividing by the effective number of winding turns, a
figure similar to Figure 4.4, and looking much the same, could be prepared for the current
space vectors.

When defining the magnetizing inductance Lm in the design of an m-phase electric
machine, multiplying the single-phase main inductance Lp by m/2 describes the three electric
current phases and their sum effects in a single-phase equivalent circuit for a three-phase
machine.

3
Lm Lp (4.24)

2

However, it is customary to use the single-phase phasor equivalent circuit to describe electric
machine behaviours. The space-vector presentation offers a similar single-phase vector
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equivalent circuit, but uses space-vector variables in place of phasors. Multiplying is by 2/3
reduces its magnitude, making it equal in amplitude to the single-phase sinusoidal currents
supplying the electric machine. The result is the space vector for current is.

is t
2

a0isU t a1isV t a2isW t
2
is t (4.25)

3 3

Taking this approach to define the space vector for current makes it possible to write the
space-vector equations directly using actual resistances and inductances, the parameters that
describe the real equivalent circuit of the machine. Similarly, the vector equivalent circuit can
easily be derived using the same parameters. For example, the voltage drop vector in response
to stator resistance Δus can be derived using the same methodology as in the single-phase
vector equivalent circuit description with no extra coefficients needed.

Δus isRs (4.26)

The stator leakage flux-linkage vector also can be formulated by taking the product of the
stator electric current vector and the stator leakage flux inductance Lsσ.

ψ isLsσ (4.27)sσ

The stator voltage drop and stator leakage flux-linkage space vectors lie in the same direction
as the stator space vector for current.

In (4.26), the voltage drop vector was expressed as a function of the analogically defined
space vector for current is. The voltage space vector us t can be defined in the same way as
detailed by

us t
2
3

a0usU t a1usV t a2usW t
2
3
UDC a0SU t a1SV t a2SW t (4.28)

The latter part of Equation (4.28) expresses the voltage vector produced by a frequency
converter with UDC intermediate circuit voltage and switching commands SU,V,W.

The physical nature of the space vector for current, which has the same vector direction as the
phase current linkage space vector, is clear. The nature of the voltage space vector is not as clear.

For the voltage space vector, the same magnetic axes directions are used as in the
definitions for current. Switching function variables SU, SV, and SW describe the states for
three converter switches. Ideally, each has a value of 0 or 1, corresponding to the OFF or ON
condition. In reality, as they change state, switch voltages sweep from 0 to 1 or 1 to 0.

The air-gap flux-linkage space vector ψm(t) can be formed analogically from phase
quantities in the same way as were the field strength and air-gap flux density space vectors.
Again, the reduction factor of 2/3 is used.

ψm t
2

a0ψmU t a1ψmV t a2ψmW t (4.29)
3

Multiplying Equation (4.22) by the effective numbers of turns and reducing the result by 2/3
yields another expression of the air-gap flux-linkage space vector.

2 2
t t t (4.30)ψm kws1NsBm kws1Nsμ0Hm3 3
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The stator flux-linkage space vector can now be found by adding Equation (4.27) to
Equation (4.30).

ψ ψ ψ is ψ (4.31)s sσ m Lsσ m

The current, voltage, and flux-linkage space vectors of the rotor can be determined
accordingly. When changing over to a space-vector representation, all electric current,
voltage, and flux-linkage components take on vector form, and all the ordinary relationships
for the circuit analysis and three-phase system are expressed using the space vectors in a
single-phase vector equivalent circuit.

It is also possible that the motor has a different number of phases (m). In such a case, the
phase shift operator is defined as a= ej2π/m and the equations defining the space vectors must
be adjusted accordingly. In this material, we regularly assume that the motor has three phases
unless otherwise specified.

4.1.2 Two-axis representation of the space vector

A two-axis electric machine presentation is commonly used, because it is often convenient to
describe behaviours with respect to the two most relevant magnetic orientations, along the
direct axis (d-axis) and along the quadrature axis (q-axis); d-axis usually aligns with the
minimum magnetic reluctance of the machine magnetic circuit and q-axis with its maximum
reluctance. In machines with no saliency d-axis is often selected to align with the rotor
excitation direction. It is also possible to select the d- and q-axes freely in case of different
coordinate systems.

In embedded computers, such as those used for electrical drive control, complex vector
presentation is challenging. Instead, it is easier to use x- and y-coordinate scalar values.
Furthermore, it is reasonable to represent three-phase windings using an equivalent two-phase
winding mathematical model, making it straightforward and reasonable to move to the two-
axis representation of the space vector.

Figure 4.5 illustrates symmetric three-phase and two-phase currents in the time plane. The
three-phase currents iU, iV, and iW are depicted on the left in Figure 4.5a. Figure 4.5b depicts
the symmetric two-phase current components i and i corresponding to the space vector issx sy
of the stator current. The xy-reference frame is fixed to the stator with the x-axis being
collinear with the axis of phase U. Each depiction indicates with a dotted line the instant that
the current of phase W has reached its negative peak value. At this moment, the phases U and
V currents are half their positive peak values.

If there is an equal number of effective turns kwsNs in the two-phase system, the peak
values of the currents i and isy of the symmetric two-phase system must be 1.5 times thesx
symmetric three-phase currents to produce an equal current linkage. The space vector is in a
three-phase system is always formulated from at least two of the phase currents; however, in
the case of a two-phase system, there are instants when the space vector of the current is
produced as an effect of single-phase current (i sy) only. Such a case emphasized the needor isx
to produce sinusoidal flux density by a single phase. In a real motor, a two-phase system is
inherently weaker than a three-phase system from the harmonic content point of view.

The instantaneous values for three-phase currents presented on the U, V, and W magnetic
axes can be transformed mathematically into the space-vector components for stator current
on the xy-axes to develop the two-axis electric machine presentation. Both reference frames
are fixed, and there is a phase shift of the constant angle κ between the U-axis and the x-axis.
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Figure 4.5 (a) Three-phase winding, (b) three-phase currents in the time plane, (c) two-
phase winding with a neutral conductor, (d) two-phase currents causing respective current
linkages when the number of winding turns in series is the same as in the three-phase system,
and (e) vector presentation of the three-phase and two-phase currents.

Taking into account the current component is0 for the possible zero-sequence network
(currents flowing in all three phases in the same temporal phase toward the star point and
further along neutral wire (normally not present) to ground), the following matrix notation can
be introduced for the instantaneous values of the three-phase currents.

iscos κ sin κ 1isU sx

iscos κ 120° sin κ 120° 1 (4.32)isV sy

iscos κ 240° sin κ 240° 1isW s0

The three-phase current components can be transformed into two-phase components as
follows.

is cos κ cos κ 120° cos κ 240° isUsx
2

is sin κ sin κ 120° sin κ 240° (4.33)isVsy 3
is 1=2 1=2 1=2 isWs0

In symmetric cases, the three-phase system has no zero sequence component. It can come into
play only for star-connected three-phase windings with a neutral line connection, a configu
ration only found in a generator with a star point ground connection. In practice, the angle κ is
usually set to zero as a simplification and the zero sequence component of the phase currents is
nonexistent.
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4.1.3 Coordinate transformation of the space vector

Coordinate transformations are often necessary when implementing vector controls. Trans
forming coordinates can account for magnetic asymmetries or make it easier to implement the
control logic. For instance, vector control of an induction motor has been implemented
traditionally in the reference frame (coordinate system) oriented to rotor flux linkage. For
synchronous machines, because of their anisotropic rotor, it is natural to use a rotor reference
frame. Figuratively speaking, this transformation to the rotor reference frame corresponds to a
situation in which events are viewed from the perspective of the rotor. From this perspective,
the stator seems to rotate at high speed around the viewpoint.

Figure 4.6 illustrates the electric current vector corresponding to the constant state of a
symmetric system, the locus plotted by the vector tip with respect to the stator reference frame
(the xy-axes) and the direct and quadrature axes (dg and qg) in a general reference frame
rotating at angular speed ωg. Referring to the figure and considering the components of the
stator electric current vector is in the two reference frames, the validity of using the following
equations to transfer from the xy-axes fixed to the stator to the reference frame rotating at the
general angular speed ωg becomes evident

isy sin ωgt (4.34)

isy cos ωgt (4.35)

Using a polar complex representation for the space vectors offers the simplest represen
tation for the coordinate transformation. Now the transformation of the stator current from the
xy-axes frame of reference (is

s) to the dgqg-axes frame of reference is accomplished via this
equation.

jωgtig ig jig is jωgt e (4.36)s q se isx jisyd

The complex vector needs only be rotated to point in the required direction. The angular
relationships involved in the coordinate transformation are illustrated in Figure 4.7. In the

igd isx cos ωgt

igq isx sin ωgt

Figure 4.6 Stator current can be represented with two components in the stator reference
frame (the xy-axes) or with direct and quadrature axes (dg and qg) in a general reference frame
if a transfer is made from the reference frame fixed to the stator to the general reference frame
rotating at angular speed ωg. The figure illustrates the electric current vector corresponding to
the constant state of a symmetric system and the locus plotted by the vector tip.
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Figure 4.7 The vector i in different frames of reference. The dq-axes reference frame
corresponds to the rotor reference frame, and the xy-axes reference frame corresponds to the
reference frame of the stator.

figure, the dq-axes reference frame corresponds to the rotor reference frame, and the xy-axes
reference frame corresponds to the reference frame of the stator.

The electric current vector can be written in the rotor reference frame.

jγir i e (4.37)

The same current can also be expressed in the stator reference frame as follows.

j γ θris i e irejθr (4.38)

With this simple vector presentation, it is easy to see the coordinate transformation of the
vector is from the rotor reference frame to the stator reference frame.

is irejθr (4.39)

From the stator reference frame to the rotor reference frame, it is

jθr jθrise irejθre ir (4.40)

Therefore, the following equation is the expression mapping the stator electric current vector
to the rotor electric current vector.

ir ise jθr (4.41)

When expressed as a complex vector, coordinate transformation is accomplished by merely
adding or subtracting the angle between the two different coordinate systems.

4.2 Space-vector equivalent circuits and the
voltage-vector equations

In the previous chapter, Figure 3.1 illustrated the magnetic connection between two stationary
winding coils. This equivalent circuit can be regarded, for example, as describing an induction
machine having two windings: the three-phase stator winding and the rotating multiphase
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Figure 4.8 Vector equivalent circuit of an induction motor in the stator reference frame. On
the rotor side, there is an extra voltage source, because the spinning rotor has been described in
a different frame of reference, the stator reference frame.

rotor winding. Both of these multiphase windings are regarded as single-phase vector
windings rotating with respect to one another. This rotation induces its own effect, which
is manifest as an additional voltage source in the equivalent circuit. Figure 4.8 is the circuit
diagram for the vector equivalent circuit of an induction machine in the stator reference frame.
In this text, this type of parameter-based equivalent circuit is referred to as the current model.
Its circuit currents result in flux linkages across the inductances. Stator flux linkage can also be
estimated by integrating stator voltage. This approach is referred to here as the voltage model.

The stator voltage vector for an AC machine consists of the resistive and inductive voltage
components. Its derivation begins by defining the stator voltage equation in the stator frame of
reference, the natural reference frame of the winding. Adding the remaining components
results in an absolute-value space-vector equation of the following form.

dψs
ss is (4.42)us Rs s dt

However, it is often necessary to transform this equation to another reference frame, for
example, the rotor reference frame, which for the stator winding is a foreign frame of
reference. To develop the equation for the rotor reference frame, the principles introduced in
Figure 4.7 are applied.

ds r jθr ir jθr ψ r jθrus use Rs se (4.43)sedt

Deriving the latter term of the equation results in the following expression.

dψ r
s jθrs r jθr ir jθrus use Rs se e jωrψ

r
se

jθr (4.44)
dt

jθrDividing Equation (4.44) by e yields the equation for stator voltage in the rotor reference
frame.

dψ r
ss jθr r ir jωrψ

r
s (4.45)use us Rs s dt

When the winding voltage equation is derived in a foreign reference frame, for example,
the voltage equation of the stator winding in the rotor reference frame, it picks up a
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Figure 4.9 Vector equivalent circuit of an induction motor in the rotor reference frame.
There is an extra voltage source on the stator side, because the stator has been moved to a
foreign reference frame. The rotor, however, is described in its own reference frame, and
therefore no additional voltage source is included.

rotation-induced voltage term jωrψ r
s, caused by the speed difference of the reference

frames. While this additional term can be justified both mathematically and physically, it
presents, in fact, the most demanding challenge when carrying out the coordinate
transformations. Deriving the product ψ r

sejθr yields, according to the product derivation
rule, the term dθr=dt ωr for the multiplier. As a result, the vector equivalent circuit
diagram presented previously in Figure 4.8 can now be drawn as a vector equivalent
circuit in the rotor reference frame: Figure 4.9.

4.3 Space-vector model in the general reference frame

Space-vector modelling of the asynchronous machine can also be accomplished in the general
reference frame. The voltage equations for the stator and rotor should first be represented in a
foreign frame of reference that rotates at an angular speed ωg. When the observation frame of
reference rotates, the two voltage equations pick up an additional term for motion voltage

ψgjωg s .

dψg
sg igu Rs s jωgψ

g
s (4.46)s

dt

dψg
rg ig ψgu Rr r r (4.47)j ωg ωrr

dt

In Equation (4.47), ωr is the rotor electrical angular speed (ωr= pΩ). The stator and rotor flux
linkages in Equations (4.46) and (4.47) can be written as follows.

igLm r (4.48)

igLr r (4.49)

In Equations (4.48) and (4.49), Lm is the magnetizing inductance, Ls = Lm+ Lsσ is the total
inductance of the stator, and Lr= Lm+ Lrσ is the total inductance of the rotor. Lsσ and Lrσ are
the leakage inductances of the stator and rotor (rotor quantities being referred to the stator).
Using Equations (4.46) through (4.49), a vector equivalent circuit in the general reference
frame can be constructed. See Figure 4.10.

ψg
s Lsi

g
s

ψg
r Lmi

g
s
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Figure 4.10 The T equivalent circuit of an asynchronous machine in general reference
frame.

In a reference frame fixed to the stator (ωg= 0), Equations (4.46) through (4.49) take on a
now familiar absolute-value form.

dψs
ss is (4.50)us Rs s dt

dψs
rs is jωrψ

s
r (4.51)ur Rr r dt

ψs is Lmir
s (4.52)s Ls s

ψs is Lrir
s (4.53)r Lm s

For a squirrel-cage motor, the rotor voltage vector-see Equation (4.51)-is set to zero.
In Figure 4.10, the dynamic T equivalent circuit for the induction motor was introduced.

In some texts, researchers like to use the so-called dynamic Γ equivalent circuit instead. Using
the Γ-model may slightly simplify the mathematics, because it collects all the leakage flux
phenomena in the stator and needs, thereafter, only four parameters to describe the total
machine model (DeDoncker and Novotny, 1994). The parameters needed are magnetizing
inductance LM, total leakage inductance Lσ, stator resistance Rs, and rotor resistance RR. The
differences between the T and Γ approaches are summarized in Table 4.1.

Table 4.1 Comparing T and Γ equivalent circuits

Quantity T Model Γ Model

Rotor current isr isR
Lm Lrσ

Lm
isr

Rotor flux linkage ψ s
r ψs

R
Lm

Lm Lrσ
ψs

r

Magnetizing current ism isM iss isR
Magnetizing inductance Lm

LM
L2

m

Lm Lrσ

Leakage inductance Lsσ; Lrσ Lσ Lsσ
LmLrσ

Lm Lrσ

Rotor resistance Rr
RR

Lm

Lm Lrσ

2

Rr
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Figure 4.11 Γ equivalent circuit of induction machine in the stator reference frame.

Figure 4.11 illustrates the Γ equivalent circuit.The equations governing the Γ equivalent
circuit of the motor are

dis diss s Mus Rsis
s Lσ LM (4.54)

dt dt

dis
us

R 0 RRi
s
R LM

M

dt
jωmψ

s
R (4.55)

ψs
s Lσi

s
s LMisM (4.56)

ψs
R LMi

s
M (4.57)

Using this equation system may in some cases simplify the presentation of the induction
motor. In this book, however, we mainly use dynamic T equivalent circuits.

4.4 The two-axis model

A two-axis model fixed to the stators can be developed using the methodology shown earlier.
For the direct x-axis and quadrature y-axis, the equivalent circuits shown by Figure 4.12 are
valid. They are the result of separating out the real and imaginary parts of Equations (4.50)
through (4.53).

Figure 4.12 Equivalent circuits corresponding to the two-axis model fixed to the stator. Lm

is the magnetizing inductance, Lrσ= Lr Lm is the leakage inductance of the rotor referred to
the stator, and Lsσ= Ls Lm is the leakage inductance of the stator.
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The following family of equations can be derived using the relationships u= ux + juy,
i= ix+ jiy, and ψ =ψx+ jψy.

usx jusy Rs isx jisy
d ψ sx jψ sy

dt
(4.58)

urx jury Rr irx jiry
d ψ rx jψ ry

dt
jωr ψ rx jψ ry (4.59)

usx Rsisx
dψ sx

dt
(4.60)

usy Rsisy
dψ sy

dt
(4.61)

urx Rrirx
dψ rx

dt
ωrψ ry (4.62)

ury Rriry
dψ ry

dt
ωrψ rx (4.63)

The four flux linkages shown in Figure 4.12 can be formulated with these equations.

ψ s Lsσi
s is is Lsi

s Lmi
s (4.64)Lmsx sx sx rx sx rx

ψ s Lrσi
s is is is Lmi

s (4.65)Lm Lrrx rx rx sx rx sx

ψ s Lsσi
s is is is Lmi

s (4.66)Lmsy sy sy ry Ls sy ry

ψ s Lrσi
s is is is Lmi

s (4.67)Lmry ry ry sy Lr ry sy

4.5 Application of space-vector theory

The space-vector approach simplifies electric machine representation. It is considerably more
straightforward, for example, than formulating and solving the equations for each winding
needed to define all the transient behaviours of an electric machine. Space vectors can be
applied to the representation of all types of asymmetric or distorted three-phase currents. For
example, the space-vector representation is applicable to a motor fed by a frequency converter
based on, for example, PWM.

Representing asymmetric sinusoidal states serves as an interesting example. For an
asymmetric three-phase system, the tip of the rotating electric current vector plots an ellipse. If
there is no zero component, the electric current vector comes from the positive-sequence
phasor i1 rotating in the positive direction at the electrical angular speed ωe and the complex
conjugate i2

∗ of the negative-sequence phasor rotating in the negative direction at angular
speed ωe. For steady state conditions, the positive-sequence and the negative-sequence
component lengths are constant (̂i1 and î2). Figure 4.13 shows the locus of the tip of the
electric current space vector for an asymmetric three-phase system in steady state when the
phase currents have no zero component.
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Figure 4.13 The locus plotted by the tip of the electric current space vector for an
asymmetric three-phase system in steady state when the phase currents have no zero
component. Reproduced by permission of Dr. M. Niemelä.

^According to the figure, the major (transverse) axis of the produced ellipse is î1 i2, and
^ ^the length of the minor (conjugate) axis is i i2 . The phasors of the positive and negative

sequence components can be written as follows.

i1 î1e
j ωe t α1 (4.68)

i2 î2e
j ωe t α2 (4.69)

The angle of the major axis is determined from this equation.

α1

2
α2 (4.70)

In practice, this kind of an asymmetric system can be represented by adding suitable temporal
components to the definition of the electric current vector, which will automatically result in
the above elliptical orbit. If, for instance, one of the phase currents is relatively low, the
electric current circle starts to become elliptical. If one phase current is completely missing,
the result is a single-phase system, which plots as a line in the xy-plane.

The transformation from a three-phase to a two-phase system and the resulting represen
tation in the two-axis reference frame were presented previously. Figure 4.14 illustrates the
stator and the rotor of an asynchronous machine with three-phase windings. Formulating and
solving the winding equations to define an electric machine’s transient behaviours is a
challenging undertaking. It will be useful to demonstrate the relative simplicity of the space-
vector approach by first developing the winding equations for an asynchronous machine then
the space vectors.
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Figure 4.14 The stator and short-circuited rotor of an asynchronous machine with three-
phase windings. The rotor rotation angle with respect to the stator is θr. The main inductance
of the stator phase is Lp, and the mutual inductance between phases is Ms. The maximum
mutual inductance between stator and rotor is Msr when the magnetic axes of the stator and
rotor phases coincide.

All six of the stator and rotor phase currents influence the asynchronous machine’s total
flux linkage. To begin the space vector ψs

s for the stator flux linkage in a reference frame fixed
to the stator will be constructed. The instantaneous flux linkages for the different stator phases
can be represented by the following equation set.

ψ sU Lsσ Lp isU MsisV MsisW Msr cos θr irU Msr cos θr
2π
3

irV

Msr cos θr
4π
3

irW

Lsσ Lp isV MsisU MsisW Msr cos θr irU Msr cos θr irV
4π
3

Msr cos θr irW
2π
3

2π 4π
Lsσ Lp isW MsisU MsisV Msr cos θr 3

irU Msr cos θr 3
Msr cos θr irW

(4.71)

ψ sV

(4.72)

irVψ sW

(4.73)

Lsσ is the leakage inductance of the stator, Lp is the main inductance (single-phase inductance),
Ms is the mutual inductance between the stator windings, Msr is the maximum value of the
mutual inductance between the stator and rotor circuits, θr is the angle between the magnetic
axes of the rotor and stator, and the instantaneous phase currents of the rotor are irU, irV, and irW.

Because there is a phase difference of 2π/3 between the magnetic axes of the stator
windings, when the flux density is sinusoidally distributed in the air gap, the mutual
inductance between stator windings phases can be expressed by this next equation. Again,
Lp is the main (single-phase) inductance.

Ms Lp cos
2π
3

Lp

2
(4.74)
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Because of this phase difference, the current in one phase, for example, phase U, produces a
flux linkage in another, such as phase V. The magnitude of this induced flux linkage is half
that of the flux linkage produced in phase U by the U-phase current flow. If the stator currents
have no zero components, iU + iV+ iW= 0, and the expression of the first three components in
Equation (4.71) can be simplified as the following equation illustrates.

Lsσ Lp isU MsisV MsisW Lsσ Lp isU
Lp

2
isV isW Lsσ

3
2
Lp isU

Lsσ Lm isU LsisU (4.75)

The maximum value Msr for the mutual inductance between the stator and rotor circuits is
reached when the magnetic axes of the stator and rotor coincide. When addressing primary
flux, the coupling factor between the stator and rotor circuits is k= 1. Referring the rotor
currents to the stator side results in this equivalency.

Msr Lp (4.76)

Instantaneous values for the flux linkages of the different phases can be substituted into the
equation for the stator flux-linkage space vector ψs

s.

2
ψs a a a (4.77)s

0ψ sU
1ψ sV

2ψ sW3

Simplification yields

ψs is ir jωe t is Lm isr (4.78)s Ls s Lm re Ls s

Since it was developed in the complex plane, the currents and flux linkages of the equation are
complex vectors.

So, instead of the more complex Equations (4.71) through (4.73), a simple space-
vector representation can be applied as presented by Equation (4.78). The result is the
same as the previously presented, Equation (4.52). The space-vector approach offers a
simple and efficient method to achieve a control model solution for an asynchronous
electric machine.

Figure 4.15 relates the three space-vector representation methods to the electric current
vector components for the windings of an electric machine. The instantaneous flux linkage
components ψ sU, ψ sV, and ψ sW caused by the instantaneous phase currents are depicted in
Figure 4.15a. The space vector ψs describing the flux-linkage components is illustrated by
Figure 4.15b. In the figure, the windings are located in the stator in the direction of the direct
and quadrature axes.

The sum flux-linkage ψs
s can be obtained from the following equation if the windings are

fed with the appropriate instantaneous current components ixs and iys.

ψs ψ s jψ s (4.79)s sx sy

When simulating or designing the digital control of electric machines, they are often modelled
according to the above two-phase system. For instance, when using microprocessor-based
control, the equations of the motor must be represented in a two-axis system, since the
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Figure 4.15 (a) The flux-linkage components ψU, ψV, and ψW of the windings for phases
U U , V V , and W W , (b) The corresponding space vector ψs of the stator flux linkage
represented by the two-phase components ψx and ψy, (c) Three different means to represent
the space vector. The example is given at the time instant when iW = 1, iU = iV = ½. 1) three-
phase components, 2) two axis components, 3) space-vector given in single-phase complex
form with its amplitude ψ and its position angle γ. The phase shift κ is usually set to zero. In
this presentation the reduction by 2/3 is omitted, and therefore the primed symbols, e.g. ψs are
used.

processors are incapable of handling the vectors in a polar coordinate system, the best method
mathematically.

The two-axis system is particularly useful when modelling magnetically nonisotropic
electric machines, such as salient-pole synchronous machines. When applying the two-axis
model, the rotor reference frame is often used, since synchronous machines are genuinely
nonisotropic either with respect to the magnetic circuit and the electric circuit or with respect
to the electric circuit alone, which leads naturally to selection of the rotor reference frame.

So far, three representation methods have been developed to simulate the behaviours of
rotating electric machinery: three-phase, two-phase, and single-phase complex. In the three-
phase method, the resulting equations include numerous terms, and their solution is
challenging. The two-phase method results in considerably simpler equations, since the
orthogonal windings have, in principle, no mutual inductance, which makes the representa
tion easier. In practice, there exists cross-saturation (the flux on d-axis affects the properties of
q-axis and vice versa) between the d- and q-axes that must be taken into account in the
modelling in some cases. Another benefit of the two-axis model is that quantities can be
treated in the complex plane.

Figure 4.15c illustrates the generation of the space vector and its three representation
methods. The space vector is a single-phase complex quantity, which can naturally be used as
such; however, it is usually decomposed into its components. Therefore, the representation
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Figure 4.16 The flux of a six- and a two-pole machine as three-dimensional illustrations
along the machine length. Flux aligns with the three pole pairs (p= 3) of a six-pole machine as
shown on the left in the figure. In a two-pole machine (p= 1), flux vector Φs aligns with the
single pole pair. The flux vector outline for the six-pole machine is difficult to visualize. The
six-pole current-linkage fundamental propagates at a physical angular speed of Ω=ω/3, and a
two-pole (p= 1) fundamental propagates at Ω=ω. If the angular frequency ω of the input
current is equal for both windings, the current linkage and air-gap flux in a six-pole winding
propagates at one-third the speed of the two-pole winding flux. Both distributions propagate
one wavelength for each supply frequency period resulting in the propagation speed
difference. This difference forms the basis for the influence of pole pair number on machine
rotation speed. Source: Pyrhönen et al. 2014. Reproduced with permission of John Wiley &
Sons Ltd.

method ultimately returns to the two-axis model. The treatment of complex numbers, for
instance in signal processors, is still best carried out in component form rather than as a polar
representation, and therefore, returning to the two-phase representation makes computation
easier.

Figure 4.16 illustrates the connection between the physical flux distribution and the flux
space vector. The distribution-to-vector connection is clear for a two-pole machine; however,
it is less clear for a multipole polyphase machine, where the definition of total flux depends
both on machine structure and on how the windings are connected. Nevertheless, the physical
flux distribution for the multipole machine is easier to visualize.

When applying space-vector theory, the mathematical treatment of the electric machine
reverts, in practice, to the two-pole representation. A simple connection to the input and
output terminals of an electric machine does not give the motor controller any information
about its pole pair quantity, unless the operator of the machine inputs this information to the
frequency converter. Only the angular data supplied by integrated angle sensors must be
handled in connection with the number of pole pairs, since a motor control based on the space-
vector theory operates based on rotor electrical angle. The number of pole pairs also affects
machine torque.

Figure 4.17 illustrates the relationship of the real currents flowing in the slots of an
induction machine. It shows the electric currents, current space vectors (is, ir, im), the flux
lines, and the air-gap flux-linkage space vector (ψm). The magnetizing current vector and the
air-gap flux linkage are both in the direction of maximum air-gap flux linkage.
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Figure 4.17 Induction machine currents, electric current vectors, flux lines, air-gap flux
linkage, stator-leakage flux linkage, and stator flux linkage. The air-gap flux-linkage vector is
clearly bound to the air-gap flux of the machine, and therefore has a clear physical
interpretation. According to Equation (4.31), the stator flux-linkage vector is ψs=ψm+ψsσ.
The leakage flux-linkage space vector ψsσ is calculated with the stator current vector is and the
stator leakage inductance Lsσ. Adding a vector such as this to the air-gap flux-linkage vector is
clear mathematically, but the physical interpretation of the stator flux-linkage vector and
especially the stator leakage flux-linkage space vector is not clear, because the leakage of the
machine is distributed among several of the machine’s components. However, stator flux
linkage is clearly the integral of the stator voltage.
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5

Torque and force production
and power

A core task for a rotating electric machine is to produce the torque needed to achieve the
required rotation speed under load. In linear machines, correspondingly, force production is
the key element. Torque production is based on forces affecting the stator and the rotor. There
are several ways to study force and torque production. The most important ways from the
electrical drive’s point of view are explored in this chapter.

5.1 The Lorentz force

Torque production in electric machines is based on two phenomena. In round-rotor machines,
torque production is most easily explained in terms of Lorentz forces. Lorentz force also
explains the force production in linear machines. The following study is dedicated for rotating
machines, but a similar approach can be used for linear machines.

For salient-pole rotor machines, torque production also includes the magnetic force effects
that result when the reluctance of the magnetic circuit is different in different directions.
Naturally, torque production for salient-pole rotor machines can also be explained by the
Lorentz forces acting on the stator windings.

Because electric machines must always be magnetized to produce torque, one can assume
a flux density B [Vs/m2] in the air gap of the machine. According to the equation for Lorentz
force, the charge element dQ [As] moving at speed v [m/s] experiences the following force
element.

dF dQ E v B (5.1)

Here, E is the vector expressing the electric field strength [V/m]. In Equation (5.1), the vectors
describe electromagnetic field quantities; they are not space vectors. The electric field strength

Electrical Machine Drives Control: An Introduction, First Edition. Juha Pyrhönen, Valéria Hrabovcová
and R. Scott Semken.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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proportion of the force is in the direction of the field strength E (the units of the multiplication
give AsV/m=Ws/m= J/m=Nm/m=N). It does not depend on the motion of the charge
element. The force produced by the magnetic field is perpendicular to the plane determined by
both the speed v and the flux density B, and it depends on these two according to the cross
product of the vectors (the units of the multiplication give As×m/s×Vs/m2=N). The
absolute value of the force effect caused by the magnetic field is

dF dQvB sin β (5.2)

Here, β is the angle between the velocity vector of the charge element and the flux-density
vector as shown in Figure 5.1.

In ordinary electric machines, torque is produced by the interaction of the air-gap
magnetic field and currents running through the windings. Therefore, depending on electric
field strength, the force term can be ignored. In the case of a current-carrying conductor, the
following expression can be written for a charge element dQ moving at speed v.

dl dQ
dQv dQ dl idl (5.3)

dt dt

By substituting this expression of the current-carrying element into the equation of the
Lorentz force, dF can be rewritten. See Figure 5.2.

dF idl B (5.4)

The force acting on the conductor element is perpendicular to the plane determined by the
element dl and the flux density B. This force reaches its maximum when dl and B are
perpendicular (sin β= 1). Otherwise, the force drops in the ratio of sin β and reaches zero for
parallel current and flux density.

Figure 5.1 Lorentz force produced by a magnetic field acting on a moving charge. A charge
dQ moving at speed v in the magnetic field B experiences a force dF. The vectors v and B
determine a plane, and the force is normal to that plane. The dotted lines indicate
perpendicularity between v and dF or B and dF.
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Figure 5.2 Application of the magnetic component of the Lorentz force to a current-carrying
conductor with length dl. The dotted lines indicate perpendicularity between dl and dF or B
and dF.

Good electric machine design, as much as possible, seeks to establish and maintain
perpendicularity between current i and flux density B. If there is no significant saturation of
the magnetic circuit, air-gap flux penetration into the electrical steel is perpendicular.
However, this is not enough, because in squirrel-cage machines, for example, the stator
must both magnetize and carry torque-producing currents. As a result, the spatial distribution
of stator currents (the linear current density distribution) is out of phase with the spatial
distribution of air-gap flux (and this cannot be fixed with the correct rotor excitation). For
synchronous machines, the spatial distributions of stator linear current density and air-gap
flux can be kept in phase by applying the correct rotor excitation. Operating in this way makes
it possible to achieve complete air-gap flux density vector and stator current density vector
perpendicularity.

The flux Φ penetrating the rotor from the air gap of electric machines intersects the
current-carrying rotor elements, thus generating Lorentz forces that manifest on the rotor
surface. The current depicted in Figure 5.2 flows through the current-carrying rotor elements,
such as the copper bars of a squirrel-cage rotor. The total force exerted on a single bar is
obtained by integrating over the length of the bar. If flux density and current remain constant
over the length of the bar, this integration becomes a simple multiplication operation.

In an electric machine, any conductor in the presence of a magnetic field that is carrying
current will experience a force. As a result, there will be opposite forces produced in the stator
and rotor, resulting in opposite torques.

5.2 The general equation for torque

The control of electric machines requires the expression of torque in terms of space vectors,
which were the focus of the previous chapter. Figure 5.3 shows the sinusoidal flux-density
distribution Bδ(α) acting in the air gap of a machine and the stator linear current density
fundamental As1(α) on the air-gap surface. The linear current density A is an imaginary quantity
that represents the currents as an infinitesimally thin layer on the stator or rotor surface.

Linear current density is the sum of currents zQi(t) (with zQ being the number of conductors
in a slot and i(t) their instantaneous current) divided by the slot opening widthb1. The peak value
of the linear current density fundamental occurs at the location of actual peak current. In
Figure 5.3, the linear current density spikes indicate that one of the stator phases is at its peak
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magnetic pole pitch, r is the radius of the air-gap inner diameter, and l is the effective length of
the machine. l is not simply the machine’s physical length, and its accurate determination can
be complicated. However, for induction motors without cooling ducts, l l+ 2δ, with δ being

Figure 5.3 (a) The fundamental waves of flux density and linear current density in the air-
gap region of a q= 2 machine and (b) the inner diameter dimensions of the machine. τp is the

the air-gap length. The air-gap flux-linkage ψm is directly proportional to Bδ. See Equation
(5.5) and Figure 5.4.

positive current and the other two are at half of their negative currents, and that there are two slots
per pole and phase in the winding. The figure also shows where the stator current space vector
and the air-gap flux-linkage space vector (is and ψm) are located. There is a 90° phase shift
between the peak of As1 and the locations of the current space vectors. The right-hand side of
Figure 5.3 depicts the location of a current element of width dx on the air-gap surface, the air-gap
flux-density Bδ acting on it, the force dF, and the dimensions of the air-gap inner diameter.

Air-gap surface flux and linear current density distribution can be observed on either the
stator or the rotor surface. Because stator and rotor torque are equal but opposite, the torque
determined with either approach will be equal in magnitude but opposite in direction. The
stator surface linear current density approach is taken here, and the air-gap distributions are
assumed sinusoidal.

Bδ1 α

As1 α

B̂δ1 sin α;

Âs1 sin α γ :
(5.5)

Here, γ is the spatial phase shift between the fundamental waves of the stator linear current
density As1 and the air-gap flux density Bδ1. In machines with separate rotor excitation, γ
values can range, in theory, from 90° to +90° and include 0°, which is most efficient for
torque production. In addition, γ has a relationship with the power factor angle φ, but it is not
the same. And φ includes the effect of stator leakage, whereas γ observes only the air-gap
phenomena.

The magnetic flux is nearly perpendicular to the air-gap surface in electric machines, so
the Lorentz force equation can be applied to a conductor of width dx located on the air-gap
surface. Assuming there is a current dis flowing in the conductor,

l

dFtan disdl Bδ (5.6)∫
0



WEBC05 09/22/2016 2:21:41 Page 95

95TORQUE AND FORCE PRODUCTION AND POWER

For the sake of generality, the general air-gap flux-density vector Bδ is taken here without
finding the fundamental. Because the flux-density distribution can be assumed with sufficient
accuracy to be independent of the coordinate of the stator surface in the axial direction, the
absolute value for the force acting on an imaginary conductor bar of width dx can be obtained
from this equation.

(5.7)dFtan disBδl

Calculated anywhere on the stator surface, this force is tangential.
Considering sinusoidal quantities, the magnitude of the current dis in the region of width

dx can be obtained by applying the expression for the sinusoidal linear current density
distribution.

^

As1 sin α

Regardless of the number of pole pairs, the air-gap torque can be calculated by integrating

^

^

2τp

over the full perimeter using a two-pole approach. The sum of the absolute values of the
tangential forces acting on the surface of a two-pole stator is obtained by integrating over the
pole pair, that is, over two pole pitches 2τp.

As1 sin α Bδ1 sin αdx

γ dx (5.8)dis

lFtan ∫ (5.9)γ

^

^

0

The variable can be changed into dx= rdα to simplify the integration.

2π

As1

As1

B̂δ1l r∫ sin α γ sin αdαFtan

0

2π (5.10)

B̂δ1l r ∫ sin2 α cos γ cos α sin γ sin α dαFtan

0

^Âs1Bδ1l rπ cos γ

For rotating machines, the produced electromagnetic torque can be determined by multiplying
the result by the radius r of the air-gap inner diameter.

2l cos γ^Âs1Bδ1πr

Equation (5.11) clearly shows how the torque is proportional to the air-gap inner diameter

Ftan (5.11)Te r

volume Vδ= πr2l’ and the linear current and air-gap flux-density peak values ^Âs1 Bδ1.
In principle, the peak value of the linear current density is obtained by dividing the peak

value of the slot current sum by the slot pitch taking into account the winding factor kws1 of the
fundamental harmonic. If the number of slots per pole and phase is qs, the number of coil
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turns in series per p pole pairs is Ns, the number of phases is ms = 3, and the number of slots is
Qs. The effective peak current sum of the slot can be expressed as follows.

kw1sNsisius
q ps

The slot pitch is

2τp
τus (5.13)

Qs=p

In a three-phase machine, there is a connection between the number of slots per pole and phase

^

qs and the number of slots Qs in the 2p-pole case based on the dimensions of the winding. This
connection is revealed by

2pq 6pq (5.14)Qs ms s s

^

In the previous Figure 5.3, the maximum slot sum currents are divided by the slot opening to
get the linear current density peaks. The value is averaged over the slot pitch, and by taking the
fundamental winding factor kw1s into account, the fundamental peak value of the linear
current density can be expressed.

(5.12)

^^

^kw1sNsis
q p kw1sNsisQs 3kw1sNsiss (5.15)Âs1

By substituting this result to the expression of the torque produced by the air-gap inner
diameter, torque formula can be rewritten as follows.

2τpp 2τpp2q τpps

Qs

3̂iskw1sNs B̂δl πr2 cos γ 3̂iskw1sNsB̂δl r cos γ2π cos γ^ÂsBδl r

2
3̂iskw1sNs

Te πr (5.16)
π

B̂δlπ 2
r cos γ

Because the pole pitch in a multpole case is 2πr/2p= πr/p, the expression can be further
developed.

πr3 2
p̂iskw1sNs B̂δl

B̂δl τp cos γ:

Te cos γ
π2 p

(5.17)
3 2
p̂iskw1sNs π2

2 ^Φ̂m Bδl τp

density distribution, which is the surface integral of the flux density over the pole pitch. When
the peak value of the air-gap flux is multiplied by the effective number of turns kw1sNs, the

Equation (5.17) includes the peak flux term π of the sinusoidal air-gap flux



WEBC05 09/22/2016 2:21:42 Page 97

97TORQUE AND FORCE PRODUCTION AND POWER

Figure 5.4 The stator and rotor currents of a two-pole asynchronous machine at any given
instant and their respective vectors. The asynchronous machine is well suited for torque
production, since there is a large phase difference between the vector of the air-gap flux
linkage ψm and the stator is or the rotor ir current vectors. The figure also illustrates the 90°
phase shift between the peak value of the linear current density and the stator current vector as
well as how the stator and rotor currents are approximately opposing.

peak value ψ̂mof the air-gap flux linkage and thus the expression for the torque can be
simplified into this formula.

3
Te p̂isψ̂m cos γ: (5.18)

2

Figure 5.4 illustrates the currents of an electric machine and the respective current vectors
according to space-vector theory. The direction of the current vector is the same as the
direction of the current linkage of the winding in question, which deviates π/2 from the
direction of the peak value of the linear current density used in the definition of the torque.

When adopting the space vectors, the lengths of which are scaled to be equal to the peak
values of the respective temporal phase quantities, a torque vector in accordance with space-
vector theory is obtained from Equation (5.18). Taking the π/2 phase shift between the linear
current density and the current space vector into account (see Figure 5.3) and replacing the
peak value of the real îs current in Equation (5.18) with the current space vector is, Equation
(5.18) can be rewritten accordingly.

3
Te p sin γ (5.19)isψm2

In Equation (5.19), the angle γ π=2 γ according to the earlier Figure 5.3; γ represents the
angle between the air-gap flux-linkage vector and the stator current vector. The latter part of
(5.19) can be expressed as a vector product presentation.

3 3
pψ pψ ir: (5.20)Te m is m2 2
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There is a negative sign on the latter expression in Equation (5.20) as expected, since the
torque of the rotor must be opposite to the torque of the stator. In practice, the stator is kept
from rotating in response to the torque acting upon it by bolting it firmly to base of the electric
machine.

The stator flux linkage ψs =ψm +ψsσ. Because the leakage flux linkage ψsσ does not
produce torque, torque can be equally calculated.

3 3 3
is (5.21)Te pψs is p ψm is pψmψsσ2 2 2

This general torque equation is extremely important in the context of the controlled drive of
electric machines.

EXAMPLE 5.1: The 400 V, star-connected, 50 Hz induction machine from Figure 5.4
is running at its rated operating point. The machine has a peak air-gap flux-linkage value
of 0.95 Vs, which at the instant of observation happens to be at an angle of -7°. The
stator current space vector is at an angle of 60°. The stator current RMS value is 52.3 A.
Calculate the motor torque at this instant. The rotational speed is 2955 min–1. Calculate the
power and the approximateefficiency if the power factor of the two-pole machine is given by
cos φ= 0.9.

SOLUTION: Because the RMS value is 52.3 A, the magnitude of the stator current
space vector will be is 52.3 A 2 74 A. The torque is the cross product of the stator
flux linkage and the stator current vector Te

3
2 pψs is. Applying Equation (5.19), the

torqueTe
3
2 1 ? 0.95 Vs ? 74 A sin 60° 7° 97 Nm. Because the induction machine is a

400 V motor with 52.3 A RMS, the motor apparent power is 36.1 kVA. The specified values
for rotation speed and calculated torque result inP=Ωr T= 2955 2π/60/s 97 Nm= 30 kW.
The product of power factor and efficiency of the machine is therefore 30/36.1= 0.832.
Because the power factor is cos φ= 0.9, the efficiency will be 0.832/0.9= 0.924. Because
the iron loss current of the motor is neglected, this is an approximate result.

Linear motor drives utilize use the same torque presentation even though there is no torque
present but electromagnetic force instead. Dividing Equation (5.2) by the rotor radius r, used
in the derivation of the rotor torque, results in force Fe affecting the rotor surface

Te 3 3 3 3π
is (5.22)Fe pψs is p ψm is pψm is ψmψsσr 2r 2r 2r 2τp

The force in linear motor drives is proportional to the sentence of Equation (5.21), Fe ∼Te.
Therefore, in principle the same controller that is dedicated to the use of torque controlling in
rotating machines can be used in the force control of linear machines.

5.3 Power

Ignoring losses, the torque equation determined previously correlates with power. Taking into
account that jωsψs = us, an expression for power Pe results when Equation (5.21) is multiplied
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by the mechanical angular speed Ωr=ωs/p (assuming no slip and losses), as shown by:

3 3 3ωs usψ Pe us ? is (5.23)Pe Te ωs is issp 2 2 j 2

The latter part of the equation contains a scalar product of space vectors, so the expression for
power can be revised as follows.

3us is cos φ (5.24)Pe 2

This formula resembles the well-known expression for power in terms of RMS values. The
lengths of the voltage and current space vectors were selected to be equivalent to the peak
values of the sinusoidal phase quantities, and power calculated using Equation (5.24)
corresponds to power calculated in terms of the RMS values in case of no losses.

Pe ΩrTe 3UphIph cos φ (5.25)

If there is no zero component, the instantaneous value Pe(t) for the power of a three-phase
asynchronous machine may be determined according to

3 3 3∗i∗t Re Re u is us ? is (5.26)Pe us s s2 2 2

The validity of Equation (5.26) can be demonstrated by reviewing the definition of the space
vector. Because it holds for the phase-shift operator that a∗= a2 and a∗2 = a, in the stator
reference frame, power can be expressed:

Pe t
3
2

Re us
s i

∗
s

s

3
2

Re
2
3

usU ausV a2usW
2
3

isU a2isV aisW

(5.27)

1Taking into account that Re{a}=Re{a2}= =2, the equation can be rewritten as follows.

2 1
Pe t usUisU usVisV usWisW usU isV isW3 2 (5.28)

:usV isU isW usW isU isV

For the instantaneous values of the phase currents, isU+ isV+ isW= 0. Therefore, Equation
(5.28) can be further simplified to produce the following equation.

Pe t (5.29)

So, Pe(t) is the instantaneous sum of the phase powers, and in steady state, the value of Pe(t)
corresponds to the value of Pe determined using Equation (5.25).

usU t isU t usV t isV t usW t isW t
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5.4 Reluctance torque and co-energy

The operation of a doubly salient pole reluctance machine, which is illustrated in Figure 5.5, is
based on the saliency of both the stator and the rotor. This machine cannot use the same space-
vector approach as rotating field machines, and therefore torque production must be evaluated
differently.

Torque production can be examined by analysing the energy stored in the magnetic circuit
of the machine. The voltage of a double-salient pole reluctance machine can be expressed by
applying Faraday’s induction law and Ohm’s law.

@ψ i; θru Ri (5.30)
@t

Flux linkage ψ depends on both the current i and the rotor angle θr. The power fed to a phase is
obtained by multiplying the voltage by the current.

@ψ di @ψ dθrui Ri2 i i (5.31)
@i dt @θr dt

The energy consumed in the phase represents the mechanical work dWmec and the change of
the energy dWe stored in the magnetic field. Furthermore, some of the energy is wasted in
resistive losses.

@ψ @ψ
uidt Ri2dt i di i dθr Ri2dt dWmec (5.32)dWe

@i @θr

Figure 5.5 Doubly salient reluctance motor with six stator and four rotor poles. (a) The rotor
is in unaligned position with respect to phase A. The rotor angle θr is measured from the
aligned position with phase A. (b) Phase B is energized, and the rotor approaches the aligned
position. The rotor angle θr is measured toward the aligned position of phase B.
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The change of magnetic energy can be expressed with the current i and the rotation angle θr as
follows.

@We @WedWe di dθr (5.33)
@i @θr

Consequently, based on (5.32) and (5.33) the derivative of the mechanical energy can be
written:

dWmech i
@ψ

@θr

@We

@θr
dθr i

@ψ

@i

@We

@i
di (5.34)

The energy stored in the phase at any given instant can be calculated using this equation.

ψ i

We idψ iψ ψdi (5.35)∫ ∫
0 0

Therefore, the derivative of magnetic energy with respect to current is as follows.

i
@We @ψ @ψ @ψ

i ψ di i (5.36)
@i @i ∫ @i @i

0

Inputting the solution for Equation (5.36) into Equation (5.34) leads to this expression for the
derivative of mechanical energy:

@ψ @We
i dθr (5.37)dWmec
@θr @θr

Torque T is the change of the mechanical energy with respect to the angle of rotation as
expressed by the following equation.

dWmec @ψ @WeT i (5.38)
dθr @θr @θr

This formula for torque can be simplified by replacing the change of magnetic energy We with
the change of magnetic co-energy W∗. Magnetic co-energy is defined as:

i

W∗ ψdi (5.39)∫
0

The geometric interpretation for the magnetic co-energy is the area between the magnetizing
curve represented in the (i,ψ) plane and the i-axis. See Figure 5.6.

Based on the illustration, the sum of the magnetic energy and the co-energy can be written:

W∗ iψ (5.40)We
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Figure 5.6 Determination of energy and co-energy with current and flux linkage for (a) a
linear case with L constant and (b, c) a nonlinear case where L saturates as a function of
current. If the figure is used to illustrate the behaviour of an SR machine, the rotor position
remains constant.

By deriving W∗ with respect to the angle θr, the expression for the derivative of the co-energy
becomes:

@W∗

@θr
i
@ψ

@θr

@We

@θr
(5.41)

Comparing this result with the torque Equation (5.38) shows that torque for a reluctance
machine is equal to the change of magnetic co-energy per differential angular change.

@W∗
T (5.42)

@θr

Calculation of this requires knowledge of the field solution, and therefore it is limited to
numerical calculations. It is essential for the modelling of an SR machine to know its ψ i
mappings for different operation situations.

5.5 Reluctance torque and the cross-field principle in a
rotating field machine

The saliency of an electric machine produces torque if rotor movement results in a reduction
in the reluctance of the main flux path. Electric machinery tends to settle at a reluctance
minimum, which corresponds to the minimum value for energy stored in the magnetic circuit
at any particular voltage. This principle holds for the operation of both the doubly salient pole
reluctance machine and the synchronous reluctance machine.

To determine how a synchronous reluctance machine produces torque when applying the
cross-field principle, the direct and quadrature-axis inductances of the machine must be
known. Consider the machine of Figure 5.7. The stator current vector and the d-axis of the
rotor form an angle κ. It is most convenient to investigate the machine in the dq reference
frame of the salient pole. The flux linkage is expressed by the direct and quadrature
inductances as follows.

ψ Ldid jLqiq ψd jψq (5.43)
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Figure 5.7 Current vector of a synchronous reluctance machine with respect to the rotor of
the machine. The current angle κ is a controlled value in the vector control of a synchronous
reluctance machine.

According to Figure 5.7, the space-vector current and flux-linkage components can be
expressed as listed next in the following equations.

cos κid is
sin κiq is

(5.44)
cos κ

ψ Lq

isψd Ld

sin κ:isq

Substituting the expressions of Equation (5.44) in the torque equation results in the following.

3 3
ψ ψdiq ψ id (5.45)Te iss q2 2

Using Equation (5.44), this can be rewritten using the amplitudes i of the vector i.

3
Ldis cos κ ? is sin κ Lqis sin κ ? is cos κ (5.46)Te 2

3 3 1
i2 cos κ ? sin κ i2 sin 2κ (5.47)Te Ld Lq Ld Lqs s2 2 2

Equation (5.45) can, therefore, be rewritten to arrive at

3
i2 sin 2κ (5.48)Te Ld Lqs4

The maximum torque produced by a synchronous reluctance machine at a given current is
achieved when the angle between the current vector and the d-axis of the rotor is π/4. The
fraction 3/4 appears in the equation, because the space-vector amplitudes are measured with
the peak value of the stator sinusoidal current. Using the RMS values, the fraction becomes
the more familiar 3/2. Equation (5.48) must not be confused with the synchronous reluctance
machine load angle equation, which looks similar. The load angle equation is a function of the
synchronous machine load angle δs. This torque equation (5.48) is a function of the electric



WEBC05 09/22/2016 2:21:47 Page 104

104 ELECTRICAL MACHINE DRIVES CONTROL

current angle κ. The synchronous machine load angle equation is normally written in RMS
values of phase voltage Usph and rotor-induced Efph.

Ld LqUsph Efph sin δs U2 sin 2δs (5.49)P 3 sph 2ωsLd LqωsLd

The equation can be reformulated as follows to produce an expression for torque.

T
P

Ωs
3

Usph Efph

ΩsωsLd
sin δs U2

sph
Ld Lq

Ωs2ωsLd Lq
sin 2δs

T 3
Usph Efph

ΩspΩsLd
sin δs U2

sph
Ld Lq

Ωs2pΩsLd Lq
sin 2δs

T 3
Usph Efph

pΩ2
sLd

sin δs U2
sph

Ld Lq

2pΩ2
sLd Lq

sin 2δs

(5.50)

êf , Equation (5.50) becomesIn terms of space-vector amplitudes andûs

^ûs ef

Ld
sin 2δs (5.51)

3 Ld Lq2sin δsT ûs 2Ld Lq2pΩ2
s

The latter part of Equation (5.51) expresses reluctance torque as a function of load angle. Its
similarity with Equation (5.48) is obvious, and that may be confusing. A complete derivation
of the load angle equation may be found, for example, in Pyrhönen et al. (2014).

5.6 Maxwell’s stress tensor in the definition of torque

When applying numerical methods, Maxwell’s stress tensor is often used for the calculation
of torque. The idea is based on Faraday’s statement, which relates flux-line tension to rubber
bands trying to contract. In electric machines, there are often configurations without discrete
current-carrying conductor paths on the rotor surface. The previously examined synchronous
reluctance machine is a typical example of such a structure. Furthermore, a separately
magnetized salient-pole synchronous machine operating in steady state has no rotor surface
currents, while the exciting current conductors are located on the pole cores, not the pole
surfaces. Figure 5.8 depicts the flux solution for the air gap of an asynchronous machine as it
operates under heavy load.

The figure illustrates that most of the flux lines are crossing the air gap diagonally, so if the
flux lines act like tension bands, they produce notable torque forcing the rotor to rotate in the
counterclockwise direction. According to Maxwell’s tension theory, the magnetic field
strength between objects in a vacuum creates a tension force σF on the object surfaces.
The magnitude of this force can be expressed as follows.

2σF
1
μ0H

2; N=m (5.52)
2
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Figure 5.8 Flux solution for the air gap of a heavily loaded asynchronous machine. The rotor
torque is in the counterclockwise direction. Source: Reproduced with the permission of John
Wiley & Sons.

These lines of force can be considered a pressure perpendicular to the flux lines. The
following equations result when the tension term is divided into its normal and tangential
components with respect to the object in question.

1
H2 H2 (5.53)σFn μ0 n t2

σFt μ0HnHt: (5.54)

Considering torque production, the tangential component σFt is most interesting. The total
torque exerted on the rotor can be obtained by integrating the stress tensor, for example, over a
cylinder Γ that encloses the rotor

T
l

μ0 ∫ r B ?n B
B2n

2
dΓ (5.55)

Γ

The hypothetical cylinder can be sized and positioned so it encloses the rotor precisely.
Torque is obtained by multiplying the resulting force by the radius of the rotor. For a
synchronous motor, force can be obtained by integrating along the rotor contour. However,
calculating torque in this way would require the rotor radius and the normal component of the
force to be defined everywhere along the contour of the rotor. Note that no steel may be left
inside the surface to be integrated-it must be totally located in air to get the correct result.

The linear current density A creates a tangential field strength in the electric machine.

Ht A⇔Bt μ0A (5.56)
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According to Equation (5.54), the tangential tension in the air gap is as follows.

σFt μ0HnHt μ0HnA BnA: (5.57)

The Maxwell’s stress tensor approach is convenient for determining the torque production of
electric machinery. However, there are inaccuracies associated with existing numerical
solution methods, and the torque values predicted must be considered with caution. Often,
more than one torque calculation method will be applied to gain confidence in the predicted
torque values.
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6

Basic control principles for
electric machines

This chapter will explore the control basics for direct current (DC) machines and the basic
alternating current (AC) machine control principles of field-oriented control (FOC), direct
flux-linkage control (DFLC), and direct torque control (DTC). The principles are applicable
both to linear and rotating machine control despite the fact that big majority of the
technologies have first been developed to rotating machines. Only a few pages have been
dedicated to the relatively straightforward topic of DC machine control. In a separately
excited and compensated DC machine, it is possible to control air gap flux by controlling field
winding current. Since torque (or force for a linear machine) is directly proportional to electric
current, its control is accomplished by controlling armature current. The clever construction of
a fully compensated DC machine keeps the air-gap flux-linkage vector perpendicular to the
armature current vector. These vectors are not as precisely defined as in AC machine drives,
but the concepts are similar.

FOC adapts the basic principles of DC machine control to AC machinery. The parts of the
current that affect flux and that produce force and torque are determined so excitation and
torque (or force) can be separately controlled. The FOC approach requires coordinate
transformation and motor equivalent circuit analysis; however, their principles are clear.
The biggest problem with the FOC control method is its total reliance on machine inductance
and resistance parameters, which can vary significantly as functions of torque (or force) and
air-gap flux level. A model of inductance behaviour is required to make FOC work well. In
addition, rotor position information is typically needed.

Direct flux-linkage control (DFLC) is simple, in principle, requiring only two space vector
equations for control – the voltage integral, which gives an estimate of stator flux linkage, and
the torque (or force) equation. However, stability issues with DFLC implementations make
the method less desirable. Direct torque control (DTC) takes advantage of the simplicity of
DFLC, but avoids stability problems by introducing stabilization techniques. The electric
current model, using the same inductance parameters as FOC, is a good stabilizer, but other

Electrical Machine Drives Control: An Introduction, First Edition. Juha Pyrhönen, Valéria Hrabovcová
and R. Scott Semken.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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stabilization techniques based on clever signal processing, can also be used to develop a
satisfactory DTC implementation based on the DFLC approach. The DTC method can be
considered a kind of synthesis method that tries to combine the good properties of alternative
control methodologies.

The control system for a rotary electrical drive must be able to produce a desired torque at
a specific rotational speed. For a servomotor, rotor position must also be precisely controlled.
Linear drives must produce a desired force at a specific linear speed, while controlling the
position of the linear rotor, which is called the forcer. High-performance control of electric
machines, therefore, focuses first on the control of torque or force. Chapter 5 described how
the force production of an AC machine is a product of the Lorentz force, which can be
expressed in terms of space vectors. Furthermore, this torque or force can be controlled by
regulating the AC machine’s flux linkages and electric currents. The best present-day
approaches apply the space-vector method to model flux-linkage and current space-vector
behaviours, and the primary control system tool is vector control.

Electric machine control methods have improved with advances in information technol
ogy. The analog electronics of the past offered only limited control. Modern digital electronics
and today’s greater computational power make it possible to realize control systems based on
more accurate digital machine models. Fundamentally, electric machine control comprises
torque control (force control for linear drives), speed control, and position control. However,
it is not possible, currently, to control an electric machine in real time using a finite-element
analysis methodology. Calculation speeds are still far too low. It can easily take tens of
minutes for a powerful personal computer with silicon-based processors to resolve a single
operating point in a voltage-supply calculation for an induction motor (IM). For true real-time
control, flux and current solutions must be carried out 40,000 times a second, which is
substantially larger (more than 6 orders of magnitude) than is now possible. Therefore, space-
vector modelling and control of electric machines represent today’s best available option.

Torque can be described as a vector cross product of a flux-linkage space vector and a
current space vector (T∼ψ × i). To control torque, flux linkage and electric current must be
regulated. In DC machines, flux-linkage control is independent of current control. But in AC
machines, the flux linkage and current space vectors are interdependent and must be
controlled simultaneously using the model of the machine to determine their interactions.
Speed is regulated by controlling torque magnitude. Applying more torque increases speed
and applying less torque reduces speed. Position control, important for servo drives, uses
angle of rotation (of the rotor) as the feedback control input. The basis of all the control tasks is
accurate torque control. Therefore, torque control loops are always the innermost for any
control application. For a torque-only electrical drive, the torque control loop is the only one
needed.

In an electric car (basically also in an internal combustion engine car), the accelerator
pedal is the input reference used to control the torque output of the car’s traction motor. Acting
as the speed controller, the driver speeds up or slows down the car by depressing or releasing
the accelerator pedal to increase or decrease the torque output of the motor. Position control is
also important for the electric car. Along with controlling vehicle speed, the driver also
controls vehicle position, stopping the car when it arrives at its destination. A car is also an
example of linear drives in which rotating machines are used to produce linear movement.

To automatically control the speed of an electrical drive, a speed control system that
produces a reference for the torque controller similar to that of the human driver must be
included outside the torque control loop. If vehicle speed is too low, the input reference should
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call for an increase in motor torque output. If speed is too high, the reference should call for a
torque output reduction.

This discussion of electrical drives control principles begins with a look at DC machine
control. A good understanding of DC machine control is important in itself, and since the
main principles of vector control are based on the ideal control properties of the fully
compensated DC machine, it takes on added importance. Figure 6.1 illustrates a separately
excited DC machine and its flux-linkage diagram.

Ideally, a fully compensated DC machine operates according to the cross-field principle,
because armature reaction ψA is cancelled by the effects of compensating winding flux-
linkage ψC and commutating pole winding flux-linkage ψB. Without these compensating
effects, total machine flux linkage would be a distorted ψ tot, which would cause problems with
commutation. (In DC machines, the electric current has to change instantaneously its direction
in the winding loop whose terminals are connected in the very commutator segments touching
the brushes while the rotor is running. This delicate process is called commutation. It can be
studied in more detail in Design of Rotating Electrical Machines by Pyrhönen et al. [2014]).
With full compensation, the actual total flux linkage of the machine ψ tot remains equivalent to
the flux linkage ψF produced by the field winding.

Figure 6.1 The image on the left depicts a separately excited DC machine with field
windings F, armature windings A, compensating windings C, and commutating pole wind
ings B, which consist of two parts connected to both sides of the armature winding. The image
on the right is the “vector” diagram of the fully compensated DC machine. In the vector
diagram, directions correspond to the DC currents fed in via A1 and F1. The corresponding
output terminals are B2 and F2, respectively. The armature current “vector” is perpendicular
to the flux-linkage “vector”, i.e., α= 90°. If the machine is not compensated, the angle
between the flux-linkage and current “vectors” will be smaller, i.e., α < 90°, which
complicates control and weakens the commutation of the armature current. This also leads
to other means of improving commutation. For example, the position of the brushes must be
altered to enable better commutation of a machine without armature reaction compensation.
Moving the brushes to a new position also changes the direction of the armature reaction.
However, saturation of the pole edges finally stops the air-gap flux rotation, and good
commutation can be reached by moving the brushes. However, one brush position is valid for
only one torque value.
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Even though space vectors are not defined for DC machine control as they are for AC
machine control, the basis of the control approach is analogous. One can imagine that a
hypothetical armature “current space vector” IA lies in the same direction as the armature-
produced flux component ψA (Figure 6.1). This hypothetical current space vector then can be
said to react with the air-gap flux linkage to produce torque. The cross-field principle is well
realized in this machine type.

6.1 The control of a DC machine

Control systems for electric machinery always include a single torque (or force) control loop
or cascaded control loops. If a cascaded-loop approach is taken, the outer loop always
produces a reference value for the next control stage. According to the differential equations,
angular or linear speed can be expressed as an integral of torque or force. Position can be
expressed as an integral of speed. These dependencies suggest that torque (or force) dynamics
is most responsive, speed dynamics is less responsive, and position dynamics is least
responsive. That is, changes to torque or force are fastest and changes to position are
slowest. Modern controllers for electric machines are designed based on this principle with
force production control operating at the fastest rate, speed control at the next fastest rate, and
position control at the slowest rate. Figure 6.2 is a block diagram for the control system of a
separately magnetized, fully compensated DC machine. The figure shows how the speed
controller is located outside the torque controller loop. Fully compensated DC machines are,
in practice, built only for rotating drives. Therefore, in this figure only torque and rotational
speed are shown as controlled variables. With a brushed DC machine, a linear drive can be
built using suitable mechanics converting the rotating movement of the armature into a linear
one.

Flux-linkage control, that is, electric current control, must be most responsive, because an
electric machine can change torque (or force) in milliseconds. Because of their inertia, the
rotor of a rotary machine or the forcer of a linear machine changes speed more slowly. Finally,
reaching and holding new angular or linear displacements take the most time, making position
control characteristically slow.

Because a significant amount of energy is stored in the flux linkage of an electric machine
(W=½ψI=½Li2) and because changing flux-linkage magnitude takes time, holding the flux-
linkage vector length constant is a general rule for the different control methods. Machine
control normally starts by establishing a suitable constant flux linkage. Actual torque or force
control then begins once this constant flux linkage has been established.

Expensive and complex sensing technologies are required to directly measure the flux and
force production of an electric machine. Consequently, all electrical drive control methods are
based on a virtual motor model that predicts flux linkage and torque (or force). The motor
model is either a motor parameter–based “electric current model”, where flux linkages are
calculated with the help of inductances and currents (ψ = iL), or a voltage integration–based
“voltage model”, where voltages are directly integrated into flux linkages (ψ ʃudt). Using
both models simultaneously makes it possible to correct for errors in either of the models and
achieve better control.

DC machine control is straightforward and relatively easy to implement. The development
of thyristors in the late 1950s and in the 1960s introduced new hardware to DC motor control
applications. Thyristor-based hardware was quickly adapted for particularly demanding
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Figure 6.2 Block diagram for the control system of a separately magnetized, fully
compensated DC machine. The figure clearly illustrates that armature current IA and
magnetizing current iF are controlled separately. The controller receives the speed reference
nref as input. Moreover, field-weakening control at high speeds is easy to implement for a DC
machine by controlling the magnetizing current. The torque, speed, and flux controllers are
included to eliminate potential torque, speed, or flux errors. With these errors eliminated, the
drive follows the references.

electrical drive applications. Today, thyristors are still used as power switches in larger
industrial DC drives.

The performance characteristics of a fully compensated DC machine are excellent in terms
of control engineering. However, DC machine efficiency is lower than that of a corresponding
AC machine, because the DC machine has so many extra windings to overcome armature
reaction. Moreover, the brush contacts used in DC machines introduce additional losses.

In a separately excited, fully compensated DC machine, the electrical torque and the flux-
linkage ψF can be controlled independently. The flux linkage of a fully compensated DC
machine depends only on the excitation current IF, because its design compensates for the
effect of armature current IA on the air gap flux, that is, the armature reaction.

(6.1)ψF f IF

For a DC machine, electrical torque depends on the controlled flux linkage and armature
current, because the structure of the machine guarantees the perpendicularity of the flux
linkage and the armature current “vector” (α= 90°). The field winding produces flux-linkage
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ψF in the armature winding. Therefore, by applying the cross-field principle in scalar mode,
torque for a rotary DC machine can be expressed as follows.

Te CTIAψF sin α CTIAψF (6.2)

CT is a torque-producing dimensionless factor that depends on machine construction. Current
is measured in amperes, and flux linkage is in volt-seconds. Multiplication yields VAs=
Ws= J=Nm, which is the SI unit for torque. Remember that angular velocity Ω of an electric
machine depends on the flux-linkage ψF and the armature supply voltage UA. The voltage
induced in the armature is determined thus as

EA CEΩψF (6.3)

The constant, CE, is a function of machine construction. Neglecting excitation power, the
electrical power of the electric machine can now be expressed

Pe EAIA CEΩψFIA (6.4)

Correspondingly, mechanical power is

Pmech TeΩ CTIAψFΩ (6.5)

Comparing Equations (6.4) and (6.5) shows that in SI units, the following identity holds.

(6.6)CE
V

Vs 1
s

CT
Nm

A Vs

The armature voltage equation is as follows.

dIA EA (6.7)UA IARA LA dt

Therefore, for a rotating electric machine in steady state, dIA=dt 0, and constant flux
linkage and rotational speed are mainly determined by stator supply voltage.

UA IARA
Ω (6.8)

CEψF

Below rated speed, control systems commonly maintain the rated value for flux linkage
(ψF=ψF,N). At higher speeds, flux linkage is reduced in magnitude by an amount that is
inversely proportional to speed (ψF∼ 1/Ω) to make high-speed operation possible as was
explained in Chapter 2. This is commonly referred to as field weakening. Since armature
reaction is compensated for by design and flux linkage is controlled as a function of speed,
armature current is the single parameter that influences torque, which makes rapid torque
control possible.

The electrical torque output of an electrical drive satisfies the differential equation for
rotation speed. For a rotary DC machine, the equation for electrical torque Te can be written in
terms of load torque TL, inertia J, mechanical angular speed Ω, and the rotation friction
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coefficient D.

dΩ
J DΩ (6.9)Te TL dt

As with all electric machinery, a DC machine must first be excited to produce torque. Since a
field winding with resistance RF and inductance LF acts as its own separate LR circuit, its
voltage equation in the Laplace domain can be written as follows.

(6.10)

Magnetizing winding inductance consists of magnetizing inductance and leakage inductance.

UF s IF s LFsRF

LF LFm LFσ (6.11)

Referred to the armature winding, the magnetizing flux linkage of the machine is

ψF LFmiF (6.12)

The upper left corner of Figure 6.2 shows how a flux-linkage reference generator produces
first a constant reference value for the flux linkage and then a weakened reference after the
rated speed. As mentioned previously, flux linkage is normally kept constant from zero to the
rated speed ΩN. Beyond rated speed; flux linkage is gradually weakened to enable high-speed
operation. However, if an extremely high starting torque is desired, such as in a traction drive,
flux linkage can be increased for its normal value at start-up.

The armature voltage equation and the torque equation (see next equation) written in the
Laplace domain are

(6.13)UA s IA s LAs EA sRA

Armature inductance consists of magnetizing inductance and armature leakage inductance as
follows.

LAσ (6.14)LA LAm

For a rotating DC machine, the torque equation can be written with the load working machine
torque TL(s), friction D, and the sum of the load and motor inertias J.

s TL s D Js Ω s (6.15)Te

With these equations, it is easy to draw a simplified DC machine drive model in the Laplace
domain. See Figure 6.3.

Examining Figure 6.3 reveals that the armature circuit of the machine responds to
armature voltage changes with the armature time constant.

LAτA (6.16)
RA

Similarly, field winding behaviour is described by an LR circuit with a time constant
analogous to the armature. The magnetizing inductance LAm describes the production of
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Figure 6.3 Image (a) is a Laplace domain model of a loaded DC machine with fixed separate
excitation of voltage UF and armature voltage UA. The motor rotation will produce a back
electromotive force EA. Image (b) shows a motor speed block diagram for closed-loop control
with a PID controller with Gm representing the transfer function of the motor including
mechanical and electrical time constants. See upcoming Example 6.1.

armature flux linkage by the excitation current. LF is the total inductance including
leakage of the field winding. See Equation (6.11). A transformation ratio relates the field
winding to armature, but in this case, the system has been simplified by assuming this
ratio is equal to 1.

In simple cases, speed and torque (or force) control can both be accomplished using
proportional-integral (PI) controllers. Controller time constants are chosen based on the
torque (or force) controller being fast and the speed controller having a time constant that is an
order of magnitude greater.

As Figure 6.2 showed, both controllers react to an error. The speed controller amplifies
the speed error and produces a torque reference. The torque controller reacts to the
difference between actual torque and reference torque, producing a voltage reference to the
power electronics. The power electronics to control an industrial DC machine simply
consists of a thyristor bridge or a transistor-based DC chopper in cases of lower power
drives. As previously mentioned, control is straightforward since only armature current and
voltage must be managed to achieve torque and speed control. The controllers are normally
the PI type, which amplify and integrate error using suitable controller parameters.
Depending on power electronics type, the voltage reference given by the controller is
converted into a firing angle command for a thyristor bridge or a duty cycle reference for a
DC chopper.
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EXAMPLE 6.1: Design a PID controller for a DC machine electrical drive having its
armature and mechanical time constants τel= LA/RA= 1 ms and τmech= 100 ms.

SOLUTION: The DC motor drive’s simple transfer function is constructed using the
armature and mechanical time constants and can be expressed as

Gm
1

1 sτel 1 sτmech

1
1 s0.001 1 s0.1

The traditional way to select the controller parameters is to compensate for the process
time constants. Therefore, the selected transfer function for the PID controller is

GPID KP
1 s0.1 1 s0.001

s0.001

The transfer function of the closed-loop system becomes

Gcl
GPID Gm

1 GPID Gm

KP
s0.001

1 KP
s0.001

KP

s0.001 KP

1

s 0.001
KP

1

If τ= 3 ms is set as a suitable time constant for the closed-loop system, amplification must
be selected as follows.

0.001
KP

0.003⇔KP
0.01

0.003
3.33

Modern controllers are digital, and the same PID algorithm can be used for digital control.
Instead of the Laplace transform, the Z-transformation applies for digital controllers.

This is the basic design for the DC drive speed controller, taking both the motor armature
behaviour and the motor mechanical behaviour into account. Modern controllers are digital,
but the same PID algorithm can be used for digital control. Instead of the Laplace transform,
Z-transformation applies for digital controllers.

An industrial brushed DC machine is expensive and has lower efficiency than a
corresponding AC machine, and its brushes and commutator require regular maintenance.
A long-time goal and expectation has been to replace brushed DC drives with brushless AC or
DC machines. Vector control, the core of which is based on simple DC machine control, has
been developed to accommodate AC machinery.

6.2 AC machine control basics

Some AC motor types can be activated with a direct online (DOL) starter, which connects the
motor terminals directly to the supply power. DOL AC motors are not speed controlled.
Induction motors, in particular, are often connected to a three-phase network and allowed to
run according to their load. They are just switched ON and OFF based on demand. The speed
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of a DOL induction drive depends on the frequency of the supply, the motor pole-pair number
p, and the load, because the slip of an induction machine varies slightly as a function of load.
Synchronous motors and generators also can run DOL, if they are equipped with adequate
damper windings to guarantee synchronous operation.

Controlling the voltage amplitude and frequency of the incoming AC power is the only
means of controlling an AC machine. In practice, a frequency converter can provide this
control, delivering all the needed supply frequencies. With this method of control, the
machine operates in the artificial supply network according to its functional properties. The
ratio of voltage to frequency U/f is held constant as “network” frequency varies. The control of
an AC machine using a frequency converter to regulate supply frequency is called scalar
control. More sophisticated versions of scalar control have been introduced that manage more
than just frequency and voltage, but since the electromagnetic state of an AC machine is not
accurately known, machines controlled via the more-sophisticated approaches do not perform
well in dynamic conditions.

Scalar control systems can have a speed control loop with a PI controller for accurate steady
state control of speed, but there is no accurate torque (or force) control. The assumption is made
that increasing input supply frequency results in a momentary increase in force production and a
subsequent increase in speed or vice versa. Speed transients are not precisely controlled. Instead,
they take place according to the functional properties of the electric machine system, settling into
a new steady state little by little according the dynamic properties of the system.

Different scalar control systems have been developed especially for IM drives. IMs
respond well to the changes in supply frequency coming from the converter. Many practical
tasks can be carried out using scalar-controlled IMs. For example, they are ideal for pump and
fan applications that do not call for accurate and highly dynamic torque control.

For more demanding applications, a more-sophisticated electrical drive control system is
needed that monitors the electromagnetic state of the motor or generator to more accurately
manage torque. DFLC vector control or the more-stable DTC use analytical space-vector
models to accurately predict and then control motor or generator status. A DFLC or DTC
controller measures motor currents and calculates voltages and can accurately estimate
machine state and control torque in real time.

The control systems based on space-vector theory are suitable for demanding torque,
speed, and position control applications. Transient control using the DFLC or DTC space-
vector approaches is superior to what is available using scalar control approaches. A status
change in torque (or force) that would take a scalar-controlled electric machine 200 500 ms
can typically be accomplished by a DFLC in less than 20 ms.

A DTC can increase the force production of an electric machine from zero to its rated
value in a few milliseconds. This is especially important for servo drives. Because DTC also
improves drive properties in general, it is widely implemented. DTC is seen in both the most-
demanding and the least-demanding applications.

6.3 Vector control of AC motors

In general, AC machines require less maintenance, have better endurance at high speeds, and
offer notably higher powers than DC machines. At present, an AC drive is generally a better
choice for most applications than a DC drive. However, the complicated dependence between
flux linkage and torque (or force) control makes the control of AC machinery more difficult.
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In DC machines, where flux linkage and torque can be treated independently, drive control is
more straightforward.

A very common AC induction machine is the squirrel-cage motor, which uses a laminated
steel rotor embedded with a squirrel-cage configuration of copper or aluminium conductors.
Squirrel-cage machines can be driven DOL and are often controlled using the simplest and
oldest scalar control methods. Other enhanced scalar control methods use steady state phasor
equations to predict motor behaviours. With these approaches, control is precise at steady
state but imprecise during transients, becoming less and less precise for faster and faster
changes in status.

Pulse-width-modulation (PWM) is a voltage control method of drive control that supplies
voltage to a rotary or linear motor as a regular series of pulses. Voltage is regulated by
modulating the width of these pulses. PWM-based control was first applied to squirrel-cage
motors.

Torque (or force) control methods based on the space-vector differential equations are
more efficient, and they make it possible to control electric machinery during transients. A
three-phase electric motor can be controlled using the complex space vector that represents all
three of its phase quantities instead of building three individual phase current controllers. The
present-day AC machine vector control approaches are either field-oriented control or direct
torque control (FOC or DTC). In FOC, AC machine currents are controlled to produce a
desired flux linkage and torque or force. DFLC is the core of the DTC approach.

German engineer Felix Blaschke developed the principles for IM FOC working with
Siemens early in the 1970s. This control approach gave induction AC motor drives properties
similar to those of DC drives. Siemens called the method transvector control, obviously
referring to the cross-field principle discussed earlier in this text.

Blaschke’s original squirrel-cage motor vector approach controlled stator space-vector
current components in a rotor flux-linkage–oriented coordinate system. Separating the stator
current space vector into one component parallel to the rotor flux-linkage space vector
component (the flux-producing component) and one perpendicular component (the torque-
producing component) makes it possible, in principle, to control rotor flux linkage and
electrical torque separately, as in DC machine control.

Carrying out the FOC calculations in a coordinate system rotating at a synchronous speed
makes control easier, because the normal AC drive components can be treated as DC
components. At an asynchronous speed, motor speed information must be available for flux-
linkage coordinate system control, and until recently, this speed information could only be
provided by a speed sensor. Performing motor model calculations in different coordinate
systems is laborious and time consuming. As a result, these calculations are carried out at a
relatively low rate. The controller calculates new reference values for frequency and voltage,
and a separate PWM supplies actual voltage.

As was presented in Chapter 5, electrical torque in rotary AC machinery can be expressed
as the cross product of the stator current space vector and the space vector for stator flux
linkage as follows.

Te
3
2
pψs is

3
2
p
Lm

Lr
ψ r is (6.17)

The right-hand side of the expression is valid for an induction machine and used especially in
FOC. Each torque equation is the product of the absolute value and the sine of the angles
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between the two vectors. Torque is a vector parallel to the shaft of the machine. The first part
of the equation can be expressed as the following scalar quantity.

3
Te pψ sin γ (6.18)iss2

Te is the electromagnetic torque vector,
Te is the absolute value of the electrical torque,
p is the number of pole pairs,
is is the stator current space vector,
ψs is the space vector for stator flux linkage, and
g is the angle between the above two vectors

This expression results in a positive value when the current rotates in the positive direction
ahead of the flux linkage (γ > 0). This would be a motor drive. If (γ < 0) or the flux linkage
is ahead of the current, it would be a generator drive.

EXAMPLE 6.2: Derive the latter part of Equation (6.17).

SOLUTION: The equivalent circuit (see Figure 4.8) of an induction machine shows that
rotor flux linkage consists of the air gap portion, produced by the sum of the stator and
rotor current vectors, and the rotor leakage

Lrσir irLirψ r is Lm r Lmis

Therefore, the rotor current vector is as follows.

ψ r Lmisir Lr

The stator flux linkage is formulated similarly. It consists of the air-gap flux linkage, which
is produced by the sum of the stator and rotor current vectors, and the stator leakage.

is irψs Lm isLsσ Lsis Lmir

Inserting this solution for rotor current vector yields

ψ Lmisrψ Lsis Lms Lr

Inserting in the torque equation gives the desired result.

3 3 3 LmLmTe pψs ψ r Lmis is p ψ r isis p Lsis2 2 2 LrLr

Therefore, IM torque can be expressed as the cross product of the rotor flux linkage and the
stator current.
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According to the cross-field principle, force production reaches a maximum, when the
current and flux-linkage vectors are perpendicular. In other words, the angle between these
vectors is 90 electrical degrees. These vectors are always perpendicular in fully compensated
DC machines, because of their compensating and commutating-pole windings. However, the
angle between these vectors in AC machines varies depending on the situation, on machine
type, and on rotor control, if the rotor is controllable. The basic idea behind a vector-based
controller is to bring the current and flux-linkage space vectors as close to perpendicular as
possible. As a result, the approach is commonly referred to as vector control.

In traditional vector control, the goal is to establish current references so magnetization
and electrical torque (or force) can be controlled independently and during transients. To
achieve this goal, references must be calculated separately for the current component that
produces torque or force and for the magnetizing current component. For the calculations, a
general reference frame can be chosen that has one axis running along the air-gap flux linkage
(or stator or rotor/forcer flux linkage). The other will be the torque (or force) production axis.
In the strictest sense, of course, only air-gap flux linkage is needed for the so-called ψT
reference frame, because it also comprises both components. A similar evaluation is valid for
the rotor flux linkage of a rotary induction machine. Depending on case, it is also possible to
fix the reference frame with the stator flux-linkage or rotor flux-linkage vector.

The electric currents of a synchronous rotary machine can be represented as components
in the ψT reference frame fixed to the air-gap flux linkage or in a dq reference frame fixed to
the rotor as shown in Figure 6.4.

According to Figure 6.4, increasing current in the ψ-axis direction increases machine flux
linkage. Accordingly, increasing current in the T-axis direction increases torque.
Unfortunately, increasing current in the ψ-axis also slightly increases torque if T-axis current
remains constant, because of the increased flux linkage. Moreover, increasing current in the T
axis direction also changes the position of the flux linkage. Therefore, both components must

Figure 6.4 Examples of different reference frames used in the vector control of a
synchronous machine. The xy reference frame is fixed to the stator (axis of phase U), the
dq frame is fixed to the rotor (d is identical to the magnetic axis of the field winding), and the
ψT reference frame is fixed to air-gap flux linkage. ψT indicates the controlled flux linkage
(i.e., the air-gap flux linkage) and is in the ψ-axis direction. The T-axis is perpendicular to the
ψ-axis. Therefore, the ψ-axis direction current component only affects flux linkage, and in
principle, the T-axis direction current only produces torque. The angle between the dq and ψT
reference frames is the load angle δm of the air-gap flux linkage. The rotation angle between
the dq and xy reference frames is the rotor position angle θr. The rotation angle θm, between
the ψT and xy reference frames, is the position angle of the air-gap flux-linkage vector in the
xy reference frame.
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be solved simultaneously and their interaction taken into account. Saturation of the air-gap
flux linkage must also be kept in mind when trying to increase the flux-linkage level.

In vector control, the machine model must be used to position the ψT reference frame. The
location of the dq reference frame is found by measuring or estimating rotor position. Of
course, the position of the stator is known, as it is normally bolted to the motor base. The x-
axis can be fixed in the direction of the U-phase winding magnetic axis.

Figure 6.5 is a block diagram of the vector control for an AC motor. Comparing the block
diagrams for a DC machine and an AC machine (Figures 6.2 and 6.5) shows that both control
approaches are based on the same principle. As mentioned previously, the goal is to control
flux linkage and force production separately. However, there are two basic differences
between the DC and AC machine control methods. First, electric machine currents are
handled differently. In the DC machine, the flux linkage and torque currents are directly
measured to provide controller feedback. For vector control of the AC machine, coordinate
transformations and calculations are required to determine the flux linkage and torque (or
force) current components. Correspondingly, inverse coordinate transformations must be
carried out to determine the phase voltages supplied to the motor. Furthermore, there is a
direct link to the actual flux-linkage and torque values in a DC machine. In the AC control
approach, these are calculated based on the analytical model of the machine.

Figure 6.6 illustrates, in more detail, the signal-processing chain of Figure 6.5 from the
motor phase current sensor outputs to the iψ,act and iT,act components used in the control of the
flux linkage and torque.

As shown by Figure 6.6, the motor phase currents iU(t), iV(t), and iW(t) are measured first.
The 3→ 2 block converts the instantaneous phase current values to corresponding instanta
neous two-phase values. Rotor position measurement information θr is used to transform the
currents to the rotor coordinate system (dq). In the motor model calculation, the id and iq
values are used to determine the movement of the flux linkage in the rotor coordinate system.
After further calculation, the result is the stator current vector component iψ,act, which
produces flux linkage, and the stator current vector component iT,act, which produces torque
(or force). Refer to Chapter 4 for the details of coordinate system transformation.

The reference values for the currents and voltages used to control flux linkage and torque
or force are calculated via PI controllers and realized in the air-gap flux-linkage aligned
coordinate system. The reference values for the voltages that produce flux linkage and torque
(or force) must be transferred to the stator coordinate system so they can be used by converter.
For example, a vector modulator will then realize the desired voltage.

At present, the common control approach for a variety of rotating-field machines is vector
control. Most frequency converter manufacturers offer some sort of vector control in their
products. One challenge for vector control implementations is the determination of accurate
machine model parameters. For example, if inductance parameter values are incorrect, then
vector control will be imperfect. The following paragraphs will examine the principle of direct
flux-linkage control and the so-called voltage model to define stator flux linkage by
integrating the stator voltage. Stator flux linkage can be defined in two ways: using the
current model (see Chapter 4) and relying on the machine parameters or using the voltage
model and relying on the voltage integral. Combining both methods improves accuracy
since each can be used to validate the other. With vector control, errors that result from
inaccurate machine parameter information can be corrected using the voltage integral. For
example, the current model is used to stabilize the voltage integral in the DTC discussed in the
following text.
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Figure 6.5 Block diagram of traditional vector control for an AC machine. The goal is to control flux linkage and torque (or force) separately to
attain a desired speed nref. Coordinate transformations are required so control can be carried out in the ψT coordinate system. A machine model is
necessary to determine the position of the ψT-coordinate system. The three-phase currents iU,V,W, rotor speed n, and position θr are measured to
gather sufficient feedback information. In practice, DC-link voltage is also measured.
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Figure 6.6 Block diagram of the motor phase current measurement and calculation chain
resulting in the space vector components iψ and iT for vector control.

6.4 Direct flux-linkage control and direct torque control

In 1984, Manfred Depenbrock from Germany introduced his Direkt Selbstregelung or direct
self-control (DSC, 1985). That same year, Isao Takahashi and Toshihiko Noguchi (1986)
from Japan introduced a method based directly on Faraday’s induction law. In their method,
stator flux linkage was estimated by integrating the stator voltage vector:
ψ ∫ us Rsis dt. Both of these approaches are based on direct flux-linkage controls;est
of the stator using stator voltage vectors. This book categorizes any method that uses stator
voltage vectors to control the stator flux linkage of an electric machine as DFLC. Since torque
(or force) is the cross product of the space vector for stator flux linkage and the stator current
space vector, the DFLC only needs these two equations to realize ideal AC machine control.
See Equation (6.17).

DTC is a further development of DFLC that will be studied later in more detail. The
fundamental principle of DFLC and DTC differs from the other major competing control
platform, FOC, in that motor stator current is not controlled directly. Instead, the objective is
to influence motor flux linkage, and thus force production, as directly as possible. Depending
on converter type, there are a different number of different length vectors available for use. In
a two-level converter, there are six different active voltage vectors (with 60° phase differences
beginning from u1 ^ j0; u2 ^ jπ=3; :::u5 ueue ue ^ j5π=3). See Figure 6.9 or 6.10. In addition,
there are two so-called zero vectors. Voltage vector definition will be revisited later in
Chapter 7.

From the control engineering perspective, the motor current in the DFLC and DTC is an
output variable of the system, not an input variable, as in FOC. The control operates vice versa
compared with vector control, where currents are controlled to regulate flux and torque.

6.4.1 The basis of direct torque control

DTC is a further development of DFLC that includes methods to stabilize the stator flux-
linkage estimate found as the integral (ψ s ʃusdt). Therefore, DFLC forms the basis for DTC.
Since DFLC was originally developed and introduced for induction machines, DFLC
fundamentals are investigated here primarily using the induction machine example. To
make some points, synchronous machine–based examples are also used. In general, DFLC
can be used to operate any rotating-field machine.

An equivalent circuit with space vector quantities according to Figure 6.7 is used as the
equivalent circuit of the IM. This equivalent circuit is generally valid for a motor also during
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Figure 6.7 Equivalent circuit of an IM according to space-vector theory in a reference frame
rotating at a general speed ωg. The currents i, the voltages u, and the flux linkages ψ are space
vectors. In the stator reference frame, the angular frequency ωg= 0 and, for example, in the
rotor flux-linkage reference frame ωg=ωr.

transients. The equivalent circuit does not consider iron losses, harmonics, or saturation.
However, it is sufficiently accurate from the control-engineering point of view. The
parameters of the equivalent circuit are usually updated for each of the machine’s operating
modes, but the time derivatives of the inductances are not usually taken into account.

The asynchronous machine equations are used in deriving the laws of direct flux-linkage
control. Based on the equivalent circuit (the current model), the following expressions
represent the voltages and flux linkages in the general reference frame.

dψ
(6.19)

ψ r (6.20)

(6.21)

(6.22)

(6.23)

us Rsis
s

dt
jωgψs

ur Rrir
dψ r

dt
j ωg pΩr

ψs Lsis Lmir

ψ r Lrir Lmis

ψm Lm is ir Lmim

According to Equation (6.23), the motor magnetizing current vector im is the sum of the stator
and rotor currents. Here, the so-called stator inductance is the sum of the leakage inductance
of the stator and the magnetizing inductance.

Ls Lsσ Lm (6.24)

Rotor inductance is determined correspondingly (rotor quantities are referred to the stator).

Lr Lrσ Lm (6.25)

The instantaneous torque of the machine can be expressed by applying the familiar cross-field
principle.

Te
3
2
pψs is

3
2
pψm is

3
2
pψ r ir (6.26)
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The negative sign in the latter form is natural as the rotor torque opposes the stator torque.
Bringing in the expression for ψs from Equation (6.21), Equation (6.26) can be reformulated.

3 3 3
is pψm is pψm ir (6.27)isTe p Lsσ Lm Lmir2 2 2

Applying the formula for air-gap flux linkage makes possible an
expression including both stator and the rotor current. A torque expression can also be
derived, in which the determining terms are the stator and rotor flux linkages and the leakage
factor. Applying Equations (6.21), (6.22) and (6.26) yields the following equations.

irψm imLm is Lm

3 3 ψ r irLrTe pψs is pψs2 2 Lm

3 ψ ψ isLs Lrr sTe p ψs ψs (6.28)
2 Lm Lm Lm

3 3 ψ r isLsLrTe pψ is p ψ ψs s s 22 2 Lm Lm

The torque equation (6.28) can be rewritten as follows using the factor common to the left and
right side of the expression, 3

2 pψs is.

3 1
Te p ψ r (6.29)ψs2 LsLr1 Lm2Lm

The flux leakage factors for the stator leakage flux, the rotor leakage flux, and the total leakage
flux are as follows.

Lsσ Lrσ 1
σs ; σr ; σ 1 (6.30)

Lm Lm 1 σs 1 σr

The denominator in Equation (6.29) can be reformulated.

1 1 1 σ 1
(6.31)

Lm 1 1 σLmσs σrLsLr LmLm1 Lm Lm2 1 σLm

With this expression introduced, torque equation can be expressed in simpler form.

3 σ 1
Te p ψs ψ r (6.32)

2 σLm

This equation justifies the fundamental premise of DFLC and DTC, which is controlling stator
flux linkage directly. Rotor flux linkage ψr is stable, and it rotates steadily. Moreover, stator
flux linkage ψs responds quickly, because it includes the stator leakage flux-linkage
component ψsσ= isLsσ. The time constant of the rotor τr is defined according to this equation.

