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Preface

This book provides step-by-step guidance on the design of electrical installations,
from domestic installation final circuit design to fault level calculations for LV/large LV
systems. Apprentices and trainees will find it very helpful in carrying out the calculations
necessary for a basic installation.

The book has also been prepared to provide a design sequence, calculations and
data for a complete design. All necessary cable and equipment data to carry out the
calculations is included. Consultants will be able to check the calculations of their
design packages. It includes calculations and necessary reference data not found in the
design packages, such as cable conductor and sheath temperatures and allowances for
harmonics.
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Design

sequence

132.3

132.4

B Load characteristics
B Supply characteristics
B Installation outline
W Distribution design

B Standard final circuits

W Isolation and switching
B Final assessment

B Compliance with BS 7671

¥ Figure 1.1 Design sequence

1.1 Load characteristics

1.1.1 Load and location (Chapter 3)

The first step in any installation design is to identify the loads and their characteristics in
terms of their physical location, kVA demand, power factor, inrush and starting currents
etc. Once the loads have been identified the preferred location for the incoming supply
can be selected, typically at the load centre of the installation i.e. close to the larger
Ipads. Locating the incoming supply at any other location will increase the cost of
the installation and result in a less satisfactory design. Voltages will vary with load
and it may be impracticable at a later date to add further loads without substantial
reinforcement, High voltage (HV) distribution systems are to be preferred to low voltage
where practicable in terms of load demand and facilities for HV/LV transformers. This
will reduce voltage drop, which may be important for large loads and for motors/
COMPressors.

1.1.2 Standby systems

Assessment of the consequences of loss of supply, perhaps by risk assessment with the
customer, will determine the need for standby arrangements. Decisions are preferably
made at an early stage, as the decision will affect the distribution design.

Caleulations for Electricians and Designers
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1.2 Supply characteristics

An early approach to the electricity distributor after initial determination of the load and
load characteristics is necessary to determine likely supply characteristics including:

> supply voltage (HV or LV)
> supply system (TN-5, TN-C-5 or TT)
»  location.

A tariff agreement with the intended electricity supplier should also be reached, if
possible.

1.3 Installation outline

With the supply position determined, a distribution circuit outline can be prepared with
sub-distribution boards at each sub load centre, typically each building or each floor of
a multi-storey building.

1.4 Distribution design

1.4.1 Protective devices and cables (Chapter 3)

Once the distribution boards have been identified together with their maximum
demands, protective devices (overcurrent) and cables (or busbar trunking) can be
selected sufficient to carry the loads.

1.4.2 Voltage drop (Chapter 5)

With the initial cable conductor size determined and the load known, voltage drop can
be calculated and if necessary cable conductor sizes increased to reduce voltage drop.

Voltage drop is calculated or checked prior to determination of fault levels and earth
fault loop impedances, as voltage drop is the most likely limiting factor. If a distribution
circuit or final circuit meets the voltage drop requirement it is unlikely not to meet the
earth fault loop impedance or shock protection requirements,

1.4.3 Prospective fault currents (Chapter 6)

With the cable conductors sized for voltage drop and of known length, the fault
impedances, earth fault loop impedances and prospective fault currents can be
calculated. With the prospective fault currents known (maximum and minimum), either
three-phase or single-phase as appropriate, switchgear ratings can be selected and
type of device determined such as fuse or circuit-breaker type.

1.4.4 Shock protection (Chapter 7)

BS 7671 requires in the event of a fault to earth that a protective device operates within
a prescribed time. With conductor size and length determined, the earth fault loop
impedance can be calculated and the appropriate protective device selected. This will
generally be carried out as part of 1.4.3 above,

1.4.5 Selection of protective conductors (Chapter 8)

If the protective conductors are of the same current-carrying capacity (equivalent cross-
sectional area) as the line conductors, no further checks are required. However, it is
common practice within the UK to use reduced section protective conductors, for
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Part 7

13215

120.3
133.5

134.2

example, the armouring of cables or flat twin with cpc (circuit protective conductor)
cables.

1.4.6 Special installations or locations

The nature of any special installations or locations will have to be borne in mind from
the start of the design as this may affect the supply requirements (caravan parks,
marinas), as well as disconnection times etc.

1.5 Standard final circuits

Once the distribution system has been prepared, the designer can move on to the
final circuits. The basic design intent is to use standard final circuits wherever possible
to simplify design. Chapter 2 (and Appendix B) summarizes the calculations for small
installations and final circuits.

1.6 Isolation and switching

Little calculation is required in determining the isolation and switching requirements;
nevertheless it is a most important aspect of design. Well designed and conveniently
located facilities for isolation and emergency switching are essential for the safe use of
the installation.

1.7 Final assessment

On completion of the design it will normally be necessary to review again the basic
requirements with the client, not only with respect to safe working and adequate
functionality, but also possible future growth.

1.8 Compliance with BS 7671

1.8.1 Departures

Departures from the detail of Parts 3 to 7 of BS 7671 are to be recorded on the
Electrical Installation Certificate; however, the fundamental principles of Part 1 are to
be complied with.

The use of new materials or inventions that result in departures from BS 7671 is not
prohibited providing the resulting degree of safety is not less than that of compliance.
These departures are to be recorded on the Electrical Installation Certificate.

1.8.2 Electrical installation certificates

The designer will accept formal responsibility for the design by certifying to the best of
his/her knowledge and belief that the design is in accordance with BS 7671. The design
work is not completed until the certificate has been signed.
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Simple installations

and final circuits

M Supply characteristics B Fault protection
B Fault rating of switchgear W Short-circuit current
B Final circuit overcurrent protection
devices and cables B Protective conductors
B Final circuit voltage drop B Standard final circuits
limitations

2.1 Introduction

This chapter provides a straightforward approach to carrying out simple installation and
final circuit designs from readily available design data. It is a stand-alone chapter for
persons wishing to go straight into such designs. For a more comprehensive approach
to installation design, readers can start at Chapter 1 ‘Design sequence’ followed by
Chapter 3, and work their way through the fuller approach.

512 2.2 Supply characteristics

Distributor's facility [J

Instaltation o
earih electrode

313

2.2.1 General
An installation design must start with the supply characteristics, including the earthing
arrangements. The information required is that detailed on the BS 7671 Electrical
Installation Certificate, part of which is reproduced in Figure 2.1.
The Electricity Safety, Quality and Continuity Regulations 2002 require the electricity
distributor to provide the information for that section of the Installation Certificate. The
other details are to be provided by the designer and installer.
¥ Figure 2.1 Electrical Installation Certificate (extract)

SUPPLY CHARACTERISTICS AND EARTHING ARRANGEMENTS 7" boses andl svier Setals. 3 sppeopraste

Earthing arrangements Numbaer and Type of Live Nature of Supply Paramoters Supply

Conductors Protective Device

TN-C ] Characteristics

TN-S E ac. O de [0 | Mominal voltage, UL .. v

TN-C-5 Type: ...

1_': ] 1-phase, 2wire (] 2-wire [ | Nominal frequency, 1" Hz "

s o 2-phase, 3wire[]  3-wire [] | prospective fault cument. 1™ kA Rated current

" B

g::wm':ewd::auedu Fphase, Iwie[]  other [ | Extomal loop impedance, Z. ... 0

on attached schedules) | 3 pnase, 4-wire [ (i (1] iy, (3 by ongusy or by

PARTICULARS OF INSTALLATION REFERRED TO IN THE CERTIFICATE "=t bowes and srtar duiais, s sppnopeiate

Means of Earthing Maximum Demand

Maximurm demand {load) ..........

cevveeienes: KV A (delete 88 appropriate)

Daotails of

Type
(e.g. rod{s), tape oic)

Earth E! (where
Location Electrode resistance to earth

1]
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¥ Figure 2.2a
TN-S system

¥ Figure 2.2b
TN-C-5 system
(PME)

¥ Figure 2.2¢
TT system

2.2.2 Earthing arrangements
In the UK the most common earthing arrangement is now TN-C-S, or PME.

New supplies will almost always be PME (protective multiple earthed) to provide for a
TN-C-S system (see Figure 2.2b).

Supply terminals
Supply ' Il
Source of energy !
L v
. L2
Mo 1 13
rrTTTYyy : N
' i Installation
Exposed-conductive-part
== Source earth (Terre) Neutral and profective
conductor Separated
Supply terminals
Sup : ool
' L1
WY —
—WWWr ,
ARALAL 4. L3
wryryryy L)
PEN & L)
| e installafion
Meutral and profective conductor
L 1 in the distributi EIN o
= Source ear h (Terre) Separated in the installation
Supply terminals
Supply '
L1
AN L2
L
ANy +
N
R o
| :
== Source carth (Terre) = Installation earth (Terre]
R R

Existing systems may be:

» TN-S (supply having a separate earth) or
» TN-C-5 (supply having a combined neutral and earth) or
» TT (supply with no earth provided from the source).
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315 2.2.3 Declared supply characteristics

An enquiry to an electrical distributor for the supply characteristics of a domestic supply
will result in the following information being provided:

»  External earth fault loop impedance Z:
0.35 Q for PME supplies (TN-C-S systems)
0.8 0 for separate earth supplies (TN-S systems)
21 © where no earth is provided (TT systems)
> Prospective fault current Iy:
Excepting certain inner city areas, the maximum prospective fault current I
will be given as 16 kA.

The lowest external loop impedance given of 0.35 € equates to a fault current of only
720 A. A prospective fault current of 16 kA equates to an external loop impedance
of approximately 0.015 Q and is not compatible with a loop impedance of 0.35 €.
However, these worst-case parameters, if used, enable the designer to have the
confidence that the design will be acceptable for any supply, and be valid for the
lifetime of the installation even if the supply arrangements outside the dwelling are
changed.

BS 7671 allows a design to be carred out on the basis of the actual supply characteristics.
However, installation designs generally are carried out before the supply has been provided.
Using the supply characteristics above means standard circuits can be developed and
used for all dwellings without further calculation. These calculations form the basis of
the standard circuits found in such publications as the Electrician’s Guide to the Building
Regulations and the On-Site Guide. The formulae for these calculations are given in this
chapter and details of the common calculations given in Appendix B.

3131 2.3 Fault rating of switchgear
512.1.2
All equipment including switchgear assemblies (e.g. comprising busbars, circuit-breakers,

controls) must have a fault current rating exceeding the prospective fault current at the
point of connection to the installation. Manufacturers will provide assembly ratings,
which may be less than the rating of some of the component parts.

From infarmation on the length of service cable on private property, estimates can
be made of the attenuation (reduction) in fault level from the figure provided by
the distribution company. Chapter 6 provides advice on this, However, for domestic
premises consumer units and fuseboards with conditional fault rating of 16 kA can
be used, so further calculation is not necessary. Consumer units and fuseboards to
530.3.4  BS EN 60439-3 Annex ZA (Specification for particular requirements of consumer units
complete with fuses, c.bs and protective devices) are able to withstand the fault current
for prospective fault levels up to 16 kA when the electricity distributor’s fuse is a type
2 fuse to BS 88-3 rated at no more than 100 A. The standard 100 A distributor’s fuse
installed by electricity companies will meet these requirements. Whilst the individual
overcurrent devices in the consumer unit or distribution board may not interrupt the
fault current at high fault currents, they will be able to carry the currents until the
distribution company’s fuse operates. Clearly, it is better if, as is usually the case, the
fault rating of the fuse or circuit-breaker in the distribution board or consumer unit is of

Caleulations for Electricians and Designers
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Chap 43

¥ Figure 2.3

sufficient rating to clear the fault, particularly faults downstream of the consumer unit.
Fault levels are rarely as high as 16 kA and rapidly decrease within the installation, so in
practice the fuses or circuit-breakers in the consumer unit will clear faults.

2.4 Final circuit overcurrent devices and cables

In this section, the equations to be used are stated at the start of each subsection and
then used; full explanation is given in Chapters 4, 5 and 6. However, very simplified
explanations are given in each subsection.

2.4.1 Radial final circuits

Derivation of formula

Cable characteristics

Coordination of load,

device and cable
characteristics

433

Appx 4

L,
Current-carrying

Iy copacity as installed
Lood Iy
Tabulated current-
carrying copacity
|
Device rating

Ip is the design current; it is determined from the load to be connected to the
circuit

I s the rated current or current setting of the protective device

I, s the current-carrying capacity of a cable for continuous service in its
particular installed condition

It s the tabulated current-carrying capacity of a cable found in Appendix F of
the On-Site Guide or Appendix 4 of BS 7671.

Tabulated cable rating (I;) and as-installed current-carrying capacity (1)
formula

When overcurrent protection is to be provided, the current-carrying capacity of the

cable as installed, 1, is determined by applying rating factors to the tabulated cable
ratings, Iy, from Appendix 4 of BS 7671.

L=l Cgcacscdciclcc

where:

Cg is the rating factor for grouping, see Table 4C1 of BS 7671 or F3 of the
On-Site Guide

C, is the rating factor for ambient temperature, see Table 4B1 of BS 7671 or F1
of the On-Site Guide

Cs s the rating factor for thermal resistivity of soil, see Table 4B3 of BS 7671

Cq4 is the rating factor for depth of buried cable, see Table 4B4 of BS 7671

Calculations for Electricians and Designers
1© The Institution of Engineering and Technology

2



C; s the rating factor for conductors surrounded by thermal insulation, see
Regulation 523.9 of BS 7671 or Table F2 of the On-Site Guide
C; s the rating factor applied when overload protection is being provided by an

overcurrent device with a fusing factor greater than 1.45, e.g. Gy =0.725 for
semi-enclosed fuses to BS 3036

Cc is the rating factor for buried circuits: 0.9 for cables buried in the ground
requiring overload protection, otherwise is 1.

By inspection of Figure 2.3 it can be seen that the current-carrying capacity of the cable
as installed, 1, must equal or exceed the circuit overcurrent device rated current, |,,.

L2y

and hence by combining the two equations above, we have

TS (2.4.)
CaCa GGGt

This equation can be read as, when overcurrent protection is to be provided, the
tabulated cable ratings from Appendix 4 of BS 7671 must equal or exceed the circuit
overcurrent device rating corrected for the particular installation conditions.

Example 1
A circuit supplying a shower with a loading of 6 kW would have a design current I,
given by:

_ 6x1000W

Iy = ~26A
b=""530v

The nominal current rating in amps, I, of the protective device (fuse or circuit-breaker) for
a circuit is selected so that |, is greater than or equal to the design current, I, of the circuit.

Ihzly
So, in the example of the 6 kW shower I, must be = 26; select say a 32 A circuit-
breaker, that is |, = 32 A. The as-installed cable rating (I} must be equal to or greater
than 32 A.

;232 A

If overload protection is to be provided apply equation 2.4.1:

|
|- | —
G G LaGiTrCe
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Example 2
For the shower circuit above,

the ambient temperature is assumed (as is usual) to be 30 °C, so C,is 1

the cable is not laid in the ground or grouped, so Cg, C5, Cgand Ceare 1

the cable is not installed in thermal insulation, so C; is 1, and

the circuit protective device is not a semi-enclosed (rewirable) fuse, so Cs is 1.

Hence

e 32 5324
Txlxlxlxlxlx]
For a thermoplastic (PVC) insulated and sheathed flat cable with protective conductor
from Table 4D5 of BS 7671 or Table F& of the On-Site Guide, installed in an insulated
wall, 6 mm?2 cable is adequate as it has a tabulated rating of 32 A for installation
method A.

2.4.2 30 and 32 A ring circuits

Ring circuit cable tabulated rating (I;) formula

In BS 7671 the rules are changed for the special case of the 30 and 32 A final ring circuit
(Regulation 433.1.103), where the overload protection requirements are amended
allowing 20 A rated cables (I, = 20 A) providing the load current in any part of the ring
is unlikely to exceed 20 A.

Therefore I, 2 20 but I, =1, G C3 G Cy G G Ce.
Hence

e 20 (24.2)
CelaCCy GG Ce

Example

A ring final circuit wired with thermoplastic (PVC) insulated cable as per Table 4D5
enclosed in conduit in an insulated wall and protected by a 32 A circuit-breaker
(I =132 A); the cable rating must equal or exceed 20 A, The cable rating, I, is calculated
using equation 2.4.2.

If Cg, Ca Cs, Co G Grand Cc = 1 then ;=20 A

From Table 4D5 (column 7} a 2.5 mm? cable is adequate.
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2

2.4.3 Circuits without overload protection

There are many circumstances where the overcurrent device need not provide overload
protection, because the load is fixed, as with a shower or luminaire connecting device.
It will be providing fault protection. In these circumstances the cable tabulated rating
formula for a radial circuit is:

Radial circuit cable tabulated rating (l;) formula without overload
protection

|

h2—b——
Gl G CaGiGrGe

(24.3)

where I, is the design current of the circuit.
Note: An adiabatic check will need to be made.

For fuller information see section 4.5.

2.5 Final circuit voltage drop limitations

Maximum cable length (L,4) to meet voltage drop limits (i.e. 5% of 230V =
11.5 V, or 3% for lighting = 6.9 V)

Radial circuits:
For circuits other than lighting
Load at extremity of the circuit

11.5 x 1000
Ly = —m—m—— — 2.5
v (MV/A/m) x Cy @50

For lighting circuits with an evenly distributed load

6.9 x 1000

Lyd = {2.5.2)
¥ 6/2) % (MV/A/m) xC
For ring final circuits
i 4x11.5=1000 (25.3)

- lb x (mWA/m) % Cy
where:

Ip is design current

(mV/A/m) is the voltage drop per ampere per metre from Appendix 4 of
BS 7671

Lyg is cable length if the voltage drop limit is not to be exceeded

C; is a rating factor that can be applied if the load current is significantly less
than I, the current-carrying capacity of the cable in the particular installation
conditions. If Cy is taken as 1, this will err on the safe side. This factor
compensates for the temperature of the cable at the reduced current being
less than the temperature applicable to the tabulated (mV/A/m) data. See
section 5.6.
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230 +1p -[cf Ca? Cs? Ca% - ?’; (tp-30)
t

G= 2.5.4
! 230+1p @59

where t,, is the maximum permitted normal operating conductor temperature (°C).

2.5.1 Radial final circuit voltage drop

The voltage drop in an installation must not exceed a value appropriate for the safe
and effective functioning of the equipment to be supplied. (See chapter 5 for a fuller
treatment). For final circuits, section 6.4 of Appendix 4 of BS 7671 recommends for
installations connected directly to a public low voltage network a maximum voltage
drop of 3% for lighting and 5% for other uses, that is 6.9 V and 11.5 V respectively at
230 V nominal valtage to Earth.

The current-carrying capacity tables in Appendix 4 include figures for voltage drop per
ampere per metre (mv/A/m)

¥ Figure 2.4 ¢mmmmemmmmmmse s e i im o >
Radial socket-outlet

circuit

=l 2.5 mm? Line conductor
1.5 mem? Protective conductor

For loads at the extremity of the circuit, the voltage drop in volts is given by:
Voltage drop = (mV/A/m) x I x L x C;/1000
where L is cable length and Iy, is design current.

The maximum length of cable allowed (L,q) if the voltage drop is to be within voltage
drop limits is given by:

_ max voltage drop = 1000
Iy x (mV/A/m) = C;

Now 5% of 230 Vis 11.5 V, so if the voltage drop is not to exceed 5% in a final circuit,

_ 115x1000 @517

W X (MV/A/m) %Gy
Ifthe load is evenly distributed along the circuit the voltage drop is reduced. For example,
consider a lighting circuit with evenly distributed luminaires; the average current is half
the total load current (Ip), and the voltage drop is limited to 3% (6.9 V), then:

= 6.9 x 1000
(I6/2) x (mV/A/m) = C;

Lyd (25.2)
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2.5.2 Ring final circuit voltage drop

é Cable doubled
|

Cable length to furthest paint
is 1/2 {cable length}

To the furthest paint in effect two cables are run, and the length of cable to the furthest
point is half the length of cable in the ring, giving a multiplier of 4 for the installed length
of cable.

For ring circuits the equation becomes:

4x11.5 %1000
Ly=——— 253
W (mV/A/m) % Gy @53)

The current-carrying capacity of the cable of the ring must be not less than 20 A, see
Regulation 433.1.103 of BS 7671.

Example
A ring final circuit wired with 2.5 mm? cable per Table 4D5, (mV/A/m) = 18 m\/A/m
and assuming circuit |y is 32 A and Gy is 1 then

Lyg =4 X 11.5 x 1000/32/18 =799 m

However, in a ring circuit the current in the ring will not be the same all around the ring.
If it is assumed to be 20 A at the far end and an additional 12 A is evenly distributed,
the average current is (32 + 20)/2 = 26 A and

Lyg =4 x 11.5 x 1000/26/18 =98.3 m

If it is wished to calculate C; (see section 5.6) and assuming C,, G, Csand Cqare 1, |y
is 20 A (Reference Method A), cable I, is 26/2 A, and tpis 70 °C, then from equation
2.54 ;=0.923 and L4 = 98.3/0.923 = 106.5 m. (The average current in each of the
two legs of the ring is 26/2 A.)
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a3 2.6 Fault protection (protection against indirect
contact)

The fault protection requirements can be met by meeting the disconnection times of
Regulation 411.3.2. This is achieved by limiting the earth fault loop impedance of the
circuits to the values given in Tables 41.2, 41.3 and 41.4 of BS 7671.

For limited disconnection times, the equations to be met are:
for radial circuits: 741 2 Zo + (R") + R"2)Cx L

for ring circuits:  Z47 = Zz + (R"; + R")Cr x —:—

where:

Z41 is the maximum earth fault loop impedance given by the appropriate Table 41.2, 413
or 414 of BS 7671

Zo s the earth fault loop impedance external to the circuit — in this section it is
assumed to be that of the supply, i.e. 0.8 or 0.35 Q

R"} is the resistance per metre of the line conductor (see Table F1, Table I1 of the
On-Site Guide)

R", is the resistance per metre of the protective conductor (see Table F1, Table 1
of the On-Site Guide)

C, s the rating factor for operating temperature (see Table F.3, Table I3 of the On-Site
Guide)

L s the length of cable in the circuit.

The maximum circuit cable length, L, that will limit the circuit resistance such that
disconnection in the event of a fault to earth occurs within the required time (0.4 or
5 s) is given by:

for radial circuits: Lﬁ% (26.0)
1 27 %r

for ring circuits: Ly = % (26.2)
1 2/

Values of C; are given in Table F.3 (Table I3 of the On-Site Guide). C; will be taken as
1.20 to correct from 20 °C to a conductor operating temperature of 70 °C, which is
appropriate for the thermoplastic (PVC) insulated cables we are using.

For final circuits in domestic premises the installation impedance is taken as the
resistance of the line conductor Ry plus the resistance of the protective conductor Rs.
For these circuits the inductance can be neglected, as the cable sizes are less than
25 mm?2. Conductor resistances are normally given in milliohms per metre at 20 °C,
see Table F1 (Table 11 of the On-Site Guide).

To obtain the actual resistances during a fault the tabulated figures R"; and R"y in
mQ/m must firstly be divided by 1000, then multiplied by the cable length in metres
and corrected to working temperature by the factor C.. The figures in Table F.1 are given
at 20 °C, but the conductor operating temperature at full load for thermoplastic cables
(P\,.fc} is 70 °C, so a correction C; must be applied from Table F3 or On-Site Guide

so a correction C; must be applied Table F.2 or On-Site Guide
Table 13,
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435.1

Example 1: radial final circuit

Take a 6 kW shower wired in 6/2.5 mm?2 twin with cpc cable with a 32 A type B circuit-
breaker from a consumer unit at the origin. Zs; from Table 41.3 is 1.44 €, assume PME
supply Ze = 0.35 ©, R"+ R"; from Table F1 is 10.49 m&/m or 10.49/1000 ©/m and
C, from Table F.3 is 1.20. Applying equation 2.6.1 gives

- 54.—“?_2 o 144-035 oo
(R") +R%)C, 1049\, 5o
1000}

Example 2: ring final circuit

Take a ring circuit wired in 2.5/1.5 mm?2 twin with cpc cable from a consumer unit at the
origin, a PME supply and a 32 A type B circuit-breaker. Z4, from Table 41.3 is 144 Q,
Z.=0.35Q, R"; + R"; from Table F.1 is 19.51 mQ/m or 19.51/1000 Q/m and C, from
Table F.3 is 1.20. Applying equation 2.6.2 gives

Iy -1e) 4(1.44 - 0.35)
= = =186.2
* (R +RS)C, [19,51] m
— |%1.20
1000

2.7 Short-circuit current protection

When a circuit is protected by an RCD, the RCD wiill trip in the event of a fault between
a line conductor and the protective conductor. The RCD will not operate in the event of
a fault between live conductors, including line to neutral.

If the line to neutral loop impedance exceeds the values given in Tables 41.3 and 41.4
the overcurrent device will not trip in the given times, that is 5 s or instantaneously for
circuit-breakers. BS 7671 allows this situation in Regulation 435.1, providing overload
protection is given by the overcurrent device and the adiabatic equation of Regulation
434,52 is met.

For simplicity, designers will probably wish for operation of the overcurrent device in
the times of Tables 41.3 and 41.4, in which case circuit lengths (Lss) need to be limited
as follows:

L= % for radial circuits 27.)
Lg= @% for ring circuits (272)
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543.1.3

2.8 Protective conductors
Note: Chapter 8 gives fuller information on protective conductors.
Where an overcurrent device is not providing protection against overload, or where the

protective conductor is of a smaller size or lower current-carrying capacity than the line
conductor, a check that the adiabatic equation is met must be made:

sa Pt

k

For circuit-breakers see Tables 8.3 and 8.4.

