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Overview

" Introduction
* Magnetic Circuit Elements
» Magnetic Circuit Analysis
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Questions

* What is the electric circuit analog of flux?
* What is the magnetic circuit analog of voltage?

* What is the magnetic circuit analog of resistance?
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Introduction

= Electrical engineers are trained at solving circuits

* Fortunately, we can derive a loose analogy between magnetic
flux and current

* We will be solving “magnetic circuits™
* Assumptions were discussed in previous lecture
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Magnetic Circuit Assumptions

Electric Circuit Magnetic Circuit
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current entering node = magnetic flux entering a boundary=
current leaving node magnetic flux leaving a boundary

(from C_‘-)B-ds =0)
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Magnetic Circuit Analysis

Let ¢ be the mean length of the magnetic path (m)
(=C,+(, .+ 10,

e ‘ / ob Path runs

through
center
o

d¢ .C./
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Magnetomotive Force (mmif)

* The current enclosed by the closed path through the core i1s
(Ampere’s Law) ¢H-.d¢=Ni=F

" where
A F: magnetomotive force (A-t)

= mmf is analogous to voltage in a circuit /

L o f 7

de¢ .C./
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Flux in Magnetic Circuits

* Assuming that H is uniform in the material, then
H¢ = Ni

* The magnetic flux density in the material is also uniform and
uNi
B = MH = 7

= The flux is:

§-Ba - HNA
AA: cross sectional area of the material (m?)
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Exercise

Which path (red, blue or green) results in the greatest mmi?
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Cross section is
uniform

S —— e e e s Pl s s s EssEsEEEEEEEREEEE mmm

SEATTLE



Exercise

Which path (red, blue or green) results in the greatest mmi?
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The mmf is the same. The same number of Cj)H-df _Ni=F
Ampere-turns is enclosed by each loop (Ni). a
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Exercise
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Magnetic Circuit Analysis

mmf is the same, no matter which path is used
Ni= Hfa/\fa + Hab/\ab T Hbe/\be + H"

ef ef

— N N N N N N
R Hfa fa + Hab ab + Hbc bc + Hcd cd + Hde de + Hef ef

[
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Cross section is
uniform
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Magnetic Circuit Analysis

Nl = da da + Hab ab Hbc bc Hcd cd
B a Ba B C BC
A o e A e I using: H=B/pu
H [ H H
B B B B A
§ = (Rl + 22l 2l + ) —
u u u u A
14 f
§ = 0q Aija + Pop A using: ¢ = BA
ag b
\l¢¢b Cross section is
| uniform

o i
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Magnetic Circuit Analysis

4 14 14
d “bc
¥ _(I)da : +¢abA - +(I)CdA -
Since flux entering a boundary =
(I) — (I)da = (I)ab = (I)bC = (I)cd - flux leaving the boundary
loa | Lo | Loc , Les | $Bds=0
F = (I)( ) S

A;,L Au Au Au
g =0(R,,+R, +R. +R,) {4 R=E LA R: reluctance (A-t/Wb)

[ 4

\l¢¢b‘ Cross section is
uniform
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Magnetic Circuit Analysis

F

!

voltage |

= ¢(R

'

current

da + ERab + ERbc + ERcd)

resistance

Equation can be modeled and

solved like a circuit. Important!

Circuit equivalent

o ‘(Rda

o1
¥

f’zab

gzbc
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Magnetic Circuits

= Note that
(I) _ F _ NIAH Y

’ f 1
= For electric circuits Analogous equations

= —_—— —

A K: coritictivity (S/m)

* Ohm’s law for magnetic circuits £~ = ¢R
A mmf = flux x reluctance

* Checking the units
A A-t =WDb x (A-t/WDb) = A-t
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Magnetic Circuits

Circuit Quantity Magnetic Quantity
Voltage, v (volt) mmf, F (A-turns)
Current, i (Ampere) magnetic flux, ¢, (Wb)
Resistance, R (Ohm) Reluctance, R, (A-turns/Wb)
Conductivity, o (S/m) Permeability, u (H/m)
i Z /] o)
_ —
+ +
-
Vv = | N J’ R
4
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Magnetic Circuit Analysis

KVL and KCL and all other circuit theorems apply to equivalent
electric circuit.

ﬁab ‘-(Izbc
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Magnetic Circuit Analysis

" Note: linear circuits assumed in analogy, therefore the
magnetic circuit must be linear
ALinear magnetic circuit = constant permeability

AFerromagnetic materials do not have constant permeability (see BH
curve)

* Non-linear magnetic circuits can be solved iteratively
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Example

* Compute the flux flowing through the material given:

Ai=1A

AN = 700

Au, = 1000 (assumed to be constant)

18 cm
L’ ° ‘ ® PLALIN
- | N 10 cm ° I 4 cm
[
4
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Example

= Want to use: £ =Ni= &R , 9t = —

. LA
» First compute ¢
18 cm
q Z 7]
;> - ° 4cm
~ = | N 10 cm ° I 4cm
®

V
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Example

* First compute ¢
A=18+10+18+10=0.56m

18 cm
i q 2 7]
—_ 4cm
® 9 <—>
' N 10 cm [ I 4 cm
[ ]
V
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Example

-Wanttouse:/—‘:Ni:cpin,9%:0'—26

* Computing A: 1000 x 4z x 10
A =0.04x0.04 =0.0016m?

» Computing u:  13m
" Gives: R = 278,520 A-t/Wh,

10 cm

) I4cm
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Example

" Solving
F = Ni = ®R
o= NT_700x1 _ 5 025 wh
R 278520

18 cm

i Z /]

LI ﬂ S Aem
- | N 10 cm ° I4cm
o
/
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Example

Solution approach is the same as solving for the current in this

circuit
v =700 C:) § R = 278,5200
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Example

* Consider the shown magnetic circuit
A Note the air gap in the center leg

= Determine:
A direction of H, B within the circuit

A which of the three legs has the greatest flux
density, and which has the least

A Which segment has the greatest field
intensity

* Draw the equivalent electric circuit

Assume uniform cross section
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Example
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Example

Notes:
‘(Rgap >>gzaf' t(Rab' ‘(Rbe' t(Ref' ‘(jzbc' ‘(jzcd' ‘(jzde
(I)af = (I)be + (I)cd fRab ‘(Rbc
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sSummary

* Magnetic circuits can be analyzed in an analogous fashion as
electric circuits:

Vv =iR
F =R

» KVL, KCL, voltage divider, etc. all apply to magnetic circuit

* Reluctance, R, increases with length, and decreases with
permeability

SEATTLE