=Rr (6.33)τr Lr=Rr Lm Lrσ

In induction machines, the rotor time constant is relatively large, 100 1500 ms, and it is
proportional to the machine power. Therefore, the torque of the IM can be adjusted efficiently
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by controlling the angle between the stator and rotor flux linkages. Since the flux linkages also
include the leakage components, only the machine’s leakage flux constrains the rate of
change. Consequently, direct flux-linkage control results in the fastest possible state changes
in electrical motor drives. From this point of view, DFLC is superior to and quicker to respond
than other AC machine control methods based on controller dynamics.

Instead of rotor flux linkage, air-gap flux linkage could be used in Equation (6.32). The
resulting equation looks like this.

3 1
Te p ψs ψm (6.34)

2 Lsσ

In an induction machine, air-gap flux linkage is also quite stable. In general, Equation (6.34)
applies also to DFLC for synchronous machines in which similar rotor flux linkage as in IMs
cannot be found.

Modern industrial electronic control systems make use of insulated-gate bipolar transis
tors (IGBTs) or metal-oxide semiconductor field-effect transistors (MOSFETs) as electronic
switches. An IGBT switches in less than 100 ns, and MOSFETs are even faster. If processor
capacity is sufficient, switching frequencies up to several kilohertz and even a couple tens of
kilohertz can be used. Therefore, the time constants of rotor and air-gap flux linkages are
easily a few decades longer than the time required for the computation of the motor model and
for making and implementing the switching decisions. Figure 6.8 depicts the steady behaviour

Figure 6.8 Principles of the DFLC for an induction machine. In steady state, the stator flux
linkage rotates on a circular path at a nearly constant angular velocity and amplitude. The
possible changes in the stator flux linkage based on different voltage vectors are illustrated on
the right. As a result, there is ripple in the stator flux-linkage path, because of the discrete
voltage vectors supplied by the pulse width modulation of the converter. The different
machine time constants almost completely filter out the consequences of this ripple effect
when observing the loci plotted both by the point of the air-gap flux-linkage vector and by the
point of the rotor flux-linkage vector. Unlike the rippled locus plotted by the point of the stator
flux-linkage vector, the locus drawn by the point of the air-gap flux-linkage vector, and
particularly, the locus plotted by the point of the rotor flux-linkage vector, is almost a perfect
circle. In steady state, the angular speed of the rotor flux linkage ωψr is smooth, whereas the
angular speed ωψs of the stator flux-linkage vector is uneven. However, the average is equal to
the angular speed of the rotor flux-linkage vector or the air-gap flux-linkage vector.
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of air-gap flux linkage and rotor flux linkage regardless of the somewhat unstable stator flux
linkage.

Equations (6.29) and (6.34), as well as Figure 6.8, indicate clearly that the torque of a
rotating-field machine can be controlled rapidly by making quick adjustments to stator flux
linkage. This principle is fundamental to DFLC.

DFLC also has weaknesses. One relates directly to the main control principle. Since
currents are output variables, they cannot be directly controlled. It can be somewhat difficult
to understand the current producing mechanism in a DFLC. Figure 6.8 illustrates that the
stator current always flows in the direction of the difference (ψs ψm), which means the
stator leakage flux linkage is as follows.

ψsσ isLsσ (6.35)

In addition, ψsσ, ψs, and ψm always form a triangle. Therefore,

is ψs ψm =Lsσ (6.36)

Equation (6.36) also indicates that current responds quickly to changes in either of the flux
linkages, because stator leakage inductance is usually small.

6.4.2 DFLC implementation

The basis of a good control system is responsive torque regulation. As shown previously, AC
motor torque can be changed quickly by adjusting the angle between the stator and rotor or
air-gap flux linkages. See (6.29), (6.34), or (6.18). Moreover, the magnitude of the stator flux
linkage is easily adjusted due to its leakage component (ψs=ψsσ+ψm). The air-gap flux
linkage ψm, however, is not responsive and cannot be adjusted quickly.

Flux-linkage control can be based entirely on a single equation. The control estimate for
stator flux linkage is calculated by integrating the stator voltage vectors us(SU,SV,SW), where
SU, SV, and SW represent the switching states of converter phases U, V, and W.

ψ dt Δt ψ (6.37)SU; SV; SW SU; SV; SWRsis us Rsiss;est ∫ us s;0

Equation (6.37) is often referred to as the voltage model for an AC machine, since it is mainly
based on the voltage integral. The equation also illustrates the principle of space vector
integration. The change in flux linkage is in the direction of the voltage vector us. The value of
change in volt-seconds (Vs) is calculated by multiplying the expression by Δt, which is the
incremental time that voltage affects the winding. The effect of resistive voltage drop is
integrated similarly, and the result is a flux-linkage change in the direction of the current
vector is.

SU, SV, and SW refer to the three converter switching functions, which receive values
between 0 and 1. Usually only 0 or 1 is taken into account, but as they switch, voltages swing
continuously from 0 to 1 and vice versa. The tip of the space vector for stator flux linkage
travels approximately in the direction of the stator voltage vector, because the voltage drop
caused by the current in the stator resistance is relatively small. According to the definition
of the voltage vector, us t a0SU t a1SV t a2SW t , the speed of stator2=3 UDC
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flux-linkage change is proportional to the DC-link voltage. By selecting one of the six active
vectors and two zero vectors, it is possible to rotate the stator flux-linkage vector almost along
a circular path. The path become more and more circular with increasing switching frequency.
The most appropriate voltage vector is the one that keeps the absolute value of the flux linkage
close to constant but maximizes the stator flux-linkage vector tip travel speed.

Only stator resistance Rs is required in the voltage model. Estimated electrical torque is a
function of the estimated stator flux linkage and the measured stator current vector as
expressed by the next equation.

3
is (6.38)Te;est 2

pψs;est

Therefore, for a rotating-field machine, DFL control provides the simplest principal equa
tions. To implement DFLC, position information on the flux-linkage vector with respect to the
flux circle is also needed. The flux-linkage circle is divided into six sectors so that sector
borders bisect the angles between the voltage vectors of the two-level inverter. See Figure 6.9.

In DFLC and DTC implementations, stator flux linkage and torque are held within the set
hysteresis limits (hysteresis band). See Figure 6.10, which illustrates flux-linkage vector
movement in a DFLC. Power switches are adjusted only when torque or the absolute value of
the flux linkage deviate too much from their set point values. When the hysteresis limit is
reached, the next suitable voltage vector is selected that will bring the stator flux-linkage
vector to the right orientation.

Stator flux linkage can be regulated directly by controlling the switches of the inverter. In
each sector, two voltage vectors can be used in both rotation directions. One vector increases
and the other decreases stator flux linkage. Normal two-point control regulates the magnitude.
In other words, flux is raised until it reaches the upper hysteresis limit, and then it is lowered
until the lower limit is reached. The hysteresis limits are determined based on the allowable
switching frequency. If switching frequency begins to exceed the allowed upper limit, the

Figure 6.9 Flux-linkage circle division into sectors κ determined by the voltage vectors.
Stator flux linkage is moving in sector κ= 4.
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Figure 6.10 Simplified flux-linkage vector movement in a DFLC showing how voltage
vector changes are integrated with stator flux-linkage changes. The voltage vectors available
for use in a two-level converter are shown in the upper right corner. The shaded area illustrates
the hysteresis control limits showing the maximum and minimum values for both flux linkage
and torque. The stator flux-linkage vector tip moves in the direction of voltage vector u3 in
sector κ= 0. The torque controller only requests more torque, and therefore the u3 voltage
vector is selected. This changes stator flux linkage. Δψs = u3Δt. If the magnitude of the stator
flux linkage is driven to the upper hysteresis limit, which maximizes its angle θ with respect to
air-gap flux linkage ψm, then torque Temax also reaches its maximum.

hysteresis limits must be extended. On the other hand, correct hysteresis settings can optimize
energy efficiency, etc. The voltage vectors that are about perpendicular to the stator flux-
linkage vector (u3 and u6 for the stator flux linkage shown in Figure 6.10) have a particularly
strong influence on torque, especially when operating below the rated speed of the machine
with high voltage reserve. Using a perpendicular voltage vector results in the most rapid
torque response.

Combining the hysteresis controls for flux linkage and torque with the position informa
tion of the flux-linkage vector results in the so-called optimal (according to Takahashi &
Noguchi, 1986) switching table. See Table 6.1. Since the goal is to hold flux linkage within
certain limits, it is always either increased by the flux linkage bit ϕ= 1 or decreased by ϕ= 0.
There are three possibilities with respect to the torque control bit τ.

τ= 0 Zero voltage is applied (no need to change torque).
τ=+1 Stator flux linkage is moved toward the positive rotation direction, and motor

torque is adjusted in the positive direction.
τ= 1 Stator flux linkage is moved toward the negative rotation direction, and motor

torque is adjusted in the negative direction.

In Figure 6.10, the motor is rotating in the counterclockwise (positive) direction and flux
linkage happens to be located in sector κ= 0. More torque is needed (τ= 1), but no change in
stator flux linkage (ϕ= 0) is required. According to Table 6.1, u3 is the appropriate voltage
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Table 6.1 Optimal switching table showing selection of voltage vector based on location and
desired change in flux linkage

Instantaneous Flux-Linkage
Vector Location Sector

Torque
Bit τ

Flux Linkage
Bit ϕ κ= 0 κ= 1 κ = 2 κ = 3 κ= 4 κ= 5

1

1

0

0
1
0
1
0

u5 u6

u6 u1

u3 u4

u2 u3

u0 or u7
∗ u0 or u7

u1 u2 u3 u4

u2 u3 u4 u5

u5 u6 u1 u2

u4 u5 u6 u1

u0 or u7 u0 or u7 u0 or u7 u0 or u7

The selected zero vector is one that can be achieved, following an active vector, by switching a single
switch. See Chapter 7.

vector to select to raise stator flux linkage speed in the positive direction. As shown by
Figure 6.10, the stator flux linkage meets the hysteresis limits of the flux linkage amplitude
only in cases when the torque controller lets the flux linkage travel to the boundaries.

This core functionality of a DFLC system is illustrated by Figure 6.11. Torque and flux-
linkage control and flux-linkage position information are combined in the figure.

The behaviour of hysteresis-controlled torque as a function of time is depicted by
Figure 6.12. In the figure, T indicates torque is decreasing after reaching a peak, and
T+ indicates increasing torque. A zero voltage vector is used so stator flux linkage remains
stationary, and it is slightly shortened by the influence of the resistances. The instantaneous
value of torque Te drops until its value is below the lowest torque determined by the hysteresis
band. Next, an active voltage vector is selected that keeps the length of the stator flux linkage
appropriate and increases the angle between the flux-linkage vectors, thus increasing torque.

There is no inherent switching frequency in a DFLC. Frequency is defined by the
hysteresis limits and load conditions, making it difficult to evaluate the thermal losses in a
DFLC converter. The switching frequency control must be based on the hysteresis band
control. If the switching frequency gets too high, the hysteresis band widens and vice versa.

Figure 6.11 A block diagram of combined torque and flux-linkage control.
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Figure 6.12 Hysteresis control of air gap torque. The magnitude of the electrical torque
oscillates around the reference value. Resulting torque ripple is mild and not harmful. Since
the switching frequency is typically in the kilohertz range, the mechanical system filters out
the ripple. The asymmetry of the torque pattern at position Tt is because flux linkage is
reduced by selecting a new voltage vector, and the torque rate of increase changes. The
hysteresis ΔTe1 is regulated by a PI controller, which thus also determines the average
switching frequency.

DFLC modulation at low speeds, additional hysteresis, and double switching

Optimally, inverter bridge switches are actuated individually. All transitions are carried out by
switching one of the converter branches at a time. Drawing a hexagon to indicate possible
transitions from one switching state to another makes it is easy to see which are allowable
when simultaneous switching is prohibited. The voltage vector hexagon of Figure 6.13 results
when switching functions SU, SV and SW are set to values from (0, 0, 0) to (1, 1, 1). Note: A
more detailed derivation of the voltage vectors is offered in Chapter 7.

Figure 6.13 Possible transitions between switching states SU, SV, and SW. In the middle of
the hexagon there are two zero vectors (0, 0, 0) and (1, 1, 1), meaning that all switches are
connected either to the DC-link lower potential (0) or the positive potential (1). The active
vectors are in the corners of the hexagon. The dashed spokes lead to (0, 0, 0) and the solid
spokes to (1, 1, 1). Both result in zero output vectors but with a different common mode
voltage.
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Following a route that changes two switches simultaneously is prohibited in principle.
This means that, for example, following (0, 0, 1), the zero voltage vector must be (0, 0, 0).
And, from any corner, it is possible to move to one of three positions: either of the two
neighbouring active vectors or the nearest zero vector. Two adjacent voltage vectors or a zero
vector should be used in each sector. This is normal DFLC functionality. The selection of a
zero vector or one of the active vectors is determined from the three torque controller
hysteresis levels, τ ∈ ( 1, 0, +1). The flux-linkage controller defines which one of the two
active vectors is selected.

In normal DFLC modulation, stator flux-linkage control is subordinate to torque control.
With this type of control, if the reference value of the torque becomes zero, stator flux-linkage
control is not regulated, and a zero vector is regularly used for a long period. This situation
may occur often, especially for an induction machine, where the resistive voltage drop isRs

begins dominating when operating at low torque and low speed. Switch conduction losses
should also be added here, and the relative influence of such parasitic elements can become
dominant at the lowest speeds.

In induction machines or synchronous reluctance machines, stator flux linkage must be
maintained by the stator current magnetizing component. The magnetizing current component
of an IM or a synchronous reluctance motor is large. If the per-unit value for stator inductance
Ls= 2, which is the case in low-power motors or multipole motors, the resulting no load
current of the motor is 0.5 p.u. Resistive voltage drop in the stator windings, therefore, is high
even at no load, and the Rsis component in ψs ∫ us Rsis dt rapidly reduces stator flux
linkage. For synchronous machines equipped with field windings and for permanent magnet
synchronous machines, the danger of losing stator flux linkage is not obvious. Therefore, an
additional means of controlling flux linkage amplitude is not needed for these machines.
However, synchronous reluctance machines are extremely sensitive to flux linkage level, so
they require an additional correction method, as do IMs.

Figure 6.14 examines additional hysteresis in the DFLC of an induction machine. If the
torque control does not require an active voltage vector, the magnitude of stator flux linkage is
less due to resistive loss, and it can be driven outside the original hysteresis limits.
Subsequently, if stator flux linkage is not immediately strengthened; the motor may have
insufficient torque capacity for the next phase. This situation can be avoided by applying the
separate and larger hysteresis limits ψmin2 and ψmax2 for the stator flux linkage.

The hysteresis limits ψmin1 and ψmax1 are used when the torque reference is other than
zero. As the torque reference approaches zero, the stator flux-linkage control does not
function, and therefore the stator flux-linkage control comprising the hysteresis limits ψmin2

and ψmax2 must be applied. When flux linkage deviates too much from its reference value,
an active voltage vector is selected independent of the torque controller. In this situation,
the magnitude of the flux linkage is adjusted using the voltage vectors most strongly
affecting the flux-linkage vector. Voltage vectors located in the middle of the stator flux
linkage sector κ are chosen, because with them, the effects of stator flux-linkage control on
torque are less pronounced than when using the vectors suggested by the optimal switching
table. Once torque increases, the basis of voltage vector selection switches back to the
optimal switching table.

In Figure 6.14, low induction machine torque results in the small angle between the stator
flux linkage and the stator current vector. Therefore, the resistive voltage drop vector Rsis
works almost fully against the stator flux-linkage vector. More current is needed to maintain
the machine’s flux linkage, and additional hysteresis is needed to maintain the magnetizing
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Figure 6.14 Additional hysteresis in the DFLC of an induction machine illustrating stator
flux-linkage control at low values of motor torque. In the figure, points of influence are
indicated by arrows. For torque-oriented control, stator flux linkage can drop because of
resistive losses. This behaviour must be taken into account by setting hysteresis limits for
stator flux linkage that are independent of torque control. Voltage vectors are used that best
correspond to the direction of the stator flux linkage, and therefore the magnitude of stator flux
linkage can be increased so the angle between the stator and air-gap flux linkage remains
practically unchanged. The problem related to this correction is that it may result in double
switching. For example, if u3 (0, 1, 0) has been used as the previous active vector (upper
example) and u0 (0, 0, 0) and if the flux linkage restoring vector u2 (1, 1, 0) is then needed, two
change-over switches must be switched simultaneously. This increases burden to the motor
insulation. This scenario rarely occur, however, and may therefore be acceptable. Another
possibility is to use the minimum pulse active vector as an intermediate phase.

current if the optimal switching table is not reacting because no additional torque is needed.
The additional hysteresis guarantees that stator flux linkage is held at the desired level and that
the drive remains fully operable, even when it is driven at no load or long periods of low load.
When producing higher levels of torque, the additional hysteresis is usually not needed,
because normal (optimal switching table) operation results in adequate flux linkage levels.

Using extra hysteresis is problematic, because flux-correcting vectors can only be realized
by double switching. Double switching adversely affects the average switching frequency,
common mode voltage, and motor cable transients. Each phase voltage is a projection of the
total voltage vector on the three magnetic axes. If there is double switching between active
voltage vectors, the phase voltages produce higher than normal stresses in the phases whose
switches are changed directly from 1 to 0 or vice versa, for example, from (1, 1, 0) to (1, 0, 1).

The term “double switching” is used only when switching between active vectors. When
using zero vectors, two switches must often be turned, but these situations do not result in
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exaggerated voltage stresses. However, common mode voltage changes increase, which
might result in premature bearing failure. Bearing currents will be studied later in Chapter 13.
There are, however, later DFLC developments that modulate differently to avoid the usage of
these flux-correcting vectors.

Finally, the DFLC is vulnerable to several other conditions that can result in control
malfunctioning. In the following discussion, these conditions are reviewed, and possible
corrective methods are examined that when applied are able to transform the simple DFLC
into the well-known DTC, a rugged and good-performing machine control method.

6.4.3 Shortcomings of direct flux-linkage control

The observant reader may have noticed that DFLC does not include the feedback elements
typical of ordinary control systems. For this reason, the method has been subject to criticism:
it has been referred to as merely an advanced open-loop (nonfeedback) scalar controller. The
only feedback information used by the DFLC are the motor currents. If stator voltage is
properly integrated to estimate stator flux linkage, current measurement is all that is needed,
because torque can then be exactly calculated.

Unfortunately, however, voltage integration according to Equation (6.37) alone is not
always useful as such; particularly when operating at lower frequencies. Flux linkage
estimation by integration can be problematic, since even small errors can have a significant
cumulative effect. Motor voltage is not usually measured, because making the motor voltage
measurement is not economical in commercial applications. And, voltage drops in an electric
machine (e.g., the nonlinear voltage drops in power switches and resistances) may account for
as much as 50 70% of the total voltage when operating at low or zero speed. In addition,
switching delays affect estimation accuracy.

So far, estimating these voltage drops computationally has proved to be impossible given the
present performance level of available commercial processors. In particular, the voltage drop
across power switches, which can vary substantially with production lot, is difficult to model. If
the integral of the stator voltage is not accurate, the error accumulates as time progresses in the
flux linkage of the motor. Because of errors in the stator flux linkage estimate, the progression of
the flux linkage space vector of the motor does not remain origin centred; the greatest weakness
of the DFLC. Figure 6.15 illustrates how the trajectory plotted by the point of the real stator flux
linkage of the motor drifts gradually out of an origin-centric trajectory.

Stator current, the only DFLC feedback measurement, includes information about stator
flux linkage drift, because drifting produces a DC current component. Furthermore, the
integration of stator flux linkage per Equation (6.37) produces negative feedback. In principle,
the Rsis term stabilizes the situation. But since stator resistance is small, particularly in large
machines, motor flux linkage will become seriously eccentric before the Rsis term grows large
enough to begin opposing the drift. Fortunately, this drift phenomenon is relatively slow, and
various methods can be used to counter it. The effect of different errors has been investigated,
for instance, by Kaukonen (1999). In small machines with larger Rs, the effect of resitive
voltage drop is large, so DFLC is more stable.

Integrating the stator voltage vectors in the stator reference frame provides the stator flux
linkage estimate for DFLC. The stator reference frame is a natural choice, and unlike the FOC
case, no extra coordinate transformations are required for DFLC. The integration is carried out
digitally using an efficient signal processor. In addition to Rs, only the stator current and
voltage vectors us and is are required.
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Figure 6.15 The trajectory vector moves away from the origin as stator flux linkage drifts.
The DFLC assumes an origin-centric estimate. However, voltage integration errors move
the actual stator flux linkage away from the origin. Source: Adapted from Pyrhönen (1998).
Reproduced with permission of O. Pyrhönen.

Voltage vectors are formed as the voltage source inverter supplies voltage pulses into
the windings of the motor. The phase currents of the stator are measured and used to
construct the stator current vector. Additionally, the intermediate circuit voltage UDC is
typically measured, as are the inverter switching states SU, SV, and SW. Furthermore, a
switches model of the voltage losses is developed. Based on the above, values of 1 or 0 are
entered to represent switching state. The stator voltage vector, therefore, can be written as
follows

2 2j2π j4π j2π j4πj0 j03 3 3 3SUe SVe SWeSU; SV; SWus UDC uU;drope uV;drope uW;drope3 3
(6.39)

Here, uU,drop, uV,drop, and uW,drop model the voltage drops in the power switches for both the
switched and unswitched states. The prediction of stator flux linkage can be written

dt ψisRsψsest;1 ∫ us SU; SV; SW s;est0

(6.40)
SU ; SV; SW Δt ∫isRsdtus ψs;est0

Equation (6.40) shows that when stator resistance is low, the tip of the stator flux-linkage
vector travels mainly in the direction of the instantaneous voltage vector. When applying a
nonzero vector, the velocity can be high depending on the voltage reserve. When applying
zero voltage vectors, the velocity of the movement of the stator flux-linkage vector tip is
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small and proportional to the drop isRs. In principle, and ignoring the problems caused by
error accumulation, predicting flux linkage is relatively easy.

Construction of the stator flux-linkage vector, therefore, is independent of machine
inductances. This characteristic makes DFLC and DTC superior to traditional current control
methods for fast transients. In contrast, FOC handles transients poorly. The FOC current
model is based on machine inductance values that can change dramatically during a transient.
These rapid inductance changes introduce significant error to the FOC flux linkage estimates.
In DTC, the only critical machine parameter is stator resistance Rs, which is easily measured in
practice.

Equations (6.39) and (6.40) reveal the four different factors that influence integration
error.

• DC-link voltage measuring error

• stator current measuring error

• power switch voltage drop estimation error

• stator resistance estimation error

Measuring errors can be divided into two categories. They are either gain or offset errors.
Gain errors introduce a constant error to the integration of stator flux linkage. Torque error is
directly proportional to the intermediate voltage measuring error and to the square of the
current measurement. It is directly proportional to stator resistance estimation error. Torque
estimate error is inversely proportional to frequency, and therefore insignificant at high
frequencies. At zero speed, torque estimation error is extremely large. Offset errors produce
DC components to phase quantities and cause the stator flux-linkage vector to rotate
eccentrically about its origin. A pulsating error proportional to the rotation speed is introduced
to the torque.

Therefore, the two error types for voltage determination result in a constant stable error or
an unstable drifting error that drives the stator flux linkage out of an origin-centric trajectory, a
serious problem.

DC-link voltage measurement error

With respect to the intermediate circuit voltage, the effects of gain error and offset error are
similar, since the measurement signal is a DC quantity. Two different types of errors can be
detected, both of which result from the erroneous measuring of the intermediate voltage. One
is a stable DC error and the other the unstable drifting of the flux linkage. Figure 6.16
illustrates these errors.

Measured intermediate voltage UDC,meas can be expressed according to the following
equation, where kgain is a gain coefficient, UDC is the actual intermediate voltage, and
ΔUDC,offs is the offset voltage.

ΔUDC (6.41)UDC;meas 1 kgain UDC ΔUDC;offs UDC

ΔUDC is the total measuring error at a certain instant of time. If ΔUDC UDC), a
stable flux-linkage error occurs. If ΔUDC< 0 (UDC,meas <UDC), unstable drifting of the stator
flux linkage occurs.

0 (UDC meas
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Figure 6.16 Examples of the behaviour of the flux linkage integral as a result of the DC-link
voltage measurement error. Source: Adapted from Kaukonen (1999). Reproduced with
permission of J. Kaukonen.

Phase current error

The problems associated with gain and offset errors in measured phase currents are similar to
those of the gain and offset errors for DC-link voltage measurements. There are two different
behaviour types: the constant stable error in the flux linkage and the alternating unstable drift
of the flux linkage. The conditions for these two errors are the same as for the intermediate
voltage error. The gain error for current measurement can be considered a voltage drop
calculation error and, eventually, a voltage error. Measured stator voltage us,meas can be
expressed

Δus (6.42)isRs usus;meas us;calc SU; SV; SW 1 kgain

Where us is the actual stator voltage, us calc is the voltage calculated from the intermediate
voltage and the switch states, and kgain is the gain coefficient. Δus is the total measuring error
at a given time instant. If Δus |us|), a stable stator flux linkage error occurs. If
Δus < 0 (|us meas|< |us|), unstable drifting of the stator flux linkage occurs. See Figure 6.17.
The offset error in the measured phase currents produces a DC component, which leads
inevitably to the drifting of the integral.

0 (|us meas

Voltage drop estimation error in power switches

Accurate power switch modelling is not practical with current computational tools; therefore,
power switches are usually modelled as a resistance (Rd) and a threshold voltage uth.

isRd (6.43)udrop uth
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Figure 6.17 Stator flux-linkage drift resulting from incorrect voltage drop estimation
Source: Adapted from Kaukonen (1999). Reproduced with permission of J. Kaukonen.

The voltage drop estimation error in switch components is similar to stator resistance error.
Uncertainty regarding exactly when a switch turns ON or OFF is another switch-related
problem. Accurate time intervals are required for successful integration. This problem can be
mitigated with instrumentation to detect the threshold voltages, so integration can begin
precisely when the switch has really turned on or off.

Stator resistance error

Stator resistance, the most significant variable in voltage integration, is a measure of DFLC
stability. Moreover, flux linkage integration is sensitive to errors in stator resistance. For an
IM, both analytical and empirical evidence shows that the stator flux linkage error term
increases in the direction of the flux linkage resulting in unstable DFLC (positive feedback),
if stator resistance is over estimated (Rs,est>Rs,act). If the stator resistance is underestimated
(Rs,est Rs,act), the flux linkage error tends to decrease, and this negative feedback results in a
stable DFLC. The same holds also for other machine types. The integral of the stator voltage
can be written as follows.

ψs ∫usdt Rs∫isdt (6.44)

The stator resistance estimate can be expressed

Rs;est Rs;act ΔRs (6.45)
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Rs,est is the estimated resistance and ΔRs is its error. The error term of the stator flux linkage
may be expressed as

ψs;err ψs ψs;est ∫us;actdt Rs;act∫is actdt ∫us;actdt Rs;act ΔRs ∫is;actdt

ΔRs∫is;actdt ΔRs∫isx;actdt j ΔRs∫isy;actdt ψ sx;err jψ sy;err ψ sd;err jψ sq;err ejθr

(6.46)

Figure 6.17 illustrates stator flux drift resulting from errors in voltage drop prediction for a
synchronous machine having different inductances in the d- and q-axes. The voltage drops
have been overestimated, so actual stator voltage is higher than predicted. The DFLC applies
the selected voltage vector until the predicted stator flux linkage exceeds its set hysteresis
limit. The actual magnitude of the flux linkage in the electric machine moves way beyond the
hysteresis limit during this time, and the DFLC becomes unstable.

If the instantaneous error in the stator resistance prediction at time t1 results in stator flux-
linkage drift, the current vector of the motor is affected. For example, for a synchronous motor

is isd jisq
1
Lsd

ψ sd Lmd if iD j
1
Lsq

ψ sq LmqiQ

1
Lsd

ψ sd;est ψ sd:err Lmd if iD j
1
Lsq

ψ sq;est ψ sq;err LmqiQ

1 ψ sd;err 1 ψ sq;err

Lsd Lsd Lsq Lsq
ψ sd;est Lmd if iD j ψ sq;est LmqiQ

(6.47)

As expected, the stator current vector moves in the same direction as the flux linkage error
term ψs,err. The error accumulating during one electric cycle can be calculated by assuming
that the angular speed of the stator current vector is constant.

jθr jθre ΔRsΔt Δisd e (6.48)jΔisqΔψs;err Δψsx;err jΔψ sy;err

Based on Equation (6.47), the current components Δisd and Δisq caused by the estimation
error can be written as follows.

Δisd ψ sd;err=Lsd and Δisq ψ sq;err=Lsq (6.49)

The estimation error difference is expressed by

ψ sq;errψ sd;err jθrjΔψ sy;err ΔRsΔt j e (6.50)Δψ s;err Δψ sx;err Lsd Lsq

This equation indicates that unstable drifting occurs when Rs,est>Rs,act, because the flux
linkage increases into the direction of the error. Stable drift behaviour results if stator
resistance is estimated to be smaller than actual resistance (Rs,est Rs,act). This is easy to
understand also based on the energy principle. A system with larger losses than expected
tends to be more stable than a system with smaller than expected losses. Figure 6.18 depicts
situations in which estimated resistance is larger than actual resistance (Rs,est>Rs,act) and vice
versa (Rs,est <Rs,act).
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Figure 6.18 Estimated and actual flux linkages when there is an estimation error in the stator
resistance. When Rs,est<Rs,act, actual Joule losses are greater than estimated losses. Accord
ing to the energy principle, this leads to a stable error. When Rs,est>Rs,act, the Joule losses of
the actual system are smaller than predicted, leading to unstable operation. However, the drift
is slow. There is, in principle, sufficient time to make necessary corrections: four full periods
in this case. Source: Adapted from Kaukonen (1999). Reproduced with permission of
J. Kaukonen.

Further, Figure 6.19 illustrates a typical nonsinusoidal stator current waveform caused by
stator flux-linkage drift. The currents are heavily distorted but, for example, the peak values
are about the same. Moreover, the waveform periods are roughly equivalent. The half-wave
integrals differ, however.

Because of these inherent weaknesses, DFLC, in itself, is not a usable control method in
most cases. It must be supplemented by introducing a method to correct the instability
problems resulting from nonidealities. The methods primary task is to prevent the machine’s
stator flux-linkage vector from drifting away from the origin. A natural and efficient method is
to apply the electric current model based on motor parameters. The method of control referred
to as direct torque control, or DTC, is, in fact, just the DFLC methodology with a
supplemental electric current model to mitigate instabilities.

Because DFLC offers the best possible dynamics for the drive, using it instead of the more
stable FOC to develop good and stable electric machine control is a worthwhile endeavour.
Although it does not drift, FOC is subject to the same errors as the DFLC. It suffers severely
from incorrect machine inductance parameters, which the DFLC does not need at all.

6.5 Improving DFLC to achieve DTC

The previous section introduced the basics of the DFLC and discussed it main weakness,
drifting of the stator flux-linkage vector. For highly reliable control, a more stable method is
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Figure 6.19 Nonsinusoidal waveforms of the stator currents caused by the eccentricity of the
stator flux linkage. Source: Adapted from Niemelä (1999). Reproduced with permission of
M. Niemelä.

needed. DTC is a well-known method applied by ABB, such as, in its high performance
drives. At ABB, DTC refers to a fully developed method that combines the above-mentioned
DFLC with a reliable method of stabilizing the integration of stator flux linkage. The primary
function of the stabilization method is to keep the actual flux linkage of the motor origin-
centric. With this improvement, DFLC become a highly reliable and dynamic controller for all
AC electrical drive types.

There are at least two obvious methods to control DFLC in a way that the machine’s stator
flux linkage will rotate centred about the origin. In the following discussion, the most obvious
method, using electric current model correction, is introduced. In many cases, this method
requires rotor position feedback, so a method based on signal processing to correct stator flux
linkage eccentricity (drift correction) has also been introduced. Both methods will be
discussed here in brief.

6.5.1 Current model correction

In DTC, the voltage model ψs;est ∫ us Rsis dt is calculated frequently. For instance, in
ABB’s classic DTC converters, the computation of the voltage model is repeated every 25 μs.
Drifting of the motor flux-linkage vector away from the origin because of errors in the voltage
model occurs in tens of milliseconds. Therefore, the eccentricity of the flux linkage calculated
by the voltage model must be corrected about every millisecond.

In electric current model correction, stator flux linkage integrated from the voltage ψsu is
corrected by an error vector Δψs. The current model is the vector equivalent circuit of the
electric machine including resistances and inductances. Since motor current is measured and
the equivalent circuit parameters are known, the stator flux linkage ψsi for an induction
machine, based on the electric current model, can be calculated thus.

imLm (6.51)ψsi isLsσ
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The error vector is constructed as a difference of the stator flux-linkage vector integrated from
the voltage (subscript u) and the stator flux-linkage vector calculated by the current model
(subscript i).

Δψs ψsi ψsu (6.52)

The flux linkage difference of Equation (6.52), suitably weighted, is used to correct the stator
flux linkage for instance at every 100th microsecond.

jωsΔtΔψψ ψ kcme s (6.53)su n 1 su n

In discrete system n, the time-dependent index kcm is the weighting coefficient for the electric
current model. The correction’s (Δψs) direction must be turned appropriately by the angular
correction term ejωsΔt , which depends on the electric angular frequency and describes the
progression of the flux linkage.

ejωsΔtΔψs;n (6.54)Δψs;n 1

This is because the flux linkage correction term (Δψs,n) contains information that can be no
older than 1 ms. The time Δt of the correction term is calculated from the instant of the
determination of the error term. The magnitude of the error is clearly dependent on the
frequency, and therefore the definition of the error vector can be modified to be frequency
dependent, if necessary, by suitably adjusting the weighting coefficient. In practice, however,
a fixed weighting coefficient is usually used.

In particular, the superiority of the DTC to the traditional FOC is based on combining the
advantages of the voltage and the electric current models. When applying a large weighting
coefficient typical of the voltage model during fast transient phenomena, outstanding dynamic
drive characteristics can be achieved.

The electric current model tends to fail, especially in dynamic states, because motor
inductances vary with torque- and flux-level–induced saturation (Chapter 3) and with eddy
currents. The calculation error becomes especially big during dynamic transients, because the
terms related to the derivatives of the inductances are ignored. This can be clarified by
observing the differential of the flux linkage.

dLs dis dLm dirirLmdψs d isLs Lm (6.55)es is Ls irdt dt dt dt dt dt

Equation (6.55) includes the differentials of stator inductance and magnetizing inductance.
Normally, these differentials are ignored, because the inductances are held constant. The
change in inductance is difficult to model, however, and taking the differentials in the
mathematical solution easily leads to mathematical instability. The error associated with
leaving the differentials out of the observation is smaller.

The voltage model in the DTC does not suffer similar difficulties, because it does not use
inductance parameters. The voltage integration accounts for all known phenomena, and in
principle, the voltage integral should give better and more reliable information about flux
linkage behaviour than does the electric current model. Previously, however, it was explained
why the integration fails. Nonetheless, the voltage model remains more correct than the
electric current model for fast transients. Therefore, the DTC relies on the voltage model
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during transients. For more stable operating conditions, the DTC applies the electric current
model to mitigate integration errors.

During a fast transient, the DTC gives more weight to corrections coming from the voltage
model and less weight to corrections suggested by the electric current model. Therefore, fast
transients are chiefly handled by the DFLC core of the DTC. As the transient stabilizes, more
and more weight is transferred to the electric current model to keep the motor stator flux-
linkage vector from drifting into an eccentric orbit.

To control magnetically anisotropic machines, knowledge of the rotor position is required
to enable coordinate transformations and make corrections using the electric current model.
This is clearly a weakness, and it is tempting to search for alternative stator flux linkage
estimate stabilization methods. For an IM, however, the current model does not need rotor
position information. It is possible to implement high-performance DTC for an induction
machine without measuring angular position. Stator flux linkage drift correction works well
without rotor position feedback information.

6.5.2 Stator flux-linkage eccentricity correction

Based on the work of Niemelä (1999) and Luukko (2000), when operating at moderate
frequencies or about 2 5% of rated frequency, stator flux linkage eccentricity can be corrected
by applying the scalar product of the stator flux linkage estimate ψs,est and the stator current
is. To accomplish this, the estimate components ψ sx,est and ψ sy,est are represented in the x
and y directions of the stator reference frame. Figure 6.20 illustrates a situation in which the
actual stator flux linkage of the motor has drifted and become eccentric by Δψs. This
eccentricity results in an extra magnetizing current component Δis in isotropic machines in
approximately the same direction, especially, as the machine starts to saturate in the
direction of the eccentricity.

Figure 6.20 Eccentric actual stator flux linkage ψs, the estimated noneccentric stator flux
linkage ψs,est, and a current component in approximately the same direction as Δψs in case of
an isotropic machine.
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In salient pole machines, the reluctance differences modulate the direction of the extra
eccentricity-induced current. It is, however, still possible to apply the correction (based on
estimating the scalar product of the stator flux linkage and the stator current) to salient pole
machines. To accomplish this, extra analysis must be done. For normal salient-pole
synchronous machines with damper windings, the correction can be applied without incurring
significant problems, because the damper windings compensate for the anisotropy
phenomena.

Based on Figure 6.20, there will be a positive nonzero vector scalar product component
ψs,est Δis at the instant when the estimated flux linkage ψs,est and the extra stator current Δis
are at the same position.

The vector scalar product (the dot product) of the stator flux linkage estimate ψs,est and the
stator current is is constructed as follows.

ψ sy;estisy (6.56)ψ s;est is ψ sx;estisx

Low-pass filtering, with a filtering time constant sufficiently longer than the periodic time of
the supply frequency, makes it possible to find the average value of the vector scalar product.
Once found, the original signal is subtracted from the average to formulate a negative
expression for the AC value of the vector scalar product. The correction terms ψ sx,corr, ψ sy,corr

of the stator flux-linkage estimate are formed as a product of the difference between the
calculated and filtered vector scalar product and the components of the stator flux-linkage
estimate.

ψ (6.57)sx;est

ψsy;est (6.58)

ψ sx;corr Kψcorr ψs;est is ψs;est is filt

ψ sy;corr Kψcorr ψs;est is ψs;est is filt

Figure 6.21 illustrates the formation of these stator flux-linkage correction terms. Applying
them within the DTC enables full utilization without the need for feedback information on
rotor position. Furthermore, the DTC becomes capable of controlling a rotating-field machine
over a wide range of rotation speeds even though the motor parameter information is
incomplete. Only the value of the stator resistance, which can be easily measured, must
be known. In principle, the method enables the application of the DTC to the power
transmission of all rotating-field machines and in the DC-to-AC inversion to the network.
Therefore, the method is universal. Because of the filtering time required to determine the
average of the scalar product, the method is not applicable for zero speed. Consequently, the

Figure 6.21 Formation of the correction terms for the stator flux linkage (LPF =̂ low pass
filter).
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Figure 6.22 Drift correction returnsflux linkage rapidly back to the origin. Subscript act refers
to the electric current model calculated value. The method is applied to a salient-pole
synchronous machine with damper windings. Source: Adapted from Niemelä (1999). Repro
duced with permission of M. Niemelä.

correction method based on the electric current model must be available and applied in
demanding drives at close to zero speeds.

Figure 6.22 depicts the influence of drift correction application on a test drive when
operating a 50 Hz machine at a supply frequency of 1 Hz. Drift correction works efficiently in
this region.

Luukko (2000) improved the dynamic performance of the original implementation by
replacing the conventional low pass filter by a phase lag compensator.

skTT1 1
(6.59)GLPF1 s

sT1 1

In the expression, kT is made adaptive 0 1. The correction gain kψ is also made adaptive
and dependent on the parameter kT.

kT

kψ 1 kT kψ0 (6.60)

The kψ0 is the base value. Drifting resulting in incorrect flux-linkage estimation takes placer
fairly slowly, and therefore, no correction is necessarily needed during torque transients. To
be able to correctly detect the eccentricity after a transient, the output of the low-pass filter
must be adapted to a new DC offset of the vector dot product, which takes some time. The
filter output is allowed to follow the unfiltered value faster during a transient by increasing the
coefficient kT. Figure 6.23 shows the block diagram of the improved version of the flux
linkage correction method.
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Figure 6.23 Block diagram of improved correction method.

Figure 6.24 DSC modulation using a hysteresis bandwidth of 0.134 resulting in the use of
only one active vector in each segment.

6.6 Other control principles

The direct self control (DSC) suggested by Depenbrock can be regarded as a version of DFLC or
DTC. In DSC, the flux path is kept hexagonal, and torque is limited by applying zero vectors. In
theory, DSC can be derived from DFLC by applying a sufficiently large hysteresis band.
Figure 6.24 shows that if a hysteresis bandwidth of 0.134 per unit is selected, only one active
vector and zero vectors are used in the modulation, and the flux linkage travels a hexagonal
route. A similar hexagon results when full overmodulation is used with any two-level converter.

As a function of time, DSC modulation results in square wave stator voltages. This
modulation, therefore, produces low-frequency torque ripple.

There are several variations of DTC and FOC, but these dual methods currently form the
basis for most motor control solutions. How these basic methods are applied to the primary
machine types will be discussed in upcoming chapters.
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7

DC and AC power electronic
topologies –modulation for the
control of rotating-field motors

In principle, alternating current (AC) motors can be controlled using a direct converter or a
converter with an intermediate direct current (DC) link (DC-link converters). A direct
converter transforms incoming AC voltage to produce a different outgoing AC voltage. A
DC-link converter changes incoming AC voltage into either DC using a current source
inverter (CSI) or direct voltage using a voltage source inverter (VSI). Then, the DC-link
current or voltage is inverted to produce the new outgoing AC voltage.

A DC motor converter is simpler than an AC motor converter, because in industrial cases,
only the controlled interaction between the network and the DC machine is needed. A DC
motor converter may also have a DC link if a PWM chopper is used to supply the motor.

Early on, using a current source inverter was the most common approach to frequency
conversion. However, the popularity of AC-drive current source inverters has declined
continually; today, frequency converters used in commercial applications are almost without
exception voltage source inverters. The large majority of commercial inverters are two-level
DC-link inverters. Three-level, low-voltage, DC-link inverters are now becoming available,
and they may become increasingly popular. Currently, three-level, low-voltage, DC-link
inverters are used mostly for large power applications at medium voltages. A five-level,
medium-voltage converter is also available. Some manufacturers are also offering matrix
converters, which can be regarded as direct converters.

DC-link converters have shortcomings. The necessary energy-storing DC-link coil in the
CSI-based converter is relatively large and needs a lot of space. In the VSI-based converter,
the relatively large DC-link electrolytic capacitor can become unreliable after 6 to 10 years of
operation, and its failure can destroy the converter. To reduce costs, more reliable capacitor
types are being introduced and rated capacitance values are being reduced.

Electrical Machine Drives Control: An Introduction, First Edition. Juha Pyrhönen, Valéria Hrabovcová
and R. Scott Semken.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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If capacitance is reduced to the minimum, the VSI begins to resemble a direct converter. In
that case, the control technology must focus on controlling DC-link voltage. With minimized
capacitance, DC-link voltage is relatively unsteady, tending to follow the converter input
voltage. With large capacitance, the DC-link voltage can be considered nearly constant.

In a direct converter, the DC link and related components can be avoided. However, the
direct converter also has disadvantages. Thyristor-based cycloconverters (CCVs) used to be
popular for converting frequencies in low-speed high-power motor drives. Recently, how
ever, high-voltage VSIs are increasingly being used instead of these CCVs. In high-power
ship propulsion, because they are compact and reliable, CCVs are still competitive.

The load-commutated inverter (LCI), a current source inverter, is rarely used today. The
LCI, however, is still used as the frequency converter in large, high-speed, synchronous
machine drives. It also holds the present-day 101 MW power record for electric motor drives.

The matrix converter is an emerging frequency converter technology that promises to
replace DC-link converters. This converter type requires bidirectional switches. In a matrix
converter, each input phase can be connected to each output phase. It is possible, in principle,
to always select the desired input voltage for each output. A bidirectional switch must be able
to change the positive and negative polarities of current or voltage. Because there are no
individual power electronic components with this capability, it must be accomplished using a
bidirectional switching circuit made up of several switching components.

Figure 7.1 illustrates the basic topologies of the main converter types.
The following text examines, in more detail, the operating principles of the most popular

converter technologies.

7.1 The thyristor bridge as a power-electronic drive
component

Industrial DC motor drives normally rely on thyristor bridges for DC-motor-armature-current
and field-winding-current control. The six-pulse thyristor bridge shown in Figure 7.2a com
prises a positive commutation group of three thyristors P and a corresponding negative N.

The line-commutated six-pulse thyristor bridge can operate in both inversion and
rectification. The bridge can be used to operate with a DC voltage UDC, the mean value
of which is either positive or negative. The current IDC of the bridge can flow only in one
direction, as determined by the thyristors. Therefore, the bridge may operate in two quadrants
of the current-voltage plane. See Figure 7.2b.

Rectification into DC of the three-phase AC voltage is straightforward and easy to understand.
If the thyristors are triggered with zero firing angle (α= 0), the positive commutating group
P always selects the most positive value of the input, while the negative commutating
group N selects the most negative voltage of the input. The output of the bridge is the
difference between these two voltages and is similar to the output of a corresponding
diode bridge.

As firing angle α increases, the output voltage of the thyristor bridge decreases. If the bridge
is connected to an active load capable of producing DC power, it is possible to drive the firing
angle to over 90° when negative output voltages with positive current are available (the IV
quadrant). A thyristor bridge can also be used, therefore, as a DC-to-AC inverter. This builds on
the principle of a DC-link between two AC networks. By using a rectifier at thefirst AC network
and an inverter at the second AC network, it becomes possible to transmit power between two
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Figure 7.1 Principal topologies of converters, As shown in the figure, each AC converter
type produces a three-phase output system from the three-phase input system. The numbers of
phases may be other than shown. For instance, the input current for small voltage source
inverters is usually single phase. The voltage source converter can be connected directly to a
DC source when it, for example, converts battery DC to AC or vice versa. The DC converter
may either rectify the AC voltage from the network or invert DC to AC.

AC networks having either the same or the different frequencies. This principle is used in high-
voltage DC system for long-distance power transmission.

As the introduction of the bridge illustrates, it is possible to operate in two quadrants
(I and IV) using one thyristor bridge. Adding another bridge antiparallel with the first
makes it possible to cover quadrants II and III, as shown in Figure 7.3. Current IDC can then
flow in the opposite direction from that shown in the figure resulting in both polarities of
voltage UDC.

Thus, the converter can operate in a four-quadrant current-voltage plane, as shown in
Figure 7.4a. Figure 7.4b depicts the schematic diagram of the antiparallel six-pulse thyristor
bridges. By using the antiparallel connection, the direction and magnitude of current and
voltage may freely change independent of each other. Since power is a product of current and
voltage, its direction may also change freely. Thus, the converter with the antiparallel
connection can be used to supply power to the load, or an active load may supply power
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Figure 7.2 Image (a) represents a six-pulse thyristor bridge. IDC is the DC conducted by the
bridge, and UDC is the generated DC voltage. Image (b) shows the current-voltage plane and
the operating quadrants for the six-pulse thyristor bridge. In (c), the bridge produces positive
voltage with firing angle α 30°, and in (d), it produces negative voltage with α 150°
(positive group P produces negative voltage and negative group N positive voltage). This
represents the maximum possible practical firing angle for a thyristor bridge, because there
must be a commutation voltage reserve to enable bridge commutation. At α= 180°, there is no
remaining commutation driving voltage, and therefore commutation must take place before
the angle is reached. Image (e) reveals that during commutation, the output voltage of the
positive commutating group follows the average of the two supply voltages. Commutation
must end before reaching 180°.
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Figure 7.3 Antiparallel thyristor bridges (I and II) in the supply of a DC machine four-
quadrant drive where the machine may act as both a motor and a generator. IDC is the DC
conducted by the antiparallel connection, and UDC is the generated DC voltage. The field
winding has its own six-pulse thyristor bridge to control excitation.

through the converter to the grid. This converter is used in DC drives to implement four-
quadrant operation.

With the three-phase AC line-to-line ULL input voltage, the maximum possible output
voltage of a thyristor bridge corresponds to UDC 3 2ULL=π, which is also the output of the
corresponding diode bridge often used in power electronics. In a 400 V AC supply, the
theoretical output voltage of a thyristor bridge with zero firing angle will be 540 V DC. When
the output is UDC 1.35ULL cos α, it is possible with a thyristor bridge to control it using a
suitable firing angle α. In DC drives, the rated DC voltage, however, is limited to ensure
commutation during inversion. That is why in 400 V AC networks rated DC machine voltage
is typically set to 440 V, which corresponds to a firing angle of α= 35° (positive voltage) or
145° (negative voltage). Operation of the inversion commutation for a corresponding
antiparallel bridge is normally safe between these extremes. For example, if a DC motor
is running at its maximum load with a bridge I, α= 35°, power can be reversed to generation
and braking by first applying α= 145° to bridge II, and then lowering the firing angle
gradually based on controlling DC machine current and torque.

Figure 7.4 (a) The four operating quadrants of the current–voltage plane for the antiparallel
six-pulse bridge and (b) the block diagram symbol for the antiparallel converter.
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Figure 7.5 The phase difference between voltage U and current I when supplying an AC
reactive load. This requires four-quadrant operation. In other words, the directions of the
current and the voltage may settle independently, in which case the flow direction of the
power P is free.

There is a network-side problem with the displacement power factor in DC drives. With
constant DC current being supplied by a thyristor bridge, the displacement power factor is
dependent on firing angle. It remains high if the firing angle α= 0°, but collapses with larger
firing angles. At zero speed and high torque, the reactive power can reach values that
correspond to the rated power of the DC drive, because near α= 90°, the firing angle displaces
voltage and current by 90° (cosφ cos α). Reactive power caused by commutation can
further deteriorate the power factor and induce unwanted current harmonics. The total power
factor of a thyristor bridge is about Γ (I1/I) cos α with I1 being the RMS value of the
fundamental.

For DC drives, converter output voltage is naturally DC. However, to a DC motor that is
frequently reversing direction, the voltage supplied by the converter looks much like very low
frequency AC voltage. It follows that nothing prohibits a DC converter from outputting a low
frequency AC supply. The converter then becomes an AC voltage source, in which the current
and voltage directions may settle independently with respect to each other, as shown in
Figure 7.5. In AC systems, the phase angle between current and voltage is determined by the
load impedance. Also, the flow direction of active and reactive power may settle according to
the load. In other words, the four-quadrant DC thyristor drive operates completely in four
quadrants with AC.

The frequency and amplitude of the output voltage are altered by changing the
frequency and amplitude of the voltage reference. These switching properties enable a
frequency converter, in which conversion is performed directly from AC to AC without an
intermediate DC link. The converter is known as a single-phase CCV or a direct frequency
converter.

The converter operates without circulating current if only one of the six-pulse bridges of
the antiparallel connection operates at a time with the others blocked. Between bridge
switchovers, there must be a short period of zero current as the switch is made from one bridge
to the other. If both bridges receive control pulses, one is kept in the rectification state and the
other in the inversion state. However, a so-called circulating current flows in the converter,
because even though the goal is to keep their instantaneous mean values equal, the output
voltage values for the different bridges are not exactly the same. The positive and negative
bridges do not operate with exactly symmetrical voltages and therefore there are instanta
neous voltage differences between the bridge outputs. The circulating current must be
restricted by a choke so the current does not increase excessively. Manufacturers usually
configure CCVs to operate without circulating current.
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7.2 The cycloconverter

A CCV is a direct frequency converter that converts an incoming AC waveform of constant
frequency and voltage into an outgoing AC waveform of varying frequency and varying
voltage. CCVs are suitable for applications ranging from megawatts to tens of megawatts and
have been used as to control mine hoists, rolling mill motors, ball mills, cement kilns, and ship
propulsion systems. Their variable-frequency output can be reduced essentially to zero so
they can be started very slowly on full load, and they offer variable speed and reversing. CCV-
based drives require minimal maintenance are quite reliable and very efficient. The topology
of a CCV is shown in Figure 7.6.

Combining three CCVs, one for each phase, enables three-phase frequency conversion.
The converters for each phase are usually star connected, or they may supply the phases of the
load separately. The star connection and the separate-phase connection are illustrated in
Figure 7.7. Transformers or isolated phase windings must be used, since forming the star point
by interconnecting the negative buses of the CCVs would result in a short circuit between
phases if a different phase of the grid is connected to the negative bus in different CCVs. This
problem can be avoided using transformers, since they galvanically separate the different
phases of the grid. Unfortunately, adding transformers increases cost, weight, and bulk.
Nonetheless, using CCVs with transformers seems to be a more popular approach than the
separately wound machine method.

The separately wound, galvanically isolated method usually requires a separate choke to
manage the zero-sequence current, through which all the phase currents are transferred. The
choke maintains the zero-sequence flux linkage to simultaneously guarantee an instantaneous
zero sum of the phase currents, which is important for the operation of rotating-field
machinery.

Usually supplied via transformers, the topology of an ordinary three-phase CCV is
illustrated in Figure 7.8.

Simulations reveal the curve form of the output voltage of each phase to be constructed
of the cycles of the different supply line-to-line voltages, as shown in Figures 7.9 and 7.10.
In the two figures, the supply frequency is 50 Hz. Sine control is applied in Figure 7.9. In
other words, the controller works to vary the instantaneous mean value of the output
voltage of the CCV sinusoidally. The control principle for sine modulation that produces a

Figure 7.6 The topology of a CCV showing direct AC-AC conversion; fin is the line
frequency, and uin is the line voltage. fout is the output frequency, and uout is the output voltage
of the CCV.
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Figure 7.7 A three-phase cycloconverter (a) with the phases connected in a star configura
tion and (b) with the phases galvanically separated and equipped with a zero sequence current
choke that guarantees iU + iV+ iW 0.

motor phase voltage uph with a motor electrical angular frequency ωm can be simply
expressed as follows.

Ud0 cos α ûph cos ωmt (7.1)

Here, Ud0 3 2ULL=π is the DC voltage of the six-pulse bridge corresponding to the firing
angle α= 0. By adjusting the firing angle α, the “instantaneous” DC voltage (left-hand side of

Figure 7.8 (a) A CCV with antiparallel thyristor bridges for each phase and with non-
circulating currents. The galvanic separation between phases is provided by the supply
transformer. uU, uV, and uW are the phase voltages. (b) One phase of a converter operating
both bridges simultaneously. Circulating currents between converters are allowed. A choke is
needed to limit the circulating current.
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Figure 7.9 Curve form of the output voltage us and current is of a CCV when applying sine
control. The curve form of one of the line-to-line voltages uin of the grid supply voltage is also
presented for a supply frequency of f1 = 50 Hz and a motor frequency of fs= 10 Hz (one period
is 100 ms). And 1 pu corresponds to the peak value of the motor voltage or current.

the equation) is made equal to the low frequency AC voltage (right-hand side). Therefore, the
modulation reference becomes:

ûph cos ωmt
α arccos (7.2)

Ud0

The trapezoidal method is another voltage modulation method. In the trapezoidal method,
the goal is to make the instantaneous mean value of the output voltage change according to a
trapezoidal curve. See Figure 7.10.

In practice, the output frequency of a CCV is limited to half the frequency of the supply
grid at maximum. At higher frequencies, the output voltage, and therefore the current,
increasingly deviates from the sine form. In addition to the usual harmonics, subharmonic
frequency components occur in both the output voltage and the input current of the CCV.
Therefore, the target is an output voltage that is sinusoidal or trapezoidal on average. With
trapezoidal voltage, the control reactive power can be made lower than with sinusoidal
voltage, because the thyristors in that case conduct longer at the peak voltage value.

The power factor of a CCV is always inductive due to its control reactive power,
irrespective of the power factor of the load. For a modulation index of 1.0 (full output
voltage), the power factor of a CCV drive using sine control is 0.707. As output voltage
decreases and the modulation index becomes smaller, the power factor drops rapidly. The
0.707 power factor for a 1.0 modulation index value holds for single-phase and three-phase
drives supplied with a six-pulse or 12-pulse CCV. It is also valid for a six-pulse CCV and a
separate winding. In that case, the machine is synchronous with the power factor set to 1.0.
The power factor of a CCV drive using trapezoidal control can exceed 0.707.

Figure 7.11 illustrates the basic configuration of a six-pulse, CCV-fed, three-phase
synchronous machine. To increase power, voltage, or current must be increased. However,
to withstand the greater values of voltage or current, thyristors must be added to the circuit,
either in series or in parallel. When connecting the thyristors in series, the even distribution of
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Figure 7.10 Curve form of the motor phase voltage us of the CCV when applying
trapezoidal control and the curve form of the line-to-line voltage uin of the supply grid
voltage when the supply frequency is f1= 50 Hz and the output frequency is fm= 24 Hz.

voltages is problematic. When connecting them in parallel, the even division of current is
uncertain. As a result, various new connection alternatives have been developed for the CCVs.

Output voltage can be approximately doubled by connecting two CCVs in series. Since
CCVs connected in series to a single phase are supplied from different output windings of the
three-winding transformer, the voltages are evenly distributed. Furthermore, the difference in
the vector groups of the secondary windings results in a phase difference between the
voltages, thus producing a 12-pulse series connection. This yields an improved curve form for
both the output voltage and the phase current of the power line, since there are less harmonics
in both the voltage and the current. The 12-pulse connection also results in current control that

Figure 7.11 Six-pulse, CCV-fed, three-phase motor. A smaller six-pulse thyristor bridge is
supplying the field winding.
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Figure 7.12 A three-phase motor fed by a 12-pulse CCV. Transformers (Ddy) supplying
three-phase voltages in 30°-phase shift (y/d) are needed to supply the converter.

is better than with a six-pulse connection, because there are twice as many voltage control
alternatives in the 12-pulse connection. See Figure 7.12.

The power of a CCV drive can be increased by configuring the windings as a parallel-
connected pair with each winding being fed by a single six-pulse or a 12-pulse CCV. This
motor windings connection, which is called a double star, results in increased total machine
current. Figure 7.13 illustrates this CCV connection. In the figure, there are two four-winding
transformers with connections Yyyy and Yddd. The motor has two star-connected three-
phase windings.

The output frequency of the CCV is relatively low, being a half of the supply frequency (at
maximum). Since the rotation speed of a synchronous machine is directly proportional to the
supply frequency, CCV-fed synchronous drives run at relatively low speeds. Their power
range is usually 1.5 to 30 MW. Both synchronous and asynchronous motors can be used with
CCV control. Since the power factor of a synchronous machine can be set to 1.0, the power
factor of the synchronous motor CCV drive is usually higher than the power factor of an
asynchronous motor drive.

Figure 7.13 A 2× 3–phase motor fed by two six-pulse CCVs. This is one arrangement that
makes it possible to increase drive power.
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Cycloconverters are commonly applied to slow-speed high-power drives, such as
propeller motor drives in ships (e.g., icebreakers, multipurpose vessels, and cruise ships).
CCVs are also applied to provide rotation speed control for ore and cement mills, pumps, and
blowers; for mining industry lifts and hoists; and for rolling-mill drives used in the metal
industry. The CCV drive provides accurate motor control. It can be applied to the imple
mentation of the vector control; however, it is not as versatile as the VSI, which will be
discussed later.

7.3 The load commutated inverter drive

In terms of power electronics, the simplest power stage is the LCI drive. The LCI drive is
completely based on thyristor bridge technology; however, the six-pulse bridge in the drive is
used as an inverter. The synchronous machine establishes with its back electromotive forces
the “electrical power grid”, which can produce the commutation reactive power for the
thyristor bridge acting as the inverter.

Figure 7.14 illustrates a drive of this type. In its design, the inductance Ld included in the
bridge connection must be large enough to appear as a current source. The coil ensures the
magnitude of the DC, and the bridge acting as the inverter guides this DC to the over-
magnetized synchronous machine, which is then able to take care of the commutation power
required by the bridge. Therefore, an LCI drive is a CSI with indirectly determined machine
terminal voltage. DC link current is regulated by controlling the input bridge.

An LCI drive is difficult to start, because there is no electromotive force in the stopped
motor, and therefore the drive cannot generate the required commutation reactive power.
Starting is facilitated by controlling the bridge on the line side, cutting the DC Id of the DC link
at the appropriate instants. The thyristors of the inverter bridge are left free to switch off
naturally. When the motor has reached an appropriate speed (10% of rated), DC link current
can be held continuous, and the overmagnetized synchronous machine enables inverter bridge
commutation. Figure 7.15 represents the principal curve forms of the current and the voltage
in an LCI drive.

Figure 7.14 LCI drive for a synchronous motor. The motor operates overmagnetized and
produces the required commutation reactive power for the motor bridge. From the point of
view of the thyristor bridge inverter, the motor forms an “electrical power grid” that provides
the commutation reactive power to the motor-side converter.
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Figure 7.15 Idealized voltage and current waveforms for an LCI drive. Current must be
leading voltage to provide commutation power to the inverting bridge. Therefore, there must
be a leading power factor, and the most suitable load is an overexcited synchronous motor.

Because of these properties, an LCI drive is most appropriate in cases of simple
dynamics, such as for pump or blower drives. However, some rolling mill drives have been
developed using the control technology. In 1997, ABB supplied NASA with a 101 MW
LCI drive for a wind tunnel installation. ABB claims this to be the largest and most
powerful electrical variable speed drive in the world. LCI control technology can also be
applied to generators. For generator use, the motor bridge operates as a rectifier and the
input bridge as an inverter.

7.4 Voltage source inverter power stages

Commercially, VSI drives represent, at present, the most significant control topology. The
two VSI drive types that are commonly available are referred to as two-level and three-level
converters. In the two-level configuration, the outputs are connected to the + or level of the
DC link. In the three-level converter, the outputs connect to +, 0, or terminals. At present, it
is possible to reach such high power levels with three-level VSI converters that both CCV-
and LCI-based drives are gradually losing market share in favour of VSI-based drives.
Because it does not require the DC link, a CCV is more compact than a VSI, so it is preferred
in restricted-space environments, such as in ships, where physical size is a critical factor. Two-
level VSI technology is generally applied to industrial and marine drives ranging in power
from 100 W to 5 MW and above (e.g., ABB 0.12–5,600 kW).

Three-level VSI technology has advantages also at lower powers. Lower-voltage transis
tors can be used with three-level drives. For example, 600 V transistors can be used in a
400 V three-level AC drive, but 1200 V transistors are needed for a 400 to 500 V two-level
AC drive. Converter losses are smaller with the three-level converter’s 600 V transistors than
they are with the two-level converter’s 1200 V transistors. The same holds true for 690 V
converters using either 1200 or 1700 V transistors in three- or two-level converter topologies.
In three-level converters, the common mode voltages behave more moderately than in
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Figure 7.16 Topologies of the inverter sections of (a) two-level and (b) three-level VSIs plus
(c) the most common topology of a two-level frequency converter with line connectors, a
diode bridge for rectification, a DC voltage link, an IGBT inverter, and motor connectors. A
single symbolic switch in (a) or (b) includes in (c) an IGBT transistor and an antiparallel
diode. The (n ) potential of the capacitor-link middle point is close to, but varies slightly
around, system neutral.

two-level converters, and therefore bearing current problems, for example, are somewhat
smaller in three-level converter drives.

VSIs are applied to control of all kinds of rotating-field machines. Using a three-level
IGCT (integrated-gate-controlled thyristor) or GTO (gate-turn-off thyristor) thyristor tech
nology, a medium-voltage range and powers up to 30 MW can be reached. Figure 7.16
illustrates the basic topologies of the three-level and two-level voltage source inverters.

By applying pulse-width-modulation (PWM), a two-level VSI produces a three-phase
output voltage, as shown in Figure 7.17. The figure illustrates the application of the so-called
sine-triangle comparison technique to construct output voltage. There is a reference value
curve for each phase and a triangular wave for all phases. The reference value curves have
been synchronized to the triangular wave. This modulation method was developed in the days
of analog technology, and it is still best understood by looking at the analog curves. Naturally,
the same principles can be realized digitally.

Digital versions of modulation based on sine-triangle comparison have been introduced
that replace the analogue triangle wave with a fast up-and-down counter. The reference
signals are also digitally produced, and only a comparison of counter and reference numeric
values is needed to produce the PWM signals. The comparator forms the switch references for
the change-over switches of the two-level inverter so that output is connected to the upper
voltage UDC of the DC link or to the negative bus N. Together with the modulation method,
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Figure 7.17 Modulation based on a sine-triangle comparison, the produced voltages, and the
harmonic content of the line-to-line voltage ULL. The amplitude (ma) and frequency (mf)
modulation ratios are 0.8 and 15. The harmonic content of the line-to-line voltage ULL and the
fundamental harmonic appear near the switching frequency and its multiples. Voltages UUN

and UVN are the voltages between converter output terminals and the negative DC-link
terminal N. In the figure, UDC and N illustrate the potentials of the DC link. Source: Adapted
from Mohan et al. (1995).

the frequency modulation ratio is determined as the ratio of the switching frequency and the
fundamental (output) frequency.

f swmf (7.3)
f 1

If mf< 21, synchronous modulation is recommended to avoid subharmonic components. In
synchronous modulation, the frequency of the triangular wave varies along with the reference
value. Furthermore, in the so-called synchronous PWM, all derivatives (slopes) must be of
opposite polarity at the common zero positions of the curves. The switching frequency is
determined by the frequency of the triangular wave, and therefore it varies constantly with this
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frequency. To achieve the best overall result, the frequency modulation ratio is usually
lowered as frequency increases (to maintain low enough switching frequencies).

Today, the possible frequency converter switching frequencies are so high that synchro
nous modulation is normally not required. However, the switching frequency can be kept
constant resulting in a modulation ratio that is no longer an integer and changes constantly
with increasing output frequency.

In addition to the frequency modulation ratio, the amplitude modulation ratio is deter
mined by the sine-triangle comparison.

uref

utriangle

^

^
ma (7.4)

For the linear modulation range, the modulation ratio ma 1. The peak value for the
fundamental voltage between the phase U and the negative bus is determined as

UDC (7.5)uU;N;1^

Equation (7.5) yields the effective value of the line-to-line voltage as follows.

3
0.612maUDC (7.7)

2 2

If the DC voltage link is supplied by a diode bridge, the mean value of the voltage of the DC
link is written:

ULL;inv maUDC

ma 2

1.35ULL (7.8)ULLUDC
1
π
3
∫
π
6

π
6

2ULLcos ωtd ωt
3 2
π

In a 400 V AC supply, the output will be 540 V DC and, correspondingly, in a 690 V AC
supply it will be 931.5 V DC. The maximum output voltage in the linear modulation based on
the sine-triangle comparison is therefore

1.35 0.612ULL 0.83ULL (7.9)ULL;inv

For a frequency converter operating within a 400 V grid, the output voltage in linear
modulation mode is 330 V. To reach a voltage corresponding to the line voltage in sine-
triangle modulation, overmodulation (ma> 1) is required. This overmodulation is realized by
introducing a uniform block in the middle region of the pulse pattern that forms the phase
voltage, which results in a number of odd low-frequency harmonics in the output voltage.
This overmodulation situation is illustrated in Figure 7.18.

A modulator based on sine-triangle comparison produces an output voltage that is directly
proportional to the amplitude modulation ratio as long as ma remains 1. However, inverter
bridge output voltage is still low compared to line-to-line input voltage, and overmodulation is
required for, for example, a frequency converter connected to the 400 V grid to produce a 400 V
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Figure 7.18 Overmodulation of a two-level inverter for two cases when applying a sine-
triangle comparison. With a full square wave, the peak value of the phase voltage is
2/π×UDC. A full square wave is realized at the amplitude modulation ratio ma= 3.24
when the frequency modulation ratio is mf= 15.

output voltage. With sufficient overmodulation, a two-level inverter produces a square wave
output with a fundamental harmonic that exceeds that of the supply voltage.

For the full square wave of Figure 7.18, the maximum value 2/π×UDC is obtained (by
Fourier analysis) for the fundamental harmonic of the phase voltage. Consequently, the
maximum value of the effective converter RMS line-to-line voltage ULLconv can be expressed
as a function of the network voltage ULLnet.

3 4UDC 6 3 2 6
0.78UDC 1.053ULLnet (7.10)ULLconv UDC ULLπ 2 π π π2

This square voltage contains harmonics of order:

ν 6n 1; n 1; 2; 3; . . . (7.11)

The amplitudes of the harmonics are inversely proportional to the order of the harmonic.

0.78
ULL;ν UDC (7.12)

ν

Referring to Figure 7.16, the voltage of a star-connected motor in these drives can be
determined by first writing expressions for the phase voltages.

uU;n uU;N un;N; uV;n uV;N un;N; uW;n uW;N un;N (7.13)
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And, for a three-phase system:

uW;n 0 (7.14)

Equation (7.13) yields these equations

uU;n uV;n

un;N uU;n uU;N

un;N uV;n uV;N (7.15)

un;N uW;n uW;N

Introducing (7.14) to the topmost expression of (7.15) and then applying the next two
expressions yields the following.

un;N uU;n uU;N uV;n uW;n uU;N uU;N uV;N un;N uW;N un;N

(7.16)1
un;N uU;n uV;n uW;n3

Plugging (7.16) into (7.13) produces (7.17).

2 1
(7.17)uU;n uU;N uV;N uW;N3 3

Respective equations can also be derived for the V and phase W voltages. Figure 7.19
illustrates two different cases for the curve forms of the phase voltage of a star-connected
motor. The lower illustration depicts square wave modulation according to Equation (7.12).

Figure 7.19 Voltage waveforms produced by the modulation in a two-level PWM frequency
converter. The right-hand illustration shows the ratio of the output voltage fundamental to the
DC-link voltage as a function of modulation index.
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Figure 7.20 Modulation based on a sine-triangle comparison. The third harmonic has been
included in the reference harmonic wave making it possible to reach the voltage level of the
supply grid without inducing low-frequency harmonics.

Overmodulation results in a pure square wave with an effective fundamental harmonic
value according to 0.78× 1.35 ULL = 1.053 ULL. For a 400 V grid, the effective value of
the fundamental harmonic produced by the square wave is ULL = 421 V. The phase voltage
is 243 V. Naturally, any voltage drops inherent to the drive reduce the magnitude of
its output.

Since in the sine-triangle comparison the upper limit of the linear range is already at
330 V, different variations of the system have been developed to avoid the low-frequency
harmonics in the overmodulation. By adding enough third harmonic to the reference value
curves, it is possible to “extend” the range of linear modulation to approach square wave
modulation.

Figure 7.20 shows sine-triangle modulation modified by the third harmonic. The
harmonic can be applied without affecting supply, because the phases match and cannot
produce currents in the motor windings when the star point of the motor is disconnected. Since
this makes it possible to avoid the long uniform voltage block in the voltage waveform caused
by the sine-triangle comparison-based overmodulation of the system, the low-frequency
harmonics harmful to the operation of the motor can also be avoided, and 400 V output
voltage can be achieved.

Currently, three-level VSIs are typically implemented using GTO or IGTC switches.
An IGB transistor is usually used as the switch of a two-level inverter. However, this is
changing. High-voltage IGBTs are now also being used in medium-voltage converters, and
SiC metal oxide semiconductor field-effect transistors (MOSFETs) are being used in low-
voltage applications. Both can potentially outperform the existing market-dominant
approaches.

The circuit diagram of a three-level NPC (neutral point clamped) inverter is shown in
Figure 7.21. There are three input terminals in an NPC inverter, and the connection resembles
the series connection of a pair of two-level inverters. The difference is the clamping diodes
used in the NPC inverter. DC-link voltage is divided into two parts using series-connected
capacitors. Successful voltage division must be controlled in these inverters. GTO thyristors
or IGCT switches are usually used as the switching components. Low-voltage three-level
inverters equipped with IGBT switches also can be found.
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Figure 7.21 Schematic circuit diagram of an NPC inverter (SAMI Megastar) according to
ABB. The switching component is a GTO thyristor. The two choppers (CH) restore the
energy of the protection circuits to the DC link. Source: Reproduced with permission from
ABB.

The rated voltages for the NPC inverters are typically 2400 V and 3300 V, and the power
range is 1 to 30 MW.

Figure 7.22 illustrates the implementation of a single phase for a three-level inverter using
GTO thyristors. It consists of four legs similar to the ones in the two-level inverter, as well as
two clamping diodes V9 and V10.

The operation of a three-level, three-phase inverter can be demonstrated by the change
over switch illustrated in Figure 7.22. By appropriately controlling the switches (SU, SV, SW in
Figure 7.21), three-phase voltage is applied to the motor terminals. Figure 7.23 shows the
voltage patterns produced by the NPC inverter given pulse number 1 (7.23a) and pulse
number 3 (7.23b).

In Figure 7.22, the load for the inverter can come from a three-phase motor with a single
phase, such as phase U, connected to the positive (+) terminal of the DC voltage source. When
thyristors V1 and V2 are switched on, motor current flows away from the inverter through
thyristorsV1andV2and in thedirectionof the inverter through diodesV5and V6 (Figure 7.24a).
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Figure 7.22 Implementation of a three-level NPC inverter by GTO thyristors or IGC
thyristors, V1–V4 and fast switch diodes, V5–V10.

Then, when thyristor V1 is switched off and thyristor V3 switched on, phase U becomes
connected to the centre point of the DC voltage source, and currentflows to the motor through
diode V9 and thyristor V2. Alternatively, if the current is flowing to the opposite direction,
the current flows through thyristor V3 and diode V10 to the centre point (Figure 7.24b).
Phase U is connected to the negative terminal ( ) of the DC voltage source, when thyristor
V2 is switched off and thyristor V4 is switched on, in which case the current flows to the
direction of the inverter through thyristors V3 and V4. For opposite current flow, it passes
through diodes V7 and V8 (Figure 7.24c).

Figure 7.23 (a) The potentials UU, UV, and UW applied to the motor phases by the change
over switches plus the line-to-line voltage UUV and motor phase voltage UUn shown with
pulse number 1 and (b) the potentials applied to the motor phases by the change-over switches
plus the line-to-line voltage with pulse number 3.
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Figure 7.24 (a) The current directions of phase U of the NPC-PWM inverter when thyristors
V1 and V2 or diodes V5 and V6 are switched on, (b) the current directions of phase U of the
NPC-PWM inverter when diode V9 and thyristor V2 or diode V10 and thyristor V3 are
switched on, and (c) the current directions of phase U of the NPC-PWM inverter when
thyristors V3 and V4 or diodes V7 and V8 are switched on.

7.4.1 Voltage vectors as the combined effect of the inverter and the
winding

Voltage vectors in the two-level inverter

Thus far, the inverter bridge has been considered a PWM voltage source; however, considered
together with the winding, the inverter can also be regarded as the voltage vector generator.
Voltage vectors generated by the inverter and the motor can be defined using a state vector
representation. In a two-level, three-phase inverter, there are 23 = 8 combinations of switch
positions (SU, SV, SW), which are listed in Table 7.1. There are six actual voltage vectors and
two zero-sequence vectors.

Figure 7.25 represents the eight different states of the changeover switches of the inverters
and the respective voltage vectors.

The voltage vectors of Figure 7.25 are calculated using this familiar equation.

2 0 1 2u a uU a uV a uW (7.18)
3

The phase shift operator (unity vector) a is as follows.

j2π3a e (7.19)

To generate the voltages (uU, uV, and uW), the switches are connected to the potentials of the
DC link. For the windings of an electric machine, the possible windings voltages are in
principle—depending on the switching situation—±2/3 uDC, ±1/3 uDC, and 0. The output

Table 7.1 Combinations of switch positions for the switches of a two-level inverter

Switch Combinations of Switch Positions

SU + + + +

SV + + + +

SW + + + +
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Figure 7.25 The switching alternatives of a three-phase inverter with a VSI and the directions
of the possible output voltage vectors, which are the positive and negative directions of the
magnetic axes of the phase windings. The zero values of the output voltage have no direction.

voltage vector values become:

u0 0;

u1
2
3
uDCa

0;

u2
2
3
uDCa

2;

u3

u4

2
3
uDCa

1;

2
3
uDCa

0;

(7.20)

u5
2
3
uDCa

2;

u6
2
3
uDCa

1;

u7 0:
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Figure 7.26 Representation of the voltage vector of a two-level inverter by applying the
directions of the magnetic axes of the stator of a three-phase machine.

The instantaneous switch voltages are plugged directly into Equation (7.18) based on the
voltage levels of the DC link, in which case, for instance, the voltage vector u1 is obtained by
substituting the relative voltages (+1, 0, 0) or (+½, ½, ½) or (+2/3, 1/3, 1/3). The latter
series is probably the best representation of the physical situation. See Figure 7.26.

Therefore, several possible voltage combinations produce parallel voltage vectors. The
voltage vector can be thought to be generated as the forward ends of the windings touch the
potentials +½ and ½ or +1 and 0. This assumption can be checked by determining u1.

u1
2
3

a0uA a1uB a2uC
2
3

a0 2
3

a1 1
3

a2 1
3
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3
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3
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2

a1 1
2

a2 1
2

2
3

a0 (7.21)
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a01 a10 a20
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3

a0 :

Voltage vectors in a three-level NPC inverter

Figure 7.27 illustrates a model for a changeover switch of a three-level, three-phase inverter
and the possible voltage levels , 0, + of each switch plus the line-to-line voltage UUV.

Since the output voltage in the NPC inverter can be one of three different values, its
switches have 33= 27 combinations of switch positions (Tables 7.2 and 7.3). These
combinations generate 18 different vector directions and zero (Figure 7.28). Vector definition
is carried out as it was for the two-level inverter.

NPC inverters are best adapted to high-power electrical drives. Their power range reaches
30 MVA, which covers most needs. The most typical applications include high-power pumps,
blowers, compressors, propeller drives, locomotive drives, rolling mill drives, high-power
hoists and cranes, and induction heaters. NPC inverters are also used for high-speed induction
motors in, for instance, high-speed trains and metal machining tools. A frequency converter
with an NPC-PWM inverter section is a real alternative for high-power electrical drives that
require good control. An NPC inverter is more versatile than a traditional two-level inverter,
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Figure 7.27 Topology of a three-phase three-level inverter and the voltage division between
the DC capacitors in an ideal situation.

which has reduced harmonic content. Furthermore, the voltage stresses on the main compo
nents in the NPC inverter is one-half that of the voltage stresses on the two-level inverter
components. Therefore, the NPC inverter can accommodate twice the voltage of the two-level
inverter without connecting switches in series.

If three-level technology is applied to 400 V inverters, the inverter bridge can be
constructed using 600 V IGBT modules. In a common 400 V two-level inverter, to ensure
sufficient voltage headroom, 1200 V IGBT switches must be used. For a 690 V two-level
inverter, 1700 V switches are required. The 600 V IGBT switches have considerably lower
losses and are faster than higher-voltage switches.

Therefore, in addition to producing a superior curve form, three-level inverters can
achieve efficiencies equal to those of two-level inverters even though three-level inverter
circuits comprise more components. For motor function, the curve forms produced by the
three-level inverter are much better than the corresponding two-level inverter curve forms.

Table 7.2 Combinations of switch positions for a three-level NPC inverter

Combinations of Switch Positions

U + + + + + + + + + 0 0 0 0 0 0 0 0 0

V + + + 0 0 0 + + + 0 0 0 + + + 0 0 0

W + 0 + 0 + 0 + 0 + 0 + 0 + 0 + 0 + 0

Table7.3 Alternatives for thegenerationof the line-to-linevoltageUUV of the three-levelNPC
inverter: five different UUV voltage levels are possible

UUV Combinations of Switch Positions

+UDC +

+½UDC +0 0

0 ++ 00

½UDC 0+ 0

UDC +
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Figure 7.28 (a) The vectors of the three-phase, three-level inverter and (b) an example of the
time function form of the line-to-line voltage. The desired vectors are obtained by plugging
individual value sets (e.g. “+00”) into the voltage vector equation.

7.4.2 Space vector modulation for two-level voltage source converters

Previously, the inverter bridge and motor windings in combination were shown to generate
voltage vectors. These vectors can be applied directly to implement space vector modulation
(SVM), which is another commonly used voltage control method. The reference vector of the
modulator for the voltage is written as follows.

jθ juβ;ref (7.22)uref urefe uα;ref

This voltage can be constructed using four switching states in a sequence. In the case of
Figure 7.29, to produce uref as a time-weighted average, the vectors u0, u1, u2, and u7 must be
applied in sequence. First u0 (000) is selected, then u1 (001) then u2 (011), and finally u7

(111). See Figure 7.29. The three-phase changeover-switches change state one at a time.
In Figure 7.29, the length of the active voltage vector is 2/3 UDC. The maximum length for

the amplitude of the sinusoidal voltage is 3=2 1= 3 UDC 0.866u1...6

3 3 220.577UDC. This yields, for instance in a 400 V system, û 2u1...6 π ULL3
6 0.78ULL 312 V. The value corresponds to an 220 V RMS voltage, which is

thus 95.4% of the line voltage (230 V). With diode rectification, it is not possible to reach the
π ULL

2peak line-to-line voltage of 2ULL. The value reached is instead 3
π ULL, which explains the

drop from 100%. The ratio of these values is 3/π= 0.95.
The main operating principle of the SVM in the linear region is that the time weighted

average voltage of four voltage vectors (two active vectors and two zero vectors u0 and u7) is
used to create the desired output during a switching period Tsw. In the case of Figure 7.29, to
produce the reference voltage uref, u0 at t0 is used, then u1 at t1, then u2 at t2, and finally, u7 at
t7. Then, the period is repeated in reverse order to realize the reference value uref. The
modulator average time-weighted output during Tsw is uout uref 2 t0u0 t1u1

t2u2 t7u7 =Tsw.
The operating range for SVM is divided into the following three sections.
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Figure 7.29 Voltage vectors u0–u7 of the two-level VSI. The figure illustrates the active and
zero vectors for a static frame of reference. The reference vector uref is shown. Also shown is
how the reference vector is the sum of the active vectors for a given time instant. The outer
hexagon indicates the maximum length of the time-weighted average voltage vector at each
point. The circle inside the hexagon represents the locus plotted by the point of the voltage
vector when producing maximum sinusoidal voltage.

Linear modulation - In this range, the phase angle θ of the voltage vector in steady state
travels at a constant speed ω. uref urefejθ urefejωt, and the length of the voltage vector is
1= 3 UDC at maximum according to Figure 7.29. When operating in the linear modulation

range, zero vectors are applied as described earlier. The produced motor current is almost

Figure 7.30 Vector representation for the switching sequence of the SVM and the respective
switching durations in sector I. Voltage vectors u0, u1, u2, and u7 are applied so that no two
change-over switches are ever switched simultaneously. The figure shows that phases U, V,
and W produce switching states, i.e., voltage vectors according to Figure 7.29. The figure also
illustrates how the pulses of the line-to-line voltage ULL are produced from the switching
references (zero level is indicated with a dotted line).
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sinusoidal, because there are no low order harmonics in the voltage output. Only switching
frequency-induced harmonics can be seen in the motor currents. In converters targeting high
dynamic performance, operation is often kept within the linear modulation area. This ensures
at least some voltage reserve for the drive.

Overmodulation range I - In this range, the phase angle θ of the voltage vector in steady
jθ jωtstate also travels at a constant speed ω. uref urefe urefe . However, the amplitude

varies, because the adjacent active voltage vectors are too short to create a long enough
voltage vector in the centre portion of the hexagonal side. Zero vectors are no longer used in
the area where the converter runs out of voltage reserve (the centre portion of the hexagonal
side). More low-order harmonics are seen in the voltage output, which distorts motor current.

Overmodulation range II - In this range, the state corresponding to the full over-
modulation of the sine-triangle comparison, the square wave, is gradually reached. The
process progresses until the full voltage vector is held locked (the vector remains fixed) at
the hexagon corners for set time durations. As the lock-in angle increases along with the
modulation index M, the voltage vector is kept nonmodulated until the angular frequency has
produced an angle corresponding to half the arc (hexagon side). Then, it is changed over to the
next voltage vector. No zero vectors are used. Each voltage vector jumps nonmodulated from
one sector edge to another. This corresponds to full overmodulation of the sine-triangle
comparison, and the phase voltage of the motor appears as a square wave. Square wave output
guarantees the highest possible voltage output for the inverter. Since it was derived above
the maximum output, the line-to-line fundamental voltage of the square wave inverter is
1.053 ULL, which results in a 421 V voltage for a 400 V AC supply.

In the linear modulation range, the length of the reference voltage vector ûref depends on
the induction law in steady operation and takes a value ωψ̂ . In dynamic states, however, rapids
changes may occur. The angle θ is set to establish the desired rotation speed of the voltage
vector. In steady state, θ=ωt+ θ0. Here, θ0 represents the initial angle of modulation.

The time duration of the modulation sequence Tsw = 2Tsub (two subsequences) can be
determined as dependent on the switching frequency fsw.

1
Tsw 2Tsub (7.23)

f sw

Here, Tsub is the duration of the subsequence of the modulation. The voltage vector, according
to the sampling of the reference vector; is constructed by the space vectors illustrated
previously in Figure 7.29. The complex plane is subdivided according to the figure into six
sectors of equal size, the active vectors acting as the sides of the sectors. Modulation in sector I
is based on the following equation.

t7 (7.24)t2u2 t0u0 t2 t0urefT sub t1u1 t7u7 Tsub t1

The construction of the reference vector by modulation requires two active vectors and
possibly corresponding zero vectors. In each sector, the two vectors defining the sector and
both zero vectors are selected as the active vectors. In Figure 7.29, the reference vector is
generated in sector I by selecting the active vectors u1 and u2 and both the zero vectors u0 and
u7. Switching durations t1 and t2 are calculated for the selected active vectors, the on-duration
t1 being the switching duration of the vector on the leading edge and t2 being the on-duration
on the trailing edge.

The formulas for the switching durations for active vectors are given in Table 7.4. For
instance, in sector I, the on-duration t1 can be calculated by the sine rule from the triangle
defined by the voltage vectors u1 and u2.
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Table 7.4 Switching durations of the active voltage vectors in the SVM

Sector Location Angle θ of the Active Voltage Vectors Switching Durations of the
Reference Vector Used in Modulation Active Voltage Vectors

π u1I π0 θ < 3
θ3 u2 t1 MTsub sin

2 3

3
t2 MTsub sin θ

2

π 2πII u2 3 2πθ < θt1 MTsub sinu33 3 2 3

3 π
θt2 MTsub sin

32

^

2πIII u3 3θ < π MTsub sin π θt1u3 4

^

2

3 2π
θt2 MTsub sin

2 3

^

^

4πIV u4 3 4ππ θ < θt1 MTsub sinu53 2 3

3
MTsub sin θ πt2 2

4π 5πV u5 3 5πθ < θt1 MTsub sinu63 3 2 3

3 4π
θt2 MTsub sin

2 3

5πVI u6 3θ < 2π MT sub sin 2π θt1u13 2

3 5π
θt2 MTsub sin

2 3

The symbol M in the definitions denotes the modulation index determined, for instance,
by Holtz (1994), which is different from the modulation index based on the sine-triangle
comparison.

uref uref u6p;1u6p;1

2
M UDC (7.25);

2 π
UDCπ

ûref is the length of the reference vector (i.e., the peak value of the respective phase voltage
curve) and UDC is the voltage of the intermediate DC link. M is, thus, the ratio of the peak
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voltage to the peak value of the fundamental harmonic of the phase voltage obtained by the
six-pulse modulation.

When the modulation index reaches the value M= 1, only active vectors are used, and the
time functions of the voltage are square waves. This is the operating point that produces the
maximum voltage of overmodulation range II.

In the linear modulation range, the switching periods of the zero vectors are determined by
the on-durations of the active vectors.

1
(7.26)t0 t1 T sub t2 t7 ⇔ t0 t7 Tsub t1 t22

Aggregating all the information gathered on the SVM thus far, Figure 7.29 can be represented
as a diagram that connects the switching durations to the voltage vectors. The diagram
illustrates the principle of SVM. Figure 7.30 illustrates with a single sequence of the SVM for
the reference vector of Figure 7.29.

Figure 7.31 depicts how the on-durations change as the reference vector uref travels in
sector I toward the voltage vector u2. The on-durations change respectively in the other
sectors as well.

In the linear modulation region, the maximum output voltage of a two-level converter
is ûref 1= 3 UDC 0.577UDC 0.866 . Consequently, the modulation index
value is:

u1...6

^ 3 πuref

1 UDC

M 0.907 (7.27)
2 2 2 3UDC UDCπ π

Figure 7.31 Behaviours during switching. The figure abscissa depicts the angle of travel for
the reference vector uref and the active voltage vectors u1 and u2 of sector I at angles 0 and π/3,
respectively. The times t1, t2, and t0+ t7 are valid for modulation index M= 0.65. The figure
also shows the relative lengths of the voltage vectors u1 and u2. The voltage vector length
is 2/3×UDC. Correspondingly, the full square wave voltage has amplitude 2/π×UDC for
the fundamental harmonic of the voltage in the output. Their ratio is 1.047. Source: Adapted
from Saren (2005). Reproduced with permission from H. Saren.
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Figure 7.32 The upper limit of the overmodulation range I where M= 0.951.

Overmodulation range I corresponds to values of the modulation index M exceeding 0.907. In
this overmodulation range, the angular speed of the reference value of the voltage vector is
kept constant, but the amplitude crosses the edges of the hexagon as shown in Figure 7.32.
With respect to modulation index values, overmodulation range I is defined as:

0.907 < M < 0.951 (7.28)

In overmodulation range I, the locus plotted by the point of the reference vector is partly inside
and partly outside the hexagon. The upper limit of overmodulation range I is reached when the
areas inside and outside the hexagon are equal. According to Holtz (1994), the equations of
Table 7.4 are used for the switching durations of the voltage vectors when the point of the
reference vector is inside the hexagon. When the point of the reference vector is outside the
hexagon, the following equations are used.

T sub 3cos θ sin θ
t1 3 3cos θ sin θ

(7.29)T subt2 t13
t0 0

Bolognani and Zigliotto (1999) derived, analytically, the following equation for the maximum
voltage of the fundamental harmonic in overmodulation range I.

3ln3
^ UDC 0.606UDC (7.30)u1 π

Consequently, the modulation index becomes:

3ln3
M 0.951 (7.31)

2

Overmodulation range I is followed by overmodulation range II (M> 0.951). In this range, the
voltage vectors are locked at the hexagon corners for a gradually increasing time duration so
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Figure 7.33 Limits of different modulation ranges. M= 0.785 shows the limit at which the
modulation index based on the sine-triangle comparison reaches the value m= 1, and
M= 0.907 shows the maximum limit for the sinusoidal output voltage of the SVM.
M= 0.951 shows the highest modulation index for overmodulation range I of the SVM.
M= 1 produces the maximum voltage for overmodulation range II. In the modulation based
on a sine-triangle comparison, this corresponds to full overmodulation. For example, if
mf= 15, the value ma= 3.24 results in a full square wave.

the voltage vector is not turned at all. In overmodulation range I, the voltage reference is kept
continuous, however, in overmodulation range II, the voltage reference gets discrete values.
In overmodulation range II, the voltage vectors are kept on for the time duration of the lock-in
angle. As the lock-in angle increases to a half of the sector width (hexagon side), that is, to a
value π/6, hexagonal modulation is reached, and M= 1. Figure 7.33 illustrates the limits of
different modulation ranges. With M= 1, the switching frequency is only determined by the
output frequency of the converter and is, therefore, much lower than in the linear range and
overmodulation range I, where PWM is used.