For fuses, the equations which then have to be complied with are:

i Z,-17
for radial circuits:  Lyj=——2—5— (2.8.1)
(R +RY) G
for ring circuits: | :M (2.8.2)
¢ R

where:

La is the maximum cable length if the limitation of the adiabatic equation is to
be met

Z, is the maximum adiabatic loop impedance, see Chapter 8 for explanation and
tables of values

Z is the external or supply loop impedance

R} is the resistance per metre of the line conductor

R"5 is the resistance per metre of the protective conductor

C, is a multiplier to convert conductor resistance at 20 °C to the resistance at
conductor operating temperature (see Table F.3).

Please note that equation 2.8.2 does not make allowances for spurs from ring circuits
and both equations assume a fault at the extremity of the circuit.

2.9 Standard final circuits

Calculations for the standard circuits in the Electrician’s Guide to the Building Regulations
are included in Appendix B. The calculations are presented in a tabular form using the
equations of this chapter.
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Maximum demand

and diversity

132.5
3na

B Introduction B Diversity between final circuits
B Installation outline W Complex installations

B Final circuit current demand

3.1 Introduction

The demand of a circuit or of an installation is the current taken by the circuit or
installation over a period of time, say 30 minutes.

Some loads such as a tungsten lamp (light bulb) make a constant demand, say for a
100 W lamp (at 230 V, 100 W/230 V = 043 A), 0.43 A all the time it is switched on.

A load such as a washing machine has a number of components to the load perhaps
independently controlled. A washing machine may have:

a avariable speed motor for wash, rinse, low speed spin and high speed spin
b apump to extract water at certain times in the wash cycles
¢ a2.5 kW water heater controlled by a programmer and thermostat.

The load of such equipment will vary over time, see Figure 3.1.

Even in a simple installation such as a house there are many loads. Not all the loads are
on at the same time. The loads are diverse in:

a current demand
b control mechanisms
¢ time of use.

This load diversity results in the total load rarely if ever equalling the sum of the
individual loads. It would be a wasteful design if advantage were not taken of this
diversity between loads.

Cables and other equipment maximum capability are limited by the temperature rise
caused by the load current. There is a time element in this; a cable will take an hour to
come up to temperature. Short-time high current demands may be acceptable.

This diversity results in complicated demand patterns, see Figure 3.2,
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¥ Figure 3.1 Kitchen appliance demands (amperes)
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This chapter explains how allowances can be made for diversity between loads in sizing
final circuits and distribution circuits. The first step is to identify the loads and their
characteristics. This guide includes tables to assist in calculating demands so that cables
and switchgear can be selected.
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¥ Figure 3.3
Installation outline

3.2 Installation outline

The first step in preparing an installation design is to identify all the electrical loads. The
physical position of each load is required as well as the kVA demand, power factor, voltage,
frequency etc,

Incoming supply

Metering

Load I, total

I I ' Main distribution board M
X X X

Load 1 Load |c Lood 1,

T
W

I I I I IDisrribminn beard A

lors  Boas

X
X
«X
<X

c

|—>r<‘|

XXX s
Ll

Notes:

1 Final circuit load lpas is the after-diversity sum of loads x, y and z. Table 3.1 is used.

2 Distribution circuit load |y, is the after-diversity sum of final dircuit loads Ipay to lpas.
Table 3.2 is used.

3 Installation load Iy, total is the after-diversity sum of distribution circuit loads Ipa, Ihg and Ipc.
No table is provided, diversity depends upon load characteristics. This total is the maximum
demand of the installation.

An installation outline can then be drawn (Figure 3.3). With the position of the main
incoming supply, main distribution board, submains and sub-distribution boards
decided, final circuits can be outlined and demand on each element (final circuits,
sub-distribution boards, submains, main distribution board) estimated. The incoming
supply should be as close to the load centre as is practicable.

The basic design intent is to use standard final circuits wherever possible to avoid
repeated design. Provided earth fault loop impedances are below 0.35 or 0.8 chm at
the final distribution board, the standard circuits can be used as the basis of all final

Calculations for Electricians and Designers
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circuits. Chapter 2 and Appendix B summarize the calculations for small installations
and final circuits.

3.3 Final circuit current demand

The current demand of a final circuit is estimated by adding the current demands of
all points of utilization (eg. socket-outlets) and items of equipment connected to the
circuit and where appropriate making allowances for diversity. Table 3.1 (Table Al of the
On-Site Guide) gives current demands to be used for final circuits.

¥ Table 3.1  Final circuit current demand to be assumed for points of utilization and
current-using equipment

Point of utilisation or current-using Current demand to be assumed
equipment

6 Al other stationary equipment British Standard rated current, or normal

current

Notes:

1 See Chapter 2 and Appendix B for the design of standard circuits using socket-outlets to
BS 1363-2 and BS EN 60309 (BS 4343).

Final circuits for discharge lighting must be arranged so as to be capable of carrying the
total steady current, viz. that of the lamp(s) and any associated controlgear and also their
harmonic currents. Where more exact information is not available, the demand in volt-
amperes is taken as the rated lamp watts multiplied by not less than 1.8. This multiplier is
based upon the assumption that the circuit is corrected to a power factor of not less than
0.85 lagging, and takes into account controlgear losses and harmonic current.

7]

Because of the change in 1995 in nominal supply voltage (Up) from 240 V +6% to
230 V +10% to —6%, calculating load current from kW or kVA rating is made more
difficult. Whilst the nominal voltage was officially changed, the actual range stayed much
the same and the actual distributed voltage to homes and other premises remained
unchanged. Manufacturers may state equipment ratings at 240 V. In determining current
demand from kW or kVA demand, the voltage at which the demand is calculated may
be used and this may be 240 V and not 230 \.
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3.3.1 Examples of circuit current demand

Example 1: shower circuit
See row 6 of Table 3.1

Rating of shower (P) from nameplate 7.2 kKW at 240 V

; G o ; Ugl cos @
For single-phase circuits, power P in kW = o000
where:
P s the power in kW (1000 W)
I is current (A)

Up is nominal line voltage (V) at which the load is declared
cos @ is power factor (sinusoidal).

Hence current demand of shower circuit | = 1000P
Upcos @

cos @ =1 for a resistive load

Hence, | = M =30A
240x 1

Example 2: cooker circuit
See row 5 of Table 3.1

Consider an electric cooker with:
»  Hob comprising 4 off 3 kW elements
> Main oven 2 KW

»  Grill/top oven 2 kw.

Therefore the total installed capacity = 16 kW at 240 V

As in example 1, | = _1000P_ and cos @ =1 for a resistive load
Ug cos @
1000x 16
H |= ———==67A
A 240x 1

From Table 3.1, row 5 circuit load is:

‘The first 10 A of the rated current plus 30% of the remainder of the rated current plus
5 A if a socket-outlet is incorporated in the control unit”

30(67-10)

Therefore | =10
erefore - S5

=270A

Hence, a 30 or 32 A circuit is selected.
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Example 3: lighting circuit
See row 3 of Table 3.1

Consider 10 downstairs lights, assume 100 W demand per lighting point

Therefore circuit demand | = (105100, 417 A

240x1

A5 Acdircuit (or 6 Aif a BS EN 60898 circuit-breaker is used) would be suitable for tungsten
lamps. (Tungsten lamps exhibit a brief inrush current when initially switched on. This
inrush current is normally ignored for multiple GLS lamps that are not switched in large
groups. For tungsten flood lamps and heat lamps, account should be taken of the inrush
current.) However, if extra-low voltage or discharge lighting is to be supplied by a type
B circuit-breaker specify a 10 A circuit to reduce unwanted tripping on switch-on due to
starting surge. A 6 A type C circuit-breaker may also be appropriate.

For all but the simplest circuits the load characteristics should be assessed and manufacturer’s
data applied for the selection of all fuses and circuit-breakers. Manufacturer's data should
be consulted in particular for tungsten flood lamps and heat lamps, discharge lighting,
transformers, motors etc. See Appendix C for an extract from one manufacturer's
guidance.

Example 4: immersion heater circuit
See row 6 of Table 3.1

Consider a 3 kW immersion heater

3000

=125A
240

Circuit demand | =

Example 5: motor circuit
See row 6 of Table 3.1

Consider a 3 kW single-phase motor with a power factor of 0.8

Current demand of mator circuit | = LAO00E, 10003 1564
Ugcos @ 240=08
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3.4 Diversity between final circuits

3.4.1 Simple installations

The allowances for diversity in Table 3.2 (Table A2 of the On-Site Guide) are for very
specific situations and can only provide guidance. The figures given in the table may
need to be increased or decreased, depending on the particular circumstances.

The current demand of a group of final circuits supplied from one distribution board
(and submain) may be estimated using the allowances for diversity given in Table 3.2.
The allowances of rows 1 to 5 are applied to the current demand of items of equipment
supplied by the sub-distribution board. The allowances in row 9 (conventional circuits)
are applied to the rated current of the overcurrent protective device for the circuit.

The use of other methods of determining maximum demand is not precluded where
specified by a competent electrical design engineer.

After the design currents for all the final circuits and submains have been determined, and
the conductor sizes chosen, it is necessary to check that the limitations on voltage drop
are met.

¥ Table 3.2  Allowances for diversity between final circuits for sizing distribution circuits

Purpose of final Type of premises
circuit fed from
conductors or
switchgear to
which diversity
applies

Individual Small shops, Small hotels,
household stores, offices boarding houses,
installations and business guest houses,

including premises etc.

individual
dwellings of
a block

2 Heating and 100% of total 100% fI. of largest 1009 fl. of largest
power (butsee  current demand appliance +75% appliance +80% fl.

3to8below)* upto10amperes £l of remaining of second largest
+50% of any appliances appliance +60%
current demand f1. of remaining
in excess of 10 appliances
amperes

100% f1. of largest  1009% fl. of largest

4 Motors (other  not applicable

than lift motor +80% . motor +500 £1. of
mators which of second largest remaining motors
are subject motor +60% fl. of
to special remaining motors
consideration)
continues
Calculations for Electricians and Designers 3
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¥ Table 3.2 continued

Purpose of final
circuit fed from
conductors or
switchgear to
which diversity
applies

6  Water-heaters

Individual
household
installations
including
individual
dwellings of
a block

no diversity

(thermostatically  allowablet
controlled)

8  Thermal storage  no diversity

space heating
installations

allowable

Type of premises

Small shops,
stores, offices
and business
premises

no diversity
allowable !

no diversity
allowable t

Small hotels,
boarding houses,
guest houses,
etc.

no diversity
allowablet

no diversity
allowablet

equipment

100% of current
demand of largest
point of utilization
+40% of current

other than those  utilization

listed above

f.l. = full load

Notes:

100% of current
demand of largest
point of utilization
+70% of current

100% of current
demand of largest
point of utilization
+75% of current
demand of every
other pom in main
rooms (dini

rooms, etc.) +40%
of current demand
of every other point
of utilization

* For the purpose of this table, an instantaneous water-heater is deemed to be a water-
heater of any loading which heats water anly while the tap is tumed on and therefore uses
electricity intermittently,

t Itisimportant to ensure that the distribution boards and consumer units are of sufficient
rating to take the total load connected to them without the application of any diversity.

+ The current demand may be that estimated for example in accordance with Table 3.1.
Where the circuit is a standard circuit for household or similar installations the current
demand is the rated current of the overcurrent protective device of the circuit.
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Example 1: small office
Consider a small office comprising:

i lighting: 20 off 100 W fluorescent luminaires
i power:a 10 kW machine and a 2 kW machine (both at 230 volts)
iii socket-outlet circuits: two 32 A circuits

and estimate the maximum demand.
i lighting: 20 off 100 W fluorescent luminaires

90 20x100x18

100 240 S1aA

lighting demand =

Note: See note 2 to Table 3.1 for 1.8 factor, see row 1 column 3 of Table 3.2 for diversity of
9006, If the luminaire manufacturer's VA figures are available, then they should be used instead.
Simply divide the VA figure by 240 and multiply by the 90/100 - this generally gives a lower but
more accurate figure.

ii power: a 10 kW machine and a 2 kW machine (both at 230 V)

power load = [@x '0"'000\'{&,‘ 2x1000) _ 43484 652 =50 A
100 230 ) W00 240 )

Note: See row 2 column 3 of Table 3.2 for diversity of 100% for largest, 75% for second
machine.

iii socket-outlet circuits: two 32 A circuits

100

70
socket-outlet demand = |—
(oo =53+

100

® 32] =32+224=544A

Note: See row 10 column 3 of Table 3.2 for diversity of 100% for largest, 70% for second.
Total =135+ 50 + 544 = 1179 A

The designer may know the total demand on the socket circuits is 15 business machines
of 100 W rating, e.g. computers, and revise the socket circuit after-diversity demand to

15 =100

Socket after-diversity demand = 30

=6.25A; and revise the after-diversity

demand to
Total = 13.5 + 50 + 6.52 = 70.02 A, and design for 80 A maximum demand.

Example 2: domestic installation
Consider a domestic installation comprising:

an electric cooker

a 7.2 kW shower

ii two lighting circuits

iv two socket-outlet circuits,
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From row 9 of Table 3.2, circuit load (for individual households, including individual
dwellings of a block) is:

"100% of current demand of largest circuit + 40% of current demand of every other
circuit’,

100% of largest circuit:
cooker as example 2 in 3.3.1 271 A
40% other:

7.2 kW shower as example 1in 3.3.1 30A

lighting as 3.3.1 circuit 1 417 A
circuit 2 417 A
socket-outlets  circuit 1 3I0A
circuit 2 30A
Total other 98.34
40% other 39.34 A
Installation demand 66.44 A

Considering further say 8 dwellings in a block supplied from one submain (e.g. riser).
Allowance for diversity is made for the dwellings on any one submain and between
submains as necessary, and then between blocks of dwellings. For guidance in such
circumstances see Figure 3.4 and ‘Complex installations’ below.

3.5 Complex installations

The following has been abstracted from an unpublished (Jan 1979) IEC Document
64(Secretariat)254 ‘Estimation of maximum demand'.

For blocks of residential dwellings, large hotels, industrial and large commercial premises,
the allowances are to be assessed by an experienced person.

3.5.1 Accuracy

Estimates of maximum demand can rarely be made accurately. The guidance given
here indicates very approximate values with wide tolerances, and must be subject to
many reservations. The designer will need to decide:

i whether they can use values known to them personally or from reliable sources;
ii whether the values given in Tables 3.3 and 3.4 and Figure 3.4 are applicable; and
iii whether the values given in the tables and figure will need to be altered, taking
inta account:
a the time profiles of the loads
b the coincidence of individual loads with other loads — a chart may be helpful
in this respect
¢ the relationship of the electrical loading of motors to the mechanical load.
The mechanical load is a more accurate guide to the electrical load than
motor rating — motor ratings are often conservatively selected (overrated)
d heating and cooling loads, the seasonal demands and how these might coincide
with production demands
e the availability of other sources of supply

Calculations for Electricians and Designers
© The Institution of Engineering and Technology

3

34



3

f the allowances, if any, for spare capacity or load growth — this must be ¥ Table 3.3 Demand factors for complete installations
discussed with the client
g any special considerations which apply to the particular job in hand. Installation building/premises Demand factorg Remarks
for main supply
intake
3.5.2 Estimation method

The maximum demand of an installation Py is the sum of the loads installed, P,
multiplied by a demand factor g:

Pmax=gPj

where:

P; is total installed load for the installation considered, being the sum of all the
loads directly connected, generally on the basis of continuous duty

g is demand factor, that is the ratio of the maximum demand of an installation
to the corresponding total installed load.

Table 3.3 provides g for some typical complete installations. It is not suitable for intermediate
distribution boards supplying mainly or wholly one type of load, e.g. lighting or heating.
The factors for particular loads are given in Table 3.4.

Table 3.3 demand factors may be used for sub-distribution boards where there is a
typical mix of load, but care needs to be taken; if a particular type of load predominates
it will invalidate the use of Table 3.3.

Sub-distribution point estimation

For intermediate distribution boards where one type of load may predominate, Table
3.4 provides demand factors for each type of load. The maximum demand on the
distribution board (Ppg) is then given by:

Ppp = Pig1 + P2g2 + Pags + Prgn

where:

Py is the sum of the particular types of load, e.g. lighting
gn s a factor to be applied for that load in the particular type of premises.

Tolerance

The difficulty of estimating demand accurately is mentioned in earlier paragraphs. The
maximum error in Tables 3.3 and 3.4 is +10%.

It must be remembered that the factors given in Tables 3.3 and 3.4 are purely guidance;
particular information relevant to a specific installation will always override this guidance.

continues
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¥ Table 3.3 continued

Installation building/premises Demand factorg Remarks
for main supply
intake
8 Cement mills 0.8-09 Reference: Production level about 3500
tons a day with about 500 motors
(large mills are driven by HV motors).

10 Coal
10.1 Hard coal preparation 0.8-1.0
102  Underground 1.0
Lignite:
- general 07
— excavation 08

12 Rolling mills (general) 0.5-0.8* *g depends on the number of standby

121 Water supply 0.8-09* drives
122 Ventilation 0.8-09*

Auniliaries for rolling mills:

— with cooling bed 0.5-0.7*

- with loopers 0.6-0.8*

— with cooling bed and loopers 03-05

123 Finishing lines 0.2-0.6+

generation
161 Power stations, general requires
investigation
16.1.1  auxiliary power for low voltage requires
circuits investigation
16.1.2  emergency supply 10

162  Nuclear pawer stations special
power demand, e.g. for trace
heating for sodium pipes 1.0

18 Lifts 0.5 (highly variable  For simultaneous starting of several

—time of the day)  cranes or lifts the voltage drop has to
be considered.
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¥ Table 3.4 Estimated values for demand factors g for certain loads intended for use in estimating the
demands on intermediate and sub-distribution boards

Type of premises

Experimental and demonstration units

Water heating not central
Water heating centralised
Domestic appliances (fixed)
Signalling and address system
Air-conditioning not central

Socket-outlets
Cooking, canteens
Refrigeration
Lifts, escalator

Lighting
E Heating and air-conditioning

E Electronic data processing
T Floodlight installations

> I
-
)
o
&
v
-
o
s
o
=
5 [

8  Universities and

colleges

10 Assembly rooms, 0.9

public halls

Socket-outlet circuits

The estimation of demand on socket-outlet circuits presents obvious difficulty. The
values given in Table 3.4 only apply to circuits comprising a number of outlets which
are not expected to be loaded fully and simultaneously. For commercial and industrial
installations, a specific estimate of the demand based upon the predicted usage of the
sockets needs to be made. For dwellings, the following provides guidance:

Number of
circuits

Where fixed equipment is fed by socket-outlets, e.g. water heaters or space heating,
specific allowance for this must be made. It is to be noted that the g factors above for
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socket-outlets are for estimation of the effect of the socket-outlets on the maximum
demand. Each socket circuit must be designed for its own maximum demand.

v figure 3.4 1.0 "
Estimated values for :
demand factors for the
calculation of power &
demand depending on ’
the number of dwellings H
(from IEC 64(Sec)254) i

@ 06 he® 3

£l i

3 :

é 0.4 i

02 & 4
——
0 | i L
1 2 3 4 5678910 20 30 40 50 60 100
Number of dwellings in group
Explanation:

g is the demand factor, i.e. the ratio of the maximum demand of an installation to the
installed load. Curve a) high coincidence of usage, b) typical, mixed domestic loads and ¢) low
coinadenice.

Example 2 in 3.4.1: domestic installation cont'd

Considering say 8 dwellings in a block.

From curve b for 8 dwellings, demand factor for typical mixed domestic is 0.22.
After-diversity demand for submain: 66.44 + 0.22(8-1)66.44 = 168.76 A.

Hence, a 200 A riser may be selected.

(Note this is an example of how factors are applied. Actual demands must be discussed
and agreed with all parties including the electricity distributor.)
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Selection of cables
for current-carrying

capacity

B Symbols B Protection against overload and
B Preliminary design short-circuit
B Overcurrent requirements ] ::I::ecﬂnn against fault current
B, Corrent:canrying ony Y W Corrections for grouping
tables
B Motors
4.0 Symbols

The symbols used in this chapter of the guide are those used in BS 7671 as follows:

It the value of current tabulated in Appendix 4 of BS 7671 for the type of cable,
ambient temperature and installation method ¢ -

concerned

In  the rated current or current setting of the device protecting the circuit against

overcurrent

C  the raﬁngﬁcbrm be applied where the installation conditions differ from those for
which values of current-carrying capacity are tabulated (in Appendix 4 of BS 7671).
The various rating factors are identified as follows:

C, the rating factor for ambient temperature

Cy  the rating factor for depth of buried cable

G the rating factor for overcurrent devices where I > 1.45 Iy

C;  the rating factor for operating temperature of conductor

Calculations for Electricians and Designers
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Appx 4

431.1.1

433

4.1 Preliminary design

As described in Chapter 3, Figure 3.3, the designer will have prepared a general
installation outline and having made due allowances for diversity determined the design
current I, of final circuits, distribution boards, submains, main distribution board etc.

With the design current (I,) of each circuit determined (see Chapter 3}, and the load
profile, in particular starting currents, the nominal current rating of the protective devices
(In) and the cable type and rating for the circuits can be selected.

4.2 Overcurrent requirements

Each installation and every circuit within that installation must be protected against
overcurrent by devices which will operate automatically to prevent injury to persons
(and livestock) and damage to the installation including the cables. The overcurrent
devices must be of adequate breaking capacity and be so constructed that they will
interrupt the supply without danger and ideally will facilitate restoration. Cables must be
able to carry these overcurrents without damage. Overcurrents may be:

1 fault currents (earth fault or short-circuit) or
2 overload currents.

4.2.1 Fault currents

Fault currents arise as a result of a fault in the cables or the equipment. There is a
sudden increase in current, perhaps 10 or 20 times the cable rating, the current being
limited by the impedances of the source of supply, the cables, the fault itself and the
return path. The current is normally of short duration, but fault protection is nonetheless
required except in exceptional circumstances (see Regulation 434.3 of BS 7671).

4.2.2 Overload currents

Overload currents do not arise as a result of a fault in the cable or equipment. They
arise because the current has been increased by the addition of further load.

Overload protection is only required if overloading is possible. It would not be required
for a circuit supplying a fixed load.

The load on a circuit supplying a (say) 7.2 kW shower will not increase unless the
shower is replaced by one having a higher rating, when the adequacy of the circuit
must be checked.

A distribution circuit supplying a number of buildings could be overloaded by additional
machinery being installed in one or more of the buildings supplied.

Whereas overload currents are likely to be of the order of 1V2 to 2 times the rating of
the cable, as mentioned above fault currents may be of the order of 10 to 20 times
the rating.

Overloads of less than 1.2 to 1.6 times the device rating, dependent upon the type
of device (see Table 4.1 and section 4.2.3 'Small overloads'), are unlikely to result in
operation of the device. Regulation 433.1 requires that every circuit shall be designed
so that small overloads of long duration are unlikely to occur.
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433.1

Itis usual for one device in the circuit to provide both fault protection and any overload
protection that is required. The common exception is the overcurrent devices in motor
circuits, where the overcurrent device at the origin of the circuit provides protection
against fault currents and the motor starter provides protection against overload. Whilst
overload protection may not be necessary in a circuit the cable selected must be of a
sufficient size to carry the load current.

The current-carrying capacity of cable for continuous service under the particular
conditions of its installation (1) must be equal to or greater than the current for which
the circuit is designed (Ip), that is a current intended to be carried in normal service:

21y @21

The nominal current or current setting of the protective device (I,) must also be equal
to or greater than the design current of the circuit:

e (4.2.2)
Equations 4.2.1 and 4.2.2 must always be complied with.

(If the load current Iy, is say 30 A, the device rating |, must be equal to or greater than
30 A, say 30 Aor 32 A)

Where overload protection is being provided, the current-carrying capacity of cable for
continuous service under the particular conditions of its installation |, must be equal to
or greater than |,, the nominal current or current setting of the protective device.

121y

Lzlhzly (4.2.3)

4.2.3 Small overloads

The standards for overcurrent devices (fuses and circuit-breakers) specify a current
below which the device must not operate (fuse or trip). This is the non-fusing or non-
tripping current (l;), see Table 4.1. They also specify the current at which the device
must operate in a specified conventional time, This is the fusing or tripping current (I2),
see Table 4.1.

Overloads below the non-fusing or non-tripping current (1) will not operate the
overcurrent device.

Overloads between |y and |, will take longer than the conventional time; for further
information see section 6.2.1 of the Commentary on IEE Wiring Regulations.
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Mon-fusing (1) and fusing (12) currents

Rated current Non-fusing* Fusing* current Conventional
In current Iz or lg fusing® time
Iy or Ing
(A) (A) (hours)

* ‘fusing’ for fuses, ‘tripping’ for circuit-breakers.

Appr4 4,3  Current-carrying capacity tables

4.3.1 Tabulated current-carrying capacity I

Appendix 4 of BS 7671 provides current-carrying capacities of cables in certain defined
conditions.

Each table specifies the cable type, the ambient temperature, the conductor operating
temperature and the reference method of installation (see Table 4A2 of BS 7671). The
correct table for any particular cable is found by reference to Table 4A3 of BS 7671.