7.4.3 Dimensioning of a DC link capacitor

The size of the DC link capacitor is important to the operation of a voltage source inverter.
Usually, the capacitance of the intermediate DC link of the VSI is dimensioned to be
approximately 20 μF per RMS ampere of frequency converter–rated current. Figure 7.34
illustrates the typical curve form of the line current of a frequency converter equipped with

Figure 7.34 The line current and the voltage of the DC link of a frequency converter
equipped with a three-phase diode bridge. The current is typical of the charging current for a
large loaded capacitor.
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Figure 7.35 The line current of a frequency converter with a three-phase diode bridge and
the DC link voltage when the DC link capacitor is reduced in scale to 1% of the original size.
In practice, the DC voltage follows the curve form of the diode bridge. Source: Adapted from
Saren (2005). Reproduced with permission from H. Saren.

such a capacitor. The voltage of the intermediate DC link remains relatively constant
irrespective of the pulsating charging current.

Progressively, efforts have been made to reduce DC link dimensioning. In one extreme
case, Hannu Sarén (2005) introduced in his dissertation a technique in which the capacitance
of the intermediate DC link is reduced in scale by two orders of magnitude. In the reported test
setup, the DC link of an inverter with a 10 A rated current uses a 2 μF capacitor made of
metallized polypropylene film (MPPF) instead of the usual 200 μF electrolytic capacitor.
Figure 7.35 illustrates line current for a frequency converter using a 1% capacitor.

As shown in the figure, reducing the size of the DC capacitor results in some switching-
frequency interferences propagating to the grid. There is some ringing in the network current
of Figure 7.35 caused by the switching of the inverter. Furthermore, special attention must be
paid to the magnitude of the DC link voltage in the modulation. A 1% DC link capacitance
compared to the traditional dimensioning cannot withstand the backfeed into the DC link of
energy stored in the magnetic field.

7.5 The matrix converter

Matrix converter technology provides direct AC-to-AC power conversion. The operating
principle of the matrix converter resembles that of the CCV. Constant-frequency and
constant-voltage AC is converted directly without a DC link into AC of varying frequency
and voltage to the output side of the transformer. However, the CCV requires twice as many
components (36 thyristors) as the matrix converter. The CCV also requires a supply
transformer for each phase, and therefore it is notably larger and heavier than the matrix
converter. Furthermore, the frequency of the CCV is, in practice, limited to the half of the
frequency of the supply grid at maximum, whereas the matrix converter does not have such a
constraint. The power factor of the CCV on the grid side is always inductive; the power factor
of the matrix converter instead can always to be adjusted.

The notable advantage of the matrix converter is that it avoids the constraints of the
CCV technology without adding the DC link. The matrix converter consists of a number of
bidirectional switches, arranged so that any converter input phase can be connected to any
output phase. The curve forms for the output voltage of the matrix converter are constructed
by switching one supply phase at a time to the load for a certain duration. Usually this
duration is equal for all outgoing phases. Figure 7.36 illustrates a possible low-voltage
matrix converter topology and a typical curve form for the output voltage when applying a
relatively low switching frequency. The output voltage is generated by appropriately
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Figure 7.36 (a) Example of matrix converter topology and (b) example of the output voltage
of a matrix converter.

controlling the three supplying phases at the switching frequency to the output. Often, a
sufficiently large LC filter is connected to the input side to filter the high-frequency
disturbances in the input current.

The most common matrix converters have three-phase topologies on both the input and
output sides, that is, there are nine (3× 3) bidirectional switches. A circuit of this kind can be
used to directly replace an inverter that supplies a standard three-phase induction motor. One
advantage, when compared with a traditional inverter, is the capability of supplying a load
directly from the supply grid without any adjustment to voltage amplitude or frequency.
Naturally, this is possible only when the load has as many phases as the supply network, that
is, one incoming phase is connected to one outgoing phase and the other switches are kept off.

Matrix converter operation requires a controllable bidirectional switch that allows
bidirectional current. At present, the commutation cell must be constructed of discrete
components. The most common controllable switch used in the construction of the commu
tation cell is an IGBT. Other types are also used.

A commutation cell composed of a diode bridge comprises a single-phase diode bridge with
an IGBT in the middle. See Figure 7.37. An advantage of this technology is that current flows in
both directions through the same switch (IGTB), and therefore only one gate driver is required
for each commutation cell. A disadvantage is that current must flow in both directions through
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Figure 7.37 A bidirectional commutation cell constructed with a diode bridge. In principle,
the freewheeling diode in parallel with the IGBT is not necessary.

three different components, which results in extra losses. Total losses can become quite large.
The direction of current moving through the commutation cell cannot be controlled.

A commutation cell implemented by a common-emitter configuration consists of two
antiparallel IGBTs and two diodes. See Figure 7.38. The IGBTs control current direction, and
the diodes prevent current flow in the wrong direction. There are certain advantages to this
kind of commutation cell over the previous example, the most important being that current
direction can be freely controlled. Another advantage is that current flows only through two
components, so losses are smaller than in the previous case. A disadvantage is that each
commutation cell requires a power supply of its own to control the gate drivers, although both
IGBT gates of each single cell can be supplied from a single supply. For a 3p→ 3p (three
phase–to–three-phase) converter, nine different power supplies are required. This configura
tion of the matrix converter is applied chiefly in high-power drives.

A common-collector back-to-back commutation cell is similar to the previous example
but puts the collectors at equal potential instead of the emitters. See Figure 7.39. Losses are
equivalent to the common-emitter arrangement; however, gate control can be implemented so
that only six separate power supplies are required in a 3p→ 3p converter. One gate controller
is required for each emitter potential, and therefore in a common-collector configuration, there

Figure 7.38 Common-emitter back-to-back commutation cell.

Figure 7.39 Common-collector back-to-back commutation cell.
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Figure 7.40 Short circuit between the phases of the grid or a circuit open to the motor phase.

are only six emitter potentials (three input and three output phases). Correspondingly, in a
common-emitter configuration, the number of emitter potentials is nine (nodes). However, the
mutual inductance of the commutation cells becomes so high in this configuration that it may
hamper the operation of the converter. Therefore, to implement a bidirectional commutation
cell, the common-emitter configuration is usually preferred.

Reliable current commutation is far more difficult to achieve with a matrix converter than
with, for example, a traditional inverter, because there is no natural path between the source
and the load. Each path includes a commutation cell, and current must flow through its
controllable switch. The commutation must be controlled constantly and done so according to
the following two principles. First, two incoming phases may not be connected simulta
neously to a single outgoing phase, since this would result in a short circuit between the
phases. This is illustrated by Figure 7.40 using a simplified (3p→ 1p) converter. Second, none
of the outgoing phases of the converter can be disconnected from the grid by opening the
commutation cells. This would cut the current flow from that output phase and induce high
instantaneous overvoltage due to the inductive load current that could destroy the converter.
This situation also is illustrated in Figure 7.40.

These two conditions are controversial, since the semiconductor switches have a finite
response time due to propagation delays and finite switching duration. Each has been a
significant obstacle in matrix converter development.

The two simplest commutation methods are referred to as overlapping commutation and
dead-time commutation. These methods break the basic rules presented here. Therefore,
additional components must be added to avoid destroying overlapping commutation and
dead-time commutation converters.

Overlapping commutation

In overlapping commutation, the connecting phase is switched to the load just before the
disconnecting phase is switched out. This introduces a momentary short circuit between the
two phases. Extra inductance is added to the circuit to inhibit the short circuit current transient and
keep it from becoming too large before the disconnecting phase switches out. Because the induction
coils are bulky and expensive, this commutation method is not popular. Moreover, longer time is
required for overlapping commutation, which may also cause problems for the control.

Dead-time commutation

Dead-time commutation is based on completely disconnecting one of the outgoing (output)
phases from the supply grid. Various protection circuits are connected between the commutation
cells to ensure continuous current flow to the load. Because of the additional losses incurred in
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Figure 7.41 3p→ 1p matrix converter and the scheduling diagrams for different commuta
tion methods.

the protection circuits, dead-time commutation is less efficient. Bidirectional powerflow further
complicates the design of the protection circuits, and therefore this method is not very popular.
Figure 7.41 illustrates a 3p→ 1p converter and the scheduling diagram for the switches of the
supply phase for different commutation methods.

Figure 7.42 depicts a two-phase to one-phase matrix converter, implemented by the so-
called semi-soft (semi-natural) commutation method.

The semi-soft method can be explained by stepping through the commutation sequence.
To begin, assume that the load-current direction is as depicted in the figure. Further, the phase
1 switches a and b are receiving the ON control signal, and the phase 2 switches a and b are
not. According to the circuit, bidirectional power flow through the upper commutation cell is
enabled, but phase 1 current is passing only through switch 1a.

To switch out phase 1 and switch in phase 2, the controller first terminates the ON signal to
switch 1b (which is not flowing current), and then sends an ON control signal to switch 2a. At
that moment, phase current 1 and phase current 2 are flowing simultaneously through switches
1a and 2a respectively. The controller immediately terminates the ON signal to switch 1a, which
stops the phase 1 current. After sending the OFF signal to switch 1b and the ON signal to switch
2a, load current may transfer immediately to phase 2, or it may transfer after switch 1a
disconnects the phase 1 current. Switch activation delays depend on switch properties. Finally,
the controller sends an ON signal to switch 2b reenabling bidirectional power flow.

Figure 7.42 A 2p→ 1p matrix converter based on the semi-soft commutation method.
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Table 7.5 Pros and cons of the matrix converter

Cons Pros

So far, there are no bidirectional switches on the market Small physical size
Requires plenty of components→ complicated structure No space-consuming DC link
Ratio of output and input voltage max. 87%, may need required.

special machine Four-quadrant operation
Harder to control than traditional converters High efficiency ( 0.98 at full
Requires separate protection circuits load)
Large LC filter in the input side
The converter is completely dependent on the grid

By applying this semi-soft commutation method, it is possible to switch phase currents
(from one commutation cell to another) reliably without short-circuiting between phases or
disconnecting the out-going (output) phases from the supply grid. Moreover, switching losses
are reduced, because half the commutation process is carried out via soft switching. In soft
switching, there is no current or voltage acting on the switch when it is turned on or off.

The pros and cons of the matrix converter are summarized in Table 7.5.

7.6 Multilevel inverters

Multilevel inverters have recently been the subject of intensive research activity. By adding
frequency converter levels, a more ideal output curve form can be achieved even without
modulation. In addition, frequency converter voltage levels can be increased using common
low-voltage components. Figure 7.43 illustrates the principle of multilevel inverters. Output
A can be connected to different potentials according to the circuit legs in the figure.

In two-level and three-level inverters, which were previously discussed, contact A can be
connected to two or three potentials, respectively. This number of the potentials can be
increased indefinitely, at least in principle. The right-hand image in the figure depicts an
n-level inverter circuit leg. If m is the number of possible voltage levels of point A with respect
to negative bus N, the number of steps k of the voltage between two phases is as follows.

k 2m 1 (7.32)

In a two-level inverter, k= 2× 1+ 1= 3. Consequently, if the load for this inverter is a three-
phase star-connected motor, there are p levels for its phase voltage.

p 2k 1 (7.33)

Figure 7.43 Two-level, three-level, and n-level inverter circuits.
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Multilevel inverters are particularly interesting, because they offer several advantages.

• It is possible to produce nondistorted voltage.

• du/dt values remain relatively low with respect to voltage level.

• When used as rectifiers, multilevel inverter currents are nondistorted.

• The common-mode voltage of a multilevel inverter is steadier (than two-level
converters).

• Switching frequency can be kept low.

The three common implementation methods for multilevel inverters are:

1. clamping to a certain DC voltage by diodes (diode-clamped),

2. clamping to a certain DC voltage by capacitors (capacitor-clamped), and

3. cascade connecting (galvanically separated DC voltage sources produce voltage levels)

Diode clamping

Figure 7.44 illustrates the diode clamping of three-level and five-level inverters. The output
voltages are clamped to the centre point of the DC link.

In Figure 7.44, the number of diodes indicates the voltage stress on the diodes. In
principle, therefore, different clamping diodes are required. To get full positive voltage
+UDC/2 from the five-level inverter, switches S1 through S4 are turned on. Correspondingly,
when half the positive voltage +UDC/4 is needed from the five-level inverter, switches S2
through S5 are turned on. When zero voltage is required, switches S3 through S6 are turned
on. To get half-negative voltage UDC/4 from the five-level inverter, switches S4 through S7
are activated, and to get full negative voltage UDC/2, switches S5 through S8 are turned on.

Figure 7.44 Diode clamping for one leg of (a) a three-level and (b) a five-level inverter.
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Figure 7.45 A capacitor-clamped three-level and five-level inverter.

Capacitor clamping

The voltage levels can also be clamped with capacitors, as shown in Figure 7.45.
The capacitor-clamped multilevel inverter provides various alternatives to produce

different voltage levels. When a full positive voltage +UDC/2 is needed from a capacitor-
clamped five-level inverter, switches S1 through S4 are activated; the principle being the same
as for the diode-clamped inverter.

When half positive voltage +UDC/4 is required for the five-level inverter, switches S1, S2,
S3, and S5 can be switched on (+UDC/2 of C4 is less than UDC/4 of C1). However, the same
voltage is produced by switching on S2, S3, S4, and S8 or S1, S3, S4, and S7.

There are six possible combinations for the zero voltage level:

• S1, S2, S5, and S6; or

• S3, S4, S7, and S8; or

• S1, S3, S5, and S7; or

• S1, S4, S6, and S7; or

• S2, S4, S6, and S8; or

• S2, S3, S5, and S8.

When half negative voltage UDC/4 is required of the five-level inverter, switches S1, S5,
S6, and S7 can be switched on (+UDC/2 of the upper C4 is less than 3UDC/4 of C3); however, the
same voltage can also be obtained by switching on S4, S6, S7, and S8 or S3, S5, S7, and S8.

Full negative voltage UDC/2 is produced by switching on S5, S6, S7, and S8.
By appropriately selecting various switch combinations to produce each voltage level,

capacitor charges can be appropriately managed.

Cascade connecting

A cascade converter produces each voltage level individually using a galvanically separated
voltage source. A single-phase inverter of this kind, comprised of DC sources and IGBT cells,
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Figure 7.46 Basic topology of a cascade inverter. The connection presents nine voltage
levels to the load. The number of voltage levels is twice the number of H-bridges plus 1. In this
case, 2 4+ 1= 9.

is illustrated in Figure 7.46. The cascade connection method enables implementing frequency
converters at any voltage level. However, cascade converters are heavy, because they include
a transformer that galvanically isolates all voltage levels. On the other hand, in a cascade
converter, the voltage levels do not have to be secured in the same way as in the diode or
capacitor-clamped systems.

The problem with single-phase converter systems is that reactive energy must be taken
back into the DC-links of the multilevel converter. This is different compared to two- and
three-level converters where the DC-link is common for all the phases. In these converters, the
reactive power coming back from one phase is directly fed to the adjacent phase and the DC-
link capacitor does not need to store the machine reactive energy as in multilevel H-bridge
converters. In principle, H-bridge converters need bigger DC-link capacitors than two- or
three-level converters or the DC-link voltage fluctuation must be taken into account in the
modulation.

According to Figure 7.46, the output voltage of the cascade inverter is produced by first
connecting the lowest cell to the positive voltage (the left upper transistor and the right lower
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Figure 7.47 Space vector modulation alternatives to (a) a two-level, (b) a three-level, and (c)
a five-level inverter. Active vectors can be generated so that the tip of the active vector points
to each node of the grid.

transistor given the ON signal) and by connecting all the other cells to the upper zero voltage
(both upper transistors ON). Next, cell number three is switched to positive voltage by turning
off the control of its right upper transistor and by simultaneously turning on the lower
transistor, etc. Correspondingly, negative voltages are produced by switching on the right
upper transistor and the left lower transistor of cell number four, and simultaneously switching
on the lower transistors of the other cells.

SVM of multilevel inverters can be carried out similarly as for two-level and three-level
inverters. Figure 7.47 illustrates the division of the hexagon into a grid, the density of which
increases with the number of voltage levels in the inverter.

A two-level inverter produces six active vectors, and correspondingly, a three-level
inverter produces eighteen different active vectors. A five-level inverter yields 60 different
active vectors and the zero vectors. Space vector modulation is implemented with vectors
located at the corners of the location triangle of the point of the reference vector – similarly as
for the two-level inverter. In a multilevel inverter, the reference voltage vector is implemented
by active vectors, unless operating inside the innermost hexagon, in which case zero vectors
are applied (as in a two-level inverter). The voltage vector is implemented as follows.

1
tjuj tj tj1uj 2ujuref 1 2 (7.34)T

T tj tj tj1 2
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Figure 7.48 Some basic components of a modern motor control system with a VSI. Usually,
the input bridge for a small drive is a diode bridge. However, there are also active input
bridges available to apply PWM. With an active input bridge, the power factor can be
regulated on the line side, and harmonic content can be reduced. The issues of electromagnetic
compatibility (EMC) are becoming increasingly relevant. If an active input bridge is used, the
DC chopper shown above in the intermediate DC link is not usually required.

7.7 The structure and interfaces of a frequency converter

Thus far, inverters for rotating-field machines have been discussed in detail, and inverter
bridges are always linked to frequency converter configuration. In addition to the inverter
power stage, there are other structures related to frequency converters. Figure 7.48 illustrates a
modern motor controller based on a combination of information technology and power
electronics.

As shown in this diagram, the main circuit consists of the following parts:

1. Line interface

2. Line filter

3. Line bridge (active or passive)

4. DC link

5. Brake chopper (if there is a passive line bridge and efficient braking is needed)

6. Inverter

7. Motor filter
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8. Motor cabling

9. Motor

In addition to the main circuit, a regulation and control system is also required. The
regulation and control system communicates with the main circuit via various galvanically
separated control and measurement signals. Galvanic separation constitutes an important part
of the frequency converter configuration. All measurement signals must be separated
galvanically from the main circuit. There are various methods for separation, such as optical
separation methods, galvanic separation methods based on induction, etc. Currents and
voltages are often measured by galvanically separating measuring devices based on the Hall
phenomenon; these devices can also be used to measure DC. In addition, resistance
measurements are common; however, galvanic separation must be taken care of individually
with resistance measurement.

The control of the switch components for both the line bridge and the inverter bridge must
be implemented via galvanic separation. Each transistor requires a control power supply
connected to the emitter potential, and each control signal of the transistor must be brought to
the gate galvanically separated. This can be easier if the control power for the transistors
connected to the potential of the negative bus is supplied from a single supply. In some cases,
the entire motor control system is at the negative bus potential, and the upper leg transistors
require galvanically controlled separation.

The above-mentioned motor control, the core task of the control system, usually demands
most of the calculation capacity of the processor. In addition to motor control, the processor
must control the user interface. There is also a link to higher-level logic field bus systems,
through which the motor drive communicates with the industrial automation network. Finally,
measurement capabilities will probably be implemented in the future to monitor the condition
of the drive system. These measurements will also be managed by the processor.
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8

Synchronous electrical
machine drives

An examination of rotating-field machine drives can begin with a look at synchronous
machine drives. They are the most versatile alternating-current (AC) machine type, and they
essentially exhibit the characteristics of asynchronous machines. For instance, the equivalent
circuits developed for synchronous machines need only be simplified to undertake an
asynchronous machine analysis. Currently, several types of synchronous machines are
available, and they are playing an increasing role in industry for drive motor applications.
New applications are emerging for both permanent magnet synchronous machines and
synchronous reluctance (SynRM) machines. Machines are typically available with three-
phase windings, but at higher powers, six-phase machines are also common.

A polyphase synchronous machine is a rotating-field machine, in which the rotor, that is,
the pole wheel, rotates synchronously with the rotating magnetic field generated by the
armature winding of the machine when the machine is in steady state. The stator of the
synchronous machine is composed of a laminated stack composed of sheets of electrical steel
mounted to a steel frame. In the stator stack, there are usually slots for the normally three-
phase stator winding. The rotor of the machine can be implemented in various ways: as a
cylindrical nonsalient-pole rotor, as a salient-pole rotor with separate magnetic poles on the
rotor axis, as a synchronous reluctance machine rotor, or as a permanent magnet rotor with
magnetic poles generated by permanent magnets.

Different combinations of the aforementioned rotor types are also often used. The rotors can
be solid or implemented as laminated constructions. In both nonsalient- and salient-pole
machines, the field-winding current (rotor excitation) is conducted to the rotor either through
slip rings and brushes or via a separate excitation generator mounted on the shaft of the machine
to produce field-winding current. The latter case represents the so-called brushless synchronous
machine. A permanent magnet machine employs permanent magnet excitation. Unlike the
previous cases, permanent magnet excitation cannot be controlled. The final excitation state of

Electrical Machine Drives Control: An Introduction, First Edition. Juha Pyrhönen, Valéria Hrabovcová
and R. Scott Semken.
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an AC machine is determined by the magnitude of the stator supply voltage as it dictates the
stator flux linkage ψ . Therefore, the air-gap flux of the machine will also be∫usdt
influenced by armature reaction, that is, by magnetizing the machine with stator current.

In the nonsalient-pole machine, there are slots on two-thirds of the rotor periphery for the
field winding as there are in the stator for the stator winding. The field winding of the salient-
pole machine is wound around the iron core of the magnetic poles. These assemblies are
mounted on the rotor shaft. On the outer surface of the magnetic poles, there may be a damper
winding constructed as a cage winding. It comprises bars on the surface of the pole shoe that
are connected together at both ends by short-circuit rings.

Damper windings are used in synchronous machines to improve the stability of the drive.
Direct-on-line machines in particular should be damped to ensure synchronous on line
operation. However, damper windings may be useful also in controlled synchronous machine
drives. In vector-controlled drives, stability can be achieved without damping. The effect of
the damper windings is to retard the rate of change of air-gap flux linkage and speed up the rate
of change of stator current. Because of the improved stator current response made available by
the added damping, the torque of the machine can be changed rapidly improving machine
dynamics.

The structures and space-vector diagrams (subsequently referred to as “vector diagrams”)
of a two-pole nonsalient- and salient-pole motor are illustrated in Figure 8.1.

Synchronous machines constitute a significant portion of all AC electric machines.
Different machine types can be categorized, for instance, according to the schematic diagram
illustrated in Figure 8.2.

s

Figure 8.1 (a) Nonsalient-pole and (b) salient-pole synchronous machines with vector
diagrams for steady-state counterclockwise motoring: stator voltage us, stator current is, field-
winding current if, vector sum of currents isum, stator flux linkage ψs, and air-gap flux linkage
ψm. In salient-pole machines, unlike nonsalient-pole machines, the vector sum of currents and
air-gap flux-linkage directions typically differ so the flux linkage turns towards the d-axis.
Two-pole salient-pole machines are rare, but from the theoretical point of view, they illustrate
how the vector diagram is always drawn for a two-pole machine. The electrical and
mechanical angular velocities ωs and Ωs are the same. The machine per-unit parameters
are Lmd= 1, Lmq= 0.5, Lsσ= 0.1, us = is = 1, ifnonsal = 1.5, and ifsal = 1.45. At equal power
P= 1, the load angle δs for the nonsalient-pole machine is significantly larger than the load
angle for the salient-pole machine.
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Figure 8.2 The family of synchronous machines. There are three types of synchronous machines: traditional separately excited machines,
synchronous reluctance machines, and permanent magnet machines. The machine types fall into different categories based on the ratio of d- and
q-axis inductances. Field-winding machines use various methods to supply excitation current to the windings including brushed or brushless
commutation, for example. Brushless, that is, electronically commutated systems include (a) outer pole synchronous generators that typically
come with a three-phase armature on the main machine shaft extension plus a rotating diode bridge to supply the main machine field winding,
(b) axial transformers with a rotating diode bridge, and (c) three-phase, wound-rotor, wound-stator machines with an extension of the main
machine shaft to supply the main machine field winding via a rotating diode bridge. The case (c) architecture enables standstill excitation. This is
accomplished by rotating the excitation machine flux. Excitation systems are discussed in more detail at the end of this chapter. The reluctance
and PM torque of a machine distinguish it as either a PMSM or a PM-assisted SynRM (PMaSynRM).
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Low-speed drives often use salient-pole machines, and therefore the machine cross
section (the xy- or dq-planes) is magnetically anisotropic. A salient-pole machine is easier to
cool than a nonsalient-pole machine, since there is plenty of room to circulate the cooling air.
Salient-pole construction is also technically reasonable. However, the salient-pole configu
ration leads to magnetic anisotropy and more complicated saturation phenomena. Conse
quently, numerical modelling becomes considerably more problematic. The modelling
problems are one reason why some manufacturers produce nonsalient-pole machines also
for low-speed drives where salient-pole machines are normally dominating.

However, in high-speed drives nonsalient-pole synchronous machine configurations are
used. Generally, they are implemented with solid rotors. If the rotor does not include a
separate, easily modelled damper winding, problems arise when attempting to model the
complicated damping effects of the eddy currents in the solid rotor frame.

8.1 Synchronous machine drives for power generation

The majority of power generators are synchronous machines. In thermal power plants,
machine powers may reach up to 1500 MW. In 50 Hz (or 60 Hz) networks, the rotational
speeds of big turbo generators are either 1500 (1800) or 3000 (3600) rpm. The machines are
typically nonsalient-pole constructions with solid rotors. The solid rotors are used because
they are better able to withstand the high rotational speeds without exceeding critical dynamic
limits. Excitation is often brushless. However, to achieve optimal dynamics, brush construc
tions are often used. In the biggest machines, field-winding resistive power losses may be
several megawatts, which naturally favours brushless arrangements to avoid slip rings,
brushes, and their maintenance.

Hydropower machines are typically salient-pole constructions. One of the world’s largest
hydropower stations is located in Itaipu on the Paraná River, which is on the border between
Brazil and Paraguay. The total capacity is 14000 MW from 20 generating units of 700 MW
each. There are 715 MW Francis turbines in the power plant, the water intake of one single
turbine being 700 m3/s. The height of the dam is 196 m. The weighted efficiency of the large
turbine is 93.8%. The generator efficiency at rated power for each salient-pole machine is
98.6%. The rotor is 16 m in diameter with a rotating mass of 2650 t. There are 66 poles in the
50 Hz generators, and each has a rated output of 823.6 MVA (90.9 min 1) with a power factor
of 0.85ind. The corresponding technical data for 60 Hz variants are 78 poles, 737 MVA
(92.3 min 1) and 0.95ind. The terminal voltage of the machines is 18 kV.

Diesel or gas motor generator power ratings range from a few megawatts to a few dozen
megawatts. The machines manufactured by, for example, ABB are salient-pole machines with
4 . . . 8 . . . 12 poles (the maximum speed of a large machine being for instance 750 min 1,
8 poles, 50 Hz).

8.2 Synchronous motor drives

Synchronous motor drives may be either direct on line or converter-fed. Synchronous motor
drives are used in systems requiring big power such as mine hoists, large pumping stations,
ventilation systems, rolling mills, big ship propulsion systems, and large wood grinders. In
direct online (DOL) applications, synchronous motors have traditionally been used because
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they offer stepless compensation of the reactive power of other loads connected to the same
common coupling point. Low-speed machines are often salient-pole constructions; however,
some manufacturers also produce nonsalient-pole machines. For example, a nonsalient-pole
machine might be used for a rolling mill drive. High-speed machines are typically nonsalient
pole machines. For example, natural gas is pumped from Norway into the European markets
by high-speed LCI-fed ca. 40 MW, 4000 min 1 nonsalient-pole synchronous machines. The
highest power electronics-fed synchronous motor drive is probably the 101 MW LCI drive
used in NASA’s wind tunnel, which was supplied by ABB.

A damper winding is critical to establishing good DOL motor performance. Without it,
DOL operation is impossible, because any torque disturbance would result in undesirable
undamped oscillation in motor speed. A motor without a damping winding is comparable to a
car without shock absorbers. However, a damper winding is not required in many vector-
controlled converter drives, because vector control makes it possible to control the state of
even an undamped machine. Nevertheless, the machine’s ability to respond to fast torque
steps is improved by a damper winding.

Using a higher resistance damper winding facilitates DOL starting; however, the
increased resistivity degrades machine performance in synchronous operation. Therefore,
a DOL synchronous motor is often started up with an auxiliary drive.

As shown previously in Figure 8.2, there are a large number of synchronous machine types.
However, the same fundamental theory applies to all, and therefore this material addresses, for
the most part, only the most versatile synchronous machine example, which is the salient-pole
machine equipped with a damper winding. The equations presented for salient-pole synchro
nous machines hold for other machine types as well. When analysing different machine types,
appropriate terms can be omitted from the equations to achieve machine-specific results. In the
case of a permanent magnet synchronous machine, the behaviour of the magnets can, if desired,
be expressed as a virtual field-winding current source.

8.3 Synchronous machine models

A two-axis model derived by applying the space vector theory is employed for the
synchronous machine. Firstly, the frames of reference required for the analysis of the model
must be established. See Figure 8.3. In the figure, the windings are shown as concentrated. In
other words, the actual winding geometry has been replaced by an equivalent winding
depicted on its magnetic axis. The magnetic axes of the stator phase windings U, V, and W are
fixed to the respective phase windings. The stator reference frame can be fixed in the direction
of phase winding U. The axes of this two-phase stator reference frame are denoted x and y.
The fixed rotor reference frame is aligned with the magnetic pole of the rotor. The axes of this
two-phase rotor reference frame are denoted d and q. The rotation angle between the rotor and
stator reference frame is equal to the rotor electrical angle θr.

Next, a flux-linkage reference frame fixed to the air-gap flux-linkage vector is introduced.
See Figure 8.4. The axes of the reference frame are the flux-linkage axis ψ and the torque axis
T. The air-gap flux-linkage reference frame is most relevant to torque production. However, in
the air-gap flux-linkage reference frame, calculating machine voltage requires more effort,
because voltage is dependent on stator flux linkage ψ s and not air-gap flux linkage ψm. (Their
relationship is seen e.g. in Figure 8.1). Therefore, it may be appropriate to use the stator flux-
linkage reference frame (see Figure 8.4b).
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Figure 8.3 Frames of reference related to a synchronous machine. U, V, and W indicate the
directions of the magnetic axes of the phase windings for a three-phase stator. The xy reference
frame is two-phase and stationary with axes fixed in the direction of and perpendicular to
the stator phase winding U. The dq reference frame is a two-phase reference frame fixed on the
rotor with axes in the direction of and perpendicular to the magnetic pole. The angle between
the xy and dq frames of reference is equal to the rotor position angle θr. The rotor spins at
mechanical angular velocity Ωr, and the dq reference frame spins at electrical angular velocity
ωr. For a two-pole machine, the angular velocities Ωr and ωr are equal.

In the case of a synchronous machine, it is important to operate in a reference frame that
has the same electrical angular velocity as the rotor. This is illustrated by Figure 8.5, which
shows the behaviour of the measured stator magnetizing inductance depending on rotor
position. Sticking with a fixed stator reference frame, the stator magnetizing inductance
varies, which complicates the determination of the equations considerably.

Figure 8.4 (a) The dq reference frame fixed to the rotor, the ψT reference frame fixed to the
air-gap flux linkage, and the xy reference frame fixed to the stator. The angle between the dq
and ψT reference frames is the load angle δm of the air-gap flux linkage. The angle between
the dq and xy reference frames is the rotor position angle θr. The angle θm between the ψT and
xy reference frames is the position angle of the air-gap flux-linkage vector in the xy reference
frame. (b) The corresponding stator flux-linkage oriented ψT reference frame and angles such
as the load angle δs and θs.
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Figure 8.5 The behaviour of magnetizing inductance measured on the stator side as a
function of rotor position. The direct axis magnetizing inductance Lmd is the measure of
inductance along the direct axis. Respectively, quadrature axis magnetizing inductance Lmq is
the measure of inductance along the quadrature axis.

The stator voltage is written as us Rs ? is dψs=dt. Since, in general, ψ = Li, the terms
dL/dt should be taken into account in the voltage equation of the stator during transients where
L is changing; however, utilizing the differential of the inductance in the equations is difficult.
Its inclusion easily leads to numerical instabilities. Furthermore, inductance behaviour should
be accurately known to correctly calculate voltage. Therefore, synchronous coordinate
systems are used instead.

Modelling the inductance variation as a function of rotor position can be avoided by
working with a synchronously rotating reference frame, for example, the rotor reference
frame. In general when modelling a synchronous machine, the reference frame that results in
the simplest equations should be used. As explained earlier in Chapter 4, when transforming a
stator reference frame vector into a dq reference frame that rotates fixed to the rotor or into a
ψT flux-linkage reference frame fixed to the air-gap flux-linkage vector, the vector must be
oriented according to the position angle of the rotating reference frame.

Figure 8.6 repeats the varying vector components involved in a coordinate transformation
adapted to the synchronous machine. The reference frames employed here are the rectangular

Figure 8.6 The components of the current vector for different reference frames. The xy
reference frame is stationary and fixed to the stator, that is, the stator reference frame. The dq
reference frame or rotor reference frame is fixed to the rotor. The d-axis of the reference frame
aligns with the magnetic pole of the rotor. is is the stator current vector. isx and isy are its
components in the stator reference frame, and isd and isq are its components in the rotor
reference frame. θr is the rotor position angle, and α1 and α2 are the angles of the stator current
vector in the stator and rotor reference frames.
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xy reference frame fixed to the stator, that is, the stator reference frame, and the rectangular dq
reference frame fixed to the rotor, that is, the rotor reference frame.

The voltage equation for the machine stator in its own (stator) frame of reference is as
follows.

irs isse

is irejθr

dψs
s su Rsi

s (8.1)s s dt

The stator current vector is

is i ejα1 (8.2)s

where i is the magnitude or length of the vector, and α1 is its angle in the stator reference
frame. Since the rotor of a synchronous machine is both magnetically and electrically
anisotropic (only one winding on the d-axis), the rotor reference frame is used. First, the stator
current is transferred to the rotor reference frame as follows.

ir jα2 j α1 θri e i e (8.3)s

Here, α2 is the vector angle in the rotor reference frame, and θr is the rotor position angle in the
stator reference frame. The superscript r refers to the rotor reference frame.

jθr (8.4)

(8.5)s s

ir jθr ;us ur jθr ψ r jθrApplying the substitutions is e e , and ψs e makes it possible to trans-s s s s s s
form (8.1) into the rotor reference frame.

jθrd ψ r er jθr jθr siru e Rs e (8.6)s s dt

dψ r dθrr jθr jθr s jθriru e Rs e e j ψ rejθr (8.7)s s sdt dt

Finally, both sides are divided by the term ejθr, which yields

dψ r dθrr siru Rs j ψ r (8.8)s s sdt dt

The first derivative term is the voltage generated by the change in the magnitude of the flux
linkage, in other words, the induction voltage. The latter derivative term is the rotating voltage
caused by rotation. According to the latter term, rotating the stator windings induces voltage,
which makes sense. In fact, explicitly writing the stator voltage equation yields a virtual
rotating stator winding.

The vector model according to Equation (8.8) is a complex single-axis model. It cannot
account for the magnetic anisotropy of the salient-pole machine. Therefore, it is advisable to
divide the quantities into two components along the magnetic axes to produce a two-axis
model. The two-axis model is represented in the rotor reference frame, because in that frame,
the inductance parameters of the flux-linkage equations are not dependent on rotor position
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Figure 8.7 Representation of a synchronous machine with its three-phase stator windings
illustrated as three concentrated phase windings. There is one field winding and two
equivalent damper windings in the rotor. isU, isV, and isW are the stator currents. usU, usV,
and usW are the stator voltages. iD and iQ are the damper winding currents. if and uf are the
field-winding current and voltage. θr is the rotor position angle. The UVW axes and the xy
reference frame are fixed to the stator, and the dq reference frame is fixed to the rotor.

angle. Investigating the structure of the machine leads to the same result. Figures 8.7 through
8.9 illustrate various cases where the actual distributed windings are replaced by virtual
concentrated windings. In other words, a virtual winding is depicted on the magnetic axis that
has the same effect on overall model behaviour as the actual distributed winding.

Initially, there is an ordinary three-phase winding in the stator. See Figure 8.8. The
direction of the magnetic pole of the rotor, the direct direction, is called the d-axis.
The direction perpendicular to the d-axis is known as the quadrature direction or the

Figure 8.8 Representation of a synchronous machine with the three-phase stator winding
replaced by a two-phase winding – There is one field winding and two equivalent damper
windings in the rotor. isx and isy are the stator currents, and usx and usy are the stator voltages.
iD and iQ are the damper-winding currents. if and uf are the field-winding current and the
voltage. θr is the rotor position angle.
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Figure 8.9 Representation of a synchronous machine with the three-phase winding replaced
by a two-phase rotating winding. There is one field winding and two equivalent damper
windings in the rotor. id and iq are the stator currents, and usd and usq are the stator voltages. iD
and iQ are the damper-winding currents. if and uf are the field-winding current and the voltage.
θr is the rotor position angle.

q-axis. The field winding magnetizes the magnetic circuit in the direction of the d-axis. The
damper winding is illustrated by the two short-circuited equivalent windings, one of which
magnetizes the machine together with the field winding in the d-direction, and the other which
magnetizes in the q-direction. The equivalent damper windings are denoted D and Q. The
angle θr between the d-axis of the rotor and the direction of the U-phase winding is the rotor
angle with respect to the stator.

The rotating magnetic field generated by a three-phase stator winding can also be produced
by a two-phase winding where the magnetic axes are perpendicular to each other as shown in
Figure 8.8. In the two-phase case, the symbols x and y refer to the magnetic axes of the windings.

When the rotor turns, the magnetic connection between the stator and rotor windings
changes, which means the inductance terms in the flux-linkage equations depend on rotor
angle θr. To eliminate this dependence, the two-phase winding fixed to the stator is replaced
by an imaginary winding that turns with the rotor, as shown in Figure 8.9. The d-direction of
this winding is congruent with the d-axis of the rotor, and the direction of the q-winding is
perpendicular to this direction, that is, aligned with the q-axis. There is another advantage with
the dq reference frame rotating along with the rotor. Since the rotor rotates at the same speed
as the magnetic field in steady state, the vectors remain stationary in the dq reference frame,
whereas in the xy reference frame, the vectors rotate at the synchronous speed.

The following symbols represent the resistances and inductances present in the rotor
reference frame that refer to the stator.

– Ld d-axis synchronous inductance

– Lq q-axis synchronous inductance

– Lmd d-axis magnetizing inductance

– Lmq q-axis magnetizing inductance

– Lsσ stator leakage inductance
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– Lf total inductance of the field winding

– Lfσ leakage inductance of the field winding

– Ldf mutual inductance between the stator equivalent winding on the d-axis and the field
winding (in practice Lmd)

– LdD mutual inductance between the stator equivalent winding on the d-axis and the
direct equivalent damper winding (in practice Lmd)

– LqQ mutual inductance between the stator equivalent winding on the q-axis and the
quadrature equivalent damper winding (in practice Lmq)

– LD total inductance of the d-axis damper winding

– LDσ leakage inductance of the d-axis damper winding

– LQ total inductance of the q-axis damper winding

– LQσ leakage inductance of the q-axis damper winding

– Rs stator resistance

– Rf resistance of the field winding

– RD resistance of the d-axis damper winding

– RQ resistance of the q-axis damper winding

Sometimes, the artificial Canay inductance (Canay, 1969) is used. Canay inductance may
even have negative values. Therefore, it must be interpreted as a corrective factor in the
model, which can in many cases be omitted altogether.

– Lkσ mutual leakage inductance between the field winding and the direct damper
winding, that is, the Canay inductance

Next, the same situation is approached using the vector model. Previously, the voltage
equation of the synchronous machine in the rotor reference frame was expressed as follows.

dψ r dθrr siru R j ψ r (8.9)s s s sdt dt

The current, voltage, and flux-linkage vectors can be decomposed into their real and
imaginary parts on the d- and q-axes of the rotor reference frame.

r juq; i
r id jiq;ψ

rus ud jψq (8.10)s s ψd

The equations for the real and imaginary parts of the voltage equation become

dψd ωrψq (8.11)ud Rsid dt

dψq
ωrψd (8.12)uq Rsiq dt
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The voltage equations of the rotor circuits (the field winding and the d- and q-axis damper
windings) referred to the stator are then expressed thusly.

dψ fuf Rf if dt
(8.13)

0 RDiD
dψD

dt
(8.14)

0 RQiQ
dψQ

dt
(8.15)

As these equations are written in the natural reference frame of the windings no rotational
voltage is needed. The inductances of the synchronous machine model are determined in the
rotor reference frame.

Lsσ (8.16)Ld Lmd

Lsσ (8.17)Lq Lmq

Lkσ (8.18)LfσLf Lmd

LDσ (8.19)LkσLD Lmd

LQσ (8.20)LQ Lmq

The following equations may be written for stator flux linkages and other flux linkages; the
inductances and currents refer to the stator.

LdDiD (8.21)ψd Ldid Ldf if

ψ Lqiq LqQiQ (8.22)q

LfDiD (8.23)Lf ifψ f Ldf id

LDiD (8.24)ψD LdDid LfDif

LQiQ (8.25)ψQ LqQiq

In the traditional two-axis model, the stator circuit (that is, the armature circuit), the damper
windings, and the field winding are assumed to be magnetically interconnected only through
the magnetizing inductances Lmd and Lmq. However, measurements have shown that in
transients, the alternating component of the field-winding current may be larger than the
calculated value. Therefore, the Canay inductance parameter Lkσ is added to the model, since
the traditional model only correctly describes the armature. The Canay inductance takes into
account the deviation of the magnetic connection of the damper winding and the field winding
from the d-axis magnetizing inductance. Therefore, the different mutual inductances are

LdD Ldf Lmd (8.26)

Lkσ (8.27)LfD Lmd

LqQ Lmq (8.28)
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Based on the above assumptions, the equations of the flux linkages can be expressed in the
rotor (dq) reference frame. The sum of the d-axis currents produced flux linkage in the
magnetizing inductance and the stator winding leakage flux linkage together define the stator
flux linkage on the d-axis.

ψd Lmd id if iD Lsσid (8.29)

Correspondingly, the sum of the q-axis currents define the q-axis flux linkage.

ψq Lmq iq iQ Lsσiq (8.30)

As was the case for d-axis stator flux linkage, there is a common part coming from the sum of
all the d-axis currents plus the leakage components when defining the field-winding flux
linkage.

ψ f Lmdid Lf if Lmd Lkσ iD Lmd id if iD Lfσif LkσiD (8.31)

The damper-winding flux linkages are as follows.

ψD Lmdid Lmd Lkσ if LDiD Lmd id if iD Lkσif LDσiD (8.32)

ψQ Lmqiq LQiQ Lmq iq iQ LQσiQ (8.33)

8.4 Equivalent circuits and machine parameters for a
synchronous machine

The equivalent circuits of Figures 8.10 and 8.11 can be represented for a synchronous
machine in the rotor reference frame, since in that frame, the inductance coefficients of the

Figure 8.10 The equivalent circuit of the synchronous machine in the d-axis direction
referred to the stator winding – id and ud are the d-axis components of the stator current and
voltage. ψd and ψq are the d- and q-axis components of the stator flux linkage. iD is the current
of the direct damper winding. if is the field-winding DC current. Rs is the stator resistance, RD

is the resistance of the direct damper winding, and Rf is the resistance of the field winding. Lsσ
is the leakage inductance of the stator, Lmd is the direct magnetizing inductance, Lkσ is the
Canay inductance, LDσ is the leakage inductance of the direct damper winding, and Lfσ is the
leakage inductance of the field winding. uf is the voltage of the field winding.
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Figure 8.11 The equivalent circuit of the synchronous machine in the q-direction referred
to the stator winding – iq and uq are the quadrature components of the stator current and
voltage. ψd and ψq are the direct and quadrature components of the stator flux linkage. iQ is
the quadrature current of the damper winding. Rs is the stator resistance, RQ is the resistance
of the quadrature damper winding. Lsσ is the leakage inductance of the stator, Lmq is the
quadrature magnetizing inductance, and LQσ is the leakage inductance of the quadrature
damper winding.

flux-linkage equations no longer depend on rotor position. Therefore, the coefficients are
constants. The equivalent circuits are given separately for the d- and q-directions, since the
salient-pole machine is magnetically anisotropic. Although the nonsalient-pole machine is in
principle magnetically isotropic, it also involves enough anisotropy to make employing the
two-axis model advisable. Furthermore, the field winding is usually a single-phase construc
tion, which also justifies the application of the two-axis model. Only a slip-ring asynchronous
machine, which can also be used as a synchronous machine by supplying direct current to the
rotor, is in principle magnetically completely isotropic. Therefore, it does not require a two-
axis model fixed to the rotor.

The equivalent circuits of Figures 8.10 and 8.11 are DC-circuits. This is the result of
representing the currents and voltages in the rotor reference frame. In steady state; voltages,
currents, and flux linkages have constant DC-values. Only during transients do the
variables have AC-components. For example, the DC d-axis stator current is steady
only along the magnetizing inductance path of the d-axis equivalent circuit, because
that path has no resistance. There is current in the damper winding only when air-gap flux-
linkage changes and induces a variable air-gap voltage. The AC-portion of the air-gap
voltage sees high impedance in the magnetizing inductance path, and therefore the damper
winding route seems attractive. Similarly, any transient in the air-gap flux linkage results in
current components via the damper winding, the magnetizing circuit, and the magnetizing
inductance.

In principle, the appropriate parameters for a synchronous machine are provided by the
manufacturer. These parameters are supplemented or adjusted based on measurements taken
by the user of the machine. The provided parameters are not the most suitable values to apply
to the construction of equivalent circuits, because they have been defined using traditional
methods that represent different magnetic states of the machine. For instance, d-axis
synchronous inductance is determined based on no-load DOL operation in the absence of
field-winding current or in a sustained short circuit. The transient and subtransient induc
tances, on the other hand, are defined using data collected during short-circuit testing.
Quadrature-axis synchronous inductance and q-axis transient inductances are determined
using various methods in various loading situations.
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As a result, all the parameters determined for a synchronous machine are not
simultaneously valid, but instead represent different magnetic states. In their design
software, the manufacturers apply their own experimentally defined coefficients or
simulate transients with time-stepping FEM-based analyses. Frequency converter tech
nology also provides some solutions for determining machine parameters. The parameters
can be updated online, or they can be determined in the initial identification run of the
drive.

An example will serve to identify the traditional parameters and time constants used for
synchronous machine modelling and to illustrate how they are determined. A three-phase
short-circuit test beginning from a no-load condition is a traditional parameter determination
approach. Figure 8.12 depicts the single-phase short-circuit current measured during three-
phase short circuit test. In the figure, the extracted subtransient, transient, permanent, and DC
component parts of the short-circuit current are shown.

The test data plots clearly show the decay of each component. The subtransient
component decays fastest. The decay of the transient component is slower. The test ends
in a sustained short circuit determined by the internal emf and the d-axis synchronous
inductance. From the equivalent circuits in Figures 8.10 and 8.11 and the short circuit
behaviour, it is possible to define the machine parameters of the circuits shown in Figure 8.13.
The figure clearly illustrates the parameters traditionally given by the synchronous machine
manufacturer.

The mutual inductances between windings on the d-axis of the machine and the
magnitude of the direct magnetizing inductance are usually assumed to be equal, that is,
Ldf= LdD= LfD = Lmd.

The d-axis synchronous inductance is the sum of the stator leakage inductance and the
d-axis magnetizing inductance. This is, together with the q-axis synchronous induc
tance, the most important machine parameter in steady state.

Lsσ (8.34)Ld Lmd

Correspondingly, the q-axis synchronous inductance can be written

Lsσ (8.35)Lq Lmq

The stator leakage inductance values for both axes are assumed equal. This represents a
simplification and a negligible error, as some of the leakage inductance components
depend on air-gap size, and therefore the q- and d-axis leakages differ slightly.

Direct transient inductance is the sum of the stator leakage inductance and the parallel
connection of the direct magnetizing and field-winding leakage inductances as
follows.

LmdLsσ (8.36)Ld Lsσ LfσLmd

The subtransient inductances Ld and Lq are important parameters that describe
machine behaviour at the beginning of a transient. For example, in a sudden short
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Figure 8.12 Result of a three-phase short-circuit test. The extracted subtransient, transient,
permanent, and DC component regions of the single-phase short-circuit current are shown
above the measured current.

circuit, subtransient inductances define the currents. If a synchronous machine is
supplied from a PWM source, the pulses see Ld, which filters the current ripple of the
machine. The d-axis subtransient inductance Ld is the sum of the stator leakage
inductance and the parallel connection of the d-axis magnetizing, damper-winding
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Figure 8.13 Traditional machine parameters for a synchronous machine and the respective
equivalent circuits. Source: Pyrhönen et al. (2014). Reproduced with permission of John
Wiley & Sons Ltd.

leakage, and field-winding leakage inductances.

LDσLfσLmd LDσ Lfσ (8.37)Ld Lsσ LDσLfσLmd LDσ Lfσ
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There is no field winding on the q-axis, and therefore the quadrature subtransient
inductance is as follows.

LmqLQσ
Lq Lsσ (8.38)

LQσLmq

Figure 8.13 also shows a number of time constants

τdo is the d-axis subtransient time constant with an open-circuit stator winding,

τd is the d-axis subtransient time constant,

τdo is the d-axis transient time constant with an open-circuit stator winding,

τd is the d-axis transient time constant,

τqo is the q-axis subtransient time constant with an open-circuit stator winding, and

τ is the q-axis subtransient time constant.

All machine parameters shown in the figure can be easily determined first in the
commissioning of the machine. The subtransient inductance of the q-axis is determined
by the equivalent circuit

L2
mqL Lq (8.39)q LQ

where

LQσ (8.40)LQ Lmq

The magnetizing inductance Lmq of the q-axis is usually, especially in traditional machines,
notably larger than the leakage inductance of the q-axis damper winding LQσ. Assuming that
LQ Lmq, an acceptable simplification, the subtransient inductance becomes

L2
mqL Lmq Lmq Lsσ (8.41)Lq Lsσq LQ

In principle, Figure 8.13 describes the equivalent circuit behaviour of a synchronous machine
during a transient. During a transient, the machine first reacts with its subtransient inductances
and time constants moving towards the transient parameters. Finally, it settles into steady
state, where synchronous inductances dominate.

The time constants describe machine behaviour depending on stator connection status. A
shorted stator means the stator is in short circuit from the point of view of the phenomenon
observed, for example, at a certain frequency. The stator can be shorted during a real terminal
short circuit or, for example, by applying a frequency converter zero vector.

If the supplying system has a significant inductance the leakage of the machine must be
increased accordingly to find the drive subtransient parameters. The obtained subtransient
estimate can be used to estimate the stator leakage inductance

Lsσ klsσLq (8.42)

q
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where the coefficient klsσ varies typically between 0.4 and 0.6. The exact measurement of
stator leakage inductance is carried out without the rotor in place, and therefore an operating
synchronous machine cannot be used to make this inductance measurement. An estimate must
suffice. The other parameters required for the current model are obtained by employing the
equivalent circuits from Figure 8.13 as follows.

Lmd Ld Lsσ
(8.43)

Lmq Lq Lsσ

Lfσ
LdLmd

Ld

LsσLmd

Ld

L2
mq Lmq (8.44)LQσ

Lq Lq

LdLmdLfσ LsσLmdLfσLDσ LsσLfσ LsσLmd LmdLfσ LdLfσ LdLmd

When all the parameters according to the two-axis model are known, the resistances RD and
RQ of the damper windings can be calculated.

(8.45)

(8.46)
q

The current model can be determined by employing Equation (8.44) through Equation (8.46).
The successful accomplishment of this task depends on the accuracy of the traditional motor
parameters.

The main problem with the equivalent circuits in Figure 8.13 is that the parameters have
different values in different situations, and therefore solving the system of equations based on
the equivalent circuits and real parameters of the machine is not possible, because it results in
irrelevant values for some parameters. The figure describes the principal behaviour of the
machine and the components involved in certain states, but the values of the different
parameters must be determined experimentally or from FEA.

If a rotor is at all conductive, even without a damper winding there will be subtransient
parameters, at least in principle. For example, rotor surface permanent magnet machines
without damper windings are common; however, they still possess some of the properties
of machines that do have damper windings, because of eddy currents produced in the
magnets.

Laboratory measurement technologies available for determining synchronous machine
parameters are defined in the IEC 60034-4 (Methods for Determining Synchronous Machine

RD

LDσ
LmdLfσ

Lmd Lfσ

τd

Ld

Ld

RQ

LQσ
LmqLsσ

Lmq Lsσ

τ
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Table 8.1 The machine parameters of a test machine determined by standard measurement
procedures –Test machine properties are: 14.5 kVA, 400 V/21A, field-winding current 10.5 A,
kri= 4.64, 50 Hz/1500 rpm, and rated power factor as generator cos φ= 0.8 ind.

Parameter Value Notes

per-unit stator resistance Rs 0.05
per-unit field-winding resistance Rf 0.0083∗ ∗referred to the stator voltage

level
referring factor kri 4
per-unit d-axis synchronous inductance Ld 1.19
per-unit q-axis synchronous inductance Lq 0.56
per-unit d-axis transient inductance Ld 0.33
per-unit d-axis subtransient inductance L d 0.105
per-unit q-axis subtransient inductance L q –

∗ ∗ could not be measured
d-axis transient time constant with open-circuited 0.236 s

0.054 s
0.024 s
–
∗ ∗ could not be measured

stator τdo

transient time constant of the d-axis τd

subtransient time constant of the d-axis τ d

subtransient time constant of the q-axis τ q

Quantities from Tests) and IEEE 115-1983 (Test Procedures for Synchronous Machines)
standards. The measurements comprise a DC resistance measurement, a no-load test, a steady-
state short-circuit measurement, a slip test, a short-circuit test of the field winding, a sudden
three-phase short-circuit measurement, and the measurement of V-curves. Table 8.1 lists the
test motor data obtained from these measurements.

The data provided by the machine manufacturer are summarized in Table 8.2.

8.5 Measuring motor parameters using a frequency
converter

The DC resistance of the stator, the direct synchronous inductance at no load for different
voltage steps, and the subtransient inductance, both in the d- and q-axis directions, can be
measured using a frequency converter. A modern frequency converter has good measuring
and computing capacity. Therefore, various measurements can be carried out automatically
during the commissioning of the drive.

If the drive is being commissioned under load, and it can be run, that is, using both the
current model and the model based on the voltage integral in the flux linkage and torque
estimation, then the parameters of the current model can be updated both on the direct and
quadrature axes. The torque values determined using the current and voltage models must
be equal, and therefore the inductance parameters have to be selected to establish this
condition.

The measurement of transient inductance is straightforward. The motor is supplied
with short voltage pulses from the frequency converter: dt τD. By switching on the six
active voltage vectors in their directions, a good picture of transient inductance can be
determined for each direction of the machine. When supplying the machine in the direction
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Table 8.2 Machine parameters given by the supplier: 14.5 kVA, 400 V/21A, 50 Hz/1500 rpm

Parameter Value Notes

per-unit stator resistance Rs 0.048
per-unit field-winding resistance Rf 0.00793∗ ∗in the stator voltage level
referring factor kri 4.64
per-unit d-axis synchronous inductance Ld 1.17
per unit d-axis magnetizing inductance Lmd,pu 1.05
per-unit q-axis synchronous inductance Lq 0.57
per unit q-axis magnetizing inductance Lmq,pu 0.45
stator leakage inductance Lsσ 0.12
field-winding leakage inductance Lfσ 0.27 in the stator voltage level
d-axis damper leakage inductance LDσ 0.07
q-axis damper leakage inductance LQσ 0.14
Canay inductance Lkσ 0
d-axis damper resistance RDσ 0.02
q-axis damper resistance RQ 0.03
per-unit d-axis transient inductance Ld 0.13
per-unit d-axis subtransient inductance L d 0.09
per-unit q-axis subtransient inductance L q 0.109
d-axis transient time constant with open-circuited 0.284 s

stator τdo

transient time constant of the d-axis τd 0.031 s
subtransient time constant of the d-axis τ d 0.006 s
subtransient time constant of the q-axis τ q 0.008 s

of the d-axis of the machine, the d-axis subtransient inductance can be calculated as
follows.

Ld
uddt
did

dψd

did

Δψd

Δid
(8.47)

Correspondingly, supplying the machine with a voltage pulse in the direction of the q-axis of
the machine, dt τQ, reveals the quadrature subtransient inductance.

uqdt dψq ΔψqL (8.48)q diq diq Δiq

In the laboratory, measurements can also be made in intermediate positions. Figure 8.14
illustrates the subtransient inductance of a synchronous machine as a function of rotor angle.

In this case, the subtransient inductance is larger in the q-axis direction than in the d-axis
direction. Evidently, the damper-winding activity preventing flux penetration into the rotor is
not as efficient on the q-axis as it is on the d-axis. Therefore, a short voltage pulse generates a
larger flux linkage when the rotor is in the q-axis position than when it is in the d-axis position.

The d-axis synchronous inductance of a synchronous motor can also be measured when
the motor is operating at no load. The measurement is based on flux linkage, obtained by
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Figure 8.14 Measurement result of the per-unit subtransient inductance as a function of
rotor angle. The angle is given in electrical degrees. Source: Adapted from Kaukonen (1999).
Reproduced with permission of J. Kaukonen.

integrating from the voltages and comparing to the measured currents. In this inductance
measurement, the motor must be run at a relatively high speed to reduce the uncertainty of the
measurement. The measurement result cannot be recorded before all transients have settled to
ensure the damper-winding currents are zero.

The synchronous inductance measurement can be performed by varying the current of the
stator and rotor. Completely eliminating the direct current of the rotor provides the first value
for the synchronous inductance. Since the absolute value of the terminal voltage is

, the no-load current can be measured and kept chiefly as inductive
excitation current to calculate the d-axis synchronous inductance. As rotor current increases,
stator current decreases until the stator becomes completely resistive.

Measuring q-axis magnetizing inductance is difficult in no-load operation. This measure
ment is best carried out in a laboratory using two similar machines – one that is driving while
the other is being measured. The machine rotors must be connected with a 90 electrical degree
phase shift.

To measure its parameters, a synchronous machine must be loaded. The magnetizing
inductance and the stator leakage inductance can be calculated by applying the information on
the stator flux linkage in the rotor reference frame.

usωsψ s ωsis0Ld

(8.49)

Figure 8.15 illustrates the measured no-load saturation curves in the d-direction.

Lmd
ψd idLsσ

id if iD
iD 0

Lmq
ψq iqLσ
iq iQ iQ 0

Lσ
ψd

id
Lmd if 0;iD 0
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Figure 8.15 Measured no-load saturation curves for the d-axis magnetizing inductance.

These inductance measurements are made by setting the sum current of the d-axis,
imd= id+ if+ iD, at the desired value (in practice with no damper-winding current, iD = 0) and
varying the torque, which in turn impacts the sum field-winding current of the q-axis;
imq= iq+ iQ (with iQ= 0). The measurements are repeated across the flux-linkage range of
ψ ref= 0.3–1.3 pu, with torque varying between Tref= 0–2.5 pu. At each measured point, the
measuring result is computed by the inverter control program. The result is the d-axis,
Lmd f imd t ; imq t , and q-axis magnetizing, Lmq f imd t ; imq t , inductances as a
function of imd and imq. Stator leakage inductance is assumed constant and similar for
both axes even though air-gap affects the leakage inductance calculation. See Pyrhönen et al.
(2014). Under heavy loads, the leakage may saturate, which should considered when
designing, for example, a rolling mill drive subject to heavy overload conditions.

Figure 8.16 offers surface plots of the d-axis and q-axis magnetizing inductances as a
function of the axis sum currents. The plots show that q-axis current affects the magnetizing

Figure 8.16 Surface plots of (a) the d-axis magnetizing inductance and (b) the q-axis
magnetizing inductance as functions of the sum of the magnetizing currents. Source: Adapted
and reproduced with permission of J. Kaukonen (1999).
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Figure 8.17 Curve plots of (a) the d-axis magnetizing inductance and (b) the q-axis
magnetizing inductance as functions of the sum of the field-winding currents.

inductance of the d-axis and vice versa. The effect of so-called cross-saturation, therefore,
is clearly visible. Figure 8.17 presents the same information as two-dimensional curve
plots.

Table 8.3 presents a comparison of the results obtained using the different methods. The
DTC measurement data have been gathered at the nominal operation point. The transient
values in particular are notably different for the different methods.

Table 8.3 A comparison of results obtained using different methods – The DTC-converter
measurement data was collected at the nominal operation point. The transient values, in
particular, are notably different between the different methods.

Parameter Manufacturer Standard DTC
measured measured

Per-unit stator resistance Rs 0.048 0.048 0.051
Per-unit field-winding resistance Rf 0.00793 0.0083 –

∗

Current referring factor kri 4.63 4 3.96
Per-unit d-axis synchronous inductance Ld 1.196 1.19 1.066
Per-unit q-axis synchronous inductance Lq

Per-unit d-axis transient inductance Ld

0.475
0.129

0.56
0.33

0.439
–
∗

Per-unit d-axis subtransient inductance L d 0.09 0.105 0.125
Per-unit q-axis subtransient inductance Lq

direct-axis transient time constant
0.109

0.284 s
–
∗

0.236 s
0.194
–
∗

with an open-circuit stator winding τdo

transient time constant of the d-axis τd 0.031 s 0.054 s –
∗

subtransient time constant of the d-axis τ d 0.006 s 0.024 s –
∗

subtransient time constant of the q-axis τ q 0.008 s –
∗

–
∗

∗was not possible to measure.
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8.6 Finite element analysis (FEA) for determining the
synchronous machine inductances

With electromagnetic analysis, the preceding inductance surfaces of Figure 8.16 can be
prepared early on in the machine design phase. FEM magnetic calculation is useful in
determining the saturation behaviour of the direct and quadrature magnetizing inductances.
The inductances can also be defined at a particular loading point. At present, however, FEM
magnetic calculation is still rather laborious, and therefore not even the largest suppliers
calculate all their machines using the method. Instead, simpler methods are applied to the
machine calculation.

For example, consider a small synchronous test motor with a three-phase winding, a
stator slot number Qs = 24, and qs = 2 slots per pole and per phase. The stator stack length is
l= 140 mm, the inner diameter of the stator is Ds = 196 mm, and the number of turns in
series in the stator winding per slot is zQ = 56. With a four-pole field winding, the number of
turns per pole is Nrp = 220. The d-axis magnetizing inductance Lmd f if id iq 0 can be
calculated using different values of rotor current. In the calculation, complete quadrature
magnetizing can be accomplished, so it is possible to determine Lmq f iq if id 0. At each
loading point, the inductances Lmd f id; if ; iq and Lmq f id; if ; iq can be calculated.
Figure 8.18 illustrates the machine running at no load and loaded at the nominal operating
point.

The finite element method yields, for instance, the air-gap flux density, which is naturally
distorted due to the slot openings and the armature reaction. A Fourier analysis of the curve is
needed to calculate the magnetizing inductances, since space vector theory is based on the
assumption of a sinusoidal curve form. Figure 8.19 depicts the air-gap flux density distribu
tion and its fundamental harmonic at no load.

Figure 8.18 Flux diagrams of the machine at no load and at the rated point. Source: Adapted
from Kaukonen (1999). Reproduced with permission of J. Kaukonen.
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Figure 8.19 Air-gap flux density and its fundamental harmonic at nominal no-load
operation calculated by FEM.

^

^^

B1δ is searched from the
result of the Fourier analysis. Air-gap flux can then be determined from the following
equation.

τp
l

^

2

Φm B1δ cos B1δτpl

To calculate the inductances, the air-gap flux density fundamental

x 2
∫ ∫ π dxdl (8.50)

τp π
τp
2

0

where the effective machine equivalent length l must be defined, for example, based on the
information given in Pyrhönen et al. (2014). In the simplest case, there are no cooling ducts,
and l l+ 2δ0, where δ0 is the air gap in the middle of the pole shoe, τp πDs= 2p is the pole
pitch of the machine, Ds is the stator bore, and p is the number of pole-pairs. Air-gap flux-
linkage amplitude for phase U becomes

2

^

^ψ̂mU B1δτpl kws1Ns

kws1 is the winding factor of the fundamental harmonic, and Ns is the number of turns of
the stator phase in series. The flux linkages for phases V and W are calculated in the
same way, and the stator flux-linkage vector of the machine can be expressed as follows
(see e.g. Chapter 4 for definition of γ).

2
ψmUe

(8.51)
π

j 2π j 4π
3 ψmW t e 3 jγ (8.52)ψm ψmU t ψmV t e

3

Flux linkage can be divided into d- and q-axis components.

cos γψmd ψm
(8.53)

ψmq ψm sin γ
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Figure 8.20 (a) The converter measured and calculated d-axis inductance, when there is
magnetization only on the d-axis and (b) the calculated quadrature inductance (reference
machine of Table 8.1).

Finally, the inductances can be calculated using these equations.

ψmdLmd iD 0id if iD
(8.54)ψmq

Lmq iQ 0iq iQ

Figure 8.20a shows how the measured and calculated results for d-axis inductance compare.
The agreement is acceptable. Figure 8.20b presents the calculated quadrature inductance.

The results of the FEM analysis for a machine running under load are interesting.
Figure 8.21a depicts the behaviour of the d-axis inductance at nominal stator flux linkage for
different loads. Figure 8.21b illustrates the behaviour of the q-axis inductance. Again, the
results deviate somewhat from the measured ones.

This example clearly shows how the inductances vary as a function of load. Obtaining
exact results for the synchronous machine, therefore, is difficult, and the machine parameters
must be updated for the machine’s working conditions.

Figure 8.21 (a) The converter measured and calculated behaviour of the d-axis inductance
and (b) the behaviour of the q-axis inductance when the torque varies between 0 % and 250 %
(reference machine of Table 8.1).
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8.7 The relationship between the stator and rotor
excitations for a synchronous machine

8.7.1 The nonsalient pole machine

A field winding is a single-phase winding, and it does not have the same number of winding
turns as the stator. Field-winding current must be referred to the stator d-axis equivalent
circuit. Consider a nonsalient-pole synchronous machine. The polyphase armature winding

Θ̂s

fundamental) that depends on the number of turns Ns of the phase, the winding factor
kws1 of the fundamental harmonic, the number of pole-pairs p, and the phase number m

produces a peak-to-peak total stator current linkage value ( is the amplitude of the

4 kws1Ns ^Θs is

For a three-phase two-pole machine, the above is rewritten as

^2 (8.55)m
π 2p

6 24 kws1Ns4 kws1Ns

^

Θs

In a synchronous machine, there is a single-phase field winding, which is supplied with direct
current. The peak value of the total field-winding current linkage becomes for two poles
magnetically in series

^

Θr

îs2 3 3 2Is kws1NsIs (8.56)
π 2 π 2 π

4
2 kwr1NrI rfDC (8.57)

π

To express armature current as a function of the direct current of the rotor, the current linkages
are set to be equal.

Is
kwr1NrI rfDC π 4
kws1Ns 6 2 π

2 kwr1Nr

3 2 kws1Ns
IrfDC (8.58)

The relationship between the fundamental of the stator current and the magnetizing DC
current is therefore as follows.

Is 2 kwr1Nrkri (8.59)
I rfDC 3 kws1Ns

The current linkages given by the equations, if set equal, do not really result exactly in equal
flux densities in the air gap since the leakage fluxes of the windings are not equal, and
therefore unequal parts of the stator and rotor current linkages are applied in the air gap.

Assuming a time instant, as illustrated in Figure 8.22, yields the same result, but with one
of the stator phases currentless. Therefore, for a sinusoidal supply, the current in the other two
phases can be expressed

3
i Is 2 (8.60)

2
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Figure 8.22 Currents of a symmetrical three-phase system, when the current of one phase is
zero (iU = 0) and the armature behaviour resembles single-phase behaviour with instantaneous
currents at phase angle 60° or 300°, both 30° from peak.

The sum current of the instantaneous currents of the phases that corresponds to the
common current linkage may therefore be written as follows.

3 3
Is 2 cos 30° Is 2 (8.61)icom 2

2 2

The current linkage at time instant corresponding to single-phase stator (one phase current is
zero) is therefore

4 3
2Θ̂s Is 2kws1Ns (8.62)

π 2

and the current linkage of the field winding is the same as previously. Therefore, the
relationship between the currents is realized as before.

8.7.2 The salient-pole machine

A salient-pole machine has three different magnetic air gaps: 1) the first is the one seen by the
rotor current linkage, 2) the second is the one seen on the d-axis by the stator current linkage,
and 3) the third is the one seen on the q-axis by the stator current linkage.

The air gap seen by rotor pole excitation is usually shaped by the pole shoes so the d-axis
sees, as much as possible, a sinusoidal, no-load, rotor-excitation-produced flux density
distribution. The pole surface must be shaped so that the length of the flux line is inversely
proportional to the cosine of the electrical angle when the frame of reference is fixed in the
middle of the pole shoe. This pole shoe shape generates a sinusoidally distributed magnetic
flux density in the air gap.

The stator winding is constructed so its current linkage is also sinusoidally distributed in
the air gap. This current linkage produces flux density in the air gap. Since the air gap is
shaped to produce sinusoidal rotor excitation flux, the flux generated by the stator is clearly
not sinusoidal. The three-phase winding of the stator produces its own current linkage, and
correspondingly, its own flux density component to the air gap. In normal operation, the air-
gap flux density comprises the flux components generated by all the machine’s windings.
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Figure 8.23 (a) The cos2-shapedflux density waveBd produced in an air gap with stator current
linkage shaped by the pole shoe. The flux density wave is generated by a cosinusoidal current
linkage θs1 falling along the d-axis of the stator. The figure also illustrates the corresponding
equivalent cosinusoidal fundamental harmonic

^

B̂1d.
distribution θs1 of the stator occurring at the q-axis generates the curve Bq. The peak value

B1q.

(b) The cosinusoidal current linkage

of the corresponding equivalent cosinusoidal fundamental harmonic flux density curve is

^

^

Θd of
the stator current linkage amplitude is exerted along centreline d of the pole. The magnetic
voltage varies along the pole pitch, therefore, as follows.

Θd cos θ

To understand how the stator magnetizes a shaped air gap (δ= δ0/cos θ), assume that

Θd θ (8.63)

where θ is the electrical angle along the air-gap periphery, see Figure 8.23. The permeance dΛ
of the passage from this point to the rotor surface through surface dS = Dxl and through n
potential layers is

dΛ μ0
dS
nΔδ

μ0
Dldθ
2p

cos θ
δ0e

(8.64)

^

where δ0e is the air gap in the middle of the pole, corrected with the Carter factor
The magnetic flux density at the point θ is therefore

Θd cos
dΦ μ0Bd θ 2 θ (8.65)
dS δ0e

The proportion of the air-gap flux density produced by the stator current linkage is, therefore,
proportional to the square of the cosine. However, this density function is often replaced by its
fundamental harmonic, that is, by a cosine function with an equal flux. The condition for
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keeping the magnitude of the flux equal is expressed thusly.

π=2 π=2

μ0

δ0e
Θ̂d ∫ cos2 θdθ B̂1d ∫ cosθdθ

π=2 π=2

The amplitude of the corresponding cosine function is therefore

B1d^

(8.68)

π μ0 μ0 Θd (8.69)Θd4 δ0e δde

^

In the latter form of Equation (8.69), the equivalent air gapδde, which the stator current linkage
meets, is equivalent. Its theoretical value is (see more thorough analysis in Pyrhönen et al.
(2014))

4δ0e
δde (8.70)

π

Figure 8.23a illustrates the effect of this air gap. Equation (8.70) describes the air gap
experienced by the stator for a salient-pole machine when the air gap is shaped to produce a
sinusoidal distribution in the presence of rotor magnetization. In reality, the distance at the
pole edge from the stator to the rotor cannot be infinite, so the theoretical value of Equation
(8.70) is not realized exactly. Precise values for this equivalent air gap are best determined
using an FE method; however, it is also possible to calculate accurate results manually.

Figure 8.23b illustrates the quadrature air-gap definition. The magnetic voltage axis of the
stator is imagined at the q-axis of the machine. The flux density curve on the q-axis is
sketched, and the flux Φq is calculated. The flux density amplitude corresponding to this flux
can be written as follows.

pΦq μ0
q

^

^

B1q

where δqe is the equivalent quadrature air gap. All the air-gap current linkages are set equal.
Θ

(8.71)Θ̂
Dl δqe

^Θ̂f Θd
density amplitudes.
That is, . For this case, the equivalent air gaps behave like inverses of the fluxq

1 1 1^^B̂δ : B1d : B1q

Direct and q-axis equivalent air gaps are calculated using this expression of proportionality,
and the direct and quadrature magnetizing inductances of the stator are inversely proportional
to these air gaps. Consequently, the q-axis synchronous inductance of a traditional salient-
pole machine is usually notably lower than the direct synchronous inductance.

In case of air gap producing sinusoidal excitation flux density, the q-axis equivalent air
gap can be evaluated, also based on (Heikkilä, 2002), as follows.

3πδe (8.73)δqe απ
4 sin2

2

(8.72)::
δ0e δde δqe
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In the equation, α is the per-unit value of the pole shoe width, and the δ = δ0/cosθ form can be
assumed valid for the air gap. A generally suitable value for α is 0.9.

Therefore, the current linkage of the rotor produces a sinusoidal flux density distribution
on the stator surface, the peak value of which converges with the smallest air gap δ0. Stator
slotting increases the effective air gap by an amount proportional to the Carter coefficient kC

(see Pyrhönen et al 2014).

δ0 kCδ0 (8.74)

Observed from the stator, the fundamental harmonic of the direct air gap theoretically behaves
according to Equation (8.70). The length of the air gap has therefore become 4/π times δ0. See
Equation (8.70).

Since the field winding is positioned only along on the d-axis, determining the ratio of
stator and rotor excitation current is only necessary in this direction. The ratio of currents is
determined by setting the fundamental harmonics of the flux densities caused by the stator and
rotor currents to be equal. It is assumed there are no leakage fluxes and that the reluctance of
iron is zero. Therefore, all the current linkages are applied to the air gaps. Stator current
linkage amplitude can then be written thusly.

Θ̂s
3
kws1Ns 2Is (8.75)

pπ

The fundamental flux density can be calculated accordingly.

3 2Ispπ kws1Ns 3kws1Ns 2Is
4 μ0δ0 4pδ0

^

B̂1s

The square-wave current linkage of the rotor has a magnitude determined by the following.

1NrΘr IrfDC (8.77)
2 p

Since the air gap is shaped to produce a sinusoidal density distribution, the peak value of the
flux density becomes

1 Nr IrfDC
B1r

μ0 (8.76)
π

2 p
μ0 (8.78)

δ0

The current ratio is revealed by comparing Equation (8.76) and Equation (8.78).

Is Nr (8.79)kri I rfDC 3 2
2 kws1Ns

This result is equivalent to the one obtained previously. See Equation (8.59). The current ratio
is the same for both a salient-pole and nonsalient-pole machine if the rotor pole shoe of the
salient-pole machine is shaped to produce a sinusoidal distribution. Otherwise, the current
ratio must be reconsidered by employing the partly empirical form factors given in the
literature.
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If it can be done, the current ratio can easily be determined via permanent short-circuit
testing. In a short circuit, the current linkage of the stator current should cancel the current
linkage of the rotor current. Therefore, a short-circuit test determines the current ratio directly.
A certain magnetizing direct current of the rotor has a corresponding stator short-circuit
current at steady state.

8.7.3 The referring factor

When referring the resistances from the single-phase rotor winding to the three-phase stator
winding or vice versa, the single-phase rotor DC can be considered to form the current vector
of an equivalent three-phase rotor. The rotor is represented by a nonsalient-pole sheet rotor
with a three-phase winding. The three-phase current flowing in the winding generates an equal
flux density in the air gap as the rotating pole wheel is magnetized by the direct current.

According to the energy principle, an equal power loss must occur in both the actual rotor
and in the space vector equivalent circuit. When operating with equivalent three-phase rotor
quantities suitable for the equivalent circuit, the rotor power is determined as Pr3ph. And, this
power must be equal to the power calculated using actual rotor quantities.

Pr3ph 3Rr3phI
2 Pf I fDC

2 RfDC (8.80)r3ph

Therefore
I2

fDCRr3ph RfDC (8.81)
3I2

r3ph

Substituting the effective value Ir3ph of the rotor phase current for the respective stator current
Is results in the following expression.

I2 1fDCRr3ph RfDC RfDC (8.82)
3I2

s 3k2
ri

The same result can also be obtained by replacing the single-phase rotor winding with a three-
phase winding that has an equal number of turns. The current linkages per pole-pair for the
single-phase and the equivalent three-phase rotors are set equal to get the following
expression for a two-pole machine.

3 4 kws1Nrp 4 kws1Nrp^ ^ 2I r3ph I fDC (8.83)Θr3ph ΘfDC 2 π 2 π 2

Nrp is the number of turns in the rotor pole-pair. For the equivalent three-phase current of the
rotor, this yields

2
IfDC (8.84)Ir3ph 3

According to the energy principle, the power losses in the actual rotor and in the equivalent
three-phase circuit must be equal, so when operating with three-phase quantities, the rotor
power is determined as follows.

2
2 2

Rr3phI
2 (8.85)Pr3ph 3Rr3phI

2 3Rr3ph IfDCr3ph fDC3 3
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This power must be equal to the power calculated with the actual rotor quantities, and
therefore the resistance of the equivalent three-phase rotor becomes

3
Rr3ph RfDC (8.86)

2

Since both the equivalent three-phase rotor and the stator have the same number of phases, the
resistance is now referred to the stator by employing the current ratio determined by the turns
and winding factors.

23 1kws1Ns 2RfDCkri (8.87)Rr3ph 2
RfDC 3kwr1N r

8.7.4 Referring rotor quantities to the stator when applying
space vectors

When operating with equivalent three-phase quantities in the rotor, the effective value of the
three-phase current of the rotor was as follows. See Equation (8.84).

2
I fDC (8.88)I r3ph 3

Using sinusoidal quantities, the peak value of this current becomes

2
îr3ph IfDC (8.89)

3

If this equation is applied to construct the rotor current space vector, a rotor current vector
length is determined as shown in Figure 8.24, for instance, when the phase U current is at its
positive maximum, and the phase V and W currents are at half of their negative maximum
values.

The magnitude of the space vector is, therefore, (2/3)IfDC. Setting the space vector
expressions of the stator and rotor current linkages to be equal results in the following (Nsp is
the number of turns in stator phase per pole).

2
i kws1Nsp (8.90)IfDCNrp r3

Figure 8.24 Formation of the electrical current space vector for an equivalent three-phase
rotor with the phase U current at its positive maximum.
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This yields the ratio of the magnitudes of the current vectors.

i 2 Nrpr kriav (8.91)
IfDC 3 kws1Nsp

This result differs from the DC referring by 2. In this system, the phase resistance of the
rotor is Rr3ph 3=2 RfDC . Power can then be calculated by applying space vectors. By setting
this power equal to the effective magnitude of the direct current, the following expressions can
be written

23 3 2 Nrp I2P ui∗ RI fDC r fDCRrfDC2 2 3 kws1Nsp (8.92)
3
2
kriav

2 I2
r IfDC

2 RfDCfDCR

When operating with space vectors, Equation (8.92) can be simplified as follows.

2 1
R RfDC (8.93)r 3 k2

riav

8.8 The vector diagram for a synchronous machine

Often, a space-vector diagram (shortly vector diagram) is used to analyse the operation of a
machine. A vector diagram is quite similar to an RMS value phasor diagram. However, unlike
the phasor diagram, the vector diagrams rotate. Figure 8.25 is a vector diagram for a
synchronous machine in the rotor oriented dq reference frame. The machine represented
is operating as a motor that has a rotor spinning in the counterclockwise direction.

The stator flux linkage ψs of the machine can be calculated by integrating the stator
voltage vector u with the resistive voltage drop removed u . The flux linkage,us isRss s
therefore, follows about 90° behind the stator voltage vector. Because damper-winding
currents are present the Figure represents a dynamic state and the stator flux-linkage vector is
not perpendicular to the voltage vector. Perpendicularity occurs only in steady state when
operating with sinusoidal quantities. In PWM-supplied machines the stator voltage PWM
signal fundamental may be about perpendicular to the stator flux-linkage vector. However,
individual voltage vectors generated by the converter and the winding are rarely found in
positions perpendicular to the stator flux linkage.

The air-gap flux linkage ψm differs from the stator flux linkage by the amount of the
leakage flux linkage ψsσ= Lsσis. The field-winding current produces an equivalent flux-
linkage component Lmdif, which is transformed towards the air-gap flux linkage by the
armature reactions in the d- and q-axis directions Lmdid and Lmqiq, respectively. Each flux
linkage, including the leakage flux linkage, induces its own electromotive force (back emf).

For a motor control, the induced voltages es= jωsψs and em= jωsψm are important.
The back emf es, which is induced by the stator flux linkage, is the induced voltage that almost
totally opposes the supply voltage. When it is added to the supply voltage, the small remaining
back emf determines machine current is =Rs. The induced voltage produced by the
field-winding current jωsLmdif is measurable only at no-load. Under load it is just imaginary,
because the electric machine cannot usually generate the high flux-linkage magnitude

us es
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Figure 8.25 The vector diagram for a general case of a synchronous machine in the rotor
reference frame. ωs is the electrical angular speed. δs is the load angle of the stator flux linkage,
δm is the load angle of the air-gap flux linkage, β is the angle between the stator flux linkage
and the stator current, and φ is the angle between the stator current and stator voltage. is is the
stator current vector, and us is the stator voltage vector. ψs is the vector of the stator flux
linkage, and ψm is the vector of air-gap flux linkage. Finally, es is the back electromotive force
induced by the stator flux linkage. The figure also shows a small damper-winding current
iD + j iQ, which means machine operation is transient. The entire vector diagram rotates
counterclockwise at angular speed ωs.

represented by the nonsaturating value of Lmdif. The induced voltages caused by the armature
and damping reactions jωsLmdid, jωsLmqiq, jωsLmdiD, and jωsLmqiQ transform this into
the actual air-gap flux linkage.

The back emf induced by the rotation of the air-gap flux linkage becomes observable if the
stator of the machine suddenly becomes currentless. Particularly due to field weakening, the
magnitude of the air-gap flux linkage can be notably larger than the magnitude of the stator
flux linkage. If control of this type of machine is lost for some reason, the situation can
become dangerous, because the terminal voltage of the machine can rise excessively – first to
a value corresponding to the air-gap flux linkage and finally to the maximum value allowed by
the machine iron, which corresponds to the field-winding current.

Figure 8.26 shows the vector diagram for the synchronous machine without damper
currents, that is, at steady state.

For practical control purposes, the vector diagram can be simplified by omitting several
induced voltages. See Figure 8.27.

Figure 8.28 depicts the synchronous machine currents in the different reference frames
revealing that field-winding current if contributes to torque production. In the stator flux
linkage to torque reference frame ψ sT, field-winding current includes a component ifT that
clearly decelerates the machine.
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Figure 8.26 Steady-state vector diagram of a synchronous machine with no damper
currents.

The different coordinate transformation equations must be presented in component form
when applying the two-axis model. These component forms can be expressed by defining
stator current as the subject quantity. However, similar equations hold also for stator voltages
and stator flux linkages. When transferring from three-phase to two-phase quantities, the
following equations apply.

isx
2
3

isU
1
2
isV isW (8.94)

isy
1

3
isV isW (8.95)

For the normally nonexistent zero sequence current,

is0
1
3
isU isV isW (8.96)

Figure 8.27 Simplified vector diagram for a synchronous machine. The machine runs at the
power factor cosφ= 1.
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Figure 8.28 Stator and field-winding current in different reference frames. Represented are
the stator reference frame xy, the rotor reference frame dq, and the stator flux linkage to torque
reference frame ψ sT.

The transformation formulas for the opposite direction of the transformation are as follows.

is0 (8.97)isU isx

1 3
is0 (8.98)isV isx isy2 2

1 3
is0 (8.99)isW isx isy2 2

As stated previously, when changing over from the stator to the rotor reference frame, the
angle between the frames, which is rotor position angle θr, must be known. Since the zero
component is not included in the current vector, it must be taken into account separately.

id isx cos θr isy sin θr (8.100)

iq isx sin θr isy cos θr (8.101)

is0 is0 (8.102)

For the opposite direction of the transformation, the equations are written

isx id cos θr iq sin θr (8.103)

iq cos θr (8.104)

is0 is0 (8.105)

isy id sin θr

When transferring directly from the phase quantities to the rotor reference frame, the
following equations apply.

2 2π 4π
id isU cos θr isV cos isW cos (8.106)θr θr3 3 3

2 2π 4π
iq isU sin θr isV sin isW sin (8.107)θr θr3 3 3

1
(8.108)is0 isU isV isW3
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For the opposite direction of the transformation

(8.109)

is0 (8.110)

is0 (8.111)

isU id cos θr iq sin θr is0

isV id cos θr
2π
3

iq sin θr
2π
3

isW id cos θr
4π
3

iq sin θr
4π
3

8.9 Torque production for a synchronous machine

A synchronous electric machine operates according to the cross-field principle. The air-gap
flux linkage in particular is significant for torque production. It is the current component
perpendicular to the air-gap flux linkage that produces torque. As previously presented,
expressions for electrical torque vector Te can be given in various forms. These are briefly
recapitulated here. The general equation for the torque of any rotating-field machine can be
given as the following vector representation.

3
Te pψs is (8.112)

2

where p is the number of pole-pairs, ψs is the stator flux-linkage space vector, and is is the
stator-current space vector.

The vector diagrams for a synchronous machine do not show any contradiction between
this representation and the role of the aforementioned air-gap flux linkage. When the angle β
between the vectors is known the torque equation can also be expressed in scalar form.

3
sin β (8.113)isψsTe p

2

According to these equations, the magnitude of torque depends on the magnitudes of the
vectors and the angles between them. Moreover, the sign of the torque expressed in scalar
form also depends on the angle between the vectors. Therefore, in the case of synchronous
machines, changing over from motor operation to generator operation or vice versa is
accomplished by simply changing the sign of the angle between the vectors.

When Equation (8.112) is represented by its components in the rotor reference frame, it
too can be written in scalar form.

3
Te p ψdiq ψqid (8.114)

2

Substituting the stator flux-linkage components and applying the inductances and currents
results in the following expression.

3
(8.115)Te p Ld Lq idiq Lmd if iD iq LmqiQid2
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Finally, by decomposing the middle term, the equation can be rewritten as follows.

3
(8.116)Te p Ld Lq idiq Lmdif iq LmdiDiq LmqiQid2

Equation (8.116) reveals that electrical torque comprises the following.

the reluctance torque (Ld Lq)idiq resulting from the magnetic anisotropy, which only
occurs in salient-pole machines,

a component related to the field-winding current and the quadrature stator current,
which is the actual torque of the machine, and

two terms describing the torque components of the damper-winding currents. These
components occur only in transients.

8.10 Simulating an electrically excited salient-pole
machine via constant parameters

All rotor quantities are referred to the stator voltage level before the per-unit values are
constructed. The stator voltage equation is expressed in the rotor reference frame as

dψ r
r siru Rs jωsψ

r (8.117)s s sdt

When using per-unit values, the above can be divided by the base value of the voltage. And, if
grouped appropriately, the expression becomes

^

ur
s

uN ^

R

uN

^siN i

^^

r dψ r ωN jωs ωNψ r
s s s

u uN N
(8.118)

îN d ωNt ωN

These equation values were introduced in Chapter 2, but are repeated here for convenience.
Therefore, the voltage equation given in per-unit values becomes

dψ r
spur ir jωspuψspu

r (8.119)u Rspuspu spu dτ

The form of this equation is the same as the original equation. However, the per-unit time may
cause problems. If normal time is used in the per-unit value equations, the equation can be
rewritten as

dψ r1 spur ir jωspuψ
r (8.120)u Rspuspu spu spuωN dt

8.11 The current equations for a synchronous machine

The relationship between the flux linkages and currents of a synchronous machine must be
investigated in the rotor reference frame to avoid the division of the direct and quadrature
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quantities into their components. The dependence between the flux linkages and currents is
determined by an inductance matrix. Omitting the pu (per-unit value) notations, the equation
takes the following form.

ψ L ? i (8.121)

or

idψd Ld 0 Lmd 0 Lmd

0 Lq 0 Lmq 0 iq
ψD

ψq

? (8.122)iDLmd 0 LD 0 LfD

0 Lmq 0 LQ 0 iQψQ

ifψ f Lmd 0 LfD 0 Lf

where

Lsσ (8.123)Ld Lmd

Lsσ (8.124)Lq Lmq

Lkσ (8.125)LDσLD Lmd

LQσ (8.126)LQ Lmq

Lkσ (8.127)LfσLf Lmd

Lkσ (8.128)LfD Lmd

The currents can be obtained from the flux linkages by applying the inverse inductance matrix
K L 1.

id ψd

iq

ksd 0 kdD 0 kdf

0 ksq 0 kqQ 0 ψq

iD ? (8.129)ψDkdD 0 kD 0 kfD

0 kqQ 0 kQ 0iQ ψQ

if ψ fkdf 0 kfD 0 kf

where

L2LfLDksd
fD (8.130)

Δ1

LQksq (8.131)
Δ2

L2LfLd mdkD (8.132)
Δ1

LqkQ (8.133)
Δ2

L2LdLD mdkf (8.134)
Δ1
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Lmd (8.135)kdD LfD Lf Δ1

Lmd (8.136)kdf LfD LD Δ1

Lmq
kqQ (8.137)

Δ2

L2
md LfDLdkfD (8.138)

Δ1

The denominator components Δ1 and Δ2 can be written

Ld ? LD ?Lf L2 (8.139)Δ1 2 ? L2 L2 L2
md ? LfD md ? LD md ? Lf fD ? Ld

Δ2 LQ ?Lq L2 (8.140)mq

8.12 Simulating a synchronous machine in
a discrete-time system

To represent a synchronous machine mathematically, a simulation model can be prepared
with the following inputs: stator voltage vector uspu, excitation voltage ufpu, and mechanical
angular speed n (to integrate the rotor angle). The outputs are stator current ispu, field-winding
current ifpu, damper-windings current iDpu and iQpu, and electric machine torque Tepu.
Naturally, the simulation presumes a knowledge of the synchronous machine inductances
and resistances.

The steps of the simulation are as follows.

0. Appropriate initial values are initialized for the flux linkage and current parameters,
and the inductance matrix is calculated

1.

kdψ sxpu (8.141)ωN usxpu k isxpu k 1 Rspudt

kdψ sypu (8.142)ωN usypu k isypu k 1 Rspudt

2. The derivatives of the flux linkages of the damper winding and the field winding are
calculated in the rotor reference frame

dψ fpu k (8.143)ωN ufpu k ifpu k 1 Rfpudt

dψDpu k ωNiDpu k 1 RDpu (8.144)
dt

dψQpu k
ωNiQpu k 1 RQpu (8.145)

dt

The derivatives of the stator flux linkage ψ spu k are calculated in the stator reference
frame in the x and y directions by applying the stator voltage uspu k
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3. New values are integrated for the flux linkages by applying the obtained derivatives
with Δt as calculation time step

dψ sxk k 1 k Δtψ sx ψ sx dt

dψ syk 1 k Δtψ sy k ψ sy dt

dψDψD k 1 k Δt (8.146)ψD k
dt

dψQψQ k 1 k ΔtψQ k
dt

dψ fψ f k ψ f k 1 k Δt
dt

4. New values are determined for the currents by applying the inverse inductance
matrix

i k KΨ k (8.147)

5. The electrical torque is calculated for the machine (where superscripts “re” and “im”

refer to real and imaginary components)

ψ re k iim ψ im k irek k (8.148)Tepu k s s s s

6. The cycle repeats from item 1

8.13 The implementation of vector control for a
synchronous machine

Figure 8.29 presents a general signal processing diagram for a vector-controlled synchro
nous machine drive. The control loop feedbacks in the diagram are typically proportional-
integral (PI) controllers. First, the currents and the rotor position of the motor are measured.
Next, a two-phase rotor-oriented representation is adopted. Finally, the motor model is
applied to calculate the current components producing the flux linkage and torque. The
speed controller establishes a torque reference, which in turn yields the respective current
reference. The flux limiter is an essential element when considering field-weakening
control. Cross-coupling-effects are eliminated by a circuit designed for the purpose.
Decoupling is examined in more detail in Example 8.1. The angular speeds shown in
the figure are electrical angular speeds.

First, the reference values for the field-winding current components and for the current
components producing electrical torque must be determined. These current references are
calculated in the stator flux-linkage–torque (ψsT) reference frame. The axes of this reference
frame are known as the flux-linkage and torque axes. An appropriately expedient flux-linkage
axis can and should be chosen.
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Figure 8.29 Current-vector control for a synchronous machine in a flux-linkage–oriented system.
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For this discussion, the stator flux-linkage direction is selected as the flux-linkage axis,
and torque will be produced by the current component normal to this axis. The equation for
torque in an AC drive was previously expressed as Te = 3/2p(ψs× is). This equation indicates
that the current component perpendicular to the stator flux linkage, in principle, produces the
torque. However, torque can also be calculated from Te= 3/2p(ψm× is), and the highest
torque per ampere comes from current perpendicular to the air-gap flux linkage. However,
stator flux linkage is selected in this case as the reference for the vector control orientation.
Therefore, the references for current will be designated as the stator flux-linkage–aligned
current reference and the torque axis–aligned current reference.

The torque reference comes from the output of the speed controller; the input to the PI
controller is the difference between the speed reference and the actual speed value. The speed
reference is a setting that is input to the controller by the system controlling the overall
process. Because this motor control is based on the stator flux-linkage reference frame, the
electrical torque will be proportional to the magnitudes of the stator current and the stator flux
linkage. The current reference aligned with the torque axis is simply obtained by dividing the
torque reference by the stator flux-linkage magnitude reference value.

The stator flux-linkage axis–oriented current reference is obtained from the output of the
flux-linkage controller. The flux-linkage controller is also a PI controller. The input consists of
the difference between the field-winding current reference and the actual current value. The
stator flux-linkage reference depends on the actual value for rotation speed. Stator flux linkage
is kept at the rated value when operating well below the rated speed.

As discussed previously in Chapter 2, stator flux linkage must be decreased at an inversely
proportional rate at speeds above rated. The latter speed range is known as the field weakening
range. A suitable voltage reserve must be maintained. Therefore, field weakening begins
taking effect in highly dynamic drives, for example, at 90% of motor rated speed to maintain a
10% voltage reserve if rated voltage corresponds to the full voltage output of the converter.

The absolute value of the rotation induced back emf vector in the stator reference frame is

ψ (8.149)es ωs s

Bearing in mind that stator voltage magnitude us differs only slightly from the magnitude of
the back emf es, a simplified expression can be written that neglects the resistive voltage drop.

ψ ωs (8.150)us s

Taking only the proportional relationships into account and from the point of view of the
stator flux-linkage absolute value this becomes

us
ψ (8.151)s 2πf

Flux linkage in drives remains constant if the ratio of the terminal voltage and the frequency is
kept constant. Voltage also remains constant if the flux linkage is reduced inversely
proportional to the frequency. Figure 8.30 illustrates, in more detail, the flux-linkage reference
generator seen in Figure 8.29. The presented functional block produces a stator flux-linkage
reference value for the drive controller.

Determining the field weakening point is an essential part of electrical drive design,
because the speed at which field weakening is applied influences motor sizing. Not
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Figure 8.30 A stator flux-linkage absolute value reference generator. The functional block
produces a magnetizing current reference in the stator flux-linkage oriented coordinate
system. At angular velocities under 0.9 per unit, ψ s will be held constant at its rated value.
At speeds greater than 0.9 per unit, the magnitude of the stator flux linkage must be reduced to
maintain the voltage reserve us,res.

considering the influence offield weakening results in a motor that is larger than it needs to be to
reach the desired torques at lower rotational speeds. To appropriately dimension the machine,
selecting a correct field weakening point is essential. However, there is no simple mathematical
expression available to select rated speed. A techno-economic analysis must be carried out to
determine the optimal field-weakening point.

The actual values for stator and air-gap flux linkages are calculated from the flux-linkage
equations in real time during operation of the drive. To make these calculations, real-time
values for phase current, field-winding current, rotor position angle, and damper-winding
current must be measured and made available. The measured three-phase currents are
transformed into current components in the rotor reference frame. For the transformation,
rotor position angle must be known. As previously stated, the stator d- and q-axis flux-linkage
components are as follows.

Lsσid (8.152)iD ifLsσid Lmd idψd ψmd

Lsσiq (8.153)iq iQLsσiq Lmqψq ψmq

The d-axis and q-axis components are used to calculate the magnitudes of the flux linkages
and the corresponding load angles for the stator and air-gap flux linkages.

ψ2
d ψ2

q (8.154)ψ s

ψ ψ2 ψ2 (8.155)m md mq

ψq
δs arctan (8.156)

ψd

ψ
δm arctan mq (8.157)

ψmd
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Since it is normally impossible to measure the damper-winding currents, their expressions
must be eliminated from the equations and replaced by appropriate time constant representa
tions. The first step for the rotor reference frame is to determine the direct and quadrature flux-
linkage components.

(8.158)id iDψmd imdLmd Lmd if

(8.159)

The voltage equation for the d-axis damper winding of the rotor can be expressed

dψD d

iq iQψmq imqLmq Lmq

uD 0 RDiD (8.160)RDiD iDLDσψmddt dt

Next, the time constants describing the rotor damping are adopted.

LDσLmd (8.161)τrD RD

which equals the time constant τd0 in Figure 8.13. Another leakage flux time constant is
defined as

LDσ
τrDσ (8.162)

RD

Then, the equation for the damper d-axis flux linkage is plugged into the voltage equation.

d
0 RDiD (8.163)id iD iDLDσLmd ifdt

This expression can be developed somewhat further thusly.

d LDσLmd0 iD (8.164)if id iD iDdt RD RD

d LDσLmd Lmd0 iD (8.165)if id iDdt RD RD

Now, the following equations can be formulated.

d LDσ d LmdLmd1 (8.166)iD if iddt RD dt RD

d d d
1 (8.167)iD id if idτrD τrDσ if τrDdt dt dt

d d
(8.168)iD id iD if idτrD if τrDσdt dt
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Multiplying both sides of the equation by the magnetizing inductance and adding the equation
for the air-gap flux linkage to both sides results in the following expression.

d d
(8.169)id iD id iD id idτrD Lmd if Lmd if Lmd if τrDσ Lmd ifdt dt

The flux-linkage equation can then be rewritten as

d d
id ; (8.169)idτrD ψmd ψmd Lmd if τrDσ Lmd ifdt dt

and the equation can be solved for the air-gap flux linkage in the real and Laplace domains.

d
1 τrDσ 1 τrDσsdt s (8.170)id sidψmd Lmd if Lmd ifψmd s

d 1 τrDs1 τrD dt

Correspondingly, it is possible to represent, dependent on the q-axis time constants of the
damper winding, the q-axis air-gap flux-linkage component.

d
1 τrQσ 1 τrQσsdt s (8.171)Lmqiq sψmq Lmqiq ψmqd 1 τrQs1 τrQ dt

Dividing the flux-linkage terms by the respective magnetizing inductances makes it possible
to solve the equation for the damper-winding currents.

d
1 τrDσψmd dt (8.172)iD if id if id dLmd 1

id s

τrD dt
d

1 τrDσ 1 τrDσsdt 1 1 (8.173)iD s if siD if id d 1 τrDs1 τrD dt

and

d
1 τrQσψmq dtiq iq (8.174)iQ dLmq 1 τrQ dt

d
1 τrQσ 1 τrQσsdt 1 1 (8.175)iQ siQ iq iqd 1 τrQs1 τrQ dt

The time constants for the leakage components are so much shorter than the damping time
constants in the denominators that these components can be neglected in certain cases.
Therefore, since the damper-winding currents cannot be measured, they are calculated from
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Figure 8.31 Determining the damper-winding currents from other currents in the dq plane. if
is the field-winding current, id and iq are the stator current components in the rotor reference
frame, and iD and iQ are the calculated damper-winding currents. The time constants for the
filter blocks are τrD and τrQ. Ktf, Ktd, and Ktq are constant factors.

the other currents. The equations are transformed to the Laplace domain and the effect of
Canay inductance is added yielding the following expressions.

1
? 1 (8.176)iD Ktdid K tf if 1

1

τrDs

1 (8.177)iQ K tqiq ? 1

Figure 8.31 presents the block diagrams corresponding to these equations.
The parameters needed to determine the damper-winding currents, that is, the coefficients

and time constants of the filters, can be calculated as a function of the inductance values.

τrQs

Lmd (8.178)K td Lkσ LDσLmd

LkσLmd (8.179)K tf Lkσ LDσLmd

Lmq (8.180)Ktq
LQσLmq

Lkσ LDσLmd (8.181)τrD RD

Lmq LQσ (8.182)τrQ RQ

The following example investigates a control that is stator flux-linkage oriented. The current
references, aligned with the stator flux linkage and perpendicular torque axes, and the sine and
cosine of the stator flux-linkage load angle can be determined using the method presented in
Figure 8.32.

The outputs from the block diagram are the current references in the ψT-coordinate
system and the sine and cosine of the load angle, which are both needed in transforming the
current references to the dq reference frame.
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Figure 8.32 Calculation of the current references. iTref is the current reference aligned with
the effective power axis, and iψref is the current reference aligned with the stator flux-linkage
axis. δs is the load angle of the stator flux linkage, |ψs| is the magnitude, and |ψsref| is the
reference value. nref is the speed reference, and n is the actual value. If is the actual value of
the field-winding current, and iU, iV, and iW are the actual values of the stator phase currents.
The block 3→ 2 transforms the phase currents into rotor reference frame currents. id and iq are
the actual stator current components in the rotor reference frame. θr is the rotor position angle.

Stator flux linkage can also be determined by applying the voltage model in which the stator
flux linkage is integrated from the supply voltage,ψs ∫ us isRs dt. The voltage model is not
applicable to zero speed or low-speed operation where the voltage is too noisy to be correctly
integrated. Furthermore, rotor angle must be known to transfer the flux linkage to the rotor
reference frame, where its magnitude and load angle would be known.

The next phase of vector control is the construction of the current references in the rotor
reference frame. In this step, the sine and cosine of the stator flux-linkage load angle must be
known to change over from the stator flux-linkage reference frame to the rotor reference
frame. See Figure 8.28. The transformation can be done using the following expressions.

idref iψref cos δs iTref sin δs (8.183)

iTref cos δs (8.184)iqref iψref sin δs
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Figure 8.33 Transforming the ψ sT current references to the dq reference frame. iTref is the
torque producing current reference, and iψref is the stator flux-linkage producing current
reference. iqTref and idTref are the torque producing current components, iqψ ref and idψref are the
flux-linkage–producing current reference components. idref is the d-axis current reference, and
iqref is the q-axis current reference.

This information is expressed in the block diagram of Figure 8.33.
Establishing stator current control is the next step in implementing vector control. See

Figure 8.34. The d- and q-axis current errors are fed to an integrating controller. Then, the
feedforward from the rotating voltages is added to these current signal outputs. This, actually
in practice, helps in decoupling the different axes current controls from each other. Since the
rotating voltages of the machine are close to the terminal voltages, it is easier to adjust
the output of the controller to within the correct range, and the current model must only correct
the errors resulting from the nonidealities of the model and the converter.

Next, the reference values are transformed into phase values. Since integration is carried
out in the rotor reference frame, the signals to be integrated are DC signals and phase errors,
for example, are avoided. It is natural to perform the integration in the dq reference frame,
because integrating AC-quantities is problematic from the control point of view. In principle,
the result of integration is just a phase shifting of the AC-quantities. When operating with
DC-quantities, it is easier to eliminate error using an integrating controller. The proportional
DC controller could also be realized in the dq reference frame, but there are some benefits to
modelling the DC controller in the stator reference frame.

The dq-current references are transformed into three-phase stator current references to
perform the P-control for the motor phase currents. This is done because it is, in practice, more
reliable to operate directly with measured quantities than the dq-quantities. This procedure
e.g. prevents the occurrence of a zero sequence component. Ideally, it should be equal whether
the control is realized with dq-components of xy-components. As was discussed previously,
a zero-sequence component in the rotor reference frame currents is not detectable. The
P-controllers yield the other components for the reference values. These components are
summed up for different phases to provide the final phase current reference values, which
are mainly voltage references for the different phases. These references are modified further to
produce appropriate signals for the power electronics. In this case, the converter bridge is a
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Figure 8.34 Stator current integrating control and the feedforwards in the dq reference frame
with proportional control in the stator coordinate system for phase quantities. idref is the d-axis
current reference, and iqref is the q-axis current reference. θr is the measured rotor angle, and
ψd and ψq are the direct and q-axis components of the stator flux linkage. ωsψq is the d-axis
rotation-caused voltage. ωsψd is the q-axis rotation-caused voltage. ωs is the electrical angular
velocity. iU,ref, iV,ref, and iW,ref are the references of the stator phase currents. id, iq, iU, iV, and
iW are the respective actual values of the currents. The 2/3 blocks perform the transformation
from the rotor reference frame to stator three-phase quantities. uU,ref, uV,ref, and uW,ref are the
voltage references for the different phases, and αsU, αsV, and αsW are the control angles for the
bridges of the different phases.

cycloconverter, and the current reference signals must be converted, therefore, to appropriate
ignition angle references for the thyristor bridges.

Field-winding current is an essential quantity that must be controlled when considering the
operation of the synchronous machine. It has to compensate for the effect of the d-axis stator current
and maintain the desired power factor of the stator. If the target is to keep the power factor of the
stator at unity (cosφ= 1), the field-winding current reference if,ref can be calculated as follows.

cos δs Ldid;refψ s;ref (8.185)if;ref
Lmd

where |ψ s,ref| is the stator flux-linkage reference value, δs is the load angle of the stator flux
linkage, Ld is the d-axis synchronous inductance, and Lmd is the d-axis magnetizing inductance.

A PI controller is used also in the control of field-winding current. The controller provides
the voltage reference from which the control angle reference is modified for the excitation
bridge as shown in Figure 8.35. Field-winding current control must be tuned correctly to avoid
oscillation during transients. In the above-calculated reference value, magnetizing inductance
does not remain constant, which is a problem. Therefore, magnetizing inductance should be
estimated before the calculation process begins.

This vector control comprises the current model and the respective coordinate transforma
tions of the currents, the flux-linkage controller, and the generation of the direct and quadrature
current references. All other aspects are taken care of by the ordinary system controllers. The
vector control is stator flux-linkage oriented. The control does not have to be stator flux-linkage
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Figure 8.35 The field-winding current controller. |ψ s,ref| is the reference value for the
magnitude of the stator flux linkage, id,ref is the reference value for the current id, δs is the load
angle, and if is the field-winding current. uf,ref is the voltage reference, and αf is the control
angle for the excitation bridge.

oriented, and the leakage flux linkage of the stator flux linkage does not finally produce torque.
However, voltage source drives—and the cycloconverter is of this type—must ensure sufficient
voltage. Therefore, a control based on stator flux linkage is a justified choice.

Figure 8.32 depicts the current reference iTref in a stator flux-linkage oriented system. A
control based on air-gap flux linkage would best correspond to the control of a fully
compensated DC machine. However, because of its voltage dependence, this control is
based on stator flux linkage. Figure 8.36 illustrates the difference between controls based on
the stator flux linkage and air-gap flux linkage.

The figure shows that when the machine operates at rated per-unit voltage us = 1, ψ s= 1
(ωs= 1) and the power factor and magnitude of the stator current is held at 1 (is = 1, cosφ= 1),
torque is given by Te = 1. This is possible, because the air-gap flux-linkage value is slightly
higher than 1 (ψm= 1.03), which compensates for the effect of the angle λ between ψs and ψm.

If the stator current vector in Figure 8.36b is kept perpendicular to the air-gap flux-linkage
reference frame, and if ψm = 1, the stator flux linkage should grow (ψ s = 1.04). With this
higher flux linkage, the drive should shift into field weakening before reaching rated speed.

Figure 8.37 illustrates the comprehensive schematic control diagram of the cyclo
converter-synchronous motor drive based on the stator flux-linkage orientation.

A cycloconverter drive can also operate as a generator, and therefore the vector diagram of
a synchronous machine in generator operation is also introduced. The representation follows
the same logic as in the case of motor operation. See Figure 8.38.

Figure 8.36 Vector diagrams for rated operation based on (a) stator flux linkage and (b) the
air-gap flux linkage. The latter will lead to slightly higher torque values, lower power factor,
and increased stator flux linkage. It should hit the voltage ceiling earlier and shift into field
weakening earlier than the stator flux-linkage–oriented control.
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Figure 8.37 Total schematic diagram of a stator flux-linkage–based cycloconverter drive containing the blocks presented previously.



WEBC08 09/22/2016 12:0:55 Page 245

SYNCHRONOUS ELECTRICAL MACHINE DRIVES 245

Figure 8.38 Operation at no-load and as a generator at a power factor of cosφ= 1.

EXAMPLE 8.1: Tuning the control of an electrically excited synchronous machine

SOLUTION: (derived by Dr. Pasi Peltoniemi, LUT, 2015) This example reviews the
control principles of the electrically excited synchronous machine (EESM) and considers
EESM control system tuning.

Control system

Equations (8.11) through (8.28) are the equations in the d-q reference frame for an
electrically excited synchronous machine rotating at rotor angular speed, that is, synchro
nous angular speed. This model can be used to derive model-based tuning rules for the
controls used. From Figure E8.1,five different controllers are used to control the electrically
excited synchronous machine (EESM) including the speed controller, the statorflux-linkage
controller, the field current controller, and two current controllers.

For these controllers, the stator phase currents along with the field current are used for
feedback signals. The angular speed of the machine could be measured to provide
feedback, or sensorless schemes could be applied. It is assumed here that rotor electrical
angular speed ωr and the currents mentioned iUVW and if are measured as depicted in
Figure E8.1. The angular velocity ωc is used in the control.

EESM drive controller tuning is presented for each controller separately.

Stator current control

EESM stator current control is based on a rotor-oriented reference frame that is aligned
with the field winding produced flux-linkage component Lmdif as was shown previously in
Figure 8.26. The frame is also referred to as the field-oriented control frame. Stator current
control is carried out in this specific frame since the inductance values are not affected by
the change in rotor angle. However, the inductance values of machine are still subject to
saturation, especially when operating in the field-weakening region (Pyrhönen, 1998).

In this example, control laws are derived for stator current control in the rotor-oriented
frame, and tuning rules are given for the controller parameters based on the system.
Inductance values remain within limits tolerated by the feedback control.

Substituting the flux-linkage expressions of Equation (8.24) and Equation (8.25) into
Equation (8.14) and Equation (8.15), respectively, gives the rotor voltage equations in the
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Figure E8.1 Stator flux-linkage oriented control scheme for a wound rotor synchronous machine (WRSM) Source: Reproduced with
permission from Dr Pasi Peltoniemi.
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rotor-oriented reference frame.
d

(E8.1)

(E8.2)

Similarly, substituting Equation (8.21) and Equation (8.22) into Equation (8.11) and
Equation (8.12) yields

ud Rsid
d
dt

Ldid Lmd iD if ωcψq (E8.3)

uq Rsiq
d
dt

Lqiq LmqiQ ωcψd (E8.4)

The rotor damper currents iD and iQ are solved from Equation (8.24) and Equation (8.25).

ψD Lmdid LfDifiD (E8.5)
LD

ψQ Lmqiq
iQ (E8.6)

LQ

The rotor currents can be eliminated from (E8.3) and (E8.4) using (E8.5) and (E8.6). After
simplification, the result is as follows.

0 RDiD dt
Lmdid LDiD LfDif

0 RQiQ
d
dt

Lmqiq LQiQ

d Lmd d dLfD1 if ωcψq (E8.7)ud Rsid ψDLcc;d id Lmddt LD dt dtLD

d Lmq d
ωcψd (E8.8)uq Rsiq ψQLcc;q iqdt LQ dt

L2 L2

Lcc;d Ld
md and Lcc;q Lq

mq. The subscript cc refers to current control.LD LQ

The main idea of field-oriented current control is to enable the independent control of the
d-axis stator current id component and the q-axis stator current iq component. This makes it
possible to independently control the flux linkage ψ and the electromagnetic torque T of
the machine. However, the equations for the stator voltage components (E8.8) and (E8.9)
are coupled. That is to say, the d-axis component ud also depends on variables other than
id. Similarly, the q-axis component uq depends on other variables. Therefore, stator
voltage components ud and uq cannot be considered decoupled. Stator currents id and iq
can only be independently controlled if the stator voltage equations are decoupled.

It is possible to derive a decoupling scheme that is valid for any operation point. First,
(E8.5) and (E8.6) are substituted into (E8.1) and (E8.2), and then the following derivative
terms are solved from the resulting equations.

d RD LmdRD LfDRD if (E8.9)idψD ψDdt LD LD LD

d RQ LmqRQ
iq (E8.10)ψQ ψQdt LQ LQ



WEBC08 09/22/2016 12:1:6 Page 248

248 ELECTRICAL MACHINE DRIVES CONTROL

Substituting Equation (E8.9) into Equation (E8.7) and Equation (E8.10) into Equation
(E8.8) results in the following expressions.

dd LmdRD LmdLfDRD LfD1ud Rcc;did Lcc;d id 2 ψD Lmd if ωcψq2 if dtLDdt LD LD

(E8.11)

d LmqRQuq Rcc;qiq ωcψd (E8.12)Lcc;q iq ψQdt L2
Q

2 2LmqLmd RQ. Inserting Equation (8.32) and EquaRcc;d Rs RD and Rcc;q RsLD LQ

tion (8.33) into Equation (E8.11) and Equation (E8.12), respectively, results in these
voltage equations.

d LmdRD dLfD1 if ωcψq (E8.13)ud Rsid Lcc;d id iD Lmddt LD dtLD

d LmqRQ
ωcψd (E8.14)uq Rsiq Lcc;q iq iQdt LQ

Expressed as follows, the voltage equations can be used as control laws for the EESM.

d
ed; (E8.15)ud;ref Rsid Lcc;d iddt

d
eq; (E8.16)uq;ref Rsiq Lcc;d iqdt

ud,ref and uq,ref represent the voltage references for the power electronics. The decoupling
voltage terms ed and eq can be determined from

dLmdRD LfD1 if ωcψq; (E8.17)
LD

ed iD Lmd dtLD

LmqRQeq iQ ωcψd: (E8.18)
LQ

If the field current derivative term can be considered negligible, other decoupling terms
may be either measured or estimated and then used for decoupling.

Cross-coupling between stator voltage equations can be eliminated by feeding the
decoupling terms (E8.17) and (E8.18) as positive feedback (measured quantities are
used to calculate ed and eq) or as feed-forward (reference values are used to calculate ed

and eq) to the output of the current controllers. In both cases, the system behaves like two
decoupled linear first order systems from the perspective of the current control. Therefore,
current controllers can be designed assuming the system has a transfer function.

1Idq s
G s Rs (E8.19)

Udq s 1τcc;dqs

Lcc;dqwhere τcc;dq Rs
.
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Simple PI controllers can be used as current controllers, because controlled variables
appear as DC quantities in the dq reference frame. According to the Internal Model
Control (IMC) principle, PI controller gains can be chosen as follows.

K iCPI s (E8.20)Kp s
Kp αccLcc;dq;K i αccRs (E8.21)

αcc is the desired closed loop bandwidth of the current control. Choosing controller
parameters using (E8.21), the closed loop system becomes

CPI s G s αccGcl s (E8.22)
1 CPI s G s s αcc

Therefore, using the (E8.17) and (E8.18) decoupling scheme and choosing controller
parameters based on the (E8.13), (E8.14), and (E8.21) machine model results in good
dynamic performance. Instead of using system bandwidth, it may be more convenient to
specify desired control performance using rise time tr,cc. For a first order system, rise time
and bandwidth have the following relationship.

ln 9
(E8.23)αcc tr;cc

Current rise time is limited by the voltage reserve of the inverter, so it cannot be set fast
arbitrarily. Severe saturation of the controller should be avoided. Obviously, current rise
time also determines the torque rise time. Therefore, tr,cc is an important design parameter.

Field current control

Another low level control in the EESM control concept is field current control. Field
current control not only plays a crucial role in producing machine flux, but also in machine
stability. Especially in the field-weakening range, the higher level field current reference
calculation significantly impacts machine performance. This will be discussed in more
detail later in Section 8.14. Here, the focus is on field current controller tuning.

As was done in the previous discussion of stator current control, the upcoming paragraphs will
derive the model-based control law and consider the tuning of the appropriate controller for
field current control. It is assumed that the variation in inductance values remains small enough
to be manageable by the feedback control. Field current supply methods quite commonly suffer
from delays within the control loop that limits EESM drive performance. There are compen
sation methods available, but as a minimum requirement the field current controller must be
tuned so that field current rise time is higher than the maximum delay in the excitation system.
Otherwise, instability is likely to occur. In this example delay is ignored.

∗In FigureE8.1, thefield current controller produces thefield voltage reference uf on the control
loop level, which is then produced by the excitation unit. A simplifiedfield current control loop
is shown in Figure E8.2 where the field current reference calculation is also depicted.

The dynamics of the field current are modelled as in Equation (8.13) and for field flux
linkage as in Equation (8.23). Substituting Equation (8.23) into Equation (8.13) gives

d d d
LfD iD (E8.24)uf Rf if Lf if Lmd iddt dt dt
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Figure E8.2 Field current control loop. Source: Reproduced with permission from Dr
Pasi Peltoniemi.

The following expression describes d
dt iD.

d 1 d d
(E8.25)iD RDiD Lmd id LfD ifdt LD dt dt

Substituting (E8.25) into (E8.24) gives

L2 d d LfDRDLfDLmdLf
fD id iD (E8.26)uf Rf if if Lmddt dt LDLD LD

If stator current is assumed constant during the field current transients, then

L2 d LfDRDLf
fD if iD (E8.27)uf Rf if dt LDLD

Neglecting the damper current term, (E8.27) can be divided into a first-order system and
feed-forward term. Neglecting the damper current term only affects the transient per
formance of the drive, because iD = 0 in steady-state. A field-current controller can now be
designed assuming that the system has a transfer function.

1
sI f RfG s (E8.28)
s 1τfsUf

L2

Lf
fD
LDwhere τf .

Rf
Again, simple PI controllers can be used as current controllers, because the controlled
variables are DC quantities. The PI controller gains can be determined as follows.

Kif (E8.29)CPI s Kpf
s

L2

Lf
fD ;Kif αfRf (E8.30)Kpf αf LD

αf is the desired closed loop bandwidth. Choosing controller parameters using (E8.30), the
closed loop system becomes

CPI s G s αfGCL s (E8.31)
1 sCPI s G s αf

Here, as well as with the stator current controllers, the desired control performance is
specified using the tr,f rise time. For a first-order system, the rise time and bandwidth have
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Figure E8.3 Step responses of the field current controller. Source: Reproduced with
permission from Dr Pasi Peltoniemi.

the following relationship.

ln 9
(E8.32)αf tr;f

A current rise time cannot be chosen fast arbitrarily, because of the limited voltage reserve
of the inverter and the possible delay as previously mentioned. Generally, the excitation
system saturation should be avoided.

Test simulations have been carried out for various design bandwidths. The results are
shown in Figure E8.3. As expected, the responses are relatively accurate. However,
significant parameter variations occur in EESM drives operating in demanding conditions.
These variations must be taken into account when designing a control system.

Stator flux linkage control

Stator flux linkage is one of the primary control variables of the EESM drive. Flux linkage
control is performed in a stator flux-linkage-oriented frame. In the stator flux-linkage
oriented frame, as was illustrated in Figure 8.28, stator flux linkage is controlled via the
stator current component iψ, which is aligned with the stator flux linkage. Similarly,
electromagnetic torque is controlled with the stator current component iT, which is aligned
with the stator voltage. To obtain the current references for current control operating in the
field-oriented dq frame, a coordinate transformation is applied as was expressed in
Equation (8.183) and Equation (8.184).

The stator flux-linkage control system can be presented as shown in Figure E8.4 (a). The
figure illustrates that stator flux is controlled from both the stator and field winding. A
significant consequence is that the power factor at the stator poles can be controlled. Flux
control from the stator side is considered in the upcoming paragraphs. This flux control
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Figure E8.4 Stator flux-linkage control loop showing (a) the detailed stator flux-linkage control system structure and (b) a simplified diagram
to illustrate controller tuning. Source: Reproduced with permission from Dr Pasi Peltoniemi.
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Table E8.1 Matlab script for root locus based flux-linkage controller tuning

%% Stator flux linkage controller tuning

Kp_psi=1;Ti_psi=4∗0.0129;tr_cc=5e-3;alpha_cc=log(9)/tr_cc; % Parameters
sys_psi_ol=tf([alpha_cc∗Kp_psi∗Ti_psi alpha_cc∗Kp_psi],

[Ti_psi alpha_cc∗Ti_psi 0 0]);% (E8.33)

rlocus(sys_psi_ol) % plotting of root locus

operates in cascade structure with the stator current controller as shown in the figure.
Assuming equivalent stator current controller dynamics, and if the coordinate transfor
mation from the stator flux-linkage frame into the rotor flux-linkage frame can be
considered a static multiplication presenting negligible delay, the stator flux-linkage
control scheme can be simplified into the diagram shown in Figure E8.4 (b).

The voltage drop across the stator resistance becomes significant only at low speeds.
Therefore, it is neglected here. The open loop transfer function of the stator flux-linkage
control loop can be written as follows.

1Kpψ T iψs αcc 1
(E8.33)Gψ;ol s T iψs s αcc s

where Kpψ and T iψ are the proportional gain and integrator time constant of the stator flux-
linkage controller, respectively, and αcc is the bandwidth of the current control loop from
(E8.23).

In the symmetric optimum method, the integrator time constant of the cascade controller is
equal to Ti,ψ= 4Ti,cc. When the parameters shown in Table 8.2 are applied, Ti,cc= 0.0129
is obtained for the current controllers. Since the bandwidth of the current control loop (αcc)
is known, setting Kpψ= 1 and plotting the root locus curve (Table E8.1) reveals the effect
of gain variation on the location of the system poles, and the desired system properties can
be chosen.

In Figure E8.5, the root loci have been plotted for current control rise times of 5 ms and 1
ms. As the figure reveals, using faster current controllers allows bigger separation between
the pole near the origin and the pole-pair that eventually becomes complex valued.
Moreover, the root locus trajectories show that the current control system is robust, since
the gain could be increased to infinity, and the system poles would remain in the left half
plane (LHP). In practice, converter imposed limits on the performance of flux-linkage
control are inevitable. Available voltage and current handling capability of the power
electronics are limited. Furthermore, noise in the measurements could become a control
problem if it increases at specific frequencies in the selected bandwidth.

A closed loop transfer function for the stator flux-linkage control loop can be derived from
(E8.31).

Ψ s s

Ψ s;ref s s3

αcc

αccs2

Kpψs K iψ

αccKpψs αccK iψ
(E8.34)
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Figure E8.5 Root locus of stator flux-linkage control. In (a), the rise time of the current
control loop tr was selected as 5 ms and in (b) as 1 ms. Source: Reproduced with
permission from Dr Pasi Peltoniemi.

where K iψ Kpψ=T iψ is the integrator gain of the stator flux-linkage controller. As shown
in Figure E8.5, selecting a pole location at 25 Hz, where the damping is equal to 1, results
in gain values of Kpψ;1ms 167 and Kpψ;5ms 116.

In Figure E8.6, (a) a step response is plotted (Table E8.2) for both designs using a transfer-
function-based step response. In both cases, there is response overshoot. This overshoot
becomes negligible if a reference value filter (RVF) is applied as shown in Figure E8.4. In
Figure E8.6, (b) the same responses are obtained from the Simulink model that contains
the detailed model of the control system and machine. The responses are similar, but the
settling times of the Simulink model responses are longer. The difference is due to
simplifications made in the transfer function approach.
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Figure E8.6 The step response of the stator flux-linkage control loop. (a) shows a transfer
function response based on (E8.34), and (b) shows the response obtained using the Simulink
model of the control system introduced in this chapter and illustrated in Figure E8.1.

Table E8.2 MATLAB® script for closed loop step response analysis of the stator
flux-linkage control loop

%% Step response – Stator flux-linkage control loop

Kp_psi=116;Ti_psi=4∗0.0129;tr_cc=5e-3;alpha_cc=log(9)/tr_cc; % Parameters

sys_psi_cl= tf([alpha_cc∗Kp_psi alpha_cc∗(Kp_psi/Ti_psi)],
[1 alpha_cc alpha_cc∗Kp_psi alpha_cc∗(Kp_psi/Ti_psi)]);% (E8.32)

step(sys_psi_cl) % plotting of step response
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Speed and torque control

In the control scheme, electromagnetic torque is not separately controlled, and as a result,
there is no measured or estimated feedback. This is because the machine operates in the
stator flux-linkage oriented frame, where electromagnetic torque can be controlled via the
current component iT. If the torque and the stator flux linkage are known, this torque-
producing current component can be solved as follows.

T∗
ei∗sT 3 (E8.35)

2 pψ
∗
s

where the superscript ∗ denotes the reference value. Therefore, as seen in Figure E8.1, the
speed controller produces the torque reference T∗, which is then divided by the stator flux-e
linkage reference to produce the iT reference.

The speed control loop is similar to the stator flux-linkage control loop. Therefore, the
control loop can be simplified as was done with the stator flux-linkage control loop. The
simplified speed control loop is shown in Figure E8.5. Since the current reference is obtained
by dividing the output of the speed controller with a statorflux-linkage reference value, it is a
static value. The control loop can be simplified even further by not accounting for the
division. Now, the open loop transfer function of the speed control loop can be written

1Kpω T iωs αcc 1
(E8.36)GT;ol s

T iωs s αcc Js

where Kpω and T iω are the proportional gain and integrator time constant of the speed
controller, respectively, and J is the inertia of the machine. Since αcc is known from the
current controller tuning process, by setting Tiω= 4Ti,cc and using the machine inertia
J= 0.001 kgm2, the root locus of the speed control loop can be plotted (Table E8.3).

In Figure E8.7, the root loci have been plotted for current control rise times of 5 and 1 ms.
Again, as was the case with stator flux-linkage controller tuning, faster current controllers

Table E8.3 MATLAB® script for root locus based speed controller tuning

%% Speed controller tuning

Kpw=1;Tiw=4∗0.0129;tr_cc=5e-3;alpha_cc=log(9)/tr_cc;J=0.001; % Parameters

sys_w_ol=tf([alpha_cc∗Kpw∗Tiw alpha_cc∗Kpw],[J∗Tiw alpha_cc∗J∗Tiw 0 0]); %
(E8.34)

rlocus(sys_w_ol) % plotting of root locus

Figure E8.7 Simplified block diagram of the speed control loop. Source: Reproduced
with permission from Dr Pasi Peltoniemi.
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Figure E8.8 Root locus of speed control loop. Different current controller tunings were
applied in (a) and (b). Source: Reproduced with permission from Dr Pasi Peltoniemi.

allow bigger separations between the pole near the origin and the pole-pair farther away in
the left half plane. Similarly, the speed control loop is also robustly stable with respect to
speed controller gain variation, since the poles of the control system remain on the left half
plane despite the gain value. However, as mentioned earlier for the stator flux-linkage
control, increasing the bandwidth could lead to measurement noise. In fact, as seen in
Figure E8.7, the damping of the complex valued pole-pair drops continuously as speed
controller gain increases.

For the speed control, the closed loop transfer function can be written in the following form.

αccs Kpωs Kiωωm J
αcc

(E8.37)αcc Kpωss3ωm;ref s αccs2
J J Kiω
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Table E8.4 MATLAB® script for closed loop step response analysis of the speed control
loop

%% Speed controller tuning

Kpw=1;Tiw=4∗0.0129;tr_cc=5e-3;alpha_cc=log(9)/tr_cc;J=0.001; % Parameters

sys_w_cl=tf([(alpha_cc/J)∗Kpw (alpha_cc/J)∗(Kpw/Tiw)],[1 alpha_cc
(alpha_cc/J)∗Kpw (alpha_cc/J)∗(Kpw/Tiw)]);% (E8.35)

step(sys_w_cl) % plotting of step response

Figure E8.9 Step responses of the speed control loop. A transfer-function–based (E8.37)
response is shown in (a). In (b), the step responses that result when an RVF is applied are
shown. And, the speed control performance obtained from a detailed Simulink model is
illustrated in (c). Source: Reproduced with permission from Dr Pasi Peltoniemi.

The script given in Table E8.4 produces a step response of the speed control loop. The
plotted responses are shown in Figure E8.9 (a).

Despite the gain value, some overshoot exists in the response. This overshoot can be made
negligible by applying an RVF as shown in Figure E8.7. The effect of the RVF on control
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performance can be illustrated using the following transfer function.

αccωm s 1 Kpωs K iωJ (E8.38)αcc Kpωs
αcc K iω1 s3ωm;ref s T rvfs αccs2

J J

where Trvf is the time constant of the filter. Now, different speed controller gain values are
applied when Trvf= 1 ms and the responses are shown in Figure E8.9 (b). The responses
reveal the expected result. That is, response approaches the response of the RVF as the
gain value is increased, and simultaneously, the overshoot becomes negligible. However,
in practice, the limitations mentioned previously in the stator flux-linkage controller
discussion are present, and performance is therefore constrained by these limitations.

Finally, the speed control responses are tested with the detailed Simulink model when
RVF is used (Trvf = 1 ms). A high gain value is applied (Kpw= 5) for the speed controller.
The result of the simulation is shown in Figure E8.7 (c). The response obtained with
Simulink is in line with expectations.

EESM drive simulation using unity power factor control

One simulation has been carried out with controller tunings determined as above and
applied to the drive. In the simulation, the drive operates under the unity power factor
principle, which is executed by calculating the field current reference as follows per
(Bühler, 1997-II).

2ψ2 LdLq issi∗ (E8.39)f
2L2ψ2 isLmd s q

The machine parameters used correspond to those previous given in Table 8.2. The
simulation results are shown in Figure E8.10.

In the simulation, the EESM drive rotates at nominal speed in no-load operation (TL= 0).
At t= 0.1 s, a nominal torque step takes place and a change in rotational speed is evident
from Figure E8.10 (a). The drive reaches new steady-state values within approximately
0.1 s. The new steady-state values can be calculated as shown in the following Table E8.5.
The calculated steady-state values when Ld= 1.17, Lq= 0.57, Lmd= 1.05, ψ∗ 1, ands

TableE8.5 Steady-state solutions of an EESM drive using unity power factor control in pu
values

T∗Lq eδs atan ;
ψ∗2

s
2 2T∗ T∗

e eψ2 LdLq Lqs ψ∗ ψ∗ Tes sI∗ ;; Id ; Iqf 2 2 2T∗ T∗ T∗
e e eL2 L2 L2ψ2 ψ2 ψ2Lmd s q s q s qψ∗ ψ∗Ψψ∗

s s s

ψd LdId LmdIf ; ψq LqIq
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Figure E8.10 EESM drive simulation via unity power factor control. Source: Repro
duced with permission from Dr Pasi Peltoniemi.

T∗ 1 are δs= 29.7°, If= 1.38, Id= 0.495, Iq= 0.869, ψd= 0.869, and ψq= 0.495.e
Figure E8.10 reveals these values to be where the drive settles after the torque transient.
The electric current values in the stator flux-oriented frame can be calculated from the
inverse transformation of Equation (8.183) and Equation (8.184) as follows.

Iψ Id cosδs Iq sinδs 0 and IT Id sinδs Iq cosδs 1

The machine is only magnetized from the rotor when operated with unity power factor.
The result also shows that minimum stator current operation is achieved.
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8.14 Field-winding current, reactive power, and the
dynamics of a synchronous machine drive

The vector control of a synchronous machine based on the stator flux-linkage and rotor
reference frames was presented in the preceding analysis. The control of field-winding
current was not studied in detail even though it can have a big influence on drive behaviour
and can offer significant improvements in dynamic performance, especially in the field
weakening area.

8.14.1 The dynamic response of a synchronous machine in a vector
control drive to different field-winding current control methods

The vector control case above was based on maintaining a unity power factor, and therefore
the dynamics of field-winding current control were not studied in detail. In the following
text, synchronous machine behaviours using different principles of the field-winding
control will be examined. In steady state, the control of field-winding current is often
based on keeping the power factor at unity in the base speed region. In the field weakening
region, the control strategy can vary a great deal based on boundary and load conditions. For
transients, it is more critical to understand behaviours and carefully manage the control of
the field-winding currents.

According to the load angle equation, torque is directly proportional to ef and the
stator flux linkage ψs. And, the synchronous inductances Ld and Lq define the maximum
static torque. Figure 8.39 depicts the trajectories of the tips of the stator current vector is
and the stator flux-linkage vector ψs with differing load angles, δs∈[0,π] and with
constant field-winding current. The field-winding current has a certain fixed value
enabling near rated torque despite the low stator flux-linkage modulus (ψ s = 0.3 in the
field weakening at high speed, Ωr = 3). Therefore, the machine is first heavily over
excited, and a large demagnetizing current is0 is applied to keep the stator flux linkage
small despite the large if.

Figure 8.39 Stator current and flux-linkage vectors is and ψs at different static torques with
field-winding current if and |ψs| held constant. Vectors is0 and ψs0 correspond to no load, and
is and ψs correspond to the maximum torque point ψs × is. The machine properties listed in
Table 8.1 have been used. Source: Adapted from Pyrhönen (1998). Reproduced with
permission of O. Pyrhönen.
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The maximum torque Tmax producing static load angle δs,max can be determined given if,
ψ s, and the appropriate machine parameters. First, the stator flux linkage and stator current
components must be found.

ψd ψ cos δs;s

ψq ψ s sin δs;

1 (8.186)id ψ s cos δs Lmdif ;Ld

1
iq ψ sin δs:sLq

Per-unit torque is then

1 1
ψ s cos δs ψ s sin δs ψ s sin δs ψ s cos δs Lmdif

Lq Ld
Te isψs

1 1 1
ψ2ψ sLmdif sin δs sin δs cos δs (8.187)sLd Lq Ld

1 1ψ sLmdif
ψ2 cos δs sin δs;sLd Lq Ld

which includes the excitation and reluctance torque components and corresponds to the
salient pole synchronous machine power equation. The per-unit power P expression is the
more traditional load angle equation.

Ld Lqusef 2P ωsTe sin δs u sin 2δs (8.188)s 2LdLqωsLdωs

where

us ωsψ s; ef ωsLmdif (8.189)

The maximum torque producing load angle can be found by differentiating Equation (8.187)
with respect to the load angle δs and finding the zero for the differential.

1 1 1 1@Te ψ sLmdif
ψ s

2 ψ2cos δs cos δs sin δs sin δs (8.190)s@δs Ld Lq Ld Lq Ld

The zero of Equation (8.190) can be found by rewriting it in polynomial form with cosδs as a
variable.

1 1 1 1ψ sLmdif2ψ2 cos2 δs cos δs ψ2 0 (8.191)s sLq Ld Ld Lq Ld
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Equation (8.191) represents a quadratic equation, which is expressed

22 1 1Lmdif Lmdif 8ψ2
sL2Ld Lq Ldsdcos δs (8.192)

1 1
4ψ s Lq Ld

For a motor, the maximum static torque will be reached using a load angle δs ∈( π/2, π/2). A
root must be selected from Equation (8.192) that gives a positive value to the load angle cosine.

22 1 1Lmdif Lmdif 8ψ2
sL2Ld Lq Lddcos δs (8.193)

1 1
4ψ s Lq Ld

Substituting (193) into (191) yields maximum torque as a function of the field-winding current
if and the stator flux-linkage modulus ψ s.

Figure 8.40 depicts torque and load angle as a function offield-winding current for the motor deep
in the field weakening region. The figure illustrates two cases: maximum torque with a particular
field-winding current and the torque resulting from a unity power factor with the same current.

8.14.2 Maximum dynamic torque

According to the load angle equation, in steady state, synchronous machines with normal
saliency (Ld Lq) produce maximum torque with a load angle range of δs ∈[ π/2, π/2].

However, because the damper winding works to stabilize the air-gap flux linkage ψm, in
machines undergoing rapid transients, that is, when the transient time constant is so short the
damper windings cannot respond quickly enough, maximum dynamic torque can be achieved
with a load angle δs significantly larger than π/2. Niiranen (1993) introduced the following
equation for the torque of a synchronous machine during a transient torque step.

ψ2 kd kqs km kd sin δs sin 2δs kq kq2 sin δs0 cos δs (8.195)Te 2Ld

Te max 1

Lmdif
Ld

Lmdif
2

L2
d

8ψ2
s

1
Lq

1
Ld

2

4ψ s
1
Lq

1
Ld

2

? ψ2
s

1
Lq

1
Ld

Lmdif
Ld

Lmdif
2

L2
sd

8ψ2
s

1
Lq

1
Ld

2

4ψ s
1
Lq

1
Ld

ψ sLmdif
Ld

(8.194)
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Figure 8.40 The maximum torque Temax and the torque producing load angle δTemax as a
function of field-winding current if in the field-weakening region compared to the same
quantities for a unity power factor δcosφ1 and Tecosφ1, ψ s = 0.3. Source: Adapted from
Pyrhönen (1998). Reproduced with permission of O. Pyrhönen.

where
Δψmd Δψmq ψmd0 Lmqkd ; kq ; km ; and kq2Δψd Δψq ψd0 Lsσ Lmq

Δψmd, Δψmq, Δψd, and Δψq represent transient changes in the flux-linkage components and
ψmd0, ψ sd0 and δs0 are the initial values of the variables.

Synchronous machine transients can be investigated in the rotor reference frame. The
angular velocity of the stator flux linkage in the rotor reference frame depends on the voltage
reserve available.

; Rs 0 (8.196)us es us ψsures max max ωs

The angular velocity ωrψ of the stator flux-linkage vector can be determined as follows.

1 @δs @δs ures (8.197)ωrψ
ωb @t @τ ψ s

If the voltage reserve ures is assumed constant, the control can rotate the flux-linkage vector at
a constant speed in the rotor reference frame during a torque step. The behaviour of the stator
current, at the same time, depends on the control of the field-winding current.

Figure 8.41 depicts the behaviour of the stator current and the stator flux linkage during a
torque step in a vector-controlled synchronous motor when the DC voltage supplying the field
winding is kept constant. This is a nonpractical case, because field-winding current should
also be controlled. With constant DC voltage, however, the final transient-time load angle is
significantly larger than π/2 meaning the working point cannot be stable and is reached only
because the damper-winding current compensates for the large change in stator current.
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Figure 8.41 The step-by-step behaviour of stator flux linkage and stator current during a fast
torque transient. If the stator voltage is held constant, the initial andfinal stator flux linkagesψs0,
ψs1 have the same amplitude values – The machine per-unit parameters are according to
Table 8.1. Lmd= 1.05, Lmq= 0.45, and Lsσ= 0.12. The behaviour of the stator current depends
on the control of the field-winding current. Constant field-winding voltage is assumed that
enables a small dynamic increase in field-winding current. Because of the increasing demagnet
izing armature reaction, the air-gapflux linkageψm becomes continually smaller as the transient
progresses until a final levelψm1 is reached. The d-axis damper and extra field-winding currents
must compensate for the large negative d-axis current that occurs when the transient ends.
Source: Adapted from Pyrhönen (1998). Reproduced with permission of O. Pyrhönen.

If field-winding current is kept sufficiently high following the transient, the stator flux
linkage can be driven with the synchronous angular speed, and the new torque value can be
maintained. Load angle must also remain stable. Stator flux linkage in the rotor reference
frame can be expressed

ωrψτj δs0ψ r ψ e (8.198)ss

where δs0 is the load angle before the torque step. The accelerating voltage reserve is
πr j δs0 ωrψ ? τ 2u (8.199)res urese

With constant voltage reserve the stator flux linkage rotates in the rotor reference frame with a
constant angular speed during a torque step. The corresponding stator current vector trajectory
depends on the motor parameters, Figure 8.42. Approximate transient analysis can be done by

Figure 8.42 Simplified two-axis inductance transient model of a salient pole synchronous
machine for transient analysis without rotor resistances.
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neglecting the rotor resistances, if the transient is fast compared to the time constants of the damper
windings. The damper-winding per-unit time constants for the d-axis τDpu and for the q-axis τQpu

are defined as follows.

τDpu

τQpu

LD

ωbRD
;

LQ

ωbRQ
:

(8.200)

Both τDpu and τQpu are scaled to real time by the factor 1/ωb, where ωb is the base value of the
angular speed of the per-unit system. In large synchronous machines, the damper-winding time
constants τD and τQ are typically higher than 100 ms (except in our small test machine with
time constants in the range of 10 ms). The stator current change is proportional to the voltage
time integral ʃundt unΔt, and it is also dependent on the motor inductance parameters. A
constant field-winding voltage uf is assumed.

The machine reacts differently in the d- and q-axis directions. On the q-axis, the transient
inductance is the sub-transient inductance L which is formed by the stator leakage
inductance Lsσ and the q-axis damper-winding leakage and magnetising inductances LQσ
and Lmq, which are connected in parallel.

LmqLQσ
Lq;tr Lq Lsσ : (8.201)

Lmq LQσ

On the d-axis, to achieve the lowest value transient inductance, the sub-transient inductance
and the field-winding leakage inductance Lfσ is coupled in parallel with the magnetising
inductance Lmd and the damper-winding leakage inductance LDσ.

LDσLmdLfσLd;tr Ld Lsσ (8.202)
LmdLDσ LmdLfσ LDσLfσ

Field-winding current control has a big influence on the d-axis transient. The basic different
methods include constant field-winding voltage control, constant field-winding current
control, and d-axis damper-winding compensation control, which is also known as reaction
control (Mård et al., 1990).

If the case of constant field-winding voltage, the d-axis stator subtransient current uses all
three inductance paths. See Figure 8.43. The d-axis current time differential is inversely
proportional to the subtransient inductance in Equation (8.202).

q,

Figure 8.43 The d-axis stator current transient paths when the field-winding voltage is kept
constant. The internal impedance of the voltage source uf does not significantly resist fast
changes, and therefore the field winding may take part in the transient. In a transient moving
faster than τD, the stator transient meets the d-axis subtransient inductance. The arrows
indicate the transient current directions.
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Figure 8.44 d-axis components during a transient if the field-winding current is held
constant. The arrows describe the transient currents.

Figure 8.45 The paths of the d-axis component of the stator current if the d-axis component
of the air-gap flux is kept constant. There will be no damper-winding current. Changing the
field-winding current is also easy, because there is no change in the d-axis air-gap flux energy
when the air-gap flux linkage is held constant. Therefore, this is the fastest possible field-
winding control method for a synchronous machine.

If field-winding current instead of voltage is kept constant (Figure 8.44), there is no leakage
flux path available in the field winding, because the current source has infinite impedance for
changes, and the transient will be dominated by a new type of transient inductance.

LDσLmdLd;tr;ifconst Lsσ (8.203)
LDσLmd

And, if the d-axis component of the air-gap flux is kept constant, an approach referred to as
reaction control (Figure 8.45), the transient inductance is expressed as follows. The fastest
transients in a synchronous machine are made possible by the reaction control.

Ld;tr;react contr Lsσ (8.204)

8.14.3 Maximum dynamic torque in the case of a fast transient

When analysing a transient taking place faster than τD, rotor resistances can be neglected, and
rotor phenomena can be observed by monitoring rotor inductances alone. The dependencies
between stator flux linkage and the stator current changes can be expressed separately on the
different axes.

1
Δid Δψd;Ld;tr

(8.205)
1

Δiq Δψ :qLq;tr
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Torque during a transient can be expressed as

Δiq ΔidTe ψdiq ψqid Δψd Δψqiq0 id0ψd0 ψq0

(8.206)1 1
Δψq Δψq ΔψdΔψd iq0 id0ψd0 ψq0Lq;tr Ld;tr

In the following, no load is assumed. The initial q-axis stator current and stator flux-linkage
components can be set equal to zero, and Equation (8.206) can be simplified.

1 1
Δψq Δψq Δψd (8.207)ΔψdTe ψd0 Lq;tr Ld;tr

The changes in the stator flux-linkage components are as follows.

cos δs 1 ;Δψd ψs
(8.208)

Δψq sin δs :ψs

Therefore, the torque expression becomes

1 1 1
Te ψ2 sin δs cos δs (8.209)s Ld;tr Lq;tr Ld;tr

The maximum value for the torque is found by differentiating Equation (8.209) with respect to
the load angle δs.

1 1 1 1 1@Te
ψ2 2 ? cos2 δs cos δs (8.210)s@δs Lq;tr Ld;tr Ld;tr Lq;tr Ld;tr

The load angle cosine, which corresponds to the maximum dynamic torque, is determined by
solving for the root of the second order Equation (8.210).

21 1 1 1
8

L2Ld;tr Lq;tr Ld;trd;trcos δs (8.211)
1 1

4
Lq;tr Ld;tr

Table 8.4 shows the effective transient inductances, the optimal load angles and the maximum
torques for different field-winding current control methods in the case of a reduced stator flux
linkage ψ s= 0.3 pu.

Table 8.4 Effective transient inductances, maximum dynamic torque Ted,max and
corresponding load angle δd,max for different field-winding current-control methods. The
stator flux-linkage modulus ψ s = 0.3, and the machine parameters are according to
Table 8.1. Motor load is initially zero. In all cases, the initial rotor field-winding current
corresponds to the no-load voltage before the transient.

Field-winding current control method Ld,tr [pu] Lq,tr [pu] Ted,max [pu] δd,max [deg]

A. Constant voltage 0.17 0.23 0.54 103
B. Constant current 0.19 0.23 0.49 100
C. Reaction control 0.12 0.23 0.82 111
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Figure 8.46 Stator flux linkage and stator current trajectory curves for a fast transient with the
different excitation methods and the load angle δs ∈ [0,π] in field weakening where ψ s= 0.3 –

Curve A is the constant field-winding voltage, curve B is the constant field-winding current
trajectory, curve C is the reaction control trajectory, and curve D is the stator flux-linkage vector
trajectory. The current vectors shown correspond to the respective maximum dynamic torque
points. Motor parameters are according to Table 8.1. Source: Adapted from Pyrhönen (1998).
Reproduced with permission of O. Pyrhönen.

Figures 8.46 and 8.47 illustrate the three different transient trajectory curves resulting
from the different field-winding current control methods. The comparison helps to explain the
meaning of each field-winding current response. During a fast transient, the good dynamics of
the field-winding current results in a much higher peak value for dynamic torque driven by a

Figure 8.47 Fast per-unit torque response Te in field weakening where ψ s= 0.3 as a function of
the load angle δs for the different field-winding current control methods. Curve A is for constant
field-winding voltage with both the d-axis damper and field windings acting as damper windings.
Curve B is for constantfield-winding current with thefield winding not taking part in the transient.
Curve C is for a fully compensated d-axis damper winding with the d-axis air-gapflux linkageψmd

held constant. The highest dynamic torque is achieved in case C. Source:Adapted from Pyrhönen
(1998). Reproduced with permission of O. Pyrhönen.
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higher load angle than is available for the constant current- or voltage-based control
approaches. The constant field-winding current control gives the smallest dynamic torque
response, because it does not allow induced reaction in the field-winding current.

8.14.4 Transient analysis with operating inductances

The previous analysis neglected the rotor resistances. If there is low voltage reserve when
operating in the field weakening area, transient time constants may be longer than damper-
winding time constants. Moreover, rotor resistances must be taken into account. In this case,
the transient inductances are not constant, but are, instead, frequency dependent transfer
functions. This scenario was examined, for example, by Bühler (1977).

The frequency-dependent coefficients are referred to as operator inductances. For a vector
controlled drive, the resistance and inductance parameters of the two-axis equivalent circuit
are used. The equivalent circuits can be updated with resistances as follows.

The voltage reserve components become

ωs0ψq; andud;res ud idRs
(8.212)

uq;res uq iqRs ωs0ψd:

The angular speed ωs0 is the stator flux-linkage vector angular velocity before the transient. If
the voltage drop in the stator resistance is assumed to be small and the voltage reserve is
assumed constant, the transfer function Gq(s) between the q-axis current iq and the q-axis
voltage reserve uq,res is defined as

s s2 ? LQσLmq sRQLmqUq;res
sLsσ (8.213)Gq s

Iq s s LQσ RQLmq

The stator flux linkage is the time integral of the stator voltage.

sUq;res
ψ s (8.214)q s

The dependence between the q-axis stator flux linkage and the q-axis stator current can be
solved by using Equation (8.213) and Equation (8.214). This dependence defines the q-axis
operator inductance as

Lq s
Gq s

s
Lsσ

sLQσLmq RQLmq

s LQσ Lmq RQ
(8.215)

Figure 8.48 Two-axis parameter model of a salient pole synchronous machine for the
transient analysis. Resistance parameters are included in the transient analysis. The stator
resistance is assumed to be small and has been neglected.
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In a fast transient, sLQσLmq RQLmq, and s(LQσ+ Lmq) RQ, so the result of Equation
(8.215) approaches the value determined for the transient inductance Lq,tr defined in Equation
(8.201). In steady state, where all the differentials are zero, Equation (8.215) results in the q-
axis synchronous inductance Lq.

The analysis of the d-axis for the transient inductances above also can be carried out using
the three field-winding current control methods previously discussed. The added inclusion of
the rotor resistive components in the observations is the only difference.

If the field-winding voltage is kept constant during the transient (see previous Figure 8.43),
the stator current transient will use all three paths. The operator inductance becomes

Ld s Lsσ
Lmd sLDσ RD sLfσ Rf

sLmd sLDσ RD sLDσ RD sLfσ Rf sLmd sLfσ Rf

Lsσ
s2LmdLDσLfσ sLmd LDσRf LfσRD LmdRDRf

s2 LmdLDσ LDσLfσ LmdLfσ s Lmd RD Rf LDσRf LfσRD RDRf

(8.216)

If instead the field-winding current is kept constant (see previous Figure 8.44), the operator
inductance looks like the operator inductance on the q-axis, because no transient takes place in
the field winding.

Ldifconst s Lsσ
sLDσLmd RDLmd

s LDσ Lmd RD

s LDσLmd LsσLmd

s LDσ

LsσLDσ

Lmd

RD Lmd

RD

Lsσ

(8.217)

Finally, if reaction control is used (see previous Figure 8.45), no rotor resistive path is used by
the transient current, and the effective operator inductance equals the stator leakage, that is to
say, Ldreactcontr(s)= Lsσ.

In the ideal case, there is linear dependence between the changes to stator flux linkage and
stator current. See Equation (8.205). When operator inductances are used, frequency
dependency becomes obvious. The difference between the analysis with the transient
inductances and the more realistic analysis using the operator inductances depends on the
speed of the transient. In field weakening with a small voltage reserve, a transient cannot be as
fast as it is in the nominal speed range and the analysis using operator inductances is preferred.

Equation (8.197) defined the angular velocity of the stator flux-linkage vector in a
transient in the rotor reference frame. The per-unit time constant describes the time for a full
stator flux-linkage vector rotation. However, a full rotation does not correspond to a real
transient, since the maximum torque is achieved approximately with the load angle of π/2.
Therefore, it is more convenient to define the dimensionless transient time constant to be the
time corresponding to the stator flux-linkage vector rotation from zero to the load angle of π/2.

1 2π π ψ sτtrpu (8.218)
4ωrψ 2 ures

Since time constants are normally expressed in seconds, converting the transient time constant
into real time is convenient. The time constant depends on the relation between |ψs| and the
voltage reserve ures.

1 1 π ψ 1 ψs sτtr τtr;pu (8.219)
ωb 2πf b 2 ures 4f b ures
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Figure 8.49 Transient simulation algorithm block presentation. Source: Adapted from
Pyrhönen (1998). Reproduced with permission of O. Pyrhönen.

Numerical simulation is needed in transient analysis. A change in the stator flux-linkage
component results in a change to the stator current component.

(8.220)
:

id s id0
1

Ld s
ψd s ψ sd0 ;

iq s iq0
1

Lq s
ψq s ψ sq0

A change in the relative position of the stator flux linkage in the rotor reference frame can only
be caused by a voltage reserve, and transient angular velocity is dependent on the voltage
reserve. Figure 8.49 shows the symbolic block diagram of the simulation scenario starting
from no load.

The damper-winding time constant has a big impact on the transient behaviour of a
synchronous machine. Therefore, the direct relationship between transient time and the
damper-winding time constant is particularly interesting. Figure 8.50 offers simulation results
with two different ratios between the transient and damper-winding time constants.

Curves A2, B2, and C2 were determined by reducing the damper-winding resistances to
one-fifth of their original values to get τD= τQ= 5τtr= 100 ms. Neglecting resistive losses,
both constant field-winding voltage and constant field-winding current result in a 20% smaller
peak value (A2, B2) than determined for the transient inductances of Figure 8.48.

With reaction control, the dynamic torque curves (C1, C2) are close to each other, and the
effect of the transient time constant on the dynamic peak torque is small. The torque rise time
is, however, directly dependent on the transient time constant. Figure 8.51 shows two
different torque transients with different transient time constants: τtr= 20 ms (A) and
τtr= 40 ms (B). The damper-winding time constants in both cases are set to be equal, that
is, τD = τQ = 40 ms. The torque rise time occurs to be approximately the same as the transient
time constant.

In the first case, the transient and damper-winding time constants are equal; τD= τQ =
τtr= 20 ms. These time constants are somewhat larger than actual. The curves A1, B1, and C1
are determined with these time constants. The comparison between the torque peak values
produced by the operator inductance analysis (Figure 8.50) and those of the transient
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Figure 8.50 Torque development during a transient using various field-winding current
control methods and different damper-winding time constants with a reduced stator flux-
linkage modulus of ψ s = 0.3 pu. The time corresponding to the transient time constant is 40 ms
(time to rotate load angle to π/2). Curves A represent constant field-winding voltage, curves B
represent constant field-winding current, and curves C represent reaction control. The number
1 corresponds to τD = τQ = τtr= 20 ms, and the number 2 corresponds to τD = τQ = 5τtr = 100
ms. Reference motor parameters are used, and only the damper-winding resistances are
modified. Source: Adapted from Pyrhönen (1998). Reproduced with permission of O.
Pyrhönen.

Figure 8.51 Torque rise with different transient time constants and with reaction control. (a)
τtr = 20 ms. (b) τtr = 40 ms. In both cases, τD = τQ = 40 ms. The stator flux-linkage modulus is
reduced, that is, ψ s= 0.3 pu. Reference motor parameters are used, and only the damper-
winding resistances are modified. Source: Adapted from Pyrhönen (1998). Reproduced with
permission of O. Pyrhönen.
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inductance analysis (Figure 8.47) shows smaller operator inductances if field-winding current
or voltage are held constant. Large damper-winding resistances rapidly reduce the damper-
winding currents.

The peak value for dynamic torque is achieved in the unstable working area, where
|δs|> π/2. In vector control, δs must generally be kept in the stable working area or where |δs|
< π/2 to maintain static stability.

In the field-weakening range, where stability problems generally occur, the available
converter current limits torque development. With limited current, maximum torque is
achieved with a unity power factor. Maximum dynamic performance, therefore, requires
that a unity power factor is attained at the end of each torque step.

Reaction control (Mård, 1990) uses the exact opposite d-axis current components.

Δif Δid (8.221)

The reaction control principle is fundamentally supported by the Lenz’s law. The d-axis
operates like a transformer, that is, the d-axis stator current change is compensated by the
field-winding current.

If the post-transient d-axis currents are if1 and id1, and the initial values are if0 and id0, the
d-axis current components change as follows.

Δif if1 if0;
(8.222)

Δid id1 id0:

The changes in the d-axis current components should have the same modulus and the opposite
sign.

(8.223)if1 if0 id1 id0

The initial and final d-axis stator flux-linkage components are

Ldid0 (8.224)ψd0 Lmdif0

Ldid1 (8.225)ψd1 Lmdif1

The initial field-winding current value, which produces the final working point (if1, id1) when
using reaction control, can be solved from Equation (8.223) and Equation (8.224) as follows.

Ld if1 id1 ψd0 (8.226)if0 Ld Lmd

The steady state field-winding current reference for unity power factor can be solved
according to O. Pyrhönen et al. (1997) as

(8.227)ifref

ψ2
s ref LdLsq

T2
e ref

ψ2
s ref

Lmd ψ2
s ref L2

q
T2

e ref

ψ2
s ref

The reaction control law of Equation (8.221) and the unity power factor control of Equation
(8.227) result in different field-winding current references. When maximum drive



WEBC08 09/22/2016 12:1:53 Page 275

SYNCHRONOUS ELECTRICAL MACHINE DRIVES 275

performance is desired, the minimum stator current-to-torque ratio must be reached when
applying the maximum available stator current. This is especially important when using
reduced stator flux linkage and the maximum torque of a drive is defined by the maximum
inverter current. The initial field-winding current reference should be selected so Equation
(8.219) satisfies Equation (8.227) at the end of each torque step. At partial loads, the field-
winding current reference, in practice, should be above the value given by Equation (8.227).
The machine should operate over-excited if the highest possible torque output is wanted in a
transient.

The following example clarifies the principle of partial load over excitation. In the
previous example illustrated by Figure 8.50, the dynamic peak torque of 0.9 pu was achieved
using reaction control. Let the same value be the torque reference in this example. Bühler
(1977) has shown the load angle value of a salient pole synchronous machine with unity
power factor to be

TeLq
δs atan (8.228)

ψ2
s

EXAMPLE 8.2: Calculate the final values of field-winding current, load angle, stator
d-axisflux linkage, and initialfield-winding current for a torque step from zero to 0.9 per unit
at a reduced stator flux-linkage modulus of 0.3 pu using the reference machine parameters
from Table 8.1.

SOLUTION: According to Equation (8.227), the field-winding current should be

if1

ψ2
s ref LdLq

T2
e ref

ψ2
s ref

Lmd ψ2
s ref L2

q
T2

e ref

ψ2
s ref

0.32 1.17 ? 0.57 ? 0.92

0.32

1.05 0.32 0.572
? 0.92

0.32

3.35

The load angle will be as follows.

δs1 atan
Te refLq

ψ2
s ref

atan
0.9 ? 0.57

0.32 80

The d-axis stator flux-linkage final component can be solved according to the load angle
and the stator flux-linkage modulus.

ψd1 cos δs1 ?ψ s ref cos 80° ? 0.3 0.052

Finally, the d-axis current components can be solved from Equation (8.226) and
Equation (8.227).

id1
ψd1 Lmdif1

Ld

0.052 1.05 ? 3.35
1.17

2.96

if0
Ld if1 id1 ψd0

Ld Lmd

1.17 ? 3.35 2.96 0.3
1.17 1.05

1.3
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Figure 8.52 Static or dynamic torque as a function of the load angle δs. Curve A represents
the static torque with fixed ψ s = 0.3 pu and is = 3. Curve B illustrates fast dynamic torque
when the initial value of the field-winding current has the value of the above example. Curve
C is the same as B, but the q-axis is assumed to follow the steady-state equation. And, curve D
is the dynamic torque with the initial value id= 0. τtr= τD = τQ = 40 ms, and the reference
motor parameters are used. Source: Adapted from Pyrhönen (1998). Reproduced with
permission of O. Pyrhönen.

Figure 8.52 shows four different dynamic results. Curve B illustrates the dynamic
torque with reaction control and the above presented initial field-winding current. Curve A
represents the static torque with |ψs|= 0.3 pu and |is|= 3. In steady state, these values
produce the desired torque when the unity power factor is wanted. The required transient
torque will be reached at approximately the same load angle, which corresponds to the
unity power factor working point for steady state. Curve C shows the dynamic torque
that results when the q-axis components are assumed to conform to the steady state
equations during the transient also (no damping effect on the q-axis). In this case, the
desired torque is reached exactly with unity power factor load angle, that is, at δ s,

cosφ1 = 80.05°.
When the maximum converter current and the stator flux-linkage modulus are

known, a solution for initial field-winding current can be found. The maximum torque
is then

Te max ψ sis max (8.229)

The required field-winding current if,ref and the d-axis current id realizing a power factor of 1
are found from Equation (8.227) and Equation (8.228). Reaction control requires d-axis air-
gap flux linkage to remain constant. According to Equation (8.221), changes to d-axis current
must be compensated for with field-winding current. Starting from the final working point
with maximum available torque and stator current, the values for d-axis stator and field-
winding current can be calculated as a function of the decreasing torque by conforming to
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Equation (8.221). Using the following expressions

ψ2 ψ2 ψ2
d q s

ψd ψd1 ΔidLd
(8.230)

ψq Lqiq

Te ψdiq ψq Δidid1

a polynomial equation form of fourth order can be found for Δid.

k4Δi4 k3Δi3 k2Δi2 k0 T2 0 (8.231)k1Δidd d d e

where

2LsσL2 1 ;k4 sσ Lq

2Lsσ Lsσ ψd1i∗1 1 ;k3 2ψd1Lsσ 2L2
sσ dLq Lq Lq

2 Lsσ Lsσψd1 ψd1 2L2 ψ21 1 ;id1 id14ψ sd1Lsσ ψd1k2 sσ sLq Lq Lq Lq

2 Lsσψd1 2 ψd12 ψ2 1 ;id1 id1k1 2ψ sd1Lsσ ψd1sLq Lq Lq

2
2 ψd1ψ2 :k0 id1ψd1s Lq

Using another numerical example to demonstrate, Table 8.5 lists a number of parameter
values for a maximum torque working point in the field weakening range.

Table 8.5 A maximum torque working point in the field weakening range with a given stator
flux-linkage modulus and maximum stator current

Variable Description

δs1 81° load angle with the maximum torque and unity power factor

ψ s 0.3 pu stator flux-linkage reference

ismax 3.33 pu maximum inverter current modulus

Temax 1.0 pu maximum torque with unity power factor

ψd1 0.047 pu d-axis stator flux-linkage component in maximum torque point

id1 3.29 pu d-axis stator current component in maximum torque point

If1 3.71 pu field-winding current component in maximum torque point

2
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Figure 8.53 Reaction control. Curve B starts with overexcitation and ends at cosφ= 1. The
d-axis component of the air-gap flux linkage is kept constant irrespective of the torque. Also,
the curve (A) for constant cosφ= 1 is illustrated. Source: Adapted from Pyrhönen (1998).
Reproduced with permission of O. Pyrhönen.

At every working point then, field-winding current can be solved for when the final
value if1 and the required change Δif Δid are known. Figure 8.53 represents the field-
winding current value for the constant d-axis air-gap flux-linkage component. For
comparison, the unity power factor field-winding current as a function of the torque is
also shown.

The transition from working point b1 to working point b2 shown in Figure 8.53 is
represented by space vectors in the rotor reference frame in Figure 8.54. Over excitation
demands large demagnetizing d-axis stator currents at lower load conditions. However, this is
necessary to achieve the maximum torque defined by maximum converter current immedi
ately following a load transient.

Field-winding current control plays an important role in the operation of synchronous
motor drives, especially, when the drive is working with a high load angle in the field
weakening range. By using partial load over excitation and reaction control the available

Figure 8.54 The initial and final stator flux-linkage vector (ψs0, ψs1), the air-gap flux-
linkage vector (ψm0, ψm1), the stator current vector (is0, is1), and the field-winding current
modulus (if0, if1) before and after a torque step from Te = 0.05 to Te= 1.0 corresponding to
points b1 and b2 in Figure 8.53. Reaction control keeps the d-axis air-gap flux-linkage
component ψmd constant. The maximum torque point with unity power factor is achieved at
the end of the transient. The current vectors are not to scale but should be significantly larger.
Source: Adapted from Pyrhönen (1998). Reproduced with permission of O. Pyrhönen.
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stator current can be fully utilised in each torque step and maximum torque is achieved
without stability problems.

8.14.5 The field-winding current control of synchronous machine
DTC drive

To explore the operation of a synchronous machine DTC drive, it must be observed separately
in the constant flux range and in field weakening.

In the constant flux range

In direct torque control (DTC), stator current is not a control parameter. It is merely one of the
outputs of the system. The key control parameters for DTC are stator flux linkage and torque.
As such, traditional field-winding current control methods that link with the control of the
stator current components do not apply.

A DTC control can hold torque at any set point value within the stable operation range of
the synchronous machine. Dynamic field-winding current control errors do not affect its
torque control accuracy. However, the field-winding current must keep the drive within the
stable operating range by increasing the field-winding current as a function of torque. A field-
winding reference that produces unity power factor can be calculated as a function of torque
and flux linkage when the inductances of the synchronous machine are known. This was
shown previously in Equation (8.227).

Equation (8.227) links field-winding current control to direct torque control so
magnetic energy oscillations between the stator and rotor can be avoided. Due to saturation,
inductance values also become inaccurate. A correction term can be defined by
investigating the angle between stator flux linkage and stator current, which must be
perpendicular at unity power factor. The vector dot product will be zero when the power
factor is 1.

ψs ? is 0 cos φ 1 (8.232)

If the scalar product differs from zero, its output can be used as a correction term for the field-
winding control. In that case, the field-winding current control as a whole can be imple
mented as shown in Figure 8.55. This system maintains unity power factor in the constant
flux-linkage area.

In field weakening

In the field weakening range, drive performance is constrained by two factors: low voltage
reserve and the current limit of the converter. Previously, field-winding current reaction
control was shown to provide optimal torque response. Reaction control contradicts the field-
winding current reference of Equation (8.227), because it does not keep the d-axis component
of the air-gap flux-linkage constant. Figure 8.56 shows two examples of the amplitudes of the
stator flux linkage as a function of torque.

However, field-winding current can be controlled so the d-axis component of the
air-gap flux linkage remains constant and a power factor cos φ= 1 and the current limit is
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Figure 8.55 Field-winding current control of a DTC synchronous motor drive in the
constant flux range. Suitable amplification Pex and limitation to the correction term has
been adopted. Source: Adapted from Pyrhönen (1998). Reproduced with permission of
O. Pyrhönen.

reached simultaneously. This result is good dynamics, and the maximum available
stator current produces a theoretical maximum torque. The resulting excitation curve
and the vector representations are similar to those previously presented in Figures 8.53
and 8.54.

High stator and rotor currents at small loads, which increase drive losses considerably, is
the disadvantage of the method. Another problem related to the high over excitation is high

Figure 8.56 Changes to the d-axis components of the air-gap flux linkage when cosφ= 1 at
different flux-linkage levels. The field-winding current reference is determined according to
Equation (8.224). Source: Adapted from Pyrhönen (1998). Reproduced with permission of O.
Pyrhönen.
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Figure 8.57 Reaction excitation control block diagram for a DTC synchronous machine
drive. The torque reference rise time must be limited. The time constant is adjusted to achieve
the best torque response. Source: Adapted from Pyrhönen (1998). Reproduced with permis
sion of O. Pyrhönen.

overvoltage in a fault situation. Figure 8.57 illustrates how reaction control can be imple
mented in a DTC synchronous machine drive.

The fastest possible field-winding current rise is constrained by the available excitation
voltage reserve. At low speeds, large changes can be made rapidly on the stator side, and
therefore, the allowed torque rise speed must be limited depending on the field-winding
voltage reserve available. The voltage reserve is naturally

uf;res uf;max ifRf (8.233)

For good dynamic performance, significant voltage reserve must be used. If the field winding
is supplied by a thyristor bridge from a 400 V AC network, the typical rated field-winding
current uses about 100 V DC resulting in about a 400 V DC reserve for the current control.
The field-winding leakage inductance is, however, large and therefore a high voltage reserve
is needed.

8.15 The DOL synchronous machine and field-winding
current supply

8.15.1 The synchronous machine and the network

Synchronous machines are largely used in DOL applications both as generators and motors.
In addition to their main function, large motors have been used for reactive power
compensation tasks. In an industrial plant, running a large synchronous motor overexcited
easily compensates for the reactive power of tens to hundreds of small induction motors
maintaining overall an acceptable reactive power status. The most extreme use of a
synchronous machine has been as a synchronous compensator without any mechanical
task functionality. Within its electric current limits, the synchronous machine can be used as
an effective stepless reactive power compensator. From the network point of view, it is
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possible to run the machine either as a reactor (under excited) or as a capacitor (overexcited)
by just controlling the field-winding current accordingly. Today, this is rare, because static
compensators with capacitors are more energy efficient and need less maintenance than rotary
machine compensators. Stepless control can, however, be achieved only with synchronous
machines.

The following text examines the interaction with the network of both motors and
generators. Both in motor and generator applications, generator-island operation excluded,
and the excitation state of a synchronous machine is defined chiefly by the stator terminal
voltage determined by the grid. If stator resistive voltage loss is neglected, and if motor or
generator power are considered to be low compared to the short-circuit power of the grid,

Figure 8.58 Effect of field-winding current on the excitation state of a motor when the
machine operates on a rigid network (or the terminal voltage is determined by an inverter).
The angle between stator flux linkage and voltage is always 90° electrical. In the upper graph,
the motor is running at its rated stator current. No-load behaviours are shown in the lower
graph. See Figure 8.59. The upper graph clearly shows that machine load angle depends on
field-winding current. An overexcited machine has the lowest load angle δs. In each
representation, voltage and stator flux linkage have pu values equal to 1. The value for
field-winding current must be greater than 1 to compensate for the armature reaction. In each
representation, if= 1.5pu, if= 1.8pu, if= 1.25pu. Lmd= 1pu, Lmq= 0.6pu, and Lsσ= 0.1pu.
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stator flux linkage can be determined directly from the terminal voltage. Large generators in
power plants can impact local line voltage, and therefore their terminal voltages can be
regulated by a PI controller. However, the PI controller is not suitable for controlling the
voltage of small machines. The integrator in the controller would probably saturate at either
control extreme, that is, when there is no field-winding current or when there is maximum
field-winding current. The machine cannot, at its terminals, significantly affect network
voltage. Therefore, reactive power and not voltage is controlled in small DOL machines.

One might question if this can even be considered synchronous machine excitation
control. While it is true that field-winding current impacts the magnetic state of the machine, it
cannot determine stator flux linkage. Instead, the ratio of stator flux linkage and air-gap flux
linkage, and thus the reactive power of the machine, is determined on the basis of field-
winding current. Therefore, it would be advisable to consider this case as the control of field-
winding current.

Figure 8.58 depicts a salient-pole synchronous motor in different excitation states with
constant terminal voltage us= 1 and current is= 1. The per-unit magnetizing inductance of the
illustrated machine in the d-direction is Lmd= 1 pu. In the q-direction, it is Lmq= 0.6 pu. The
leakage inductance is Lsσ= 0.1 pu. The machine operates at its rated current. The power and
the power factor, therefore, depend on field-winding current level. High field-winding
currents overexcite the machine, and correspondingly, low field-winding currents under
excite. An overexcited motor supplies reactive power to the network and compensates, for
example, for the reactive power of induction motors connected to a common coupling point.
Overexcited synchronous motors have traditionally been used to compensate for the reactive
powers needed by induction motors that share the same system.

Figure 8.59 illustrates the synchronous machine at no load with different field-winding
currents. The diagrams of the machine will be shown in three conditions, under excited, at
ideal no-load and overexcited.

Figure 8.60 shows synchronous generators illustrated in accordance with the motor logic
that best suits the idea of terminal voltage determining stator flux linkage. According to the

Figure 8.59 At no load, if= 1.0 suffices to excite the machine so it absorbs no reactive power
from the network, and the current is zero. If the field-winding current is decreased to if= 0.7,
the no-load becomes under excited, and the machine looks like an inductor. If the field-
winding current is increased to if= 1.3, the no-load becomes overexcited and the machine
looks like a capacitor. if= 0.7, if= 1.0, if= 1.3. Lmd= 1 pu, Lmq= 0.6 pu, and Lsσ= 0.1 pu.
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Figure 8.60 Vector diagrams of a salient-pole synchronous generator in different excitation
states illustrated in accordance with the motor mode.

motor logic, stator voltage is integrated into the stator flux linkage. Each regeneratively
braking synchronous motor can be smoothly changed over to operate according to the
illustrated vector diagram. In this case, torque is not considered constant, but the load angle δs

of the stator flux linkage is kept constant for each operating state. As a result, the overexcited
machine has the highest torque.

Figure 8.61 is an ordinary vector diagram of a synchronous generator using generator
logic. In generator logic, flux linkage is differentiated into back emf according to Faraday’s
law. The terminal voltage, however, must match the network voltage. Here, the terminal
voltage vector is equal to the stator flux-linkage–caused induction es. Since the terminal
voltage equals the back emf of the machine, the stator flux linkage ψs must be 90° electrical
ahead the terminal voltage. This rotating flux linkage produces the induced voltage es, which
equals the terminal voltage of the network. Stator current is produced as an effect of the
difference of the terminal voltage and the induction caused by the stator flux linkage in the
stator resistance of the machine. In Figure 8.61, the difference is zero, since Rs= 0.

Figure 8.62 illustrates the behaviour of a nonsalient pole generator at constant power with
various power factors. At constant voltage, the loci plotted by the points of the current vector
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Figure 8.61 Vector diagram of a salient-pole synchronous generator in generator mode. The
illustration includes the reactive voltage drops jωsLmdid and jωsLmqiq corresponding to
the armature reaction and the leakage flux linkage jωsLsσis. The induced voltage ef is the
imaginary voltage induced by the rotor current if, em is the voltage induced by the air-gap flux
linkage, and es is the voltage induced by the stator flux linkage.

and the imaginary emf vector ef produced by field-winding current, are straight lines when
operating with different power factors and at constant active power. The power of the
machine, expressed by applying the torque equation, is written as

P
ωs

p
Te

ωs

p

3
2
pψs is ωs

3
2
ψs is

3
2

jus is
3
2
us ? is

3
2
usis cos φ

(8.234)

Figure 8.62 Vector diagram of a nonsalient pole generator with two power factor values at a
constant terminal voltage us. Increasing the excitation raises the emf ef (full and dotted
vectors), reduces the load angle δs, and increases the power factor angle φ. At increased
internal voltage, the machine can supply more reactive power to the network. If the active
power of the generator remains the same, the power factor gets increasingly lower with
increasing field-winding current.
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However, apparent power is expressed as follows.

3 3 3∗_S usis usis cos φ j usis sin φ (8.235)
2 2 2

When the power is kept constant at a constant terminal voltage, is cos φ remains constant, and
the point of the current vector plots a straight line as depicted as the field-winding current of
the machine varies.

The total voltage drop jωsLdis caused by the armature reaction, and leakage flux can be
expressed as

jωsLdis jXdis jXd is cos φ jXd jis sin φ
(8.236)

Xd is sin φ jXd is cos φ :

If Xd is constant, the component Xd is cos φ remains constant, and as the excitation state
changes, the emf vector ef produced by field current plots the straight line depicted above.
This component can also be expressed with the load angle and the emf vector.

Xd is cos φ

Solving for current from the above yields the following expression.

ef sin δs (8.237)

ef sin δs (8.238)is Xd cos φ

Substituting the expression into the power equation gives

3 3 sin δsefP cos φ (8.239)us is us2 2 Xd

This is the familiar load angle equation for a power of the nonsalient pole machine. When the
terminal voltage is held constant, sin δs must remain constant, and therefore the emf vector
ef produced by field current becomes vertical.

Figure 8.63 illustrates the qualitative behaviour of field-winding current at a constant
terminal voltage for different load current types. Load type is decisive in determining the
generator’s demand for field-winding current.

ef

Figure 8.63 Effect of load on the demand for field-winding current in a synchronous
generator. Inductive load produces a demagnetizing armature reaction that must be compen
sated for by increased field-winding current. Resistive load mostly affects the q-axis, and
therefore does not demand much extra field-winding current. Capacitive load produces
exciting armature reaction, and therefore field-winding current can be reduced.
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Figure 8.64 V-curves of a synchronous machine. The current axes as well as the parameter
(power) are given in per-unit values.

This phenomenon can be more accurately observed using a V-curve. When the machine is
operating on a constant-voltage, constant frequency network, the armature current is a
function of the field-winding current with constant active power as parameter. If stator
resistance is neglected and considering a nonsalient pole machine, V-curves can be graphed
when the stator current is illustrated as a function of the field-winding current. The continuous
lines of Figure 8.64 show the V-curves of an unsaturated synchronous machine when the pu
value of the synchronous reactance is Xd= 1.0. The dashed lines indicate the constant cosφ
values. Synchronous motors usually operate overexcited, which produces magnetizing
current for induction motors running in parallel with them, connected in the network.

A synchronous machine can be loaded momentarily with a power much higher than its
rated value. In controllable motor drives in particular, the machine is often briefly over-
loaded—depending on the dimensioning of the power electronics—to a torque value up to
three times its rating. To represent continuous operation, a PQ diagram is typically presented
for a DOL machine. Figure 8.65 is such a diagram expressing the load capacity of a
synchronous machine based on differing limitations.

Figure 8.65 Limits set for the power plant generator in continuous operation. The “stability
limit” is supplied by the manufacturer.
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The machine in Figure 8.65 can reach a stability limit if the field-winding current of the
machine is too low. In that case, the load angle equation indicates that ef decreases, and
therefore the load angle δs increases correspondingly. If the emf ef is too low, the machine is
pulled out of synchronism when the load torque increases.

8.15.2 The parallel operation of synchronous machines

In power plants, synchronous generators must often run in parallel, and load sharing needs
must be considered. Figure 8.66 illustrates the reactive power division between two parallel
operating generators. Terminal voltage is held constant by a rigid network. The power of
generator 1 accounts for 40% of the power of generator 2. During changes in reactive power,
both machines operate at constant power. In the initial state, the machines have currents is1

and is2. The field-winding current of generator 2 is raised, and the field-winding current of
generator 1 is reduced at the same time. Consequently, new currents is1 and is2 result, which
are indicated by the dashed lines. The changes in the currents Δis1 and Δis2 are equal but
opposite, and thus the situation remains unaltered with respect to the network.

If the two generators are operating in parallel and the power of thefirst generator is increased
without changing its field-winding current, the rigid network maintains the constant voltage and
the other machine must adjust its reactive power to maintain the original situation. When the
supply torque of the first machine is increased, the generator accelerates momentarily and then
settles back down to its original speed. Its load angle δs increases until a new power balance is
reached. Since the field-winding current if is held constant, the amplitude of the emf ef for the
first generator remains constant, and the locus plotted by the emf vector is a circle. The situation
is illustrated in Figure 8.67. As the tip of the vector of the armature reaction and leakage follows
the same path as ef, the tip of the current vector must also follow a circle as the figure illustrates.

To maintain the original sum apparent power, corresponding changes ( ΔiP and +ΔiQ)
must be made in the other generator. In other words, its power must be reduced, and the field-
winding current must be increased. If the common grid current vector is inet, the currents for
generator 2 in the initial and final state become

is2 inet is;
(8.240)

i s2 inet i s:

Figure 8.66 Reactive power division between two parallel operating generators. Generator 1
produces power with current iP1, and generator 2 produces power with iP2. The corresponding
reactive currents are iQ1 and iQ2. Opposite changes in the field-winding currents would
generate the opposite respective changes in the reactive powers of the machines. Δis1 and Δis2

are perpendicular to the terminal voltage and thus represent reactive power.
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Figure 8.67 Behaviour of a nonsalient pole generator at a constant field-winding current
when the power increases. Since the tip of ef moves in a circle (constant if), the stator current
vector tip must also move in a circle. The power of the generator increases according to ΔiP,
and the reactive power decreases according to ΔiQ.

The emf of the generator 2 must be adjusted to match.

jXd2is2 (8.241)usef2

To maintain the original apparent power of the two generator system, field-winding current
must be increased based on the increase in the internal induced voltage of generator 2 when ef2

increases to e f2.

Voltage droop control

As previously mentioned, a simple PI controller is not suitable for controlling low-power
generator terminal voltage, because the controller integrator is likely to saturate and
the generator would not be capable of affecting the network voltage. Instead, reactive
power of the machines must be controlled. This can be accomplished using a voltage
controller that has droop capability. A droop controller ensures adequate reactive power
control and an appropriate division of the reactive power between parallel operating
machines.

Reactive power droop, as shown in Figure 8.68, is a property of the voltage controller. The
voltage reference us,ref is reduced (drooped) as generator reactive power increases. The value
of the reactive power droop is typically of the scale of Δus= 3%.

Figure 8.68 Principle of reactive power droop. When the reactive current issinφ of the
generator increases the reference voltage us,ref of the generator voltage controller is reduced
according to the droop. Appropriate droop control prevents saturation of the voltage PI
controller. A typical droop value is 3%.
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Figure 8.69 Torque controller droop. When the turbine operates at the generator rated
frequency, the torque reference is slightly lower than the capacity of the turbine. If the network
frequency drops, the torque reference is raised according to the droop. If the network
frequency increases, the torque reference is lowered. This system ensures the appropriate
torque control of the prime mover for the parallel operation of a synchronous generator drive
system. If the frequency drops by 5%, the torque of the prime mover is raised by 5%.

Generator prime mover torque control

A generator is an electromechanical energy converter, which when connected to an electrical
network, settles at a load angle that corresponds to the incoming mechanical torque of the
prime mover, for example, a turbine or diesel engine, if the preconditions for continuous
operation are met. The torque control of the prime mover is based on the measurement of the
network (supply) frequency. Torque changes induce slight variations in the network
frequency. In this type of multi-machine system, integral rotation speed control cannot be
used. Instead, and as was done with voltage control, power management for the prime mover
is based on droop control. As frequency decreases, higher torque is requested from the driving
machine.

However, unlike integral control, droop control can allow a continuous control error. If
there were an integral controller in the turbine of a small generator operating in parallel with
the network, the turbine would always give its maximum power below the 50 Hz supply
frequency. Correspondingly, at a supply frequency above 50 Hz, it would deliver zero power.
This is impractical, so droop control is used instead of integral control. Figure 8.69 illustrates
the frequency control droop principle.

Droop speed control is an easy first step in solving a load-sharing problem between
generators. Droop is expressed as % speed droop when the torque is at 100%. The droop
amount can be set by experiment. A 5% speed droop at 100% torque is a good starting
point.

Large power plant voltage control

If the synchronous machine is large and its excitation state can be used to influence network
voltage, a PI-type voltage controller is used that can adjust field-winding current to
appropriate levels. The voltage control of an actual power plant generator functions
differently for different operating conditions. Table 8.6 offers a summary.