The tabulated cable current rating Iy is the current that will increase the temperature
of the live conductors of the cable from the tabulated ambient (usually 30 °C) to the
tabulated maximum conductor operating temperature (e.g. 70 °C for thermoplastic or
PVC insulated cables and 90 °C for thermosetting) under the defined conditions, for
example see the extract from Table 4D1A.
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¥ Extract from Table 4D1A of BS 7671 (Cable current rating table for single-core 70 *C thermoplastic
insulated cables, non-armoured, with or without sheath (copper conductors)

CURRENT-CARRYING CAPACITY (amperes):

Ambient temperature: 30 °C
Conductor operating temperature: 70 °C

Conductor Reference Method  Reference Method  Reference Method1  Reference Method
4

Reference Method 12 {free air)

N 1 toaad 1 3 dq elipmed divect) i Horizontal ~ Vertical Trefoil
in in {on a perforated at od Tlat
area conduit in conduit on a wall cable tray AL spac "
thermally or in trunking horizontal or s
insulating wall ete.) vertical)
ete.)
Zcables, 3ord  2cables. 3Jord  Zeables,  3ord Zcables, Jord Zcables,  Zcables,  3cables
single-  cables,  single- cables, single-  cables, single-  cables, single- single- trefoil,
phase  three- phase  three- phase three- phase three- phasea.c. phaseac,  three
ac.or  phase ac.or  phase a.c. or phase ac.or phase ordeor ordeor phaseac,
de. ae. de. ae. deflat  aeflat  deflat o flat dcables  3cables
and and and and three- three-
hi hi hi hil phasea.c. phasea.c,
or trefoil or trefoil
1 2 3 4 5 B 7 8 k] 10 1 12
(mm?) (A) (A) (A) {A) (A) (A) (A) (A) (A) {A) {A)
1 1 10.5 135 12 15.5 u - - - - -
15 1.5 13.5 175 15.5 20 B - -
25 20 18 24 21 27 25 - - -
4 26 ] a2 E a7 a3 - - - -
Example

From the table shown above, for a 4 mm? cable at an ambient temperature of 30 °C
enclosed in conduit in an insulating wall |; = 26 A for two cables single-phase a.c. or
d.c. and 24 A for three or four cables three-phase a.c.

Rating (correction) factors

If the actual conditions of installation are not as those reference conditions, then rating
factors are applied to the tabulated rating I, to give the cables current rating I, in the
actual installation conditions, i.e.

L=hC GG GG GC (4.3.1)

I; s the current-carrying capacity of a cable for continuous service under the
particular installation conditions concerned

Iy is the tabulated current-carrying capacity of a cable found in Appendix 4 of
BS 7671

Cg is the rating factor for grouping, see Tables 4C1 to 4C6 of BS 7671 or
Table F3 of the On-Site Guide

C, is the rating factor for ambient temperature, see Tables 4B1 and 482 of
BS 7671 or Table F1 of the On-Site Guide

Cs is the rating factor for thermal resistivity of soil, see Table 4B3 of BS 7671

Cq is the rating factor for depth of buried cable, see Table 4B4 of BS 7671

C; s the rating factor for conductors surrounded by thermal insulation, see
Regulation 523.9 of BS 7671 or Table F2 of the On-Site Guide

C; s the rating factor applied when overload protection is being provided by an
overcurrent device with a fusing factor greater than 1.45, eg. Cj= 0.725 for
semi-enclosed fuses to BS 3036

Cc is the rating factor for buried dircuits: 09 fo

e

requiring overload protection, otherwise is 1.
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Table 481 4.3.2 Ambient temperature rating factor C,
Table 482 ¢_is given by Tables 4B1 and 4B2 of BS 7671. Table 4B1 is used for cables in air, Table
4B2 for cables laid in the ground.
¥ Table 4B1 of BS 7671 Rating factors (C,) for ambient air temperatures other than 30 °C
Insulation
Mineral®
Thermoplastic Bare and
Ambient covered or bare and not exposed
temperatures 60°C 70°C 80°C exposed to touch to touch

(°C) thermosetting  thermoplastic  thermosetting 0°C 105°C
25 104 1.03 102 107 1.04

30 1.00 1.00 1.00 1.00 1.00

35 0.91 0.94 0.96 0.93 0.96

40 0.82 0.87 0.91 0.85 0.92

45 071 0.79 0.87 0.78 0.58

50 0.58 0.71 0.82 0.67 0.84

55 0.41 0.61 0.76 0.57 0.80

60 0.50 0.71 0.45 0.5

85 - 0.65 - 0.70

70 - 0.58 - 0.65

75 - 0.50 - 0.60

80 - 0.41 - 0.54

85 - - - 0.47

90 - - - 0.40

95 - = = 0.3z

a For higher ambient temperatures, consult manufacturer,

¥ Table 4B2 of BS 7671 Rating factors (C,) forambient ground temperatures other than 20°C

Ground Insulation
temperature T0°C 0°C
{°C) thermoplastic  thermosetting
10 L10 107
15 1.05 1.04
20 1.00 1.00
25 0.95 0.96
30 0.89 0.93
35 0.84 0.89
40 077 0.85
45 0.1 0.80
50 0.63 0.76
55 0.55 0.7
G0 0.45 0.65
65 - 0.60
70 - 0.53
75 - 0.46
80 - 0.38
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Tables 41 4.3.3 Group rating factor Cg
10 4C8  For the equation I, = | Cg Ca Cs C4 G Ci Cg, G s given by Tables 4C1-4C6 of BS 7671
(see Table 4C1 below); however, where cables are not liable to simultaneous overload
see section 4.6.

WV Table 4C1 of BS 7671 Rating factors for one circuit or one multicore cable or for a group of circuits, or a

group of mulitcore cables, to be used with current-carrying capacities of Tables 4D1A to 4J4A

Number of circuits or multicore cables To be used with current-
carrying it

Ar
Item (cables touching) 12 3 4 5 6 7 8 9 12 8 20 pifrence Method
1 Bunched in air. on a surface,

toubeitnd or endnaed 100 080 070 065 0.60 057 0.54 052 050 045 041 038 AwF
2 Single layer on wall or floor 100 085 079 075 073 072 072 071 070 070 050 0.70 c
3 Single layer multicore on

a perforated horizontal or 100 08B 082 0377 075 073 073 072 052 072 092 072

vertical cable tray system E

4 Single layer multicore on cable

Indder system or cleats etc, 1.00 087 082 060 080 079 079 076 078 076 058 078

Notes:

ta

e

S

o

@

-

These factors are applicable to uniform groups of cables, equally loaded.

Where horizontal elearances between adjacent cables exceeds twice their overall diameter, no rating factor
need be applied.

The same factors are applied to:

~ groups of two or three single-core cables;

- multicore cables.

If a group consists of both two- and three-core cables, the total number of cables is taken as the number of
cireuits, and the corresponding factor is applied to the tables for two loaded conductors for the two-core
cables, and to the tables for three loaded conductors for the three-core cables (see also below).

If a group consists of n single-core cables it may either be considered as n/2 circuits of two loaded conductors
or n/3 circuits of three loaded conductors.

The rating factors given have been averaged over the range of conductor sizes and types of installation
included in Tables 4DIA to 4J4A and the overall accuracy of tabulated values is within 5%.

For some installations and for other methods not provided for in the above table, it may be appropriate to use
factors caleulated for specific cases, see for example Tables 4C4 and 4C5.

Where cables with differing conductor operating temperatures are grouped together, the current rating is to
be based upon the lowest operating temperature of any cable in the group.

If, due to known operating conditions, a cable is expected to carry not more than 30% of its grouped rating, it
may be ignored for the purpose of obtaining the rating factor for the rest of the group. For example, a group
of N loaded cables would normally require a group rating factor of Cy applied to the tabulated I,. However, if
M cables in the group carry loads which are not greater than 0.3 Cgl; amperes the other cables can be sized by
using the group rating factor corresponding to (N-M) cables.

Grouping factors for three-phase and single-phase circuits in a common
enclosure

Table 4C1 provides rating factors for grouping, which apply only to ‘uniform groups' that
are all single-phase or all three-phase circuits, To estimate grouping factors for groups of
single-phase and three-phase circuits, the following method may be used.

To estimate the grouping factor for the single-phase circuits in the group:
Multiply the number of three-phase circuits by 1.5 (whether four-wire or three-wire
doesn't matter),
and add the result to the number of single-phase circuits,
to give the equivalent number of single-phase circuits for use with Table 4C1.

To estimate the grouping factor for the three-phase circuits in the group:

M ke

hultiply the number of single-phase circuits by 2/3,
and add the result to the number of three-phase circuits,
to give the equivalent number of three-phase circuits for use with Table 4C1.

Calculations for Electricians and Designers
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Example

Two three-phase circuits and two single-phase circuits are installed in a common
enclosure for part of their run.

Equivalent number of single-phase circuits = (2 x 3/2) + 2=5

Factor Cy from Table 4C1 for the single-phase circuits = 0.60 (and not 0.65 as for
4 similar circuits)

Equivalent number of three-phase circuits = (2 x 2/3) + 2=33

Factor Cy from Table 4C1 for the three-phase circuits = 0.68 (and not 0.65 as for
4 similar circuits)

When calculating circuit current-carrying capacities (1) use the single-phase factor for
single-phase circuits and the three-phase factor for three-phase circuits.

G ing involving lightly loaded circuits

Ll -

Note 9 to Table 4C) states:

To see how this is applied, consider the example below:

Example

Six single-phase circuits (2 x 32 A, 1 x 10 A, 3 x 6 A) are wired with single-core
thermoplastic insulated cable (Table 4D1A) in a common enclosure for part of their
run, see figure below.

GROUPING INVOLVING

LIGHTLY LOADED CIRCUITS
Cable Load
Device . size (A}
BIA | ey - ‘ﬂ"ﬂkfi ______ i
= 10 25
32 A
— 10 25
10 A
— 2.5 8
6A
= 1.0 5
6A
— 1.0 2
6 A
e 1.0 2
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523.9

Factor Cy from Table 4C1 for 6 grouped circuits = 0.57.

If the load of any of the circuits is less than 0.3 Cyly amperes the cable can be
discounted in calculating the grouped rating of the other cables.

The rating of the 1.0 mm? cables, from Table 4D1A, is 13.5 A.

Hence 0.3 Cg.l; for the 6 A circuits is 0.3 x 0.57 x 13.5=2.3 A,

If the load of the & A circuits is less than 2.3 A, they can be discounted for
grouping purposes. In the example illustrated above, the grouping factor for the 4
remaining circuits is 0.65 (and not 0.57 for 6 circuits).

4.3.4 Thermal insulation factor C;
G is a rating factor for cables run through thermal insulation,

For a single cable sumounded by thermally insulating material over a length of 0.5 m or more,
the current-carrying capacity shall be taken, in the absence of more precise information,
as 0.5 times the current-carrying capacity for that cable clipped direct to a surface and
open (Reference Methed C).

Where a cable is to be totally surrounded by thermal insulation for less than 0.5 m, the
current-carrying capacity of the cable shall be reduced appropriately depending on the
size of cable, length in insulation and thermal properties of the insulation. The derating
factors in Table 52.2 are appropriate to conductor sizes up to 10 mm? in thermal
insulation having a thermal conductivity greater than 0.04 Wm- K.

¥ Table 52.2 of BS 7671 Cable surrounded by thermal insulation

Length in insulation Derating factor

(mm)
50 0.88
100 o8
200 0.63
400 051

Example

For two 6 mm? thermoplastic insulated cables to Table 4D5 of BS 7671 at an ambient
temperature of 25 °C enclosed in a conduit in a thermally insulated wall (Reference
Method A):

Iy =32 A, from Table 4D5

Cy = 0.80 from row 1 of Table 4C1

Cy = 1.03 from Table 4B1

G =1, as no further allowance for insulation is necessary

C¢ =1, as the overcurrent device is not a rewirable fuse

Cg, Csand Cy =1, as the cable is not laid in the ground.
Cable rating in installed conditions: lb=hCCGGC GGy
1;=32x080x103x1x1x1x1x1
I, =264 A
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4.3.5 Overcurrent device and buried circuit rating factors C;, C., C;
and Cy4

Overcurrent device factor C;

Most overcurrent devices are assumed to fuse or trip at or below 1451, that is |5 is
equal to or less than 1.45l,, see Regulation 433.1.1. Where this is the case Cy=1. Where
this is not the case and overload protection is being provided, a rating factor must be
applied.

Ci= 1.451,/1;

The most common example is the semi-enclosed (or rewirable) fuse, where |5 is
assumed to have a value of 2I,,.

Then Gy = 1.45l,/2l, = 0.725, as given in Regulation 433.1.101.

If no overload protection is provided, whatever the device type, the rating factor Cyis 1.
(A semi-enclosed fuse's speed of operation under fault conditions within its fault rating
is relatively quick compared with other devices.)

Buried circuit rating factor C.

The buried cable ratings in Tables 4D4A and 4E4A of BS 7671 are determined at a
ground ambient temperature of 20 °C (compared with 30 °C for cables installed in air).
Whilst these increased ratings will result in the same conductor operating temperature
at full load (70 °C for Table 4D4A), under overload conditions the conductor may
exceed the limiting temperature (115 °C for Table 4D4A). The use of the rating factor
prevents the cable going over this temperature during an overload, see Regulation
433.1.103.

Soil thermal resistivity rating factor C;

Sail thermal resistivity affects the rating of a cable laid in the ground, see Table 4B3 of
Appendix 4 to BS 7671.

Soil thermal resistivity can be measured with commercially available instruments. If the
resistivity is not measured Cs is taken as 0.9.

Depth of laying rating factor C4

Laying a cable at a depth greater than 700 mm increases the required current rating,
see Table 4B4 of BS 7671.

Example

Four 4-core copper armoured cables are laid in touching ducts beneath a road at a
depth of 1.25 m. Ground ambient temperature is to be taken as 20 °C and the soil
thermal resistivity is measured as 1.0 K.m/W or less. Circuit protection is by BS 88 fuse
and an installed rating of 200 A per circuit is required. Determine minimum csa of cable
to meet the load requirements, If overload protection is required:

It gl—z
Cgca CCyGGiCe

C; from Table 4C3 is 0.70
C, from Table 4B2 for a ground ambient of 20 °C is 1
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512.1.5

4321

C, from Table 483 for soil thermal resistivity is 1.18

Cy from Table 4B4 is 0.96

[ |

Gy is 1, see Regulation 433.1.100

C, for a cable laid in the ground is 0.9 when overload protection is required, see
Regulation 433,1.102,

= 200
T 07x1x1x1x09x%1.18x 0.96

It

1,2 280 A

From Table 4D4A, column 7 for reference method D, the minimum csa is 240 mm2,
or 185 mm? if 90 °C thermosetting insulated cables are selected (Table 4E4A), but see
4.3.6 below.

4.3.6 Conductor operating temperature

Unless specified by the manufacturer, conductors operating at a temperature exceeding
70 °C are not suitable or safe for use with wiring accessories, low voltage switchgear
and controlgear assemblies or other types of equipment, Regulation 512.1.5 refers.

However, 90 °C rated cable can be used provided the conductor operating temperature
does not exceed 70 °C, i.e. where the electrical design is based on current ratings given
in the equivalent table for 70 °C thermoplastic insulated cables.

4.4 Protection against overload and short-circuit

4.4.1 General

Where the overcurrent device (fuse or drcuit-breaker) is providing protection against overload,
as is usual, then the cable rating in installed conditions, |, must be equal to or greater
than the fuse or circuit-breaker rating, I,

S0, |y = |, substituting for |,
Gl Ll GGl 2 |y

Tabulated rating Iy = 1n/Ce.Co.Ce.Cg. GiCrCe (4.4.0)

Example

Consider five three-phase circuits in a common trunking fixed to a wall and unenclosed,
using single-core thermoplastic insulated cables to Table 4D1A, in an ambient of 25 °C.
Load is 17 A per phase. Type B circuit-breakers are to be used:

A 20 A device is selected

From Table 4B1, C; = 1.03

C=0.60 from row 1 column 5 of Table 4C1

Cj =1, as no thermal insulation

Cs, Cg Gy, Cc=1 as type B devices and the cables are not installed in the ground
It = 1n/CeCa CsCa.GiCrCe

ly=20/(060x 103 % 1 x1x1x1x1)=324A

50, from Table 4D1A column 5, 5= 6 mm2
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433.4
523.7

433.3

4.4.2 Overcurrent protection of conductors in parallel

Identical cables in parallel are allowed by BS 7671, see Regulation 523.7. They are
commonly used for high current LV supplies to main switchboards when single cables
of sufficient current-carrying capacity are not available, or to facilitate installation.

The procedure to be applied is:

1 Determine Iy

2 Select |, (device type and rating), so that I, = |,

3 Using Table 4C1, knowing the reference method and the number of circuits (n),
determine the group rating factor Cg

4 Select cables such that I = 1n/n.Ca.CoCo.Ca. GG Ce

5 Refer to appropriate table in Appendix 4 to size the cable conductors.

Example

Consider a 760 A load, to be supplied by two single-core copper 90 °C thermosetting
insulated non-armoured cables per phase, all installed on horizontal tray and touching:

1 p=760A

2 Device type and rating: 800 A MCCB, so |, =800 A

3  |f two cables per phase are to be used, for cable from Table 4C5 for reference
method F (Note 5), C; = 0.91
As cables are not to be laid in the ground, ambient is assumed to be 30 °C,
CalCe oG G Ce=1

4 12 lp/nCy=800/(2 x 0.91) = 440 A

5 Table 4E1A, colurmn 9 gives 150 mm2 with a rating of 464 A.

Therefore, 2 x 150 mm?2 cables per phase and neutral (if any) would be required.

4.5 Protection against fault current only (omission of
overload protection)

Note: There are many circumstances where the overcurrent device will be providing fault
protection but not overload protection. The most commaon is when the load is fixed or overload
protection is provided by a motor starter. In these circumstances the cable rating must exceed
the load but not necessarily the overcurrent device rating.

The general equation where overload protection is not required is:
Iy 2 Ip/CCaCs Ca.GiCiCe (4.5.0)

(Cy and C. will be 1, see section 4.3.5 and para 4 of Appendix 4 of BS 7671; see also
section 4.6 on non-simultaneous overload.)
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Example
As the example of section 4.4.1, except that overload protection is not necessary.

ly= lb,/Cg.Ca.Cs,Qj.Ci,Cf,Cc
;2 17/(060x 1.03x 1x1x1x1x1)=275A
so, from Table 4D1A column 5, S = 4 mm2

This equation is appropriate for motor circuits where the motor starter provides overload
protection, and for circuits supplying fixed loads. BS 7671 allows its use for any fixed
loads, for example water heaters; however, it is usual to provide overload protection
unless it is impracticable (Regulation 433.2). (See section 4.7 for motor circuits.)

The omission of overload protection is also allowed where unexpected disconnection
would cause danger, see Regulation 433.3.3.

If overload protection is not provided then the adiabatic check of Regulation 434.5.2 is
carried out. This is the same check as for protective conductors (Chapter 8).

JPt K2s?

S5z o (is a transposition of t = 2 to determine S)

where:

S is the cross-sectional area of conductor in mm?2

I is the effective fault current in amperes, expressed for a.c. as the rms
value, due account being taken of the current-limiting effect of the circuit
impedances

t is the duration in seconds of the fault current
is a factor taking account of the resistivity, temperature coefficient and heat
capacity of the conductor material, and the appropriate initial and final
temperatures. For the common materials see Table 43.1 of BS 7671.

| is obtained from | = Up/Z,, t from the device characteristics in Appendix 3 of BS 7671
or the manufacturer and k from Table 43.1 of BS 7671.

The adiabatic equation may not convey any immediate understanding. However, the
equation can be rearranged to more clearly demonstrate its objective, as follows:

1t < k?s?
where:

I’t  is proportional to the thermal energy let through by the protective device
under fault conditions
k?s? is the thermal capacity of the conductor.
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a) Example of the

1t characteristic of a

fuse

b) Example of the

1t characteristic of a

circuit-breaker

Appx 4

¥ Figure 4.1 Let-through energy of overcurrent devices

Let-through energy [A?s)

<
S
=
w
&
=
2
2
5 E —— e
. /—_-
>
0.1 kA 1 kA 10 kA 100 kA

4.6 Corrections for grouping not liable to simultaneous
overload

Corrections for grouping are usually made as described above in 4.3.3. However,
if the cables are liable to overload but not liable to simultanecus overload, instead
of equation 4.4.1 (k 2 In/CgCy.CeCy.GiGiCo) the use (of both) of the following two
formulae may allow a smaller cable to be used:
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If there are corrections also to be made for ambient temperature, insulation, buried
cables and say rewirable fuses, the equations become

2 2
Ib i | 1-C
hr— d > n 4812 8
PGGGaGat. " " GGG [Cf Cc] e ab[ C ]

2
£
i.e. Iy must be greater than or equal to the larger of the two.

Most cable groupings are unlikely to be liable both to individual and to simultaneous
overload.

Example

Consider five three-phase circuits liable to overload but not simultaneously in a common
trunking fixed to a wall and unenclosed, using single-core thermoplastic insulated cables
to Table 4D1A, in an ambient of 25 °C. Load is 17 A per phase. Type B circuit-breakers
are to be used:

A 20 A device is selected

From Table 4B1, C; = 1.03

Cg= 060 from row 1 column 5 of Table 4C1

=1, as no thermal insulation

Ce=1, as type B drcuit-breakers

Cs, Cgand Gy = 1, as cables are not installed in the ground

2 2

Iy 1 | 1-C
kee— P and —— ||l=o| +04812 | —E-
PGaGuaat: T **aaaa [Cf Cc] e 8“[ €2 ]

. 17
T 06x103x1xIxIx1x]

2
2
o1 (|29 s048x172 (12957 _oa7a
1.03x1=1x=1 1x1 062

It =275A and

I, must be equal to or greater than 27.5 A and from Table 4D1A 4 mm? cable can be
used.
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¥ Figure 4.2

Motor with star/delta

starting

4.7 Motors
Supply Local Isclator Motor
7 ad 1 v _‘MIMMHF
/_:. 7 N
e R Htthhr—

W\ N Run pesition (delta)

i l ]— Start position (star]
Star/Delta starter switch
The starting current for direct-on-line starting can be up to 8 times full-load current,
with a starting torque of 1.5 to 2 times full-load torque.

Star/delta starting can reduce starting currents, The machine is connected in star whilst
running up to speed, then switches to delta connection. The line current is 1/3 that in
delta, but starting torque is reduced to 1/3.

The cable supplying the motor starter/local isolator is sized to take the motor load
(continuous rating).

_ motor kVA <1000 lb_mmorkamOO

[ =
" J3xU V3xUxcos @

where:

kVA is the motar rating

U is the voltage between lines
kW is the motor rating in kw

cos @ is the motor power factor.

Because of high starting currents the overcurrent devices will be motor rated, that is, of
such rating that they will withstand the starting surges.

Example 1
Consider a 16 kW motor at 400 V with a full-load power factor of 0.8.
motor kW=1000 ~ 16x1000

Ip = = =289A
V3xUxcos @ V3% 40008

Full-load current I, is 29 A and a 32M50 motor fuse to BS 88 (BS EN 60269-2) is
selected to prevent fusing on starting.

Example 2

Assume a four-core armoured thermaplastic insulated cable 80 m in length is to be used
and it will be clipped to a perforated cable tray. Table 4D4A of BS 7671 indicates a 4 mm2
four-core cable would be suitable. It is proposed to use the cable armour as the circuit
protective conductor.

A 32M50 fuse has a continuous current rating of 32 A, but behaves otherwise as a
50 A fuse,

Calculations for Electricians and Designers
© The Inststution of Engineering and Technology

4



552.1

Clearly, the 32M50 will not provide overload protection; this is provided by the motor
starter.

It needs to be confirmed that the fuse will protect both the conductors and the armour
of the cable in the event of a fault.

Let us assume the motor is to be supplied from distribution board C of Figure 6.4, in

section 6.3.2.

Note: For the extensive calculations of a large installation it is simpler to list the impedance at
20°C and add a correction to the operating temperature, see section 6.3.2.

Zei = 095832+ 0.05972 = 096 and =% =240A

From Figure 3A3 (a) of Appendix 3 of BS 7671 (see Chapter 8), the disconnection time
t for a 50 A fuse with a fault current of 240 Ais 3 5.

2t

Using the formula S = u

where k is given by Table 43.1 of BS 7671:

V2402x3

143

For the line conductors Sz =291 mm?

The cable core size is 4 mm?2, so this is satisfactory.

V2402x3

_ 2
= 7.99 mm-,

For the armour Sz
From column 4 of Table F.7B, the area of the armouring is 35 mmZ, so this is satisfactory.

Example 3

When a three-phase motor is controlled by a star-delta starter the ends of the three
motor windings are extended from the motor terminals to the starter. The connections
of the windings in star for start, and delta for run are made at the starter, see Figure 4.2.

The steady running current (l,) in each of the six conductors between a star-delta
starter and its motor is 1/43 (58%) of that through the conductors supplying the starter.
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I (run position, delta connected) = 2.cos 30 x |, where |, is the winding current.

Hence Iy = -

200530 43

The 6 cables (2 circuits) connecting the motor to the starter are usually run in common
conduit or trunking. Table 4C1 (section 4.3.3) gives a group rating factor C; of 0.8 for
such an arrangement.

A procedure for the selection of motor cables is illustrated by the following example.
Assume a full-load motor current I, of 37 A,

Supply cable, to be three-core thermoplastic (PVC) SWA on a perforated tray,
ambient temperature 30 °C (Cg, Ca, Cs, Co, G, G, Ce=1).

Motor cables, to be single-core 70 °C thermoplastic (PVC) in conduit,
ambient temperature 40 °C (C, = 0.87, Table 4B1),
double circuit enclosed (C; = 0.8, Table 4C1).