The primary function of the voltage control is to keep the terminal voltage of the generator
at the desired level in normal operation where slight variations in power and reactive power
are continual. A secondary function is to appropriately divide reactive power between parallel
operating generators, thereby improving network stability. Table 8.7 lists requirements that
can be set for generator voltage control.
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Table 8.6 Operating conditions and functions of the voltage control of a large power plant
generator

operating functions of the voltage
mode network event transient state controller

static several nearly static slight changes in power or keeping the voltage
large machines in reactive power constant, damping of
an extensive the transients
network

dynamic a switching situation changes in power, reactive as steady transition to
power, terminal new operating state as
voltage, current, field- possible
winding current

a momentary fault significant temporary maintenance of stability
situation, fault changes in power, and damping of the
switch-off reactive power, terminal pole angle fluctuation

voltage, current, and
field-winding current.
Damper windings assist
the control

a failed fault switch- strong consequent smooth transition to a
off, high-speed temporary changes in new operating state,
automatic power, reactive power, damping, control of
reclosing, terminal voltage, reactive power and
permanent fault current, and field- voltage, rapid

winding current. shutdown, protection
Damper windings assist of generator and
the control turbine

Table 8.7 Requirements for generator voltage control

Parameter Requirement

Static accuracy: permitted deviation of the voltage from the rated value as ca. 1%
the voltage has settled after a transient

Dynamic accuracy: permitted deviation of the voltage from the rated ca. 15%
value as the rated load is connected to the generator or disconnected
from the generator

Control speed: time in which the voltage has to return to the value required ca. 1 . . . 3 s
by the static accuracy after the rated load has been disconnected
(switched off)

Permitted deviation of the reactive power compared with the rated power ca. 10 %
between the parallel operating generators
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8.15.3 Field-winding current supply methods

The previous discussion shows clearly that field-winding current plays a central role in the
operation of a synchronous machine. When connected to a rigid network, field-winding
current determines the power factor and the load angle of the machine. Proper field-winding
current control also improves the stability of the machine through its dynamic states.

Power electronic controlled drives, in particular, must have the ability to rapidly adjust
field-winding current. Therefore, drives subjected to demanding dynamic conditions use a
separately magnetized slip-ring machine. When supplying the rotor of the machine from a
400 V network, the resistance of the field winding is dimensioned so the voltage at the
nominal operating point is on the order of 100 V. The thyristor bridge can instantaneously
supply a 540 V potential across the field winding, thus forcing rapid change. In a large
machine, changing air-gap flux linkage takes a long time. The time constant τd0 of a
synchronous machine can be several seconds. The larger the voltage reserve of the converter
feeding the field winding, the easier it is to change the air-gap flux linkage. And with a
thyristor bridge, it is possible to apply high negative voltage to the field winding to reduce
electric current, for instance, if the machine’s load state drops abruptly.

Figure 8.70 presents a typical supply arrangement for the field-winding current of a
synchronous machine. In this arrangement, the field winding is fed by a thyristor bridge
between the winding and the grid. This is the best approach, because it also makes it possible
to rapidly adjust field-winding current in the event of a high overvoltage condition in a
dynamic event. If necessary, the thyristor bridge also guarantees negative excitation voltage in
the field winding to rapidly bring the current down.

Brushless excitation is often required for a machine intended for continuous operation.
Figure 8.71 illustrates the excitation system of a fully independent generator. A permanent
magnet generator produces the excitation power for the external pole synchronous machine,
the armature winding of which is mounted on the same axis with the rotor of the main
machine. Also, the rectifier rotates along with the rotor. This yields a brushless solution;

Figure 8.70 Thyristor bridge excitation of a separately magnetized slip-ring machine. If the
machine is started as an asynchronous motor DOL with damper winding, a short circuit of the
field winding or the depicted resistance is required during the startup to avoid excessively high
voltage stresses. The control block has current, voltage, power, and power factor measure
ment capabilities. The under-excitation relay releases the drive if field-winding current
disappears. The same control method applies for both synchronous motors and generators;
however, the startup of a generator is normally executed by the prime mover machine.
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Figure 8.71 Brushless excitation system for a synchronous generator in island operation.
Island operation means the generator alone produces the system voltage and no other
generators are present. The field-winding current is changed via the time constants of the
three generators. If required, the time constants of a permanent magnet machine can be
shortened, and therefore using a secondary permanent magnet machine does not significantly
retard the control of the field-winding current of the main machine.

however, the dynamics of the field-winding current suffers considerably. The method is not
applicable to dynamically demanding drives.

Figure 8.72 offers another brushless excitation system that is primarily designed for DOL
operation. It is a modification of the previous example. The energy required by the field
winding of the excitation machine is taken from the grid by using a thyristor bridge.

Figure 8.73 illustrates the somewhat out-of-date use of a DC generator for the excitation of
a synchronous generator. A separately excited DC generator is mounted on the same axis as
the main generator. However, both slip rings and a commutator are required in this case.
Applications of this type are probably no longer being produced.

Figure 8.72 Brushless excitation system for a synchronous generator. The field-winding
current is altered via the time constants of the two generators. In principle, system response
can be faster. The control method is also commonly applied in continuous motors; however,
an auxiliary system must always be used to start up the machine. To start the machine with
damper windings, some form of protection (for example, a resistance) against the high
induced voltages of startup must be provided for the field winding. This protection may also
be required for generator fault conditions.
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Figure 8.73 Formerly traditional, but now out-of-date, synchronous machine DC generator
excitation.

The field-winding current arrangements of brushless generators are in principle also
applicable to DOL motors. However, if a power-electronics–controlled brushless motor is
required, field-winding current must also be supplied when the machine rotor is not turning,
that is, at zero speed. A converter-drive-related solution is required. In this solution, the
field-winding current is produced by a rotating-field machine that is equipped with
polyphase windings on both the stator and rotor. When the main machine rotor is held
stationary, field-winding current can be supplied to the machine via the rotating excitation
of the exciter.

The direction of excitation should be opposite to the rotation direction of the main
machine, so when the main machine starts up, exciter frequency tends to increase and can be
decreased as required. Once the main machine has accelerated to its rated speed, direct current
can be fed to the polyphase winding of the exciter. In dynamic transients, the “field winding”
of the exciter can be fed by the inverter at varying frequencies, in which case induction can, in
principle, be intensified when necessary. In any event, the dynamics resulting from this

Figure 8.74 Method for supplying field-winding current to a brushless synchronous motor
so the converter-supplied drive can be operated at full torque when the rotor is held stationary.
A cycloconverter drive is illustrated here, but any brushless drive needs a similar field-
winding supply system.
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method are slower than the dynamics made available using the slip ring approach. Since
brushless motors are nonwearing, they are often used in marine drives.
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9

Permanent magnet synchronous
machine drives

The increasing commercial availability of high-quality permanent magnet (PM) materials
has encouraged manufacturers to introduce various PM synchronous machines (PMSMs).
For some time now, PMSMs have been used in servo drives and, currently, large PMSMs
are seeing use in industrial applications and distributed generation, especially as wind
turbine generators. Megawatt-range PMSMs are successfully operating even as low-
speed, direct-drive wind turbine generators. Moreover, electric and hybrid car manufac
turers often use PM technology in their products. The number of electromagnetic
structures, such as stator teeth or rotor poles, in a PMSM can be increased without
incurring significant degradation in machine performance. This makes PM machines
popular in all kinds of special applications. In addition, using PM motors or generators in
electric drives makes it possible to attain the highest possible efficiencies. In a well-
designed PMSM, rotor losses can be insignificant, making the architecture superior in
efficiency. Low-power machines using PM rather than induction rotors, in particular, see
significant improvements in efficiency.

Comparing PMSM losses to the losses of an induction motor (IM) reveals that
efficiency can be significantly improved by eliminating rotor Joule losses, which in a
low-power IM amounts to 25–30 % of total losses. Because the power factor of the PMSM
is often slightly higher than the corresponding IM value, stator Joule losses are also smaller.
Assuming a power factor improvement from 0.8 to 0.9, stator Joule losses drop by 20 %.
Stator Joule losses make up between 30 % and 40 % of all losses in low-power industrial
IMs, and therefore PMSM losses can be up to 40 % smaller than IM losses for a similarly
sized motor.

Because of the nonisotropic magnetic structure of the PM rotor, a vector control
approach must usually be used with PMSMs. However, direct online (DOL) PMSMs
do also exist. Historically, poor magnet material quality has restricted the effective

Electrical Machine Drives Control: An Introduction, First Edition. Juha Pyrhönen, Valéria Hrabovcová
and R. Scott Semken.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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implementation of PMSM control. The poor demagnetization characteristics of AlNiCo
magnets encouraged the development of so-called id = 0 control. The lack of demagnet
izing d-axis current in these drives makes it possible to ensure the stability of the PM
polarization. However, this is only a partial explanation. In rotor surface magnet
machines, id = 0 control is the best at low speeds.

When operating a rotor surface magnet machine, demagnetizing current can be used if the
magnets are NdFeB or SmCo, because of the properties of the magnetic materials. This is
particularly helpful when implementing field weakening. However, at higher power factors,
there will be a negative current aligned with the d-axis in the constant flux range. The selection
of best current vector direction is also influenced by PMSM rotor construction. In many cases,
to achieve optimal performance, negative d-axis current is needed, which results in magnet
stresses that are higher than for id= 0 control.

PMSM control principles differ from those for other AC machines, because of the
properties of the PM material, and because the material is part of the magnetic circuit of the
machine, which significantly influences reluctance. For example, the relative permeability of
the PM material μr is approximately equal to one, and therefore the effective d-axis air gap of
the PMSM often becomes very large. Machine inductances usually remain low, particularly in
machines with rotor surface magnets. In addition, when the rotor magnets are embedded, the
value of the d-axis synchronous inductance can be less than the q-axis value. For a separately
excited salient-pole synchronous machine, the d-axis value exceeds the value of the q-axis
synchronous inductance.

Demagnetizing stator current must be used for field weakening in PM machines. This is
not appropriate if the machines are low in inductance. For rotor surface magnet servomotors,
the synchronous inductance per unit (pu) value Ld is typically between 0.2 and 0.4. An
adequate speed range is usually achieved by raising the machine’s rated frequency. However,
in machines with embedded rotor magnets, the rotation speed range can be increased more
simply by increasing machine inductances via machine design.

Often when staying within rated current limits, the maximum upper speed limit is
about twice the rated speed. However, the back emf produced by the PMs is directly
proportional to the rotation speed of the machine. If demagnetizing current is lost for
some reason, the inverter must be able to withstand this back emf. Therefore, when
applying field weakening, the relationship between rotation speed and back emf must be
taken into account to minimize the risk of damage to the converter, which uses DC link
capacitors that are only capable of withstanding overvoltage levels of about 125 % rated
voltage.

Since a PMSM can be designed with the PMs of the rotor arranged in many different
configurations, adopting a generalized control methodology is not practical. Instead, the
optimal control approach depends on the rotor’s magnetic configuration. Most control
methods are based on modelling the PMSM in the rotor reference frame; however, these
control methods require knowledge of rotor position angle. Therefore, pulse-encoder–based
speed data and initial rotor angle must be known. In servo drives, it is often necessary to get
rotor position feedback information from an absolute encoder.

Much research activity has been devoted to the development of PM drive control methods
that do not require position feedback. Several of the introduced methods are based on the use
of computationally intensive estimators. Good results have been achieved in several studies
for operation at moderate supply frequencies. However, operating at close to zero speed
remains somewhat problematic.
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9.1 PMSM configurations and machine parameters

The performance characteristics of a PM machine are highly dependent on rotor structure.
PMSM rotor poles can be implemented in various ways. The simplest is to mount magnets
directly onto the rotor yoke surface. See Figure 9.1. The yoke can be a simple steel tube if the
stator harmonics are at sufficiently low frequencies. However, in machines with higher-
frequency stator harmonics, it is better to use a laminated structure to minimize the eddy
current losses that can lead to excessive rotor temperatures.

Rotor surface magnet machines are very low in magnetizing inductance. If they also have
a small number of poles, leakage inductance also remains low. Therefore, a voltage source
inverter with a high switching frequency is required for best current behaviour. The
configuration is applied to servomotors, for example, which require minimal inertia.
The d- and q-axis inductances of rotor surface magnet machines are approximately equal,
so the machine is nonsalient.

Adjusting machine inductances can be accomplished by appropriately shaping the
electrical steel components. Pole shoes can be mounted on the magnets to produce sinusoidal
air-gap flux densities. At the same time, they protect the magnets against both electric and
magnetic stresses. Moreover, if appropriately shaped, the pole shoes can protect the brittle
sintered magnet material from mechanical damage during manufacturing assembly. Although
PMs can tolerate significant pressure, they have very low tensile strength.

A possible solid-steel rotor configuration with pole shoes is illustrated in Figure 9.2. The
configuration can be used to implement a multipole, low-speed machine. The solid pole shoes,
which should be shaped to produce a sinusoidal flux density distribution in the air gap,
function also as weak damper windings. Therefore, smooth and quiet operation is achieved.

The relative permeability of current hard PM materials is approximately 1, the same as
with air, so the effective air gap of a PMSM is relatively large. Because of the large air gap,
d-axis armature reaction effects remain low, and the harmonics resulting from the small

Figure 9.1 The low-inductance rotor configuration of a PMSM. The image on the left
illustrates a nonsalient pole configuration. In the right image, the steel rim is made as thin as
possible on the d-axes to reduce machine inertia. The flux path at the d-axis is sufficient for the
excitation flux (see the magnetic flux lines at the d-axis), and magnetically the machine is
slightly asymmetric, since there is higher reluctance on the quadrature axis than on the direct
axis (see the flux lines at the q-axis). The q-axis path on the right shows higher reluctance than
the d-axis path. However, because of the large magnetic air gap, Ld Lq, which is typical of
rotor surface magnet PMSMs.
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Figure 9.2 Cross section of a 20-pole, solid-pole shoe, three-phase machine with one slot
per pole and phase q= 1.

number slots per pole and phase in the stator do not produce significant torque ripple, a fact
that gives the machine certain special characteristics.

In solid pole-shoe machines, the expensive PM material is used fairly efficiently, because
the magnetic flux flows almost completely through the air gap, and the PM magnetic leakage
flux is small. However, some eddy-current losses are produced in the solid-pole shoes. Pole
shoes offer the PMs good protection against demagnetization, because most of the demagnet
izing forces do not pass through the magnets but are instead conducted by the pole shoes.

As with the rotors of asynchronous motors, the rotor yokes of PM machines can be
constructed of electrical steel sheet metal. There are a number of alternative laminated rotor
configurations available to achieve the desired PMSM performance characteristics. The PMs
can be glued to the rotor outer diameter surface as is done with a solid rotor yoke. However,
the magnets can also be embedded, in part or completely. Using the embedded magnet
approach, the magnets can be mounted in different positions and orientations. Some basic
configurations for laminated PM rotor structures producing different machine properties
illustrated in Figure 9.3.

For the configurations illustrated by Figure 9.3a–9.3c, the physical air gap is approxi
mately constant, and the PMs produce an approximately trapezoidal air-gap flux density.
Depending on winding arrangement, the voltage induced in the stator of such a machine may
include harmonics. These harmonics may affect the torque output of the machine resulting in
vibration and noise. Since smooth torque production is normally required, the stator and rotor
current linkages and the fundamental must not include same order harmonics. This would
result in harmonics-generated torque components or torque ripple. The d-axis inductance of
the machine for the a–c configurations will be significantly lower than the q-axis inductance.
Therefore, when suitably controlled, the machines produce reluctance torque.
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Figure 9.3 Laminated rotor configurations of PM machines with embedded or rotor-surface
magnets include (a) embedded magnets, (b) inset magnets, (c) I-type, (d) embedded magnets
with laminated pole shoes and magnet pockets, (e) flux concentrating version of version (d),
and (f) synchronous reluctance machine with rotor surface magnets on d-axis. Constructions
(a) through (e) provide saliency, and Lq> Ld. With construction (f), Ld> Lq.

To be an attractive drives alternative, especially for low-speed operation, a synchronous
machine must offer smooth torque production; the aim of the configurations is illustrated by
Figures 9.3d and 9.3e. For these constructions, the rotor laminations are shaped to produce
poles that resemble the poles of a salient-pole machine achieving a sinusoidal no-load flux
density in the air-gap. These configurations also include reluctance differences that may
produce a torque harmonic at a frequency that is six times the supply frequency. This
phenomenon takes place with the fifth and seventh stator harmonics travelling in different
directions in the air gap. However, by skewing either the stator or the rotor, this torque ripple
can be mostly avoided. A more-detailed analysis of harmonics can be found, such as in
Pyrhönen et al. (2014).

PMSMs have different performance characteristics depending on rotor configuration. The
rotor structures illustrated by Figures 9.3a and 9.3c are for hybrid machines, which could
operate as synchronous reluctance machines, in principle, with the magnets removed. In these
machines, some torque is normally produced by the reluctance differences, that is, the
difference in the direct and quadrature inductance directions. In these machines, the q-axis
inductance Lq is larger than the d-axis inductance Ld. The addition of magnets in these hybrid
machines makes their behavioural characteristics considerably better than the behavioural
characteristics of a synchronous reluctance machine. In particular, efficiency and power factor
can be notably improved.
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The rectangular magnet configuration shown in Figure 9.3c requires flux barriers near the
rotor shaft to inhibit through-shaft PM leakage flux. This is a challenging mechanical design
problem. Furthermore, the structure offers a good q-axis armature reaction path, which is not
always desirable. The configuration does offer, however, large flux density concentration in
multiple pole-pair machines.

In the Figure 9.3b configuration, the magnets are surface mounted. This construction
provides some reluctance difference between the direct and quadrature axes. Because of the
reluctance difference, maximum torque is produced at a load angle well above 90°. In PM
machines, maximum torque is often produced at load angles greater than 90°, since
inductance in the q-direction is often slightly higher than in the d-direction.

The configurations illustrated in Figures 9.3d and 9.3e were developed to produce smooth and
quiet operation at low rotation speeds with a stator with the number of slots per pole and phase

1. Since a PM machine can operate at a low speeds with good efficiency and power factor,
mechanical gearing is not necessarily needed to produce a low-speed PM electrical drive. Although
the fundamental frequency of the machine can be set at any desired level using an inverter supply, a
relatively high pole-pair number should still be selected so that the relative stator yoke thickness is
minimized, which in turn maximizes acting rotor diameter within a predefined outer diameter.

The number of slots per pole and phase q can be equal to or even less than one, resulting in
excess harmonic content in the stator current linkage. One way to smooth the resulting torque
production of the machine is to make the rotor current linkage sinusoidal. In general, unless
appropriate design steps are taken to minimize its production, machines with a low number of
stator slots per pole and phase and with rotors configured as shown in Figures 9.3d and 9.3e
will also be prone to torque rippling. A surface magnet rotor with sinusoidal flux density
should be used in machines with low values of q to produce sinusoidal rotor current linkage
with no inductance differences.

In all of the first five configurations, Figures 9.3a through 9.3e, the q-axis inductance Lq is
larger than the d-axis inductance Ld (that is, Lq >Ld). In each case, the machine must be driven
by a current vector that has negative d-axis current. A PMSM with Ld> Lq is also possible.
Figure 9.3f illustrates a rotor configuration that combines the characteristics of a synchronous
reluctance machine and a rotor surface magnet PMSM. A machine configured in this way
should be driven by a current vector with positive d-axis current. The PM-produced machine
flux will be strengthened by the armature reaction. The machine designer, in this case, must be
careful to avoid PM material hysteresis losses, which can occur if external magnetic field
strength varies between positive and negative values.

Laminated rotor machines are subject to magnetic flux leakage, which can be reduced by
integrating leakage flux guides as shown in Figure 9.3a. The flux guide can be air or some other
poor conductor. The poles shown in Figures 9.3d and 9.3e produce a sinusoidally shaped flux
pattern that simultaneously reduces magnetic leakage. The utilization of the magnets is still
lower in an embedded magnet machine than in a salient pole machine, for example, in which the
magnetic flux is almost completely in the air gap. A laminated rotor structure can be used to
increase air-gap flux density by using two magnets per pole (Figure 9.3e), in which case the PM
cross-sectional area increases in proportion to the machine pole area. More magnetic material is
needed to implement this approach, however, so it results in a higher-cost machine. For higher
pole-pair numbers p, the I-type configuration (Figure 9.3c) can also be a flux-concentrating
construction.

Laminated rotor structures with clearly shaped pole shoes (Figures 9.3d and 9.3e) can
easily be equipped with damper windings, which fit well into the pole shoes. The

q
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configuration type enables the production of direct online (DOL) machine versions. However,
DOL-starting may be difficult in PM machines, and mostly they are designed for variable
frequency drives.

The pu parameter values for PM machines differ from the pu values of traditional
induction machines and synchronous machines in industrial use. Although the pu value of
magnetizing inductance is typically greater than three for power induction machines rated
higher than 100 kW and between one and two for synchronous machines, it may be a tenth of
these values for servomotors with rotor surface–mounted magnets. The minimum value for
stator flux leakage is typically close to 0.1 for all AC machine types with small pole numbers.
The synchronous inductance of a servomotor with a surface-magnet rotor can be Ls 0.3,
typically.

Correspondingly, in multipole machines with embedded magnets, synchronous induc
tances are typically about Ld= 0.4 – 0.6 and Lq = 0.6 – 0.9. In PM machines with a larger
number of poles, the stator flux leakage proportion can increase excessively, becoming up to a
half of the total synchronous inductance. In tooth-coil machines, stator leakage inductance can
be significantly higher than magnetizing inductance.

The RMS load angle (δs) equation, which is important in the analysis of a synchronous
machine, is also important in the analysis of a PM machine. Neglecting stator resistance Rs

and the corresponding Joule losses, the RMS load angle equation can be written as follows.

Correspondingly, electromagnetic torque can be expressed in terms of the RMS phase values.

Ld LqUsph EPMph
Te 3p sin δs U2 sin 2δs (9.2)sph ω22 Ld Lqω2Lds s

For a nonsalient pole machine, the pull-out torque depends on the inverse of the synchronous
inductance Ld. Therefore, the inductances should be low if high torque production is the goal.
This requirement is even more important for PM machines, since the interior emf EPM cannot
be altered by adjusting the field-winding current as can the corresponding interior Ef in
synchronous machines. Often and for practical reasons, the pu value of ePM must be kept close
to one, that is, ePM ∈ (0.7, 1). Since the supply voltage us is also one, the pu value of the
synchronous inductance Ld must be considerably less than one. For a nonsalient pole machine
and if ePM= us= 1, synchronous inductance must be no more than Ld = 0.625 pu to achieve
the commonly required 160 % pull-out torque (maximum) at rated speed and voltage.

Therefore, the synchronous inductances must be kept relatively low to reach the desired
pull-out torque for PM machines. In a surface magnet machine, this precondition is easily
achieved; however, getting there is more difficult for embedded magnet machines where pu
values approach one and the pu value of ePM cannot be increased considerably above one.

Therefore, the synchronous inductances must be kept relatively low to reach the desired
pull-out torque for PM machines. In a surface magnet machine, this precondition is easily
achieved; however, getting there is more difficult for embedded magnet machines where pu
values approach one and the pu value of ePM cannot be increased considerably above one.

The fractional-slot, nonoverlapping concentrated winding, that is, the tooth-coil winding
machine configuration is a recent arrival to the electric drives marketplace. In a tooth-coil

P 3
Usph EPMph

ωsLd
sin δs U2

sph
Ld Lq

2 ωsLd Lq
sin 2δs (9.1)
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Figure 9.4 PM three-phase synchronous machines with single-layer and double-layer tooth-
coil windings: Qs= 6, p= 2, and q= 0.5.

machine, the number of slots per pole and phase varies between q∈ [0.25, 0.5]. In particular,
the machines are intended for low-speed direct drive machine applications where maximum
torque is needed in a smaller volume. Tooth coils have smaller end windings and can work
with a smaller stator yoke, so the architecture accommodates a larger maximum rotor diameter
and length relative to the outer dimensions of the machine. Figure 9.4 gives cross-sectional
views illustrating tooth-coil PM synchronous machines.

The best tooth-coil machines produce a completely sinusoidal voltage, and therefore
smooth torque can be achieved with sinusoidal stator currents. The control of this kind of a
machine does not differ in principle from the control of any other ordinary rotating-field PM
machine. Only the machine parameters are of interest. In principle, tooth-coil machines can
also produce some reluctance torque. However, the proportion normally stays low, and the
machines behave mostly like rotor surface magnet nonsalient-pole PM machines. In tooth-coil
machines, stator leakage inductance can be much higher than stator magnetizing inductance,
which facilitates field weakening in some tooth-coil machines.

9.2 The equivalent circuit and space-vector diagram
for a PMSM

As are separately excited synchronous machines, PM synchronous machines are normally
treated in the dq reference frame fixed to the rotor. See Figure 9.5. The equivalent circuit of the
machine is almost the same as for a separately excited synchronous machine.

If damper windings are included in the model, the equations of a PM machine differ from a
separately excited synchronous machine only by the fact that the field winding current is
replaced by the PM equivalent current. Therefore, the voltage equations of the PM machine
are given in the rotor reference frame in the following familiar form for the stator.

dψd ωrψq (9.3)ud Rsid dt

dψq
ωrψd (9.4)uq Rsiq dt
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Figure 9.5 Equivalent circuits of a PMSM in the d- and q-axis directions showing Rs stator
resistance, Lsσ stator leakage inductance, Lmd d-axis magnetizing inductance, Lmq q-axis
magnetizing inductance, LDσ d-axis damper leakage inductance, LQσ q-axis damper leakage
inductance, RD d-axis damper resistance, and RQ q-axis damper resistance. The PM can be
represented by a current source iPM in the rotor circuit. In the magnetizing inductance, this
current source produces the PM’s share of the air-gap flux linkage ψPM= iPMLmd.

For the possible rotor damper windings, the equations are

dψD0 RDiD (9.5)
dt

dψQ0 RQiQ (9.6)
dt

The flux linkage components in the equations are determined by these equations. The direct
axis stator flux linkage is

(9.7)ψd Ldid LmdiD ψPM

The quadrature axis stator flux linkage is

LmqiQ (9.8)ψq Lqiq

The stator flux linkage is

ψ2 ψ2 (9.9)ψ s qd
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The d-axis damper winding flux linkage is

(9.10)LDiDψD Lmdid ψPM

And, the q-axis damper winding flux linkage is

LQiQ (9.11)ψQ Lmqiq

where the damper total inductances LD= Lmd+ LDσ and LQ = LmQ+ LQσ. If the PM flux
linkage ψPM is considered to be a function of a virtual current iPM, then ψPM is equivalent to
the product of iPM and the magnetizing inductance Lmd, and the following expression defines
the virtual current.

ψPMiPM (9.12)
Lmd

The resulting flux linkage definitions now look similar to the equations for a separately
excited synchronous machine. However, taking saturation of the magnetizing inductance Lmd

into account, iPM does not remain constant, and it must be altered accordingly.
The power factor of a PMSM can be written

udid uqiqcos φ (9.13)
usis

The space-vector diagram of the PMSM is a modification of the space-vector diagram of a
synchronous machine. PMs produce the flux linkage ψPM in the stator winding.

EXAMPLE 9.1: Draw the space-vector diagram for a nonsalient pole PMSM in pu values
operating according to the following parameters: ωs= 1 pu, us= 1 pu, is = 1 pu, ψ s= 1 pu.
The machine is operating in light field weakening, that is, id= 0.24 pu in the negative
direction. Resistance is neglected, the pu inductances are Ld= Lq= 0.5, and rotor position
angle is θr= 40° measured from the x- to d-axis, in which ψPM is located.

Determine the load angle δs, the PM linkage flux ψPM, the d- and q-components of current
and voltage, the power factor cos φ, the electric current angle γ measured from the d-axis
to the stator current space vector, and the electromagnetic torque Te.

SOLUTION: Figure 9.6 shows the space-vector diagram. There is a stator reference
frame xy and rotor reference frame dq shifted by rotor angle θr from the x-axis. The PM
linkage flux ψPM, the value of which will be determined later, is along the d-axis.

The stator flux linkage ψ s is shifted from the d-axis by a load angle that will now be
calculated. Applying the Pythagorean theorem, ψd can be written as follows.

2 12ψd ψ scos δs ψ2 Lqiq 0.5 0.97 2 0.874pus

where

i2 i2 12 0.242 0.97puiq s d
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Figure 9.6 Space-vector diagram of a nonsalient-pole PMSM in pu values. Ld=
Lq= 0.5. There is a stator reference frame (xy) and a rotor reference frame (dq). The
machine operates as a motor at its nominal operating point in light field weakening (small
negative id= 0.24). ωs = 1, us = 1, is = 1, and φ 15°. The load angle δs 29°. Power
factor and torque have equal values, that is, cosφs 0.965 and Te= 0.965. γ = 104° is the
electric current angle measured from the d-axis.

Since ωs= 1 pu, the cosine function can be calculated to determine the load angle.

ψ scos δs 0.874
cos δs 0.874 δs 29°

ψ 1s

For nonsalient pole machines, the load angle can also be measured between the q-axis and
us space vector. This knowledge will be used later.

The PM flux linkage is

cos δs Ldid 0.874 0.5 0.24 0.994:ψPM ψ s

The current components are given: id= 0.24 pu and iq= 0.97 pu.

The direction of the current is will be located under the angle α from the d-component id.

id 0.24
cos α 0.24 α 76°

is 1

The voltage components in the d- and q-axis directions are as follows.

The stator voltage vector us has a pu value of one and is perpendicular to the stator linkage
flux ψs, which also has a pu value of one. The angle between ud and us is β, and

β δs 90° β 90° δs 90° 29° 61°:
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Then

ud uscos β 1 cos61° 0.484 pu

uq ussin β 1 sin 61° 0.874 pu

The phase angle between voltage us and current is can be used to find the power factor.

φ α β 76 61 15°

cos φ cos 15° 0.965

udid uqiq 0.484 0.24 0.874 0.97
Note: From Equation (9.13): cos φ 0.965 pu

usis 1 1
The current angle can be determined from the angles φ and δs.

γ 90° δs φ 90° 29° 15° 104°:

Finally, torque in pu value is

P usiscos φ 1 1 0.965
Te 0.965 pu

ωs ωs 1

Commonly, PMSMs do not include separate damper windings, in which case the flux
linkages are simply written as follows.

ψd Ldid ψPM (9.14)

ψq Lqiq (9.15)

In addition to the damping added by actual damper windings, damping in an electrical
machine can result from several other factors. For example, conductive machine parts such as
solid pole shoes will increase damping, and a solid steel rotor frame adds a significant amount
of damping. Since magnet materials are resistive, their damping effects can normally be
neglected, and a laminated rotor frame, which provides few paths for the eddy currents, does
not significantly add to machine damping.

Many other damping factors are difficult to identify and quantify. Determining their overall
effect on damping is best done by taking measurements. For example, a short-circuit test at rated
current reveals, in principle, the torque produced by a damper winding. However, the presence
of the PMs in a PMSM makes taking asynchronous measurements considerably more difficult.

The expression for torque, according to the cross-field principle, is the same for the
PMSM as for a separately excited synchronous machine. It can be written as follows.

3
Te p ψPMiq Lmq Lmd idiq LmdiDiq LmqiQid (9.16)

2

One can see the main torque component of the PMSM is ψPMiq, which corresponds to the
SM torque ifLmdiq. As for synchronous machines, the PMSM torque is produced by the four
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terms determined according to the cross-field principle. The first term most important, and
in many PM machines, it is the only term. It depends on the flux linkage of the PMs and on
the stator current perpendicular to the flux linkage. The second term, which results from the
inductance difference, is significant in machines where the difference between the d-axis
and q-axis inductances large. The damper current terms are only significant during
transients and in machines with significant asynchronous-mode damper currents. The
torque equation is used as a development starting point for the various PM machine control
principles.

9.3 Equations based on the electric current angle

In stator current control, using electric current angle γ is easier than using the load angle δs,
because electric current angle is a vector control parameter. Section 9.5 will show load
angle δs to be a direct torque control (DTC) parameter. Per-unit power can be expressed pu
voltage and current as follows.

P usiscos φ (9.17)

The power-factor angle φ can be written in terms of γ and δs on the basis of Figure 9.6 to
πbecome γ . Thereforeδs2

π
P usiscos γ (9.18)δs2

The pu value of power is as follows.

π
P usiscos

2
δs γ usissin γ δs (9.19)

Equation (9.19) can also be written

P usissin γ δs usis sin γ cos δs cos γ sin δs (9.20)

Figure 9.6 reveals that

id iscos γ (9.21)

iq issin γ (9.22)

ud ussin δs ωsLqiq (9.23)

uq uscos δs ωs ψPM Ldid (9.24)

The pu power can be expressed

P ωs ψPMissin γ i2sin 2γs
Lq

2
Ld (9.25)
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Correspondingly, the torque becomes

P Lq Ld
Te is ψPM sin γ i2sin 2γ (9.26)s 2ωs

A so-called characteristic current ix, which differs slightly from iPM, has been introduced and
is preferred by some researchers, for example, Soong et al. 2007a and 2007b.

ψPMix (9.27)
Ld

This value of this characteristic current determines one aspect of the motor drive’s nature. If
the value of ix is close to 1, then it is easy to implement motor field weakening. If the value is
equal to one, the field weakening range of the machine, in principle, is infinite.

PMSM drive behaviour is naturally limited by the maximum current and voltage of the
converter, and voltage is proportional to rotor speed and stator flux linkage.

i2 i2 is;max (9.28)is d q

uDC2 u2us u (9.29)us;maxq
3

d

EXAMPLE 9.2: To illustrate the constraints given by Equations (9.28) and (9.29), draw a
figure in the electric current plane for the rated machine speed using the parameters:
Ld= 0.4 pu, Lq= 0.67 pu, ψPM = 0.62 pu.

SOLUTION: The calculation is performed based on Equations (9.23) and (9.24).
Figure 9.7 shows how the voltage and current limits can be drawn as an ellipse and
circle. The current circle is natural as if the current vector amplitude maximum is set to
unity. A circle with radius is = 1 is drawn with its centre at the origin.

Figure 9.7 Possible operating area of a PMSM in idiq-plane with current limit is,max= 1 at the
rated speedωs= 1. The machine parameters are Ld= 0.4 pu, Lq= 0.67 pu, and ψPM= 0.62 pu.
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The possible zone of operation in Figure 9.7 is dictated by the converter current limit
(is,max= 1) and the back electromotive force ψ sωs, which is heavily influenced by the
armature reaction according to Equations (9.23) and (9.24). Naturally, the current limiting
circle can be made bigger if a larger converter is used. However, motor rated current can
only be exceeded temporarily. The voltage maximum caused limitation is speed depen
dent. At low speeds, the ellipse is larger than in the figure, and in field weakening, the
ellipse becomes smaller as the internal induced voltage, ePM =ψPMωs, grows.

Considering stator resistance, the pu value of the stator voltage can be written in this form.

22u
2

(9.30)Rsid ωsLqiq Rsiq ωsLdid ωsψPMs

By introducing the electric current components as absolute values, the equation can be
reexpressed.

Rsiscos γ ωsLqissin γ
2

Rsissin γ ωsLdiscos γ 2 (9.31)us ωsψPM

The equations reveal the effect of negative d-axis current as it reduces machine terminal
voltage.

9.4 PMSM current vector control

Current vector control is a version implemented in the rotor reference frame. In current vector
control, torque control generates the current references idref and iqref for the d-axis and q-axis current
components and then implements these references by suitably adjusting the voltage. As mentioned
earlier, the current references depend on machine construction and on the constraints set by the
drive system. For a nonsalient-pole machine without dq-axis inductance differences, the machine is
normally driven with id= 0 before entering field weakening. With inductance differences, both id
and iq get nonzero values. In field weakening, id< 0, typically, for all PM machine types.

In low-speed operation, the current component references are formed directly from the
torque reference. Therefore, by transforming two-phase current to three-phases, references are
formed for the phase currents from the dq references. A current controller, for example a
hysteresis controller, implements the current references. Figure 9.8 offers the principle block
diagram of such a control system.

Current vector control is a widely adopted approach to the control of PM synchronous
machines. Electric current vector control works well for PM machines, because unlike other
machine types, the control parameter values for PM machines are not subject to significant
variation during operation. Particularly in rotor surface magnet motors, inductances remain
quite constant, and therefore the effect of armature reaction is small.

9.4.1 Control of nonsalient pole machines, id= 0 control, and
field weakening

If the PMs are mounted on the outer diameter surface of the rotor and its internal steel is
isotropic, the d-axis and q-axis machine inductances are approximately equal, that is, Ld Lq.
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Figure 9.8 Simplified block diagram of the current vector control of a PMSM. The drive is
equipped an active network bridge to enable effective regenerative braking common for
PMSM drives. Alternatively a DC-link brake chopper could be used.

In steady state, the torque equation then simplifies to the following.

3
(9.32)Te p ψPMiq2

Therefore, d-axis current does not affect torque, and stator current at constant torque reaches a
minimum when id= 0. This forms the basis for id= 0 control. In principle, nonsalient pole
PMSMs are most energy efficient when id= 0, so if there is enough voltage to drive the motor
without d-axis current, the id= 0 state should be preferred.

For id = 0 control, reference torque Teref can be written in terms of the q-axis component
iqref of the reference current that should be realized by the converter.

Terefiqref (9.33)3
2 pψPM

idref 0 (9.34)

The id= 0 control method is easy to implement as long as rotor angle is known in real time.
The torque control methodology is similar to that used to control a fully compensated DC
machine – the torque is directly proportional to stator current. The id= 0 control method is
best adapted to a machine with low inductances and almost insignificant armature reaction.
For a rotor surface magnet machine with a small number of pole pairs, the inductance pu
values are typically in the range of 0.2–0.6. Most low-power servo machines fall into this
category.
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Figure 9.9 Movement of ψ s/ψN (the ratio of stator flux linkage to rated flux-linkage
amplitudes) as a function of torque Te/TN when Lq = 1 and ψPM= 1.

If the inductances are significant, the problem with this control method is rapidly
increasing stator flux linkage. Stator flux-linkage amplitude increases as a function of torque.

(9.35)

Figure 9.9 depicts the movement of ψ s/ψn if the values for pu q-axis inductance and PM flux
linkage are held at one, that is, Lq= 1 and ψPM = 1.

ψs ψ2
PM

TeLq
2

3
2 pψPM

EXAMPLE 9.3: Produce a space-vector diagram for the PMSM condition at nominal
voltage if Lq= 1 pu, ψPM= 1 pu, and id= 0. Calculate pu stator current is, voltage us, stator
linkage fluxψ s, load angle δs, angular speed for a two-pole machineωs, power factor cosφ,
electric current angle γ, and electromagnetic torque Te.

SOLUTION: Figure 9.10 shows the space-vector diagram. The ψ s/ψN behaviour shown
previously in Figure 9.9 can easily be seen in the figures vector diagram.

Figure 9.10 A machine implementing id= 0 control. The pu inductance is Lq= 1 for the
machine at the pu speed ωs= 0.707. Armature reaction results in a stator flux-linkage value of
ψ s= 1.41 at the rated current iq= 1. Already at a speed ofωs= 0.707, this value induces a back
emf of es= 1. The maximum machine drive speed is 0.707. For id= 0 control, the power factor
remains low if synchronous inductance is high. It staysat cosφ= 0.707at rated torque operation.
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At nominal voltage, us= 1. If id= 0, iq = is= 1, and iq will be drawn in the q-axis.

Stator linkage flux and load angle are calculated as follows.

2 12ψ2 12 2 1.4141Lqiqψ s PM

1ψPMcos δs 0.707 δs 45°
ψ s 1.4141

1
us ≅ es ωsψ 1 ωs 0.707s 1.4141

The stator voltage space-vector is 90° ahead of ψ s. Stator current is = iq is located on the
q-axis. Therefore, the angle between the voltage and current is φ= 45°, and power factor is
cos φs= 0.707.

The electric current angle is between ψPM and the stator current is. ψPM is on the d-axis,
and is is on the q-axis. Therefore, γ = 90°. Per unit, the electromagnetic torque is

usiscos φ 1 1 0.707
Te 1

ωs 0.707

This is obvious based on the cross-field principle.

ψqid ψPMiq 1Te ψs is ψdiq

The voltage needed to supply the power to the machine has the same amplitude as the
stator back emf.

us es jωsψs us es

Figure 9.11 Rotor surface magnet PMSM behaviour at different speeds starting with id= 0
control and entering into field-weakening from a small negative id until id= 0.925 and
iq= 0.38 atωs = 2.0. Atωs= 2.5, id= 1.0, and iq= 0, the torque and power are zero. ψPM= 1,
is= 1, and us = 1. Synchronous inductance Ls= 0.6, and converter maximum current is 1 pu.
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For machine speeds that do not call for field weakening, id= 0 control is most energy
efficient, and the low power factor is not significant. As ψ increases, stator voltage increasess

and maximum inverter-voltage-limited speed drops. In principle, there is no field weakening
with id = 0 control so the speed of the drive is limited. To achieve higher speeds, field
weakening must be engaged, and the d-axis current must be given a negative reference. In so
doing, power factor begins to increase to its maximum at cosφ= 1 before going capacitive at
higher speeds. This behaviour is illustrated in Figure 9.11 for a rotor surface magnet PMSM
with pu values of Ls = 0.6, ψPM= 1, is= 1, and us= 1.

EXAMPLE 9.4: Produce a diagram Te, P, cosφ= f (ωs) that shows the field weakening
dependence for a rotor surface magnet PMSM with Ld= Lq= Ls= 0.6, ψPM= 1, is= 1, and
us= 1.

SOLUTION: The space-vector diagram is similar to that of Figures 9.6 and 9.10,
however, in Figure 9.6, the different inductance results in changes in value for stator
linkage flux and other parameters. For an id= 0 control, iq= is= 1. The voltage increases to
the nominal value when the pu value us is 1.

2 12ψ2 0.6 1 2 1.16Lsiqψ s PM

1ψPMcos δs 0.86 δs 30.68°
ψ s 1.16

1
us ≅ es ωsψ 1 ωs 0.86s 1.16

With id= 0, is= iq= 1. In a nonsalient-pole machine using id= 0 control, the angle shift
between the voltage and current is identical with δs= 30.7°, because the q-axis is
perpendicular to the d-axis, and the voltage vector us is perpendicular to the stator
linkage flux ψs. Then, φ= 30.7° and cosφ= 0.86.

The pu electromagnetic power and torque are

usiscos φ 1 1 0.86
Te 1

ωs 0.86

Pe usiscos φ 0.86

This can be seen on the left in Figure 9.11. With id= 0 control and at maximum available
torque, the power factor stays at cosφ= 0.86 until a speed of ωs = 0.86 is reached. At this
point, voltage reaches its limit, and the torque must be limited.

To increase the speed, increasingly negative values of the d-axis current component must
be applied, for example, at id= 0.6. Other parameter values are calculated as follows.

i2s i2d 1 0.62 0.8iq
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2 2 1 0.6 0.6 2 0.6 0.8 2 0.8Lsiqψ s ψPM Lsid

Ldid 1 0.6 0.6ψPMcos δs 0.8
ψ s 0.8

δs 36.86°

If the angle between the q-axis and the stator current vector is α, then

iq 0.8
cos α 0.8 α 36.86°

is 1

Moreover, the phase angle between the voltage and current is

φs δs α 36.86 36.86 0 cos φs 1

us 1
ωs 1.25

ψ s 0.8

The electromagnetic pu power and torque is as follows.

Pe usiscos φ 1 1 1 1

Pe 1
Te 0.8

ωs 1.25

Power reaches a value of P= 1 at speed ωs = 1.25, and the power factor is cosφ= 1.
The torque at this point is Te = 1/1.25= 0.8. As the speed increases further, increas
ingly more current must be applied to the negative d-axis to weaken the stator flux
linkage.

At id= 0.925, the other quantities are as follows.

iq i2s i2d 1 0.9252 0.38

ψ s ψPM Lsid
2 Lsiq

2 1 0.6 0.925 2 0.6 0.379 2 0.5

cos δs
ψPM Lsid

ψ s

1 0.6 0.925
0.5

0.89 δs 26.9°

α cos 1 iq
is

cos 1 0.38
1

67.7°

φ δs α 26.9° 67.7° 40.8° cos φ 0.76

ωs
us

ψ s

1
0.5

2.0
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Electromagnetic pu power and torque become

Pe usiscos φ 1 1 0.76 0.76

Te iqψPM 0.38 1 0.38

Figure 9.11 reveals the pu values of power Pe= 0.75 and torque Te= 0. 378 at twice the
rated speed. At id= 1.0, the other quantities are as follows.

iq i2s i2d 0

ψ s ψPM Lsid
2 Lsiq

2 1 0.6 1.0 2 0.4

cos δs
ψPM Lsid

ψ s

1 0.6 1.0
0.4

1.0 δs 0°

α cos 1 iq
is

cos 1 0.0
1

90°

φs δs α 0° 90° 90° cos φs 0

ωs
us

ψ s

1
0.4

2.5

Electromagnetic pu power and torque are

Pe usiscos φ 1 1 0 0

Te iqψPM 0 1 0

When machine inductances are so low that field weakening via stator current is not
practical, id= 0 control is the approach often applied. Relatively high switching frequencies
must be used to accommodate the high rates of change for electric current.

EXAMPLE 9.5: Produce a space-vector diagram for the id= 0 control of a rotor surface
magnetPMSMwithsmallpuinductances.Ls = Ld= Lq= 0.2.us = 1, iq= is = 1,andψPM= 1.

SOLUTION:

2 12ψ ψ2 0.2 1 2 1.02Lsiqs PM
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1ψPMcos δs 0.98 δs 11.36°
ψ s 1.02

1
us ≅ es ωsψ s 1 ωs 0.98

1.02

With id= 0, is= iq= 1 and the angle shift between voltage and current is δ= 11.36°,
because the q-axis is perpendicular to the d-axis, and the voltage vector us is perpendicular
to the stator linkage flux ψs. Therefore φ= 11.36°, and cosφ= 0.98.

The electromagnetic pu power and torque are as follows.

Te ψPMiq 1 1 1

Pe Teωs 1 0.98 0.98

Figure 9.12 illustrates the implementation of the id= 0 control for a rotor surface magnet
machine in which the synchronous inductance is Lq= 0.2. The load angle remains small
and the power factor is high. Speed is restricted only by a few percent.

Figure 9.12 Rotor surface magnet machine implementing id = 0 control – Lq= 0.2 for the
machine at the pu speed ωs= 0.98. Because of the armature reaction, the stator flux linkage
reaches ψ s = 1.02 at the rated current. At ωs = 0.98, this value induces a back emf of es= 1.
The maximum speed of the machine drive in this control mode is 0.98. The id= 0 control
no longer significantly affects power factor, and the power factor becomes cosφ= 0.98.

Therefore, id= 0 control is best adapted to machines that have minimal armature reaction,
because field weakening, in practice, is not available. A rated machine speed must be selected
that suits the needs of the drive.

9.4.2 Torque production in machines with reluctance torque

The space vector torque Equation (9.16) can also be written for a steady state in pu values.

(9.36)Te idiqLmq LmdψPMiq
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Figure 9.13 Per-unit load angle δs and electric current angle γ for a machine with us= 0.9,
ψPM = 0.8, ePM= 0.8, Ld= 0.3, and Lq= 0.8 – The effect of reluctance torque is significant and
must be taken into account in the control. Unlike in rotor surface magnet machines, the peak
torque is not found at a load angle of δs= π/2, but instead at a significantly higher load angle.
Also, the electric current angle must be higher than γ = π/2 to get maximum torque for a given
current value. In this case, is= 1. The maximum reluctance torque is found with an electric
current angle γ = 3π/4. With this angle and stator current value is= 1 and inductance
difference (Ld Lq)= 0.5 the reluctance torque gets value Terel= idiq(Ld Lq)=

1/ 2× 1/ 2× 0.5= 0.25. At electric current angle γ = π/2, the PM torque is TePM= iq
and ψPM= 0.8.

The reluctance torque term 3p/2(Lmq Lmd)idiq is of significance only if the difference
between magnetizing inductances is large. In a PM machine, this term has the same sign as the
quadrature axis current iq when Lmd<Lmq, and id< 0. The current references for the dq
reference frame that minimize the stator current are therefore achieved when idref< 0. If
Lmd> Lmq, then idref> 0 must be used instead.

Figure 9.13 illustrates the torque production of a PMSM having pu parameters ψPM= 0.8,
Ld= 0.3, and Lqu= 0.8. The pu version of the load angle Equation (9.2) is illustrated as a
function of the load angle with us= 0.9 and ωs = 1. The figure also gives the pu torque version
of Equation (9.36) as a function of the electric current angle γ with is = 1.

In pu presentation, the term 3p/2, which is known in space vector theory, is not needed.
The pu presentations of the equations are repeated here.

Load angle equation

us ePM 2 Ld LqTe sin δs u sin 2δs (9.37)sω2 ω22 Ld LqLds s

Cross-product equation

idiq (9.38)Lmq LmdTe ψPMiq

Maximum torque per ampere – control

Machines producing both PM and reluctance torques should be controlled using the so-called
maximum torque per ampere (MTPA) control method, which minimizes stator current at a
certain torque, that is, the drive optimally combines PM and reluctance torques.
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Figure 9.14 Examples of constant torque loci for the normalized torque Ten in the id iq plane
for a machine with Ld< Lq. If Ld> Lq, the hyperbola should be mirrored with respect to the
q-axis. The corresponding hyperbola moves farther from the origin with increasing torque.

Applying the cross-field principle, Equation (9.38) forms constant torque hyperbolas in
the id iq plane.

Teiq (9.39)
ψPM Lmq Lmd id

The hyperbolas, which will be illustrated in Figure 9.14, have asymptotes.

iq 0 (9.40)

ψPM ψPMid (9.41)
Lmq Lmd Lq Ld

Two different methods have been presented in the literature for implementing MTPA control
based on the minimization of stator current (Jahns et al., 1986; Kim & Sul, 1997). The
following normalizations are based on the method introduced by Jahns et al., which differ by
definition from the pu system.

Ten
Te

TeB
; iqn

iq
iB
; idn

id
iB

(9.42)

where

iB
ψPM

Lq Ld
(9.43)

TeB ψPMib (9.44)
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The basic value for current iB can be determined only for machines with saliency. Quadrature-
axis inductance must be greater than d-axis inductance. Normalized torque is derived from pu
torque as follows.

ψ2

Te ψPMiq Lq Ld iqid : TeB Lq

PM

Ld

⇔
Te

TeB

ψPMiq
ψ2

PM

Lq Ld

ψ2
PM

iqid

Lq Ld Lq Ld

⇔ Ten
iq

ψPM
1

Ld Lq

ψPM

id

Lq Ld

Ten iqn 1 idn (9.45)

iqn
Ten

1 idn
(9.46)

The square of the normalized current modulus can be expressed
2Ten2 i2 i2 i2 (9.47)in dn qn dn 1 idn

The electric current minimum for a given torque Ten is found by differentiating Equation
(9.47) and setting the differential to zero.

2 T2d in en2 3 0 (9.48)2idndin 1 idn

⇔ T2 3 (9.49)idn 1 idnen

Equation (9.49) can be used to determine the d-axis current reference. The quadrature
axis current reference is found similarly with Equation (9.45) by eliminating idn and
differentiating.

T2 Teniqn i4 0 (9.50)en qn

Equation (9.50) can be solved for Ten as follows.

iqn 4i21 1 0 (9.51)Ten qn2

While the root in Equation (9.51) is always larger than one, only a positive root is allowed.

iqn 4i21 1 0 (9.52)Ten qn2
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Solving both idn and iqn requires iteration. However, a simplification can be made. From
Equation (9.45)

Tenidn 1 (9.53)
iqn

From Equation (9.52)

Ten 1
4i21 1 (9.54)qniqn 2

Combining Equations (9.53) and (9.54) results in the following.

1
4i21 1 (9.55)idn qn2

The resulting constant torque hyperbolas facilitate solving for the minimum stator current at a
given constant torque. Minimum current corresponds to the hyperbola’s minimum distance
from the origin. The point from which this minimum value is obtained gives the required
references for the normalized currents idn and iqn. The current references idnref and iqnref that
produce minimum stator current are the obtained solutions. These references are also given
by the equations based on the earlier study.

Tenref idnref idnref 1 3 (9.56)

iqnref 4i21 1 (9.57)Tenref qnref2

The current references idnref and iqnref must be computed iteratively, or the functions
idnref = f(Tenref) and iqnref= f(Tenref) must be computed in advance. Figure 9.15 shows the
curves for the functions.

Figure 9.15 Current reference functions minimizing the stator current idnref = f(Tenref) and
iqnref = f(Tenref) for a machine with Ld< Lq.
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Returning to the normal pu values gives the following.

i2
2

Lq LdψPMiq 1 1 4 q (9.58)Te
ψ22 PM

ψ2ψPMiq ψPMiq PM1 1 i2 (9.59)id iBidn 4i2q q2 Lq Ld 2 Lq Ld 4 Lq Ld

The current references for the d- and q-axis currents can now be solved using Equations (9.58)
and (9.59), respectively. If the machine is nonsalient Equation (9.59) becomes indifferent and
an id= 0 control results.

Another way to formulate MTPA control by minimizing stator current was introduced by
(Kim & Sul, 1997a). The pu torque equation is modified as follows.

Lq Ld
Te ψPMissin γ is

2sin2γ (9.60)
2

To find the minimum, Te is differentiated as a function of the electric current angle γ and set
to zero.

dTe
ψPMiscos γ Lq Ld i2cos2γ 0 (9.61)sdγ

Because cos2γ = 2cos2γ 1, the cosine of the electric current angle γ can be solved from the
following quadratic equation.

2 Lq Ld i2cos2 γ ψPMiscos γ Lq Ld i2 0 (9.62)s s

Solving Equation (9.62) makes it possible to find the MTPA current pu components.

idMTPA

ψPM ψ2 8 LqPM

4 Lq Ld

Ld i2sMTPA
(9.63)

iqMTPA i2sMTPA i2dMTPA (9.64)

2

At higher speeds, the back emf (ωsψ s) exceeds the converter maximum voltage, and the
converter can no longer implement the current references as required. In that event, inverter
voltage output is no longer modulated. Voltage will remain constant for a half cycle. Field
weakening is activated automatically, but the sinusoidal current waveform is distorted
resulting in torque ripple. To establish a reasonable range for field weakening, other principles
must be used to construct the current references. Current minimization is no longer possible,
because sufficient demagnetization must be made available to decrease the stator flux linkage.

Field weakening control

At higher speeds, the MTPA control strategy is no longer appropriate, and field-weakening
(FW) control should be considered. The d-axis current must be controlled so it weakens the
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stator flux linkage. Per-unit current components can be calculated using a maximum voltage
usmax constraint (Haque et al., 2003). The field-weakening current components are as follows.

2 L2 L2 ψ2 L2i2 u2 =ω2LdψPM LdψPM q d PM q sFW smax s

idFW (9.65)
L2 L2

q d

iqFW i2 i2 (9.66)sFW dFW

Current component values can be calculated from these equations at different speeds and
current levels isFW. Figure 9.16 demonstrates the application of both the MTPA and the FW
control strategies.

Figure 9.16 illustrates how torque must be reduced as speed increases. An increasing share
of the electric current resources must be used to demagnetize the stator flux linkage. The
centre of the voltage ellipses is located by the characteristic current ix on the negative d-axis.
In this machine, ix= 0.62/0.4= 1.55.

Figure 9.16 MTPA pu current trajectory, maximum current circles (is = 1 and is= 1.5),
torque hyperbola, and voltage ellipses (with centre x) at different speeds (ωs1= 1, ωs2= 2,
ωs3= 3). The voltage ellipses are drawn taking approximately 15 % voltage reserve into
account. The machine pu parameters are Ld= 0.4, Lq= 0.67, and ψPM = 0.62. The current
vector is is 0.9 pu at 110° producing 0.59 pu PM torque and 0.06 pu reluctance torque with the
stator flux-linkage vector ψs= 0.77 at 45°. The dark gray area is the normal operating area of
the drive, and the light gray area is the temporary operating area with 50 % increased current.
With the rated current, stator flux linkage is reduced by 0.4 pu for a remaining
0.62 0.4= 0.22, which results in a maximum speed that is 4.5 times the rated speed at
no load in field weakening. Greater torque locates the corresponding hyperbola further from
the origin, while a higher speed produces a smaller voltage ellipse.
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When the voltage limit is reached, the control method must be changed from MTPA to
FW control. In field weakening, torque drops automatically with increasing electric current
angle γ despite maintaining stator current at its rated value. Speed is further increased via FW
control, or in some special cases, more torque can be produced using maximum torque per
volt (MTPV) control.

Maximum torque per volt control

When the voltage limit is reached, armature current must be controlled accordingly. MTPV
can be used when the characteristic current of the machine ix 1. Differentiating the pu torque
equation with respect to id and using Equation (9.65), the armature current vector producing
the maximum amount of the output torque under voltage constraint can be derived (Illioudis &
Margaris, 2010). The pu current references are

ψPMidMTPV Δid (9.67)
Ld

(9.68)
Lq

with

iqMTPV

us

ωs

2

LdΔid 2

2 2Lq Lq usmaxLq 8 1Ld
ψPM ψPMLd Ld ωs

(9.69)Δid
Lq

Equations (9.67) through (9.69) are valid only for MTPV control. MTPV control is used when
MTPA and field-weakening control methods are not producing the best results. MTPV
control can improve torque and power at the highest machine speeds, but it is suitable only for
drives with a characteristic electric current value less than one. In cases where ix> 1, MTPV
cannot be considered, because its reference values lie outside the current limit circle.

In MTPV control, isMTPV is always less than ismax (isMTPV< ismax), and MTPV control is
carried out at the voltage limit. To begin controlling a machine using the MTPV approach, a
speed reference must be known. If stator resistance can be ignored, the speed reference can be
calculated as follows.

ωsMTPV

ψPM

us

LdidMTPV
2 LqiqMTPV

2
(9.70)

In Equation (9.70). the d- and q-axis current components combine to produce a total stator
current is = 1. At this point, the machine control method switches from FW to MTPV.
Considering both the voltage and the current limits make it possible to produce maximum
output power at all speeds.

Vector control mode selection

MTPA and current limit trajectories are independent of machine speed. These trajectories are
determined by motor or converter properties alone. The voltage limit ellipse, however, varies
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Figure 9.17 Controlling a PMSM using different control methods. Greater torque locates
the corresponding hyperbola further from the origin, while a higher speed produces a smaller
voltage ellipse.

with speed. The ellipse grows smaller as speed increases (Haque et al., 2002). Theoretically, a
motor can reach a very high speed as long as its characteristic current (ix =ψPM/Ld) remains
less than the rated current. In MTPV, the Ld pu value is greater than the ψPM pu value
(Ld ψPM), which is not necessarily common.

Figure 9.17 shows the torque hyperbola and voltage ellipse plots for control mode
selection between MTPA, field weakening, and MTPV.

The drive begins operation at point 1 where the machine is at rest. Next, the drive increases
torque along the MTPA curve between points 1, 2, and 3. At point 3, maximum torque is
produced as the curve intersects the current limit circle and intersects the maximum voltage
ellipse at speedωs1 andflux linkageψ s1. From points 3 to 4 and on to 5, the drive must follow the
maximum current and voltage limits as the machine accelerates to higher speeds in field
weakening. At point 5, where it is crossing the Te2 curve, the drive produces Te2 torque. For this
machine configuration, the MTPV curve falls inside the maximum current circle, so further
acceleration is accomplished by following the MTPV control curve to point 6. Continuing on to
point 7, the voltage ellipse has collapsed to a zero point. At point 7, the machine can achieve, in
principle, infinite no-load speed. Between points 6 and 7, the drive can produce torque at very
high speeds.

With this understanding, it is now possible to implement a PMSM vector control
methodology. The reference machine currents for the controller represented in the previous
Figure 9.8 can be selected according to id= 0 control for a nonsalient-pole machine or MTPA
control for a salient pole machine. At higher speeds, field-weakening control is enabled.
Finally, current references can be produced via MTPV control.

As in all vector control applications, a machine saturation model should help provide
control that is more accurate. In rotor surface magnet machines, saturation does not play as
significant a role as in machines with embedded magnets, which facilitates control.
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The upcoming section examines the application of DTC in PMSM drives. DTC brings
benefits and at the same time enables machine modelling based on the drive system alone.

9.5 PMSM direct flux linkage and torque control

The method proposed by Takahashi and Nokuchi (1986) for direct flux linkage and torque
control was initially investigated for IMs in particular. The control principle, known as DTC,
is also commonly applied to commercial products, especially by ABB. The control method
has been applied to the sensorless closed-loop speed control of synchronous reluctance
machines and to the control of PM machines. The integral ψs;est ∫ us;est is;measRs dt is
used to estimate the stator flux linkage in the stator reference frame. Because of this approach,
only stator resistance is required for the stator flux-linkage integration step, which is the
strength of DTC, and the estimation is independent of machine type.

However, the integration approach also leads to the weaknesses of DTC. Firstly, errors in
the integration of constants quickly accumulate to produce large errors in the stator flux-
linkage estimates. Usually, measuring stator voltage directly is not necessary. It is estimated,
instead, from the DC-link voltage, the switch positions, and the switch models. Secondly, an
accurate stator resistance estimate is important to accurate flux-linkage estimation. The
resistive voltage drop that shows up in the integral at low speed becomes more dominant than
stator voltage, and therefore errors are easily introduced in the flux-linkage estimate, which
leads to making incorrect voltage vector choices.

Estimates of existing stator flux linkage and continual rotor angular position feedback are
required to implement the electric current model. Machine stator flux-linkage estimates can be
improved by computing stator flux linkage using all machine parameters, which can be
accomplished using the equations ψd Ldid ψPM and ψq Lqiq LmqiQ. Com
bining these flux-linkage estimates with available rotor angle feedback and the voltage
integral makes it possible to implement a control method based on an electric current model
that applies to all synchronous machine rotation speeds. Figure 9.18 offers a block diagram for
DTC control with rotor position feedback for a PMSM.

To implement a DTC control system for a very low-inductance servo PM machine, a
sufficiently high sampling frequency for the stator flux-linkage computation must be provided
to maintain an adequate average switching frequency. On the other hand, a high sampling
frequency is not needed to compute flux linkage with a position feedback current model.

If combined with drift correction methods proposed by Niemelä (1999) and Luukko
(2000), DTC without rotor position feedback is capable of adequately controlling industrial
PM machines. However, to carry out the machine identification run during startup, the angular
position of the rotor is needed. Rotor angle can be determined, for example, by applying the
method proposed by Luukko (2000), at least for all machines with an observable difference
between the d- and q-axis inductances. The rotor position measurement is carried out by
measuring the inductances produced by the electric currents that develop when the inverter is
minimally pulsed in all possible voltage vector directions. Next, the measurement results are
adjusted to plot a measurement curve that shows the placement of the d- and q-axes.

DTC may be well adapted for PM machine drives, because almost any reasonable
reference value for stator flux linkage can be selected. The id= 0, MTPA, and MTPV control
methods can be adapted for PMSM drives by selecting the appropriate flux-linkage reference.
Naturally, this adds computational burden, because the current references must be converted

LmdiD
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Figure 9.18 Block diagram for the DTC control of a PMSM with rotor position feedback;
ψ sxu and ψ syu are the stator flux-linkage estimates calculated by integrating stator voltage.
These estimates are periodically corrected using the stator flux-linkage estimates ψ sxi and ψ syi

calculated from the electric current model. θr is the angular position of the rotor. (Luukko,
2000).

to flux-linkage references, which also require the machine parameters. For example, to
implement the id= 0 control method in DTC, the stator flux-linkage reference must be set
according to Figure 9.9, where the reference increases as a function of the torque.

Because a DTC drive does not need a machine model to rotate the rotor, flexible
identification runs can be carried out. However, information about the flux linkage generated
by the PMs must be available. ψPM can be easily found based on the voltage integral by
rotating the motor at no load and adjusting the stator flux-linkage reference ψ s,ref of the
inverter over a sufficiently wide range. The stator flux-linkage reference that produces
the minimum no-load current is equal to the flux linkage ψPM generated by the PMs. See
Figure 9.19.

A commercial converter applying DTC may input a 25-μs minimum pulse. This minimum
pulse width is appropriate for industrial PM motors but may be too long for small servomotors
with rotor surface magnets.
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Figure 9.19 Behaviour of the no-load current is0 of a PM motor as a function of the stator
flux-linkage reference. The flux linkage ψPM of the PMs is where current reaches its minimum
value.

EXAMPLE 9.6: Consider a 2 kW, 400 V, 150 Hz, Y-connected servo motor with a pu
synchronous inductance of Ld= 0.2. Both the rated power factor and the efficiency of the
motor are 0.9. Solve for the rated current, rated impedance, rated inductance, and synchro
nous inductance. Calculate the current rise for the machine if the commercial converter
applying the DTC gives it a minimum pulse of 25 μs at a DC-link voltage of 540 V.

SOLUTION: The rated current is

PN 2000
3.56 A;IN

3UNcos φNηN 3400 0.9 0.9

and the rated impedance is

UN= 3 U2 UN
2 cos φNηN 4002

N 0.9 64.8 Ω:0.9ZN
IN SN PN 2000

The rated inductance of the motor is therefore

ZN 64.8
LN 69 mH:

ωN 150 2π

The synchronous inductance of the motor is as follows.

Ld 0.2LN 0.2 69 13.7 mH

Because the inverter supplies a 25-μs pulse to the machine when the rotor is stationary, a
DC-link potential of 540 V acts on the servomotor windings to put one phase winding in
series with the parallel connection of the two other phases. The inductance is therefore
= 20.58 mH.

The current rise rate becomes

di UDC 540
26.23 kA=s 0.65A=25 ms:

dt L 20.58 10 3

L
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The rated current of the motor is 3.56 A. The electric current changes about 18 % from
rated current during a single minimum pulse, a seemingly large percentage. Therefore, the
duration of the minimum pulse should be less than 25 μs in a low inductance machine.

9.5.1 Selecting the stator flux-linkage absolute value in a PMSM DTC
drive in a practical case

For a PMSM in particular, correct analysis of the flux-linkage reference and the inductances is
necessary. In the following examples, consider the responses of a real PM machine to the
application of different control methods. Table 9.1 gives the nameplate values and relevant
parameters for the subject machine.

Several different vector diagrams are illustrated in the upcoming examples for nominal
operating points corresponding to rated load torque. Saturation of the inductances is not taken
into account. In each example, the basic value for the flux linkage is always determined with
respect to the stator voltage.

Table 9.1 Machine parameters of an industrial PMSM having small saliency

EPMph= 186 V (phase voltage), no-load
voltage

Us,phN= 202 V (phase voltage), stator rated
voltage used as the base voltage Ub

corresponding to 1 pu

IsN= 115 A, 1 pu fN= 100 Hz, 1 pu,
ωN = 2πfN= 200π s 1= 628.318 s 1, 1 pu

Rated impedance ZN =Us,phN/IsN= 1.76Ω
Input apparent power
SN= 3Usph Isph= 3 202

115= 69690 VA, 1 pu

Rated inductance
LN = ZN/ωN = 1.76Ωs/(200π)= 2.8 mH

PN = 64 kW, 0.92 pu, Ten= 0.92 pu nN = 2000 rpm, 1 pu (six-pole machine,
converter treats all as two-pole machines)

cosφN= 0.96
efficiency is 0.96: PN = SN cosφNηN=

69.69 0.96 0.96 kW= 64 kW

Rs= 53 mΩ, 0.03 pu

Ld= 1.12 mH, 0.401 pu Lq= 1.16 mH, 0.415 pu

ψPM= 186× 2/(200π)
Vs= 0.418 Vs, 0.92 pu

ψ sN = 202× 2/(200π)Vs= 0.455 Vs, 1 pu

EXAMPLE 9.7: Produce a vector diagram based on the Table 9.1 nameplate values with the
d- and q-axis currents equal to 0.11 and 0.994, respectively. Note that stator resistance is 3% pu.
The solution can be simplified by assuming the rated voltage is reduced, therefore, by 3%.

SOLUTION: Figure 9.20 is the space-vector diagram.

2 2 0.92 0.401 0.11 2 0.415 0.994 2 0.97Lqiqψ s ψPM Ldid
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Figure 9.20 Space-vector diagram corresponding to Usph= 202 V, 1 pu; EPMph= 186 V,
0.92 pu; Is = 115 A, 1 pu; cosφ= 0.95; and δs = 24.5°. The d- and q-axis currents are 0.11
and 0.994 respectively. The rotor symbol indicates embedded magnets. Tem= 0.92.

This corresponds well with the presumption of a 3 % reduced voltage.

Stator pu current for the given d-axis and q-axis current components is

i 2 iq
2 0.112 0.9942 1.0is d

The rated impedance as a base value is calculated as follows.

UsNph 202
ZN 1.756 Ω

IsNph 115

The rated inductance is

0.4546ψ sN 2.795 mH
2IN 2 115

LN

The pu inductance values in d- and q-axis are as follows.

Ld 1.12 mH
Ld;pu 0.415

LN 2.795 mH

Lq 1.16 mH
Lq;pu 0.415

LN 2.795 mH

The load angle is calculated trigonometrically.

0.92 0.11 0.401ψPM Ldidcos δs 0.9 δs 25.4°
ψ s 0.97

The voltage vector us is from ψPM under angle δs+ 90° = 25.4+ 90= 115.4° and the
current vector under angle 90° + cos 1iq/is = 90° + cos 1 0.994= 90° + 6.3° = 96.3°.
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The phase angle between the voltage and current and the corresponding power factor are

φ 115.4 96.3 19.1 cos φ 0.94s s

The machine is designed to operate about at id = 0 control. Therefore, the internal induced
voltage must be slightly low (0.92 pu). Furthermore, the designer has included some voltage
reserve for the machine drive. A converter connected to a 400 V network easily supplies a
phase voltage fundamental of 220 V RMS, which corresponds to 1.09 V pu with the base
voltage fixed to the motor rated voltage in this case. The base voltage could also be selected to
be the converter maximum voltage when Ub= 230 V corresponding to 1 pu. In that case, the
202 V rated voltage should correspond to 0.88 pu.

EXAMPLE 9.8: Produce a vector diagram based on the Table 9.1 nameplate values if
id= 0and iq= is= 1at the rated frequency100 Hz,1 pu,EPMph= 186 V, Is= 115 A,1 pu,and
Lq= 0.415 pu. The stator resistive voltage drop can be ignored.

SOLUTION: Figure 9.21 is the space-vector diagram.

The pu inductances of the motor are rather low, which is a good result. Supply voltage is
higher than in the previous example. The stator flux-linkage reference in the DTC has been
raised to the operating point shown in the figure. The power factor is smaller, and the
voltage reserve is very small, which is typical of id= 0 control.

EPMph 186 2 263.04
0.418 Vs and 0.92 puψPM 2πf N 2π 100 628.31

Figure 9.21 Space-vector diagram according to the id= 0 control at a rated torque and a
rated frequency. Usph= 210 V, 1.04 pu when the resistive voltage drop is taken into
account. EPMph= 186 V, 0.92 pu; Is = 115 A, 1 pu; cosφ= 0.91; δs= 24.4°; and
Te = 0.92 pu.
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2ψ2 0.92 0.415 1 2 1.01 puLsisψ s PM

0.92ψPMcos δs 0.91 cos 10.91 δs 24.4°
ψ s 1.01

The power factor cos φ is calculated from the base of phase angle φ, which is now identical
to the load angle, because the current space vector is perpendicular to the flux linkage ψPM
and the voltage space vector is perpendicular to ψs. Referring to the space-vector diagram,
the power factor is

cos φ 0.91

The electromagnetic pu power and torque are as follows.

Pe usiscos φ 1 1 0.91 0.91 pu

usiscos φ 1.0 1 0.91
Te 0.91 pu

ωs 1

The same motor can be driven using a unity power factor. Figure 9.22 shows the resulting
vector diagram. The current vector points in the negative d-axis direction resulting in smaller
stator flux linkage, because of the armature reaction. Moreover, the voltage level is lower. The
figure clearly indicates that to obtain an appropriate stator current at the rated torque, the flux

Figure 9.22 Vector diagram according to the cosφ= 1 control at a rated torque and a rated
frequency. Usph= 169 V, EPMph= 186 V, Is= 132 A, cosφ= 1, and δs = 30.3°. The d- and
q-axis currents are 0.57 and 0.99, respectively. Te = 0.92 pu.
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Figure 9.23 Vector diagram as a result of increased magnet material or greater coercive
forces. The machine is redesigned to have EPMph= 225 V. It operates at rated torque and
frequency. Usph= 220 V; 1.11 pu; Is= 103 A, 0.9 pu; cosφ= 1; and δs = 17.6°.

linkage produced by the PMs should be higher. Here, the supply voltage is low, and as a result,
the actual current demand exceeds the rated value by a considerable margin. There is plenty of
voltage reserve.

Because machine saliency is low in this case, torque is driven mainly by the q-axis current
(TPM = iq×ψPM= 0.99× 0.92= 0.91 pu), and the reluctance torque, expressed as Trel=
(Lmd Lmq)idiq or Trel= (0.401 – 0.415)× ( 0.57)× 0.99 0.01, is insignificant.

With increased PM flux linkage, the motor could be made to operate with a low voltage
reserve and high power factor at its nominal operating point. However, operating the motor
with a small load or at no load at the rated speed would prove problematic. In this case,
EPM= 225 V. At small loads, demagnetization would be necessary to ensure sufficient voltage
reserve.

Figure 9.23 illustrates a machine at its nominal operating point that has been designed
using a different method. In practice, this machine requires more magnetic material or
magnets with higher coercive force. A design of this kind is particularly adapted for
machines that do not operate in field weakening and do not demand dynamic performance.
Designing a high-power high-efficiency blower using this method would be appropriate,
for example.

Figure 9.24 depicts the drive of the original motor, in which the stator flux linkage and the
flux linkage of the PMs are regulated to be of equal magnitude in the DTC supply. In general,
this is a good compromise, if good dynamic performance is required.

The machine in this example has significant voltage reserve, the power factor is good, and
the motor current is slightly higher than rated.

Overall, these examples reveal how important stator flux linkage is to PMSM drive
performance. The controller in a DTC application must pay special attention to the selection
of the stator flux-linkage reference value. In steady state, a DTC converter may well find the
MTPA operation by adjusting the stator flux-linkage reference to a value where the current is
minimized at a given power level.
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Figure 9.24 Control method, in which ψ s,ref= ψPM at a rated torque and at a rated frequency.
Usph = 193 V, EPMph= 186 V, Is = 121 A, cosφ= 0.975, and δs= 27.4°.

EXAMPLE 9.9: Consideramotordrivewithrespect tofieldweakening.Thedrivemakesuse
of a 400 V frequency converter with IN= 147 A. The maximum output phase voltage is 230 V.
For DC-link protection, UDCmax= 730 V. Observe the field weakening of the example motor.

SOLUTION: The upper safe operating limit for field weakening can be approximated based
on the maximum DC-link voltage that occurs when the rotor runs freely at its highest speed.

The maximum line-to-line voltage tolerated by the DC link is

Umax
UDC

2
516 V

This corresponds to the following phase voltage.

Umaxph
UDC

2 3
298 V

Because the rated phase voltage of the machine is 186 V and the rated frequency is 100 Hz,
the maximum theoretical safe field-weakening-point frequency ffwp of the machine is

f fwp;limit
730

186 3 2
100 Hz 160 Hz

At 160 Hz, the no-load voltage is approximately EPMph= 298 V, which when rectified by
the inverter freewheeling diodes suffices to produce 730 V in the DC link if the control-
produced d-axis demagnetizing current disappears for some reason.

On the other hand, if the inverter is able to operate in field weakening, and if the motor can
mechanically tolerate the high speeds, the drive can be run even faster than 160 Hz. If the
rated current of the motor is used to demagnetize the motor, its flux can be reduced by id
Ld= 1× 0.401 pu= 0.401 pu. Therefore, 60 % of the original PM produced flux remains,
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and the frequency can be raised to 1.67 times the rated frequency (a 1 : 0.6 ratio). Since
EPM at the rated frequency (100 Hz) is only 186 V, even a higher frequency can be reached
by raising the voltage from the no-load voltage of 186 V to 230 V, in which case the
frequency is 230/186× 167 Hz= 206 Hz.

If the maximum converter current (1.28 pu) is used to demagnetize the motor at a full
230 V phase voltage, the maximum frequency of the motor in field weakening becomes
206 Hz× INinv/INmotor= 206 Hz× 147 A/115 A= 264 Hz. At this frequency, the stator flux
linkage would be ψPM – idLd = 0.418 Vs – 147 2 A× 1.12 mH= 0.185 Vs (41 % of the
stator flux linkage at the nominal operating point). If for some reason, the demagnetizing
current of the inverter should disappear at this operating point, the stator flux linkage
would increase to 0.418 Vs, a value determined by the PMs. Correspondingly, the terminal
phase RMS voltage of the motor would increase to 264 Hz× 2π× 0.418/ 2= 490 V. The
line-to-line voltage should be 849 V, and the peak voltage of the intermediate DC link
should be 1200 V, which would inevitably destroy the capacitors.

A 230 V stator phase voltage can be produced by the inverter, so running at no load with
no voltage reserve, the maximum practical field weakening for the subject machine is
ffw= 230/186 100 Hz= 123 Hz.

Figure 9.25 Motor voltage and back emf at different frequency points; 160 Hz corresponds
to the induced voltage generated by the motor EPM= 298 V, which is the maximum voltage
the DC-link capacitor can take without failing if the motor control malfunctions at 160 Hz.
This is the maximum safe field weakening speed. If the rated current of the motor is used to
demagnetize the machine, 206 Hz can be reached for no-load operation. If all the rated current
available from the inverter is used to demagnetize the machine, the no-load operating point
can be increased to 264 Hz. At that point, the internal back emf is EPM= 490 V, the stator
voltage is 230 V, and the stator flux linkage is 0.196 Vs (0.196 Vs× 2π264 3/ 2/s= 400
V, which corresponds to the converter maximum output line-to-line voltage.
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In field weakening, some and, in some cases finally, all of the stator current is used to
reduce stator flux linkage. Consequently, in the constant flux range, more stator current is
needed for field weakening than to produce torque. Figure 9.25 shows how different
voltages behave for this motor at different supply frequency ranges.

Figure 9.25 shows that field weakening in a PM machine is a complex matter. The major
problem is the fixed flux linkage ψPM, which can quickly lead to overvoltage risk to the
inverter in field weakening. In this example case, frequency can be raised from the rated
value of 100 Hz to 160 Hz without risking the inverter, because of the machine’s rather
low no-load voltage. If the no-load voltage is closer to the maximum voltage supplied by
the inverter, failure risk moves closer to the nominal operating point.

Figure 9.26 offers a space-vector diagram that represents operation at a safe upper limit
of field weakening (160 Hz) when the inverter operates at its own rated current and the
stator current corresponds to a stator voltage of 230 V. The stator flux linkage is
ψ s = 0.323 Vs, 0.71 pu.

Figure 9.26 High-power operating point of the motor at the inverter rated current for
160 % rated speed. Usph= 230 V, 1.14 pu; EPMph= 298 V, 1.47 pu; Is= 147 A, 1.28 pu;
cosφ= 0.987; δs= 34°; P= 97 kW, 1.39 pu; f= 160 Hz, 1.6 pu;T= 0.915; and TN= 0.84 pu.
Therefore, the motor runs close to its rated torque even at 60 % overspeed, producing much
more than its rated power. The rated current of the inverter, which is higher than the rated
current of the motor, and the slightly low PM flux linkage of the motor makes this possible.
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EXAMPLE 9.10: Prepare a space-vector diagram of a PMSM using the parameters and
rated values given in Table 9.1, but with the frequency increased to 160 Hz, Usph = 230 V,
EPMph= 298 V, converter maximum current Ismax= 147 A, and 1.28 pu as shown in
Figure 9.25. Calculate the current components, load angle, power factor, power, and
electromagnetic torque.

SOLUTION: Figure 9.26 showed the relationships between voltage, current, and flux-
linkage vectors. The pu values can be calculated as follows.

230
us 1.138

202

298
ePM 1.47

202

230 2V 0.323
ψ 0.323Vs ψ 0.71s 2π s;pu160 1 0.455s

298 2V 0.419
0.419VsψPM ψPM;pu 0.92

160 1 0.4552π s

The current components are solved based on the space-vector diagram.

2 2 2ψ2 0.92 0.401 0.415 2 0.712Lqiq id iqψPM Ldids

where

i2 i2 i2 1.2782 i2q s d d

Solved this equation returns the id and iq values.

id 0.86

iq 0.945

The load angle is calculated as before.

0.92 0.401 0.86ψPMpu Ldpuid
cos δs 0.821 δs 34°

ψ spu 0.71

or

Lqiq 0.415 0.945
sin δs 0.56 δs 34°

ψ s 0.71

The angle α between is and d-axis is given by

iq 0.945
sin α 0.738 α 47.7°

is 1.278
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And, according the vector diagram

α φ δs 90° φ 90° 47.7° 34° 8.316 cos φ 0.989

From this, it is possible to calculate the pu power and torque and the electromagnetic pu torque.

Pe usiscos φ 1.14 1.278 0.989 1.44

Te
usiscos φ

ωs

1.44
1.6

0.9
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9.6 Torque estimation accuracy in a PMSM DTC drive

This book has considered that the stator flux-linkage space vector ψs can be estimated by
integrating the stator voltage vectorsus to stator flux-linkage estimateψs;est ∫ us is;measRs .
After that the torque T may be calculated by using the stator current vector is,meas which is

3calculated based on measured phase currents. Ts;est 2 p ψs;est .
This assumption can be checked by reviewing the practical accuracy of the converter

estimation. Figure 9.27 shows measured torque accuracy for a PM machine DTC drive based
on ABB ACS 800 hardware. In the measurements, a high accuracy torque sensor was used to
measure the motor output torque and this value was compared to the torque estimate given by
the converter. According to this measurement result the torque estimate accuracy seems good.
Only at the lowest speeds the estimate is somewhat more erroneous. This results from the

is;meas

Figure 9.27 ACS 800 DTC converter torque estimation error in a PMSM drive measured at
different torque and speed levels at LUT. Source:Minav et al. (2011). Reproduced by permission
of the Institution of Engineering & Technology.
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large proportion of the switch conduction losses when operating at the lowest voltages leading
to somewhat erroneous stator flux-linkage estimate.

9.7 Speed and position sensorless control methods
for PM machines

Induction motors can easily be run without rotor position encoders. Naturally, there is also a
demand in less demanding applications to drive PM machines without position encoders.
Position encoders are normally used with servomotors, but sensorless operation is favoured for
high-power industrial drives. Several control methods have been introduced. They are based on
calculatingflux linkage, estimating machine state, using Kalmanfilters, or obtaining inductance
variation information. Rotor angle estimates are needed for vector control methods, because the
current references cannot be calculated without knowledge of rotor position.

DTC is inherently sensorless, because with DTCs there is, in principle, no need to calculate the
electric currentmodel. Theelectriccurrent model is used only indemandingapplications to stabilize
and refine control. Furthermore, DTC is independent of rotating-field machine type. The methods
developedbyNiemelä(1999)andLuukko(2000)arewellsuitedtothe implementationofsensorless
PMSM drives. Several of the proposed algorithms apply different methods depending of speed.

Initial rotor angle must always be determined for sensorless control of a PM machine. To
accomplish this, Luukko (2000) uses the two-level converter active vectors as very short pulses
to measure PMSM inductance in the directions of the voltage vectors. These inductance
components are then fit to an inductance curve and compared to measured data to find initial
rotor position. For a salient pole machine, there is a clear inductance difference in the d- and q-
axis directions. Whether the machine is configured with magnets in the higher permeance
direction must be known in advance. If the machine is a rotor surface magnet or salient-pole type
with embedded magnets, because of saturation, the positive d-axis will be in the direction of the
lowest inductance. Figure 9.28 illustrates the difference between positive and negative d-axis
inductances based on the preexcitation caused by the PMs at id= 0.

Figure 9.28 No-load curve and schematic behaviour of the stator d-axis inductance. The
positive d-axis has the lowest inductance while the negative d-axis direction has the largest
inductance. The q-axis inductance is somewhere in the middle. This phenomenon can be used
to find initial rotor position in rotor surface magnet PMSMs.
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Figure 9.29 Finding the rotor initial position of a traditional PMSM. Voltage vectors are
applied with minimum pulses to measure the transient inductances L (dots), and curve fitting
reveals the position of minimum inductance at the rotor positive d-axis.

Figure 9.29 illustrates testing a machine with six active voltage vector pulses.
Using the method of Figure 9.29, it is easy to identify the rotor position of a spinning rotor

by applying two short successive short circuits, selecting zero voltage vectors, and then
measuring the short-circuit current produced by the original back emf. The spinning rotor
induces a voltage that is 90 electrical degrees behind ψPM, and the short-circuit current starts
growing in the direction of the induced voltage vector. Using two successive pulses, rotor
speed and ψPM position can be found, and the drive can be started. See Figure 9.30.

When a short circuit is triggered by a zero voltage vector at time t1, the following current
develops in the direction of ePM1 (ePM1 =ψPMωre

jπ/2).

1 1 jπ=2dtePM1dt (9.71)i1 ∫ L ∫ LψPM1ωre

t t

If test time t is sufficiently short, the vector direction of i1 for an arbitrary angle θ1 can be
obtained.

i1 iejθ1 (9.72)

Following the second short circuit, i2 can be determined.

i2 iejϑ2 (9.73)

Figure 9.30 Sensorless start-up of a rotating PMSM. The rotation angle, ψPM, and ePM are
described at time instants t1 and t2.
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The rotor electrical angular velocity is

ϑ2 ϑ1
ωr (9.74)

t t2 1

Rotor position angle is as follows.

π
Δtωr (9.75)θr ϑ2 2

Here Δt is the time following the second short circuit that is needed for signal processing.
With information on rotor d-axis position, the motor can start producing torque when

suitable current is fed on the q-axis. For a DTC inverter, the initial stator flux linkage will be
ψs=ψPM and modulation can begin with a voltage vector producing suitable torque and a
suitable change to ψs according to DTC principles.

Several sensorless methods use scalar control to spin the rotor up to a speed sufficient for
rotor angle detection using the state estimator. Currently, there is no general way of determining
initial rotor angle that would encompass all PM machine types. Methods based on the detection
and identification of the difference between the d-axis and q-axis inductance components were
introduced, for example, by Schroedl (1990) and Östlund and Brokemper (1996).

As described, the inductance difference methods may also be used in nonsalient pole
machines, where PM-induced saturation can be detected as a difference in inductance.

Ertugrul and Acarnley (1994) introduced a method for nonsalient pole PMSMs, which
was presented in simplified form by Östlund and Brokemper (1996). In the method, stator flux
linkage is estimated using the equation ψ ∫ dt. As a function of theus;est is;measRss;est
integration time Δt, discrete flux linkage can be expressed in terms of xy components.

k Δt usx k k k 1 (9.76)Rsisxψ sx est ψ sx est

Δt usy k Rsisy k (9.77)ψ sy est k ψ sy est k 1

Integration is improved by comparing the stator current estimates isx est and isy est with the
measured currents isx and isy.

Δisx isx isx est (9.78)

Δisy isy isy est (9.79)

Stator flux linkage is determined in terms of rotor angle θr as follows.

ψPMcos θr (9.80)ψ sx Lsisx

ψPMsin θr (9.81)ψ sy Lsisy

This division into components is illustrated in Figure 9.31.
Next, stator current estimates can be computed from the rotor angle estimate θr est k .

1
isx est ψ sx est ψPMcos θr est k (9.82)

Ls

1
isy est ψ sy est ψPMsin θr est k (9.83)

Ls
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Figure 9.31 The components of Equations (9.80) and (9.81).

The direct and quadrature inductances are assumed to be equal Ld= Lq= Ls. If inductance is
assumed constant, flux linkage becomes a function of current and rotor angle. Therefore, a
total differential for the flux linkage can be written.

@ψ @ψ
Δψ Δi Δθr (9.84)s @i @θr

The rotor angle estimate θr est is corrected by an amount equal to Δθr est until the flux-linkage
error Δψ s becomes zero, and Δθr est can be calculated as follows.

@ψ @ψ
Δθr est Δi (9.85)

@i @θr

The corrected rotor angle estimate is now

Δθr est (9.86)

The correction terms in xy components can be determined from the partial derivatives.

θcr est k θr est

LsΔθxr est Δisx (9.87)
ψPMsin θr est

LsΔθyr est Δisy (9.88)
ψPMcos θr est

The drawback of these equations is possibility of zeros in the denominators. Observation of
the error and correction terms in an estimated rotor reference frame provides a solution to this
problem. The correction term of the rotor angle estimate becomes

LsΔθr est Δiq (9.89)
ψPM

Finally, new values are computed for the flux linkage with the updated rotor angle estimate

(9.90)ψ sx Lsisx ψPMcos θcr est k

(9.91)ψ sy Lsisy ψPMsinθcr est k
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Table 9.2 Comparison of the control methods for a PM machine: 1 low, 5 high

Method id= 0 MTPA Position
Sensorless

DTC

DTC with
a Position

Sensor

Position
Sensorless VC

Parameters
required

ψPM, (Lq) Ld,
Lq,ψPM

Rs Ld, Lq, ψPM,
Rs

Ld, Lq, ψPM, Rs

Parameter
sensitivity

1 2 3 2 5

Required
computation
capacity

1 2 3 4 5

Possibility for
field
weakening

No No/yes Yes Yes Depends on
method

Applicability to
different
machine
types

Dedicated for
nonsalient pole
machines,
works with
small Ld. Works
nonideally with
salient pole
machines

Ld< Lq No restrictions No
restrictions

Depends on
method

In signal
injection large
inductance
difference
Ld Lq helps

Other Initial rotor
position
must be
found before
starting

Initial rotor
position
must be
found before
starting

According to Östlund and Brokemper (1996), the algorithm functions well both dynamically
and in steady state from approximately 3 Hz to rated speed. However, like several other
estimation algorithms, this method is parameter sensitive. It is particularly sensitive to stator
resistance estimate effects. In addition, the saturation of inductances must be taken into
account. Another drawback of the method is its assumption that direct and quadrature axis
inductances are equal.

The Table 9.2 provides a brief comparison of the control methods for PMSMs. The
application of field weakening depends not only on method, but also on the characteristics of
the electrical machine. Only the id= 0 control, by definition, eliminates field weakening.
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Synchronous reluctance
machine drives

Traditionally, induction machines have been the least expensive industrial motor option. They
continue to be the workhorse of the industry, and induction machine manufacturing has been
fully automated for nearly a century. However, the slip inherent in an induction motor lowers
its efficiency and makes it difficult to control speed without position feedback (see
Chapter 11). As a result, other drive types with better characteristics, such as the synchronous
reluctance motor drives, are gaining ground in the industrial drives arena.