For the supply cable, Regulation 433.1.1 (I, = 1) is met by a starter for which
ln=40A.
It 2 In/CelalsCaCiCiCc=40/(1 x 1 x 1 x 1x 1x 1 x 1)=40A.

A three-core 6 mm? cable has a tabulated rating, |; = 45 A (column 5
Table 4D4A).

If the delayed overload trips operate at, say, 50 A (15), condition (iii) of
Regulation 433.1.1,

2 < 1.45 I, where I, = 1.C.C, Cs C4.G.Ci.Ce (see section 4.2.3 for 1),
ismetbecause I; =50 A, and 145x45x 1x 1x1x1x1x1x1=65A

For the motor cables, the procedure requires that
I 2 1n/93.C4CaCoCu.GiGiCe = 40/(V3 x 0.87 x 0.8 x 1 x 1x 1 x 1 x 1) =33 A,

6 mm? single-core cables in conduit, which have a single circuit tabulated rating,
Iy, of 36 A are selected (see column 5 of Table 4D1A).

If overload protection is satisfactory for the supply cables, the motor cables will
also be protected. This can be demonstrated as follows:

|3 = 50 (which is a line current)

For the motor cables, which are a double circuit in conduit,
I, =hCaCeCi=36 X087 x0.8x 1 = 25A

1451; = 145x 25 =36.25 A.

The line equivalent of this current in the delta connected motor cables is
V3x36.25=63A.

Consequently, the 6 mm2 mator cables are protected by the overload trips
(l; = 50 A) in the line conductors.
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Voltage drop

Appx 4 sect6

Appx 4 sect 6

B Consumers’ installations B Correction for load power

B Distribution system voltage fctmr
drop B Correction for conductor
B Basic voltage drop Spasating temperaiune
calculation B Correction for both conductor
B Correction for inductance Oparuting tasperaturs sd
load power factor

5.1 Voltage drop in consumers’ installations

BS 7671 requires that under normal service conditions the voltage at the terminals of
any fixed current-using equipment shall be greater than the lower limit corresponding to
the British Standard relevant to the equiprment. There is no spedific voltage drop requirement
as such. The voltage drop should simply not exceed that for the proper working of the
equipment.

The requirements are deemed to be satisfied for a supply given in accordance with the
Electricity Safety, Quality and Continuity Regulations 2002 (that is, with a supply voltage
within the range 230 V plus 10% to 230 V minus 6% if the voltage drop between the
origin of the installation (usually the supply terminals) and the load point is not greater
than 3% of the nominal voltage for lighting circuits and 5% for other circuits.

A greater voltage drop may be accepted for a motor during starting periods and
for other equipment with high inrush currents provided that it is verified that the
voltage variations are within the limits specified in the relevant British Standards
for the equipment or, in the absence of a British Standard, in accordance with the
manufacturer's recommendations.

5.2 Distribution system voltage drop

Large installations cannot be designed to a total voltage drop of 5%. If the voltage
at the origin is within the designer's control, as when the supply is from an 11 000
V/433 V transformer, use can be made of the Electricity Safety, Quality and Continuity
Regulations allowed voltage range of +10% to —6%. BS 7671 assumes this in setting
the deemed to comply 3% or 5% for a supply from a public low voltage systemn.

Assuming a nominal 230 V line to earth at the furthest consumer, the open circuit or highest
voltage could be 230V plus 10%, thatis 230 + 23 = 253 V and the lowest 230 V minus
6%, that is 230 — 13.8 = 216.2 V, giving a total voltage drop of 36.8 V, or 14.5% of
253 V. These would be voltage drops to the origin of the final circuits, allowing the use
of standard final circuits with a further 3% or 5% vaoltage drop.

Calculations for Electricians and Designers
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A conservative limit of 220 V at the point of use would allow 23 V in the distribution
(9% of 253 V as in Figure 5.1), and 9.2 V in the final circuit (4% of 230 V) has been
adopted in the figure below:

¥ Figure 5.1 Distribution system voltage drop

transformer 11 000 V/433 V

/w)liage 253V
4 voltage
voltage drop in distribution 9% B = ;“5“393230 i
voltage drop in final circuits 4% ——» I
voltage
[[]=— voltage range -— range
253-242V 253-220V

Appx 4 sect 6

Note: If final circuits were designed to 5%, the voltage range would be 253-218.5 V, and if to
3% then 253-223 V.

5.3 Basic voltage drop calculation

5.3.1 Single-phase

To calculate the voltage drop in volts the tabulated value of voltage drop (mV/A/m)
from Appendix 4 of BS 7671 has to be multiplied by the design current of the circuit
(Ip), the length of run in metres (L), and divided by 1000 (to convert to volts).

L.Is.(rmV/A/m)

Voltage drop = 1000

where:

(mV/A/m) s the tabulated value of voltage drop in mV per amp per metre from
Appendix 4 of BS 7671

L is the the length of run in metres (m)

Ip s the design current of the circuit (A).

The requirements of BS 7671 are deemed to be satisfied for a 230 V supply, if the
voltage drop between the origin of the installation and a socket-outlet or fixed current-
using equipment does not exceed at full load 5% of 230 V, that is 11.5 V, or 3% for
lighting, that is 6.9 V.

Example

Consider a cooker circuit with I, of 30 A, installed in conduit in an insulated wall; from
Table 4D5 method A column 7, a 6 mm? cable is selected. From column 8 this has
a voltage drop (per ampere per metre) of 7.3 mV/A/m. If the length of cable is 10 m
then the voltage drop is

L.Iy.(mV/A/m) _ 10x30x (7.3)

=21
1000 1000 213%

This is acceptabie as it is fess than 11.5 V.
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5.3.2 Three-phase voltage drop

The tables of Appendix 4 of BS 7671 give voltage drop data for two-core cables (for
example, columns 2 and 3 of Table 4D4B), that is d.c. and single-phase a.c, and for
three- and four-core cables (column 4 of Table 4D4B), that is three-phase a.c.

The same vaoltage drop is given for three- and four-core cables, as the presumption is
that it is a balanced load with no triple harmonics so that the current in the neutral of
the four-core cable is zero. For a balanced three-phase load no neutral is required.

The voltage drop for two-core cables (single-phase) is the voltage drop in the line to
earth voltage, say 230 V.

The voltage drop for three- and four-core cables (three-phase) is the voltage drop in
the line-to-line voltage, say 400 V.

By inspection of the extract from Table 4D4B below, it can be seen that the three- and
four-core cable voltage drop per amp per metre (mV/A/m) is %3 times the two-core

(mV/A/m). The 3 converts to three-phase; the division by two is necessary as there
is assumed to be no voltage drop in the neutral.

Example
Consider a three-phase 10 kVA motor circuit wired with three-core armoured
thermoplastic insulated cable with a circuit length 10 m,

Now load in kVA = 3.Ug.lp /1000 or ¥3.U.l, /1000, (as 3.Ug = V3.U)
hence I, = (load in kVA) x 1000/3.Ug = 10 x 1000/3/230= 1449 A

where:

U voltage between lines (V)
Up nominal line voltage to earth (V)
Iy design current of circuit (A).

From Table 4D4A method E column 5, a 1.5 mm?2 cable is selected.

From Table 4D4B column 4, as we have a three-phase supply there is a voltage drop
(per ampere per metre) of 25 mV/A/m so the line voltage drop is

Lb.(mV/A/m) _ 10x14.49 %(25)

=362V
1000 1000 8

The percentage voltage drop is (3.62/400) x 100% = 0.9%
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¥ Extract from Table 4D4B of BS 7671

VOLTAGE DROP (per ampere per metre):

Conductor Two-core
cross-sectional  cable, d.c.

Conductor operating temperature: 70°C

Three- or four-core cable,
three-phase a.c.

Two-core cable,
single-phase a.c.

area
1 2 3 4

(mm?) (mV/A/m) (mV/A/m) (mV/A/m)

1.5 29 29 25

25 18 18 15

4 11 1 9.5

] 7.3 7.3 6.4
10 44 4.4 3.8
16 28 28 24

) X Z r X z

25 175 175 0.170 1.75 1.50 0.145 1.50
35 1.25 1.25 0.165 1.25 1.10 0.145 1.10
50 0.93 0.93 0.165 0.94 0.80 0.140 0.81
70 0.63 0.63 0.160 0.65 0.55 0.140 0.57
95 0.46 0.47 0.155 0.50 0.41 0.135 0.43

5.3.3 Summing voltage drop

Adding percentage voltage drops

There is an advantage in expressing voltage drops in percentage terms, in that they can
then be added together directly, e.g. 2% in three-phase distribution plus 2% in either
single-phase or three-phase final circuits is 4% overall in both cases.

Summing voltage drops

To add three-phase voltage drops expressed in volts to single-phase voltage drops in
volts, the three-phase voltage drop must be divided by V3.

Example

Consider a 400 V distribution cable with a line-to-line voltage drop of 5% and a single-
phase circuit supplied by the distribution cable with a line to neutral voltage drop of 4%.

What is the overall voltage drop to the end of the single-phase circuit?
Adding percentage voltage drops: 5% + 4% = 9%, or 230 x 9/100 = 20.7 V

Summing voltage drops: 5% of 400 V is 20 V line voltage drop, divide by V3 to give
phase voltage drop of 20/43 = 11.55 V. 4% of 230 V is 9.2 V. Total voltage drop is
11.55 + 9.2 = 20.75 V. (They are not exactly the same as 400/+3 is not exactly 230.)

5.4 Correction for inductance

For cables having conductors of 16 mm2 or less cross-sectional area their inductances
are not significant and (mV/A/m), values only are tabulated, For cables having
conductors greater than 16 mm? cross-sectional area, the impedance values are given
as (mV/A/m),, together with the resistive component (mV/A/m), and the reactive
component (mV/A/m},, see the extract from Table 4D4B given earlier and Table 4H4B
below.

Calculations for Electricians and Designers
© The Institution of Engineering and Technology

5

62



All cables have resistance and inductance and the inductance is quite similar for all
cable sizes. However, for cables 16 mm2 and smaller, values of inductance are not
provided as it is negligible compared with the resistance.

If the power factor of the |oad is not known, the z value of voltage drop should be used.
When corrections are to be made for load power factor, r and x values are used, see
section 5.5.

Where the load power factor is not known, voltage drop is determined using the formula:

Lls.(mV/A/m),

Voltage drop = 1000

¥ Table 4H4B of BS 7671

VOLTAGE DROP (per ampere per metre): Conductor operating temperature: 70°C

Conductor Two-core ‘Two-core cable, Three- or four-core cable,
cross-sectional  cable, d.c. single-phase a.c. three-phase a.c.
area
1 2 3 4
(mm?) (mV/A/m) (mV/A/m) (mV/A/m)
16 4.5 4.5 3.9
r X z r X z
25 29 2.9 0.175 29 25 0.150 25
a5 21 21 0.170 21 1.80 0.150 1.80
50 1.55 1.55 0.170 1.55 1.35 0.145 135
70 1.05 1.05 0.165 1.05 0.80 0.140 0.92
a5 037 0.77 0.160 0.79 0.67 0.140 0.68
120 - - - - 0.53 0.135 0.55
150 - - - - 0.42 0.135 0.44
185 - - - - 0.34 0135 0.37
240 - - - - 0.26 0.130 0.30
300 - - - - 0.21 0.130 0.25
Example

Consider a three-phase distribution circuit with an estimated load I, of 300 A and a
cable route length of 100 m. It has been decided that the voltage drop should not
exceed 9%, see section 5.2, From Table 4H4A a 240 mm2 aluminium cable has been
selected and from Table 4H4B the (mV/A/m) from columin 4 is r = 0.26, x = 0.130,
7z =0.30 m\/A/m.

Note: 2 = Y12+ x?

If the power factor of the load is not known the z value of (mV/A/m) is used, that is
0.30 in this example.

99 of the line-to-line voltage of 400 V is 36 V, hence

the voltage drop at design load would be %&W <36

=9V

L.ip.{mVifA/m), 100 x 300 x{0.30)
1000 1
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This is acceptable.

Where the load power factor is known, voltage drop is determined using the formula
in section 5.5.

5.5 Correction for load power factor

The use of the tabulated mV/A/m values, and for cable sizes over 16 mm? the tabulated
(mV/A/m); values, to calculate the voltage drop is strictly correct only when the phase
angle of the cable equals that of the load. When the phase angle of the cable does not
equal that of the load, the direct use of the tabulated mV/A/m or (mV/A/m); values
leads to a calculated value of voltage drop higher than the actual value.

Where a more accurate assessment of voltage drop is required the following methods
may be used.

For cables having conductors of cross-sectional area of 16 mm? or less, the design
value of mV/A/m is obtained approximately by multiplying the tabulated value by the
power factor of the load, cos @, ie.

L.ks.{mV/A/m) cos @

Voltage drop = 1000

For cables having conductors of cross-sectional area greater than 16 mm? the design
value of mV/A/m is given approximately by:

tabulated (mV/A/m), cos @ + tabulated (mV/A/m), sin &, and

(mV/A/m) cos @ + (mV/A/m)sin @
1000

Voltage drop = L.b.

Example

Consider a three-phase distribution dircuit with an estimated load I, of 300 A with a power
factor cos @ of 0.8 and a cable route length of 100 m. It has been decided that the
voltage drop should not exceed 9%, see section 5.2. From Table 4H4A a 240 mm?2
aluminium cable has been selected and from Table 4H4B the (mV/A/m) from column
4i5r=0.26, x=0.13, z= 0.30 mV/A/m.

(mV/A/m) cos @ + (mV/A/m)sin @

Voltage drop = L.Ip. 1000

(0.26 x 0.8) + (0.13 x 0.6)

Voltage drop = 100 x 30 x 500

=858V

For single-core cables in flat formation the tabulated values apply to the outer cables
and may underestimate for the voltage drop between an outer cable and the centre
cable for cross-sectional areas above 240 mmz2, and power factors lower than 0.8.
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Apprasectsl 5,6 Correction for conductor operating temperature

Where the design current of a circuit is significantly less than the effective current-
carrying capacity of the chosen cable, the actual voltage drop would be less than the
calculated value because the conductor temperature (and hence its resistance) will be
less than that on which the tabulated (mV/A/m) is based.

C, is a correction factor that can be applied if the load current is significantly less than
I, the current-carrying capacity of the cable in the particular installation conditions;
that is, if I < .CpCa.Gi. If Cy is taken as 1, any error will be on the safe side. This
factor compensates for the temperature of the cable at the reduced current being less
than the temperature at the maximum current. Because resistance is dependent upon
temperature, there is a reduction in resistance if the cable is not fully loaded and the
voltage drop is correspondingly reduced. If required, further information can be found
in the Commentary.

For cables having conductors of cross-sectional area 16 mm? or less, the design value
of (mV/A/m) is obtained by multiplying the tabulated value by a factor C, given by

2

230 +tp -{cﬁ Ca2cs2cq? - ’]"2 (tp-30)
t

Ci =

230+1p

where t, is the maximum permitted normal conducter operating temperature (°C).
This factor should only be applied to the resistive element of the (mV/A/m).

This equation strictly only applies where the overcurrent protective device is other than
a BS 3036 fuse and where the actual ambient temperature is equal to or greater than

30°C.

Note: For convenience, the above formula is based on the approximate resistance-temperature
coefficient of 0.004 per °C at 20 °C for both copper and aluminium conductors.

For conductors of 16 mm2 csa or less:

Voltage drop = M

000

For conductors of csa greater than 16 mm?2:

Ll ((MV/A/m)y COP+ (MV/A/m), 2
1000

Voltage drop =
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Example

Consider a 20 A radial socket-outlet circuit to be wired in 2.5/1.5 mm2 flat twin with
cpc cable per Table 4D5, with the cable clipped direct, installation method C. Assume
Ga=Cy=11,

From Table 4D5,
t, =70, Iy =20, Iy =27, (mV/A/m) = 18

P)
230 +70- [12 129272 - igz](mmm)

Then Cy = =094

230+ 70

For a voltage drop of 5% of 230 V, that is 11.5 V, the maximum circuit length L is
derived from

L.Ip.(mV/A/m).Ct hence Lx20x(18)x0.94

1000 £ 1000 JthusL=34m

Voltage drop =

If the installation method is A then |, =20 A, C;= 1 and maximum length is 32 m.

For cables having conductors of cross-sectional area greater than 16 mm?2, only the
resistive component of the voltage drop is affected by the temperature and the factor
C; is therefore applied only to the tabulated value of (mV/A/m),; the design value of
(mV/A/m);, is given by the vector sum of C; (mV/A/m), and (mV/A/m),.

For very large conductor sizes where the resistive component of voltage drop is much

less than the corresponding reactive part (i.e. when x/r = 3) this correction factor need
not be considered.

5.7 Correction for both conductor operating
temperature and load power factor

From sections 5.5 and 5.6 above, to correct the tabulated (mV/A/m) values for both
conductor operating temperature and load power factor, the design values of (mV/A/m)
are given by:
for cables having conductors of 16 mm?2 or less cross-sectional area

tabulated (mv/A/m) cos @.C;
for cables having conductors of cross-sectional area greater than 16 mm?

tabulated (mV/A/m), cos @.C; + tabulated (mV/A/m ), sin @, and

(mV/A/m)y cos @.Ce+ (MV/A/m)sin @ |
1000 B

Voltage drop = b
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Calculation of fault

current

B Determination of prospective B Determined by enquiry
fault current W Determined by calculation

6.1 Determination of prospective fault current

4341 Regulation 434.1 requires the prospective fault current (i.e. under both short-circuit
and earth fault conditions) to be determined at every relevant point of the installation.
This means that at every point where switchgear is installed, the maximum fault current
must be determined to ensure that the switchgear is adequately rated to interrupt any
fault currents which may occur on its load side, see Table 6.1.

¥ Table 6.1 Rated short-circuit capacities

Device type Device Rated short-circuit

designation capacity (kA)
Semi-enclosed fuse to BS 3036 with S1A 1
category of duty S2A 2

54A 4

Cartridge fuse to BS 88-2
Fuse system E (bolted) 80 kA ac, 40 kAdc.
Fuse system G (clip-in) 50 kA size E1, 80 kA sizes
Fuse system gU F1, F2, F3, 50 kA

Cartridge fuse to BS 88-6 165 at 240 V
BOat41sV

Circuit-breakers to BS EN 60898 I s
and RCBOSs to BS EN 61009 15 (1.5)
30 (3.0)

45 (4.5)

6 (6.0)

10 (7.5)

15 (75)

20 (10.0)

25 (12.5)
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Notes to Table 6.1:
Two short-circuit ratings are defined in BS EN 60898 and BS EN 61009:

len s the rated short-circuit capacity (marked on the device)
bes s the service short-circuit capacity.

The difference between the two is the condition of the circuit-breaker after manufacturer's
testing.

lgn is the maximum fault current the breaker can interrupt safely, although the breaker may no
longer be usable.

les is the maximum fault current the breaker can interrupt safely without loss of performance.

The Icp, value (in amperes) is normally marked on the device in a rectangle, e.g. [BD00] and for the
majority of applications the prospective fault current at the terminals of the circuit-breaker should
not exceed this value,

For domestic installations the prospective fault current is unlikely to exceed 6 kA, up to which
value the | and |5 values are the same.

The short-circuit capacity of devices to BS EN 60947-2 is as specified by the manufacturer.

Also, to ensure that cables are properly protected, it is necessary to calculate the lowest
fault current on each cable run, e.g. at the extremity. This is for two purposes:

1 to confirm that there is sufficient fault current to cause operation of the
overcurrent device in the event of a fault in the required disconnection time to
provide protection against electric shock

ii to confirm that during faults the energy let through by the device does not
damage the cable.

Protective devices let most energy through at low fault currents (relative to the
overcurrent device rating), and as a consequence the highest conductor temperature
will occur for the minimum fault current because the disconnection time is greatest.

Regulation 434.1 requires that:

Note: The wording of the Electrical Installation Certificate recognizes this choice.
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6.2 Determined by enquiry 6.2.3 Enqulllry - maximum prospective fault current, three-phase
supplies

6.2.1 General Electricity distributars will provide estimated maximum prospective fault currents (p.f.c.)

BS 7671 makes specific reference to enquiry as a method of determining the fault at the cut-out of three-phase supplies, based on either:

current.

a adeclared level of 25 kA (0.23 pf) at the point of connection of the service line
Regulation 28 of the Electricity Safety, Quality and Continuity Regulations 2002 states: to the busbars in the distribution substation, see Table F18B, or
b adeclared level of 18 kA (0.5 p.f) at the point of connection of the service line to
the low voltage distribution main, see Table F18C.

Knowledge of the power factor (pf) as well as the pf.c. enables a more accurate
calculation of pfc. downstream of the supply to be camied out. The pfc. can be
resolved into resistive and reactive components.

Information on the distribution network is necessary to use the attenuation tables, and
Tables F.18A to C (Appendix F) are provided for this. Attenuation should only be allowed
for the length of service line on the customer’s premises. Figure 6.1 is intended to
demonstrate this. It is necessary to agree likely fault levels with the electricity distributor.

¥ Figure 6.1 Distribution and service cables

Declared fault level of 16 kA fora

line to the LV distribution cable

6.2.2 Enquiry - maximum prospective short-circuit current,
single-phase supplies up to 100 A

Electricity distributors will generally declare a maximum prospective short-circuit current
at the distributor’s cut-out of 16 kA (0.55 p.f), see Table F18A. The fault level will only
be this high if the installation is close to the distribution transformer. However, over
the lifetime of an installation, changes may be made to the distribution network and
consequently designers must install equipment suitable for the highest fault levels
which might occur. Attenuation or reduction of these fault levels may be estimated for
that part of the service line on the customer's premises on the assumption that, whilst
the distribution network on the public highway might change, the service line on the
customer's premises will remain unchanged (or at least not be changed without the

Declared fault level of 18 kA for

wan service
lme to the LV distribution cable

Fault level based on table in Elecinicity

occupant's knowledge). Therefore, attenuation should only be allowed for cable on the | T ! Association pablication with a service
customer's premises. Within these constraints, attenuation as per Table F18A can be et I SHR LM 102 kA0 b0
made. However, as consumer units and fusegear manufactured to British Standards U

can be obtained with a conditional rating of 16 kA, the selection of such switchgear Bl gl v e o ey

eliminates the need for such allowances or estimates to be made. cabledm long s 11 ZkA 20 T8 p

230V single-phase 100 A supply
Fault level bascd on table in Electricity
Association publication with a service

There are some inner city locations where the maximum prospective short-circuit cable S m fongis 23 | kA at04 p

current on the distributing main exceeds 16 kA. The distributor, in making its declaration / I 21‘:.3.".::;3;""".;’.3.?:;"‘:’:’

under the Electricity Safety, Quality and Continuity Regulations, should advise of any § || commestion to the clectricity distributor's
such situations. I

In th that th lied from a
distribution cable in the footpath on the far side of the
road the attenuation in fault level can only be applicd
fromm the footpath on the near side 1o the property This is
because the electricity distributor may at some tims in
the future install o distributson cable in the footpath
mearest b the peoperty from which to supply the service
cable
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6.2.4 Enquiry - maximum earth fault loop impedances

On enquiry electricity distributors are likely to advise that, for a PME supply, the
maximum fault level is 16 000 A and the maximum earth fault loop impedance is
0.35 0. These two values do not seem compatible. If an open-circuit supply voltage
of 250 V and a loop impedance of 0.35 Q are assumed, a fault current of 714 A is
calculated, considerably smaller than the figure for maximum fault current provided.
In a similar way that a supply company will quote the maximum fault level that is
likely to arise, it will also quote the highest earth fault loop impedance, since fault
levels and earth fault loop impedances of the distribution network may change during
the lifetime of an installation. When selecting switchgear ratings the highest fault
levels must be presumed, but when using knowledge of the supply company's loop
impedance for determining protection against electric shock, or the low fault current
withstand of electric cables, then the highest loop impedance must be presumed.

¥ Figure 6.2 Typical external earth fault loop impedances.
Note: values for a particular installation are obtained from the distributor,

Notes:

1 For a non-PME distributor UK external fault loop impedance could be much higher.

2 Whilst these values may at first seem high, experience has shown that the more onerous
restraint is likely to be due to voltage drop considerations within the installation and not
external earth loop impedance.

3 PNE applies where a distribution transformer is dedicated to the supply of a single
customer,

Caleulations for Electricians and Designers n
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Values of maximum earth loop impedance provided by electricity companies are
typically as follows for single-phase supplies:

i TN-CS supplies: 0.35 Q
ii  TN-S supplies: 0.8 Q
iii TTsupplies: 21 Q

It is recommended that these values of loop impedance be used for shock protection
calculations, and for assessment of the fault-carrying capability of cables (particularly
reduced section protective conductors) in smaller installations up to 100 A single-
phase, e.g. domestic.

(i) and (ii) above for TN-C-S and TN-S supplies are loop impedances at the origin of the
installation. (iii) for TT installations is effectively the resistance of the source transformer
earth electrode, and does not allow for the installation earth electrode resistance.

6.3 Determined by calculation

6.3.1 Calculation - maximum prospective fault current Ip¢

To calculate the maximum prospective fault current Iy, information on the distribution
systemn back to the distribution transformer is required. Calculation would only be used
at the design stage of a large installation, see Figure 6.3.

'V Figure 6.3 Maximum and minimum prospective fault currents

(a) — (b)

+—— distribution ——»

rz-1 Ly Ly 7.1

z, \\
(Zo}—2 L2 7]
[Zp | Ly / 9 L3 rz |
el PEN J / f N rz, é
4 E Iz, 1 Y
1 Z2 | /

‘ minimum
maximum prospective
prospective fault current

= fault current single-phase
three-phase at origin to E at extremity

Uge is the open circuit phase voltage

Z,  is the phase impedance of the transformer or supply

Zp s the line impedance of the distribution cable

Zpgy is the impedance of the PEN conductor

Z;  is the line impedance of the circuit line conductor

Zy  is the neutral impedance of the circuit neutral conductor
Z5  is the impedance of the circuit protective conductor.

Calculations for Electricians and Designers
1 ing and h

e i

6



6

A fault across the three phases is considered the worst case, as for such a fault the
neutral/earth return has no significance and in effect reduces the loop impedance, thus
increasing the fault current:

ool Gule

T ZeaZp | Le+Ip
where:

Ipf 15 the maximum prospective fault current. |5 is maximum when the
conductors are cold, that is at ambient temperature.

Cmax is a voltage factor for maximum fault currents, specified in BS EN 60909 for
calculation purposes as 1.1 (for systems with a voltage range of +109).

6.3.2 Calculation - minimum prospective fault current les

To determine if a fuse or circuit-breaker will operate in the required disconnection time,
the worst case, that is the situation where the fault current is at its minimum, must be
considered.

The minimum prospective fault current is given by considering a single-phase to earth
fault at the extremity of the circuit, see Figure 6.3:

Crniﬂ Uy

= 71 C 2072, + O3 +C e

where:

lef 15 the minimum prospective earth fault current

Crin is a voltage factor for minimum fault currents, specified in BS EN 60909 as
0.95

C, etc.is a correction factor appropriate to the normal operating temperature of
the conductor.

lgf is calculated with the conductors of the loop at normal operating temperature, so a
correction factor is applied to the resistive element of the conductors.

6.3.3 Example calculations
Figure 6.4 shows a distribution system for which the designer needs to determine

i the maximum prospective fault current at the busbars of each distribution board
in order to select equipment (switch and fuse gear) of sufficient fault rating, and

ii  maximum earth loop fault impedance at the end of each distribution and final
circuit cable so that disconnection occurs in the event of a fault to earth in the
required time. The equipment impedances are given in the tables of Appendix F.

The calculation is more easily tabulated if the resistance at operating temperature
is obtained by adding a correction to the resistance at ambient. The resistance at
ambient is required for the maximum short-circuit current at each board. These additive
correction factors are tabulated in Appendix F, Table F.17.

The product of these correction factors and the conductor resistance at 20 °C gives the

increase in resistance.
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Typical distribution
system

¥ Figure 6.4 L L

Ring main unit

A 500 kVA transformer (700 A)

25m
4 x 600 mm? single-core aluminium
armoured cables

-

=

S<

Ij 315A

¥4 100 m
300 mm24-core aluminium SWA
cable

PVC covered MICC

[ i 634
\( 50 m of 4-core 16 mm?2
|

32 A

50m
4 x 6 mm? thermoplastic insulated

single-core cables in
25 mmZsteel conduit

E
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See below for calculation of prospective fault currents for a distr bution system as Figure 6.4.
Impedances are taken from the tables of Appendix F.

1. Three-phase to earth fault current at B

Impedance

Note 1: Temperature correction is not applied for three-phase to earth faults where the worst
condition is a ‘cold” installation.

Zys =r2+x? =40.00642+0.01942 = 00204 Q
Ipf= 1.1 x 230/0.0204 = 12 402 A

(A phase voltage of 1.1 x 230 V is assumed for the open circuit voltage at the terminals
of the transformer.)

Switchgear at B must have a fault interrupting capacity exceeding 12.5 kA. BS 88-2
fuses are to be used which have a rated short-circuit capacity of 50 kA, see Table 6.1.

2. Three-phase to earth fault current at C

Impedance

Zys=r2+x? =40.01647+0.02742 = 00319 Q
lof = 1.1 X 230/0.0319 =7913 A

The circuit-breakers at C have to be suitable for a fault level of 8000 A, when backed
by a 315 A BS 88-2 fuse.
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3. Earth fault loop impedance at C

Impedance

x (©2)

Note 2: Correction factor from 20 °C to 70 °C for an aluminium conductor is (70 — 20) x 0.004
= 0.20 (see Table F.4). The correction factor is only applied to the resistive component of the
impedance.

Note 3: Carrection factor from 20 °C to 60 °C for cable armour (see Table 53.4 of BS 7671) is
(60 — 20) x 0.0045 = 0.18 (see Table F4).

Zo=+008162+ 005972 = 0.1 Q

lef= 1.1 x 230/0.1 = 2530 A

From Table F.19, this fault current is sufficient to operate the 315 A fuse at B within 5 s,

4. Three-phase to earth fault current at D

Z,:=1/0.07442+ 002712 = 0079 Q

Ipf = 1.1 x 230/0.079 =3202 A

Calculations for Electricians and Designers
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5. Earth fault loop impedance at D

Impedance

x (©2)

A

Note 4: As the coefficient of resistance of MICC sheaths and cores is different, loop impedances
are tabulated at full load temperature.

Zo=10.18182+ 005972 = 01914

Table 41.3 of BS 7671 indicates that this loop impedance is sufficiently low for the
instantaneous operation of 63 A devices at board C, types 1, 2, 3, B and C, but not D.

6. Earth fault loop impedance at E

Note 5: The cross-sectional area and surface area of steel conduit is such that no increase in
resistance is presumed.

Ze = 0.44662+ 0.13972 = 04679 Q

All 32 A circuit-breaker types except D (and 4) operate instantaneously with a loop
impedance of 0.47 Q.
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Shock protection

410

¥ Figure 7.1
Basic and fault
protection

B Shock protection B Circuit calculations

B Automatic disconnection of
supply

7.1 Shock protection

7.1.1 Introduction
BS 7671 requires two lines of defence (protective provisions) against electric shock:

i basic protection (against direct contact), that is, one should not be able to directly

touch live parts,
ii fault protection (formerly called protection against indirect contact).

pee.

N

Basic protection
(against contact with live parts)
by an enclosure

Fault protection by earthing,
= and automatic disconnecion

7.1.2 Protective measures

The combination of a protective provision providing basic protection and a protective
provision providing fault protection is called a protective measure. Table 7.1 lists the
more common protective measures.
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¥ Table 7.1

Protective measure

Protective measures

Protective provisions

Fault protection

Basic protection

Double insulation (412)

Basic insulation Supplementary insulation

Electrical separation (413)

Insulation of live parts Simple separation from other

circuits and earth

an

Table 41.1

7.2 Protective measure: automatic disconnection of
supply

The protective measure automatic disconnection of supply requires

I basic protection provided by insulation of live parts or by barriers or enclosures,
and
ii fault protection provided by
a earthing,
b protective equipotential bonding and
¢ automatic disconnection in case of a fault.

7.2.1 Maximum disconnection times

BS 7671 sets maximum disconnection times for earth faults that, if met, will result in
the circuit meeting the fault protection requirements for automatic disconnection of
supply, see Table 41.1 below from BS 7671.

¥ Table 41.1 of BS 7671 Maximum disconnection times for TN and TT systems (see
Regulation 411.3.2.2)

System 50V<=Up<120V 120V<Up<230V 230V<=Up< 400V Up=400V
i seconds seconds 1
a.c. d.c. a.c. d.c. a.c. d.c. a.c. d.c.
TN 0.8 Note 0.4 5 0.2 0.4 0.1 0.1
T 0.3 Note 0.2 0.4 0.07 0.2 0.04 0.1

Where, in a TT system, disconnection is achieved by an overcurrent protective device
and protective equipotential bonding is connected to all the extraneous-conductive-
parts within the installation in accordance with Regulation 411.3.1.2, the maximum
disconnection times applicable to a TN system may be used.

Up is the nominal a.c. rms or d.c. line voltage to Earth.

Where compliance with this regulation is provided by an RCD, the disconnection times
in accordance with Table 41.1 relate to prospective residual fault currents significantly
higher than the rated residual operating current of the RCD.

Note: Disconnection is not required for protection against electric shock but may be
required for other reasons, such as protection against thermal effects.
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7

BS 7671 relaxes the disconnection time for TN systems to 5 seconds and for TT
systems to 1 second for

a final circuits exceeding 32 A and
b distribution circuits.

7.2.2 Current causing automatic operation of protective device
within the required time (I,)

In order to achieve disconnection in the required time, it is necessary for sufficient fault

current Iy to flow to rupture the fuse or operate the circuit-breaker.

When I is sufficiently large to cause operation of the device in the required time, it
is called 5. This current to cause disconnection in the required time is found from
the device characteristics. For example see Figure 3A4 from Appendix 3 of BS 7671,
reproduced below.

To avoid errors in reading off from the logarithmic axes, the key information is tabulated
at the top right of the characteristics.

For example, for a 32 A type B circuit-breaker to BS EN 60898, |,, the current to cause
operation in 0.1 to 5 s is given as 160 A.

Note: For the circuit-breakers listed in BS 7671 the cumrent |, deemed to cause operation in 0.4
sand 5 s is the same. From the curve, a current of 159 A would result in a 32 A breaker tripping
in say 15 s, whilst a current of 160 A would cause operation in 0.1 5.

¥ Figure 3A4 of BS 7671 Time/current characteristics for type B circuit-breakers to
BS EN 60898 and RCBOs to BS EN 61009-1

<
I 3

1Y

I EEE R EEE]
IE R SRR

1A

H

L]

ﬂmll-hmleerlnﬂﬁl’..'i‘ﬂ?;;
and RCBOs 10 BS EN 61009-1
Current for time, 0 1510 55
Hating Curent
6A oA
10 A s0a
16 A WA
0A oo A
A 1254
A 160 A
40 A o0 A
A 2504
63 A 35A
B A do0 A
100 A 500 A
125 A 625 A

For prospestlve fsubl curvents In exeess
of thase providing instantancous aperation
| refer s let-throagh data,

" 100 1000 19008
PROSPECTIVE CURRENT, rms AMPERES
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7.2.3 Maximum earth fault loop impedance (Z,)
In order for the minimum earth fault current (1,) to flow, the earth fault loop impedance
(Zs) at the end of the circuit must not exceed the value given by:

Example

Consider a 32 A type B circuit-breaker, from Figure 3A4 of BS 7671 above, see table to
right of the curves; a current |; of 160 A is required.

The maximum loop impedance

zs=i=ﬁ= 14380
I, 160

Rounded up, this is the value given in Table 41.3 of BS 7671 reproduced below, i.e.
1.44 Q.

¥ Table 41.3 of BS 7671 Maximum earth fault loop impedance (Z.) for arcuit-breakers with Ug of 230 V,
for instantaneous operation giving compliance with the 0.4 s disconnection time of Regulation
411.3.2.2 and 5 s disconnection time of Regulation 411.3.2.3. (For RCBOs see also Regulation
411.4.9)

(a) Type B circuit-breakers to BS EN 60898 and the overcurrent characteristics of RCBOs to BS EN
61009-1

Rating 3 [} 10 16 20 25 a2 40 50 63 a0 100 125 Iy

(amperes)

Zg (ohms) T.67 287 1.84 1.15 0.73 .46 46/1y
15.33 4.60 2.30 1.44 0.92 0.57 0.37

(b) Type C cireuit-breakers to BS EN 60898 and the overcurrent characteristics of RCBOs to BS EN
61008-1

Rating [} 10 16 20 25 a2 40 a0 63 80 100 125 I,

{amperes)

25 (ohms) 3.83 144 0.92 0.57 0.36 0.23 23/1p
2,30 115 0.72 0.46 0.29 0.18

(c) Type D circuit-breakers to BS EN 60898 and the overcurrent characteristics of RCBOs to BS EN
61009-1

Rating [ 10 16 20 25 32 40 50 63 80 100 125 Iy

(amperes)

Zs (ohms) 1.92 072 046 0.29 0.18 0.11 11.5/
115 0.57 0.36 0.23 0.14 009 In

Note: The circuit loop impedances given in the table should not be ded when the 1 5 are at their

normal operating temperature. If the conductors are at a different temperature when tested, the reading
should be adjusted accordingly.

These maximum values of Z; (called Z4; in this guide), as the note below the table
states, are not to be exceeded when the conductors are at their normal operating
temperature, e.g. 70 °C for thermoplastic (PVC) insulated cables.
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¥ Figure 7.2
Simple system

7

7.3 Circuit calculations

Circuits are designed to meet the shock protection requirements by limiting the earth
fault loop impedances to the end of the circuit (Zs) to the maximum values given in
Tables 41.2 to 41.4 of BS 7671(Za1).

&7 E
TUoc

U

P —

ik

Z: = 24y and the vector Z.= ie + E.+i‘2
Hence, the vector sum ie + i. + 22 <Iy

where:

Zy) is the maximum earth fault loop impedance given by the appropriate Table,
41.2, 413 or 41.4

Z. is the earth fault loop impedance external to the circuit — in this section it is
assumed to be that of the supply, i.e. 0.8 or 0.35 Q

7, is the impedance of the line conductor of the circuit

7, is the impedance of the protective conductor of the circuit.

Values of Z"; and Z"; per metre for common cables and equipment are given in
Appendix F in ohms per metre at 20 °C.

For the purposes of shock protection calculations these will need to be multiplied by
the circuit length L and corrected to the conductor operating temperature, say 70 °C.
The correction factor C; is applied only to the resistive element.

The correction factors C, are given in Table F.3 in Appendix F.

The equation for fault protection against electric shock becomes (for radial cireuits):

the vector sum Z + (R") +R™) % Cox L+ (X + X" ) xL < Z4

Arithmetically, Z, +J(R“] PR xCEx L2+ (X + X5 x L £ 74
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For circuits with a conductor size 16 mm? or less, the inductance X is not significant and
the equation becomes Z, + (R") + ") = C, xL < Z4,

where:

R"} is the resistance per metre of the line conductor (see Tables F1 and F7)

R"; is the resistance per metre of the protective conductor (see Tables F.1 and
F7)

X" is the reactance per metre of the line conductor (see Table F7)

X"; is the reactance per metre of the protective conductor (see Table F7)

C; is the correction factor for temperature (see Table F.3)

L s the length of cable in the circuit.

The maximum circuit cable lengths, Ls, that will limit the circuit resistance such that
disconnection in the event of a fault to earth occurs within the required time (0.4 s or
5 s) is given by:

Zyn—Ze

For radial circuits: Ly = —r———=—
R +RS)C,

For ring circuits see Chapter 2 and Appendix B.

Example

Consider a 9.6 kW shower circuit protected by a 40 A type C circuit-breaker with a
PME supply, to be wired in 10 mm?2 thermoplastic (PVC) insulated and sheathed flat
cable with 4 mm?2 protective conductor (Table 4D5S of BS 7671). What is the maximum
length L to meet the shock protection requirement?

Zy from Table 41.3(b) is 0.57 €. Maximum Z, for PME supply is 0.35 Q.

R"} 4+ R"; = 6.44 mQ/m at 20 °C from Table F.1. C; from Table F.3 is 1.20.

Zn-Ze 0.57-0.35

H = = =285m.

ence L, ® +R5)C 644 285m
1000 L

For full designs where reactance is not ignored and where protective conductors may
be cable armouring or similar, it assists in the calculation if the correction factor is
presented in a slightly different way, see Table F.17 and section 6.3.2.
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Protection against

fault current

B The adiabatic equation H Sheath or armour of a cable
B Selection from Table 54.7 M Plotting armour adiabatics
B Introduction to calculations B Armour capability

B Simple calculation B Conduit and trunking

M Energy let-through W Earthing and bonding

W Plotting adiabatics comductees

8.1 The adiabatic equation

8.1.1

Introduction to the adiabatic equation

All conductors — line, neutral and protective — must meet the size requirements of the
adiabatic equation:

where:

4351 8.1.2

1%t

Sz—
k

is the nominal cross-sectional area of conductor in mm?2

is the value of fault current in amperes, expressed for a.c. as the rms value, due
account being taken of the current-limiting effect of the circuit impedances

is the duration in seconds of the fault current

is a factor taking account of the resistivity, temperature coefficient and heat
capacity of the conductor material, and the appropriate initial and final
temperatures. For common materials the values of k are shown in Table 43.1
of BS 7671.

Protection by one device

Where the overcurrent device meets the requirements for overload protection the
adiabatic equation is satisfied if the current-carrying capacity (1) of the line and neutral
conductors meets the requirements of Regulation 433.1.1, that is:

bzlhzlp

is the current-carrying capacity of a cable for continuous service, under the
particular installation conditions concerned

is the rated current or current setting of the device protecting the circuit
against overcurrent

is the design current of the circuit, i.e. the current intended to be carried by
the circuit in normal service.

Calculations for Electricians and Designers 85
© The Institution of Engineering and Technology

The adiabatic equation will also be met for neutral and protective conductors of the
same current-carrying capacity as the line conductor. (The term protective conductor
includes circuit protective conductor, earthing conductor and bonding conductor.)
However, if the protective (or neutral) conductors are of lesser current-carrying capacity,
for example because they have reduced cross-sectional area or are of a different
material or construction, they must:

I be selected from Table 54.7, see section 8.2, or
I comply with the adiabatic equation, see section 8.1.1.

8.1.3 Fault current protection

If the circuit has no overload protection (that is, only fault protection) compliance with
the adiabatic equation must be confirmed for the line and neutral conductors. The
protective conductor must be selected from Table 54.7 or comply with the adiabatic
equation as for overload protection.

8.1.4 Selection or calculation

The simplest way of checking compliance of a reduced current-carrying capacity
protective conductor is to confirm the protective conductor meets Table 54.7.

However, it is common to use reduced section protective conductors particularly for
final circuits and these do not comply with Table 54.7, e.g. socket-outlet circuits wired
in twin and cpc cable with live conductors of 2.5 mm? and a protective conductor of
1.5 mmZ.

A set of tables has been prepared to enable compliance to be checked where standard
devices included in BS 7671 have been used, that is fuses to BS 88, BS 1361, BS 3036
and circuit-breakers to BS EN 60838 or BS EN 61009. This can be done because the
standards specify sufficient performance requirerents for the maximum disconnection
time to be known.

For other devices the adiabatic calculation will need to be carried out with manufacturer's
data. The energy let-through calculations are the simplest, if manufacturer's data is
available.
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54314 8.2 Selection from Table 54.7

¥ Table 54.7 of BS 7671 Minimum cross-sectional area of protective conductor in relation
to the cross-sectional area of associated line conductor

Ciosssectional avea of liie Minimum cross-sectional area of the corresponding

ductor, S protective conductor
If the protective conductor If the protective conductor
is of the same material is not the same material
as the line conductor as the line conductor
(mm?) (mm?) (mm?2)
S<16 s X .5
ka

16<8<35 16 LIS

5=35 5 ki xS

2 ka 2

where:

ky is the value of k for the line conductor, selected from Table 43.1 in Chapter 43 according
to the materials of both conductor and insulation.

Kz is the value of k for the protective conductor, selected from Tables 54.2 to 54.6 as
applicable.

Protective conductors of same material as line and neutral conductors
Here, a simple comparison is made with column 2 above,

For example, if wiring a circuit with 10 mm? live conductors in plastic conduit the
protective conductor would also need to be 10 mm? to comply with Table 54.7.

A 35 mm? line conductor requires a 16 mm?2 protective conductor and a 120 mm?2
line conductor a 70 mm?2 protective conductor (next standard size up from 60 mm2).

Protective conductors of a different material to the line and neutral
conductors

The third column is used and requires the 'k’ values for the line and neutral conductors
and for the protective conductor. The values of k for protective conductors are given in
Tables 54.2 to 54.6 of BS 7671, reproduced here as consolidated Table 8.1.

The tables are used as follows:

Protective conductor type Table for k

g|

Cable in conduit or trunking

Conduit or trunking as protective conductor 545
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¥ Table 8.1 Values of k from Tables 54.2 to 54.6 of BS 7671

TABLE 54.2
Values of k for insulated protective conductor not incorporated in a cable and not bunched with
cables where the assumed initial temperature is 30 °C

Insulation of protective conductor or cable covering

Material of conductor

0°C 80°C 80°C
thermoplastic thermoplastic thermosetting
Copper 143/133* 143/133* 176
Aluminium 95/88* 95/88* 116
Steel 52 52 1]
Assumed initial temperature 30°C a0°c 30°C
Final temperature 160 “C/140 °C* 160 °C/140 °C* 250 °C
TABLE 54.3

Values of k for protective conductor incorporated in a eable or bunched with cables where the
assumed initial temperature is 70 °C or greater

Material of cond Insulation material
70°C 90°C 90°C
ther lastic ther lastic thermosetting
Copper 115/103* 100/86* 143
Aluminium TH/GE* 6B/57* 94
Assumed initial temperature T0°C 90°C 90°C
Final temperature 160 “C/140 °C* 160 °C/140 °C* 250°C
TABLE 54.4
Values of k for insulated protective conductor as a sheath or armour of a cable
Material of conductor Insulation material
70°C 90°C 90°C
ther lastic ther lastic thermosetting
Aluminium 93 83 85
Steel 51 46 46
Lead 26 23 23
Assumed initial temperature 60°C 80°C 80°C
Final temperature 200°C 200°C 200°C
TABLE 54.5

Values of k for steel conduit, ducting and trunking as the protective conductor
Material of protective Insulation material

conductor conduit T0°C 90°C 90°C
— thermoplastic thermoplastic thermosetting
Steel conduit, ducting and 47 44 58
trunking
Assumed initial temperature 50°C 60°C 60°C
Final temperature 160°C 160°C 250°C
TABLE 54.6
Values of k for bare conductor where there is no risk of d to any neighbouring material by
the atures indi i. The atures indi d are valid only where they do not impair the
quality of the connections
Material of conductor S ) N ~ Conditions. S
Visible and in restricted Normal conditions Fire Risk
areas
Copper 228 159 138
Aluminium 125 105 a1
Steel 82 58 50
Assumed initial temperature 30°C 30°C 30°C
Final temperature
Copper conductors 500°C 200°C 150 °C
Aluminium conductors 300°C 200°C 150°C
Steel conductors 500°C 200°C 150°C
* Above 300 mm?
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8.3 Introduction to calculations

The calculations can be carried out in three different ways:

i individual calculation from device time/current characteristics — see section 8.4

ii using energy let-through data — see section 8.5

iii by plotting protective conductor adiabatic characteristics on the device time/
current characteristics — see sections 8.6 and 8.8.

For fuses (to BS 88 and BS 3036) and circuit-breakers (BS EN 60898) calculation can
be avoided by reference to Tables 8.4 to 8.8 for copper conductors and 8.9 and 8.10
for steel wire armouring.

For moulded case circuit-breakers (to BS EN 609472) a simple energy let-through
calculation is required using manufacturer’s data, see section 8.5.

Protective conductors are required to carry leakage currents and earth fault
currents.

The requirement to carry leakage currents generally imposes no constraints upon the size
of the conductors as they will aimost certainly be very small compared with the steady-state
current rating (tabulated in Appendix 4 of BS 7671), other than that necessary for mechanical
strength.

8.4 Simple calculation

The simple calculation is used for single calculations where the loop impedance at the
end of the circuit Z; is known and for circuit-breakers to BS EN 60898,

8.4.1 Zs known
The fault current g at the end of the circuit can be calculated from:

Y

Jp= =2

Z

where:

Ug is the nominal line to earth voltage
Z. is the earth fault loop impedance.

Then the adiabatic equation can be used:

The disconnection time t is determined from the device characteristics, e.g. Appendix
3 of BS 7671. Factor k is obtained from Tables 54.2 to 54.6, see consolidated Table
8.1 above.

Note: If the protective conductor has the same current-carrying capability as the line and
neutral conductors, and the overcurrent device is providing protection against overload and fault
currents, no further checks need be carried out. However, if the equivalent csa of the protective
conductor is less than that of the line and neutral conductors, compliance with the adiabatic
equation must be confirmed.
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For a fuse the most onerous condition for the protective conductor occurs when the
fault current is lowest and disconnection time longest, see Figure 4.1a of this guide. For
a circuit-breaker (see Figure 4.1b) the relationship between energy let-through and fault
level is more complicated.

Example

Consider a circuit to be wired in 4/1.5 mm?2 twin with earth cable of length 30 m. The
supply is TN-S and the protective device is a 32 A cartridge fuse to BS 88-3.

Le=Ze+ (R +Ry) thatisZ;=Zo + (R") + R") xLx G

Z. is taken to be 0.8 ohm, as TN-S (section 2.2.3).

From Table 1 (R"} + R"3) = 16.71 m&/m, from Table £.3 C, = 1.20

(R"; + R"2) = 16.71/1000 Q/m

Zo= 0.8 + (16.71/1000 x 30 x 1.20) = 1.40 ohms

Fault current | = Up/Zs = 230/1.40 = 164 A

From Figure 3A1 of BS 7671 (see below) the disconnection time is approximately 2 s.

¥ Figure 3A1 of BS 7671 Time/current characteristics for fuses to BS 88-3 fuse system C

opssrting tmescument
for tses b0 015 B-1 one wyntnem
Fuse [
rating 01s 02s
5A A /A
gA_ | 130a [ 104

SA AZOA IZA ASAGIABOATNOA

" o 1000 1008
PROSPECTIVE CURRENT, rms AMPERES

From Table 54.3 in Table 8.1, k =115

2

The minimum csa of the conductor S is given by S = %
1647 x 2

S= ‘“157" =2.02 mm?
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The 4.0/1.5 mm?2 cable would not be suitable. A 6 mm?2 cable with a 2.5 mm?2
protective conductor could be used, or single-core cables in conduit with at least a
2.5 mm? protective conductor.