The modern high-performance synchronous reluctance machine (SynRM) drive is the
indcution machine’s latest challenger. Especially at low power, the efficiency of a SynRM can
be substantially higher than induction machine efficiency. In principle, the SynRM is the
simplest rotating-field machine. It is typically equipped with a simple, salient-pole, laminated,
unwound rotor. The simpler structure makes the machine type ideal for many purposes. Using
a motor with four-pole construction, the SynRM drive can be more efficient than an induction
machine drive. Moreover, a SynRM offers excellent speed control, easily establishing and
maintaining synchronous speed without encoder feedback. Overall, the SynRM has the
potential to overtake the popularity of the induction motor as a controlled drive.

Since the SynRM runs synchronously, rotor losses are minimized, which improves
efficiency. However, the power factor of a SynRM drive is generally lower than that of a
corresponding induction machine drive. Efficiency and power factor are directly proportional
to saliency ratio, so the stator of a SynRM motor must use a distributed winding configuration.
The concentrated (tooth-coil) windings that have become popular in PMSMs do not provide
enough saliency. The high excitation current needed to magnetize the SynRM compromises
overall performance, and as a result, SynRMs generally have lower power factors than IE3
induction motors.

A high-performance SynRM usually cannot operate without vector control, but a
traditional low-performance SynRM with damper windings and a low inductance ratio

Electrical Machine Drives Control: An Introduction, First Edition. Juha Pyrhönen, Valéria Hrabovcová
and R. Scott Semken.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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can operate direct online. Cage-equipped SynRM drives are often used in DOL applications
where synchronous running is more important than overall performance. For example, several
synchronously running DOL motors can be used to manage belt tensioning in long conveyers.
Because of slip, which is the difference between synchronous and operating speeds, induction
motors cannot be used for this purpose – the load sharing should become too uneven and
speed differences should cause stretching of the conveyor.

The SynRM requires a cage winding for DOL startup. However, since the cage winding
usually results in a lower saliency ratio, DOL SynRMs have lower power factors and machine
efficiencies than do cageless rotor machines. In addition, the higher saliency ratio in a high-
performance machine can adversely affect DOL startup, because the asymmetric damper
winding, which has a half-speed synchronous operating point, may cause an incorrectly
designed DOL machine to start at half-speed.

As with all electrical machines, a SynRM can also be operated as a generator. Reluctance
generators are well adapted to low- and medium-power applications. Their low-loss rotor is a
remarkable advantage when compared, for instance, with an asynchronous generator.
Furthermore, their simpler brushless construction makes the SynRM generator a potential
alternative in applications such as small-scale hydropower plants or wind power plants. As
was the case for the SynRM motor drive, the efficiency and power factor of the SynRM
generator are also directly proportional to its saliency ratio.

Similar methods are used to define the d- and q-axes when modelling a SynRM or a
salient-pole synchronous machine. A different approach is used for the PMSM. In PMSMs,
the d-axis always coincides with the PM flux axis regardless of the inductance ratio. For
SynRMs (and salient-pole SMs), the highest inductance direction defines the d-axis position.
Current angle is measured from the d-axis with minimum reluctance. Therefore, κ is used to
symbolize the current angle instead of the γ used in PMSM modelling where the d-axis may
have the maximum reluctance.

10.1 The operating principle and structure of a SynRM

A SynRM is a salient-pole rotating-field synchronous machine with a nonexcited rotor.
Consequently, the RMS synchronous machine load angle equation can be simplified to the
following form.

Lq1
2 Ld Lq 2 LdP 3U sin 2δs 3U sin 2δs (10.1)sph sph2ωsLd Lq 2ωsLq

The equation suggests that Ld Lq, the difference of the d-axis and q-axis synchronous
inductances, should be as large as possible, and LdLq should be as small as possible to produce
maximum power. In practice, the target is to maximize the d-axis inductance and to minimize the
q-axis synchronous inductance. In principle, the machine can yield its maximum torque at the load
angle δs= 45°. Saturation and other phenomena may cause apparent deviation from this value.

The corresponding current-based space-vector expression for absolute torque is of this
familiar form.

3
idiq (10.2)Te p Ld Lq2
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Using κ to symbolize electric current angle, this equation takes the form shown previously in
Chapter 5. However, Equation (5.48) was derived ignoring the possibility of having several
pole pairs p. Taking this into account we get the following form.

Te
3
pi2 sin 2κ (10.3)Ld Lqs4

As was the case with Equation (10.1), Ld Lq should be as large as possible to provide
maximum torque.

Conventionally, a damper winding accompanies the rotor of a SynRM for direct on line
start-up operation. The stator uses the same poly-phase (e.g., three-phase) winding as an
ordinary rotating-field machine. A SynRM is, in principle, a salient-pole synchronous
machine with no field winding current. Cutting away equal segments from opposite sides
of an induction machine rotor is the simplest way to produce a SynRM drive. In practical
applications however, the ferromagnetic rotor is shaped or laminated so the phase inductance
variation with respect to the rotation of the rotor is as large as possible. The iron parts of the
magnetic circuit of the SynRM are not allowed to saturate magnetically under normal
operating conditions, since the target is to keep the operating range of the machine linear
without sacrificing the inductance difference.

SynRM motor drives are often used as servo drives and in pumps, conveyors, and devices
producing synthetic fibres. They are used in packaging and wrapping machines and are
beginning to see use as drives in vehicles and robots. SynRM generator drives are being
introduced in both wind power and mini-hydro power plants.

The rotor of a speed-controlled SynRM should be designed with as large a saliency ratio
as possible. In other words, the d-axis inductance Ld should be maximized, and the q-axis
inductance Lq should be minimized. This saliency ratio largely determines the characteristics
of the SynRM drive, that is, what the peak torque of the machine is, how fast the machine
responds to dynamic changes, and what power factor and efficiency can be reached. To be
competitive with an induction motor of equal size, the saliency ratio of the SynRM must be at
least in the range of 6 to 10.

The simplest rotor configuration for a SynRM is produced by removing teeth from the
rotor of a conventional squirrel-cage induction motor as shown in Figure 10.1a. However, this
geometry yields a relatively low saliency ratio (Ld/Lq< 3) making for a poor solution.
Figure 10.1d shows the rotor of an ordinary salient-pole synchronous machine with the
excitation windings removed. This rotor can also be manufactured of notched segments made
of solid iron. Nevertheless, the saliency ratio for a SynRM motor drive with a conventional
salient-pole rotor is too low for it to compete with an induction motor equipped with a similar
stator. A typical saliency ratio for this type rotor has been determined to be 3 to 4 (Staton et al.,
1993).

In the so-called single-layer flux-barrier rotors illustrated in Figures 10.1b and 10.1e,
permanent magnets (PMs) can be mounted in the insulation spacer to keep the flux from
progressing in the q-axis direction. Doing so improves machine characteristics and reduces
the size of the inverter needed for the power supply. To do this, the magnet polarities must be
chosen to oppose the q-axis armature reaction. This will be discussed further in Chapter 10.4.
The rotor geometry illustrated in Figure 10.1e corresponds to that of a PM machine with
internal rotor magnets. The Figure 10.1b geometry is a mixture of a salient pole and a PM
excited rotor structure. The flux barrier in Figure 10.1b is usually made of a nonmagnetic
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Figure 10.1 Four-pole rotors for a SynRM. The simplest construction (a) takes the rotor
geometry of an induction motor and removes some teeth from the punched rotor laminations.
Image (b) shows a laminated flux-barrier cage rotor, and (c) shows an axially laminated rotor
with alternating U-shaped magnetic and nonmagnetic laminationsfixed on the shaft by bolts and
nonmagnetic wedges. Image (d) depicts a salient-pole rotor with its cage winding used also as a
damper winding, (e) represents a cagelessflux-barrier rotor, and (f) shows a punchedflux-barrier
rotor. For a synchronous solid rotor, it is important to configure the iron geometry to follow the
magnetic flux lines as closely as possible. Rotors (a), (b), (d), (e), and (f) have round punched
laminations. Rotor (c) uses laminations with axial gutter-like penetrations.

material such as aluminium, copper, slot insulation material, or plastic, or it can even be air. A
SynRM equipped with the rotor of Figure 10.1b is suitable for direct on line start-p, since the
bars on the rotor surface comprise a cage winding and the saliency ratio is low. Small bar cross
sections are used for the cage windings to produce high rotor resistance during startup when
machine startup torque is higher. The saliency ratio of this rotor type is in the range of 3 to 4.

The geometry shown in Figure 10.1c produces the largest saliency ratios. Its laminations
are oriented axially, but are stacked in the radial direction. The Ld/Lq values for this rotor
geometry are normally greater than 10 and may even exceed 15. Figure 10.1f shows a
multilayer flux-barrier rotor. Its rotor saliency is lower, because of the rotor supporting steel
parts in its round laminations. Ld/Lq values for the rotor geometry shown in Figure 10.1f are in
the range of 6 to 8.

In a multilayer flux-barrier rotor, several curved sections are cut away from the rotor plate.
When assembling the rotor stack, these sections can be filled with a desired nonmagnetic
material via pressure casting. This way, the construction may become mechanically stronger
than it would be if the sections were left unfilled. If a light material is used, rotor inertia can
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Figure 10.2 Normalized saliency ratio Ld/Lq for a low-power SynRM with the rotor
geometry shown in Figure 10.1c. wins is the thickness of the insulation layer, and wFe is
the thickness of the iron layer. The number of layers (electrical steel+ insulator) is 24. The
optimal inductance ratio is close to one resulting in 50 % steel and 50 % insulation. Flux
density in the steel laminations is sensitive towFe and, therefore, to iron losses. ThewFe andwins

thicknesses are key parameters for the number of the laminations in one stack of the rotor. One
stack should occupy two-thirds of half of the pole pitch on the rotor periphery. This type of
machine should be built using very high resistivity laminations to limit the iron losses caused by
the heavy flux pulsation induced by the slot openings in the narrow electrical steel sheets.

also be kept low. The ratio of conductor and insulator layer thicknesses can significantly affect
the saliency ratio of the machine.

Figure 10.2 shows how the saliency ratio in a small SynRM with the rotor geometry
illustrated in Figure 10.1c depends on the ratio of the thicknesses of the iron and insulator
layers wFe/wins. When the proportion of the iron layer wFe increases, the area of the cross
section of the magnetic circuit of the d-axis flux increases, and therefore Ld increases.
However, as the insulator layer becomes thinner, its preventive effect on the progression of the
flux diminishes, and the quadrature inductance Lq increases. According the Figure 10.2, the
optimum inductance ratio is approximately one. Beyond 10 layers, the total number of
insulator and conductor layers does not significantly influence saliency ratio (Matsuo & Lipo,
1994; Staton et al., 1993).

In addition to rotor structural factors, the d- and q-axis inductances depend on the currents
id and iq, stator slotting, and the shape of the end windings. Accurately determining saliency
ratio is a complex task. Often, it is necessary to resort to the estimation and determination of
inductances using motor models.

10.2 Model, space-vector diagram, and basic
characteristics of a SynRM

SynRM rotor design concentrates on maximizing the saliency ratio Ld/Lq and optimizing
synchronous operation. In the absence of a damper winding, there will be, in principle, no
rotor currents. The dq-model for a damper-less SynRM is simple with high saliency for
transient inductances, which are then the same as synchronous inductances. The existence of a
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large inductance difference in a damper-less machine makes it possible, such as to efficiently
define rotor position angle using signal injection. However, adding a damper winding makes
the transient inductances of a SynRM more similar on both axes, which makes, for example,
the dot-product–based stabilizing of the DTC drive more efficient.

A SynRM is similar to a nonexcited salient-pole machine. Because of their rotor
geometries, both machines exhibit different machine characteristics in the d- and q-axis
directions. The two-axis model equivalent circuit for a SynRM shown in Figure 10.3 is based
on the corresponding model for a salient-pole synchronous machine. The SynRM circuit just
leaves out the components representing the rotor excitation winding.

The voltage equations with supply angular velocity ωs for the equivalent circuit of
Figure 10.3 are written as follows.

dψd ωrψq (10.4)ud Rsid dt

dψq
ωrψd (10.5)uq Rsiq dt

The flux-linkage components are

ψd Ldid Lmd Lsσ id

ψq Lqiq Lmq Lsσ iq

LmdiD (10.6)

LmqiQ (10.7)

As for all rotating field machines, the stator flux linkage of a SynRM comprises the stator
leakage flux linkage and the air-gap flux linkage.

ψm (10.8)

ψs is the stator flux linkage, ψsσ is the stator leakage flux linkage, and ψm is the air-gap flux
linkage. The stator leakage flux-linkage vector can be expressed by the stator leakage
inductance as follows.

ψsσ Lsσis (10.9)

where is is the stator current space vector.

ψs ψsσ

Figure 10.3 Equivalent d- and q-axis circuits of a SynRM with damper windings. The stator
voltage and current components are indicated by the subscripts d and q. Damper windings are
indicated by subscripts D and Q. The subscript σ refers to the leakage component. As usual,
iron losses are neglected.
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The magnitude of the space-vector cross product is proportional to the area of the
parallelogram defined by these vectors. The torque produced by the machine is, therefore,
proportional to the triangle delimited by the vectors ψs, ψm, and ψsσ shown in Figure 10.4. In
simplest terms, control is determining the optimum triangle for the required torque according
to the specific control method. During a transient, control merely transitions from one triangle
to another.

The load angle is also an indicator of torque. In a SynRM, load angle affects machine
flux, and in steady state, the load angle producing the maximum torque is determined in
terms of the stator flux linkage d- and q-axis components (not shown in Figure 10.4) as
follows.

ψd ψ s cos δs ψm cos δs idLsσ idLd (10.10)

ψq ψ s sin δs ψm sin δs iqLsσ iqLq (10.11)

id
1
Ld

ψ s cos δs (10.12)

iq
1
Lq

ψ s sin δs (10.13)

Figure 10.4 Space-vector diagram for a SynRM at the nominal operating point. is is the
stator current vector, and κ is the angle of the current space vector measured from the
SynRM d-axis. ψs is the stator flux linkage, ψm is the air-gap flux linkage, ψsσ is the stator
leakage flux linkage, and us is the stator voltage space vector. The angles δs and δm between
the flux linkage vectors and the d-axis are known as the load angle of the stator flux linkage
and the load angle of the air-gap flux linkage, respectively. The figure also shows the phase
angle φ between the stator voltage us and the stator current is, which determines the power
factor cosφ, the rotor angle θr, and the xy reference frame fixed to the stator. The q-axis
inductance must be very low to prevent the stator flux linkage and air-gap flux linkage from
turning significantly away from the d-axis. Lmd = 3, Lmq = 0.2, Lsσ= 0.1, us = 1, is = 1,
ωs = 1, ψ s = 1, ψmd = 0.95, ψmq = 0.18, ψ sσ= 0.1, cosφ= 0.82, and Ld/Lq = 3.1/0.3= 10.3.
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Torque as a function of load angle can be calculated using space vectors.

3 3 1 1
Te p ψ p ψ cos δs ψ sin δs ψ sin δs ψ cos δsiss s s s s2 2 Lq Ld

3 1 1
pψ s

2 sin δs cos δs (10.14)
2 Lq Ld

3
pψ 2 1Ld Lq sin 2δss2 2LqLd

Per-unit output power (with losses neglected) Pout can be expressed according to the
following equation. Since space vectors, in principle, are defined only for two-pole machines,
the converter does not usually “know” the number of poles unless it has speed feedback and
can differentiate between mechanical speed Ωr and electrical angular velocity ωs.

2 Ld Lq
Pout ωsTe us sin 2δs (10.15)

2LdLqωs

when
ωsψ sus;pu (10.16)
Ub

EXAMPLE 10.1: Drawaspace-vector diagram ofaSynRM,whichhas the followingper
unit parameters. Lmd= 3, Lmq= 0.2, Lsσ= 0.1, us= 1, is = 1, ωs= 1, ψ s= 1, ψmd= 0.95,
ψmq= 0.18, and ψ sσ= 0.1. Calculate cosφ, Ld/Lq, the electric current components, load
angle, current angle, and pu electromagnetic torque and power.

SOLUTION: The SynRM space-vector diagram was shown in Figure 10.4. The space
vectors comprise d-axis and q-axis components.

The per unit values of the magnetizing flux linkage for the d- and q- components can be
expressed as follows.

ψ2 ψ2 0.952 0.182 0.97ψm md mq

0.95ψmdcos δm 0.983 δm 10.7°
ψ 0.967m

The angle between ψ s and ψm can be calculated using the cosine law.

2 ψ2 ψ2 2ψ ψ cos δs δmLsσis s m s m

2 12 1 2ψ2 ψ2 0.9672 0.1Lsσiss mcos δs δm 0.995 δs δm2ψ ψ 2 1 0.967s m
5.5°

5.5° δs 5.5° δm 5.5° 10.7°δs δm

δs 16.2°:



WEBC10 09/22/2016 13:14:21 Page 354

354 ELECTRICAL MACHINE DRIVES CONTROL

The electric current per-unit components according to Equations (10.12) and (10.13)
are

1 1
id ψ spu cos δs 1 cos 16.2° 0.31

Ld 3.1
1 1

iq ψ sin δs 1 sin 16.2 0.9sLq 0.31

Per-unit torque as a function of load angle, calculated with space vectors is

1 3.1 0.3Ld LqTe ψ s
2 sin 2δs 12 sin 2 16.2° 0.81

0.3 3.1

Neglecting losses, the per-unit output power Pout becomes

2 Ld Lq 3.1 0.3

2 2LqLd

Pout ωsTe us sin 2δs 12 sin 2 16.2° 0.81
2LdLqωs 2 0.3 3.1 1

Because the q-axis is perpendicular to the d-axis, us is perpendicular to ψs. Therefore,
the angle between the voltage and q-axis is the load angle δs. The angle between is
and the q-axis must be added to get the phase angle φ between the voltage and
current.

sin 1 0.309
sin 1 i

i
d

s 1
18°

φ 16.18° 18° 34.18° cosφ 0.827

The electric current angle is shown at the base of the Figure 10.4 diagram.

κ φ 90° κ 90° δs φ 90° 16.18° 34.18° 72°

Expressed more simply, the statement becomes

δs

id 0.309
κ arccos arccos 72°

is 1

Per-unit torque can be checked using the electric current angle.

1 1
i2 sin 2κ 12 3.1 0.3 sin 2 72 0.82Te Ld Lqs2 2

This result is close to the 0.81 calculated above (within a small rounding error). The
saliency ratio is Ld/Lq= 3.1/0.3= 10.33.
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EXAMPLE 10.2: Calculate the per-unit electromagnetic torque versus load angle for a
saliency ratio between 5 and 50. Lq= 0.27 at rated voltage and frequency.

SOLUTION: Equation (10.15) can be rearranged in terms of per-unit electromagnetic
torque. See also Equation (10.1). The result can be the basis for diagramming Te= f (δs)
with saliency ratio as a parameter.

Lq 12 2 1 1Pout us Ld Lq us Ld Ld=LqTe sin 2δs sin 2δs 1 sin 2δs
ωs ωs 2LdLqωs ω2 2Lq 2Lqs

For a saliency ratio Ld=Lq 10 and a load angle of 20°
1 11 1Ld=Lq 10Te sin 2δs sin 2 20° 1.666 sin 40° 1.07

2Lq 2 0.27

1 11 1Ld=Lq 10Temax10 sin 2δs sin 2 45° 1.666
2Lq 2 0.27

Therefore, the maximum value for κ= 45° is 1.67. Using the same approach, the calculated
per-unit torques versus load angles for saliency ratios of Ld/Lq= 5, 10, and 50 are illustrated
in Figure 10.5. The maximum values for a saliency ratio of 5 and 50 are as follows.

1 11 1Ld=Lq 5Temax5 sin 2δs sin 2 45° 1.48
0.272Lq 2

1 11 1Ld=Lq 50Temax50 sin 2δs sin 2 45° 1.81
2Lq 2 0.27

Figure 10.5 Torque production capacity of a SynRM at different saliency ratios. The
q-axis per-unit inductance is constant at Lq= 0.27.
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Maximum torque is produced when the load angle is δs = π/4. Figure 10.5 illustrates how
the torque production capacity of a SynRM changes with load angle for the saliency ratios
of 5, 10, and 50. The q-axis inductance is held constant at Lq= 0.27 pu.

A saliency ratio of Ld/Lq = 50 is not achievable in practice. Because stator leakage alone
comprises almost half of its value, it is difficult to reach or go below an Lq= 0.27 value for q-
axis synchronous inductance. For Ld/Lq= 50 and Lq= 0.27, Ld must be a practically
impossible Ld= 13.5. With a practically reachable d-axis inductance value of Ld= 2.7, a
saliency ratio of Ld/Lq= 10 can be achieved. In large induction machines, magnetizing
inductance values are approximately Ld= 3.5, and the magnetizing inductances for the
SynRM architecture are about the same.

Exceeding a saliency ratio of 10 in a SynRM machine with Lq = 0.27 pu will result in the
required 160% breakdown torque. However, this value is lower than that produced by an
induction machine. In industrial asynchronous machines, breakdown torque is typically
above 300%. To produce higher breakdown torque, q-axis inductance especially should be
less than Lq = 0.27, which was the value use here.

Figure 10.6 shows how torque behaves as function of current angle κ for a constant
voltage supply with Lqpu= 0.2. High Ld values result in low id values. When producing torque,
iq values are increasing. The higher the Ld and the lower the Lq, the closer is will be to the
q-axis. As torque increases, stator leakage begins to reduce air-gap flux linkage. As a result,
torque drops off with higher current angles.

Neglecting the stator resistance effect and based on Figure 10.4, the power factor angle φ
can be determined as follows.

π
φ κ (10.17)δs 2

Figure 10.6 Effect of the saliency ratio on the torque production capacity of a SynRM
and on the electric current angle with constant voltage supply us = 1 at the rated speed ωs =
1 – The calculation uses the rated current of an induction motor with a corresponding stator
geometry. Values are calculated for a 30 kW, four-pole, 50 Hz machine with Lq= 0.2 per unit.
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At the maximum torque-producing load angle δTmax, the corresponding power factor angle
φTmax is approximately

π π π 3π
κ κ κ (10.18)δTmaxφTmax 2 4 2 4

The current angle is always in the range
π

κ ∈ 0; (10.19)
2

Therefore, the power factor of the SynRM at maximum power is always
π

0.707 (10.20)cos φPmax < cos
4

Neglecting stator winding and iron losses, the SynRM power factor, in absolute and per-unit
values, becomes

2Teωs 2TeΩr Te;puΩr;pucos φ (10.21)
3pusis 3usis us;puis;pu

In steady state, ωs is the electric angular speed of the stator rotating field and rotor, us is the
absolute value of the stator voltage space vector, and is is the absolute value of the stator
current space vector. By applying the cross-field principle, the torque can be expressed as

3
Te p Ld Lq idiq (10.22)

2

Flux linkage magnitude can be rewritten as follows.

2ψ2ψ ψ2 2
(10.23)Lqiqs q Ldidd

Plugging the identity from Equation (10.21) into Equations (10.22) and (10.23) and
incorporating the following relations

us ωsψ (10.24)s

i2 i2 (10.25)is d q

results in the following equation for power factor. Its value depends on the electric current
components and therefore on the current angle.

Ld Lq idiq
cos φ (10.26)

2
i22 i2Ldid Lqiq d q

Differentiating Equation (10.26) with respect to id/iq and setting the resulting expression to
zero produces the following condition for the maximum power factor.

iq Ld (10.27)
id Lq



WEBC10 09/22/2016 13:14:24 Page 358

358 ELECTRICAL MACHINE DRIVES CONTROL

Therefore, the power factor reaches its maximum at this electric current angle.

Ld
κ arctan (10.28)

Lq

The maximum power factor is therefore

Ld 1
Lqcos φmax (10.29)Ld 1
Lq

EXAMPLE 10.3: Calculate power factor versus current angle for saliency ratios between
5 and 50 and Lq = 0.2 at rated voltage, current, and frequency. Calculate the current angle at
which the power factor reaches its maximum value and the maximum power factor at that
current angle.

SOLUTION: Equation (10.26) is the basis for the power factor calculation. The
calculation is carried out for saliency ratio values of 5, 10, and 50.

Ld Lq idiq
cos φ

2
i22 i2Ldid Lqiq d q

Electric current angle changes with changes in the id and iq components. The diagram in
Figure 10.4 shows that current angle is linked to the current components by means of
Equation (10.28).

id
κ 90° arctan

iq

or more simply

id
κ arccos

is

If id changes from 0.9 to zero, the current angle will move from 25.8° to 90°. For example,
with a saliency ratio of 10 at id= 0.2, the iq component will be as follows.

is
2 id

2 12 0.22 0.979iq

At this same saliency ratio of 10 and with Lq= 0.2 and Ld= 2, the calculation of power
factor for the current angle given by this expression,

0.2
κ 90° arctan 90° 11.54° 78.45°

0.979
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results in

cos φ10
Ld

Ldid
2

Lq idiq

Lqiq
2

i2d i2q 2

2 0.2 0.2 0.979

0.2 2 0.2 0.979 2 1

0.352
0.445

0.79

So, the maximum value results at this current angle

κ10 arctan
Ld

Lq
arctan 10 arctan 3.16 72.45°

and from Equation (10.29) will reach the value

Ld 1
Lq 10 1 9

0.818cos φmax10 Ld 10 1 111
Lq

At the electric current angle of 72.45°, which corresponds to current components id = 0.3
and iq= 0.954, the power factor reaches its maximum of 0.818. This can be confirmed
using Equation (10.27).

iq
id

Ld

Lq

0.954
0.3

3.18 10 3.16

Figure 10.7 illustrates for the range of the current angles κ between 25° and 90° and for
saliency ratios 5, 10, and 50.

For a saliency ratio of Ld/Lq= 5, the maximum power factor value will be reached at the
following current angle.

Ld
κ5 arctan arctan 5 arctan2.23 65.9°

Lq

Figure 10.7 Power factor of a SynRM as a function of current angle at different saliency
ratios with Lq= 0.2 pu
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The maximum power factor will be

Ld 1Lq 5 1 4
0.67cos φmax5 Ld 1 61 5

Lq

For a saliency ratio of Ld/Lq = 50, the maximum power factor value will be reached at

Ld
κ50 arctan

Lq
arctan 50 arctan 7.07 81.95°

and will be

Ld 1
Lq 50 1 49

0.96cos φmax50 Ld 50 1 511
Lq

For Ld/Lq= 10, the current angle becomes κ= 72.7°, and the maximum power factor will
be cosφmax = 0.82. A large saliency ratio leads to a higher operating current angle, and
therefore a good power factor.

EXAMPLE 10.4: Figure 10.8 shows power factor versus load angle for a SynRM motor
drive at rated voltage and speed and saliency ratios of 5, 10, and 50. Check the operating
point power factor versus load angle for the saliency ratio of 50 with Lq= 0.2 pu at the rated
voltage, current, and frequency.

Figure 10.8 Power factor of a SynRM as a function of load angle at different saliency
ratios with Lq= 0.2 pu.
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SOLUTION: The RMS load angle Equation (10.1) can be written in per-unit form as
follows.

Lq1
2 Ld Lq 2 LdP u sin 2δs u sin 2δss spu2ωsLdLq 2ωsLq

At the Ld/Lq = 50 saliency ratio with a load angle of δs= 10°, per-unit power is

0.2
1

12 10P sin 2 10o 0.83
2 1 0.2

This expression can be simplified by assuming there is no leakage. With ψ s =ψm = 1,
ψmd=ψmcosδs = 0.98. The current id needed to excite the machine is as follows.

0.98ψmdid 0.098
Lmd 10

Correspondingly, q-axis current is

i2 i2 12 0.0982 0.995iq spu dpu

So the electric current angle becomes κ = arcos(0.995/.098)= 84.4°, and the power
factor is

idiq 10 0.2 0.098 0.995Ld Lq
cos φ 0.955

2
i22 i2 10 0.098 2 0.2 0.995 2 1Ldid Lqiq d q

Figure 10.8 illustrates the power factor of a SynRM as a function of load angle with rated
voltage supply at the rated speed. You will see the agreement between the result of the
previous example and the Ld/Lq = 50 curve.

Figure 10.9 illustrates the power factor of a SynRM as a function of shaft output power.
The figure clearly indicates how essential a large saliency ratio is for the good machine
characteristics.

SynRM machine efficiency can also be investigated at different saliency ratio values.
Efficiency is calculated with RMS values as follows.

Pout TeΩrη (10.30)
mIs

2RsPout Ploss TeΩr PFe mech

mU2 IdIq sin 2δsLd Lqsη (10.31)
mU2 IdIq sin 2δs mI2RsLd Lq PFe mechs s

The so-called no-load losses term PFe+mech accounts for iron losses, mechanical losses, and
additional losses. Figure 10.10 depicts the idealized efficiencies of a 30 kW, four-pole SynRM
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Figure 10.9 Power factor of a SynRM as a function of shaft output power at rated speed with
Lq= 0.2 pu.

at different saliency ratios and load angles. Because, in reality, the iron circuit and air gap must
be changed to affect saliency ratio; motor parameters do not remain constant, and the family of
curves presented in Figure 10.10 does not represent actual behaviour. Nonetheless, the
qualitative information offered is useful.

10.3 The control of a SynRM

Although the theory and operating principles of the SynRM machine were documented early
in the 20th century, the first SynRMs were nothing more than converted induction-machine
architectures offering poor torque-current ratios, poor power factors, poor efficiencies, and

Figure 10.10 Efficiency of a 30 kW machine as a function of load angle with saliency ratio
as a parameter and Lq= 0.2 pu, PFe+mech= 0.02, and Rs = 0.028.
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excessive torque ripple. These performance weaknesses prevented the SynRM from becom
ing a serious alternative among electrical drives.

Converter drives make it possible to use a cageless rotor for efficient synchronous operation.
The cageless rotor enables a higher saliency ratio, which improves machine efficiency and
reduces inertia. Lower inertia improves transient response time. The SynRM stator is identical to
that of an asynchronous machine, and its control system comprises similar components;
however, SynRM implementation is simpler, and the SynRM drive costs less than a corre
sponding induction machine or PMSM drive.

The general control theories for the SynRM drive are similar to the control theories of
other AC machines that were introduced previously in this book. For this reason, only the
most essential and relevant control principles are discussed in the upcoming discussion.
These control principles are based either on DTC or on vector control using the two-axis
model of a SynRM in the rotor reference frame. Vector control requires rotor angle
information such as position or speed feedback. Sensorless control methods make use of
a number of different numerical estimators, each requiring substantial calculation
capacity.

10.3.1 Vector control

As references, vector control uses the direct- and q-axis electric current components idref and
iqref. Usually these references are formed directly from the torque reference Teref; however, in
certain cases, such as in field weakening, the current references are formed based on the
measured rotation speed or the torque reference given by the rotation speed controller. The
torque control block produces the current references according to the selected control strategy.
These strategies can be categorized as either constant current angle (κ) control or constant id
control. The latter is better adapted to operation below the rated speed.

The phase current reference values are generated from the current references of the two-
axis model using two-to-three-phase (2→ 3) transformations. A hysteresis controller, for
example, implements the current control using the measured stator phase currents and the
phase current references. Figure 10.11 offers a block diagram of the operating principle of this
kind of a control system.

10.3.2 Constant id control

This approach is most natural for a SynRM drive, because suitable armature current must be
used to excite the machine. The SynRM remains safely excited if d-axis current is held at a
constant value. For AC drives, the magnitude of the flux linkage using space-vector absolute
values is

2ψ2 ψ2 2
(10.33)Lqiqψ s q Ldidd

Solving for the q-axis current yields

2ψ2 Ldids
(10.33)iq

Lq
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Figure 10.11 Schematic block diagram of the vector control system for a SynRM. SU, SV,
and SW are the switching commands for the converter. The current controller may need the
speed feedback for possible feedforward voltage calculations.

If iq is plugged into Equation (10.2), the expression for torque can be written as follows.

3 3 p 3 Ld2 2p 1Te p Ld Lq idiq Ld Lq id ψ2 Ldid id ψ2 Ldids s2 2 Lq 2 Lq

(10.34)

Solving @Te/@id= 0 using the above expression gives the constant id value to be maintained

ψ s (10.35)id
2Ld

The maximum torque at a given stator flux linkage magnitude ψ s is

3 Ld Lq 3 1 1 3 p
ψ2Temax p ψ2 p ψ2 (10.36)s s s4 LdLq 4 4Lq

The last part of Equation (10.36) reveals that SynRM q-axis inductance must be minimized to
produce adequate torque. For id = constant control and at speeds below the rated speed, the
value of id must be kept at

Lq Ld

ψ smaxref (10.37)idref
2Ld

where the maximum value for the reference stator flux linkage is

4 LdLTeref q (10.38)ψ smaxref 3p Ld Lq
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EXAMPLE 10.5: Derive (10.37).

SOLUTION: Differentiating the torque equation

3 Ld 2ψ2Te p 1 id Ldids2 Lq

with respect to id, results in

@Te 3 Ld did2 2L2

ψ2p 1 :Ldid ids@id 2 2Lq 2 ψ2 Ldids

The zero for the differential can be found by setting the bracketed term to zero.

2 2L2
didψ2 0:Ldid ids

22 ψ2 Ldids

This results in

2ψ2 2 Ldids 0:
2ψ2 Ldids

The numerator becomes 0 when

ψ s :id
2Ld

In field weakening, the idref component drops with speed as follows.

idref
ψmaxref

2Ld

ωN

ωs
(10.39)

The reference value iqref for the q-axis stator current component is

iqref
2Teref

3p Ld Lq idref
(10.40)

When id varies, Ld also changes, and therefore torque is no longer directly proportional to the
q-axis current component iq. In this case, more advanced methods must be applied such as
self-tuning, and model reference adaptive controllers must be used to produce the current
reference iqref (Vas 1998).
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10.3.3 Constant angle κ control

There are three methods used to keep the angle κ constant between the stator current space
vector and the d-axis of the rotor:

• fastest torque control (gives the fastest torque response),

• maximum torque/current control, and

• maximum power factor control.

All the above control strategies depend on tan κ.

Fastest torque control

As was true in the previous case for id, the solution of the extreme value problem for the q-axis
current component, Equation (10.34), yields

ψ siq (10.41)
2Lq

Dividing both sides of Equation (10.41) by Equation (10.35) results in the following.

iq ψ s= 2Lq Ld tan κ (10.42)
id ψ s= 2Ld Lq

which can be interpreted as tan κ. Compare with Figure 10.4. The highest rate of change for
torque results when the angle between the stator current space vector and the d-axis is

Ld
κ arctan (10.43)

Lq

The d-axis current reference idref is obtained by plugging the magnitude of the flux linkage
solved from Equation (10.35) into Equation (10.36) and substituting the real torque Temax with
its reference.

(10.44)

(10.45)idref

ψ smaxref idref 2Ld

4Teref LdLq

3p Ld Lq

2Ld

4Teref LdLq

3p Ld Lq 2L2
d

2Teref Lq

3p Ld Lq Ld

Finally, by taking Equation (10.43) into account

2Teref (10.46)idref
3p Ld Lq tan κ

The reference for q-axis current comes from Equations (10.43) and (10.44). Because it
was ignored in the derivation, the sign of the reference torque must be taken into account.
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The q-axis current reference becomes

idref sgn Teref (10.47)iqref tan κ

Maximum torque/current and maximum power factor control

In the maximum torque/current control strategy, it is obvious that the maximum value for the
Te/is ratio results when the angle κ between the current and the d-axis of the rotor is π/4. This is
accounted for by the load angle equation of the SynRm.

As shown previously, maximum power factor is achieved when the angle of the stator
current with respect to the d-axis is as follows. See the derivation of Equation (10.28).

(10.48)κ arctan
Ld

Lq

The current references in the dq reference frame are determined as was done for maximum
torque/current control.

10.3.4 Combined current-voltage vector control

Combined current-voltage vector control is appropriate for high rotational speeds. The control
scheme avoids drawbacks resulting from delays in the AC current references and saturation.
The monitored rotor speed information is fed to a function generator, which outputs the d-axis
stator flux linkage reference ψdref. During field weakening, the reference signal is a function of
the rotor speed. The actual values of the stator flux linkage components or estimates of their
values are obtained with the measured phase currents and the direct and q-axis inductances in
the stator flux linkage estimation circuit. The flux linkage controller (a PI controller) produces
a d-axis stator current reference idref from the difference of the stator flux linkage component
reference value and the actual value. The difference of the d-axis stator current reference and
the measured stator current component, fed to the current controller (PI controller), yields the
d-axis voltage component reference. Finally, the rotational voltage induced by the q-axis
stator flux linkage must be subtracted from the voltage reference obtained with the current
controller, as shown by the equivalent circuit of Figure 10.3.

A speed controller, usually also PI-based, introduces the torque reference Teref. The q-axis
current reference is

ψqidTeref
iqref (10.49)

ψd

The error reference Δiq obtained from the difference of iqref and iq is fed into the PI-based
electric current controller, as was the d-axis component to obtain the q-axis voltage
component reference. The rotational voltage ωsψd is added to the output signal as a
feedforward to get the final uqref. This feedforward serves as a simple means of decoupling
of the d- and q-axis phenomena. Using coordinate transformations and two-to-three-phase
transformations, phase voltage references are generated from the dq voltage references.
Control of the PWM inverter is based on these obtained references. Figure 10.12 shows the
block diagram of the control.
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Figure 10.12 Block diagram of the combined current-voltage vector control. The notation
1/s indicates integration with respect to time. The feedforward voltages ωsψd, ωsψq help in
removing the cross coupling.

10.3.5 Direct torque and flux linkage control

Direct torque control can also be used to operate synchronous reluctance as well as other
rotating-field machines. The SynRM, however, has a special feature that makes the applica
tion of DTC somewhat complicated—the stator flux of the machine can collapse when DTC
tries to increase the torque by accelerating the stator voltage space vector. Since the maximum
acceptable static load angle in a SynRM motor drive is only 45°, its load angle must be
carefully monitored to keep the drive from exceeding peak torque. Since the peak torque is
also limited compared to, for example, induction machine peak torque, the controller must be
accurately monitored during periods of high-power SynRM drive operation.

Adding correction based on an electric current model, as is done for a separately excited
synchronous machine, results in a more suitable DTC control method for a SynRM; however,
rotor position sensing is required. When a rotor position feedback system based on a pulse
encoder is integrated with a SynRM drive, the initial rotor angle can be easily determined
because of the large difference between the d-axis and q-axis reluctance. In this case, the DTC
should be supplemented with references inherent to this machine type, for instance, with
respect to the power factor. Any of the previously discussed control schemes can be applied
also to the case of a DTC inverter. In addition, a position-sensorless drive applying drift
correction can be adapted for the purpose. If a damper winding is also included, the d- and q-
axis transient inductances will be more similar, which facilitates finding the appropriate drift
direction of the stator flux linkage. With no damper winding and high saliency, the vector dot
product result is so strongly affected by the inductance variation that a dedicated version of
this correction method is needed.

Moreover, a very low q-axis inductance may prove problematic for DTC. The low
inductance may result in excessively high q-axis current ripple, or it may cause measurement
problems.
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10.4 Further development of SynRM drives – PMaSynRM

Although the characteristics of a SynRM drive improve with increasing saliency ratio, as is the
case with an induction machine, constructing a SynRM machine with a very large number of poles
is difficult. This is because increasing the number of poles increases stator flux leakage, which
degrades the performance characteristics of the drive, whether induction machine or SynRM.
When constructing multipole machines, separately excited synchronous machines and PMSMs
are superior alternatives. The practically ideal pole-pair number for a SynRM motor is p= 2.

The lack of rotor current in a SynRM provides both benefits and detriments. The benefit is
that no fundamental Joule losses are present in the rotor. However, when compared to the
induction motor there is no rotor current to compensate for the armature reaction in the q-axis,
which easily degrades the SynRM drive power factor. Figure 10.13 compares induction
machine and SynRM drives at their rated operating points for both machines, where,
Ld/Lq= 7 with per-unit values Lq= 0.42, Ld= 3 for SynRM and Lsσ= 0.1. These values can
easily be reached using the rotor geometry that was previously introduced as Figure 10.1f, aflux-
barrier rotor.

There is a simple but costly way of improving the power factor of a SynRM drive. Q-axis
PMs can be added to compensate for the q-axis armature reaction. The rotor geometry that was
depicted in Figure 10.1f could be equipped with q-axis PMs, which would increase the power
factor significantly. This raises the question, “Is the result after adding the PMs a reluctance
synchronous machine, or is it a PMSM?” If the torque produced by the magnets is smaller than
the reluctance torque, the machine is normally referred to as a PM-compensated or PM-
assisted SynRM (PMaSynRM). If vice versa, the machine is a PMSM with embedded
magnets and some reluctance torque. Figure 10.14 illustrates the compensating effect of
q-axis PMs.

Figure 10.13 Comparison of SynRM and induction machine from the point of view of power
factor. For both machines, LdSynRM= LmIM= 3, LqSynRM= 0.32, and Lsσ= 0.1. Lrσ= 0.1 for the
induction machine. In the induction machine rotor, electric current compensates for the stator
current reaction, and only im produces significant flux linkage. Stator and rotor currents have
their leakage components, but they are limited because both stator and rotor leakage inductances
are small. In the SynRM vector diagram, the quadrature armature reaction (iqLmq= 0.91× 0.32

0.3) is significant and noncompensated, which makes the SynRM power factor smaller than
that of an induction machine with similar inductances.
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Figure 10.14 Improving the power factor of a SynRM by adding q-axis PMs to compensate
for the q-axis armature reaction. All machine parameters are the same as in the previous
example, however, the q-axis armature reaction is compensated for with PM flux linkage. The
power factor is significantly improved from 0.76 to 0.88.

The control of a PM-compensated SynRM resembles the control of a PMSM, and it can be
implemented according to the same principles. The dq axes are now different, however, which
must be taken into account in the control. Figure 10.15 illustrates torque production as a
function of the current angle κ.

Relatively inexpensive PMs, such as ferrites, can be used in the PM-compensated SynRM
to produce good machine characteristics. However, the added PM mass to the rotor and the
resulting higher mechanical stresses will require a more robust rotor structure.

As stated previously, the SynRM with PMs may also be regarded as a PMSM with
saliency. In that case, PMSM control methods may be applied. The d- and q-axes switch
places with the d-axis aligning with the PM magnetic axis. The saliency of this architecture,
however, will be big compared to traditional PM machines with embedded magnets, and
therefore the proportion of reluctance torque will be big.

Figure 10.15 Torque production as a function of current angle with constant current (is = 1)
for a PM-compensated SynRM. PM torque has its maximum at κ = 0. The reluctance torque
maximum is at κ= π/4. The maximum torque is at the current angle κ< π/4.
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In SynRM control research, a phenomenon called cross saturation is attracting interest.
This effect has proven to induce large errors in rotor position estimation. The effect is based on
the differential anisotropy of the magnetic circuit. To evaluate it properly, the magnetic
behaviour of the machine must be understood. Magnetically, both the d- and q- axis linkage
fluxes exhibit nonlinear behaviours, but this is more evident in the d-axis. The d- and q- axis
magnetic linkage fluxes are functions of both the d- and q- axis electric currents as follows.

ψd ψd id;iq (10.50)

ψq ψq id;iq (10.51)

The reciprocity condition also holds.

@ψd

@iq

@ψq

@id
(10.52)

Differential inductances depend heavily on the working point. The effect is seen mainly at
current levels higher than rated. Therefore, this phenomenon must be taken into account
mainly in drives where overloading of the machine can occur. As pointed out by Vagati et al.
(2000), the effect of cross saturation on maximum torque is low at rated current, but gets
continually higher at elevated currents (7 % at rated current and 15 % at 3 times rated current).
This strong effect of the cross saturation on the sensorless control of the SynRM drive has
been proven by analytical investigation as well as by experiment.

The future of the SynRM seems promising. Big companies like ABB have taken this
machine type into wide production in recent years. ABB offers a full industrial range of
SynRM drives. Figure 10.16 shows a typical ABB SynRM drive. The figure illustrates how
the rotor of the motor is lace-like and has large flux barriers in the laminations and only thin

Figure 10.16 ABB’s industrial SynRM drive components. A synchronous motor with a
flux-barrier rotor (Figure 10.1f) and ABB’s frequency converter tuned to control the SynRM.
Source: Reproduced with permission from ABB.
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bridges to maintain rotor integrity. Even so, the motor drive offers reliable performance and is
a serious competitor to corresponding induction-machine drives.
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Asynchronous electrical
machine drives

This chapter offers an overview beginning with a review of the working principle for the
alternating current (AC) induction motor, that is, the asynchronous motor. Induction motors
are well standardized, and a review of the applicable standards is given. One section has been
dedicated to pulse-width-modulated (PWM)-supplied induction motor losses, followed by a
more detailed discussion of the scalar control, vector control, and direct torque control (DTC)
for asynchronous motors.

11.1 The working principle of the induction motor – direct
online drives

The induction motor is the most common motor type used by industry. Industrial motors are
usually three-phase configurations with squirrel-cage rotors. The machines are rugged,
reliable, and inexpensive to manufacture. Industrial versions are also well standardized,
so motors from different manufacturers are interchangeable. Figure 11.1 illustrates an
industrial induction motor manufactured by ABB.

Today, however, the induction motor is increasingly facing competition from other motor
types, and significantly improving its performance is difficult. The induction motor relies on
slip to produce rotor current. Although the effect is slight, slip lowers efficiency. Asynchro
nous motor slip is analogous to the mechanical slip that occurs in the torque converter or
clutch of an automobile drivetrain. In the torque converter, slip in the fluid coupling results in
a loss of efficiency and increased cooling load. Slip in a clutch generates heat that reduces
clutch life. In asynchronous machine drives, slip makes accurate speed control without rotor
speed feedback challenging. A measurement of speed is often needed.

Electrical Machine Drives Control: An Introduction, First Edition. Juha Pyrhönen, Valéria Hrabovcová
and R. Scott Semken.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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Figure 11.1 Totally enclosed ABB M2BA 280 fan-cooled motor (shaft height 280 mm),
75 kW, 3000 rpm. The rotor squirrel-cage bars are barely visible. The squirrel-cage end rings
are equipped with cooling fan blades. The stator features a standard distributed three-phase
winding with all six ends brought to the connection box enabling delta or star connection.
Source: Reproduced with permission from ABB.

The induction motor is stator fed. The stator winding must excite the machine, and
together with the short-circuited rotor winding, must take care of energy conversion. If the
machine is supplied with three-phase current, the stator and rotor winding work together to
produce a rotating field in the air gap, the flux lines of which intersect the rotor bars when the
rotor runs with slip. In an asynchronous machine, slip is necessary for torque production.
When slip is present, an electromotive force develops and induces rotor current in the rotor
conductor bars. According to the Lorentz force, the force effect between the current and the
rotating magnetic field produces the torque of the machine. The motor starts to rotate, when
the electrical torque is higher than the torque of the load braking the rotor. As the rotor speed
increases, the speed between the rotor bars and the field decreases, and consequently, the rotor
voltage reduces and its frequency decreases. The rotor rotates slower than the magnetic field,
and therefore its speed deviates from the synchronous speed. That is why an induction motor
is called an asynchronous motor.

The per-unit slip s of the motor expresses the difference between the synchronous speed ns

determined by the line frequency and the rotor speed nr.
ωs Ωrns nr ωs ωr p

s (11.1)ωsns ωs
p

As Equation (11.1) shows, the slip can be defined also by the electrical angular frequencies ωs

and ωr or the mechanical angular frequency of the rotor Ωr.
The rotation speed nr [1/s] of an asynchronous motor is

f s 1 s (11.2)nr p
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Figure 11.2 Operating principle of an asynchronous machine. The rotor is described with
laminated teeth, squirrel cage (in plane), and bar currents. The air-gap flux density distribution
Bδ(x) moves to the left at ωs, while the rotor travels at slightly lower electrical angular velocity
ωr in the same direction. This results in a small internal rotor slip angular frequency ωslip. ψr

describes the virtual rotor flux-linkage distribution.

and the synchronous speed ns in revolutions per second is

f sns (11.3)
p

The frequency fs is the line frequency and p is the number of pole pairs in the machine.
Figure 11.2 illustrates the asynchronous machine operating principle. The representation

shows the machine rotor unwrapped into a plane. The rotor induced voltages and currents and
corresponding fluxes are shown.

In the air gap of the machine, the air-gap flux Φm (surface integral of Bδ) and the
corresponding flux linkage ψm travel at the electrical angular velocity ωs of the stator input
voltage. As the rotor slips, the rotor rotation electrical angular velocity is

1 s (11.4)ωr ωs

The electrical angular velocity caused by the slip in the rotor will therefore be

sωs (11.5)ωslip ωs ωs 1 s

The rotor radius is rr, and the length of the bars is l. The peripheral slip speed of a rotor bar is
therefore

vr;bar sωsrr (11.6)

Voltages will be induced in the rotor bars according to the Lorentz force.

sωsrrlBδ x (11.7)er;bar x

These voltages are shown in Figure 11.2 as bars and as a fundamental wave em of the air-gap
voltage. The air-gap voltage affects the rotor and electric current is induced. Because the rotor
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has both resistance Rr and leakage inductance Lrσ, the rotor current distribution fundamental ir
will lag the air-gap induced voltage by the angle θr.

erir ir θ_r (11.8)
Rr jωslipLrσ

The rotor currents are shown both as arrow tips and tails and as vectors on the unwrapped rotor
plane and the fundamental distribution ir.

The Lorentz force effect works to move, for example, rotor bar number 5 to the left. Flux
density Bδ is upwards, and the electric current is towards the observer. The amplitude of the
force acting upon the bar will be

Fbar Bδir;barl (11.9)

This bar contributes to the torque of the machine as follows.

Tbar Fbarrr (11.10)

Figure 11.2 reveals the electric current in bars 1 through 8 to be downward. There happens to
be zero current in bar 1. Current in bars 9 through 16 is upward, and bar 9 has zero current.
Positive rotor torque develops, because the resulting flux density at bars 1 through 8 is
opposite in sign to the flux density at bars 9 through 16. Stator torque is the reaction to the
rotor torque and has the opposite sign.

The rotor current in Figure 11.2 contributes to the rotor flux Φr and corresponding rotor
flux linkage ψ r. This flux linkage ψ r is in phase with the rotor current. The air-gap flux density
Bδ can be integrated into the air-gap flux Φm, which produces, again with the stator winding,
the air-gap flux linkage ψm.

Figure 11.3 illustrates an induction motor with its space vectors and the same distributions
as Figure 11.2. The figure shows how the space vectors coincide with the peak values of the
real machine flux distributions. The stator flux linkage ψs leads the air-gap flux linkage ψm,
because the stator produces leakage flux linkage isLsσ just as rotor current produces its own
leakage flux linkage irLrσ. Serving as examples, the Lorentz forces producing torque are
marked at rotor bars 5 and 13.

The slip s also brings some challenges. Rotor loss is proportional to the per-unit slip s, and
therefore maximum theoretical rotor efficiency can be expressed as ηrot 1 ǀsǀ. In other
words, as per-unit slip increases motor efficiency decreases. The absolute value of ǀsǀ is
selected so the machine can also operate in generating mode at negative slip values. Because
slip is expressed as a per-unit value, its effect is weaker at higher machine speeds. Torque is
produced with the absolute angular velocity sωs of the rotor currents, but the efficiency is
limited by the per-unit slip. For a 2 Hz rotor frequency, for example, the maximum rotor
efficiency of a 50 Hz two-pole machine 1 2/50= 0.96. For a 500 Hz case, the maximum
rotor efficiency will be 1 2/500= 0.996.

Part of the electrical power taken by the motor is converted into heat in the stator, yet most
of the power is transferred as air-gap power through the rotating magnetic field to the rotor.
The mechanical power Pm generated by the motor at the rotation speed nr is

ωs ωr1 s Tem Tem ΩrTem (11.11)Pm 2πnrTem p p
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Figure 11.3 Operating principle of an induction motor showing (a) a cross-sectional view of
a squirrel-cage configuration with a space-vector diagram and corresponding currents, (b) a
space-vector equivalent diagram in the stator coordinate system with corresponding motor
voltages, currents, and flux linkages, and (c) the stator and rotor currents, flux-linkage space
vectors, and stator and rotor current linkages and their sum. In (b), all quantities are referred to
the stator, but the traditional prime is not used to designate the referred quantities, because the
real rotor currents must also be known for machine design cases. The stator current linkage
peak value is between stator slots 12 and 1, which also includes the stator current vector. The
rotor corresponding current linkage peak value is between rotor slots 8 and 10, which includes
the rotor current vector. The sum of the stator and rotor current linkages has its maximum
between stator slots 2 and 3, which is where the corresponding sum current vector im and the
air-gap flux-linkage vector ψm can be found. The figure also shows flux-linkage distributions
corresponding to vectors ψs, ψm, and ψr. Only ψm is built based on the real air-gap flux-
density distribution. In reality, the components of ψs and ψ r are distributed around the
machine with their leakage flux-linkage components. However, these flux linkages induce
real back emfs in the stator and rotor windings.
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where Tem is the electromagnetic torque, ωs is the electrical angular speed of the grid and Ω r is
the mechanical angular speed of the rotor.

Pyrhönen et al. (2014) showed that the electromagnetic torque Tem of a three-phase
induction motor can be written in terms of RMS phase voltage as follows.

2 RLsσ r13 Us;ph
Lm s

(11.12)Tem ωs 2 2
R =sRs ωsLsσr ωsLrσp

The primed parameters here (e.g., R ) are stator-referred rotor quantities. According tor
Equation (11.12) the electromagnetic torque is proportional to the square of the supply
voltage.

The pull-out torque Tb (maximum or breakdown torque) is produced at slip value sb.

Rr (11.13)sb
22Rs ωsLsσ ωsLrσ

The pull-out torque value for motoring can be determined as follows.
2Lsσ13 Us

Lm (11.14)Tb ωs 2
2 Rs R2 ωsLsσs ωsLrσp

As slip increases, the rotor becomes more and more inductive and torque takes the form
shown in Figure 11.4. Considering all the spatial harmonic fields, machine behaviour is
complex. As a result, a plot of torque as a function of slip is saddle shaped. The lowest torque

Figure 11.4 Adjusting the speed of a slip-ring induction motor by increasing the rotor
resistance (Rr1 is the smallest rotor resistance). The peak torque speed is lowered by increasing
rotor resistance. Pull-out torque slip occurs at approximately sb Rr/(ωsLk) with rotor
resistance referred to the stator voltage level and Lk being the short-circuit inductance
(Lk Lsσ+ Lrσ). If stator resistance can be neglected, the pull-out torque can be considered
constant.
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is produced at about 1/7th of the rated speed, which is where the seventh stator harmonic
brakes the rotor most significantly. This has been studied in more detail by, for example,
Pyrhönen et al. (2014).

An asynchronous machine is well adapted for low-accuracy direct online (DOL) drives.
DOL drives offer little in the way of machine control. Historically, slip-ring asynchronous
machines were a common choice. By adjusting external rotor resistance, the static torque
curve of the DOL asynchronous machine could be changed, making it possible to reduce the
rotation speed of the drive when necessary. See Figure 11.4.

However, the method of changing speed by adjusting external rotor resistance is lossy,
and therefore no longer widely applied in industry. The method may, however, be imple
mented also with power electronics so that rotor currents are rectified and slip energy is fed
back to the network. A modern version of this approach has been developed, the so-called
doubly fed drive, where the rotor of a slip ring induction machine is controlled by a four-
quadrant frequency converter. This drive technology is now dominant in wind power drives.

The speed control of an asynchronous machine cannot normally be implemented by just
controlling the stator voltage amplitude and keeping the frequency unchanged. To carry out
this type of speed adjustment, a deliberately high rotor resistance must be selected to achieve a
torque curve similar to the curve Rr4 in Figure 11.4. Otherwise, the operating point of the drive
may not be stable. See Figure 11.5.

When the stator voltage is lowered from the rated voltage Us1, rotor speed drops stably but
only slightly at first, which means that motor power does not drop significantly. The per-unit
slip, however, increases rotor losses heavily, bringing the motor into thermal danger. Since
peak torque is proportional to the square of the voltage, it drops rapidly with voltage. The
operating point with Us3 moves closer to the peak torque of the machine, and the operating
point with Us4 is no longer stable, because the induction motor torque and the load line
differentials have the same sign. Any increase in the load torque curve should reduce rotor
speed dramatically. This method of voltage speed control works if the rotor resistance is high
(see Rr5 in Figure 11.4), and if the motor is designed so the heat of its large rotor losses may be
safely removed.

Figure 11.5 Adjusting the speed of a fan or pump drive with a low-resistance-rotor
induction motor by decreasing stator voltage amplitude and keeping frequency unchanged.
The illustrated starting torque T1, minimum torque Tu, and breakdown torque Tb for voltage
Us1 are typical induction motor torque-producing behaviours.
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When frequency converters were first brought to market, engineers dreamt of replacing
DC-motors with regular squirrel-cage induction motors in speed controlled drives without
modifying the motor for a frequency converter drive system. A squirrel-cage asynchronous
machine is the simplest machine type for a speed-controlled drive if its modest dynamics and
poor speed accuracy can be accepted. The machine operates well with scalar control as the
inverter takes care only of the ratio of the supply voltage and the frequency in compliance with
the requirements of the induction law.

However, for accurate vector control, an asynchronous machine presents a challenge. In
particular, the typical slip makes it difficult to accurately control speed without feedback.
Despite their complex structures, the synchronous machines discussed in the previous
chapters are, after all, easier to control accurately than asynchronous machines. In practice,
accurate speed control of induction motors needs accurate rotor speed feedback or modified
rotors with some saliency. For saliency, signal injection can be used to detect the rotor speed
(Tüysüz et al., 2012).

A squirrel-cage motor designed for DOL-applications is not ideally suited for use in a
frequency converter drive, and therefore the original dream of using regular DOL motors in
speed-controlled applications cannot be fully satisfied.

11.1.1 Industrial motor types – the role of the induction machine

Electric motors account for nearly 45% of total global electricity consumption. Industry still
mainly utilizes three conventional electric machine types despite the more recently introduced
synchronous reluctance machine and the permanent magnet synchronous machine types. In
number, induction motors make up the largest group. DC machines are common for speed-
controlled drives, and synchronous machines are popular for large constant-speed DOL drive
applications. The large synchronous machines used in wood grinders employed by the forest
products industry is a typical example. Figure 11.6 illustrates the distribution of electric
motors in a typical forest industry plant in Finland.

Therefore, asynchronous machines clearly comprise the largest industrial energy con
sumption group. Their share also among control drives is constantly increasing along with
new control technologies. Asynchronous machine use may be peaking. In the future, other
machine types, such as permanent magnet machines and synchronous reluctance machines,
may gain ground.

Figure 11.6 The distribution of motors (a) by quantity and (b) by installed power in a large
Finnish wood-processing plant (Kaukonen, 1994).
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11.2 Asynchronous machine structures and the
main norms

The structures and characteristics of electric machines are regulated by various international
and national norms. Induction machines in particular are regulated by several standards. The
most important international standards have been published by IEC (International Electro
technical Commission), CENELEC (Comité Européen de Normalisation Électrotechnique),
and NEMA (National Electrical Manufacturers Association). The German VDE (Verband
Deutscher Elektroingenieure) standards are largely congruent with the IEC (International
Electrotechnical Commission) norms. The British Standard norms are widely adhered to in
former British Empire areas, whereas throughout North America, the adhered to norms are the
NEMA motor standards.

Totally enclosed fan-cooled induction motors constitute the most significant motor group.
The structure and behavioural characteristics of this motor type are briefly discussed in the
following text. According to ABB manufacturer information, totally enclosed induction
motors comply, for example, with the following norms.

• The structure, rating, and performance are compliant with IEC/EN 60034-1.

• Methods for determining losses and efficiency IEC/EN 60034-2-1 and 60034-2-2

• Terminal markings and rotation direction IEC/EN 60034-8

• Thermal protection IEC/EN 60034-11

• Starting performance IEC/EN 60034-12

• Induction motors fed with converters IEC/EN 60034-17

• Motors designed especially for converter supply IEC/EN 60034-25

• Effects of unbalanced supply IEC/EN 60034-26

• Efficiency – IE codes IEC/EN 60034-30

• Standard voltages IEC 60038

• The enclosure class complies with IEC/EN 60034-5. Totally enclosed machines in the
enclosure class IP55 are dust tight and water resistant.

• In totally enclosed fan-cooled machines, the type of cooling is IC 01 41, in compliance
with IEC/EN 60034-6. Frame-surface cooling is accomplished with an external shaft-
mounted blower. Machines are also supplied with a separate blower.

• The mounting and terminal box positioning are compliant with IEC/EN 60034-7. In the
standard, mounting position is indicated by two codes. Code I covers only the motor and
its bearing end shield and a single shaft extension. Code II is a general code. Motor
mounting positions are identified by an induction motor code. There are dozens of
different mounting position codes for foot-mounted motors and for flange-mounted
motors with either small or large flanges. There are a number of different code variants
that cover mounting orientation (i.e., whether or not the motors are mounted horizontally
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or vertically) and shaft configuration (i.e., the number and type of free shaft ends). An
ordinary foot-mounted motor for normal floor mounting is designated IM B3 or IM 1001.
A horizontal flange-mounted machine, large flange, is designated IM B5 or IM 3001.

• D-end and N-end: Motor ends in compliance with IEC/EN 60034-7 are designated by
the codes D (drive end) and N (nondrive end).

• The positive rotation direction for the motors is the clockwise direction when looking at
the D-end from the front of the motor.

• Noise limits IEC/EN 60034-9

• Mechanical vibration IEC/EN 60034-14

• Dimensions and output series IEC/EN 60072-1

• Degrees of protection by enclosures EN 50102

• General purpose three-phase induction motors with standard dimensions and outputs –
Frame sizes 36-315 and flange numbers 65 to 740 EN 50347

• Insulation and insulation classes: Insulation materials are categorized into insulation
classes in compliance with IEC 60085. The insulation class expresses the upper limit of
the operating ambient temperature range for the insulation material under normal
operating circumstances. Motor dimensioning is for an ambient temperature of 40 °C.
And, the motors may be operated at their rated power at maximum elevations up to
1000 m above sea level. See Table 11.1.

Insulating materials are classified according to their ability to resist high temperatures
without failure. Table 11.2 shows the temperatures according to the current IEC standard, and
the previous, although still commonly used, NEMA standard temperature classes with letter
codes. The hot spot allowance gives the highest permitted temperature the warmest part of the
insulation may reach. Temperature rise allowance denotes the highest permitted temperature
rise of the winding at rated load.

The most commonly used temperature class in industrial electric machines is 155 (F).
Also, the 130 (B) and 180 (H) classes are common. A machine may be designed according to
insulation class 130, but make use of materials belonging to class 155. Such an approach
should naturally offer a long lifetime for the insulation in practice.

As insulation ages, its long-term thermal resistance degrades, that is, its temperature rise
allowance drops. The concept of thermal index is used when evaluating the long-term thermal

Table 11.1 Effect of temperature and mounting level on the load capacity

Ambient temperature [°C] 30 40 45 50 55 60 70 80

Allowed power in per cent
of the rated power

107 100 96.5 93 90 86.5 79 70

Altitude above sea level [m] 1000 1500 2000 2500 3000 3500 4000

Allowed power in per cent
of the rated power

100 97 94.5 92 89 86.5 83.5
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Table 11.2 Temperature (insulation) classes of insulating materials (IEC 60034-1)

Insulation
Class (previous
designation)

Allowed
Hot Spot

Temperature
[°C]

Permitted Temperature
Rise for a 40 °C Ambient

Temperature
[°C]

Permitted Average
Winding Temperature

Determined by Resistance
Measurement [°C]

90 (Y) 90

105 (A) 105 60

120 (E) 120 75

130 (B) 130 80 120

155 (F) 155 100 140

180 (H) 180 125 165

200 200

220 220

250 250

resistance of a single insulator. The thermal index is the maximum temperature an insulator can
be safely exposed to in operation for an average life of 20,000 hours based on specified
controlled test conditions (e.g., IEEE). This time is short. In practice, therefore, the rated
temperature should be marginally reduced to extend the operating life of the insulation. A 10 °C
drop in operating temperature approximately doubles insulation life. Short-term thermal
resistance refers to thermal stress durations of a few hours at maximum. Exposed to short-
term thermal stresses, an insulator may melt, bubble, shrink, or become charred. The insulation
material should not be damaged in any of the aforementioned ways if the safe operating
temperature is only moderately exceeded during normal operation. In Table 11.2, temperature
rise refers to the permitted temperature rise of a winding at rated load. This temperature rise is not
sufficient to cause premature aging of the insulator. An insulator exposed to excessive
temperature fluctuation may become brittle and/or develop cracks. In certain operating
situations, the frost resistance of the insulation material may become important.

The following tolerances are specified by IEC 60034-1.

Power factor is measured at rated power. The tolerance limit compliant with the standard is
(1/6)(1 cosφ), however, the error must be in the range of [0.02, 0.07].

Voltage and frequency-The tabular values hold for rated power and frequency. The motor
may be constantly loaded at its rated power if the voltage deviates from the rated value ±5% at
maximum. In that case, the temperature rise may be 10 K. The voltage may deviate only
temporarily 5–10% from the rated value.

Slip-The tolerance for slip is ±20%.

Efficiency-The tolerance for efficiency is 10% (1 η) when the motor power is greater than
50 kW and 15% (1 η) when the motor power is less than or equal to 50 kW.

Rotation speed-AC motors must withstand at least 1.2 times the rated speed.
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Table 11.3 Torque requirements of a three-phase induction motor producing normal torque
(N-type) in compliance with IEC 60034-12. See the definitions of T1, Tu, and Tb in Figure 11.5

Power Range [kW] Number of Poles

2 4 6 8

Tl Tu Tb Tl Tu Tb Tl Tu Tb Tl Tu Tb

0.4<PN 0.63 1.9 1.3 2.0 2.0 1.4 2.0 1.7 1.2 1.7 1.5 1.1 1.6

0.63<PN 1.0 1.8 1.2 2.0 1.9 1.3 2.0 1.7 1.2 1.8 1.5 1.1 1.7

1.0<PN 1.6 1.8 1.2 2.0 1.9 1.3 2.0 1.6 1.1 1.9 1.4 1.0 1.8

1.6<PN 2.5 1.7 1.1 2.0 1.8 1.2 2.0 1.6 1.1 1.9 1.4 1.0 1.8

2.5<PN 4.0 1.6 1.1 2.0 1.7 1.2 2.0 1.5 1.1 1.9 1.3 1.0 1.8

4.0<PN 6.3 1.5 1.0 2.0 1.6 1.1 2.0 1.5 1.1 1.9 1.3 1.0 1.8

6.3<PN 10 1.5 1.0 2.0 1.6 1.1 2.0 1.5 1.1 1.8 1.3 1.0 1.7

10<PN 16 1.4 1.0 2.0 1.5 1.1 2.0 1.4 1.0 1.8 1.2 0.9 1.7

16<PN 25 1.3 0.9 1.9 1.4 1.0 1.9 1.4 1.0 1.8 1.2 0.9 1.7

25<PN 40 1.2 0.9 1.9 1.3 1.0 1.9 1.3 1.0 1.8 1.2 0.9 1.7

40<PN 63 1.1 0.8 1.8 1.2 0.9 1.8 1.2 0.9 1.7 1.1 0.8 1.7

63<PN 100 1.0 0.7 1.8 1.1 0.8 1.8 1.1 0.8 1.7 1.0 0.7 1.6

100<PN 160 0.9 0.7 1.7 1.0 0.8 1.7 1.0 0.8 1.7 0.9 0.7 1.6

160<PN 250 0.8 0.6 1.7 0.9 0.7 1.7 0.9 0.7 1.6 0.9 0.7 1.6

250<PN 400 0.75 0.6 1.6 0.75 0.6 1.6 0.75 0.6 1.6 0.75 0.6 1.6

400<PN 630 0.65 0.5 1.6 0.65 0.5 1.6 0.65 0.5 1.6 0.65 0.5 1.6

Instantaneous overcurrent-AC generators must withstand 1.5 times the rated current for a
duration of 30 s (15 s for generators above 1200 MVA). Three-phase AC generators below
1 kV and 315 kVA must withstand 1.5 times the rated current for a duration of 2 min. The
capability of withstanding instantaneous overcurrent for three-phase motors larger than this
has not been specified. Neither has a specification been defined for any single-phase motors.

Torque is the most important motor parameter. IEC 60034-12 defines the torque requirements
for various induction motors within normal and high torque ranges and for star-delta starting. In
all, there are four motor types: N (normal torque), H (high torque), and NY (normal torque, star-
delta starting) and HY (high torque, star-delta starting). The locked rotor torque Tl, the saddle
torque Tu, and the pull-out torque Tb are given for machines producing normal torque as a
relative value of the rated torque according to Table 11.3. These values are minimum values at
the rated voltage (UN 690 V). The torque values required of the H-type machines are notably
higher. Relative starting torque must vary from 2 for large machines to 3 for small machines.
Correspondingly, saddle torque varies between 1.4 and 2.1. In NY-motor start-up, T1 and Tu
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must be 25% of the values of equivalent N-motors. In DOL applications, the starting of large
induction motors may be difficult for high torque loads. The minimum torque produced in DOL
drives, for example by a 630 kW N-type motor, is only 50% of the rated torque. If higher starting
torque is needed, a frequency converter drive offers a straightforward solution that also stresses
the supply network significantly less than the DOL drive.

Unless otherwise determined, the breakdown torque Tb of the machine should be at least
160% of the rated torque under rated circumstances. At the rated voltage, the minimum torque
Tu for three-phase machines below 100 kW must be at least 0.5 times the rated torque, and 0.5
times the locked-rotor torque. Correspondingly, the minimum torque must be at least 0.3
times the rated torque and 0.5 times the locked-rotor torque for motors 100 kW. For single-
phase motors and three-phase multi-speed motors, the minimum torque must be at least 0.3
times the rated torque.

Irrespective of duty type, polyphase asynchronous motors and DC motors must withstand
torques that exceed their rated values by 60% for a duration of 15 s without a sudden change in
rotation speed. Machine frequency and voltage must remain at the rated values.

An asynchronous motor with a wound rotor (i.e., a slip-ring machine) must withstand a
torque that exceeds its rated value by 35% for a duration of 15 s. Correspondingly a
nonsalient-pole synchronous motor must withstand 35% overtorque, and a salient-pole
machine must withstand 50% overtorque without pulling out of synchronism when the
excitation remains at the rated value.

Starting current and starting time in DOL applications

When starting, DC braking, or reversing the direction of rotation in an induction motor
operating direct on line, the ratio of actual-to-rated current increases by orders of magnitude,
because at stall, rotor squirrel-cage currents heavily oppose stator-current–induced flux. The
rotor currents force the flux to travel mostly around the rotor, and therefore the machine
exhibits transient inductance that largely corresponds to the sum of the stator and rotor leakage
inductances. Current magnitude also affects line voltage drop and temperature rise. Voltage
drop also reduces the starting torque of the motor and may disturb other devices operating
direct on line, particularly in a frail grid. The excessive temperature rise of the motor, in turn,
weakens and reduces the service life of the electrical insulation materials.

International standards delimit the starting torque of induction motors by defining a
maximum apparent power or a maximum current for a motor at stall. Table 11.4 presents the
maximum permitted starting apparent powers proportioned to the motor shaft output power in
compliance with the IEC standard.

Table 11.4 Maximum permitted starting apparent powers Sst in
compliance with the IEC when the motor is at stall supplied at its
rated voltage

Motor Rated Power PN [kW] Sst/PN

0.4<P 6.3 13

6.3<P 25 12

25<P 100 11

100<P 630 10
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For instance the starting apparent power of a 4 kW motor may be 52 kVA, which at 400 V
yields the permitted starting current of 75 A [52000 VA/(400 V× 3)= 75 A]. The rated
current for a 400 V and 4 kW motor is typically 7.5 A, and therefore the maximum allowed
starting current could be 10 times the rated motor current. A current demand this high can
easily burden the supply network resulting in a significant network voltage drop. The motor
would have to start with lowered voltage, which results in a significantly reduced starting
torque, because torque capability is proportional to the square of the terminal voltage.

Traditionally, DOL motors have used starting currents that are below the limiting values.
However, reducing losses and increasing efficiency often results also in increasing starting
current level, so the highest efficiency motors may have starting currents that reach the
limiting values.

The allowed maximum DOL starting time for motors at normal operating temperature
varies between 10 and 40 s depending on motor size and number of poles. With star-delta
starting, these times triple. If the motor is at room temperature prior to starting, the starting
times may double.

Industrial DOL induction motors and their losses

In industry, electric motors account for more than 80% of total electricity consumption. Of
that 80%, about 75–80% goes to asynchronous motors. On average, 6% of the electricity
consumption of the asynchronous machines can be attributed to losses in the machine.

In the wood-processing industry, for example, asynchronous motors are by far the largest
electrical energy consumer group. A single plant may operate more than 10,000 asynchronous
motors, and 80–90% of the asynchronous motors run at powers of 37 kW or below.
Previously, no special attention was paid to selecting small induction motors best adapted
to the purpose or to the efficiency of the motors. Figure 11.7 presents the power balance of a

Figure 11.7 The Sankey diagram of a 4 kW two-pole IE3 induction motor. PFe represents
the iron losses, PCus is the resistive stator losses, and PLL represents additional load losses. Pδ
is air-gap power, PCur is resistive rotor losses, and Pρ represents friction losses. The sum of
these losses (550 W total) must be removed from the machine using the available temperature
difference with respect to ambient temperature. Source: Pyrhönen et al. (2014). Reproduced
with permission of John Wiley & Sons Ltd.
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Figure 11.8 Size distribution of induction motors with power of 37 kW or below in a large
wood-processing plant with more than 10,000 installed induction motors (Kaukonen, J.
(1994). Epätahtimoottoreiden sähkönkulutus ja häviöt puunjalostusteollisuudessa. M.Sc.
thesis, Lappeenranta University of Technology).

typical IE3 4 kW induction motor. Operating at rated power, 12% of the supplied electrical
energy is lost as heat. The proportion of the copper (load) losses is quite large – 62.5% of the
total losses. Because of the high cost of copper, these asynchronous machines are designed for
general-purpose use, and therefore they are not necessarily dimensioned for the demands of
the drives operating constantly close to their rated power. In fact, drives of this kind would
require a machine type of their own.

Figure 11.8 illustrates the distribution of different motor sizes in a wood-processing plant
with more than 10,000 installed motors.

An induction motor is well adapted to industrial drives thanks to its simple and durable
configuration and good loading characteristics. Asynchronous motors account typically for
70–80% of the total industrial electrical energy consumption. Small-scale motors ( 37 kW)
account for 15–20% of the total number of asynchronous motors. Figure 11.9 shows the
percentage distribution of the electrical energy consumption for asynchronous motors in a
typical wood-processing plant.

Figure 11.9 Percentage distribution of electrical energy consumption for asynchronous
motors at a large wood-processing plant (Kaukonen, J. (1994). Epätahtimoottoreiden
sähkönkulutus ja häviöt puunjalostusteollisuudessa. M.Sc. thesis, Lappeenranta University
of Technology).
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Figure 11.10 Distribution of losses in asynchronous motors by power class at a large wood-
processing plant (Kaukonen, J. (1994). Epätahtimoottoreiden sähkönkulutus ja häviöt
puunjalostusteollisuudessa. M.Sc. thesis, Lappeenranta University of Technology).

At the subject wood-processing plant, losses account for about 6% of the electrical energy
consumed by asynchronous motors. Motors with a rated power of 37 kW or below account for
35% of all losses. Comparing the ratio of losses to electricity consumed by the motor group as
a whole reveals that the relative amount of energy consumed in losses in the motors with a
rated power of 37 kW or below is 2.5 times as high (37%/15%, share of losses/share of energy
consumption) as in the motors above 37 kW.

Appropriate DOL motor selection

Recently, the EU has established new regulations concerning electric motor efficiencies. The
IE-classes (IEC/EN 60034-30) dictate the minimum efficiencies of induction motors for
different applications. Figure 11.11 illustrates the efficiency limits for efficiency classes IE1–
IE4.

An asynchronous motor drive must be based on a motor best adapted to the target purpose.
The most important criterion is technical functionality followed by economic efficiency. A
prerequisite of technical functionality is correct sizing, which is based on the expected load
conditions. Economic efficiency is based on long-term optimization, in which purchase price
and operating costs are minimized. Asynchronous motor efficiency improves with rated
power. In some cases, selecting a motor with somewhat higher power than actually required
for the duty will yield better efficiency and be a better long-term optimum.

In a DOL drive, efficiency remains quite constant or increases slightly when power drops
from the rated to 50% of the rated value. Applying present sizing criteria, efficiency often
reaches a maximum value at 75% load. Therefore, to achieve the best efficiency within the
limitations of the drive, it is advisable to size a motor so it normally operates at approximately
75% of its rated power level. Selecting a motor at a rated power level a step higher than required
by the load can take advantage of the larger motor’s efficiency. Particularly in the case of small
motors, the efficiency at a rated power improves rapidly along with the machine size.

Figure 11.12 illustrates the efficiency of some DOL motors as a function of both relative
and absolute power.
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Figure 11.11 Minimum nominal efficiencies ηn for four-pole asynchronous motors as a
function of rated power PN. Class IE1 motors can no longer be sold. IE2 motors may be sold
for frequency converter drives. DOL motors must be at least class IE3. With an induction
motor, it is difficult to achieve a class IE4 efficiency level and simultaneously fulfil all the
boundary conditions set by standards.

The figure clearly shows which machine should be chosen for a certain DOL duty to
maximize efficiency. The motor with the topmost efficiency curve at the shaft output power in
question should always be selected. The figure supports the advisability of sizing the motor so
it operates at about 3/4 power, which means choosing a motor that is rated at the next higher
power level. Selecting a larger or smaller motor results in lower efficiency.

Consider what happens if the selected motor is too large. A 5.5 kW motor will operate at
about 90% efficiency if the actual power required is 5 kW. A more appropriately sized 7.5 kW
motor will operate at about 91.5% under the same load conditions. This represents a
substantial improvement in efficiency. However, if a 15 kW motor is used, it will be
operating at only 33% of its rated power, and its efficiency at this point will be about 89.5%.

Motor cooling, the selection of motor size, and duty type in DOL applications

In electric machines, part of the supplied energy is always converted into heat. For instance,
when the efficiency of a 4 kW standard IE3 induction machine at rated power is 88%, there are
4% and 1.5% heat losses in the stator copper and stator iron, respectively, and 3.5% heat
losses in the rotor. Friction and additional losses amount to about 3% of the total. The
remaining 88% of the supplied energy is converted to the mechanical energy of the shaft.
The internal heat being produced in the machine must be removed by transferring it to the
surrounding environmental medium. Electric machine cooling methods are defined in IEC
60034-6. Enclosure classes are defined in IEC 60034-5. The enclosure class depends on the
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Figure 11.12 Class IE3 three-phase four-pole DOL induction motor efficiencies as a
function of load at rated voltage.

cooling method. For instance, the enclosure class IP 44 designates a good mechanical and
moisture protection that are not compatible with the cooling method IC 01, since it requires an
open machine. Table 11.5 introduces the most common IC classes.

Electric machine duty types are designated according to IEC 60034-1 (2004) as S1, S2,
S3 . . . S10.

Duty type S1 – continuous running duty

Operation at constant load maintained for sufficient time to allow the machine to reach
thermal equilibrium - A machine for this kind of operation is stamped with the abbreviation
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Table 11.5 Most common IC classes of electric machines

Code Definition

IC 00 The coolant surrounding the machine cools the inner parts of the machine. The
ventilating effect of the rotor is insignificant. The coolant is transferred by free
convection.

IC 01 Like IC 00, but with an integral fan mounted on the shaft or the rotor to circulate
the coolant, a common cooling method for open induction motors

IC 03 A method similar to IC 01, but with a separate motor-mounted blower having
same power source with the machine to be cooled

IC 06 A method similar to IC 01, but the coolant is circulated with separate motor
mounted blower with different power source. There can also be a single
extensive blower system supplying the coolant for several machines.

IC 11 The coolant enters the machine via a ventilating duct and passes freely to the
surrounding environment. The circulation of the coolant is carried out with a
motor or shaft mounted blower.

IC 31 The rotating machine is inlet and outlet pipe ventilated. The circulation of the
coolant is carried out with a motor or shaft mounted blower.

IC 00 41 Totally enclosed internal circulation of the coolant by convection and cooling
through the frame with no separate blower.

IC 01 41 Like IC 00 41, but the frame-surface cooling takes place with a separate shaft
mounted blower causing the circulation of the coolant. This is the cooling
method used in ordinary, totally enclosed fan-cooled induction motors.

IC 01 51 Totally enclosed internal cooling by convection - Heat is transferred through an
internal air-to-air heat exchanger to the surrounding medium, which is
circulated by a shaft mounted blower.

IC 01 61 Like IC 01 51, but the heat exchanger is mounted on the machine.

IC W37 A71 Totally enclosed internal cooling by convection - The heat is transferred through
an internal water-to-air heat exchanger to the cooling water, which is circulated
either by supply pressure or an auxiliary pump.

IC W37 A81 Like IC W37 A71, but the heat exchanger is mounted on the machine.

S1. This is the most common duty type and normally stamped on the nameplate if no special
requirements are set to a machine.

Duty type S2 – short time duty

Operation at constant load for a given time, less than that required to reach thermal
equilibrium - Each operation period is followed by a time at deenergized rest of sufficient
duration to re-establish the temperature of the surrounding air. For machines of short time
duty, the recommended durations of the duty are 10, 30, 60, and 90 minutes. The appropriate
abbreviation is S2, followed by an indication of the duration of the duty, stamping, for
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example, S2 60 min. The same motor that is stamped 1.1 kW S1 may be stamped, for example,
1.5 kW S2 30 min.

Duty type S3 – intermittent periodic duty

A sequence of identical duty cycles, each including a time of operation at constant load and a
time at de-energized rest. Thermal equilibrium is not reached during a duty cycle. Starting
currents do not significantly affect the temperature rise. The cyclic duration factor is 15%,
25%, 40%, or 60% of the 10-minute duration of the duty. The appropriate abbreviation is S3,
followed by the cyclic duration factor, stamping, for example, S3 25%.

Duty type S4 – intermittent periodic duty with starting

A sequence of identical duty cycles, each cycle including a significant starting time, a time of
operation at constant load and a time at deenergized rest. Thermal equilibrium is not reached
during a duty cycle. The motor stops by naturally decelerating, and therefore the motor is not
thermally stressed. The appropriate abbreviation for stamping is S4, followed by the cyclic
duration factor, the number of cycles in an hour (c/h), the moment of inertia of the motor (JM),
the moment of inertia of the load (Jext) referred to the motor shaft, and the permitted average
counter torque Tv during a change of speed given by means of the rated torque. Stamping, for
example, S4 - 15% - 120 c/h - JM= 0.1 kgm2 - Jext= 0.1 kgm2 - Tv= 0.5 TN.

Duty type S5 – intermittent periodic duty with electrical braking

A sequence of identical duty cycles, each cycle consisting of a starting time, a time of operation
at constant load, a time of braking, and a time at deenergized rest. Thermal equilibrium is not
reached during a duty cycle. In this duty type, the motor is decelerated with electrical braking,
for example, counter-current braking. The appropriate abbreviation for stamping is S5,
followed by the cyclic duration factor, the number of cycles per hour (c/h), the moment of
inertia of the motor JM, the moment of inertia of the load Jext, and the permitted counter torque
Tv. Stamping, for example, S5 - 60% - 120 c/h-JM= 1.62 kgm2 - Jext= 3.2 kgm2 - Tv= 0.35 TN.

Duty type S6 – continuous-operation periodic duty

A sequence of identical duty cycles, each cycle consisting of a time of operation at constant
load and a time of operation at no-load. Thermal equilibrium is not reached during a duty
cycle. The cyclic duration factor is 15%, 25%, 40%, or 60% and the duration of the duty is
10 min. Stamping, for example, S6 60%.

Duty type S7 – continuous-operation periodic duty with electrical braking

A sequence of identical duty cycles, each cycle consisting of a starting time, a time of
operation at constant load and a time of electrical braking. The motor is decelerated by
countercurrent braking. Thermal equilibrium is not reached during a duty cycle. The
appropriate abbreviation is S7, followed by the moment of inertia of the motor, the moment
of inertia of the load and the permitted counter torque (cf. S4). Stamping, for example,
S7 - 500 c/h - JM= 0.06 kgm2 - Tv= 0.25 TN.

Duty type S8 – continuous-operation periodic duty with related load/speed changes

A sequence of identical duty cycles, each cycle consisting of a time of operation at constant
load corresponding to a predetermined speed of rotation, followed by one or more times of
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operation at other constant loads corresponding to different speeds of rotation (carried out, for
example, by means of a change in the number of poles in the case of induction motors). There
is no time at deenergized rest. Thermal equilibrium is not reached during a duty cycle. The
appropriate abbreviation is S8, followed by the moment of inertia of the motor, the moment of
inertia of the load, and the number of duty cycles in an hour. In addition, a permitted counter
torque and the cyclic duration factor must be given. Stamping, for example, S8 - JM = 2.3
kgm2 - Jext 35 kgm2, 30 c/h - Tv= TN - 24 kW - 740 r/min - 30%, 30 c/h - Tv= 0.5 TN - 60 kW 
1460 r/min - 30%, 30 c/h - Tv= 0.5 TN - 45 kW - 980 r/min - 40%

Duty type S9 – duty with nonperiodic load and speed variation

Duty type S10 – duty with discrete constant loads

Loads and combinations of rotation speeds are stamped in the order they occur in the duty
cycle.

When choosing the motor, the torque profile of the load and the thermal time constant of
the machine must be known. When the duty comprises periods that are clearly shorter than the
thermal time constant of the motor, it is possible to overload the motor for short periods if the
average losses are smaller than the rated losses of the motor. The thermal time constants of a
totally enclosed induction motor vary depending on machine size from tens of minutes to an
hour or even to several hours. For instance, according to LUT measurements, a standard IE3
four-pole 15 kW TEFC induction motor, operating at the rated load, reaches its end
temperature in about five hours, and its thermal time constant is about 45 minutes (Kärkkäinen
2015). In the dimensioning of the motor, an RMS value must be determined for the effective
power Pef, and the motor rated power PN must be at least this equivalent power. According to
the definition of the RMS value, the following statement can be written.

PN Pef
1
tcef ∫

to

0

P2 t dt (11.15)

In Equation (11.15), P(t) is the motor operating power as a function of time, to is the operating
period (motor current on), tcef is the effective cooling period depending on the motor running
or standing. Of the total time the motor is standing, only 20% can be counted in the effective
cooling time.

The duty types S1 (continuous running duty) may be defined with Equation (11.15). Also
S3 (intermittent periodic duty), and S6 (continuous-operation periodic duty) allow dimen
sioning based on Equation (11.15) as long as the cycle time tj is short compared to the thermal
time constant of the machine. Motor selection in compliance with duty type S2 requires
specific knowledge of the machine. In-depth technoeconomical dimensioning analysis must
be carried out if heavy starting and braking duties are expected.

In rated duty, rated losses are removed by the cooling system. From the thermal point of
view, the motor selection in the periodic duties is based for instance on the definition of
dissipation energy balance. In that case, a dissipation power corresponding to the rated duty is
removed from the machine during the effective cooling time tcef of the cycle. Therefore, it is
possible to base the dimensioning of the motor on the determination of the rated current
corresponding to the load. The rated current IN of the motor corresponding to the effective Ief
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load current must be

to
1

I2 t dt (11.16)IN Ief ∫tcef
0

In dimensioning the motor rated current, the operating current may be divided into sub-
currents according to corresponding operating cycle sub-periods, which are then used to
calculate the effective motor current.

to1 to2 to3 ton

1
. . . t dt : (11.17)1 t dt 2 t dt 3 t dtIN Ief n∫ I2 ∫ I2 ∫ I2 ∫ I2

tcef
0 to1 to2 to n 1

The stator current of an asynchronous machine also includes inductive current, and therefore
the power factor of the motor is included in the calculation. In the case of partial loads, the
power factor of the motor must be employed. Actually, Equation (11.15) is not accurate for
induction motors as they have different efficiencies and different power factors at different
loads. Therefore, current-based estimations may give results that are more reliable.

Determining equivalent cooling time is problematic, since the cooling properties of the
motor are usually highly dependent on rotation speed. As a rule of thumb, the cooling power
of a machine at rest and de-energized is about 20% of the rated cooling power. Therefore, for
example, for duty type S3, 20% of the standing time is included in the effective cooling time.
See Example 11.1.

EXAMPLE 11.1: Check whether a totally enclosed fan cooled (TEFC) motor, with S1
compliantmotorpower that isexceededby30%,canbeappliedtoS3-25%dutyin10-minute
cycles. The power factor at 130% is cosφ= 0.87 and cosφ= 0.85 at rated power. The effect
of changing efficiency can be ignored.

SOLUTION: If the time constant of the subject machine is long enough relative to the
10-minute cycle, the following approach can be used. The thermal time constants of TEFC
induction motors are typically tens of minutes. In the case of larger motors, the time
constants can be even hours. The effective cooling time is tcef= 0.25+ 0.20× 0.75= 0.4 of
the operating period. The motor operating current during the load period is I= 1.30
IN× 0.85/0.87= 1.27 IN. These values are used in (11.17) to determine the effective
current of the machine.

0.25 1.0
1

Ief 1.272I2 02dt 1.0INNdt
0.4 ∫ ∫

0 0.25

Because the effective current corresponds to the motor rated current, and the operating
period is short, it can be assumed that the motor windings reach the same temperature in
this S3-25% 10-minute 30% overload compared to S1 cycle or S1 rated operating.
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The dimensioning is checked with Equation (11.15).

0.25
1

Pef 1.32 t dt 1.03PN0.4 ∫
0

The result obtained from Equation (11.15) ignores the improved power factor, and
therefore indicates that a slightly larger machine than the initially dimensioned one is
needed. However, if the ambient temperature of the motor is lower than 40 °C, and the
mounting altitude is less than 1000 m, this motor can most probably be used safely.

However, if a motor is intended for high performance industrial use, it should probably be
over dimensioned to ensure a longer operating life. According to Kärkkäinen (2015), the
thermal time constant for a typical 15 kW four-pole 400 V asynchronous motor is
approximately 54 minutes. For such an example, a 10 minute period can be regarded
as “short” with respect to the thermal time constant of the motor.

11.3 Frequency converter drives – losses in a PWM
inverter drive

Induction motor inverter drives are common. The sine-triangle comparison, commonly used
in the PWM technique, produces PWM pulse trains for the voltage references between points
U and N and V and N as was discussed in Chapter 7. Sidebands of the motor-supply voltage
harmonics occur in regions near the multiples of the inverter switching frequency. Therefore,
the lowest harmonics of the PWM inverter are found near the switching frequency. When the
target is to obtain current waveform that is as close to sinusoidal as possible, the motor
switching frequency must be raised. State-of-the-art motor control systems (e.g., the DTC) do
not necessarily have fixed modulation frequencies, and therefore the frequency spectrum does
not remain constant. However, harmonics occur in a manner that is somewhat similar to the
occurrence of harmonics in a traditional PWM. The difference is that the frequency spectrum
is spread over a wider range, and the peaks are not as clear as in the sine modulation.