8.4.2 Circuit-breakers

If it is assumed that the circuit will be designed so that there is instantaneous operation
in no less than 0.1 s, that is at low fault levels, simple calculations of minimum
protective conductor sizes can be carried out, see Table 8.2 for a type D circuit-breaker.
A disconnection time (t} of 0.1 s and a k of 115 are assumed. The current is obtained
from Figure 3A6 of BS 7671 or is 20 times the device rating.

However, at high fault levels, say 3kA and above, Regulation 434.5.2 requires a check
that the energy let-through of the device does not exceed the k252 of the cable, see
section 8.5.

¥ Table 8.2 Calculation of minimum protective conductor csa for type D circuit-breakers to
BS EN 60898 and RCBOs to BS EN 61009

Rated current Current | for time, 3 Practical
0D.1sto5s AR minimum size, S,

(A) (mm?)

50 1000 274 40

* The instantaneous disconnection time is assumed to be 0.1 5, and k is assumed to be 115,
see Table 8.1 (Table 54.3).

8.5 Energy let-through calculation

The energy let through by a circuit-breaker determines the minimum size of the
downstream cable. The cable withstand depends upon the conductor material, the
insulation used and the conductor size. Manufacturers of circuit-breakers provide energy
let-through data for their devices, which allow the adequacy of protective conductors
to be checked. The manufacturer’s data must be used for the particular device (frame
size and rating) as they differ sufficiently from manufacturer to manufacturer to prevent
standard tables from being prepared. Data will be presented in a similar manner to
Table 8.3.
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V Table 8.3 Manufacturer's energy let-through (12t) data for circuit-breakers

Maximum let-through at various prospective fault currents
(amperes? seconds x 106)

Frame RatingsA 10kA 20kA 25kA 30kA 36kA 40kA 5S0kA

CN 125-250 052 070 071 072 073

SMA  300-800 8 12 15 21 25 36

For thermoplastic insulated cables the thermal withstand in amperes? seconds x 108
(k=115)

Maxmum thermal 0212 0476 132 34 826 162 331
stress It

F)
Using the formula S = ﬁ;i and looking up k in Tables 54.2 to 54.6 (Table 8.1), S the

minimum cross-sectional area can be calculated.

Example

Consider a 200 A circuit-breaker (frame types CN or CH above) installed in a location
where the fault level is 20 kA protecting a 95 mm?2 4-core armoured thermoplastic
insulated cable. Is the armouring of sufficient size?

From the table above, the 12t energy let-through would be 0.7 x 108 ampere? seconds.

From Table 54.4 in Table 8.1 above, kis 51

VPt _Jo7x10°

2
and 5= = 16.4 mm?2
k 51

From Table F.7B, area of the cable armouring is 160 mm2, which is clearly sufficient.

8.5.1 Types B, C and D circuit-breakers and RCBOs

Regulation 434.5.2 requires that for faults of very short duration (i.e. at high fault levels)
the conductors of the circuit shall be able to withstand the let-through energy of the
protective device, i.e.

k?s? > the let-through energy of the device (1t)

where:

S = nominal cross-sectional area of the conductor in mm?2

k = factor from Table 43.1

1t = the energy let-through quoted for the class of device in BS EN 60898-1,
BS EN 61009-1, or as quoted by the manufacturer,
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The energy let-through quoted for the class of device in BS EN 60898-1 and BS EN
61009-1 is reproduced in Table 8.4 and the minimum value of S calculated for a range
of fault levels (prospective fault currents).

¥ Table 8.4 Energy limiting class 3 Types B and C circuit-breakers and RCBOs, minimum copper protective
conductor sizes determined from maximum energy let-through allowed by annex ZA of BS EN 60898-1
and annex ZD of BS EN 61009-1 fork =115

Type B Type C

Device | Prospective | Maximum Minimum  Selected | Maximum Minimum Selected

rating fault energy copper copper energy copper copper
current let-through protective protective | let-through protective protective
12t conductor conductor 12t conductor conductor
csa csa
(A) (A2s) S* (mm2) (mm2) (A2s) S* (mm2) (mm2)
3to 16 3 000 15 000 1.06 18 000 11
&5 42 000
20to 32 3 000 18 000 22 000
45 000
21 600 141

22

Jenergy let-through (1)
k

* NoteS5=2 where k=115

Energy let-through quoted by manufacturers is usually less than that quoted in BS EN
60898-1 and BS EN 61009-1, see Table 8.5
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¥ Table 8.5a Minimum values of S calculated using manufacturers' quoted energy let-through at 6 kA fault level

MK MK
Type B Type C

Rating Energy S Selected Energy S Selected
let-through minimum s let-through minimum S

(kA2s) (mm3) (mm2) (kA2s) (mm?2) (mm?2)
6 14 1.02 1 17 11 1.5

63 70 23 25 70 245 25

Hager Hager
Types B and C Type D
Energy H Selected Energy S Selected
let-through minimum S let-through minimum S
(kA2s) (mm?2) (mm2) (kAls) (mm2) (mm2)
6 13 0.99 1 14 1.03 1.5

16 18 117 1.5 23 132 1.5

52 29 148 15 47 1.89 25

B3 37 162 25 60 212 25

¥ Table 8.5b Minimum values of S calculated using manufacturers’ quoted energy let-through at 3 kA fault level

MK MK
Type B Type C

Energy s Selected Energy S Selected
let-through minimum S let-through minimum S

(kA2s) (mm2)

6 6 0.67 1 i 0.7 1

(mm?2) (kAZs) (mm2) (mm?2)

16 12 095 1 16 11 15

continues
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¥ Table 8.5b continued

Hager Hager
Types B and C Type D

Rating Energy S Selected Energy S Selected
let-through minimum S let-through minimum S

(kA2s) (mm3) (mm2) (kA2s) (mm?2) (mm?2)
6 6.7 07 1 71 07 1

32 14.3 1.0 1 21 12 15

8.6 Plotting protective conductor adiabatics

This approach is suitable for preparing standard circuits to find a limiting case.

The suitability of a protective conductor can be determined graphically (see Figure
8.1). The thermal characteristics of the protective canductor are plotted on the device
time/current characteristics. For a given size of protective conductor S, values of | are
2
assumed and values of t then determined from the equation S =£,
k52 8
hence t =

These will be the maximum disconnection times if the adiabatic equation is to be met.

The plot will be a straight line on the log/log graph paper of the device time/current
characteristics. The point of intersection is the minimum fault current (or maximum
loop impedance) at which the protective conductor is protected by the particular
device, see Figure 8.1.

The intersection of the conductor characteristic with that of the overcurrent device
gives the minimum adiabatic prospective earth fault current, I, required to protect the
conductor. From this minimum adiabatic current (I5), the maximum loop impedance
(Z,) allowed can be calculated

for Z,= Ei:'ﬂ

a
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¥ Figure 8.1 Conductor adiabatic plotted on the BS 88-3 fuse characteristics from
Figure 3A1 of Appendix 3 of BS 7671
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If we consider in Figure 8.1 the intersection of the 1.0 mm? conductor with each of the
fuse characteristics, we can estimate the minimum adiabatic fault current (1,) and the
maximum adiabatic loop impedance (Z,) as below:

BS 88-3 fuse rating (A) 5 16 20 32 45 63

Minimum adiabatic fault current, 1, for 1 62 BO 300 NP NP
1.0 mm2 protective conductor (A)

NP Not permitted

These maximum adiabatic loop impedances, Z,, can be used to calculate the maximum
circuit length allowed, in the same way as Z; is used to determine the maximum circuit
length for shock protection.

Please see standard circuit calculations in Chapter 2. The corrections for temperature
are identical. The maximum adiabatic loop impedances at conductor operating
temperature for the fuses in BS 7671 are found in Tables 8.6, 8.7 and 8.8.

Providing a circuit-breaker is operating instantaneously, relatively small protective
conductors can handle the energy let-through. Minimum protective conductor size can
also be determined from energy let-through (12t) figures provided by manufacturers for

55 \{!2_1 ~ yenergy let-through
T k

, see section 8.5 above,
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¥ Table 8.6 Cartridge fuses to BS 88-3. Maximurn adiabatic loop impedance, Z,, for
copper conductors with 70 °C thermoplastic insulation incorporated in a cable
or bunched with cables at conductor operating temperature.

Protective Z, (02) for various device ratings

conductor
32A 45 A BOA

csa (mm2)

i 1533 411 338 164 104 072 055 040

Notes:

*  loop impedance is less than that required for 5 s disconnection - see Table 41.4,
t  maximum loop impedance to meet the 5 s disconnection limit of Table 41.4.

% loop impedance well exceeds that required for 5 s disconnection.

NP Not permitted at any loop impedance.

¥ Table 8.7 Semi-enclosed fuses to BS 3036. Maximum adiabatic loop impedance, Z;,
for copper conductors with 70 °C thermoplastic insulation incorporated in a
cable or bunched with cables at conductor operating temperature,

Protective Z, (©2) for various device ratings
conductor

e (mmd) 20A 30A 60 A

Notes:

*  loop impedance is less than that required for 5 s disconnection — see Table 41.4.
t  maximum loop impedance to meet the 5 s disconnection limit of Table 41.4,

$  loop impedance well exceeds that required for 5 s disconnection.

NP Not permitted at any loop impedance.
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¥ Table 8.8 Cartridge fuses to BS 88-2. Maximum adiabatic loop impedance, Z,, for
copper conductors with 70 °C thermoplastic insulation incorporated in a cable
or bunched with cables at conductor operating temperature.

Protective Z, (02) for various device ratings
conductor

csa (mm2) 20A 25 A 32A 40 A

Protective 1, (2) for various device ratings
conductor
csa (mm2)

125 A

0.13*

Notes:

*  loop impedance is less than that required for 5 s disconnection — see Table 41.4,
1 maximum loop impedance to meet the 5 s disconnection limit of Table 41.4.

% loop impedance well exceeds that required for 5 s disconnection.

NP Not permitted at any loop impedance.

8.7 Protective conductor as a sheath or armour of a
cable

The armour or sheath of a cable can be used as a protective conductor. This is a
desirable arrangement as it will result in a low earth loop impedance, as the armour is
in good inductive contact with the line conductors.

Regulation 543.1.4 allows Table 54.7 to be used where it is not wished to calculate
the minimum cross-sectional area of a protective conductor. It will be found that there
are some cables, particularly thermosetting insulated cables, which do not meet the
requirements of Table 54.7. In this circumstance the adiabatic characteristics of the
cable need to be considered.

Tables 8.9 and 8.10 list the minimum area of steel wire armour required by any of
the BS EN 60269-2 and BS 88 fuses, and in conjunction with Tables F.7A and F7B
the adequacy of the armour of any cable can be determined. For circuit-breakers to
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BS EN 60898 there are unlikely to be circumstances where the armour is not adequate
as a protective conductor.

The calculation to determine on an individual basis whether the area of the cable
armour is sufficient for the earth fault current can be carried out in either of two ways:

i by plotting the adiabatic characteristics of the sheath or armour on to the
overcurrent device characteristics, or
i by calculation.

Plotting is suitable for preparing standard tables for fuses.

Calculation is suitable for one-off calculations and circuit-breakers.

8.8 Plotting of cable armour adiabatics

Figure 8.2 shows the characteristics of the armour of four-core copper conductor
thermosetting insulated cables to BS 5467, plotted over BS 88-2 fuse characteristics.
The characteristics are plotted in a similar manner to that described in section 8.6,
except that the value for k selected is that from Table 54.4 of BS 7671, e.g. k= 46 for
the steel-wire armour of a 90 °C thermosetting insulated cable. The cross-sectional
area of the armour is found in Table F.8B in Appendix F.

¥ Figure 8.2 Adiabatic characteristics of the armour of four-core copper cables with
thermosetting insulation plotted on BS 88-2 fuse characteristics from
Figure 3A3(a) of Appendix 3 of BS 7671

t

L
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Example

Consider a four-core 1.5 mm? thermoplastic insulated cable. From Table F.8B the
armour cross-sectional area is 18 mm2. From Table 54.4 of BS 7671, k is 51 for steel
(see Table 8.1 of this guide).
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To plot the characteristics we can determine the maximum disconnection time at, say,
prospective fault currents of 1000 A, 100 A and 10 A.

1%t k%52
FromS-—k—,t = o
2 2 2 2
at 1000A t =851 _0gas,  at100At =—2 21" _gas,
10002 100?
2 2
at10A,t=—23" _ g4z
102

The graph in Figure 8.2 indicates that, where the rating of the fuse is less than that of
the cable, as is usual for the four-core cables considered, the armour is of sufficient
cross-sectional area providing loop impedances are such that disconnection occurs
within 5 s. Where fuse ratings exceed the rating of the cable, as may be the case for
motor fuses, the check is necessary.

8.9 Calculation of armour capability

If it is wished to determine by calculation whether the armour is of adequate size for
the particular installation, the following procedure may be followed:

I select the overcurrent device,
ii calculate earth fault impedance and
fii determine either:
a the fault current I from the earth fault loop impedance, and the time for
disconnection t from the characteristics of the overcurrent device, e.g. for
BS 88-2 fuses from Appendix 3, Figure 3A3 of BS 7671, or
b the maximum energy let-through (12t) from the manufacturer’s data. This is
the usual procedure for circuit-breakers, particularly moulded case type.

VPt

Then the equation S = gives the minimum required cross-sectional area of armour.

This can be compared with the values in Table F.8B for cables with thermosetting
insulation and Table F.78 for thermoplastic insulated cables.

Example using fuse characteristics
Consider the adequacy of the armour of the submain cable at Board C in the example in

Chapter 6 (see Figure 6.4 etc.). The size of the line conductor is 300 mm?2 aluminium,
the overcurrent device a 315 A BS 88-2 fuse.

Zais 0.1 ohm, lafis 2530 A

To use Table 54.7, k; and k3 must be obtained from Tables 43.1 and 54 of BS 7671

k; for 300 mm?2 aluminium cable = 76 from Table 43.1,

k; for steel wire armour = 51 (Table 54.4, or from Table 8.1 given earlier)

Minimum cross-sectional area from Table 54.7 is:
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%x % = ? x 200, =223.5 mm?, Table F.78B gives 304 mmZ as area of armour, so
2

is adequate.

Using the adiabatic equation 5=

VPt _ 25307t
k

51

From time/current characteristic for a 315 A fuse with a fault current of 2530 A, t would
be less than 5 s; see Table 8.9.

V253025

Hence, the required area of armour is given by S= = =111 mm?

To simplify the selection, a table of minimum area of armour for BS 88-2 fuses is given

in Table 8.9. This table assumes disconnection in 5 s. The check is simple. Table 8.9 ¥ Table 8.10 Masimum B5 88:2 fuse sizes for multicore armoured cables having thermosetting insulation (copper conductors) when the armour i to be used as the protective
gives the minimum area of armour for the particular fuse; this can be compared with SRR Shrs nconml D REEACM ST T0r )

the values in Table F.7B or F.8B of Appendix F. Current-carying capacity BS 5467, B5 6724 Ambient temperature: 30 °C

Ground ambient temperature: 20 °C
Conductor operating lemperature: S0 °C

¥ Table 8.9 Minimum area of steel cable armour when used as a protective conductor in
a circuit protected by a BS 88-2 fuse Conductor Reference Method C Reference Method E Reference Method D Maximum BS 88 fuse size?

cross-sectional (clipped direct) {on a perforated horizontal or (direct in ground of in ducting in

area vertical cable tr; r Reference ground, in or around buildings)

Fuse rating Currentfor5s Maximum Zg Minimum area of armour

disconnection (mm2)* 1 two-core 1t 0 - 1 three- or four- Two-core Four-core

cable, core cable, e 3 C core cable, cable cable
single-phase  three-phase three-phase i r three-phase
a.c.orde. ac. ac €. or d.c. ac.

(A) (©2) Thermosetting Thermoplastic

BEaan
b bl
BRBEE P
BIgeny
LAGEUR
dgtann
Begaan
&8

32 125 1.84 6.1 5.4 16 110

50 220 1.04 107 96 ;g
e w0 0@ w2 i
80 400 057 194 17 i ; 120 392 335 410 353 2 223 315 500
=2 150 451 386 472 406 306 251 315 500
Cow0 om0 o s om HooE B 0w B 0B 0® a2 9B &
32 240 607 520 636 546 395 324 500 500
125 680 0.34 SR 30 12 300 698 539 LETS 628 446 365 500 630
'i'g 400 787 673 B47 ) =, = 500 B00
%J

200

g

0.19 58 o2

g

315 0.105 107 96

5
:

0.064 175 157

8OO

g

0.033 340 307

1250 13000 0018 632 570

* Determined from the adiabatic equation S = [V(12t)}/k, using k=46, t=5 for
thermosetting insulation and k = 51, t = 5 for 70 °C thermoplastic, see Table 54.4 of BS
7671 (Table 8.1 in this chapter).
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Notes to Table 8.10:

1 Where a conductor operates at a temperature exceeding 70 °C it shall be ascertained
that the equipment connected to the conductor is suitable for the conductor operating
temperature (see Regulation 512.1.5).

2 Where cables in this table are connected to equipment or accessories designed to operate
at a temperature not exceeding 70 °C, the current ratings given in the equivalent table
for 70 °C thermoplastic insulated cables (BS 6004, BS 6346) shall be used (see also
Regulation 523.1).

3 The maximum BS 88 fuse size has been calculated assuming the earth fault loop
impedance results in disconnection in 5 s.

Table 8.10 shows the maximum BS EN 60269-2 and BS 88-2 fuse sizes for armoured
cables with thermosetting insulation to BS 5467 aligned with Table 4E4A of Appendix 4
of BS 7671.

For devices other than fuses to BS 88, in particular moulded case circuit-breakers, the
energy let-through (12t) can be obtained for the particular device in question from the
manufacturer. Knowing k, and the area of the armour, a check of the armour csa is
made to determine its suitability for use as the protective conductor, see section 8.5.

8.10 Conduit and trunking

Example

Consider 16 mm?2 thermoplastic insulated cables in 50 x 50 mm steel trunking
and calculate if a separate protective conductor is required to supplement the steel
enclosure, using Table 54.7. Use k; from Table 54.3, as the assumed initial temperature
of the line conductor is 70 °C, ky = 115

k7 is given by Table 54.5, ko= 47
k'|/k2 = 115/47 =245

Hence a circuit of 16 mm?2 copper thermoplastic insulated live conductors would require
a steel conduit or trunking area of 16 x 2.45 = 39 mm?, and 50 x 50 mm trunking is
equivalent to 135 mm? so is more than adequate, see Table 8.11.

The maximum size of line conductor to be included in 50 x 50 mm steel trunking is
135/2.45 = 55 (i.e. 50) mm2.

Both trunking and conduit almost without exception have sufficient cross-sectional
area to meet the requirements of BS 7671. When trunking is used, the manufacturer's
data must be obtained to see if there are any limits imposed by the conductivity of
connections between lengths of trunking. IET Guidance Note 6 (6.3.6) advises that
trunking is not suitable for use as a protective conductor for circuits carrying much more
than 100 A.
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¥ Table 8.11 Examples of steel trunking cross-sectional area (BS EN 50085-1)

Minimum steel cross-sectional

Nominal trunking

size area without lid
(mm x mm) (mm2)
50 x50 135
100 % 50 216
150 x 100 378

See Table F10 in Appendix F for conduit and floor trunking.

Common protective conductors

BS 7671 allows conduit and trunking to be used as a common circuit protective
conductor for circuits enclosed within the conduit or trunking.

8.11 Earthing and bonding conductors

8.11.1 Earthing conductor

The earthing conductor is a protective conductor which connects the main earthing
terminal of the installation to the means of earthing and is sized in the same way as
for circuit protective conductors, except that certain minimum cross-sectional areas are
specified when the conductor is buried in the ground, see Regulation groups 542.3
and 543.1 and Table 54.1.

The cross-sectional area, subject to the minimum requirements above, of an earthing
conductor can be determined using the formula of Regulation 543.1.3:

V2t

g

or by using Table 54.7 of BS 7671. The use of Table 54.7 will provide a conservatively
sized (oversized) earthing conductor.

Earthing conductors are subject to the minimum sizes of Regulation 543.1.1 as follows:

» 2.5 mm? copper equivalent if protected against mechanical damage,
» 4.0 mm? copper equivalent otherwise.

Table 8.12 has been prepared on the basis of Table 54.7 for line or neutral conductor
sizes of up to 50 mm2. For larger sizes the adiabatic equation has been used assuming
a fuse size and assuming that the earth fault loop impedance is such as to give 5 s
disconnection.

The electricity distributor will normally require a minimum size earthing conductor of
16 mmZ for supplies up to 100 A. Electricity distribution systemns are excluded from the
scope of BS 7671 (Regulation 110.2) and so a disconnection of supply in 5 s for a line
to neutral earth fault cannot be assumed.
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¥ Table 8.12 Earthing and main protective bonding conductor sizes (copper equivalent) for TN-5 and TN-C-5 ¥ Table 54.8 of BS 7671 Minimum cross-sectional area of the main protective bonding
supplies conductor in relation to the neutral of the supply.

Note: Local distributor’s network conditions may require a larger conductor.

Copper equivalent cross-sectional area of copper equivalent* cross-

- = i ; o the supply neutral conductor sectional area of the main protective
200 2oul SlaRACU I Rat0 SeaD bonding conductor
35 mm? or less 10 mm2
over 35 mm? up to 50 mm? 16 mm?
over 50 mm2 up to 95 mm? 25 mm?
over 95 mm? up to 150 mm? 35 mm?
over 150 mm? 50 mm2

6 10 10 10 16 16 25 25 25 25 25 25

* The minimum copper equivalent cross-sectional area is given by a copper bonding
i of the d eross-sectional area or a bonding conductor of another metal
affording equivalent conductance,

8.11.3 Supplementary bonding conductors

Notes:
1 Protective mndL_Jctors (including earthing and bonding conductors) of 10 mm? cross-sectional area or less shall be 5442  8.11.3.1 Minimum sizes
copper (Regulation 543.2.4). . . o
2 Electricity distributors may require a minimum size of earthing conductor at the origin of the supply of 16 mm? The requirements of Regulation 544.2 are summarized in Table 8.13.

copper or greater for TN-S and TN-C-5 supplies.
Buried earthing conductors must be at least: ¥ Table 8.13 Supplementary bonding conductor sizes (mm?)
25 mm? copper if not protected against mechanical damage or corrosion

50 mm? steel if not protected against mechanical damage or corrosion

16 mm? copper if not protected against mechanical damage but protected against corrosion

w

Minimum cross-sectional area of supplementary bonding

16 mm? coated steel if not protected against mechanical damage but protected against corrosion Exposed-conductive-part Exposed-conductive-part Extraneous-conductive-
(Table 54.1 and Regulation 542.3.1). size of to extraneous-conductive- to exposed-conductive- part to extraneous-

4 See Regulation 544.1.1 and Table 54.8. eireuit part part conductive-part*

8 Flechihy d|§l11bul0ls s‘hould tfe conslulted wh}en i dapbt. protective Mechanically Not Mechanically Not Mechanically Not

6 Conductor size determined using Table 54.7 of BS 7671. conductor protected mechanically protected mechanically protected mechanically

protected protected protected

5441  8.11.2 Main protective bonding conductors

Adiabatic calculations are not required to determine the cross-sectional area of main
protective bonding conductors.

16.0 100 100 160 16.0 25 40

* If one of the extraneous-conductive-parts is connected to an exposed-conductive-part, the bonding conductor
must be no smaller than that required by column 1 or 2,
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4152 8.11.3.2 Maximum length of supplementary bonding conductors
Regulation 415.2.2 requires a further condition to be met:

Part 7 of BS 7671

For Part 7 considerations this condition is almost always complied with, as Regulation
544.2.1 sets a minimum supplementary bonding conductor conductance of that of the
smaller or smallest circuit protective conductor.

Consider type C cbs as the circuit-breakers with high |, currents; the maximum
resistance R and length for various supplementary bonding conductor sizes are
calculated in Table 8.14 and, for BS 88-2 fuses, Table 8.15.

Supplementary bonding is normally only applied to final circuits, so larger device ratings
have not been considered. Supplementary bonding conductors are unlikely to exceed
10 m in length, so, as can be seen from the data in Tables 8.14 and 8.15, lengths are
unlikely to be limited.
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'V Table 8.18 Type C c.b. — maximum length of supplementary bonding conductors to
comply with Regulation 411.4.5

c.b. rating Current L Conductor Maximum length
In Ia resistance, (L) of conductor

R3 (area 5; mm32)

(Note 1) (Note 2) (Note 3) L=Rx 1000/R;

) (A) (mm2)  (mo/m) (m)

1 From Table to Figure 3AS5 of Appendix 3 of BS 7671.

2 From Table 8.4. Minimum copper protective conductor sizes at & kA prospective fault
current.

3 From Table .1,

¥ Table 8.15 BS 88-2 fuse — maximum length of supplementary bonding conductors to
comply with Regulation 411.4.5

BS 88 fuse.  Current Sa Conductor Maximum length
Rating (0. resistance, (L) of conductor

In Ra (area 5; mm2)
(Note 1) (Note2) L=Rx1000/R;

(A) (A) (mm2) (m£2/m) (m)

Notes:
1 From Tables to Figure 3A3 of Appendix 3 of BS 7671.
2 From Table F.1.
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Calculations
associated with

testing

B General W Earth fault loop impedance Z
M Continuity B Reduced section protective
conductors

Appxs 9,1  General
The tests (and measurements) carried out during and on completion of an installation

that may require calculations are the measurements for:

» continuity and
» earth fault loop impedance.

¥ Figure 9.1 Schedule of test results
Form 4 Form No: 1235, s

GENERIC SCHEDULE OF TEST RESULTS

] X ey

Y tighis i Baitiwom sisiaton fesistance
Eart faull oop Impodance
RED 2
| Prane segpamnce confimad iwhare sppropriste] 1IN ET"“"":"""’“
s G THOMPSON
squtwre G Thompaon._.  owe U=ty | Rret Wy | pondaten 2 fen Remarks
(Rt Rl i |cmrtrue on 3 seperate sheel i necessary)
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TGORSE| B | 6 | & |100] 1.5 1.0 [NUA]NANA[B 0
|FORSR[ B[ & | & |T00] 13| 1.0 [WA[NANA[TSINA|

T W B a0 ) correcind 1  feg il ot B v s (L P ol Bt

Page 4. of 4
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612.2

612.9

9.2 Continuity

Columns 13 and 14 of the Schedule of Test Results (see Figure 9.1) require
measurements of (Ry + R3) or R4 to be noted. The measurement of (Ry + R2) or Ry
may be simply a continuity test to verify that the line and protective conductors are
continuous. (Ry + R3) may also be recorded for later use in checking that the earth fault
loop impedance is sufficiently low — see section 9.3.

Electricians, having carried out a continuity test and measured (R; + R3) or Ry, need to

confirm that the reading is appropriate for the estimated length of cable installed and
the ambient temperature. The tables to be used are F.1 and F.2 of Appendix F.

Example

Consider a shower wired in 10 mm?2 thermoplastic insulated twin cable with 4 mm2
protective conductor of length 10 m at an ambient of 10 °C.

The value of (Ry + R3) measured is checked against the value (R"; + R"3) in Table F.1
multiplied by the cable length L.

Resistance of cable loop = (R") + R"3) (m©/m) x L(m)
=644 m/mx 10 m= 644 mQ or 0.0644 Q
This is the resistance at 20 °C.

To correct for an ambient temperature of 10 °C Table F.2 is used, and the correction
factor given is 0.96.

Reducing the temperature reduces conductor resistance.

Resistance of cable loop corrected to 10 °C = 0.0644 x 0.96 02 = 0.062 O

9.3 Earth fault loop impedance Z;

9.3.1 BS 7671 earth fault loop impedance tables

Column 18 of the Schedule of Test Results (Figure 9.1) requires the earth fault loop
impedance Z to be recorded. The tester then must check that the reading is satisfactory.
This will normally be against figures:

» provided by the designer, or
» from standard circuits, see Chapter 4 of the Electrician’s Guide, or
» standard test values, see Appendix B of the On-Site Guide.

This chapter considers how these test figures are calculated.

Tables 41.2 to 41.5 of BS 7671 provide maximum earth fault loop impedances, which
must not be exceeded at conductor maximum operating temperature, say 70 °C for
thermoplastic insulation. Please see the notes to Tables 41.2 to 41.4; Table 41.3 is given
below as a sample.

Calculations for Electricians and Designers
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¥ Table 41.3 of BS 7671 Maximum earth fault loop impedance (Z) for circuit-breakers with Ug of 230V,
for instantaneous operation giving compliance with the 0.4 s disconnection time of Regulation
411.3.2.2 and 5 s disconnection time of Regulation 411.3.2.3

{for RCBOs see also Regulation 411.4.9)

(a) Type B circuit-breakers to BS EN 60898 and the overcurrent characteristics of RCBOs to
BS EN 61009-1

Rating 3 L} 10 16 20 25 a2 40 50 63 80 00 125 I
(amperes)

Zs (ohms) 7.67 2.87 1.84 115 073 0.46 46/1y
15.33 460 2.30 144 0.92 0.57 0.37

(b) Type C circuit-breakers to BS EN 60898 and the overcurrent characteristics of RCBOs to BS
EN 61009-1

Rating 6 10 16 20 25 32 40 50 63 80 100 125 In

(amperes)

Zs (chms) 3.83 144 0.92 0.57 0.36 0.23 23/1n
2,30 1.15 0.72 0.46 0.29 0.18

(c) Type D circuit-breakers to BS EN 60898 and the overcurrent characteristics of RCBOs to
BS EN 61009-1

Rating 6 10 16 20 25 32 40 a0 63 80 100 125 In

{amperes)

Zs (ohms) 1.92 0.72 0.46 0.29 0.18 0.11 11.5/
1.15 0.57 0.36 0.23 0.14 pog In

Note: The circuit loop impedances given in the table should not be d when the s are at their
normal operating temperature, If the conductors are at a different temperature when tested, the reading
should be adjusted accordingly. See Appendix 14.

lable 41 9,3.2 Earth fault loop impedance corrections for temperature
When carrying out testing of an installation, the conductors will not be at their operating
temperature of say 70 °C for thermoplastic insulated cable. They will be at the site
ambient temperature. Consequently, Tables 41.2 to 41.4 in BS 7671 cannot be used
for test comparison purposes without adjustment. Resistances at 70 °C are 20% higher
than at say 20 °C, so test figures must be lower than the design values (Z4,) or those
taken from Table 41.2 etc.

The simplest approach is to apply the comection factor C; also used in Chapter 6.
See Table F.3 in Appendix F which shows conductor temperature correction factor C,,
correcting from 20 °C to conductor operating temperature.

For simple conversion to 20 °C, Zieq = Z41/C;

For conversion to another ambient (not 20 °C), Ziest = Z41Cra/C;

See Table F.2 in Appendix F, which shows the ambient temperature multipliers Cis to

be applied to Table F.1 resistances to convert resistances at 20 °C to other ambient
temperatures. See also section 10.2.
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Example

Consider a 32 A type B circuit-breaker protecting a socket-outlet circuit wired with
thermoplastic insulated and sheathed cable.

Table 41.3 of BS 7671 gives a maximum earth fault loop impedance (Z;, i.e. Zy;) of
1.44 ohms.

The correction factor C, from Table F.3 is 1.2, to correct to 20 °C.
Hence the test loop impedance at 20 °C must not exceed:
Dest=In/C=14412=120

If it is wished to correct to 10 °C a further correction can be applied and the factors in
Table F.2 used, Cpz =0.96

Ztest = Z41Cra/Cr = 144 X 096/12 = 115 Q

To correct more accurately from 70 °C to 10 °C, the formula given in section 10.2 is
used:

Ryo= {1 + 0.004(70 - 10))R0
=1.24R;p
In the example, Zieey = Z0)/1.24 = 1.44/1.24 =116 02

This is the value given in Table B6 of the On-Site Guide, in which a 10 °C ambient is
assumed to reflect likely site temperatures.

9.4 Reduced section protective conductors

If the protective conductor is of reduced cross-sectional area, that is less than that of the
line conductors, a disconnection time less than that necessary for shock protection may
be required. This is most likely to occur for fuses in circuits with up to 5 s disconnection
times and is unnecessary for circuit-breaker circuits designed so the breaker operates
instantaneously.

These calculations are somewhat tedious and whilst they are certainly not beyond the
ability of an electrician or a designer they are not something that an electrician would
want to carry out on a regular basis when testing. For this reason tables have been
prepared for use on site. The fuse tables in Appendix B of the On-Site Guide (OSG)
provide maximum loop impedances not only for each fuse rating, but for each fuse
rating and protective conductor combination.

It can be seen from OSG Table B2, reproduced below, that for small protective conductor
sizes the maximum test loop impedance is further reduced.

For circuit-breakers, the minimum conductor csa including protective conductor
is as calculated in section 8.5. Maximum test loop impedances are as calculated in
section 9.3.

Chapter 8 on protective conductars provides information as to how these further
reductions in loop impedances are calculated.
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¥ Table B2 of 05G Maximum measured earth fault loop impedance (in ohms) where
the overcurrent protective device is a fuse to BS 88-2.2 or BS 88-6. (Testing
carried out at an ambient temperature of 10 °C on cables operating at a
maximum temperature of 70 *C for various protective conductor sizes.) *

i 0.4 s disconnection (final circuits not exceeding 32A in TN systems)

Protective Fuse rating
conductor
(mm?)

ii 5 sdisconnection (final circuits exceeding 32 A and distribution circuits in TN systems)

Protective Fuse rating

conductor
(mm?) 25A 32A 40 A 50 A 63 A 80 A

15 23 17 11 064 NP NP NP NP

0.50

2.3 18 1H 11 084 066 046 033

"

Avalue of k of 115 from Table 54.3 of BS 7671 is used. This is suitable for PVC insulated
and sheathed cables to Table 4, 7 or 8 of BS 6004 and for thermosetting (LSHF)
insulated and sheathed cables to Table 3, 5, 6 or 7 of BS 7211. The k value is based on
both the thermoplastic (PVC) and LSHF cables operating at a maximum temperature of
70 °C.

NP Protective conductor, fuse combination NOT PERMITTED.
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Impedance of copper B[]
and aluminium
conductors

B Introduction
B Resistance and temperature

B Impedance of cables from
voltage drop tables

10.1 Introduction

This chapter discusses in a little more detail than elsewhere in the guide the derivation
of the factors for variation of conductor resistance with temperature.

Noteto Tables  10.2 Conductor resistance and temperature

41.2-41.4

The resistance of a conductor produces heat in accordance with the equation I2R.
This heat will raise the temperature of the conductor and its insulation and increase
the resistance of the conductor. The change of resistance (but not inductance or
capacitance) with temperature is significant. The resistance of a copper conductor
increases by some 20% if its temperature rises from 20 °C to 70 °C.

Corrections for temperature can be made using the equation:
Re={1 + a(t— 20))Rap

where:

Ry = resistance at temperature t
Rag= resistance at 20 °C
a = temperature coefficient of resistance.

Values of coefficient of resistance o for common materials at 20 °C are given in
Table 10.1.

¥ Table 10.1 Coefficients of resistance for conductors

Material Temperature coefficient of
resistance o at 20 °C

Annealed copper 0.00393*

Aluminium 0.00403*

Steel 0.0045

* An average value of 0.004 is used for both copper and aluminium conductors in
ternperature correction tables in most publications.
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¥ Figure 10.1
Single-phase circuit

The equation Ry= {1 + a(t— 20)}R20 becomes Ry= {1 + 0.004(t — 20)}Rg for copper
and aluminium conductors.

Reference to this equation is made below Table F.2 (12 of the On-Site Guide) and is
used to prepare Table F.3 (13 of the On-Site Guide).

Example
From Ry = {1 + 0.004(t — 20)}Ra0:

The correction factor from 20 °C to 70 °C is Ryg = {1 + 0.004(70 — 20)}Rzp,
hence Ryg = 1.20 Ryg

The correction factor from 20 °C to 90 °C is Rgg = {1 + 0.004(90 — 20)}R2p,
hence Rgg= 1.28 Rap

The correction factor from 20 °C to 30 °C is Rsg = {1 + 0.004(30 - 20)}Raq,
hence Rzp= 104 Ry

These are the values given in Table F.3 and Table 13 of the On-Site Guide and are
used when calculating conductor resistances at operating temperature from conductor
resistances at 20 °C (Table F.1 and Table 11 of the On-Site Guide).

10.3 Impedance of cables from voltage drop tables

The voltage drop tables of Appendix 4 of BS 7671 can be used as a source of the
resistance and reactance per metre of the cables tabulated.

10.3.1 Single-phase
Tabulated (mV/A/m) voltage drop figures from Appendix 4 of BS 7671 can be used to
obtain resistance (at 20 °C) and reactance by:

1 correcting from maximum operating temperature to 20 °C, e.g. for thermoplastic
insulated cables from 70 °C to 20 °C for the resistance element (m\/A/m), only,
that is dividing by 1.2, and

ii dividing both the resistance (mv/A/m), and inductance (mV/A/m), by 2, as the
tabulated voltage drop includes voltage drop in the line and the neutral.

—_— |

o Ry +X] >
]
Single- = |
phase :
N | (.
o |!l,,+)(;1l T

PE

From Figure 10.1 above, voltage drop using (R") + X")) is given by

Voltage drop = L Ip{(C,R") + X)) + (G, R’y + X"} in mV
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© The Institution of Engineering and Technology

10



¥ Figure 10.2
Three- or four-core
cable, three-phase
a.c. circuit

10

When line and neutral are of the same csa then

Voltage drop = 2.L Ip(C, R") + X"})

where:
L is the length of the cable (m)
Iy is the load current (A)
R"; + X"y are the resistance and reactance in mQ per metre at 20 °C
C is the conductor temperature multiplier from Table F.3.

10

Vi

\ =Evph

Using the tabulated (mV/A/m), voltage drop = L Ip(mV/A/m) in mV,
hence L Ip{(mV/A/m), + (mV/A/m),} in mV is equivalent to 2.L I,(C, R"; + X"))
and {(mV/A/m), + (mV/A/m),} is equivalent to 2(C, R"; + X")).

Example
From column 3 of Table 4D2B of BS 7671 (see below), for 25 mm? two-core cable:

(mV/8/m), = 1.75 mV/A/m and {mV/A/m), = 0170 mV/A/m
hence R") = (m\/A/m)/2C, = 1.75/(2 x 1.2) = 0.729 mV/A/m compared with

0727 ©/km of Table F7A and X' = (mV/A/m)/2) = 0.170/2 = 0.085 mV/A/m
compared with 0.09 Q/km of Table F.7A.

10.3.2 Three-phase

—_— |y

o Ry +X4

L i balanced
—_—

& Ry 4+, b three-

L2 I phase
—_—

S R X b load

L3

I?E |R2 +X ,}

The three- or four-core three-phase a.c. voltage drop figures (mV/A/m) can also be
used to obtain resistance (as in Table F.1) and reactance by:

i correcting from maximum operating temperature to 20 °C, e.g. for thermoplastic
insulated cables from 70 °C to 20 °C for the resistance element (mV/A/m), only,
that is dividing by 1.2, and

ii dividing both the resistance (mV/A/m), and reactance (mV/A/m) by V3, as the
tabulated voltage drop is that of the line-to-line voltage.

From Figure 10.2 voltage drop in each line conductor is L I,(C, R™ + X"})

However, the voltage drops in each line conductor are not in phase, so the vector sum
across the two lines (line drop) is not twice line but 3, hence:

[Ty AN eyl L e T X fr 1w
LR TV A T + ATV R g E NI Liplig o + A

((mV/A/m), + (mV/A/m),] = V3(C Ry +X')
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V3 Va

Note: Line-to-line voltage Vi = V3Vph

Example

From Table 4D2B of BS 7671, for 25 mm2 three- or four-core cable:

(mV/A/m);= 1.5 mV/A/m,

hence R"y = (mV/A/m)/(N3C) = 1.5/(1.73 x 1.2) = 0.722 m\//A/m compared with

0.727 Q/km of Table F7A

and (mV/A/m)y = 0.145 mV//A/m,

hence X"; = (mV/A/m)/(V3) =0.145/(V3) =0.0837 mV/A/m compared with 0.09 ©/km

of Table F.1.

¥ Extract from Table 4D2B of BS 7671

VOLTAGE DROP (per ampere per metre):

Conductor operating temperature: 70°C

Conductor Two-core Two-core cable, Three-or-four-core cable,
cross-sectional cable, d.c. single-phase a.c. three-phase a.c.
area
1 2 3 4
(mm?) (mV/A/m) (mV/A/m) (mV/A/m)

1 44 44 a8
1.5 29 29 25
2.5 18 18 15

4 11 11 9.5

[ 73 74 6.4

10 44 44 3.8

16 2.8 2.8 24

r X z r X z
25 175 175 0.170 175 1.50 0.145 1.50
35 1.25 125 0.165 1.25 1.10 0.145 1.10
50 0.93 0.93 0.165 0.94 0.80 0.140 0.81
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523.1
523.6
Appx 4 sect 5.5

¥ Figure 11.1
Phase displacement
and third harmonics

B Introduction
B Cable ratings

W Voltage drop
B Overcurrent protection

11.1 Introduction

The electronic control and electronic power supplies to much equipment can result in
non-linear or non-sinusoidal load current. The basic waveform can be considered to
have further waveforms superimposed upon it with frequencies that are multiples of
the basic or fundamental waveform. These additional waveforms are called harmonics.
Often these harmonics can be disregarded in the design of electrical installations;
however, third harmonics and odd multiples of the third harmonic cannot (called triplen
harmonics). The triplen harmonic content of discharge lamps can be of the order of
250, with a total harmonic distortion of 309% and the switch-mode power supplies of
computers can produce triplen harmonics of the order of 70% with a total harmonic
distortion of 77%, and 100% is not unknown.

Normal, that is, fundamental 50 Hz three-phase load currents, if balanced, cancel out
in the neutral. This is a natural consequence of the 120-degree time displacement
between the phases, see Figure 11.1.

Fundamantal
Third harmanic

Line 1

Line 2

Line 3
The third harmonics combine
in the neutrol to give o neutral
current that has a magnitude
equal to the sum of the third Neutrol
harmonic content of soch line.

However, third and other triplen harmonics do not cancel in the neutral but sum so
that the neutral current equals the sum of the triplen harmonics of each phase. These
harmonic currents can affect:

cable ratings

voltage drop

overcurrent protection

other equipment, e.g. UPS and transformers.

L %, b O
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523.1
523.6
523.6.100

Table 4Aa

11.2 Cable ratings

The tabulated current-carrying capacities in Appendix 4 of BS 7671 are the same for
both three- and four-core cables. This is because it is assumed that each line is carrying
the rated current and the neutral current is zero or, if the neutral current is not zero as a
result of imbalance between the three lines, the current in the neutral will be balanced
by a reduction in one or possibly two of the lines. This understanding is not valid if there
are harmonics in the line currents, particularly if there are triplen harmonics, that is 3rd,
9th, 15th etc,, as these do not cancel out in the neutral but sum. Figure 11.1 shows that
the third harmonics in each of the three lines are in phase and will sum in the neutral.

L h
The neutral current I, is given by lpn= % % |py

where:

lpry is the neutral current from triple harmonics
Iy, is the fundamental line current
h s the triple harmonic as a percentage of the fundamental (line) current.

That is, the neutral current is three times the triple harmonic currents in the lines.

The effect of this harmonic neutral current is to derate the cable. If the triple harmonic
content exceeds 10%, the neutral conductor should not be of reduced cross-sectional
area. If the harmonic content exceeds 15%, the cable must be derated (Tables 11.1
and 11.2).

¥ Table 11.1 Harmonic current rating factors

3rd harmonic Neutral current Cable Rating
content of line as a percentage of line selection? factor?
current (%) current (%) !

Line current

Neutral current for 3rd harmonic is three times the line 3rd harmonic.

2 When the neutral current exceeds the line current, selection is based on the neutral current.
Harmonic currents reduce the rating of a cable, Where the neutral current exceeds 135% of
the line current and selection is based on the neutral current, no rating factor is applied.

¥ Table 11.2 Calculation of current-carrying capacity

Load current, Triple Neutral Rating Current-carrying
Ipy (A) harmonic current, selection  capacity required,
content, h (%) Ipn (A) * basis 1; (A)

100 >33-45 >99-135 Ipn/0.86 >116-157

* lpn=3h/100 lp for triple harmonics
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Example 1

Consider a load of 200 A with a harmonic content of 20% to be supplied by a four-core
cable on a cable tray.

Table 11.2 advises a cable of rating 200/0.86 be selected, that is 233 A.

Table 4D4A of BS 7671 requires a 95 mm?2 cable. Without harmonics a 70 mm? cable
would be suitable.

Example 2
Consider a load of 200 A with a harmonic content of 40%.

x200=240A

The neutral current |y, = 3]" 40

Table 11.1 advises a cable rating of (neutral current)/0.86, therefore cable rating =
240/0.86 = 279 A,

Table 4D4A of BS 7671 requires a 120 mm? cable.

11.3 Voltage drop

Triple harmonics have a compound effect on voltage drop. As well as producing
increased voltage drop due to the current in the neutral, the voltage drop is also
increased because the triple harmonics increase the effective inductance of the cable.
Inductive reactance (2nfL) is proportional to frequency: the higher the frequency the
higher the inductive reactance.

The general equation for voltage drop from Appendix 4 of BS 7671 is as below:

Voltage drop = };1(‘]’0 {cos @ (mV/A/m), +sin@ (mV/A/m),}
where:

L is the length of the cable

Iy is the load

cos @ is the power factor
(mV/A/m), and (mV/A/m), are voltage drop values (in mV per amp per metre)
given in Appendix 4 for the appropriate cable.

For cable sizes up to 16 mm? the simplified formula can be used as follows:

Uy
1000

Voltage drop = {cos @ (mV/A/m), }

These formulae when used for three-phase circuits assume a balanced load; that is,
a negligible neutral current. For a load with a high third harmonic content the neutral
current is not zero and the inductive reactance of the cable increases. The revised
voltage drop formulae are given below.
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Cable sizes larger than 16 mm?2

Uy (cos@ (mv/a/m), [1+%"0] + sin@ (mV/A/m), [1+‘_”‘}}

Voltage drop =
olage drop 1000 100

(Note: Readers proving this equation for themselves will note the neutral current
is three times the line third harmonic, the neutral inductive voltage drop is trebled,
and not to be forgotten the line voltage drop is also slightly increased as its inductive
reactance to the third harmonic element is trebled.)

Cable sizes 16 mm? and smaller

Ly
1000

Voltage drop =

3h
fcos® (V/A/m) 143 )

Examples with cable size over 16 mm?2

Consider again the load of 200 A with a third harmonic content of 20% to be supplied
by a four-core cable on a cable tray.

Table 11.2 advises a cable of rating 200/0.86 be selected, that is 233 A.

Table 4D4A of BS 7671 says a 95 mm? cable should be selected (and not 70 mm?2
if the third harmonic was neglected). Assume 50 m length and a power factor of 0.8.

50x200
1000

3x20
0.8=x041(1
[0.8x [+—100

The voltage drop =

11x20
.6 = 0.1 1
]+06 0 35{+ 100 ]}

The voltage drop = 7.8 V as compared with 4.1 V if third harmonics are neglected.

The effect is most pronounced for large single-core cables, as they have a relatively
high inductance:

Consider four 630 mm2 single-core copper cables (BS 7671 Table 4E1) of length
50 m, laid flat and touching, supplying a load of 1000 A with a third harmonic content
of 20% at a power factor of 0.9.

The voltage drop = M []+ 3x20

11x20
0.9x 0071 044 x0.1601
1000 09 0 J" * [+ ]‘

100

The voltage drop = 16.4 V as compared with 6.7 V if third harmonics are neglected.
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11.4 Overcurrent protection

High harmonic currents in the load do not affect fault current calculations as fault
currents are generally determined by circuit characteristics and not load characteristics,
on the presumption that the fault currents are significantly higher than load currents. If
this is not the case then allowances will need to be made.

However, for overload protection this is not so.
The usual formula, 1; = I, = I, is valid for triple harmonic content up to 15%. For

greater harmonic content, selection can be made as follows, where the device rating
I, installed in the line conductors has been selected on the basis of the line current I,:

for triple harmonic content 0-15% [P

for triple harmonic content >15-33% Iz 2 1,/0.86
; ) 3h

for triple harmonic content >33-4500 Iz = E In
; ’ 3h

for triple harmonic content above 459 Iz = oy In

and I, > Iy

where:

I is the rating of the overcurrent device in the line conductors

h s the triple harmonic as a percentage of the fundamental (line) current

I, s the current-carrying capacity of the cable under particular installation
conditions.

Overcurrent protection may be provided by devices in the line conductor; however, it
may be appropriate to fit overcurrent detection in the neutral which must disconnect
the line conductors, but not necessarily the neutral, see Regulation 431.2.3.

For PEN conductors in TN-C or TN-C-S systems the PEN conductor must not be
switched (Regulation 537.1.2). It may be appropriate to fit an overcurrent device in
the neutral. However, this must disconnect the line conductors and will not necessarily
provide overload protection unless carefully selected with a knowledge of the harmonic
current.

With a triple harmonic content exceeding 33% of the fundamental, neutral currents can
exceed the line currents. There are then certain attractions in fitting the overcurrent
detection in the neutral conductor; however, this overcurrent detection must disconnect
the line conductors and care must be taken in adopting this approach as there is
a presumnption that the harmonic content will remain constant over the life of the
installation. It is perhaps preferable to degrade the overcurrent protection in the line
conductors accordingly; this is more of a fail-safe approach.
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Example
Consider a load of 100 A with a harmonic content of 50%.

This load can be protected by 100 A devices fitted in the line conductors. The neutral
current Iy, is given by:

3h 3x50
lbn=——Ip = x100 =150 A
=360 °-~ 700

The cable rating I, must therefore be at least 150 A.
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Protection against
voltage disturbances

442.1

B Introduction B Power frequency stress
voltages

W Earthing of 11 kV substations

B The overvoltages
B Power frequency fault voltage

12.1 Introduction

This chapter considers the requirements for the protection of low voltage installations
against temporary overvoltages. The requirements are found in Chapter 44 of BS 7671
and also in BS EN 61936-1: Power installations exceeding 1 kV; and BS EN 50522:
Earthing of power stations exceeding 1KV, particularly the UK annexes. Designers need
to make reference to these Standards.

12.2 The overvoltages

BS 7671:2008 considers four situations which generally cause the most severe
temporary overvoltages:

» faults between the high voltage system and Earth
» loss of the supply neutral in a low voltage system
» short-circuits in the low voltage installation
» accidental earthing of a low voltage IT system

Designers need to consult with the electricity distributor to obtain the following
information with respect to the high voltage system:

> the quality (reliability) of the neutral earthing
» the maximum level of earth fault current
» the resistance of the earthing arrangement.