The rate of current change in an inverter-driven induction motor at the inverter switching
frequency is limited by the transient inductance L of the machine. See Figure 11.34. Thes
transient inductance characterizes the inductance experienced by the fast pulse that is fed to
the stator. Only via its leakage inductance does the rotor manage to react to the fast pulse. This
transient inductance can be determined, for instance, by employing the short pulses obtained
from the inverter. In principle, the transient inductance of an induction motor corresponds
somewhat accurately to the short circuit inductance Lk of the machine. In practice, L ≠ Lks
because of the different magnetic states in the regions where these inductances are measured.

In modern vector-controlled inverters, the pulse pattern does not necessarily follow a fixed
modulation scheme. However, in steady state, the pulse pattern is selected to introduce to the
inductive load as sinusoidal a current as possible.

Controlling an induction motor with an inverter drive is challenging. When inverters were
first introduced, they seemed to offer effective induction motor control. However, thyristor
PWM inverters operating at low switching frequencies increased losses to such a degree that
continuous-duty rated powers had to be lowered by 10–20%. In thyristor inverters, the
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switching frequencies were in the range of only a few hundred Hertz. The low switching
frequencies and the resulting slow voltage-rise rates were an advantage from the insulation
point of view. With low du/dt rates, insulation stresses caused by the PWM are minimized.
However, motor cables must be kept short. High du/dt rates may cause severe overvoltages in
the windings that can damage the motor insulations. The switching frequencies of inverters
that use, for example, IGC-Thyristors, are low, which distorts the current waveforms so the
motors can only accommodate 90–95% loading at rated speed. With today’s IGBTs or SiC
MOSFETs, the switching frequency can be several kHz. du/dt filters are used in the inverters
to protect motor insulation.

Irrespective of the switching frequency of the inverter, distortion is caused in the inverter-
driven motor by the distortion voltages to the phase current of the motor. The high-frequency
phenomena experience the transient inductance L of the motor. The amplitudes of fluxs
components of the switching frequency occurring in the air gap is quite small, and their
penetration to the iron circuits is quite limited. Nevertheless, the inverter’s switching-
frequency loss components manifest in the induction motor. Higher switching frequencies
result in better (nearly sinusoidal) motor current. Lower switching frequencies result in more
distorted current and greater inverter-induced losses.

An inverter drive increases induction motor losses in the following ways.

• High-frequency current components increase skin effects in the windings. The stator
winding of small machines, however, is usually made of thin enough wire that skin-
effect losses are insignificant. If the winding of the machine is made of solid preformed
copper, the losses caused by the skin effect are greater.

• Despite the damping effect of the leakage inductances, the high-frequency current
components produce small high-frequency components in the air-gap flux of the
machine, thus increasing the iron losses of the machine.

• The rotor surface of the machine is particularly susceptible to losses in the inverter
drive. Depending on the ratio of the rotor flux leakage and the magnetizing inductance,
a portion of the fast transients pass through the magnetizing inductance, producing
high-frequency components in the air-gap flux. When current harmonics cause high-
frequency air-gap time harmonics, the flux components tend to be damped by the eddy
currents induced in the induction motor cage winding. Consequently, losses occur
in the rotor conductors and especially in the iron near the rotor slot opening. See
Figure 11.13.

To reduce the losses in the rotor slot opening, the slot opening type illustrated in
Figure 11.14 was introduced for inverter motors. Since the saturating slot wedge is rather
long, a slot opening of this type provides a smaller leakage flux in the rotor slot opening than
traditional solutions. Simultaneously, the losses caused by eddy currents in the iron of the
rotor slot opening are reduced.

An open rotor slot best prevents surface-loss problems in an inverter motor. Therefore, the
rotor windings of motors intended for inverter drive are often manufactured of preformed
copper. The copper is shaped to leave the rotor slot opening slightly open. On the other hand, this
reduces the transient inductance of the machine and may cancel the effect of the open rotor slot.

Figure 11.15 depicts the largest voltage and current harmonic components shown as a
frequency spectrum for a DTC converter fed induction motor. The phase voltage is
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Figure 11.13 Because the air-gap flux includes harmonic components at the inverter switch
ing frequencies, air-gapflux has corresponding high-frequency components. Currents that resist
high frequencyfluxes are produced in the rotor winding. These currents produce high-frequency
leakage flux components that pass through the rotor slot opening. In the slot-opening region,
there are considerable losses in the saturating iron, particularly in the case of closed slots.

Figure 11.14 Example of slot-opening shape applied to inverter motors when using an
aluminium pressure-cast rotor. This configuration provides a path for the leakage flux, and
therefore the losses in the long iron bridge remain lower than in the case of ordinary rotor bars.

Figure 11.15 Measured and simulated spectra of phase currents from a DTC converter with
an average switching frequency of 3 kHz with a 25 Hz fundamental frequency scaled out of
the figure. Source: Reproduced with permission from Dr Aarniovuori.
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Figure 11.16 Efficiency of a 22 KW, 400 V asynchronous motor drive at rated torque. The
uppermost curve corresponds to converter efficiency, the next curve down is motor efficiency,
and the lowermost curve is measured drive efficiency. The peak system efficiency is 89%, and
the motor rated efficiency at the sinusoidal supply is 93%. In this case, motor efficiency is
reduced by about 1% in the converter supply.

considerably distorted; however, the phase current is almost sinusoidal including only small-
amplitude harmonic components when applying an average switching frequency of 3 kHz.

To examine the efficiency behaviour of an IGBT inverter and a 22 KW, 400 V induction
motor, Figures 11.16 and 11.17 present the measured efficiencies of an electrical motor drive
and its components at different frequencies at rated torque and at 25% of the rated torque.

Since the switching frequency of the inverter affects the efficiency of the motor and the
inverter, the changes in efficiency for the entire drive are presented as a function of the inverter
switching frequency in Figure 11.18. The figure shows how converter efficiency decreases as

Figure 11.17 Efficiency of a 22 KW, 400 V asynchronous motor drive at 25% of rated
torque. The uppermost curve corresponds to converter efficiency, the next curve down is
motor efficiency, and the lowermost curve is the measured drive efficiency. These efficiencies
are clearly lower than at rated torque.
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Figure 11.18 The effect of modulator carrier frequency, which is naturally close to the
average switching frequency, on the efficiency of a converter drive at 75% torque and a rated
supply frequency of 50 Hz. The maximum carrier frequency of the inverter is 12 kHz. Motor
current is nearly sinusoidal at this carrier frequency, and motor efficiency is almost as high as
when driven by a sinusoidal line voltage. These measurements were carried out at the highest
motor efficiency at about 75% power and at the rated frequency. The peak efficiency of the
drive occurs at approximately 6-kHz carrier frequency.

switching frequency increases, and how the efficiency of the motor improves. The decrease in
inverter efficiency is clearly due to increased switching losses. In the example case, as the
modulator carrier frequency increases, motor losses decrease faster than inverter losses, and
therefore the efficiency of the whole drive improves with the increased carrier frequency until
reaching a 6-kHz carrier frequency. At 12 kHz, the motor efficiency increase is smaller than
the inverter efficiency decrease, and therefore total drive efficiency begins to decrease.

Finally, Figure 11.19 sums up the total efficiencies as a function of supply frequency with
modulator carrier frequency as a parameter when the motor is running at its rated torque. The
figure shows that the efficiency of the drive does not significantly depend on the carrier
frequency of the output stage of the inverter. In this example case, the changes in the inverter
and motor losses nearly cancel. In general, the PWM converter and induction motor
combination can provide high efficiency over different frequency and torque ranges.

As speed decreases, the cooling effectiveness of the totally enclosed fan-cooled machine
starts to decrease rapidly, and its torque must be limited. Figure 11.20 illustrates how much
load the machine can tolerate when supplied with different switching frequencies and
different modulation principles.

Figure 11.21 depicts the estimated load capacity of a totally enclosed fan-cooled induction
motor in corresponding circumstances.

11.4 Frequency converter control methods for an
induction motor

In chronological order, the control methods for an induction motor are scalar control, vector
control, and DTC. Thefirst inverters were based on the scalar control principle. Blaschke (1971)
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Figure 11.19 The efficiency of the example induction motor drive as a function of supply
frequency at the rated torque with modulator carrier frequency as a parameter. The bars are
arranged in the following order: 1 kHz, 3 kHz, 6 kHz, and 12 kHz. Carrier frequency does not
significantly influence drive efficiency. As machine efficiency improves with increased carrier
frequency, inverter efficiency drops. In general, a carrier frequency of 3 kHz will result in
nearly sinusoidal motor current and a machine efficiency that cannot be significantly
improved by further increasing carrier frequency.

introduced the idea of vector control for rotating field machines in the early 1970s, and vector
control was more widely adopted in the 1980s. In 1986, direct flux-linkage control (DFLC) was
introduced, and it was followed by direct torque control when ABB introduced its DTC inverter
in 1994.

Figure 11.20 Load capacity of a TEFC (IC 01 41) motor driven by various inverter types.
For DTC inverters with a 3 kHz average switching frequency or space-vector–modulated
inverters with a 5 kHz switching frequency, the machine can be operated at rated torque and at
its rated speed without overheating. The middle curve relates to space-vector–modulated
inverters at 3 kHz switching frequency. With GTO converters using switching frequencies
lower than 1 kHz, the lowest curve must be followed. At speeds above rated, torque is
restricted by field weakening (based on public data published by ABB).
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Figure 11.21 Load capacity of a totally enclosed inverter-driven induction motor with an
independent motor-shaft-driven fan. Exterior cooling is effective, but rotor heat exchange is
impaired, because the integral blower is dependent on the rotation speed of the machine. The
effect of switching frequency is clear. GTO inverters typically apply switching frequencies
below 1 kHz, which results in motor current with high harmonic content that increases losses
(based on public information from ABB).

11.4.1 Scalar control

Scalar control is based chiefly on steady-state motor information. The scalar control
parameters are motor frequency, motor voltage, and corrections (adjustments) made in
response to current measurements. Figure 11.22 shows a schematic of inverter scalar control.

The external reference of a scalar-controlled inverter drive system is either a frequency, a
torque, or a speed reference. The frequency reference is fed directly through the voltage

Figure 11.22 Schematic of the control system for a scalar-controlled inverter.
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reference block to the modulator. The torque reference is fed to the torque controller, which is
usually a digital version of a PI controller. The inverters typically also include a digital PI
controller for speed control. The implementation of a frequency reference fref might cause an
inverter overcurrent, and therefore the frequency reference is limited via a block that monitors
current and limits it to a maximum allowed value.

The voltage reference block includes either the generation of the constant u/f ratio
obtained straight from the induction law, a root-mean-square voltage curve, or an IR-
compensated voltage reference curve. In a drive requiring high torque at low speeds, IR-
compensation is also applied. The method takes into account the resistive voltage drop of the
inverter and the motor and increases the terminal voltage of the machine at low speeds to keep
the stator flux linkage at its rated value. For slightly lighter drives, a constant ratio for the
voltage and frequency can be applied. To save energy in blower drives, motor voltage can be
reduced at low frequencies and a quadratic voltage curve can be used.

The inverter modulator is often a unit that digitally implements sine-triangle comparison
and generates the references for the inverter changeover switches. As its references, the
modulator requires a frequency and amplitude modulation stage that corresponds to the
desired voltage. The modulators of modern scalar inverters implement asynchronous pulse
width modulation. Conventional thyristor inverters use a synchronous modulation technique.
In certain cases, a third harmonic is added to the voltage reference to increase the RMS value
of the voltage. However, in Figure 11.22, a space vector modulator is used, which enables
more sophisticated drive system control. With space vector modulation, for example,
estimation of torque producing current in steady state becomes possible.

Torque control is possible by estimating the torque producing current IT of the motor.
When the space vector modulator produces voltage vectors, an instantaneous average (the
average calculated at a point in time over a very short time period) can be computed for the
vectors to estimate the exact position α of the voltage vector. A corresponding current vector
is determined with the measured phase currents. The current vector has amplitude and phase
angle, and therefore the angle between the current and voltage can be calculated. The active
current of the inverter is proportional to the torque produced by the motor, so it is possible to
obtain a rough estimate for the actual value of the torque from the active current. This kind of
scalar control, therefore, can estimate the torque of the motor in the absence of an actual motor
model. Scalar control cannot react immediately to rapid step changes in torque, but the drive
moves gradually into the new operating state. The settling time can typically be hundreds of
milliseconds.

Scalar-controlled inverters often include so-called slip compensation, in which the
frequency reference is increased proportional to the active current of the motor. In this
way, a scalar-controlled drive can be made to rotate almost at constant speed irrespective of
the load. The nameplate values of the motor and the calculated rated slip, which is needed to
perform slip compensation, must be provided to the control electronics.

The simplest U/f speed-control method does not include feedback. Particularly when
operating in the field-weakening region, the stepped increase in the frequency reference may
cause the slip to exceed the corresponding breakdown torque value moving the motor into an
unstable operating regime. A similar unstable situation may arise if the reference value
decreases in steps. Therefore, the reference value for angular speed during both acceleration
and deceleration must follow the actual mechanical speed so slip will not exceed the
breakdown torque.
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Figure 11.23 Stable increase in rotation speed in scalar control from operating point 1 to
operating point 4. The figure depicts the static torque curves of an asynchronous machine at
different supply frequencies.

Figure 11.23 illustrates stable rotor acceleration using scalar control. When the control
system receives a stepwise change in the rotation speed reference and raises the frequency
reference, the motor slip will increase until the stator current reaches the set limit. The
situation is illustrated by the range 1–2 in the torque-angular-speed graph. Next, the frequency
is increased under current limitation in the constant torque range (2–3). After this, the stator
current decreases until a new point 4 continuous state is reached.

If the U/f ratio cannot be held constant, the air-gap flux linkage produced may be saturated
or remain below the desired value. The fluctuation of the stator circuit parameters resulting
from temperature and saturation may cause fluctuations in the air-gap flux linkage. When the
machine’s air-gap flux linkage decreases, slip must increase (an increase in the stator current)
to reach the same torque. As a result, the transient stability of the motor will be reduced.

Field weakening in an induction motor

Field weakening is necessary when operating the motor at higher than rated speed is the goal.
The field weakening behaviour of an induction motor is complex. Care must be taken not to
overload it, especially in the case of scalar control, which lacks a motor model. In vector
control, similar overloading problems can be avoided, because the motor model predicts
motor behaviours.

In field weakening, motor voltage cannot be increased along with rotation speed, since the
available voltage reserve is already being used, that is, the voltage has reached its rated value.
If the voltage is kept at its rated value while frequency increases, the U/f ratio decreases and
flux linkage diminishes. The breakdown torque of an asynchronous machine is reached when
the angle γ between the stator and rotor flux linkage is about 45°. If the angle increases, the
magnitude of the air-gap flux linkage drops because of the stator and rotor leakage
inductances. When operating at high torque in the deep field-weakening region, the magni
tudes of stator and rotor current and the angle between them increase. Therefore, the
magnetising current im and corresponding air-gap flux linkage ψm decrease. The magnetizing
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Figure 11.24 Vector diagrams of an induction machine in the deep field-weakening region
at about twice the rated speed (a) operating above its breakdown torque slip and (b) operating
near the breakdown point. Because ωs= 2, the magnitude of the stator flux linkage is about
0.5. The per-unit values of the stator and rotor leakage inductances are 0.15. In (a), the rotor
flux-linkage magnitude is 0.16, and the magnitude of the rotor current-producing torque is
about 1.48. The per-unit torque in (a) is about 0.24. Correspondingly, the torque in (b) is about
0.44. At the breakdown point, the vector diagram is approximately equal to the simplified
small illustration (c).

current required by the asynchronous machine is a component of the stator current is, as shown
in Figure 11.24.

The simplified vector diagram (Figure 11.24c) shows clearly that approximate breakdown
torque is reached as if the stator and rotor flux linkage are in an angle of about 45°. Assuming
the stator and rotor leakage inductances are equal, the approximately right-angled flux-linkage
triangle is obtained. Since torque is proportional to the cross product ψ ψ r, as wass
previously shown, in theory, the highest torque will be reached within the set boundary
conditions when these flux linkages are perpendicular. This, however, is not possible in an
induction motor, as can be seen in Figure 11.24. If the power factor angle φ increases
excessively, the air-gap flux linkage and the rotor flux linkage start to decrease, and
consequently, the torque starts to decrease.

Field weakening enables an asynchronous machine to run, for example, at twice rated speed.
However, its torque production capacity must be carefully considered as was revealed in the
previous discussion. Figures 11.25 and 11.26 show the behaviour of an asynchronous machine
at different speeds. The operating ranges can be divided into constant torque, constant power,
and high-speed. In the constant torque range, the air-gap flux linkage is held constant, and the
machine is capable of producing a constant torque at the constant slip frequency fslip. Relative
slip decreases as speed increases. In field weakening, the ratio of terminal voltage and angular
frequency us/ωs decreases, and therefore flux must also decrease. In the constant power range,
the drop in machine torque is inversely proportional to increasing frequency, because the air-gap
flux linkage must be reduced proportionally to increasing frequency.
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Figure 11.25 Motor torque producing capability and limitations as a function of the per-unit
rotation angular velocity Ωr. The constant power curve, induction motor breakdown torque
behaviour, and motor operating regions are illustrated. In the constant torque and constant
power regions, torque is limited by machine cooling. However, if the current resources of the
converter allow, the motor may temporarily produce very high torques at low speeds. In the
high-speed area, torque is limited by the breakdown torque capability of the motor.

In the high-speed range, machine torque can be expressed in terms of rotor current and air-
gap flux linkage, which are approximately perpendicular.

3
≅ψmir (11.18)Te irpψm2

The electromotive force RMS value induced to the rotor is given by

Er kEψmf slip (11.19)

In the rotor, this emf generates an RMS current phasor I r.

Er kEψmf slip ≅ ψmf slip (11.20)I r
Rr jωslipLrσ Rr

Combining Equations (11.18) and (11.20) yields the following.

Te ≅ψm
2 f slip (11.21)
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Figure 11.26 Performance of an asynchronous machine in normal operation as a function of
rotor speed Ωr in field weakening, in the constant power range, and in the high-speed range.
Plots are given for voltage Us, stator current Is, rotor current Ir, magnetizing current Im, and
available torque Te.

Assuming that Us ωsψm, Equation (11.21) becomes

U2
sTe ≅ f slip (11.22)

ω2
s

In field weakening in the constant power range, the rotor current must be at the rated value.
This corresponds to constant per-unit slip, which is shown by Equation (11.20), the
information ψm Us=ωs, and the definition of the slip frequency f slip sf .

I r ≅Uss constant (11.23)

In the constant power range (subscript cp), supply frequency f increases, and slip frequency
increases with this increasing supply frequency f slip sf . The per-unit slip, however, remains
constant. When Us and fslip/f remain constant in the constant power range, and the magnitude
of the flux linkage decreases inversely proportional to frequency, pull-out torque Tb,cp can be
easily determined from rated frequency fN and torque TN.

f NTb;cp TN (11.24)
f

In practice, the motor can produce slightly more than rated power in the constant power range,
because an increased current proportion can be used for torque production as magnetization
current and air-gap flux are reduced. The reduction of air-gap flux linkage decreases iron
losses. The resulting higher speed also improves cooling.

In field weakening, the air-gap flux linkage of the machine decreases constantly as the
speed of the machine increases if terminal voltage is held constant. Depending on the structure
of the machine – typically at the relative speeds of 1.5–2—air-gap flux linkage drops until the
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motor approaches its breakdown torque. Some margin must be left with respect to the
breakdown situation, and torque must be further decreased to further increase speed and move
into the high-speed range. In this range, the slip frequency of the rotor cannot be increased,
and maximum torque is inversely proportional to the square of supply frequency.

1
Tb;cp ≅ (11.25)

f 2

To move to the high-speed range, both motor current and torque must decrease, because motor
breakdown torque, not thermal load capacity, limits the drive.

The rapid reduction of breakdown torque in an asynchronous machine results from the
increase in slip frequency and from the fact that the rotor becomes more and more inductive in
field weakening. Figure 11.26 plots voltage Us, stator current Is, rotor current Ir, magnetizing
current Im, and available torque Te for an asynchronous machine in normal duty as a function
of rotor speed Ωr in field weakening, in the constant power range, and in the high-speed range.

The per-unit pull-out torque of the motor also defines the constant power range length.
The frequency at which the pull-out torque equals the constant power producing torque is the
theoretical maximum frequency in the constant power region. The decrease in constant power
producing torque is inversely proportional to frequency, and the decrease in pull-out torque is
inversely proportional to frequency squared. These two torque expressions are set equal to
find the constant power range.

2
f N f N Tb (11.26)TNf fs;max;cp s;max;cp

where fN is the rated frequency, fs,max,cp is the maximum constant power frequency, TN is the
rated torque, and Tb is the pull-out torque. The maximum constant power stator frequency is as
follows.

Tbf s;max;cp f N (11.27)
TN

The expression reveals that per-unit pull-out torque directly defines the length of the constant
power range of an induction motor. For example, an induction motor having a per-unit pull
out torque of 3.0 can produce rated power at three times the rated speed.

When increasing frequency, sometimes the rated voltage of a motor can be exceeded. An
inverter-driven motor can be run at values above the rated voltage and angular speed without
going into field weakening. If the machine is wound for 230/400 V, 50 Hz with Δ/Y
connections, it can operate (with the consent of the manufacturer) using a delta connection
at 86.6 Hz frequency and 400 V voltage at the rated air-gap flux linkage. Therefore, the rated
power increases, in principle, with a ratio of 3 : 1.

Figure 11.27 shows operating point A of the motor at the rated values. The rated line-to
line voltage in the Δ connection is 230 V, the frequency is 50 Hz, and the synchronous
rotation speed is 1500 rpm. At operating point B, the motor runs at 1.74 times the voltage of
400 V at a frequency of 86.6 Hz. By increasing voltage and frequency in the 50 to 86.6 Hz
range (operating point B), the constant torque range can be expanded from the original.
Torque production capacity remains stable up to the rotating speed of 2598 rpm.
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Figure 11.27 The voltage and frequency of an induction motor at rated values (operating
point A) and at 174% of rated values (operating point B). By using the voltage and frequency
values at point B, the constant torque range of the motor can be expanded from its original.
Higher current is required of the inverter than in the original 50 Hz 400 V drive ( 3 : 1).

11.4.2 The vector control of an induction machine

Vector control is a magnetic-field-oriented current control method for an induction motor.
Vector control is a form of torque control, for which the rotation speed controller gives a
reference value. In vector-control computation, measured stator current is divided into flux
producing and torque producing components using a two-axis model of the asynchronous
machine. The excitation state of the machine is derived from the flux-axis current component
isψ, and it gives the actual value for the flux linkage. The torque-axis component isT provides
machine torque, and it gives the actual value for the torque. Figure 11.28 depicts the schematic
diagram for conventional vector control.

Figure 11.28 Schematic diagram for conventional induction motor vector control. Feedback
from the space-vector modulator can be added, and the statorflux linkage can be integrated from
the machine voltages offering enhanced vector control. Typically two motor-phase currents iU
and iV are measured assuming that iW= (iU+ iV). The block k(n) is used as a modulator
stabilizing feedforward term, for example, at low speeds to compensate for the slip effects.
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ψs Lsis Lmir Lsσis

ψr Lrir Lmis Lrσir

ψm Lm is ir

Figure 11.28 reveals that vector control does include a motor model. The motor model is
normally based on the two-axis equivalent motor circuit, which may be fixed to the rotor-flux
linkage reference frame. The required control parameters are calculated using this motor
model and feedbacks. In the identification block, the rotor time constant τr is computed. This
time constant is important for controlling the dynamic state of the motor. Vector control is
notably better than scalar control and managing motor dynamics.

Good alternatives for implementing the vector control of an asynchronous machine
include the stator reference frame (the general reference frame is fixed with the stator and
ωg= 0), the rotor reference frame (ωg= pΩr), or a flux-linkage reference frame. The flux-
linkage equations based on space-vector theory are

ψm (11.28)

ψ (11.29)m

Lmim (11.30)

All the flux linkages depend on both the stator and rotor currents. However, in a squirrel-cage
induction machine, measuring rotor current is practically impossible. To implement vector
control, one of the flux linkages must be estimated using measurable parameters.

Figure 11.29 shows an asynchronous machine presented in the rotor reference frame. A
conventionally applied method in vector control uses the rotor reference frame and rotor
position—in practice, measured with a pulse encoder.

The rotor voltage equation in the rotor reference frame is as follows.

dψ rRrir dt
(11.31)

From Equation (11.29), rotor current is

ir
ψ r Lmis

Lr
(11.32)

Substitution leads to

dψ r

dt
Rr

Lr
ψ r

Rr

Lr
Lmis (11.33)

Figure 11.29 Equivalent circuit of an induction motor based on space-vector theory
presented in the rotor reference frame.
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The no-load time constant of the rotor is
Lr

τr (11.34)
Rr

This term is often referred simply as the rotor time constant. Inserting Equation (11.34) into
Equation (11.33) yields

τr
dψ r

dt
ψ r Lmis (11.35)

which can be transformed into the Laplace domain.

τrsψ r s ψ r s Lmis (11.36)

from which the rotor flux linkage is

ψ r s
Lmis

1 τrs
(11.37)

The above statement corresponds to a first-order low-pass filter, and therefore the rotor flux
linkage can be found by filtering the stator current multiplied by the magnetizing inductance.
In practice, this estimate is done by transforming the measured stator current vector to the
rotor reference frame, multiplying by the magnetizing inductance, and by filtering the result
with a low-pass filter based on the rotor time constant. See Figure 11.30.

Since the rotor is magnetically isotropic in the rotation plane, relative information suffices
and no absolute rotor angle information is required; therefore, a pulse encoder is well adapted
for the purpose. The d- and q-axes of the machine are not obvious, but may be freely selected.
In practice, when commissioning the drive, an arbitrary rotor position is chosen for the rotor d-
and q-axes, and thereafter the pulse encoder measures the rotor position with reference to this
initial position.

In practice, the method is problematic, since none of the above-mentioned parameters are
constant. Rotor resistance changes with skin effect and temperature, and magnetic saturation,
a function of both flux level and torque, has an effect on magnetizing inductance. Conse
quently, a saturation model and a rotor temperature estimator should be constructed for the
machine. Torque can be calculated using the following expressions.

3
2
pψs is

3
2
p Lsis

Lm

Lr
ψ r Lmis is

3
2

Lm

Lr
p ψ r

Te p ψ rdisq ψ rqisd
3 Lm

2 L

is;Te

(11.38)
r

Figure 11.30 Estimation of the rotor flux linkage in the rotor reference frame. Measured
rotor position feedback is needed. The stator current dq components are presented in the rotor
reference frame.
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The latter applies especially in the rotor reference frame with its dq-components. Therefore,
when machine parameters are known, the actual control values can be estimated. Both the d
and q current components affect torque calculated in the dq-reference frame. Therefore, it
might be more convenient to use a coordinate system oriented to the rotor flux linkage, so
rotor current only has a torque-producing component and the machine is excited by stator
current.

Since an asynchronous machine is usually voltage fed, how the stator voltage control is
constructed to implement the rotor-flux–oriented current vector control must be determined.
In a system based on rotor flux linkage, the machine equations can conveniently be
transformed into the rotor-flux-linkage reference frame ψrT. When transforming from the
rotor reference frame (dq) to the rotor-flux-linkage reference frame (ψrT) with the rotor flux
linkage ψ r=ψ rd+ jψ rq in angle θψd, the required trigonometric functions are obtained from
the known parameters.

sin θψd
ψ rq

ψ2
rd ψ2

rq

ψ rq

ψ r
; cos θψd

ψ rd

ψ r
(11.39)

Further, the torque can be expressed based on the cross-field principle in the rotor flux
linkage–oriented (ψrT) coordinate system.

3 LmTe p ψ r is;2 Lr (11.40)
3 Lm 3 LmTe p p ψ rψisT:ψ rψisT ψ rTisψ2 Lr 2 Lr

This simple result is explained by the fact that the rotor flux linkage does not have a
quadrature-axis component in the rotor-flux-linkage reference frame. Torque control is
performed by the component isT perpendicular to the rotor flux linkage. Its reference value
is obtained directly from Equation (11.37). The control of the flux linkage is not quite as
simple as the torque control.

This is now a general reference frame (familiar from Chapter 4, Figure 4.10) with its real
axis fixed to the rotor-flux-linkage vector. In the general reference frame, the stator current has
two components—the rotor-flux-linkage–producing component and torque-producing
component.

The rotor voltage (4.47) is written in the rotor-flux-linkage reference frame (ψrT) using
components with rotor flux linkage angular velocity ωψrT and rotor mechanical angular
velocity Ωr.

T
rψrT iψrT

dψψr
Tur urψ ψψr ;jurT Rr r j ωψrT ωr rdt

d ψ rψ jψ rTurψ irψjurT Rr jirT j ωψrT ωr ψ rψ jψ rTdt (11.41)
dψ rψ 0;urψ Rrirψ ωψrT pΩr ψ rTdt
dψ rT ψ rψ 0:urT RrirT ωψrT pΩrdt
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In the rotor-flux-linkage reference frame, the result is simplified further since there exists in
the rotor flux-linkage coordinate system a ψ-axis component of the flux (ψ rψ≠ 0 and ψ rT= 0).

dψ rψ 0;urψ Rrirψ dt (11.42)
urT RrirT ψ rψ 0:ωψrT pΩr

Equation (11.42) yields a low-pass-filter type equation. See also Equation (11.35).

τr
dψ rψ

ψ rψ Lmisψ (11.43)
dt

The magnitude of the rotor flux linkage follows the stator current component isψ aligned with
the rotor linkage flux at the rotor no-load time constant, which varies typically between 0.15
and 1.5 s depending on the machine size. The rotor flux linkage remains constant as the stator
current component isψ is constant at isψ=ψ r/Lm. When operating in the field-weakening
region, the differential term of Equation (11.44) must be taken into account when speed varies
rapidly. If the rotor flux linkage ψ r is successfully held constant as torque changes, irψ= 0
according to Equation (11.42). The flux linkages behave as shown in Figure 11.31.

If the magnetizing inductance does not saturate, the tips of the stator and air-gap flux-
linkage vectors plot the loci indicated by dashed lines.

The stator voltage reference can be determined from the stator voltage equation in the
rotor-flux-linkage reference frame (superscript ψrT).

Tdψψr
ψrT iψrT s Tu Tψ

ψrs Rs s jωψr sdt (11.44)
T rTdiψ dψψ

m
s r s mRsiψrT s

r
T ψψrTLsσ jωψ T Lsσi

ψr :
dt dt

Figure 11.31 Behaviour of flux linkages in the rotor-flux-linkage reference frame for
different machine load states. The vector diagrams are for steady state at about 65% speed
(us = 0.65, ψs = 1) and at partial load (is= 0.65). Stator resistance effect are ignored.
Integrating stator voltage yields the stator flux linkage. The current components are drawn
with respect to the rotor flux linkage–oriented coordinate system. Stator current is divided into
rotor flux–linkage and torque-producing components. Rotor current is only torque producing.
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Remembering that ψm ψ r Lrσir, the actual value for the air-gap flux linkage is obtained by
inserting the rotor current ir ψ r Lmis =Lr from Equation (11.42).

T T iψrTψψr Lr Lrσψ
ψr LrσLmT r r sψψr

m ;
Lr

T iψrTψψr LrσLmψψrT r Lm s (11.45)
m ;

Lr

ψψrT Lm ψψrT TLrσi
ψrm r sLr

Substituting this into Equation (11.44) results in the following equation.

diψrT dψψ TrLm LmLm rψrT iψrT iψrT
Lm ψψrTsu Rs Lsσ Lrσ Lsσ LrσjωψrTs s s rdt Lr dtLr Lr Lr

(11.46)

Inserting ir =Lr into the rotor voltage Equation (11.42) gives a statement for the
differential of the rotor flux linkage.

ψ r Lmis

Tdψψr
r Rr ψψrT

Lm iψrT ψψrT (11.47)Rr j ωψ T pΩrr s rrdt Lr Lr

This expression can be inserted into the previous equation to produce

2 diψrTLm Lmψ T iψrT s Lm T

L2
rRrψ

ψu r Rs Rr Lsσ Lrσs s rdtLr Lr r (11.48)
Lm Lm ψψrTiψrTj :Ωr pLsσ Lrσωψ T s rr Lr Lr

Usually, when operating with processors, a Cartesian representation is easier to use than a
polar representation. To accomplish this, the voltage vector can be decomposed next into its
components by inserting iψrT

s isψ jisT.

usT Rs
Lm

Lr

2

Rr isT Lsσ
Lm

Lr
Lrσ

disT

dt
ωψrT Lsσ

Lm

Lr
Lrσ isψ Ωr p

Lm

Lr
ψ rψ

(11.49)

usψ Rs
Lm

Lr

2

Rr isψ Lsσ
Lm

Lr
Lrσ

disψ
dt

ωψrT Lsσ
Lm

Lr
Lrσ isT

Lm

L2
r

Rrψ rψ

(11.50)
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The angular speed ωψrT of the rotor-flux-linkage reference frame can be determined from
Equation (11.42) by inserting the rotor current ir ψ Lmis =Lr.r

Rr Lm Lm pΩr (11.51)ωψrT isT pΩr isTLr ψ τrψrψ rψ

EXAMPLE 11.2: Derive angular speed ωψrT of the rotor-flux-linkage reference frame
Equation (11.51) using Equation (11.42).

SOLUTION: The equation for angular speed from Equation (11.42) is urT RrirT
ωψrT pΩr ψ rψ 0. Solving it for the angular velocity yields the following.

ωψrTψ rψ pΩrψ rψ RrirT

Rotor current written in terms of its components is

ir irψ jirT ψ r Lmis =Lr ψ rψ jψ rT Lm isψ jisT =Lr

irT ψ rT LmisT =Lr

Because ψ rT 0 in the rotor-flux-linkage reference frame, irT LmisT=Lr.

Substitution results in this equation for angular velocity.

ωψrT
pΩrψ rψ RrisTLm=Lr

ψ rψ
pΩr

RrLmisT

Lrψ rψ
pΩr

Rr

Lr

Lm

ψ rψ
isT pΩr

1
τr

Lm

ψ rψ
isT

The above is identical to Equation (11.51).

In steady state, the angular speed of the flux-linkage reference frame is equal to the
electrical angular speed ωs supplying the machine. Solving isT and inserting the result into the
torque equation gives

ωrψ23 Lm ωrψ pΩr 3 rψTe p ψ ψ rψτr p : (11.52)
2 Lr

rψ Lm 2 Rr

This is a typical torque equation used in scalar control. ωr is the electrical angular frequency of
the rotor (pΩr).

The voltage Equations (11.49) and (11.50) resemble those used to control a DC machine,
because one of the voltage components gives the desired rotor flux linkage and the other gives
the current that produces torque. These voltage components must be transformed into the
stator reference frame to enable actual motor control. To facilitate the coordinate transfor
mations, the sine and cosine values of the rotor angle are determined from the calculated flux-
linkage components according to Equation (11.39).

The above vector control method for an induction motor was originally introduced by
Blaschke (1971). It is known as rotor-flux–oriented control. The system functions mainly as
described above in a reference frame fixed to the rotor flux-linkage vector.
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Inserting the rotor flux-linkage expression into the rotor flux-linkage differential Equation
(11.31), and then writing the derivatives as delta parameters will help to explain why the rotor
flux-linkage–oriented control method is a justified choice.

Δψ r LmΔis LrΔir RrirΔt (11.53)

The limit value for the above as transition time approaches zero is as follows.

lim Δψ r lim lim RrirΔt 0 (11.54)LmΔis LrΔir
Δt 0 Δt 0 Δt 0

The equation clearly reveals that changes to rotor flux linkage cannot be instantaneous. For
the change in the rotor current

LmΔir Δis (11.55)
Lr

The changes in the flux linkage resulting from the current step are obtained from the electric
current equations of the flux linkages.

L2LsLr mΔψ Δis (11.56)s Lr

LmΔψ LrσΔis (11.57)m Lr

EXAMPLE 11.3: Showthat fast changes aredictated by the effectof leakage inductances.

SOLUTION: In the machine to be investigated, assume that Ls = Lr= 2.5, Lm= 2.4, and
Lsσ= Lrσ= 0.1. These are typical per-unit values for an induction machine. Now Equation
(11.56) may be reduced as follows.

Δψs
LsLr L2

m

Lr
Δis

Lm Lsσ Lm Lrσ L2
m

Lr
Δis

L2
m LmLsσ LmLrσ LsσLrσ L2

m

Lr
Δis

LmLsσ LmLrσ LsσLrσ

Lr
Δis

Lm Lsσ Lrσ

Lr
Δis Lsσ Lrσ Δis

Δψ s Lsσ Lrσ Δis 0.2Δis, while the more accurate value is Δψ s 0.196Δis, and
correspondingly, Δψm LrσΔis 0.1Δis while the more accurate value is
Δψm 0.096Δis. A rapid change in stator current, therefore, passes chiefly through
leakage inductances.

Rotor flux linkage is inherently most stable; however, stator flux linkage can be changed
most rapidly. Therefore, it is advisable to base vector control on rotor flux linkage, because
rotor flux-linkage magnitude and angular velocity can be held constant with least difficulty.
The magnitude of stator flux-linkage changes with changes in loading. Therefore, stator
voltage magnitude should be adjusted as a function of load. Adjusting stator voltage
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magnitude is straightforward at lower speed, but can become problematic as speeds increase
and field weakening becomes an issue. To guarantee sufficient voltage, the selected magni
tude for the rotor flux linkage should be low enough to maintain a suitable voltage reserve.

Finally, the pull-out torque of an asynchronous machine and the corresponding slip
angular frequency with stator resistance neglected can be expressed as follows.

L2 L2

Tb
3
2
p m

2ω2
s LrL2

s LsL2
m

us
2 3

2
p m

2ω2
s LrL2

s LsL2
m

ψs
2 (11.58)

ωb
LsRr

LrLs L2
m

(11.59)

Improving vector control using the voltage model of the motor

Naturally, introducing the voltage integral can also benefit vector control. The principles of
DFLC can be applied, if the embedded processor of the control system has sufficient capacity,
which makes it possible to use the voltage model as a corrective means for the motor control. In
DFLC, the stator flux linkage is integrated from the converter voltagesψs;u ∫ us Rsis dt. In
vector control, the same value is calculated as ψs;i Lsσis Lmim. The difference is
Δψ ψ ψs;i. Using a suitable weighting scheme, this difference can be used to corrects s;u
the stator flux-linkage calculation. When both voltage and current models are used, superior
drive performance can be achieved irrespective of the control principle. In practice, therefore,
there may be little difference between vector control and DTC. Previously in Figure 11.28, this
option was added by bringing the voltage information from the space vector modulator to the
motor model.

11.4.3 Direct torque control

Direct torque control was originally developed for induction motors. In previous chapters, the
application of direct flux linkage and DTC methods to various synchronous machine types
was discussed. As the name implies, the DTC of an induction motor controls its flux linkage
and torque directly. ABB introduced DTC technology in 1988 and has launched the ACS600/
800/850/880 and ACS1000/2000/6000 inverters based on DTC technology. Figure 11.32
shows a simplified schematic diagram of the DTC. The most important elements of the DTC
system include direct hysteresis control of the stator flux linkage and torque, optimal
switching logic, and an adaptive rotor model.

As shown in the figure, the DTC measures two motor-phase currents and the DC voltage
of the DC link. Unlike in induction-motor vector control, there is no rotor position
measurement needed. Current and voltage information as well as the switch position
information of the switches SU, SV, and SW are fed to the motor model. The motor model
gives estimate values for torque, flux linkage, and rotation speed. The optimal switching logic
selects optimum instantaneous switch positions based on torque and the state of the flux
linkage. All switch control decisions for SU, SV, and SW are based on the electromagnetic state
of the machine. In ABB’s classic DTC converters, switch control decisions are made at the
intervals of 25 μs, which also dictates the minimum DTC pulse width. In many applications,
this is fast enough, but there are also applications where shorter voltage pulses would be more
acceptable. Compared to vector control low-voltage converters, the minimum pulse width is
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Figure 11.32 Block diagram of DTC.

long, because a vector modulator or a sine triangle comparison modulator will typically pulse
in the range of 3 μs.

In an asynchronous machine, the inductance-based current model can be used to stabilize
the behaviour of the induction machine without rotor position feedback. Naturally, this is
based on the isotropy of an asynchronous machine. The entire analysis can be performed in
the stator xy-reference frame, and a dq-reference frame fixed to the rotor is not required. This
asynchronous machine control may seem simpler than typical synchronous machine control;
however, quite the opposite is true. The difficulty arises because estimating rotation speed in
isotropic motors is extremely challenging. Synchronous machines, at least, rotate synchro
nously. For asynchronous machines, many tricks have been introduced to determine rotor
speed without encoders. So far, however, a speed sensor is still needed for the accurate speed
control of induction motor drives.

Figure 11.33 illustrates DTC implementation at the hardware level. Optimal switching
logic was originally implemented in the ABB ACS600/800 motor control system using
ASICs (Application Specified Integrated Circuit). The logic always selects the best switch
position based on the computed needs for changes in torque and flux linkage. The calculation
interval between switchings, 25 μs, is faster, in practice, than the motor’s electrical time
constants. Consequently, fast torque control response is achieved. With sufficient voltage
reserve, rated torque response can be reached in 2–3 ms. Therefore, with respect to torque
commands; the DTC is faster than vector control.

The motor model in a DTC drive

Unlike in DTC for asynchronous machines where accurate rotor position feedback is needed,
the motor current model in induction-motor DTC drives does not need additional input. As a
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Figure 11.33 Schematic diagram of an example DTC (ABB ACS600/800). The core of the
DTC includes torque control, flux-linkage control, a motor model, and optimal switching
logic. It is executed using a DS processor. Processor operations are divided by time level.
Switch control is computed from the motor model at the fastest 25 μs time level. Other time
levels in order of increasing duration include, e.g., 100 μs, 200 μs, 500 μs, and 1 ms. Tasks are
prioritized. Rotor speed is computed at 1 ms intervals. The two motor phase currents are
measured via current measurement sensors based on the Hall effect. After A/D conversion, the
signal is sent to the DSP. The DSP uses the motor model for switch overload protection;
however, actual short-circuit protection is implemented via the ASICs alongside the switch.
For data transfer outside the processor card, optical fibres provide galvanic separation and
isolate the control system from environmental disturbance.

result, the motor-parameter–based current model has always been included for the stabiliza
tion of induction motor DTC drives. Using both the voltage model and the current model
results in strong stabilization for induction-motor DTC drives.

The models generate corrected estimates for the flux-linkage vectors and torque to control
flux linkage and torque hysteresis. Furthermore, estimates for rotation speed and frequency
are obtained to satisfy the needs of other DTC blocks. Estimation is based on identifying the
motor parameters and on electric current measurement. The currents of two motor phases and
the voltage of the DC link are measured, and the state of the inverter switches is investigated.
Simple sensors measuring the on state of switches are used to get better knowledge of the
voltage vectors supplied to the motor.

The big advantage that DTC offers over vector control is that it works well in the absence
of an accurate knowledge of the motor parameters. In contrast, the performance of vector
control bases solely on the accuracy of the motor model. In DTC, the current model is used
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more for stabilization than to provide accurate flux-linkage estimation. Naturally, a more
accurate motor model results in control that is more accurate.

The DTC controller identifies the most important motor parameters and then computes the
stator flux linkage of the motor. The motor model also includes a temperature compensation
model, which is essential for the static speed accuracy.

The DTC motor model also computes motor shaft speed from the differential of the rotor
flux linkage. It is not necessary to measure the speed, if a static accuracy of 0.5% is sufficient,
as is the case for most industrial applications. However, for most accurate drive control, speed
sensing is required. This is particularly true for induction motor drives, which are character
ized by unpredictable rotor slip that makes it even more difficult to estimate rotor speed.

Compared to a motor model based on nameplate values, using measured parameter values
taken during the commissioning identification run to build the motor model provides more
control accuracy. The most important parameters determined in the identification run are
stator resistance Rs, stator leakage inductance Lsσ, and magnetizing inductance Lm. The
accuracy of the motor model can also be improved by taking into account the voltage and
torque saturation behaviour of the machine. Using an accurate electric current model with
current feedback notably improves the estimation of stator flux linkage particularly at low
speeds. High starting torque is achieved, which becomes linear over the entire speed range.

Once an accurate estimate of stator flux linkage has been made, torque estimation is
simple. The motor model also estimates shaft speed and frequency. Rotor frequency
determination is based on knowledge of the rotor flux-linkage vector, which is computed
every millisecond making it practical to estimate rotor speeds up to 400 Hz.

Vector control or DTC are not actually necessary for high-speed drives. At high speeds,
scalar control is normally adequate even for nonisotropic machines.

For an asynchronous machine, good practice suggests the electric current model be
determined using measured parameter values taken during the commissioning identification
run. The first task is to determine transient inductance. The equivalent circuit corresponding to
the transient inductance is illustrated in Figure 11.34.

According to the illustration, the transient inductance is

LrσLm (11.60)L Lsσs LmLrσ

Adding and subtracting Lm leads to the following equations.

Lm LmLrσLm LrLm LrσLm LrσL and LLm Lss Lsσ sLm Lr Lr LrLrσ

Figure 11.34 Equivalent circuit corresponding to the transient inductance of an asynchro
nous machine. The transients pass mainly through the stator and rotor leakage inductances
bypassing the rotor, because the rotor cage opposes any transient fluxes.
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Figure 11.35 Stator current behaviour in response to two voltage pulses in a transient
inductance test.

These lead to the conventional representation for transient inductance.

L2
mL Ls : (11.61)s Lr

Transient inductance characterizes the inductance experienced by a fast pulse fed to the stator.
In other words, the rotor manages to react to a fast pulse only through its leakage inductance.
There is little flux through the magnetizing inductance. Transient inductance can be
determined using a short pulse from an inverter as shown in Figure 11.35. When a voltage
pulse is fed to the machine, there is a rapid change in the machine current.

If the opposite voltage vectors, for example, u1 and u4 are used, the resulting transient
inductance can be calculated as

t4 t3L u4 (11.62)s Δis

u4 is the length of the stator voltage vector u4 (not shown in the figure).
The hysteresis state of the machine rotor may affect the determination of the dynamic

inductance, and therefore the effect of hysteresis should be eliminated from the measured
parameters by selecting the information at an appropriate position. The measurement can be
carried out using only one pulse, if a suitable data acquisition period can be selected. See
Figure 11.36.

u4 is the length of the stator voltage vector.

us
2
3

usU ausV a2usW
2
3

2
3
Ud a

1
3
Ud a2 1

3
Ud

2
3
Ud (11.63)

According to Figure 11.35, the transient inductance can be expressed as follows.

2 t4 t3L Ud (11.64)s 3 Δis

A corresponding expression can be written for the test illustrated in Figure 11.36. In general,
stator leakage inductance builds up to about 60–70% of the transient inductance. When
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Figure 11.36 Stator transient inductance can be measured in one pulse, in which case the
excitation state of the machine before the measurement pulse must be taken into account. The
shape of the first part of the current curve depends on the hysteresis state of the machine.
When the change in current is for instance between 25% and 80%, the measurement result is
almost independent of any hysteresis.

measuring transient inductance, iron bridge saturation discharge causes an interesting
phenomenon to develop in the region of declining current if there are closed slots in the
rotor. See Figure 11.37.

Another important parameter value to determine is the magnetizing inductance.
Unfortunately, a no-load measurement does not correctly depict magnetizing inductance
behaviour, because inductance saturates not only as a function of voltage, but also as a
function of torque. Machine flux under load stretches into the air gap and increasingly across
the slots. This may be observed as saturation of the magnetizing inductance. The behaviour of
the magnetizing inductance can be modelled both as a function of voltage and torque as shown
in Figure 11.38.

Stator resistance is also an essential parameter, which can be determined easily with a
DTC inverter. The stator resistance may be estimated using an iterative algorithm by
supplying the motor at standstill with DC current. The flux linkage of the motor will be

(11.65)ψs Lsis ψs0

The initial value of the motor flux linkage is either zero or based on remanent flux density of
the rotor. The same algorithm can be used also for a PMSM assuming that current can be
supplied in the d-axis. In that case, the initial flux linkage equals the PM flux linkage

ψPM. A suitable initial value for the stator resistance estimation is Rsest. It is alsoψs0

possible to set Rsest= 0. When electric current is held constant, the differential of the flux

Figure 11.37 Rotor slot closing bridge saturation on the current decline in a transient
inductance test.
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Figure 11.38 Magnetizing inductance as a function of air-gap voltage and torque. The rated
points are marked with subscript N.

linkage will be zero, and the estimated stator flux linkage will be

ψsest ψs0 ∫ us isRsest dt (11.66)

The estimated stator resistance can be expressed in terms of its value and an error correction.

Rsest Rs ΔRs (11.67)

If the current and voltage information is assumed sufficiently correct, there will be a difference
in the actual and estimated flux linkages.

t1 t1

ψsest ψs0 ψs0 ∫ us isRsest dt ψs0 ∫ us isRs dt ΔRsis t1 t0 (11.68)

t0 t0

The error can be calculated using Equation (11.68). Since the actual value of the stator flux
linkage is not known, two stator flux-linkage estimates ψs1 and ψs2 are needed.

(11.69)
ψsest1 ψs1 ΔRsis t0 t1 ;

ψsest2 ψs2 ΔRsis t0 t2 :

Subtracting the latter from the former and knowing that with constant current ψs1=ψs2 yields
the following error correction equation.

ΔRs
ψsest2

is t2

ψsest1

t1
(11.70)

The process is iterative. The new stator resistance estimate becomes

Rsest new Rsest old ΔRs (11.71)

Keeping the current the same and repeating the iteration a few times results in a sufficiently
small ΔRs value. The same algorithm is valid for any type of machine.

Flux linkage correction in the induction machine DTC

The voltage integral provides the basis for determining the stator flux-linkage vector.
However, the flux-linkage integration introduces some error, as was shown in the introduction
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Figure 11.39 Space-vector diagram of an asynchronous machine at the rated operating point
in steady state.

to the DTC. For an asynchronous machine, there are methods available to correct this error.
Figure 11.39 shows again the space-vector diagram of an asynchronous machine.

According to the figure, the rotor current vector should be perpendicular to the rotor flux
linkage in steady state. For an induction motor drive, the error correction (stabilization)
method for the stator flux linkage can be based on this information. The rotor current vector is
determined next. The following equations can be written based on the space-vector diagram in
the figure.

ψ Lrσir (11.72)ψ r s Lsσis

1
ψs Lsis ir ψ is (11.73)Lmir s Ls

Lm

Since the rotor current vector should be perpendicular to the rotor flux linkage, the correction
term can be calculated by imposing the perpendicularity condition.

ψ ψ Lsis ε (11.74)r;est s

When the dot product is low-pass filtered before it is supplied to the controller, ripple caused
by the noise of the current measurement and the errors of the flux linkage can be filtered.
Constant corrections (kd+ jkq) are then made to the stator flux linkage. These corrections hold
the dot product Equation (11.74) at zero.

ψ ψ ψ (11.75)ε kd jkqs;est new s;est old s;est old

The perpendicularity conditions do not hold during transients; however, the equation can be
applied also during a transient if and extra term is added to the dot product.

dψ rkτr (11.76)
dt

After adding the additional term, the result must still be zero. Accomplishing this is difficult,
since the rotor time constant varies.

Another possible means of stabilization is to construct a steady-state IsT curve based on
nameplate values derived using stator resistance, stator leakage inductance, magnetizing
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Figure 11.40 The torque production [%] of an asynchronous machine as a function of stator
current with flux as a parameter.

inductance, rotation speed, and voltage as illustrated in Figure 11.40. This curve depicts the
current-to-torque ratio of the machine at a given flux level in steady state. The curve becomes
input for the stabilization algorithm. Since the motor currents can be measured, and since
voltage level and speed dictate the amplitude of the flux-linkage, motor torque at a given
current should match the look-up table curves in steady state. If it does not match, the flux-
linkage estimate must be erroneous and must be corrected accordingly.

The two just introduced methods of stabilizing the instantaneous flux-linkage value
provide the basis for stator flux-linkage correction in the controller; because the rotor current
vector and the excitation flux linkage are always perpendicular in steady state. Further, the
torque/current curve is known, and it can be used to compare the torque obtained by equation
Te 3=2pψs is from the measured stator current vector with the integrated stator flux-
linkage vector. If the result does not fit the current-torque curve of Figure 11.40, the stator flux
linkage must be corrected.

The operator determines, during the commissioning identification run of the motor; the
rated current iN, the rated voltage uN, the rated frequency fN, the rated rotation speed nN, and
the power factor cosφN. The stator resistance Rs is automatically identified during startup.
Therefore, the operator does not have to manually determine a suitable value for the so-called
IR compensation of the stator voltage drop. The change in stator resistance during the
temperature rise of the machine is estimated by the thermal model of the machine.

The auxiliary control systems of the DTC

The core of the DTC efficiently produces the torque estimate and supplies the motor
parameters. A DTC-controlled inverter unit requires several auxiliary controllers.
Figure 11.41 illustrates the total DTC motor control system of an asynchronous machine.

Torque control

The reference for the torque control is either the torque reference provided by the speed
controller or an external torque reference. The torque reference must be moderated from both
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Figure 11.41 Schematic diagram of the DTC motor control system.

the drive system mechanics and current limiting points of view. DFLC is so fast that damage
may result if mechanical system reacts anomalously.

Limiting the torque reference is important also in braking the motor so the permitted DC
link voltage is not exceeded.

Speed control

Speed is controlled via a PID controller. In many applications, speed control is the most
important drive system task. The quality of the overall control process often depends on the
accuracy of rotation speed control. The output of the speed controller acts directly as a
reference to the torque controller. This enables the rotation speed controller to take several
requirements of the process into account. The controller also includes an acceleration
compensator, which provides special advantages when it is necessary to minimize control
deviations in the acceleration and deceleration of inertial loads. Once the mechanical time
constant of the drive has been identified, PID speed control can be tuned to act more as a load
compensator.

Flux linkage reference

The magnitude of the stator flux linkage can be fed to the DTC block as a reference value. This
stator flux-linkage reference may be selected based on several criteria. One practical criterion
is, for example, to minimize stator current for a given torque and improve drive system energy
efficiency. Flux linkage optimization offers good energy economy, especially in drives that
can run at normal speed with weakened machine flux. Examples include pump and blower
drives.

Flux optimization improves the total efficiency of the motor drive. At small loads, the
losses of the machine can be reduced even by 60% by suitably modifying the flux density.
Flux optimization also reduces motor noise.
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Switching frequency reference

The typical average switching frequency for IGBT switches in DTC drives is in the 3 kHz
range. Thermal stress in the switch semiconductor material is the main constraint. In practice,
switching frequency is controlled via the hysteresis bands in the optimal switching logic
circuits. Switching frequency is lower at the lower speeds, because at low speeds there is
higher voltage reserve stressing the switches than there is at higher speeds.

Performance of the induction motor DTC

DTC drive dynamic behaviour makes it possible to use AC drives to carry out duties that
traditionally required DC machines. Examples include drives for cranes, lifts, presses, and
reel-ups. In some cases, speed sensorless DTC drives can be used in place of flux-oriented
vector controls.

Torque response and control accuracy

The DTC can provide the fastest torque response. When operating at rated flux, the minimum
rise time for torque response is typically below 2 ms for a non–pulse-encoder control, while
the torque step rise time is about 20 ms for typical DC and PWM-AC drives equipped with a
speed-encoder. For a speed-sensorless vector controlled drive, the torque response time can be
hundreds of milliseconds.

Figure 11.42 illustrates the performance of the DTC. The figure shows the step response of
a 15 kW induction machine in a 70% torque step without pulse encoder feedback. Achieving a
shorter response time is difficult, because the leakage inductances of the motor constitute a
limiting factor for the required current changes. One could say that DTC is capable of using all
the resources a machine can offer.

Figure 11.42 Typical fastest possible torque step in a DTC drive. The torque step height is
70% of the rated torque at 25 Hz operating frequency. A speed encoder was not used. The fast
torque ripple shown in the plot cannot be seen, but produces audible noise at all but the highest
switching frequencies. Source: Adapted from Aaltonen et al. (1995). Reproduced with
permission from Finnish Electrical Engineers Association.
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Figure 11.43 Phase current during a fast reverse at 20% torque in the absence of a pulse
encoder. Source: Adapted from Aaltonen et al. (1995). Reproduced with permission from
Finnish Electrical Engineers Association.

DTC can also guarantee linear and fast torque control at low speeds. Figure 11.43 depicts
the motor phase current behaviour during a fast reverse with 20% load torque.

Figure 11.44 illustrates 80% shaft torque level during the slow reversing. Linearity is good
for a drive without a pulse encoder.

Figure 11.45 represents a slow torque ramp at zero speed. The actual shaft torque is
measured and the linearity error stays below 10%.

Accuracy of the speed control

The accuracy of the shaft speed estimate is good over the entire speed range. The static speed
accuracy of the DTC is 10% of the rated slip of the motor, typically being between +0.1% and
0.5% of the rated speed. This accuracy usually suffices for industrial drives, to which speed
sensor–based vector control has conventionally been applied. Should this accuracy be
insufficient, a pulse encoder feedback can be employed instead of the speed estimate, in
which case the speed accuracy depends on the encoder characteristics.

Since the DTC is capable of fast torque response, the speed fluctuation in a sudden load
change is notably smaller than in the traditional open-loop control drives. The gain of the
speed controller can also be increased considerably from the previous values.

Figure 11.44 Estimated torque and measured shaft speed for a slow speed reversal with 80%
torque. Source:Adapted from Aaltonen et al. (1995). Reproduced with permission from Finnish
Electrical Engineers Association.
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Figure 11.45 Measured shaft torque during a torque reference ramp at zero speed in the
absence of a pulse encoder. Source: Adapted from Aaltonen et al. (1995). Reproduced with
permission from Finnish Electrical Engineers Association.

Starting characteristics

With the DTC, a motor can be fast started in all electromagnetic states. A machine at rest and
de-energized is started by first exciting it with direct current. Using one active voltage vector
and the corresponding zero vector, the rated motor magnetizing current is first fed in by the
converter. Thereafter, the machine can be started at its rated flux level by rotating the stator
flux in the desired direction based on DFLC principles. If the shaft is rotating, the synchronous
speed can be determined in some milliseconds using an algorithm similar to that described for
permanent magnet synchronous machines, after which the DTC is immediately synchronized.
See Chapter 9. In addition, starting can be performed rapidly when the rotor flux has already
disappeared by first injecting an exciting pulse and then observing the machines possible
rotation as is done in the case of a PMSM.

Braking characteristics

Because it is straightforward to control the amplitude of the stator flux linkage, this feature can
also be utilized to brake a drive with just a diode bridge in the network terminals (i.e., without
supplying power back to the network). The DTC braking feature includes so-called flux
braking. In flux braking, the stator flux-linkage amplitude is raised from its rated value, and as
a result, copper and iron losses in the machine increase. With this braking method, most motor
losses are in the stator. Motor temperature rise can better be controlled than in the DC braking,
in which the rotor also heats up considerably. The idea of DC braking is to make use of DC
magnetization in the stator. As a result, the rotor becomes an eddy-current brake.

Management of network blackout

In the event of a power supply failure, voltage level in the intermediate DC link can be kept
within permitted limits using the load as a mechanical energy source as long as any rotation is
taking place. If the system retains enough mechanical energy, the controller uses the motor as
a generator to maintain converter operations. When line voltage is restored, the motor can be
immediately loaded, because the motor has remained excited for a short power failure
duration. Power failures may vary from seconds to minutes depending on the inertia of the
driven system.
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11.5 A summary of industrial induction motor drives

Induction motors are suited DOL operation. They can also be operated in scalar control, in
vector control and with DTC. DOL drives cannot be controlled, except by switching the drive
on and off. Such drives stress both network and machinery and may be energy inefficient.
Often simple scalar control suffices, which can also offer energy savings, especially in pump
and fan applications. Vector control was originally developed for demanding drives and
usually requires rotor speed feedback (a speed sensor).

An induction motor DTC drive is a general-purpose solution, and an induction motor DTC
is in principle quite simple. Such drives are suitable for a number of applications. They can be
used in less demanding roles, such as in static pumps and blower drives, or in extremely
demanding drive applications. Both DTC and vector control are accurate and substantially
faster than scalar control, and they are easier to use, at least in principle. For example, unlike
scalar control, more sophisticated controllers do not require tuned IR or slip compensation.
They offer automatic starting, improved braking characteristics, improved reliability, fast DC
voltage control, avoidance of overcurrent releases, extremely fast reaction to sudden impacts
on the load side, and improved operation during line-side power failures.

Table 11.6 compares the performance of different drives. The table affirms that DTC
performs well in comparison to more traditional motor control techniques.

Current versions of DTC and vector control are similar. DTC uses the motor current
model, which means it includes, in principle, all the elements of vector control except the
current component controllers and a fixed modulator carrier frequency. In addition, improved
stability and easier model tuning results if the voltage model is used to integrate the stator flux
linkage, thereby improving classic vector control. A clear advantage of vector control is that it
uses a predetermined switching pattern, and therefore the thermal stresses of the switching
components can be better controlled than in DFLC where no accurate switching frequency is

Table 11.6 Asynchronous motor drive performance comparison with typical parameters

TORQUE CONTROL METHOD

Speed Sensorless
Scalar Controlled

PWM

Vector
Controlled

PWM+Speed
Sensor

DC Drive and a
Digital Speed

Sensor

Speed
Sensorless

DTC

DTC +
Speed
Sensor

Linearity 12% 4% 3% 4% 3%

Repeatability 4% 1% – 1% 1%

Response
time

150 ms 10 . . . 20 ms 10 . . . 20 ms 1 . . . 2 ms 1 . . . 2 ms

SPEED CONTROL

Static
accuracy

1 . . . 3% 0.01% 0.01% 0.1 . . . 0.5% 0.01%

Dynamic
accuracy

3%s∗ 0.3%s 0.3%s 0.4%s 0.1%s

∗ %s is the time integral of speed deviation from the reference value in a load transient.
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found. In the most demanding dynamic drives, DTC reacts faster than vector control, which
always includes the current controller dynamics.

11.6 Doubly fed induction machine drives

Doubly fed induction machine (DFIM) drives are currently the most popular drive type for
wind turbines. The DFIM has a wound rotor with multiphase winding sets on the rotor and
stator. DFIMs can be referred to as wound rotor slip-ring induction machines. When this
motor type was used as an industrial motor, the rotor winding set was connected to resistors
via slip rings for smooth starting.

Before the era of static frequency converters, wound rotor slip-ring induction machines
were also used as rotating frequency converters. The technology was used again in
hydroelectric pump-storage power plants, where high-power variable-speed drives were
required, operating both in motoring and generating modes at variable speeds. Currently, slip-
ring machines are being used in new applications, especially as generators in wind turbines.

A DFIM drive can be adapted easily for use in wind turbines based on classic gearbox
drivetrains. Moreover, DFIM efficiencies are good, so only a partial-power converter is
needed to control the rotor circuitry. Figure 11.46 offers a schematic representation of a wind
turbine drive train based on a doubly fed induction generator (DFIG).

A doubly fed machine drive can work as either a motor or a generator. Normally, however,
the rotor can only turn in one direction without modifying the phase order of the stator. In
principle, the DFIM can be operated in both rotor directions independent of stator phase order,
but only by changing rotor and rotor converter dimensions. The rotor converter must be a
four-quadrant (4Q) converter. Figure 11.47 illustrates the power flow options of a doubly fed

Figure 11.46 Schematic representation of a wind turbine drive train based on a DFIG.
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Figure 11.47 Practical operation modes for a DFIM. The converter must operate in both
flux-rotating directions and in both power-flow directions.

system used as a motor and as a generator with the same rotating direction determined by the
stator phase sequence.

The DFIM of the figure, therefore, can operate in four different modes in the TΩ-plane as
Figure 11.48 illustrates.

Figure 11.48 illustrates how the rotation speed of the DFIM drive is always in the same
direction. Opposite rotation could be realized by changing the stator phase sequence. The
height of the gray box in the figure is limited by the voltage capabilities of the rotor system. Its

Figure 11.48 Practical operation modes of a DFIM in the TΩ-plane. In principle, modes 2
and 4 could be realized passively using normal induction machines without any power
electronics in the rotor circuit. Modes 1 and 3 are modes where the rotor must be supplied
actively with power electronics that can realize “negative rotor circuit external resistance”.
The doubly fed induction machine can also act as a nonsalient-pole synchronous machine
when DC is supplied to the rotor. In that case, one rotor phase is connected in series with two
other phases connected in parallel to produce a DC-excitation winding. The phrases “normal
induction machine generating” or “normal induction machine motoring” are modes included
in the rotor shorted areas. When the rotor is shorted, the magnitude of slip must be as low as in
squirrel-cage machines, where slip is typically in the range of 1% or less. Mechanical power is
Pmec, stator power is Ps, and rotor power is Pr.
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width is limited by the available electric current of the drive system. The rotor circuit must be
designed so rotor voltage remains below stator voltage at the highest allowable slip. In
practice, the rotor and stator circuits may operate at different voltage levels. The stator could
be connected directly to, for example, a 10 KV AC grid, while the rotor side system could
operate, for example, with 690 V. In this example, the rotor operating voltage should remain
below this 690 V AC so the network-side converter can operate safely.

If needed, the height of the gray box in the figure can be increased by specifying less turns
in the rotor winding or by specifying a higher rotor system maximum voltage. Therefore, it is
possible, in principle, to go to zero speed Ωr= 0 or even below Ωr< 0 (opposite rotation
direction). In practice, however when the doubly fed system is used in wind turbine
applications, the drive cannot be operated as a motor drive starting from zero speed because
of the voltage limitations in the rotor circuit converter.

The power balance of a wound-rotor machine is the same, in principle, as that of the cage-
rotor machine. The electromechanical power Pmec, including output and mechanical losses, is
dependent on air-gap power Pδ via slip s.

1 s Pδ (11.77)Pmec TemΩr

In a DFIM, power sPδ is the sum of the Joule losses and the real power of the rotor external
circuit, that is, the power with phasors mRe(U_r _I 2

∗
) and with m the number of phases. sPδ can

be large for a DFIM, because it also includes the external circuit power Prext of the system. The
equation for sPδ is

i2sPδ i2Rr i2Rrext (11.78)Prext Rrr r r

External power Prext, which can be positive or negative, corresponds to the mechanical power
of the machine when mechanical losses are neglected. External power can take place in the
presence of virtual external resistance Rrext, which can also be positive or negative. For
induction machines in general,

Prext 1
s

s
Pδ PCur (11.79)

In large machines, PCur is small, and Pr sPδ. Stator power Ps can be written

Ps PCus PFe Pδ PCus PFe 1
1
s
Pem (11.80)

The (to or from) grid power is

Pgrid Ps Prext (11.81)

Neglecting losses yields

Prext 1
s

s
Pδ (11.82)

Ps 1
1
s
Pem (11.83)

Pgrid Ps Prext 1 s Pδ Pmec TemΩr (11.84)
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According to Equation (11.84), mechanical power is the difference between the stator input
power Ps and the power passing from the rotor to the brushes via the slip-rings Prext. Equation
(11.84) is written with positive Ps, Prext, and Pmec in accordance with induction motor
tradition for subsynchronous operation.

Since the effective number of turns may be different, the transformation ratio Krs must be
defined between the stator and rotor; common in wound rotor applications. Assuming the
number of phases m is the same for both stator and rotor, with kw1sNs and kw1rNr effective
turns in series per phase, the transformation ratio becomes

kw1sNsKsr (11.85)
kw1rNr

The ratio between the air-gap–induced voltages of the machine is as follows.
1

Emr sEms (11.86)
Ksr

Using the equivalent circuit of Figure 11.49 leads to an expression for the rotor RMS current
phasor.

E_mr U_slipring_I r (11.87)
Rr jsωsLrσ

This current may be referred to the stator side via the ratio
Ir_I (11.88)r Ksr

The referred current flows in the equivalent rotor winding producing the same current linkage
as the real rotor current. The expression for referred current can be rewritten as

1 _U slipring_sEms U slipring Ems1 sKsr_I (11.89)r jsωsLrσ RKsr Rr r jωsLrσs

Figure 11.49 DFIM drive system equivalent circuit. Power flow given for subsynchronous
motoring. The rotating ideal transformer transforms both the voltage and frequency (Miller, T.
J. E. (2010). Theory of the doubly fed induction machine in the steady state. 2010 XIX
International Conference on lectric Machines (ICEM), pp. 1–6, 6–8 September 2010).
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Figure 11.50 (a) Equivalent circuit of DFIM in the stator voltage level with rotor quantities
referred ( ) to the stator and (b) solving the behaviour of the DFIM-drive ((Miller, T. J. E.
(2010). Theory of the doubly fed induction machine in the steady state. 2010 XIX Interna
tional Conference on lectric Machines (ICEM), pp. 1–6, 6–8 September 2010).

The right-side expression in Equation (11.89) results when the expression to its left has been
expanded by Ksr/s. It is equivalent to the traditional presentation of an IM at the stator voltage
level. With Equation (11.89), it is possible to use the traditional RMS equivalent circuit of an
induction motor. The only difference is the extra voltage source in the rotor circuit
representing the external voltage arrangement of the DFIM. See Figure 11.50.

In Figure 11.50,

U_slipringU_2 ;
s

U_slipring Ksr U_slipring; (11.90)

R K2 Rr; andr sr

K2Lrσ srLrσ:

The U_ U_slipring=s equation is specific for DFIMs, because for squirrel-cage machines,2
the rotor voltage Uslipring = 0.

In Figure 11.50b, R =s is divided into two parts. R represents rotor Joule losses, andr r
RE R 1=s 1 represents the portion of mechanical power associated with Rr. Similarly,r
voltage U_slipring=s is divided into two components. U_slipring is the referred actual slip-ring
voltage (Ksr U_slipring), while U_slipring 1=s 1 represents the effect of the external circuit,
which can include both active and reactive power. When slip s is low, low voltage at the slip
rings is multiplied by 1/s, appearing large in the stator circuit. U_ U_slipring=s dominates.2

Now, the equivalent circuits of Figure 11.50 can be used to solve Equation (11.89).
Figure 11.49 is first reduced to Figure 11.50a. The ideal rotating transformer disappears, and
the equations are solved entirely at the stator frequency. The task is simplified further by
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making use of Rs jωsLsσ Z_s and the magnetization path to a single admittance Y_m, and by
reducing the stator part to its Thévenin equivalent.

U_sU_ ; (11.91)s _Z s _Y1 m

_Z s_Z : (11.92)s _Z s _Y1 m

The stator current is now solved via Figure 11.50b.

U_s U_2_I : (11.93)s _Z R =s jωsLrσs r

The equations for voltages (see Figure 11.50), magnetizing branch current, and stator current
are as follows.

_Eu _ER U_2; (11.94)

_E _E U_ (11.95)s u Zr;

_Im _EsYm; (11.96)

_I _I _I : (11.97)s m r

The power balance analysis of the system starts with rotor copper losses. The real rotor Joule
loss is given by

PCur mI2Rr (11.98)r

In Figure 11.50 the rotor power associated with Rr is

2 K2I r Rr Rrr srPRr mI 2 R m mI2 : (11.99)r rs s sKsr

This obviously includes much larger power than just the Joule losses, which should be only
mI2Rr. Obviously, there is additional power in the statorr

mI 2
r

1
s

1 Rr PCur
1
s

1 (11.100)

Electromechanical power conversion includes this term (11.100). This is the only power
component associated with power conversion for a normal squirrel-cage motor. In a DFIM,
however, there is another component included in mU_ _I ∗ (∗ stands for complex conjugate),r r

∗ ∗which is associated with U_slipring=s. The apparent power mU_slipring _I r mU_slipring _I r is
the actual apparent power on the slip rings and converter terminals. However, the current and
voltage frequencies are equal to the rotor slip frequency. The virtual component

∗ I 2 I 2 I 2mU_ _I 1=s 1 is analogous to_ RE or_ R 1=s 1 . Although _ RE representsslipring r r r r r
pure active power, both stator and rotor external circuits can have both active and reactive
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power. Therefore, machine excitation can be shared by the stator and rotor currents if so
desired.

The following phasor equations can be written for the DFIM drive.

∗ ∗Prext mRe U_slipring _I r mRe U_slipring _I r ; (11.101)

PCur m _I 2R m _I 2Rr; (11.102)r r r

PCur Prext I 2 ∗Pmec 1 s m_ RE mRe 1 s U_2_I (11.103)r rs

Prext is actual converter power. It is regarded positive when the power is flowing from the rotor
via the slip rings to the converter and to the network. Establishing this flow direction as
positive conforms to the sign convention for the power components of an asynchronous
motor.

Pmec is the mechanical power of the machine. It is positive for motoring. This power is
entirely represented by the virtual power gray box in Figure 11.50b. The mechanical power
Pmec = (1 s)Pδ, and the air-gap power is given by the following equation.

PCur Prext ∗I 2 mRe U_2_I rm_ R : (11.104)Pδ r rs

Air gap power can also be written as

∗E_s _IPδ mRe : (11.104)r

The electrical analysis above provides evaluation of the component powers, especially the
slip-ring power Prext, which does not appear in the case of the squirrel-cage motor.

11.6.1 Controlling the DFIM

To analyse the basic principles of DFIM control, its equivalent circuit can be simplified by
ignoring inessential stator components. See Figure 11.51.

Following Figure 11.51 and multiplying both sides of the equation by the per-unit slip s,
the rotor voltage equation can be written.

u R i sus (11.105)jsωsLrσir r r r

Figure 11.51 Simplified equivalent circuit for the doubly fed induction machine. The rotor
voltage u =s describes external voltage ur, which should be zero in squirrel-cage machines. Inr
this simplified presentation, air-gap voltage is equivalent to stator terminal voltage.
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This results if the following definition of the steady-state rotor current vector.

ir
ur sus

Rr jsωsLrσ
(11.106)

The main idea for speed and torque control is to apply a suitable external voltage vector ur to
the rotor terminals so the rotor is driven towards new slip and torque values. Different speeds
(i.e., different slips) represent different no-load rotor voltages. A new value can be defined, the
base slip value s0 for different rotor voltages, by setting the rotor current to zero at the
respective rotor voltage.

susur0 ur0i 0 s0 (11.107)r ur0R L usr jsωs rσ
sus

At s0 and ur0, the DFIM runs at no load at a speed corresponding to s0. Therefore, with ur= 0,
the base slip value s0= 0 indicates that no-load speed corresponds to stator frequency, and the
machine operates like a normal squirrel-cage machine, that is, like a short-circuited wound-
rotor machine. Correspondingly for ur= us, for example, a base slip value of s0= 1 results at
the no-load speed of zero (like a wound rotor with an open-circuit winding). If negative values
are used for ur, the machine no-load speed is on the super synchronous side where ωr>ωs.

In practice, if per-unit stator voltage us = 1 is used, the maximum rotor slip variation in a
wind power generator can typically be in the range of ±30%. This range can be achieved for
base slip as follows.

ur00.3 0.3 pu (11.108)s0 ur0us

The base slip operational parameter s0 is important to the understanding of DFIM rotor
behaviour. It establishes a virtual synchronous no-load operation point for the DFIM. If
external torque causes DFIM speed to increase from this base-slip speed value, there will be
extra voltages induced in the rotor winding driving rotor currents and the machine operates as
a generator. This corresponds to the rotor behaviour of a normal induction motor at super
synchronous speed. If the external load torque slows machine speed to below the base-slip
speed, voltages will again be induced in the rotor, and the resulting currents will induce
electromagnetic torque that opposes the change of speed. The equation for base-slip speed is

1 s0 ωs: (11.109)ωr

If s0 varies ±0.3 pu, the real electromagnetic rotating speed of the machine also varies.

ωr ∈ 0.7; 1:3 ωs: (11.110)

In addition, mechanical angular velocity varies according this the following equation.

ωr ωsΩr ∈ 0.7; 1:3 : (11.111)
p p

The base-slip speed forms a virtual synchronous operating point for the machine, and the
torque producing slip can be regarded as a Δs slip change from this base.
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Figure 11.52 Simplified (no stator leakage) steady-state space-vector diagram of an induction
motor with s= 0.01 and real-rotor–induced quantities corresponding to a base slip of s0= 0. The
diagram corresponds to a squirrel-cage induction motor with ur= 0. The voltage induced in the
rotor winding is defined by the slip s= 0.01=Δs and is em= Δsjωsψm. Since the rotor terminal
voltage is zero, the induced voltage 0.01us is dropped totally from the expression for rotor
impedance Rr+ jsωsLrσ. Rr= 0.01 pu. Lrσ= 0.1 pu.

A slightly modified version of the space-vector diagram shown in Figure 11.3 can be used
to model the doubly salient machine. For an external rotor voltage supply, the rotor circuit
current is driven only by the air-gap flux-linkage–induced voltage in the rotor winding. The
equation for this voltage in terms of base slip s0 is

emr jΔsωsψm j s s0 ωsψ (11.112)m

Instead of values referred to the stator voltage level, absolute values for the rotor-side voltage
vectors should be given. Therefore, being directly per-unit slip-dependent, rotor-induced
voltage may be low. Figure 11.52 illustrates the modified space-vector diagram of an
induction motor with shorted rotor terminals (ur= 0).

Figure 11.53 illustrates the DFIG at no load for two different base slips and corresponding
rotor voltage supplies. Voltages and base slips are ±0.3. When the induced voltage and rotor
terminal voltage are equal, there is no rotor current, and the machine runs at no load.

Figure 11.53 DFIG at no load with ±0.3 base slip and corresponding voltages. Graph
(a) represents positive base slip and graph (b) represents negative base slip.
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EXAMPLE 11.4: Determine how DFIM behaviour changes as rotor voltage is reduced or
increased by 1% unit from the no-load slip value of 0.25 pu. The per-unit rotor resistance is
Rr= 0.01, and the leakage inductance is Lrσ= 0.1.

SOLUTION: The base slip and rotor voltage at DFIM no-load are s0 u s0us 0.25.r
Vector direction can be assumed according to Figure 11.53. Then, rotor voltage can be
dropped to u 0.24. Based on Equation (11.106), rotor current will ber

j3π=2 j3π=2 j3π=2u s0us 0.24e 0.25 1e 0.01e j3π=2 0.37jπri 0.37er R 0.01 j0:025 1 0:1 0.01 j0:025r jsωsLrσ

Figure 11.54 Vector diagrams of machine behaviour for small voltage changes from the
no-load value to a value nearer to the 0.25 base slip.

Increasing rotor voltage to u 0.26 in the original vector direction results in ther
following.

j3π=2 j3π=2 j3π=2u s0us 0.26e 0.25 1e 0.01e j3π=2 0.37jπri 0.37er R jsωsLrσ 0.01 j0:25 1 0:1 0.01 j0:025r

The voltage that produces current in the rotor winding is the difference between ur0 s0us

and the real rotor voltage u . The rotor winding angular frequency is dictated by the baser
slip frequency resulting in s0ωs. Figure 11.54 illustrates the vector diagrams of the two
example scenarios.

The vector diagram introduced in Figure 11.55 illustrates the effect of rotor terminal
voltage variation using three rotor circuit voltage change values Δur1, Δur2, and Δur3.
Each of these has been selected to be in phase with the original rotor current. Such voltage
changes emulate voltage drops over a virtual—positive or negative—external rotor
circuit resistance. The rotor induced voltage s01em at base slip s01 is represented by a
gray vector, while the rotor-induced voltages at other slips caused by changes in the rotor
circuit voltage in the doubly fed machine are represented by dashed lines. The voltage
drops over the virtual rotor complex impedances are depicted for each of these values.
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Figure 11.55 Simplified DFIM behaviour of a motor around base slip s01 corresponding to
an a priori selected operating point and a negative s01us rotor voltage. Controlling the rotor
voltage in the direction of Δur2 makes the base slip s02 smaller (rotating speed higher) and
power lower, while controlling the rotor voltage in the direction of Δur3 makes the base slip
s03 higher (speed slower) and power higher.

The virtual complex impedances change when a converter voltage change Δu is introduced inr
the rotor circuit. When this Δu is introduced in the same direction as the rotor current vector,r
it is easy to imagine that this voltage change corresponds to a change in the rotor circuit
resistive load. A large voltage drop in the rotor corresponds to a large slip value and high
torque, while a small voltage drop in the rotor corresponds to a small slip value and lower
torque.

Looking at Figure 11.55, a positive Δur2 change in rotor voltage forces the rotor
current to a new smaller value ir2 according to Equation (11.106). The stator current
moves to is2, and the base slip moves to s02. The result is an increase in speed and a

s03. Speed is reduced and the induced voltage on the rotor side increases to s03em. Since
the changes in rotor voltage and current are in phase, the external circuit converter handles
only active power in this case.

Naturally, the rotor circuit can also be supplied with a voltage change that reverses the
rotor current, and therefore changes the torque direction. The DFIM begins to operate as a
generator. Figure 11.56 illustrates a DFIG in operation.

The simplified equivalent circuit in Figure 11.51 can also be used to study DFIM cases
involving zero stator resistance and leakage.

The stator terminals power factor for a DFIM system can be freely selected by controlling
the rotor voltage vector and, therefore, the rotor current. The rotor winding can be used as the
field winding and share the excitation task between the stator and the rotor. Figure 11.57
illustrates the possibilities in motoring mode.

Figure 11.48 shows the DFIM vector diagrams for four operating modes accounting for
stator leakage inductance. The equivalent circuit is presented in Figure 11.58.

Figure 11.59 describes mode 1 operation, that is, supersynchronous motoring with unity
power factor in the stator side.

The vector diagrams for modes 2 through 4 are shown in Figures 11.60–11.62.

reduced voltage s02em induced in the rotor circuit. Similarly, a negative change Δur3 in the
rotor terminal voltage forces the rotor and stator currents to ir3 and is3 and the base slip to
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Figure 11.56 DFIM operation changes from motoring to generating with increased external
rotor voltage Δur2.

Figure 11.57 Controlling the stator-side power factor using rotor voltage and current at base
slip s0 with the active power being constant.

DFIG control can be realized as vector control based on Figure 11.63. It is modelled in the
stator flux-linkage–oriented reference frame. Since grid voltage dictates the stator flux linkage
anyway, this is natural.

DFIG torque and active power control is carried out with the q-component of current.
Excitation and reactive power control is carried out with the current d-component. Rotor
speed control is accomplished by manipulating the rotor currents.

Ωmp ωs ωr ωs 2πf : (11.113)r

Figure 11.58 Equivalent circuit of DFIM accounting for stator leakage.
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Figure 11.59 Vector diagram of supersynchronous motoring at negative slip. Magnetization
comes via the rotor current. The stator has a power factor of one. The diagram is drawn in the
traditional manner with rotor quantities referred to the stator. However, base slip is taken into
account in the rotor back emf. Both rotor and stator powers are positive, so the converter must
actively supply the rotor to achieve motor super synchronous operation.

The general Park model of the induction machine is used.

dψsus Rsis dt
(11.114)

ur Rrir
dψ r

dt
jωsψ r (11.115)

ψs Lsis Lmir (11.116)

ψ r Lmis Lrir (11.117)

Ls Lm Lsσ; Lr Lm Lrσ (11.118)

The statorflux-linkage components, assuming the stator flux-linkage orientation, are as follows.
The flux-linkage– and torque-producing components are designated with subscripts ψ or T.

ψsψ Lsisψ Lmirψ ψs Lmim (11.119)

ψsT 0 (11.120)
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Figure 11.60 Vector diagram of super-synchronous generating at negative slip. Also in this
case, magnetization comes via the rotor current. The stator has a power factor of one. Base slip
is taken into account in the rotor back emf. Both rotor and stator powers are negative, so the
converter must actively rectify rotor power and supply the power to the network.

The following express leakage factor σ and equivalent inductance Lo.

L2
mσ 1 (11.121)

LsLr

L2
mLo (11.122)
Ls

The rotor side voltage and flux-linkage equations are

dirψurψ Rrirψ σLr dt
ωrσLrirT (11.123)

urT RrirT σLr
dirT
dt

ωr Loim σLrirψ (11.124)

ψ rψ
L2

m

Ls
im σLrirψ (11.125)

ψ rT σLrirT (11.126)
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Figure 11.61 Vector diagram of subsynchronous generating at positive slip. Also in this
case, magnetization comes via the rotor current. The stator has a power factor of one. Base slip
is taken into account in the rotor voltages. Rotor power is positive while stator power is
negative, so the converter must actively supply rotor power from the network.

Because of the stator flux-linkage orientation, ψsψ ψs, and ψsT 0. Active and reactive
power are

Ps usψisψ usTisT (11.127)

Qs usψisT usTisψ (11.128)

where

isT
Lm

Ls
irT (11.129)

isψ im
Lm

Ls
irψ (11.130)

Currently, the DFIM is dominant for wind power applications, at least in the 3 to 5 MW range
for onshore applications. It will be interesting to see which machine architectures prevail as
wind turbine nameplate power ratings continue to increase. The largest commercial wind
turbine in operation today is manufactured by Vestas, and its 9 MW drivetrain uses a semi-
geared medium-speed permanent magnet generator interfacing with a full power converter.
Enercon offers a 7 MW direct-drive synchronous generator system.
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Figure 11.62 Vector diagram of subsynchronous motoring at positive slip. Also in this case,
magnetization comes via the rotor current. The stator has a power factor of one. Base slip is
taken into account in the rotor voltages. Rotor power is negative, while stator power is positive
so the converter must actively absorb the rotor power and supply it to the network.

Figure 11.63 Vector control of a DFIG.
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Appendix IM1

Direct online starting of induction motors

The following methods and values may also be applied to DOL synchronous motors.

Direct starting

The motor is directly connected to the grid via switch S1.

The initial starting current is dependent on the motor short circuit inductance Lk.

U= 3
Is I1 2πωsLk

The starting torque will be the rated starting torque of the motor Ts= T1.
Operating of the switch: S1 is ON at start.

Star-delta starting maintaining the motor flux

Operating sequence of the switches: 1) S1 and S2 is ON at start. 2) S3 is ON after a suitable
acceleration time. 3) S2 is OFF. 4) S4 is ON.

The initial starting current is Is
I
3
1.

The starting torque will be Ts
T
3

1.

Starting transformer with a star point switch
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Operating sequence of the switches: 1) S2 is ON, 2) S1 is ON 3) S2 is OFF, and S3 is ON.
2
I1.U2The initial starting current is Is U

2
T1 T1.U2 IsThe starting torque will be Ts U I1

Starting transformer without a star point switch

Operating sequence of the switches: 1) S1 and S2 are ON at start. 2) S1 and S2 are fast-
switched OFF, then S3 is immediately switched ON.

2
The initial starting current is Is

U2
U I1.

The starting torque will be Ts
U2
U

2
T1

Is
I1
T1.

Block transformer effect

Operating sequence of the switches: 1) S1 is ON at start.
2
I1.U2The initial starting current is Is U

U2
2
T1 T1.IsThe starting torque will be Ts U I1

Star point choke limiting the starting current

Operating sequence of the switches: 1) S1 is ON at start, and 2) S2 is ON.

The initial starting current is Is Lk

Lk I1.Lc

2
IsThe starting torque will be Ts T1.I1
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Switched reluctance
machine drives

Modern signal processing capabilities and advanced control algorithms enable effective
management of even strongly nonlinear electromechanical phenomena in electrically pro
duced driving force architectures. The switched reluctance (SR) motor is simple in construc
tion, arguably the simplest of rotating machines, but complicated to control. Its working
principle basics are easy to understand but, for example, SR torque production calculations are
more complicated than with alternating-current (AC) or direct-current (DC) motors. This
motor type does not have a simple equivalent circuit model (a current model) suitable for
engineering analysis. Figure 12.1 shows where the SR machine drive falls with respect to
other general machine drive types in terms of construction and control complexity.

As the figure shows, the mechanical construction of the traditional fully compensated DC
machine is quite complex, but its control is simple. The motor drive can even be accurately
realized using simple analog control electronics. Synchronous machines, with their numerous
windings, are not only mechanically complicated, but they are also remarkably more complex
to control. Squirrel-cage induction motors (IMs) are rugged and moderately complex in
construction. If sensorless positioning is not needed, scalar control of the squirrel-cage IM is
relatively simple. However, if accurate sensorless positioning is needed, then more complex
vector control is required, because of IM slip. Brushless DC machines (BLDCs) and
permanent magnet synchronous motors (PMSMs) are both moderately simple in construction.
PMSM control, which is demanding but relatively straightforward, is more difficult than
BLDC control, which makes use of position feedback. All DC machines use a simple
parameter-based (electric current) control model, while all AC machines use a voltage
integral–based model (the voltage model).

Similar equivalent-circuit control models that are available for DC or AC machines do not
exist for SR machines. These drives, which demand dedicated control electronics, operate
autonomously with neither a DC or an AC supply, but smooth torque production is
challenging.

Electrical Machine Drives Control: An Introduction, First Edition. Juha Pyrhönen, Valéria Hrabovcová
and R. Scott Semken.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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Figure 12.1 Control complexity as a function of machine construction.

An SR machine may be used as a stepper motor, which can be operated using simple step
control; however, the discrete torque pulsation of the output is not suitable for all applications.
Actually, the stepper motor can be considered the predecessor of the SR motor. The stepper
can have the same geometry as the SR machine; however, it may have a solid rotor, which is
subject to high losses but steps reliably from one excitation state to the next without excessive
oscillation. If smooth torque is required, a low-loss high-performance SR machine coupled
with intelligently controlled power electronics is the better choice. The rotor of a stepper
motor rotates in discrete steps while the rotor of an SR motor rotates continuously. In an SRM
drive, the ON and OFF switching angles must be determined in advance. That is, each next
phase must be switched on before the previous phase reaches its aligned position. Within their
load limits, stepper motors can operate well without rotor position feedback. However, this
open-loop method of control is not stable for a low-loss high-performance SR motor.

The principle of an SR motor with a mechanical chopper was introduced as early as 1838.
The motor was used to drive the targeting and firing of a cannon. However, the SR motor
principle could not be more generally applied without today’s greater knowledge and more
advanced power electronics and control components. In the 1970s, electronic commutation
based on rotor position was patented, and subsequently the performance of the SR motor
became more competitive with DC and AC drives, at least for some special applications. The
structure and theory of the SR motor had been well documented by the end of the 1970s, and
development has been steady ever since.

To avoid any possible confusion, keep in mind that a salient-pole reluctance machine may
be either a doubly salient switched or singly-salient synchronous reluctance AC machine. It is
important to understand the difference. The SynRM belongs to the family of rotating field AC
machines. It was discussed previously in Chapter 10. The SR machine is not a rotating field
machine, an exception in electromechanics. In principle, all other motor types discussed here
are rotating field machines; even the DC machine has a rotating field in its armature.

Switched reluctance refers to an electronically commuted motor type, the stator and rotor
of which are both salient-pole constructions. The poles of the machine are designed so the
maximum saliency ratio (the ratio of the highest and lowest inductance Lmax/Lmin) at two
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Figure 12.2 Stator and rotor laminations of 6/4-pole SR machines. A skewed rotor may
have, at least in principle, its own secondary working function. For example, it can act as its
own cooling air impeller. The lower right image in the figure also shows a simple
representation of a single stator tooth coil. Source: Adapted and reproduced with permission
from Lic.Sc Kimmo Tolsa.

different rotor angles is reached, however, in the motor phases, with certain restrictions. There
is no winding in the rotor, and shaft excluded, the rotor is usually made of laminated electrical
steel. An ideal switched reluctance machine for industrial or mobile applications is a fully
undamped machine. The stator is also made of laminated iron, and each stator pole has an
independent winding coil. Figure 12.2 depicts some parts of the magnetic circuits of three-
phase reluctance machines.

In English, the term switched reluctance motor (SRM) is used of a doubly salient
reluctance motor; the term “switched” refers to the commutation method rather than the
reluctance of the machine. In the United States, the machine is commonly known as a variable
reluctance motor (VRM), which is also a term for a certain stepper motor type. In the German
language, the term is Reluktanzmaschine mit beidseitig ausgeprägten Polen (“a reluctance
machine with saliency on both sides”).

An SRM is an electric machine that produces torque because the rotor has the tendency to
move into a position where the energy of the magnetic circuit is lowest and the inductance of
the circuit is highest. In practice, controlling the motor to produce torque evenly is
challenging, because the inductance of the circuit changes nonlinearly as the rotor rotates.
Because of its structure, an SRM will function, to some degree, as a stepper motor. When
employing a stepper motor as a position servo, rotor position feedback is not necessarily
required, as long as the stepped motion of the rotor is somehow damped. An SRM without



WEBC12 09/22/2016 15:51:42 Page 452

452 ELECTRICAL MACHINE DRIVES CONTROL

Figure 12.3 Four-phase tubular linear switched reluctance machine. Source: Adapted and
reproduced with permission from Dr Jussi Salo.

feedback and with low losses is only marginally stable as a stepper motor. It is difficult to
drive at high speed, because oscillations are not sufficiently damped between control steps.

The oscillation tendency can be avoided in an SRM position servo with rotor position
feedback control, because the torque of the SRM can be reset at every instant appropriate for
the situation. A linear switched reluctance motor (LSRM) can also be based on the same
reluctance variation. The force produced by the LSRM is based on the same phenomenon as
in a rotating machine. In other words, the force is produced by a change in the inductance of
the magnetic circuit due to a change in mover position. In many cases, the linear motor is well
suited as a position servo. An LSRM can be more compact than a rotating SRM as it directly
converts electrical energy to linear motion.

The advantages of an LSRM servo drive are as follows.

direct conversion of electrical energy to linear motion

accurate positioning (no clearance, no notable friction)

maintenance-free (does not include parts subject to wear)

high holding force is achieved with low losses

applicable to hazardous environments

The larger size of the LSRM servo drive compared to the achieved mechanical force can
be considered a drawback of the drive. However, the comparison is unfavourable only if the
drive is compared to a hydraulic cylinder, the power production capacity of which is superior
to a magnetic device. Figure 12.3 illustrates the structure of a cylindrical four-phase LSRM.

12.1 The torque or force of an SR machine

The stator and rotor of a reluctance motor constitute a magnetic circuit, in which the stator
winding generates a magnetising current linkage, and the flux linkage ψ penetrates the rotor
and air gap. Figure 12.4 depicts the cross section of a three-phase 6/4-pole SR motor, in which
the coils of the pole winding belonging to the same phase are connected in series. The
inductance L of the magnetic circuit depends strongly on the pole angle γ of the rotor as it is
shown in Figure 12.6. The magnetic force effects tend to minimize the magnetic resistance of
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Figure 12.4 Three-phase, 6/4-pole reluctance machine, where is is the current of a single
phase. The same number of power electronic switching components are needed as in a two-
level AC motor inverter. However, the connections are different. See Chapter 7.

the magnetic circuit, that is, the reluctance, and the torque exerted on the rotor tends to align
the rotor poles with the stator poles.

A straightforward way to predict the torque of an SR motor is to apply d’Alembert’s
principle. However, this method is most applicable for machine designers. The approach is
not of much help to a practical expert in drives engineering. Utilization of the principle of
virtual work presupposes that hysteresis and eddy current losses can be neglected, in which
case, the energy W of the magnetic field or the co-energy W∗ can be expressed with the rotor
angle (reference to the phase of the motor is omitted).

T ψ s; γ
@W

@γ ψ s

@

@γ ∫
ψ

0

is ψ s; γ dψ s

ψ s constant

;

T is; γ
@W∗

@γ is

@

@γ ∫
i

0

ψ s is; γ dis

is constant

:

(12.1)

Similarly, in case of a linear motor, force F is produced as a function of the flux linkage ψ and
movement, for example, in the x-direction as

ψ

@W @
F ψ s; x ;is ψ s; γ dψ s@x @x ∫ψ s 0 ψ s constant

(12.2)
i

@W∗ @
F i; x ψ :is; γ diss@x @x ∫is

0 is constant

If the torque or force of an SRM were alternatively defined using numerical methods, the
advantage of employing the virtual work principle would be that the distribution of forces in
the SRM could be determined simultaneously in the same way that flux density distribution
can be determined by the finite element method. The advantage would be that in the design of
the machine structure, both the electromagnetic and mechanical stresses could be taken into
account.
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Figure 12.5 Flux solution of a three-phase four-rotor-pole reluctance machine in the case of
overlapping stator and rotor poles. Source: Adapted and reproduced with permission from
Dr Jussi Salo.

A general method to calculate the mechanical forces exerted by the magnetic field on a
steel object is to employ the Maxwell stress equations. Figure 12.5 shows the flux solution for
a 6/4 machine in the case of overlapping poles.

When the magnetic field strength vector H is decomposed into the components orthogonal
(n) and tangential (t) to the surface Π as follows,

H Hn n n t 1 (12.3)Ht t;

the Maxwell stress equations can be written in the following form.

σn
1
2 μ H2

n H2
t

σt μHnHt:

;
(12.4)

For instance, if the surface Π is selected to be a cylinder of radius r, located in the air gap of the
stator and rotor of the SRM, the magnitude and direction of the total force exerted on the rotor
can be determined by integrating the equation.

F ∮ 1
2
μ H2 H2

n t n μHnHtt dΠ ∮ μHnH 1
2
μH2n d Π; (12.5)

Π Π

the result of which should be zero, if the rotor is centered. Therefore, the magnitude of torque
is obtained from the following equation.

T ∮ μ H ? n r H dΠ; r rn (12.6)

Π

where r is a vector from the rotation axis of the rotor to the integration point of the surface Π.
In the motor air gap, if the magnetic field strength H, the flux density B, or the magnetic vector
potential A have been determined in numerical form via, for example, the finite element
method, then Equation (12.6) applies.

The machine inductance of a reluctance machine changes as a constant function of
machine rotation angle. Because the machine saturates near the pole edges, determining
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Figure 12.6 Inductance of a saturated switched reluctance motor as a function of angle (or
position) with electric current as a parameter and the current pulses for both motoring and
generating operation. As a motor, the phase voltage is switched on at ignition angle γ0 and
after the torque stroke is commutated with the angle γC. Motor current does not quite reach
zero before reaching the aligned position. Some slight braking occurs as the machine shifts
away from the aligned position. The unaligned and aligned positions of a 6/4 machine are
shown at the top of the figure. Note: The pitch of the schematic motor figure and the
inductance figure are different. They coincide only at the marked minimum or maximum
inductance points (Miller, T. J. E. [1993]. Switched reluctance motors and their control.
Oxford, UK: Magna Physics Publications, Oxford University Press. ISBN 1-881855-02-3).

inductances is difficult at different machine positions and current levels. Average torque
grows with the inductance difference between the aligned and unaligned (direct and
quadrature) positions. As shown previously, the instantaneous torque of the reluctance
machine can be computed from the change in the co-energy of the machine as a function
of rotation angle. Operating as a motor, the electric current of the machine is often kept
constant with a switch-mode power supply. See Figure 12.6.

If the magnetization curves and phase currents are known at a sufficient number of rotor
angles, the magnetic co-energy W∗ can be calculated for each rotor position. Moreover, the
change in W∗ with respect to the rotor angle can be examined using the difference equations.
Instantaneous torque can be approximated in this manner.

In the (nonpractical) special case in which the motor does not saturate, the magnetization
curve is linear, and therefore the magnetic co-energy W∗ and the stored energy We are equal.

W∗ We
1
Li2 (12.7)s2
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Instantaneous torque in the case of constant current is given by this expression.

T
1
i2

dL
(12.8)s2 dγ

In the unsaturated operating area, inductance changes almost linearly, and therefore its
change with respect to rotor angle is constant. Here, torque is proportional only to the square
of the current, and torque regulation is easy. In practice, however, because it would require a
large air gap and overdimensioning of the machine, aiming for unsaturation is not advisable. It
would reduce torque (as a function of machine volume), because the inductance difference
between the direct and quadrature rotor position should remain small. A larger air gap also
requires a larger controller.

12.2 Average torque

As rotor angle varies, the instantaneous torque of each phase does not remain constant. Its
average torque is a primary consideration for an electrical drive. Here, angular rotor speed Ωr

is presumed constant.
When supply voltage us =UDC and phase resistance are constant and the resistive voltage

loss remains low, there is a linear increase in the flux linkage ψ s as an integral of voltage after
the voltage is switched on.

1
t dt

Ωr ∫ UDC Rsis dγ (12.9)ψ s ∫ us Rsis

Figure 12.7 shows three plots of flux linkage versus electric current that reveal the mechanical
work regions for the transistor conduction period, diode conduction period, and energy

Figure 12.7 Energy conversion during single voltage pulse operation at a higher speed.
(a) Transistor conduction period, (b) diode conduction period, and (c) energy conversion loop.
Wfc is the energy stored in the magnetic field at the commutation point. Wmt is the magnetic
energy converted into mechanical energy before commutation. Wd is the energy stored in the
magnetic circuit along the current-switching-off path. It corresponds to WR, which is finally
returned to the DC-link as electric energy. Wmd is the magnetic energy converted into
mechanical following commutation. Wmec is the magnetic energy converted into mechanical
work.
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conversion loop. The loop is built with rotor position dependent flux-linkage curves as
function of current. The curves have to be built between two boundaries: unaligned and
aligned positions. In the unaligned position the inductance is small and the flux-linkage curve
behaves almost linearly as a function of current. However, in the aligned position the flux-
linkage curve saturates heavily when the motor current increases. The energy conversion loop
starts from the origin when the motor is in the unaligned position and the exciting voltage is
turned on.

In Figure 12.7a, the voltage is applied to the phase at an ignition angle γ0 at the unaligned
position. This angle varies depending on the speed of the motor. Phase current is first increases
linearly as machine inductance L remains low near the unaligned position. As the poles start
overlapping and approach alignment, inductance increases rapidly, and the resulting back emf
( dψ s/dt= isdL/dt Ldis/dt) restricts the electric current. This movement corresponds to the
O-C curve. With the rotor angle γC at point C, the phase in question is commutated. Now, the
energy brought to the system is Wmt +Wfc (the white and shaded areas). Wfc is the energy
stored in the magnetic field, and Wmt is the energy converted into mechanical work when the
transistor is conducting. In this period, mechanical work is approximately equal to the energy
stored in the magnetic circuit.

After commutation (Figure 12.7b), the polarity of the voltage changes and energy Wd is
returned through the diode to the voltage source. The remaining energy Wmd is the mechanical
work produced along curve C-O. The complete working stroke is illustrated in Figure 12.7c.
For the complete working stroke, the mechanical work is thus Wmec =Wmt +Wmd, and the
energy returning to the voltage source is WR =Wd. In this example, mechanical energy is
about 65% of the total energy, a percentage analogous to the power factor of AC drives. The
remaining 35% is the reactive energy of the reluctance machine, which can be stored either in
the electric field of the DC-link capacitor or in the magnetic field of the motor magnetic
circuit.

A useful parameter for an SR machine is the energy ratio Γ. This ratio reveals how much
mechanical energy is produced from a given amount of electrical energy over the course of the
energy conversion loop.

Γ
Wmec

Wmec WR

Wmec

Wel
(12.10)

This energy ratio is to some degree analogous to the power factor in AC machines. In the
example introduced previously in Figure 12.7, the energy ratio is approximately Γ = 0.65.
Because the number of strokes per revolution is known, the average torque can be determined.
In one revolution, all poles Nr of the rotor must interact with all the stator phases, and therefore
the number of strokes per revolution is mNr. The average electromagnetic torque over one
revolution thus becomes

mN rT Wmec (12.11)
2π

Due to inaccuracies in manufacturing, the energy conversion loops for each current phase may
differ slightly in practice, and therefore produce different torques. In SR machines, the air gap
is manufactured as small as possible and therefore even smallest deviations from the desired
geometry may cause asymmetry in the machine.
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Figure 12.8 (a) The circuit controlling one phase of a reluctance motor and the current flow
during the working stroke (b) The electric current waveform in single-pulse operation for the
idealized inductance case (Miller, T. J. E. [1993]. Switched reluctancemotors and their control.
Oxford, UK: Magna Physics Publications, Oxford University Press. ISBN 1-881855-02-3).

The original energy Wel supplied by the power electronics can be expressed as a fraction k
of the product isCψ sC, where ψ sC is the value of the stator flux linkage at the instant of
commutation, and isC is the value of the current at the same moment. If the flux linkage
increases linearly during the flux formation period, shown as O-C previously in Figure 12.7,
then

(12.12)ψ sC UDCγD=Ωr

Here γD is the dwell angle during which the power stage supplies power to the machine. See
Figure 12.8. Electrical work can therefore be expressed as follows.

Wmec kUDCγDisCWel (12.13)
Γ Ωr

and since iC is the peak value of the current yielded by the power electronics, the required
power processing ability of the output stage in an m-phase system is

mWmecΩr 2πTeΩrSPE mUDCisC (12.14)
ΓkγD NrΓkγD

The product of torque and angular speed corresponds to the air gap power Pδ, and the product
NrγD is constant with a maximum value of about π/2 at the base rotation speed of the machine.
The power processing ability of the power electronic bridge must therefore be as follows.

4PδSPE (12.15)
kΓ
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This required power is independent of phase number and the number of poles. It is inversely
proportional to the energy conversion ratio Γ and the utilization ratio k. Both Γ and k depend
strongly on the static magnetizing curves of the machine and on the curves of the aligned and
unaligned positions in particular. These curves, however, are in practice highly dependent on
the pole number Nr, which has a strong indirect effect on the dimensioning of the power stage
of the converter. An approximation can be used to compare the power processing ability of the
power stage to the shaft output power. Assuming that k= 0.7 and Γ = 0.6, then SPE=Pδ 10.
This value is typical of SR motor drives. Inverter power bridges of the same scale are required
also in induction motor drives.

12.3 Control systems for a SR machine

SR machines always require an individual control system. Its performance decides the overall
machine characteristics. The control system comprises voltage choppers and the control and
measurement circuits that control their behaviours. The direction of the torque of a reluctance
machine does not depend on the direction of the phase current, and therefore unidirectional
switches can be employed in the chopper.

12.3.1 The power electronic circuits

In an SR machine operating as a motor at higher speed, and therefore with single voltage pulse
per energy conversion stroke, the magnitude of the stator flux linkage ψ s will change from
zero to its maximum within half of the period of movement from the unaligned position
with minimum inductance to the aligned position where circuit inductance spikes. This is
accomplished by switching on the supply voltage us=UDC at rotor angle γ0 and switching
us= UDC at commutation angle γC. Figure 12.8a shows a single-phase circuit applicable to
the control of a reluctance motor.

The illustrated switches can be, for example, power MOSFETs or IGB transistors. At low
rotation speeds, the switches are controlled so the upper transistor T1 controls the magnitude
of current with PWM. The lower transistor T2 is needed for commutation. When the rotor
angle reaches position γ0, both transistors are switched to a conducting state that allows
current to pass through the transistors and the phase winding. As the current reaches its upper
limit, the upper transistor T1 is turned off and the phase winding current passes through
transistor T2 and diode D2, converting the energy stored in the magnetic circuit into
mechanical work.

At commutation angle γC, the lower transistor state is reversed, and the rest of the energy
of the winding discharges through the diodes towards the DC voltage source or DC link
capacitor, because the polarity of the voltage across the winding changes. The flux linkage
must drop to zero before the rotor passes the aligned position. A nonzero flux linkage beyond
that point would result in a negative i.e. braking torque. Figure 12.8b illustrates the flux
linkage and the current under the control of a single control pulse (Miller, T. J. E. [1993].
Switched reluctance motors and their control. Oxford, UK: Magna Physics Publications,
Oxford University Press. ISBN 1-881855-02-3, pp. 53–55).

At high rotation speeds, both transistors are typically controlled simultaneously, which
results in added current and torque ripple. This is known as hard chopping. Hard chopping is
used at high speeds where there is insufficient time for soft chopping. Both hard and soft
chopping are described in the following paragraphs.
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12.3.2 Current control

Figure 12.8b showed that a single DC pulse during the working stroke produces an indefinite
current waveform, and therefore, uneven torque. The current increases first linearly, but then the
back-emf caused by the increasing inductance restricts the current. At the commutation point,
the voltage direction changes, which causes a sudden decrease in the phase current. Because dL/
dt has a negative sign making dL/dt positive, it tries to increase current even though there is a
negative supply voltage after commutation. Therefore, in the aligned position, the direction of
the back emf changes as circuit inductance begins to decrease and the rate of current drop slows.
When this happens, back emf can exceed supply voltage, and electric current may begin to rise.
Therefore, in single-pulse operation, the commutation angle must precede the aligned position
by several degrees. As speed increases, the commutation must be advanced further. Similarly,
the turn-on switching angle γ0 may be advanced well ahead of the unaligned position.

Supply voltage must be chopped to control electric current at low speed. This can be most
easily accomplished by holding transistor T2 (Figure 12.8a) in the conductive state as the rotor
angle changes from γ0 to γC and switching the transistor T1 on and off at sufficiently high
frequency. This is referred to as soft chopping. Hard chopping, where both transistors are
switched together at high frequency, can also be used but it is harder on the transistors and results
in higher current pulsation. The advantage of this pulse width modulation of voltage is that
torque range can be increased by delaying the moment of commutation, because of the lower
magnetic energy stored in the magnetic circuit. The peak value of stator flux linkage is limited to
a suitable level. At lower speeds single-pulse operation saturates the machine and makes
commutation difficult. To reduce acoustic noise, the switching frequency must be kept high.

Considerable current ripple results if the voltage switching frequency does not change
throughout the rotor’s working stroke. This electrical ripple can be moderated by switching
the power transistors on and off as the phase current becomes either greater or less than a
reference current. Figure 12.9 illustrates the voltage, flux linkage, and electric current

Figure 12.9 The inductance, voltage, flux linkage, and current waveforms that result when
electric current magnitude is controlled via PWM. In hysteresis control, soft chopping is used
until the rotor angle passes γC and flux linkage must be removed (Miller, T. J. E. [1993].
Switched reluctance motors and their control. Oxford, UK: Magna Physics Publications,
Oxford University Press. ISBN 1-881855-02-3).
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waveforms produced by a hysteresis-type current regulator. A simple hysteresis controller
maintains the current waveform between the upper and lower limit—within the hysteresis
band—when the supply voltage is switched on. The switching frequency decreases as the
inductance of the magnetic circuit increases. The example illustrated soft chopping. With soft
chopping, less filtering is needed in the DC link.

12.4 The general controller structure

Digital control enables versatile and reliable parameter setting and efficient programming of
operating modes. Since they depend strongly on the requirements set by the load, control
design and implementation must be carried out independently for each drive case.

To use a switched reluctance motor as a servo drive, it must produce minimal torque ripple
and offer rapid dynamic response. In addition, it must be capable of operating at zero speed
and reversing smoothly. Even if the motor will not be used for a servo drive, optimal operation
as a simple variable-speed drive requires continuous control of the switching angles. Four-
quadrant operation, in other words the ability to operate in both rotation directions at positive
and negative torques, presupposes fast real-time controllers that directly control phase current
and voltage. With ratios between torque, current, speed, and switching angle that are often
nonlinear and variable as functions of speed and load, achieving this level of control with an
SR motor can be difficult.

Figure 12.10 depicts the general architecture of a switched reluctance machine controller.
The design illustrated by the block diagram will not offer servo-quality control, because it
cannot dynamically profile the electric current waveform to eliminate torque ripple. However,
it uses the stator voltage integral to estimate stator flux linkage as is also done with direct flux-
linkage control (DFLC), which should make the operation more accurate.

In Figure 12.10, torque is the output, and the current demand signal iref and turn-on and
turn-off angles γ0 and γC (the switching and commutation angles) are the inputs to the
controlled power electronic circuit. The design includes a current hysteresis regulator that can
keep electric current within desired limits, i.e., approximately constant. Similarly to DFLC,

Figure 12.10 The structure of a controller capable of torque control and four-quadrant
operation. Speed is controlled via speed sensor feedback. iref is the current reference signal, Tm

is the motor torque, TL is load torque, Ωr is angular speed, and Ωref is its reference value. Jm

and JL are the moments of inertia for the motor and the load. The ignition angle γ0 and the
commutation angle γC are used to toggle the electric current controlling switches.
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the estimated or measured stator voltage is integrated into stator flux linkage. The stability
problems common in DFLC do not manifest, because stator flux linkage always begins and
ends at zero value within one stroke. The motor controller must include a flux-linkage current
to rotor position to torque chart as a motor model.

The block diagram also includes a notional conversion from torque to angular speed and
further to rotor angle. According to Newton’s second law of motion, the difference between
the electrical and load torques (Te and TL) is a product of angular acceleration and the sum of
the moments of inertia of the motor and the load (Jm+ JL). Therefore, the block after the error
element integrates the difference of the torques, and then divides it by the common moment of
inertia. The result is the angular speed Ωr. The next block integrates the angular speed yielding
the rotor position angle γ. In practice, rotor position is sensed with an encoder, which
generates a digital pulse train. Speed and position are estimated from this pulse train using a
suitable digital algorithm. Initial rotor position must be measured or estimated before
commissioning a drive. An absolute rotor position encoder can also be used.

The digital speed estimate is compared to the reference speed Ωref. The error determined is
input to the PI controller, which generates the torque demand signal Tref. If the speed error
increases, that is, the speed lags behind the reference, the proportional P-controller and the
integral I-controller increase the current reference. A current limiter is needed to set the
current limit to prevent damage to the current circuit. If the speed exceeds the reference value,
four-quadrant operation may even call for braking torque from the motor. In many ordinary
variable-speed applications, this is not necessary, because the load torque provides sufficient
deceleration. To produce braking torque, electric current must be fed to the circuit as
switching angles are delayed. As with motoring torque, braking torque magnitude is a
nonlinear function of current and the switching angles.

Figure 12.11 depicts the average torque of an SR motor as a function of rotation speed.
From zero to a base speed Ωb, motor current is held constant by chopping windings voltage,

Figure 12.11 Maximum average torque as a function of angular velocity. The base speed,
constant power, and high-speed areas resemble those of an IM drive. The high-speed area
starts at speed Ωhs. γD is the angle of rotation in which a constant voltage pulse acts on the
stator winding, and the flux linkage is increasing. At higher speeds the ignition γ0 and
commutation angle γC are both advanced suitably to get desired operation. It is no longer
possible to increase the angle in the highest speed area. Therefore, torque drops rapidly with
additional increasing speed.
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and the motor operates at nearly constant torque. As speed increases further, the switch passes
current throughout the working stroke, and the motor operates at maximum power. As the
power holds constant at its maximum value, the rotation speed of the rotor is controlled based
on the switching angles. This behaviour is exactly analogous to the behaviour of AC motors.
Also as speed increases, the SR drive must move into field weakening, and then into the high-
speed region. The magnitude of flux linkage is not constant in an SR drive, but its maximum
value must be limited as speed increases. There is insufficient time to integrate and
disintegrate the voltage flux linkage, and field weakening must be enabled.

12.4.1 Determination of rotor position

A closed-loop control system activates the chopper switches based on rotor position and
rotation speed. Phase current level is set as a function of rotor position. Rotor position can be
measured with optical or magnetic position sensors. An optical encoder comprises a slotted
pulse disc that rotates with the rotor, a stationary reading mask, and a light detector connected
to the logic unit. Figure 12.12 illustrates the architecture of a simple SR motor drive and
Figure 12.13 the position measuring principle. The drive system has three optical encoders to
determine rotor position. Since at high speeds the current waveform is dependent on switching
angle, it must be measured with high precision.

The difference between the desired and measured speed as processed by the speed error
amplifier controls the chopping frequency of the external power transistors. As this speed
error increases, chopping frequency is reduced. Measured electric current is compared to the
set current limiter value. If the measured value exceeds the permitted value, the transistors are

Figure 12.12 Simple SR motor drive system. Optical or Hall effect sensors report rotor
position and speed. The motor phases are current controlled based on rotor position.
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Figure 12.13 Sensor positioning and sensor pulses for a 6/4 SR machine; 60 represents the
mechanical phase shift between phases. The sensors are illustrated schematically. In practice,
they are placed in the non-driving end of the motor, and they have a similar rotor wheel to
measure position.

turned off. Switching angles are selected by the logic controller based on the A, B, and C shaft
sensor data. Figure 12.13 illustrates the sensing signals for a 6/4 machine.

Controllers have also been developed that operate without rotor position sensors. This is
normally done to minimize cost or improve reliability, particularly in drive subject to
extraordinary and difficult operating conditions.

12.4.2 Electric current profiling for smoother torque

Conventionally, SR motors have been controlled much like stepper motors, that is, constant
voltage and current pulses are fed to the phase windings of the stator at a frequency determined
by rotor angle. The strong torque ripple that results has made the motors unsuitable for many
applications. Control methods have been developed to reduce this torque ripple and bring it
close to conventional electric machine levels. These control methods are typically based on
experimental data that is used to tune the drive system for optimal duty in various operating
situations. The primary advantage an SR motor drive has over conventional drives is its ability to
produce more torque at lower speeds. It also offers simpler geometry.

At lower speeds, smooth torque can be produced with careful regulation of the electric
current waveform. However, there is insufficient voltage reserve at higher speeds to continue
with this regulation approach. The voltage resources available cannot follow the desired
current waveforms. New control and inverter solutions aimed at producing smoother torque
over a wider range of speeds will be necessary to make reluctance motor drives suitable for a
wider range of applications.

Figure 12.14 offers plots of flux linkage, phase voltage, phase current, and per-unit torque
as functions of rotor position for a three-phase SR motor drive with a current profiling
controller designed for constant torque production.

Electric current phase profiling succeeds only at lower speeds where the available voltage
reserve needed by the algorithm is sufficient. Based on motor properties and operating
conditions, current profiling must be carried out on a case-by-case basis. The torque



WEBC12 09/22/2016 15:51:47 Page 465

SWITCHED RELUCTANCE MACHINE DRIVES 465

Figure 12.14 Producing constant torque with the limited voltage available to profile the phase
currents in a three-phase SR machine. Smooth torque results, but the profiling consumes all the
available voltage. Source:Adapted and reproduced with permission from Lic.Sc Kimmo Tolsa.

production of the 6/4 motor referenced in Figure 12.13 is slightly low at the commutation
point, and therefore the constant phase current must be increased as shown in Figure 12.14.

12.5 The position sensorless operation of an SR machine

SR machine control requires accurate rotor position information. Only an angle sensor can
accurately provide this information. However, sensorless rotor position determination may be
adequate if drive requirements are not too demanding. For example, inductance measure
ments of the currentless phases of an SR machine can be used to determine rotor position. This
approach, which applies to multiphase machines with at least four phases, feeds an
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Figure 12.15 Flux-linkage–angle–current diagram of an SR motor. The diagram can be used
to determine machine rotor position from measured current and calculated flux linkage
(integration of voltage).

appropriate measurement signal to the currentless phases. The method can be applied to some
extent to the control of an SR motor; however, it is quite sensitive to disturbances.

If the machine is well understood, a flux-linkage–angle–current diagram can be con
structed as shown in Figure 12.15. This diagram can be used to estimate rotor position.
Because flux linkage can be calculated by integrating voltage, and because current can be
measured, the diagram can be used to determine instantaneous angular position. A type of
DFLC, stator flux linkage does not drift with this approach as it does in the DFLC of a rotating
field machine, because the flux linkage of the phase increases in value at every stroke, and
therefore the possible offset error can always be eliminated before the working stroke of the
phase.

Stator flux linkage is integrated from voltage as follows.

is; γ; t Rsis t dt (12.16)ψ s ∫ UDC t

Using the values illustrated in Figure 12.15, flux linkage is

ψ s is; γ; t L is; γ is t (12.17)

To summarize, by integrating voltage to determine flux linkage (Equation 12.16) and by
measuring current, it is possible to define rotor position γ given the sensor information shown
in Figure 12.13. With these values, an SR motor can be controlled based on a DFLC-like
approach.
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The method should be reliable, because unlike AC drives, the flux linkage in an SR drive
always starts from zero at the beginning of each working stroke so the voltage integral is not
subject to substantial drift.

12.6 A summary of SR drives

The SR drive offers the following advantages.

No winding is required so rotor construction is simple and easy to manufacture.

The mass moment of inertia of the rotor is low resulting in improved dynamic
performance.

The stator windings are easy to produce, and end-winding losses are less than in a
corresponding IM.

Most losses are in the stator so motor cooling is easier, making possible higher load
capacity.

Large open spaces in the rotor promote efficient ventilation.

Machine torque is independent of current direction so inverter and controller have more
degrees of freedom.

The machine can produce rated torque at lower rotation speeds and stopped with fairly
low current.

The machine constant of an SR machine is higher than the machine constant of an IM.

In the event of a failure, both open-loop voltage and short-circuit current are low.

The power electronic circuits do not have a so-called shoot-through path facilitating
implementation of the control system.

Machine reliability is high, because each phase of the SR motor drive is physically,
magnetically, and electrically independent.

Because the rotor lacks conductors or magnets, higher speeds can be achieved making
the machine suitable for high-power-density aviation purposes.

A disadvantage of a reluctance motor is, for instance, discontinuous torque that can cause
vibration and noise. In the low-speed range, torque ripple can be restricted to levels
comparable to AC motor drives. In the high-speed operation range, reducing torque ripple
becomes impossible. Mechanical filtering makes this less of a problem. Already at present, the
best drives produce negligible torque ripple at low speeds, which is generally where loads are
most vulnerable to the harmful effects of torque ripple and torque production must be
smoothest. In small motors, noise can be mitigated at high speeds by selecting a switching
frequency above the range of audibility.

In torque control, power pulses are taken from the DC link, and therefore efficient filtering
is necessary. In this sense, the SR drive does not differ substantially from the inverter drive of
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an induction motor. The small air gap required to maximize inductance ratio and improve
motor operation increases production costs.

Despite several notable advantages, wider acceptance of SR drives has been restricted,
because smooth torque production is not available over a sufficiently wide speed range. New
inverter and control solutions are needed to overcome this restriction.

Currently, high-torque, slow-operating motors of 30–200 kW are being used in heavy
four-quadrant drives in a number of industries including, for example, the mining industry.
General-purpose SR motors are manufactured for various purposes. For example, they can
replace old DC and AC drives in applications that require accurate rotation speed control.

Rotation speed control has become more common in pump and blower drives to improve
efficiency. So far, SR motors are not competitive with frequency converter drive induction
motors in this area, because of their more complicated control requirements. SR motor torque
is higher at lower rotation speeds, and therefore the motor type may become more popular in
applications that demand high startup torque.

The applicability of reluctance motors to electric tools has also been investigated. In these
applications, the size and the torque properties of reluctance motors are most beneficial. A
disadvantage of the mixed current motor, which is commonly used at the present, is wear of
the mechanical commutator and the commutation-induced electromagnetic disturbances.
These problems could be solved with an SR drive. Thanks to its durability and other
favourable qualities, an SR motor is also a suitable mechanical power source for electric
vehicles where drive system cost must be minimized. A number of automobile manufacturers
are currently testing passenger cars powered by an SR motor drive.
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Other considerations: the motor
cable, voltage stresses, and
bearing currents

Basic electrical engineering often assumes that voltage pulses travel with infinite speed. For
example, it is usually assumed that motor terminals experience full input voltage immediately
following activation of the converter switch. In reality, however, the speed of travelling
voltage pulses is finite and must be taken into account in some cases. The wave nature of a
transmission line means that on the line, voltages travel as waves. A motor cable must be
regarded as a transmission line where the voltage pulses travel at a finite speed—typically
about 150 m per microsecond, which is half the speed of light. When an electric machine in a
direct online (DOL) drive is supplied with typical sinusoidal machinery frequency voltages,
this speed seems infinite, and there is no need to evaluate motor cable transmission line
properties. Compared to a DOL drive, an inverter-fed electrical drive, however, sets special
requirements for the cabling and motor insulation.

Pulse width modulation produces high du/dt differential mode and common-mode voltage
pulses by sequentially switching the direct current (DC)-link voltage to the motor windings.
The common potential of the phases in relation to ground is called common-mode voltage
(subscript cm). In a balanced three-phase system, common-mode voltage is zero. In
converters, however, it is nonzero. Common-mode voltage depends primarily on the type
of converter used, but it is also a function of modulation. The most common two-level
converters often have diode bridges connected to network terminals. Figure 13.1 reviews the
topology of a two-level converter.

Across the DC link, voltages in the two-level converter vary as shown in Figure 13.2.
Figure 13.3 illustrates a typical PWM modulation sequence for one switching period. The

Figure suggests that the topology schemes can be the same for the time intervals 1 and 7, 2 and

Electrical Machine Drives Control: An Introduction, First Edition. Juha Pyrhönen, Valéria Hrabovcová
and R. Scott Semken.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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Figure 13.1 Two-level converter topology. The motor cable is described as an LC circuit
with parasitic ground capacitances.

Figure 13.2 Two-level converter DC link positive and negative bar voltages and link
capacitor middle-point voltage un . The figure makes it clear that grounding any part of the DC
link is impossible without galvanic separation from the network.

6, and 3 and 5. Therefore, there are four distinct topology schemes possible from 1 to 7. For
the intervals 2 and 6 and 3 and 5, the system acts as a simple voltage divider. The voltage at
motor-winding star point n is UDC/3 and +UDC/3. For intervals 1, 4, and 7, all phases are
connected in parallel, and the potential at star point n equals the potential of the connected

Figure 13.3 Switching positions over one switching period for a two-level converter.
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Figure 13.4 Two-level converter motor star-point potentials for time intervals 1 through 7
given the switching positions presented in Figure 13.3.

DC-link terminal. During modulation, the potential of the star point is nonzero and variable.
This potential in relation to ground is called the common-mode voltage.

Figure 13.4 illustrates the four distinct equivalent circuits and common-mode voltages
that a star-connected motor experiences in the course of a single switching period.

Given the modulation pattern of Figure 13.3, the common-mode voltage (star-point
voltage) will conform to the pattern of Figure 13.5.

A motor control arranges sinusoidal currents with respect to the motor phases, and
therefore PWM pulse widths are not constant within each period. As Figure 13.6 shows, the
common-mode voltage fundamental changes at three times the frequency of the modulated
sinusoidal signal.

The instantaneous value of the common-mode voltage fundamental can be calculated by

uU t uV t uW t
(13.1)ucm t

3

Motor PWM is characterized by a star-point varying voltage potential that has an amplitude
equal to half of the DC-link voltage UDC. This potential produces high-frequency harmonics.
Because motors have high ground capacitances, high-frequency currents can pass between the
neutral point and ground. Therefore, stray capacitances and associated currents inside the
motor must be taken into account.

Figure 13.5 Common mode voltage over one switching period for a two-level converter.
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Figure 13.6 Two-level converter motor star-point potentials for time intervals 1 through 7
over one voltage fundamental wavelength given the switching positions presented in
Figure 13.3.

This example of a star connection has been presented to help explain how common-mode
voltage is determined, which does not depend on the connection of phases or the number of
motor phases. It is easier to use the star connection when describing the phenomenon.
However, in a delta connection, the situation is practically the same from the point of view of
parasitic currents.

As mentioned previously, an inverter-fed electrical drive sets special requirements for the
cabling and motor insulation, but it also can produce significant bearing currents leading to
bearing erosion. The use of IGBTs (insulated gate bipolar transistors) or MOSFETs (metal
oxide semiconductor field-effect transistors) as switching semiconductor devices has led to
pulse rise and fall times of approximately 50 ns or less. Prospective silicon carbide (SiC) or
gallium nitride (GaN) switching components will be even faster. Because of these shorter
switching times, switching losses decrease and less cooling surface area is required. Shorter
switching time enables higher switching frequencies, which result in improved current
waveforms being fed to the motor. If switching frequencies are adjusted to avoid resonance,
the higher frequencies also reduce noise. On the other hand, higher switching frequencies
bring down IGBT inverter efficiencies, while lower switching frequencies increase motor
losses. Therefore, an optimum switching frequency should be determined when implementing
an inverter-fed electrical drive.

13.1 Cable modelling

In many high-power applications, the electromechanical drive components are separated from
the converter by a motor supply cable that runs between them. In practice, a low-voltage
motor cable can be several hundred meters long, and high-voltage motor cables can be even
longer. A motor cable behaves like an RL component at low frequencies. However, because
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Figure 13.7 Transmission line distributed parameter modelling.

power electronic switch rise times are typically nanoseconds, the current pulses in the cable
have high-frequency components. There is, therefore, capacitive coupling between the power
cores of the cable and ground, which must be taken into account. A cable transmitting high-
speed pulses—a transmission line—must be modelled using distributed parameters.
Figure 13.7 illustrates a distributed parameter system. In the figure, r is the distributed
resistance (Ω/m), l is the inductance (H/m), c is the capacitance (F/m), and g is the
conductance (S/m).

In cables commonly used in motor drive systems, the speed of electromagnetic wave
propagation is typically 150 m/μs. In comparison, with IGBT current rise times that are well
below 100 ns, modern inverter switching frequencies are high. Therefore, with frequencies
notably higher than those for a normal electrical network, inverter-to-motor cables cannot
be described using concentrated cable parameters. Instead, distributed constants must be
used to spread the resistance, inductance, conductance, and capacitance over the length of
the cable. Resistance, conductance, inductance, and capacitance per unit length determine
the characteristic cable impedance Z0 for each cable. Z0 also defines the relation between
the amplitudes of the corresponding voltage and the current waves on the transmission line
at position x.

Z0
r jωl
g jωc

l

c

û x

î x
(13.2)

Therefore, the cable’s geometry and materials determine the magnitude of the character
istic impedance Z0, which is independent of the cable length. Characteristic cable
impedance is typically about 100 Ω. Wave propagation velocity through the cable
depends on the materials surrounding its conductors. The highest speed possible is
the speed of light C, which is attainable only in pure vacuum. The wave propagation
velocity v can be determined as a function of cable characteristics and the speed of light as
follows.

C 1
v (13.3)

μrεr l c

where C is the speed of light, εr is the relative permittivity, and μr is the relative
permeability. For example, if the relative permittivity of the motor cable sheathing is
εr = 4, and its relative permeability is μr = 1, then its maximum wave propagation velocity is
half of the speed of light or v 150 m/μs. In case of a 450 m length motor cable, a voltage
pulse needs three microseconds to travel from the converter to the motor terminals. Three
microseconds is typically a minimum pulse length for two-level low-voltage IGBT
converters. Therefore, the converter is already turning the voltage off when the edge of
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the pulse is just reaching the motor terminals. This example shows how “slowly” the actual
voltage pulses are travelling.

Wave reflection occurs when a wave propagating through a cable reaches a step
change in characteristic impedance, that is, a point of discontinuity. The reflection off a
point discontinuity that transitions from a smaller to a larger cable impedance can be
cursorily explained by the current decrease that results in the larger impedance region.
“Extra” charge begins to accumulate at the discontinuity, which increases voltage and
produces both reflected and transmitted components of a new wave.

13.2 Reflected voltage at a cable impedance point of
discontinuity

Voltage reflection also occurs at the cable terminus, which can be shorted or open.

If the cable terminus is shorted, the amplitude of the reflected wave is equal in
magnitude but opposite in sign to the incident wave, in which case terminus voltage
is zero.

If the cable terminus is open, the amplitude of the reflected wave is equal in magnitude
with the same sign, resulting in a terminus voltage that is twice the magnitude of the
incident voltage.

Normally, motor impedance is notably higher than the characteristic impedance of the
cable. For the motor-incident (incoming) wave of an inverter-fed electrical drive, there is
inevitably a reflection. The ratio of the reflected pulse and the incident pulse is expressed by
the reflection coefficient ρ. This coefficient depends on the characteristic impedance Z0 of the
motor cable and the characteristic impedance Zm of the motor (winding) “experienced” by the
wave.

ρ
Zm Z0

Zm Z0
(13.4)

As Equation (13.4) shows, the value of the reflection coefficient varies between 0 ρ 1
when Zm Z0. The reflection coefficient at the cable-to-motor junction is commonly between
0.6 and 0.9. The reflected voltage ur can be expressed in terms of the incoming voltage u and
the reflection coefficient ρ as follows.

ur ρu (13.5)

The reflected component of the incoming voltage pulse wave propagates back through the
cable to the inverter. At the inverter, the wave encounters the large DC-link capacitor or a
short circuit via transistors or flyback (freewheeling) diodes. The characteristic impedance
of the capacitor is close to zero for the high-frequency returning wave, and therefore the
wave is reflected back as negative. The reflection coefficient is approximately ρ= 1. See
Figure 13.8. A voltage surge occurs between the motor and inverter that attenuates
according to the reflection coefficient. The attenuation also strongly depends on cable
losses.
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Figure 13.8 Alternative reflection paths at the converter in phase W. A pulse from the motor
is transmitted to the DC-link capacitor via a transistor or freewheeling diode. It reflects back
from the DC link, which the pulse sees as a short circuit. If the upper transistor of phase W is
conducting, the reflected current superposes with the positive current, and the reflected wave
may propagate to the DC link via the transistor.

13.3 Continuing voltage at a cable impedance point of
discontinuity

At a cable impedance point of discontinuity, continuing wave propagation is affected by the
type of cable terminus as follows.

If the cable terminus is shorted, the amplitude of the continuing voltage surge is 0.

If the cable terminus is open, the amplitude of the continuing voltage surge is twice the
magnitude of the incident voltage.

The ratio of the forward-travelling and incoming backward-travelling pulses is described
by the transmission coefficient τ. This factor, like the reflection coefficient, is a function of the
motor cable characteristic impedance Z0 and the motor (winding) characteristic impedance
Zm.

2Zm
τ (13.6)

Zm Z0

As Equation (13.6) shows, the value of the transmission coefficient varies between 1 τ 2
when Zm Z0. The forward-travelling voltage u2 can be expressed in terms of the incoming
voltage u and the transmission coefficient τ.

u2 τu (13.7)

Figure 13.9 illustrates the behaviour of the first reflections for a motor cable made of low-loss
cable with ideal reflections.

Figure 13.10 illustrates how different current pulses travel through the cable as a function
of time assuming a finite rise time tr for the schematic pulses.
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Figure 13.9 Reflections in a motor cable assuming the motor has infinite characteristic
impedance and the converter (left) has zero characteristic impedance including (1) initial
converter pulse, (2) motor terminal reflection of the initial pulse, (3) converter terminal
reflection of the motor-terminal reflected pulse, and (4) second reflection of the pulse at the
motor terminals.

During the initial period tr, the converter pulse builds in amplitude. For period tp, the pulse
traverses the cable and arrives at the motor terminals. The rise time of the pulse reflected back
towards the converter is the same as that of the original pulse. Motor terminal voltage doubles.
After another period tp, the pulse arrives at the converter terminals. It is then reflected back
with negative amplitude at time instant 2tp. At time instant 3tp, the negative pulse arrives at the
motor terminals and begins to lower the voltage. Simultaneously, terminal voltage moves
towards zero. Oscillation is produced.

If the motor cable is “short”, that is, if tp< tr, the positive reflection at the motor terminals
and the negative reflection at the converter terminals partly mitigate one another, and the

Figure 13.10 Reflections in a “long” motor cable assuming infinite characteristic motor
impedance and a converter with zero characteristic impedance. The reflections result in
voltage oscillation at the motor terminals. Here tr is the pulse rise time and tp is the time needed
to travel from the converter to the motor terminals.
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Figure 13.11 Reflections in a “short” motor cable assuming infinite characteristic motor
impedance and a converter with zero characteristic impedance. There is insufficient time for
the motor terminal voltage to reach dangerous levels, because the negative reflection arriving
from the converter supresses voltage. Between time instants tp and 3tp, motor terminal
reflection causes the voltage to slightly exceed the amplitude of the converter pulse.

resulting voltage stress at the motor terminals is smaller. Figure 13.11 illustrates the short-
cable case.

13.4 Motor overvoltage

If maximum motor overvoltage is twice the amplitude of the inverter pulse, the increase in
voltage can be explained in terms of the waveguide theory just presented. Reflected voltage
magnitude depends on cable length and the relative impedances of the motor and the cable.
For a total mismatch between the motor and cable, the motor can be expressed as an open
cable terminus that produces perfect reflection from the motor terminals. Voltage may
double.

Voltage doubling can only occur if the cable length is above the critical cable length, that
is, long enough to keep the negative wave returning from the inverter from suppressing the
overvoltage. If the pulse reaches its peak value before the suppressing wave arrives, in other
words if the pulse rise time is shorter than the time required for the wave to travel the distance
to and from the inverter, then voltage doubles. Critical cable length lcr can be determined using
the following expression.

trv2lcr trv⇔ lcr (13.8)
2
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where tr is the rise time for the voltage pulse or the pulse rise time, and v is its propagation
speed.

The spectral width of the signal depends mainly on the pulse rise time tr and the switching
frequency fsw. The theoretical pulse Fourier spectrum is flat until fsw is reached. Then, it begins
to attenuate by 20 dB/decade. After reaching the upper frequency of the bandwidth fBW, the
spectrum attenuates by 40 dB/decade. Therefore, fBW can be used as an approximation of the
spectral width for the inverter output (Skibinski et al., 1999). The bandwidth frequency fBW

can be defined as follows.

1
(13.9)f BW πtr

For a rise time of tr= 50 ns, the spectrum reaches ca 8 MHz.
Assuming v= 150 m/μs and tr= 50 ns (IGBT) for the wave, the critical cable length

becomes 3.75 m. So, to avoid reflections and overvoltages at the motor terminals for these
conditions, the converter should be positioned next to the motor. Another approach is to lower
the du/dt values to make “long” cables “short”. Naturally, cable dielectric and Joule losses
also filter out the highest pulse frequencies.

Under certain conditions, motor voltage may rise above the theoretical value of twice the
DC-link voltage. If the oscillation of the latest pulse has not attenuated by the time a new pulse
arrives, the combined effect of the two pulses may lead to overvoltage magnitudes of three or
even four times the pulse voltage. Therefore, switching frequency and modulation signifi
cantly influence the magnitude of overvoltage. The rate of pulse rise has less influence. The
characteristic oscillation frequency f of the cable significantly affects cable-induced damping,
which in turn affects the magnitude of any residual charge. So far, no materials have been
found that provide effective damping of high-frequency waves.

The oscillation frequency at the motor terminals is a function of wave propagation
velocity v and cable length l. Therefore, oscillation frequency is independent of inverter or
motor characteristic values, such as the pulse edge rise time of the inverter or the power of the
motor. Wave propagation velocity, in turn, is a function of the characteristic values of the
cable according to Equation (13.2). At the critical cable length, pulse rise time and
propagation time are equal, that is, tr= tp. For this special case, the wave travels the length
of the cable l= lcr four times in one oscillation period. Figure 13.12 shows the voltage
response of a motor to an inverter pulse for a “long” cable, that is, for a cable with a pulse rise
time equalling the pulse propagation time from the converter to the motor or tr= tp.

Figure 13.12 Voltage response of a motor to an inverter pulse for a “long” cable, that is, for a
cable with tr= tp.
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Cycle time T is now 4 times the wave propagation time tp. Therefore, the oscillation
frequency f can be written

1 1 v 1
f (13.10)

T 4tp 4l 4l l c

where c is capacitance per unit length, l is inductance per unit length, l is cable length, tp is
wave propagation time, T is oscillation cycle time, and v is wave propagation velocity.

Therefore, the characteristic oscillation frequency of the cable has an indirect effect on
wave attenuation. Conductor resistance, and therefore attenuation, increases due to the skin
effect. The skin effect, in turn, is a function of oscillation frequency. As a result, an increase in
oscillation frequency increases wave attenuation, and to avoid overvoltages that exceed the
double DC-link voltage, the oscillation of the reflected wave must be attenuated before the
next pulse arrives.

13.4.1 Double pulsing

Figure 13.13 illustrates the so-called double-pulsing phenomenon, which results in large
overvoltages. Double pulsing occurs, if the transient (oscillation) caused by the pulse has not
attenuated before the next pulse arrives, in other words, if the dwell time is not long enough.
Initially, inverter and cable voltages are equal. The falling edge of the pulse is reflected away
from the motor terminals based on progressive wave theory, and the reflected wave continues
to the inverter, where it is reflected back with a reflection coefficient ρ= 1. Coincident with
the wave being reflected from the inverter, the rising edge of the inverter control pulse arrives
at the motor. The combined effect of these two waves results in the situation illustrated in the
figure.

The magnitude of the voltage produced at the motor terminals depends on cable damping,
how long the pulse voltage remains at zero, cable length, and inverter switching frequency. In
practice, double pulsing should be avoided.

13.4.2 Double switching

To establish the required output frequency, the inverter turns each phase on or off according to
its modulation pattern. Considering the case as a whole, the voltage between different phases
can be as much as twice the DC-link voltage. See Figure 13.14. This can happen if the states of
two inverter branches are switched simultaneously.

Figure 13.13 The double-pulsing phenomenon.
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Figure 13.14 The change in line-to-line voltage that occurs when a pair of phase voltages are
switched simultaneously.

Double switching causes overvoltages that are even higher than those caused by double
pulsing. At worst, these overvoltages can exceed the design limits of the electric machine.
Modulator operation should be designed to prohibit double switching, which does not feature
among the properties of a space vector modulator, for example.

13.5 Limiting overvoltages with impedance matching

Overvoltages can be reduced by filtering or by inverter programming. The most common way
to implement filtering is to add du/dt chokes to the motor cable. They suppress the high-
frequency components and therefore round out the pulse edges. The du/dt choke solution
naturally increases inductance and voltage drop, which in turn reduces motor voltage and
torque. Cable inductance, the inductance of the series inductors, and stator leakage inductance
combine to reduce machine breakdown torque.

With small machines (P< 20 kW), the characteristic impedance of the motor can be from
10 to 100 times the impedance of the cable, because of the high characteristic impedance of
the motor winding. Therefore, the incident wave is reflected back from the motor according to
Equations (13.4) and (13.5). However, if the cable is terminated with an impedance
corresponding to the characteristic cable impedance, no reflection takes place.

As machine size increases, characteristic impedance typically decreases, so the differ
ence between motor and cable impedances is less for larger machines. As a result, they
exhibit less wave reflection, and fewer impedance matching measures are required.
However, this does not imply that voltage rise is necessarily less significant in larger
machines. On the contrary, large machines typically present more inverter drive problems
despite this lower reflection.

Many methods of impedance matching are based on a filters constructed of passive
filtering components with impedance Zs mounted in parallel with the motor. The charac
teristic impedance of the cable Z0 is notably lower than the characteristic impedance of the
motor Zm, and therefore Z0 is decisive. The objective is to bring impedance Zs closer to Z0.
The parallel connection of the filter and motor can be approximated with the following
equation.

(13.11)ρ
Zs Zm Z0

Zs Zm Z0

Zs Z0

Zs Z0

According to the equation, the characteristic impedance of the motor can be neglected, so the
filter should be designed to match the cable characteristic impedance.
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Figure 13.15 An RC filter used to mitigate voltage oscillations arising from motor terminal
reflections.

The cable could be terminated using a resistance R= Z0 connected in parallel with the
motor.

l
R Z0 (13.12)

c

However, the significant amount of power that would be lost through the resistor keeps this
from being a real impedance matching approach alternative. At 460 V, for example,
resistance losses in a 30 m cable with 190Ω characteristic impedance would be approxi
mately 1 kW.

Figure 13.15 depicts an impedance matching filter comprising the series connection of a
capacitor C01 and a resistor R01. The resonant frequency of the filter is selected empirically to
be five times the inverter switching frequency. The angular frequency is determined by the
operating frequency, which is set close to the resonant frequency.

The impedance of the filter ZS01 can be calculated as follows.

21
R2 (13.13)ZS01 01 ω C01

where ω is the angular frequency. To achieve an overdamped condition, the value of the filter
resistor R01 should be selected so that

4L
(13.14)R01 >

C01

where L is the inductance of the cable. Power losses for this impedance matching approach,
under the same conditions as in the previous case (460 V, 30 m, and 190 Ω) are 150 W.

Figure 13.16 shows a second-order impedance matching filter comprising a capacitance
C02, an inductance L02, and a resistance R02.

The impedance ZS02 of the filter in question can be determined as follows.

2 2
R2

02ωL02 1R02ω2L2
02 (13.15)ZS02

R2 R2ω2L2 ω2L2
02 02 02 02 ωC02
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Figure 13.16 A second-order RCL filter used to mitigate voltage oscillations arising from
motor terminal reflections.

To again produce an overdamped condition, the value of the filter resistor R02 should be
selected so that

L02C02
(13.16)R02 <

2C02

where L02 is the inductance. Power losses in this case are about the same as for the RC filter,
that is, about 150 W.

Because of these incurred losses, motor-to-cable impedance matching is usually not
considered. If filtering is used at all, the target is mainly to modify the steep rising edges of the
pulses, which can be accomplished using less lossy filters. In practice, small du/dt filters are
applied extensively, particularly in industrial inverter drives. The simplest way of imple
menting a du/dt filter is to install ferrite rings on each of the motor cable phase conductors at
the converter output. These ferrite rings produce extra inductance, which limits the voltage
rise in the cable.

Overvoltages that result from double pulsing and double switching can be addressed with
converter programming. Double pulsing can be prevented by eliminating pulses that are
below a certain duration. A function of cable damping, cable length, and inverter switching
frequency, the preset uncharged time is defined individually for each system. Appropriate
modulator design prevents double switching.

The output voltage of an inverter consists of approximately rectangular pulses. Because of
the inverter’s fast rise and fall times, each pulse includes high-frequency harmonics. These
harmonics induce “extra” currents in the windings, which increase losses and, consequently,
winding temperatures. The higher temperatures can be avoided by limiting power, or the
reduction in machine life brought about by operating at higher temperatures can be accepted.

The effect of steep-edged inverter voltage pulses on machine temperature was discussed
previously. Even though the inverter controller does not directly affect winding temperature, a
poorly designed control may result in higher temperatures that lead to cooling problems. In
most electric machines, the coolant impellers and cooling channel geometries have been
designed for normal direct-on-line operation. With inverter control, traditional machine
cooling approaches may be inadequate at lower rotation speeds and additional cooling may be
required. Typically, an external blower is used to deliver this additional cooling.

Ström (2009) proposed a switching pattern to avoid oscillations caused by the steep-edged
pulses. The motor cable can be roughly modelled as an LC circuit. Steep-edged DC pulses fed
to the circuit produce high-amplitude AC oscillations. However, oscillation can be mitigated
if the LC circuit is first prepulsed to charge the circuit capacitor to half of the supply voltage
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Figure 13.17 (a) When an ideal LC circuit is supplied with a single voltage pulse, voltage
doubles, and the oscillation angular velocity is (LC) 0.5. (b) If inductor charging is halted
when the capacitor voltage reaches half the supply voltage, oscillation will be mitigated. A
charging pre-pulse and a discharging post-pulse are necessary.

level and then, after a short delay, fed a single pulse. Another postpulse is needed to avoid
oscillations at switch off. Figure 13.17 illustrates this behaviour.

This method may become practical as switches get faster. With IGBTs, the extra switching
operations needed may be an overburden that leads to significant derating of power handling
capability. With the higher speed of MOSFETs, however, this method becomes practical.

In a DOL machine, the low-frequency (50/60 Hz) supply voltage is evenly distributed
throughout the windings, so voltage loss is also evenly distributed. With inverter control, this
voltage distribution is uneven and includes steep-edged voltage pulses that have been shown
to produce notably larger voltage stresses in the motor windings than the stresses produced by
conventional sinusoidal line voltages.

Moreover, the first and last winding coil turns may be adjacent in low-voltage motors
using round enamelled wires in the winding. These wires are not deterministically positioned
and, in the worst case, may result in the first and last turn of a coil close to one another. If so,
the voltage acting upon the entire coil is also the voltage between these outmost coil turns. The
insulation of individual conductors in each coil has been designed to prevent a current path
between conductors at a normal-frequency line voltage. The uneven distribution of voltage
over the winding and between different turns leads to significant overvoltages both to ground
and between the conductors. In the worst case, 80% of the phase voltage in a multiple-turn
winding is across the active length of the first turn. In this event, the field strengths could
exceed the breakdown voltage of the conductor-to-conductor insulation. Partial discharges do
occur in high-voltage machines, and if inverter driven, the voltage-driven discharges can
prematurely age conductor-to-conductor insulation.

To summarize Section 13.5, waveguide theory explains how overvoltage at the motor
terminals is caused by the reflection of voltage waves. The effect of characteristic impedance
is obvious. Overvoltages can be categorized according to magnitude with respect to the
double-incident voltage. Critical cable length can be determined for overvoltages less than
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double the incident voltage. There are two methods to reduce overvoltages including
impedance matching implemented by passive components and programming methods.

13.6 Motor bearing currents in the inverter drive

Bearing currents in electric machinery has been a topic of discussion for the past hundred
years. The bearing current phenomenon is not exclusive to modern power electronics. The
effects of shaft voltages and bearing currents have been investigated, for example, by F. Punga
and W. Hess in their article titled “Eine Erscheinung an Wechsel- und Drehstromgener
atoren” in Elektrotechnik und Maschinenbau, which was published in 1907. P. Alger and H.
Samson lectured on “Shaft Currents in Electric Machines” at the A.I.R.E. Conference in 1924.
In early investigations, bearing current problems were most often associated with machine
manufacturing inaccuracies. Proposed causes included discharges brought about by electrical
breakdown of the insulation materials and excessive shaft voltages set up by unintentional
magnetic structure asymmetries.

Although modern power electronics has provided numerous operational and control
benefits, they have also introduced new bearing current scenarios. At first, it was not clear that
power electronics control was the cause of the observed problems. The most important
bearing-current triggers associated with today’s inverter drives include common-mode
voltages fed by the PWM-type inverter to the motor, higher switching frequencies, poor
cabling between the inverter and motor, and parasitic windings capacitances. Figure 13.18
offers a 7× micrograph to illustrate the condition of a bearing race that has been subjected to
bearing current discharges. The photograph illustrates fluting. Electrostatic discharge between
the balls and the race has moved steel and fluted the race surface. This behaviour is analogous
to the sand fluting that occurs on a shoreline when light waves of water lap against it and
produce fluted patterns in the sand.

Shaft Grounding Systems, a U.S. company, analysed 1000 inverter-driven and 150 DOL
AC motors. The analysis revealed that a full 25% of the inverter driven motors experienced

Figure 13.18 The photomicrograph of a damaged bearing race showing fluting brought
about by discharge bearing currents (magnified 7 times). The term fluting refers to a regular
pattern similar to the pattern eroded into lakeshore sand by wave motion. In this case, steel
erosion is brought about by continual electrical discharge. In the photograph, the dark areas
show undamaged steel. The lighter flutes represent damage. Source: Reproduced with
permission from ABB.
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some type of bearing failure within the first 18 months of operation. Within an average of
2 years’ operation, 65% suffered bearing failure. Only 1% of the DOL motors experienced
bearing failure in that period (Boyanton, 1995).

13.6.1 Bearing damage caused by electric current—failure mechanism

There are several bearing current triggering mechanisms. However, they all produce
equivalent currents. A ball or a roller bearing comprises two cylindrical surfaces (races)
with a number of metal balls or cylinders captured in-between. Typically, to reduce friction,
an oil-based lubricant coats the metal surfaces. When relative motion in the bearing slows or
comes to a halt, the electrical resistance between races drops to a minimum as the metal
bearing components move closer together or make contact. This drop in electrical resistance is
accompanied by an increase in race-to-race electric current, which is brought about by and
proportional to the voltage difference that exists between the races. At higher rotation speeds,
more lubricant flows between the bearing components pushing them farther apart. As a result,
race-to-race impedance increases and electric current drops abruptly. The change in bearing
impedance is a highly nonlinear function of speed. It is low at slower rotation speeds, but
quickly increases to the megaohm (MΩ) range as rotation builds to rated speed.

Bearing impedance is also directly proportional to the quality and temperature of the
bearing lubricant and the surface roughness of the bearing components. When the lubricant
film between bearing elements builds up and effectively breaks the path of conductivity,
capacitance develops across the lubricant film and begins to accumulate charge. Figure 13.19
illustrates the geometry and shows the equivalent circuit of a typical motor bearing. If the
voltage level that develops between the bearing races becomes sufficiently high, the
capacitors discharge, and the substantial discharge current passes through the very small
interface areas between the bearing rolling elements and the races. The current density at the
interface can be high enough to erode the interface surfaces. The fluting of the bearing race
shown previously in Figure 13.18 is an example. The mechanism of erosion is similar to that
of electrical discharge machining (EDM).

Figure 13.19 A ball bearing and its equivalent circuit. Cio,I is the outer or inner capacitance
between the bearing balls and races, Cg is the capacitance between the bearing races, Rball is
the bearing balls resistance, Rri is the resistance of the inner race, Rro is the resistance of the
outer race, and Z is the overall nonlinear impedance of the ball bearing.
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The bearing discharge current problem grows with voltage across the bearing, and at some
voltage level, it becomes destructive. A cold bearing can withstand PWM inverter pulses of
about 35 V. The limit for a warm bearing is 6–10 V. If the voltage is sinusoidal, warm-bearing
levels below 1 V are safe (Skibinski, 1997).

Bearing current damage may result in machine failure within a few weeks of operation, or
it may take several years. For a machine rotating at constant speed, the damage manifests as a
uniform circular array of flutes and channels aligned perpendicular to the direction of motion
for the bearing rolling elements as it was shown in Figure 13.18. The array is uniform, because
the dielectric breakdowns occur at regular intervals. Bearing current damage for variable
speed rotation manifests differently. Because there is no regular breakdown pattern, current
discharges are more random, and they erode the entire raceway path more or less evenly.

All converter-driven motors are subject to bearing currents, and motor manufacturing
asymmetries are a contributing factor. Manufacturing asymmetries grow with size, and the
probability of there being harmful bearing currents in a motor grows with its diameter.
Induction motors can be divided into the following machine size groups listed in order of
increasing bearing current risk.

1. Industrial induction motors with shaft heights below 280 mm usually have lower risk
of failure attributed to bearing current phenomena.

2. Motors with shaft heights over 280 mm have significant risk of failure attributed to
bearing currents. Measures must be taken to mitigate bearing current effects. The
PWM modulation pattern also may be changed to minimize risk. Converter output
du/dt filters are definitely recommended.

3. In industrial induction motors having shaft heights greater than 400 mm, the risk is
high.

Stray capacitances develop in an electric machine at higher frequencies, which must be
considered in its equivalent circuit (Busse et al., 1995). Figure 13.20 illustrates the three

Figure 13.20 The most important stray capacitances develop across the three obvious stator-
to-rotor paths for currents produced by the high-frequency voltage harmonics of PWM pulses.
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obvious paths for currents produced by the high-frequency voltage harmonics of PWM
pulses. They include the capacitance between the stator winding and the stator frame Cwf, the
capacitance between the stator winding and the rotor core Cwr, and the capacitance between
the stator and the rotor cores Csr. These stray capacitances usually increase with motor size.

When capacitance-enabled currents run from stator to rotor to ground, they must pass
through the rotor bearings. These bearing currents can be roughly divided into the following
categories.

capacitive discharge currents, that is, noncirculating bearing currents

circulating currents

shaft grounding currents

13.6.2 Noncirculating bearing currents

Noncirculating currents are produced by an increase in the potential differences between the
stator windings and the rotor, between the stator windings and the frame, and between the
frame and ground. Common-mode current charges the stator-rotor frame capacitance Csr and
the bearing capacitances Cio,i. Figure 13.21 shows a simplified equivalent circuit for an
example motor. The switch S describes galvanic contact through the bearing rolling elements.
The discharge current depends on the common-mode voltage rise time and the timing of
switch S.

In general, Cwf >Csr >Cwr, and the shaft potential is not sufficient to break down the film
of lubrication (Gambica, 2002). Capacitive discharge currents dominate the bearing failure
mechanism in smaller motors.

13.6.3 Circulating bearing currents

Circulating currents in large machines drive the most harmful bearing currents. They are
produced by PWM voltage pulses acting on the capacitance between the stator windings and
the stator frame Cwf and between the stator windings and the rotor core Cwr. Figure 13.22

Figure 13.21 Simplified common-mode equivalent circuit of a motor with capacitive
discharge currents. The large capacitance between the stator winding and frame, Cwf, filters
the common-mode voltage. However, some of the current produced by the common-mode
voltage passes through the bearings.
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Figure 13.22 Schematic view of current passing through one turn of one phase. The currents
leak similarly from all winding turns, and supply all phases with similar voltage as a common
mode. n is an empirically determined number describing the amount of leakage.

illustrates the currents via these capacitors and the preceding Figure 13.21 shows the
capacitors. Because the capacitances are distributed along the winding, there is charge
leakage along its entire length. This current leakage is a loss of winding current, so the level of
incoming winding current is higher than the level of outgoing winding current.

Ideally, incoming and outgoing winding currents are equal. The total sum current is zero,
and no additional magnetic flux is produced. However, because of the parasitic capacitances,
this is generally not the case. Figure 13.23 is a representation of the actual winding current
situation for one phase of an example motor. In the figure, i is the current incoming to terminal
U1, and i nΔi is the current outgoing from U2. Parasitic capacitance is represented by the
columns of capacitive leakage currents of magnitude Δi. The sum of the currents at a given
machine cross section A–A is not equal to zero.

Figure 13.23 Phase U winding currents for an example motor. There is capacitive current
leakage along the entire length of the winding. As a result, current sum 1 is greater than current
sum 2. In addition, the current travelling back to the converter via the phase line is smaller than
the current travelling towards the machine.
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Figure 13.24 Cross section A–A for all three phases of the motor represented in
Figure 13.22. Fluxes are produced in the three-phase winding due to the common-mode
voltage ucm. In all phases, a sum total current moves in the same direction from one end of the
machine to the other producing a circulating magnetic flux.

Figure 13.24 depicts the situation at cross section A–A for all three phases of the example
motor of Figure 13.23. Because of the current imbalance brought about by the parasitic
capacitances, the motor develops a net flux Φ (Shaotang, 1996).

According to Faraday’s induction law, any change in magnetic flux produces a circulating
electric field. In this case, the field sets up a voltage difference between the N and D ends of the
motor shaft. The only current path available to relieve this potential comprises the motor
frame, the bearings, and the shaft. Figure 13.25 illustrates.

High-frequency current in the stator windings induces a voltage across the motor shaft, the
magnitude of which may be 20 times the voltage of a motor operating direct on line. It
produces a large common mode current from the machine’s terminal end to its nonterminal
end. An opposite rotor current must compensate (Chen et al., 1998; Ollila et al., 1997).
Because the shaft has electrical impedance, an axial shaft voltage develops. Shaft voltages
exceeding 300 mV are harmful to metallic bearings.

13.6.4 Shaft grounding current

A drive system offers several paths to ground for common mode currents. See
Figure 13.26. These include the protective earthing (PE) conductor of the motor cable

Figure 13.25 Circuit of balancing circulating currents travelling via both motor bearings.
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Figure 13.26 The various paths for the grounding currents.

(current iPE), the grounded parts of the frame (currents imPE1 and imPE2), and the load
ground (current ilPE).

The magnitudes of the different grounding currents depend on the impedances of the paths
at the different PWM modulation frequencies. The inductances of the grounding paths
become more important at higher frequencies. If the load ground path impedance is small
enough, current via the motor and the load bearings can result in failures in the load machine.

If the high-frequency rotor–bearing–frame–ground impedance is low, there can be
common-mode currents through the motor bearings. The currents ImPE1 and IPE illustrated
in Figure 13.26 are harmless to bearings but can cause other EMC problems.

13.6.5 The motor cable and capacitive currents

The motor supply cable transfers power from the inverter to the motor with minimal power
loss. According to EMC regulations, the cable cannot induce external electromagnetic
interference (EMI). Furthermore, it must resist disturbances coming from the environment.
Electric safety regulations also set limits on the cross-sectional geometries of the conductors.
To eliminate EMI, the motor supply cable must be shielded with a conductive material. This
shielding is necessary for both AC and DC drives.

If asymmetric supply cables are used, against the recommendations of frequency
converter manufacturers, substantial voltage can develop on the PE conductor. Figure 13.27
depicts asymmetric motor supply cable configurations.

Voltage can be induced on the PE conductor by the common-mode voltage coming from
the inverter and the phase conductor voltages, which can include the high-frequency du/dt
differential mode and common-mode voltage pulses if no filters are used. For instance, the rise
time for fast IGBT switches may be below 50 ns, which implies spectrum frequencies above
20 MHz. When the PE conductor and cable armouring is connected to the inverter frame, the
voltage potential of the motor relative to ground increases.
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Figure 13.27 Asymmetric supply cable configurations. The cable illustrated on the left
comprises one protective earth (PE) and three live conductors separated by plastic insulation
and jacketed with conductive armouring. The similar cable shown in the middle does not include
the armouring. The supply cable on the right uses just four separate insulated conductors. In all
three examples, the asymmetric positioning of the live conductors within the cable assembly can
lead to unbalanced electromagnetic behaviours and therefore to EMC problems.

Figure 13.28 shows a block diagram of an inverter-fed drive and attached power tool. In
this system, if the impedance of the cable armouring is too large, some of the high-frequency
current can divert through the rotor shaft and power tool bearings to ground.

As stated, a tool in an inverter drive and power tool system can be subjected to unwanted
bearing currents. This situation can develop in paper machines, roller mill drives, and in other
drives that compose solid metal structures. The constantly varying shaft grounding impedance
in roller mill drives presents another problem, as the machined work piece connects and
disconnects the shafts of the motor to and from the ground potential.

The bearings of an inverter drive power tool can be damaged if the bearing lubricant in the
tool is a better insulator than the bearing lubricant used in the motor bearings. The higher
impedance of the tool lubricant causes higher voltages to develop, so dielectric breakdown across
the tool bearings results in higher discharge current densities. Paradoxically, bearings exposed to
large bearing currents will last longer using a poorer quality lubricant. Figure 13.28 shows that

ig (13.17)iPE iarm

Figure 13.28 Block diagram of an inverter-fed drive and driven power tool illustrating the
non-circulating capacitive-discharge bearing-current path when the cable used has asym
metric construction that induces voltages in the PE conductor.
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If the cable armouring provides a sufficiently low impedance return path for iPE, then iPE iarm.
The cable construction should provide a suction transformer for the common mode pulses.
Symmetric construction is necessary for this purpose.

There are also notable quality differences between symmetrical cables. Analyses have
shown that poor-quality motor supply cables induce 13-fold voltage in the armouring
compared to good-quality supply cables. Correspondingly, there can be a 56-fold differ
ence in cable-to-cable noise conduction between poor- and good-quality cables. Clearly,
cable quality can be a significant factor in the development of bearing currents
(Bentley, 1996).

13.7 Reducing bearing currents

While bearing currents in inverter drives cannot be eliminated, good system design can keep
bearing currents below damaging levels. There are several ways to accomplish this, and the
best results are achieved by combining alternatives. In addition, the construction of the
bearings themselves plays an important role in mitigating the problem. Active magnetic
bearings, for example, have a big air gap between the bearing rotor and stator that effectively
breaks the bearing current conduction path.

In general, bearing current mitigation methods can be divided into the following four
categories:

1. Effective grounding solutions inside the drive to bypass harmful currents coming from
the bearings

Effective electrical installation of the drive

Applying a shaft grounding system

2. Creating high-impedance paths inside the motor for bearing currents

Insulated bearings or bearings applying ceramic balls

Applying a grounded Faraday shield between the stator and rotor to mitigate
capacitive rotor currents

3. Using filters in the PWM output

4. Using conductive bearing crease

A properly designed and assembled electric machine exhibits minimal impedance in the
grounding paths, which in turn minimizes stray currents inside the machine. The voltage
potential of the motor frame relative to ground can be reduced with proper cabling. In addition
to its armouring, the supply cable must be equipped with a solid layer of electromagnetic radio
frequency (RF) shielding to provide protection against high-frequency interference.

Low induction connection methods must be used to attach the supply cable armour and RF
shield to the motor frame. This is best achieved by enclosing the cable with a conductive
sleeve that is galvanically connected to the cable shielding. The sleeve itself must be fixed to
the converter and motor using a conductive bushing. Experts talk about 360° grounding,
which means the shield must completely envelop the live lines. Finally, the cable armouring
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Figure 13.29 Faraday-cage methodology applied to a typical converter drive. The machine
and controller housings and the cable protection shield form a seamless cage that mitigates
bearing currents and other EMC problems. The entire drive system is contained inside a solid
“metal housing”. The 360° connections at the motor and converter terminals are essential for
the PE-line.

and shielding must be wired to the PE buss as directly as possible to establish a Faraday cage
around the cable conductors all the way from the inverter to the machine.

Figure 13.29 illustrates the Faraday cage methodology applied to a typical converter
drive. The machine and controller housings and the cable protection shield form a seamless
cage to mitigate bearing currents and other EMC problems.

It is also possible to mitigate bearing currents by grounding the rotor to the motor housing
using conductive “brushes”. Electrically, these brushes and the rotor bearings are connected in
parallel. However, it makes little sense to use grounding brushes in AC drives, because AC
drives were initially introduced to eliminate the maintenance problems associated with the
commutator brushes used in DC motors.

Special insulated bearings are recommended for large motors drives. Insulated bearings
provide a strong remedy against circulating and shaft grounding currents. The simplest
approach is to add an aluminium-oxide-based 50 to 300 μm insulating coating to the outside of
the outer race. Another approach is to insulate the bearing from the frame using a significantly
thicker insulation embedded appropriately in the bearing shield.

Using hybrid bearings (steel races and ceramic rolling elements) will also eliminate
bearing currents. However, the silicon nitride ceramic balls in hybrid bearings are much
stronger and stiffer than steel. As a result, the stresses in their steel races are higher, and load
capacity must be reduced. Moreover, hybrid ball bearings are expensive and not as well
characterized as steel ball bearings.
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Figure 13.30 An electric machine with a Faraday cage positioned in the air gap. To
eliminate bearing currents, the cage forms a low-impedance path directly to ground for
capacitive stator currents. A very thin conductive sheet can provide the path while minimizing
Joule losses. Dividing the shield into segments can further reduce losses.

At least in principle, it is possible to install a Faraday shield in the form of a grounded can
between the stator and the rotor. The grounded can would give capacitive currents a path
directly to the PE conductor. The primary electromagnetic disadvantage comes from the eddy
currents and subsequent losses that develop in a conductive material positioned in the moving
magnetic field of an electric machine. Figure 13.30 depicts an electric machine with a Faraday
cage positioned in the air gap.

A universal solution for differential- and common-mode problems is to ensure that only
sinusoidal voltages are applied to the motor terminals. PWM pulses can be filtered in a
number of ways to soften the PWM output and achieve a more sinusoidal shape. Output
inductors, du/dt filters, and sinus filters are typically used. Output inductors add to the drive
system’s leakage inductance and lower system performance. du/dt filters round the PWM
pulses and decrease the voltage change rate. Sinus filters have a low cut-off frequency, and
therefore they filter the inverter waveform making the output voltage almost sinusoidal.

13.7.1 PWM inverter output filters or chokes

The purpose of output filters or chokes is to reduce output voltage du/dt values, thereby
eliminating the higher frequencies of the output voltage spectrum. This significantly decreases
the current through the parasitic capacitances of the motor, bringing the current levels to and
from the windings more into balance and consequently decreasing rotor shaft voltage. Cable
induced voltages also decrease. An output choke, therefore, affects both circulating and
noncirculating bearing currents. A properly designed filter comprising the appropriate
inductances and capacitances can shape the output voltage to approximate a sine wave.
Given a sinusoidal input voltage, the bearing current levels of an inverter driven motor fall
into the same range as those of a DOL motor.

Specialty filters have been designed, in particular, to suppress common-mode voltages.
Applying these filters can lead to considerably lower bearing current levels. Surrounding
phase conductors with a lossy magnetic core is also an effective approach to filtering
common-mode currents; however, this method results in higher losses.
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Figure 13.31 The schematic for a conventional inverter output filter comprising induc
tances, capacitances, and resistances. Voltage uDCmE is from the DC-link midpoint to the PE
conductor.

Filters can be either active or passive. Passive filters are more reliable and less expensive.
Figure 13.31 is a schematic for a conventional inverter output filter comprising inductances,
capacitances, and resistances. The most significant drawback to this filter design is its inability
to effectively filter common-mode voltages if the DC-link midpoint connection is missing.
Some converters will not work using this connection configuration, flagging it as a fault
condition.

In the ideal case where the filter eliminates reflections in the system, common-mode
voltage at the motor terminals can be expressed as follows.

1 1
Cf ∫icmdt uDCmE (13.18)ucm Rf icm3

The common-mode voltage at the motor terminals is proportional to Rf, inversely proportional
to Cf, and proportional to the voltage uDCmE between the DC-link midpoint and the PE
conductor. If Cf→ and Rf→ 0, then ucm uDCmE and the common-mode potential is close
to the potential of the DC-link midpoint. The shape of the common-mode voltage becomes
considerably smoother without harmful high-frequency harmonics. If the DC-link midpoint is
not available, the filter elements can be duplicated and the capacitor star points can be
connected to both the positive and negative terminals of the DC link.

There are numerous other filters available of varying types. Dzhankhotov (2007) proposed
an air-core hybrid LC filter comprising a triple layer foil choke. The result combines both
filtering and capacitance. See Figure 13.32.

13.7.2 Using a conductive bearing lubricant

Using a conductive bearing lubricant may reduce or even eliminate the damaging effects of
bearing currents. However, this possibility has not been thoroughly investigated, and there is
little practical experience with using conductive lubricants to mitigate bearing current damage
and little documentation of the long-term effects. In his publication, Chen mentions that using
conductive bearing lubricant may be one way to avoid using brushed to ground the rotor shaft
(Shaotang, 1996).
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Figure 13.32 Configuration of an air-core hybrid LC filter built of aluminium foil layers
separated by insulation. The filter combines both filtering and capacitance. (Dzhankhotov,
2011).

Thus far, EMC and bearing current problems have not been totally eliminated. However,
because power electronic drives offer a number of important advantages, these problems are
tolerated in general and have been successfully addressed in practice. Newer and faster
switches will aggravate EMC and bearing current problems, but techniques made possible by
their improved switching performance, such as the one suggested by Ström (2009), can be
used to mitigate at least part of the remaining issues.
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absolute temperature, 11
AC

drive, 7
drive control, 6
machine, 36, 42
motor, 5, 64
rotor, 5
variable speed drive, 4
winding system, 56

AC-to-DC rectifier, 21
air gap, 37, 70, 221
flux density, 52, 67, 72, 95, 216
flux linkage, 67, 97, 124, 279,

405
surface flux, 94
torque, 95

Ampère’s law, 60
amplitude modulation ratio, 161
angular

frequency, 32
speed, 54
velocity, 33

apparent power, 21, 33, 286, 288
application-specific integrated circuits

(ASICs), 30
armature, 3

current, 57
voltage, 112
windings, 44

asynchronous
machine, 123, 375, 379, 380
motor, 5, 86

base slip, 437
block transformer effect, 447
brushed DC motor, 4

brushless DC (BLDC)
drive, 37
excitation system, 293
machine, 57–60
motor, 4

cageless rotor, 363
capacitance, 33
capacitor clamping, 186
cascade connecting, 186
chopping

hard, 460
soft, 460

co-energy, 100
commutation

dead-time, 182
overlapping, 182

commutation cell, 180
commutator, 4
control

combined current-voltage
constant angle κ, 366
constant id, 363
electronics, 30
position, 28
scalar, 116, 401, 414
speed, 13, 15, 28
time, 29
torque, 28, 366
vector, 18, 66, 78, 116, 119, 121,

233, 240, 242, 363, 364, 367,
408, 416

converter, 8, 40, 398
DC-link, 147
direct, 147
efficiency, 398
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coordinate transformation, 227
cross-coupling, 248
cross-field principle, 102, 119, 411
current

angle, 104
density distribution, 95
equations, 230
field-winding, 261
linkage, 42, 45, 50, 60, 70, 72, 218
model correction, 140
profiling, 65
reference, 240
source inverter (CSI), 7, 147
space vector, 94

cycloconverter (CCV), 7, 148, 153, 244
combined heat and power (CHP), 11

D’Alembert’s principle, 453
damper-less machine, 351
DC

drive, 4
drive controller, 4
machine control, 110
machine winding, 57
motor, 64
variable speed drive, 3

delta configuration, 57
diode clamping, 185
direct

drive (DD), 65
flux-linkage control (DFLC), 107, 116, 122,

125, 127, 129, 133, 368
on line (DOL), 2, 53, 55, 64, 115, 195,

281, 287, 292, 347, 373, 385,
388, 429, 446

self-control (DSC), 122, 145
starting, 446
torque control (DTC), 30, 116, 117,

122, 127, 133, 139, 141, 143,
279, 281, 326, 339, 368, 397,
416, 424, 429

distribution factor, 48
distribution of motors, 381
drift correction, 140, 144
drive

AC, 7
controller, 3
DC, 4
high-speed, 13
motor, 3
control, 17, 28

double
star, 157
switching, 130, 132

doubly
fed induction generator (DFIG), 430
fed induction machine (DFIM), 430

control, 436
power, 432, 436

fed system, 37
salient pole reluctance machine, 100

droop
reactive power, 289
speed control, 290
torque control, 290

duty type
S1, 390
S2, 391
S3-S8, 392
S9 and S10, 393

efficiency, 9
Carnot, 10
heat pump, 11
hybrid mobile equipment, 11

engineers dream, 380
electrical

force, 24
power, 40, 41

electric
field strength, 91
machine, 36
machine drive, 7
power, 41

electrically excited synchronous machine
(EESM), 245, 249

drive simulation, 260
electromagnetic analysis, 215
electromechanical power conversion, 41
electromotive force (emf), 37, 47, 285
embedded system, 29
energy

conversion, 40
principle, 223
ratio, 457

equivalent
circuit, 38, 123, 203, 207, 409, 419
series resistance (ESR), 23

Faraday’s
induction law, 47, 50, 100
statement, 104
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ferrite, 370
field

control (FOC), 107, 117, 133
current control, 249
oriented current control, 247
programmable gate array (FPGA), 30
weakening, 63, 112, 236, 314, 403
winding, 267, 273, 292

control, 261
current, 242, 261, 266, 278, 282, 286,

288, 292
control, 279, 283
reaction control, 279

finite element analysis (FEA), 215
flux, 61

density, 47, 50, 52, 71, 92, 216, 421
diagram, 215
leakage, 124, 237
linkage, 20, 32, 33, 39, 40, 60, 62, 67, 68, 84,

100, 112, 126, 129, 139, 217, 235,
237, 240, 261, 270, 278, 341, 351,
404, 421

control, 110
difference, 141
distribution, 377
drift, 138
eccentricity correction, 142
error, 138
oriented control, 415
oriented system, 234
reference, 425
rotor, 81, 415, 423
stator, 81, 86, 304, 329

reference, 364
magnetic, 19
main, 39
stator leakage, 39

flux-barrier rotor
multilayer, 349
single-layer, 348

forcer, 108
four-pole rotor, 349
four quadrant

device, 36
operation, 461

fractional slot winding machine, 52
frequency converter, 21, 210, 395

interfaces, 189
structure, 189

frequency modulation ratio, 161

frictional losses, 41
fundamental winding factor, 47

gate-turn-off thyristor (GTO), 160, 400
generator, 282

logic, 284

harmonic, 48–50
human-machine interface (HMI), 3
hydropower, 194
hysteresis, 127, 132

IC-classes, 391
IE-classes, 388
impedance, 32

rated, 21
induced voltage, 63
inductance, 32, 39, 68, 201, 213

equivalent, 443
leakage, 18, 31, 205
magnetizing, 33, 61, 212, 214, 356, 421
operator, 270
rated, 21
subtransient, 18, 208
synchronous, 205, 212
transient, 18, 210, 395

induction
machine, 36, 52, 53, 117, 122, 125
motor, 5, 18–23, 80, 373, 377, 386,

396, 399
phenomenon, 41

industrial processes, 12
instantaneous overcurrent, 384
insulated-gate bipolar transistor (IGBT), 125,

160, 398
insulation, 350
insulation classes, 383
integrated-gate-controlled thyristor (IGCT), 160
internal model control (IMC) principle, 249
inverter, 396

multilevel, 184
three-level, 159, 170
two-level, 159, 168

IR-compensation, 402
iron losses, 67

Joule losses, 41

Laplace, 112, 114
lap-winding armature, 57
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leakage factor, 443
left half plane (LHP), 253
linear current density, 97
linear modulation, 173
linear switched reluctance motor (LSRM),

452
load

angle, 265, 268, 286, 352
angle equation, 103
commutated inverter (LCI), 7
current, 394
sharing, 288

load-commutated inverter, 148, 158
Lorentz force, 19, 91, 94, 375
low-pass filtering, 143
low-speed drive, 194

magnetic
circuit, 37, 60, 61
energy, 101
force, 19
length, 37

magnetizing
current, 123
inductance, 197

magnetomotive force (MMF), 60
main norms of asynchronous machines, 381
matrix converter, 148, 179
Maxwell’s stress

equations, 454
tensor, 104

measuring errors, 135
mechanical

energy, 101
power, 40, 41

metal-oxide semiconductor field-effect transistor
(MOSFET), 125, 165

Γ-model, 82
modulation index, 175
motor

control, 225
cooling, 389
current, 140
effective current, 394
model, 418
voltage, 62

network blackout, 428
neutral point clamped (NPC) inverter, 165, 170

no load, 283
nonsalient pole

control, 314
generator, 55, 285, 289
machine, 218
synchronous machine, 192

normal system, 56

Ohm’s law, 100
optimal switching stable, 129, 131, 132
over

excitation, 278
excitted motor, 283

overmodulation, 162
range, 174, 177

parallel generators, 288
permanent magnet direct current (PMDC), 3
permanent magnet synchronous machine

(PMSM), 37, 52, 63, 296
configurations, 298
control

current vector, 310
direct torque control (DTC), 326, 339,
field weakening (FW), 322
id= 0 control, 310
maximum torque per ampere (MTPA),

318
maximum torque per volt (MTPV), 324
sensorless control methods, 339
vector control mode selection, 324

equivalent circuit, 303
flux linkage, 304, 329, 333
machine parameters, 298
power factor, 305
RMS load angle equation, 302
rotor, 298
space-vector diagram, 303
stator voltage, 310
torque, 302, 384, 414

estimation accuracy, 338
production, 317
pull-out, 302, 406

voltage equations, 303
permanent magnet assisted synchronous

reluctance machine
(PMaSynRM), 369

perpendicularity, 93
per-unit (pu) value, 31
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phase
current, 99
current error, 136
shift, 42
zone distribution, 44

phasor, 39
PI controller, 250
pitch factor, 47
pole pair number, 69
pole pitch, 43, 44, 60
polyphase windings, 42
power, 67, 98

electronics, 6
factor, 242, 331, 357–362, 367, 383
mechanical, 376
reactive, 261, 288, 289

prime mover, 290
propagating waveform, 52
proportional-integral-derivative (PID)

controller, 26, 115
pulse width modulation (PWM), 6, 8, 17, 18,

53, 395

reaction
control, 274, 278
excitation control, 281

reference frame, 119, 195–198, 242
reference value filter (RVF), 254, 258, 259
referring factor, 223
relative time, 33
reluctance, 60

torque, 100, 102
resistance

AC, 69
RMS

current, 405
synchronous machine load angle, 347
value, 32, 50, 99, 393, 402

root locus, 254
rotor

angle, 341
cageless, 363
flux linkage, 81, 423
voltage, 81

saliency, 37
ratio, 348, 350, 356

salient pole
machine, 219
synchronous generator, 284, 285
synchronous machine, 55, 192, 265, 275

Sankey diagram, 386
saturation, 63, 67
Scalar control, 116, 401, 414
separately excited DC motor, 3
serious problem, 135
short-circuit test, 206
sine control, 153
single-phase motor, 5
skewing factor, 48
slip, 5, 20, 374
slip ring, 5, 37

induction motor, 5
slot pitch, 96
solid rotor, 53
space vector, 18, 39, 66, 73, 99, 224

current, 103
diagram, 225–228, 243, 284, 350, 352, 404
modulation (SVM), 172
of stator flux, 40
theory, 66, 122, 409

spatial
harmonics, 44, 47
phase shift, 94

speed
control, 256, 379, 425

gain, 257
loop, 256, 258

squirrel-cage
induction motor, 5, 52, 54
motor drive, 18

star-delta starting, 446
step response, 258
stator

current, 269
linkage, 222
vector, 198

flux linkage, 81, 86, 98, 120, 129, 225,
235, 242, 254, 269, 341, 408,
442, 466

control, 251
resistance, 41, 63, 422

error, 137
voltage, 63, 80, 81, 197, 310
winding, 37, 71, 219

stepper motor, 450
switched reluctance motor (SRM), 449

control, 459
controller structure, 461
current

control, 460
profiling, 464
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switched reluctance motor (SRM) (Continued )
determination of rotor position, 463
force, 453
position sensorless operation, 465
torque, 452, 454, 456

symmetric optimum method, 253
synchronous

inductance, 205
machine, 37, 193, 196, 199, 218, 229, 232,

245, 272, 282
DC generator, 294
drive, 194
model, 195

modulation, 161
motor, 6
reluctance machine (SynRM), 37, 103, 191,

346, 362, 371

tangential tension, 106
temperature classes, 383
temperature rise, 69
terminal voltage, 63
thyristor, 110, 111

bridge, 148, 292
inverter, 395

time constant, 271
tooth coil winding, 42
torque, 24, 26, 33, 34, 55, 67, 92, 93, 105, 118,

229, 268, 319
break-down, 378
control, 256, 402, 425
dynamic, 263, 267, 276
electrical, 111
electromagnetic, 40, 256, 355, 378
equation, 102
estimation accuracy, 338
load, 25
production, 317
pull-out, 378
reference, 114
response, 269
ripple, 44, 363
static, 276

totally enclosed fan cooled (TEFC) motor, 394
transfer function, 26
transformation formula, 228
transient, 267, 271

analysis, 270
fast, 269

trapezoidal control, 155
two-axis model, 202

unity power factor, 261
control, 259

utilization ratio, 459

variable speed drive, 3
V-curve, 287
vector-controlled frequency converter, 18
virtual synchronous operating point, 437
viscous friction, 42
voltage

control, 290
droop control, 289
drop estimation error, 136
reserve, 63, 264, 281, 292, 331
space vector, 40
vector, 134, 168, 170

voltage-source inverter (VSI), 7, 147, 159

web tension, 64
winding

damper, 55, 192, 200, 266, 348
factor, 216
field, 200, 266
industrial machine, 42
rotating field, 43
rotor, 37, 374
stator, 37, 71, 374
three-phase, 37, 70
tooth coil, 42

wound rotor synchronous machine
(WRSM), 246

wound slip-ring rotor, 53

zero voltage vector, 129
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