However, the UK annexes to BS EM 50522 reduce the tolerable touch voltages, see
Figure 12.1 below.

12.3 Power frequency fault voltage

The magnitude and duration of the fault voltage Us which appears in the low voltage
(LV) installation between exposed-conductive-parts and Earth shall not exceed the
values given by the curve in Figure 44.2 of BS 7671 for the duration of the fault.

If the PEN conductor of the low voltage system is connected to Earth at more than one
point it is permitted to double the value of Uy given in Figure 12.1.
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¥ Figure 12.1 1200
(Figure 44.2 of i i
BS 7671) Tolerable fault 17190 [ [
voltage due to an earth 1000 et : E IEI |

fault in the HV system S00

Foult voltage, U, (V)

10 100 1 000 10 000
Time, t (ms)

This chapter only considers TN-C (including TN-C-S) and TN-S systems. Whilst TT
systemns are used in the UK they are not generally applicable to the industrial installations
or large commercial installations which designers will normally encounter. Should the
designer be considering TT or IT systems then more detailed reference will need to be
made to the IEC Standards.

The requirements with respect to this chapter for TN-C-S systems are the same as for
TN-C systemns,

Uy, the power frequency fault voltage for TN-C, TN-C-S and TN-S, is given by:

Us = Rg x Ig for common HY and neutral earths as Figures 12.2 and 12.4
Us = 0 for separated HV equipment and LV neutral earths as per Figures 12.3 and
12.5.

Consideration needs to be given to the use of common HV equipment/LV neutral
earths, as this is most common. It can be impractical to separate HV equipment and LV
neutral earths in normal underground distribution systems.

A requirement of the Electricity Supply Regulations, replaced by the Electricity Safety,
Quality and Continuity Regulations 2002, was that where there was a combined HV
equipment and neutral earth then the resistance to earth should not exceed 1 ohm.
The Electricity Safety, Quality and Continuity Regulations, however, have a non-specific
requirement.

This condition that Uy meet the requirements of national annex NA1 of BS EN 50522
is based on the simple worst case where the low voltage system neutral conductor is
earthed only at the transformer substation earthing arrangement. Where, in compliance
with the relevant requirements of BS EN 61936-1, either the PE or PEN conductor is
earthed at several points or the earthing is part of a global earthing system (see 2.7.19
of IEC 61936-1) the tolerable Uy is twice that given in Figure 12.1.

For a TN-S installation carried out in an industrial site, the designer will normally
multiply-earth the distribution system protective conductor. Where each submain
enters a separate building an additional earth will need to be installed to provide for
‘global earthing’.
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Notes to Figures 12.2 to 12.5:

Ig is that part of the earth fault current in the high voltage system that flows through the
earthing arrangement of the transformer substation

R is the resistance of the earthing arrangement of the transformer substation

Rp is the resistance of the earthing arrangement of the low voltage system neutral, for low

voltage systems in which the earthing arrangement of the transformer substation and of

the low voltage system neutral are electrically independent
Uy is the line-to-neutral voltage of the low voltage system

Uy is the voltage which appears in the low voltage system between exposed-conductive-parts

and Earth for the duration of the fault
Uy is the power frequency stress voltage in the low voltage equipment of the transformer

substation
Uy is the power frequency stress voltage in the low voltage equipment of the low voltage
installation,

¥ Figure 12.2 z 5 g
TN-C system comman o Substation T LV installation
HV equipment and LV o S L1
neutral earth, with HV
fault to earth —_

e L3

HV foul PEN
o earth
u[r L - Ly v
= L
Uy =Up U;=U;=Ug Uf=REX!E
¥ Figure 12.3
TN-C system Substation LV installation
HvV ()
separated HV v - L
equipment and LV
neutral earth, with HV —
fault to earth
HV foul |

{

Ed
—
T

L3
PEN

| (A
Eﬂ. “u b
= =

Uy=Rexle+Uy Us=Ug Us=0

12
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¥ Figure 12.4

TN-S system common
HV equipment and LV
neutral earth, with HV
fault to earth

¥ Figure 12.5

TN-S system
separated HV
equipment and LV
neutral earth, with HV
fault to earth

12

Substation LV installation

HY foul
to earth
u
|
= €
Uy=Ug Us=U;=Ug Up=Rg = Ig
Substation LV installation
HY v
L1
- L3
HV foult
1o earth
[i — |
l.l R, u- R T'
L L 4

Uy=Rexlg+Us Us=Us Us=0
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12.4 Power frequency stress voltages

The magnitude and duration of the power frequency stress voltages given by Uy and
U5 in the figures are required not to exceed the values of Table 12.1.

¥ Table 12.1 Permissible stress voltages Uy and U (Table 44.2 of BS 7671)

Permissible power frequency stress voltage on Duration of earth fault in the

equipment in low voltage installations, U high voltage system

Ug + 250V >5s

In IT systems Ug shall be replaced by the line-to-line voltage.

Notes:

1 The requirements in respect of the power frequency stress voltage for the low voltage
equipment of the transformer substation are given in section 12.3.

2 The first line of the table relates to high voltage systems having long disconnection times,

for example, isolated neutral and resonant earthed high voltage systems. The second

line relates to high voltage systems having shart disconnection times, for example low-

impedance earthed high voltage systems. Both lines together are relevant design criteria for

insulation of low voltage equipment with regard to temporary power frequency overvaltage

(see 3.3.3.2.2 of IEC 60664.1).

In a system whose neutral is connected to the earthing arrangement of the transformer

substation, such temporary power frequency overvoltage is also to be expected across

insulation which is not in an earthed enclosure when the equipment is outside a building.

In TN systems with a common HV/LV earth, U; and U, will not exceed Ug, so no
special precautions need be taken. However, when the neutral conductor is earthed
via an earth arrangement electrically independent of the earthing arrangement of the
transformer substation (see Figures 12.3 and 12.5 for TN systems), the insulation level
of the low voltage equipment of the transformer substation shall be compatible with
the power frequency stress voltage (Rg % Ig + Ug).

Note: The insulation level of the LV equipment of the transformer substation may be higher
than the value given in Table 12.1.

12.5 Earthing of 11 kV substations

Requirements for high voltage installations are given in BS EN 61936-1 Power
installations exceeding 1 kv AC — Part 1: Common rules. More detailed requirements
for earthing high voltage installations are given in BS EN 50522 Earthing of power
installations exceeding 1 kV. A number of national annexes deal with the particular
requirements for the United Kingdom.

The requirements of BS EN 50522 are probably more onerous than those of BS
7671 and must be complied with. The Health and Safety Executive have supported
the requirements as a means of complying with the Electricity Safety, Quality and
Continuity Regulations.
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Busbar trunking

B Symbols B Fault currents
B Voltage drop

13.1 Symbols

The calculations for busbar trunking are considered separately to cables in conduit and
trunking as manufacturers’ data is usually presented differently. The symbols used by
manufacturers for busbar trunking are often those of CENELEC report R064-003 (see
Appendix E}. The symbols used in this guide are those of BS 7671 and IET guides, but
in this chapter the CENELEC symbols are also listed.

13.2 Voltage drop

Values for trunking voltage drop (mV/A/m) are often given for specific load power
factors, and if this is known the most appropriate from Table 13.1 is selected.

¥ Table 13.1 Typical* busbar trunking voltage drop (in mV/A/m) for three-phase 50 Hz
current, with load distributed along the run. If the load is concentrated at the
end of the run, voltage drops are double the values indicated.

Load Type of KVC-20 KVC-31 KVC-40 KVC-63 KVC-80
power trunking:
factor @

Rating (A):

@=08 0.467 0.190 0.175 0.086 0.0696
@=1 0.577 0.231 0.212 0.094 0.084

* Canalis KVC (200 to 800 A).

Example 1

Consider a 300 A three-phase load at an assumed 0.8 power factor evenly distributed
over a 20 m length of 315 A trunking.

Voltage drop = 300 A x 20 m x 0.190 mV/A/m = 1140 mV' = 1.14 V

Example 2

Consider a 300 A three-phase load at an assumed 0.8 power factor concentrated at the
end of the run of a 20 m length of 315 A trunking.

Voltage drop = 300 A x 20 m x 2 x 0.190 mV/A/m = 2280 mV =228 V
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13.3 Fault currents

In Table 13.2, resistance and reactance are given for a particular medium power busbar
system.

As well as resistance at 20 °C (Rpgph), the table also gives resistance at full-load
temperature (Ryph) and at the average of the temperature of the busbar at full load and
that reached under short-circuit conditions (Ryaph).

¥ Table 13.2 Medium power busbar trunking

KVC-20 KVC-31 KVC-40 KVC-63 KVC-80

CENELEC R064-003 symbols

Rated current Iy, (A) 200 315 400 630 800
Rated peak current (kA) 26 48 52 76 82

Permissible rated short time 7.2 18 19 31 35
(kA r.m.s.)

Live conductors BS 7671 symbol

Rp1ph Average resistance CR 0666 0266 0245 0106 00967
per omducmr at full load Iy,

(m£/m) (ambient temperature

35°%C)

Zyp, Average impedance per Mod (G Ry +X) 0666 0266 0245 0106 00967
mnfa.lm (me/m) 'ﬁ.rﬂ at maximum

Rph ph OF phiy Average 2x 1.48R) 1598 0638 0588 0254 0232
resistance oﬁgdt loops between
live conductors (me/m)

xb.ph,., ot Ave 2% 002 002 002 002 00
reactance of fault Ionps between
live conductors (mg/m)

Notes:
1 For 60 to 400 Hz a.c. or for d.c. please consult your regional customer centre.
2 Rated currents |y, are given for an ge ambient temp of 35 °C and for a casing temperature rise of

no more than 55 °C according to the test conditions of standard 1EC 439.2.

Since the drafting of the CENELEC document, BS 7671 has been amended to require
earth fault loop impedances at full-load temperature only (see notes to Tables 41.2 to
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414), and not the average of the temperature of the conductor at full load and that
reached under short-circuit conditions. It was considered that such detailed corrections
were unnecessary and probably less accurate.

¥ Figure 13.1 Incoming supply
Example busbar
installation
Load lytotal
B

Main distribution board

r
L KN &

¢ -
Load

1
Busbar trunking Disconnector
-
Disconnector
4 Lood

-

Example

50 metres of 315 A busbar is to be supplied from a distribution board, see Figure
13.1 above. The board is assumed to be board B of the distribution system shown in
Figure 6.4 of Chapter 6.

To calculate the three-phase fault current at the origin of the busbar where the busbar
impedance has no effect:

1. Three-phase to earth fault current at B

Impedance

00064 00Ts%

Note 1: Temperature comection is not applied for three-phase to earth faults where the worst
condition is a ‘cold’ installation.

Zys = r2+x? =10.00647+0.01942 = 00204 Q

Ipf= 1.1 x 230/0.0204 = 12 402 A
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2. Three-phase to earth fault current at end of busbar, 20 °C t,
To calculate the three-phase fault current at end of the busbar:

= Cmaxto
L+ Ip+ R+ X

P

Impedance

Note 1: Temperature comection is not applied for three-phase to earth faults where the worst
condition is a ‘cold" installation.

Zyr =2+ x2 =40.01722+0.01992 = 0.0263 Q

Ipf= 1.1 x 230/0.0263 =9 620 A

3. Earth fault loop impedance at end of busbar

Impedance

bttt

Note 2: Correction factor from 20 °C to 70 °C for an aluminium conductor is (70 - 20) x 0.004
= 0.20 (see Table F.4). The correction factor is only applied to the resistive component of the
impedance.

7o = 005472+ 002272 = 0.059 Q

lef= 1.1 x 230/0.059 = 4 288 A

From Table F19, this fault current is sufficient to operate a 315 A BS 88-2 fuse at B
within 5 s. Manufacturers’ moulded case circuit-breaker data would be consulted for
other devices.
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Symbols A

The symbols used in this guide are summarized below. Where the symbol is used in
BS 7671 it has the same description. There are symbals included in the publication that

are not used in BS 7671. The major use in this guide is referenced and symbols not
found in BS 7671 are asterisked *.

Symbol Symbol description Major use

Rating factor — general 40

Calculations for Electricians and Designers
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Symbol description Major use

722

R *  Resistance per metre of line conductorofa  Q/m 26
. hsrs s
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| A A

nominal system voltage Ug divided by ¥3)

symbol Rymbiol descrintion Unit Major tize ¥ Table A.1  Voltage factor c (the ratio between the equivalent voltage source and the
R * t | Q/m 26 '

Nominal voltage Voltage factor c for the calculation of:
Ul'l

maximum minimum
short-circuit currents short-circuit currents
Cmax (Note 1) Cmin

Notes:

1 Cmadn should not exceed the highest voltage U, for equipment of power systems.

2 If no nominal voltage is defined ¢z Un = Uy ©F Cinbp = 0.90 x Uy, should be applied.

3 For low voltage systems with a tolerance of +6%, for example systems renamed from
380V to 400V

4 For low voltage systems with a tolerance of +10%.

Note: The introduction of a voltage factor ¢ is necessary for the following reasons:
» Voltage variation depending on time and place

» Changing of transformer taps

» Neglecting loads and capacitances by calculations

» The subtransient behaviour of generator and motors.
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Note: if t; is 70 °Cand C; = Cg = 1, then

Standard final el
circuits “ ¥

__Ia-Z,
(R +R%) G,

(26.0) Lg for radial circuits

Tables B.1 to B.6 derive the standard circuits found in the IET Electrician’s Guide to the (262) L= M
Building Regulations. Users of the tables must confirm that the design assumptions are (R +R2)C
appropriate for the particular installation, particularly with respect to load and duration.
Users must also check the calculations themselves. The approach taken is to calculate:

for ring circuits

Za1=Ze) i 3
271 L= Za1=Ze) g0 adial circuits
@2 s 2R C, s

1 if the selected cable as installed can carry the load (equations 2.4.1 to 2.4.3)

2 the maximum length of cable that will meet the voltage drop limit (equations (272) Lg= AZar1—-Ze) for ring circuits

25110 2.5.3) 2R G
3 the maximum length of cable that will meet the fault protection requirement for

shock protection (equations 2.6.1 and 2.6.2) @B1) Ly=—22=%¢__ forradial circuits
4 the maximum length of cable that will meet the adiabatic requirements R +RS)CG

(equations 2.8.1 and 2.8.2).

(282) L,= M for ring circuits

The maximum circuit length is then the smallest of 2) to 4) above. (R’ +R%)C
The formulae used are given the equation references below (found in Chapter 2) in where:
column 1 of the following tables: C, is rating factor for grouping, see Table 4C1 of BS 7671 or F3 of the On-Site

|
[ - P —
' GG, G CaGiCrCe

Guide
is rating factor for ambient temperature, see Table 4B1 of BS 7671 or F1 of
the On-Site Guide

Cs is rating factor for thermal resistivity of soil, see Table 4B3 of BS 7671

@42) 1> 20 Cq4 is rating factor for depth of buried cable, see Table 4B4

CeCaCsCa it Ce C; s rating factor for conductors surrounded by thermal insulation, see
Regulation 523.9 of BS 7671 or Table F2 of the On-Site Guide
243) 1,2 Iy C; is a rating factor applied when overload protection is being provided by an
: ColaG GGGy overcurrent device with a fusing factor greater than 1.45, eg. Gy = 0.725 for
semi-enclosed fuses to BS 3036.
... 11.5x1000 T — C. is a rating factor for buried circuits: 0.9 for cables buried in the ground

@31 L= Iy * (MV/A/m) xC, il Genaitaiotier 196 [eiog requiring overload protection, otherwise is 1

C, s rating factor for operating temperature (see Table F.3, Table 13 of the
B 6.9 x 1000 s m b o On-Site Guide)

@38 Ly~ (I5/2) = (mV/A/m) = C; lfg;gghtlng Ut wath evss iy clstributed C; is a rating factor that can be applied if the load current is significantly less
than 1, the current-carrying capacity of the cable in the particular installation
conditions. If C; is taken as 1, any error will be on the safe side. This factor

_ 4x11.5x=1000 SN compensates for the temperature of the cable at the reduced current
@58), twr Iy * (mV/A/m) = Cy for g drunts being less than the temperature at the maximum current information. See
section 5.6
2222 I Iy is the design current
230 +tp —|Cg" Ca” Cs“ Cd™ = 5~ ((tp-30) In s the rated (nominal) current or current setting of the protective device
(254) ¢ = h It is the tabulated current-carrying capacity of a cable found in Appendix F of

230+1p
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the On-Site Guide or Appendix 4 of BS 7671
is the required current-carrying capacity of a cable for continuous service in
its particular installed condition
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L s the length of cable in the circuit ¥ Table B.1 Radial final socket-outlet circuit (Note 7)
L, is the maximum cable length if the adiabatic equation of Regulation 543.1.3

is to be met Equation Element Device type
Ls is the maximum length of cable in the circuit if the disconnection or table calculated

requirements in the event of a fault are to be met in table S

Lss is the maximum cable length for short-circuit protection to be ensured 88-3 3036 3036

Lyg is cable length if the voltage drop limit is not to be exceeded I

(mV/A/m) s the voltage drop per ampere per metre from Appendix 4

R"; is resistance of the line conductor per metre (see Table F.1, Table 11 of the
On-Site Guide)

R"; is resistance of the protective conductor per metre (see Table F.1, Table 11 of
the On-Site Guide)

Z4 is maximum earth fault loop impedance given by the appropriate Table 41.2,
41.3 or 41.4

Z, is maximum adiabatic loop impedance, see Chapter 8 for explanation and
tables of values

Z, is earth fault loop impedance external to the circuit — in this section it is
assumed to be that of the supply, i.e. 0.8 or 0.35 Q.

References used in the following tables:

Fl is to Table F.1 in Appendix F of this Guide (Electrical Installation Design
Guide)

86 is to Table 8.6 of this Guide

4D5 (R) etc. is to Table 4D5 of the IET Wiring Regulations

NP is Not Permitted

412 (R) is to Table 41.2 of the JET Wiring Regulations.
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Notes to Table B.1: ¥ Table B.2  Ring final circuit supplying socket-outlets (Nate 7)
1 Overcurrent protection is required.
2 70 °C thermoplastic flat cable with protective conductor per Table 4D5 of BS 7671.

Equatio Element Device ty
3 Circuits have been designed for the installation reference method listed (generally A). ;;L;';tl‘f: - al:m;:c d b s
The circuit may be used in less onerous conditions. For example, a circuit designed for in table Fuse BS c.b. type
installation reference method A may also be used for reference methods 100, 102, T

3036 88-2

Band C.

4 Disconnection required in 0.4 second for TN installations.

5 See Tables 8.4 and 8.5 for minimum protective conductor sizes.

6 L 0.8 signifies the maximum length for installation method A and external supply
impedance Z, = 0.8 Q.

7 Socket circuits will in most circumstances be required to be additionally protected by a
30 mA RCD (Regulation 411.3.3).

8 A rule-based selection may require a 4 mm2 cable, however a designer may exercise
judgement and select a 2.5 mm? cable.

9 Design load current based on 13 A at the extremity and the balance to the device rating
(20 A) evenly distributed |, = (13 + 20)/2 = 16.5.
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Notes to Table B.2:

Regulation 433.1.103 requires |z = 20 A. Overcurrent protection is not required; this is
significant for rewirable fuses.

70 °C thermoplastic flat cable with protective conductor per Table 4D5 of BS 7671.
Circuits have been designed for the installation reference method listed (generally A).
The circuit may be used in less onerous conditions. For example, a circuit designed for
installation reference method A may also be used for reference methods 100, 102,

Band C.

Disconnection required in 0.4 second for TN installations.

See Tables 8.4 and 8.5 for minimum protective conductor sizes.

L 0.8 signifies the maximum length for installation method A and external supply
impedance 7, =08 2.

Socket circuits will in most circumstances be required to be additionally protected by a 30
mA RCD (Regulation 411.3.3).

Design load current based on 20 A load at the extremity and the balance to device rating
(10 or 12 A) evenly balanced. This equates to 25 A for a 30 A device. 20 A is the maximum
current socket-outlets to BS 1363 are required to handle.
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¥ Table B.3 Cooker circuit protected by a 30/32 A overcurrent device (Note 7)

Equation Element
or table calculated :
in table Fuse BS

Device type

c.b. type

88-3 3036 3036 B8-2
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Notes to Table B.3:

1 Using Table 3.1, assume a cooker rated at up to 14.4 kW at 240 V and assuming a socket is
incorporated in the cooker contral unit, then Iy = 10 + 0.3 (60 - 10) + 5=30A.

2 70 °C thermoplastic flat cable with protective conductor per Table 4D5 of BS 7671.

3 Circuits have been designed for the installation reference method listed (generally A). The
circuit may be used in less onerous conditions. For example, a circuit designed for installation
reference method A may also be used for reference methods 100, 102, B and C.

4 Disconnection required in 0.4 second for TN installations for 30 and 32 A circuits.

See Tables 8.4 and 8.5 for minimum protective conductor sizes.

6 L 0.8 signifies the maximum length for installation method A and external supply
impedance Z, = 0.8 Q.

7 Cooker circuits with a cooker control unit incorporating a socket-outlet will be required to be
additionally protected by a 30 mA RCD (Regulation 411.3.3).

W Table B4 Shower circuits for up to 7.21 KW and 9.6 kW ratings a1 240 V (Nate 7)

Equation Element Device type
or table calculated =
in table

e poun g por Roniaalhe] 0 SN BYj O
SRUBSH] PUR SUPDULII J0F SUONRMYEY
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Motes:

L N

Overcutrent protection is not required as shower loads are fixed; this is significant for rewirable fuses.

70°Ctl lastic flat cable with ductor per Table 4D5 of BS 7571,

Circuits have been designed for the installation reference method listed (generally A). The circuit may be used in less onerous conditions. For example, a circuit designed for
installation reference method A may also be wsed for reference methods 100, 102, B and C

Disconnection required in 0.4 second for TN installations for 30 and 32 A circuits, 5 seconds for 40 and 45 A

See Tables 84 and 8.5 for minimum protective conductor sizes,

L 0.8 signifies the maximum length for i ion method A and I supply i Z, =080

Shower circuits are required 1o be additionally protected by a 30 mA RCD (Regulation 701.411.3.3),

4|

¥ Table B.S Lighting circuits (take note of device ratings |, and Note 1)

Equation Element
or table calculated ===
in table Fuse BS

88-3 3036

B8-

2

Device type

c.b. type
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Notes to Table B.5: ¥ Table B.6 Immersion and storage heater circuit

1 Load has been presumed to be 5 A evenly distributed even when 10 A device is installed
(10 A selected for type B c.bs to avoid unwanted tripping). : = : .

270 °C thermoplastic flat cable with protective conductor per Table 4D5 of BS 7671. ansienat it Devics tpe

3 Circuits have been designed for the installation method listed. The circuit may be used in in table Fuse BS c.b. type
less onerous conditions. For example, a circuit designed for installation method 103 may m
also be used for reference methods 101, A, 100, 102, B and C.

4 Disconnection required in 0.4 second for TN installations.

5 See Tables 8.4 and 8.5 for minimum protective conductor sizes.

6 L 0.8 signifies the maximum length for installation method A and external supply
impedance Z, = 0.8 Q.
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B B

Notes to Table B6:

1 Load has been presumed to be 12.5 A (3 kW at 240 V).

2 70 °C thermoplastic flat cable with protective conductor per Table 4D5 of BS 7671.

3 Circuits have been designed for the installation method listed. The circuit may be used in
less onerous conditions. For example, a circuit designed for installation method 101 may
also be used for reference methods A, 100, 102, B and C.

4 Disconnection required in 0.4 second for TN installations.

See Tables 8.4 and 8.5 for minimum protective conductor sizes.

L 0.8 signifies the maximum length for installation method A and external supply

impedance Z.=0.8 Q.
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C

minimum peak tripping current calculated by multiplying I, by the lower multiple of the

] ) ;

Avo' d a n c e of instantaneous trip and then by 1.414 (crest factor).
= =

unintentional

¥ Table €.1  Circuit-breaker minimum peak tripping current (4)

Circuit- Circuit-breaker rated current
breaker
type

16A 20A 25A 32A 40A

operation of
circuit-breakers

Circuit-breaker

(The following typical manufacturer's guidance is reproduced with the kind permission (e
of Hager.)
The unintentional operation of circuit-breakers is most commanly known as nuisance H125H 16-125 = 1131

tripping, and care must be taken in the selection of circuit-breakers to prevent their
unintentional operation.

Regulation 533.2.1 states that:

H400N 320 1810 3620
400 2262 4525

; o ; § HBOON 800 4525 9050

The peak current values of a load are the starting characteristics, which may include

inrush current. The load characteristics should be compared with the minimum tripping : ) )

current of the circuit-breaker, see Figure C.1. For other settings use: (I, x magnetic setting — 20%) x 1.414
¥ Figure C.1 ohii s PR
Grcug_‘t', e A C.1 Lighting circuit applications
characteristic GE" For the protection of lighting circuits the designer must select the circuit-breaker with the

=

lowest instantaneous trip current compatible with the inrush currents likely to develop
in the circuit. High-frequency (HF) ballasts are often singled out for their high inrush
currents but they do not differ widely from conventional 50 Hz versions. The highest
value is reached when the ballast is switched on at the moment the mains sine wave
passes through zero. The HF system is a 'rapid start’ arrangement, in which all lamps
start at the same time. Therefore the total inrush current of a lighting circuit incorporating
HF ballasts exceeds the usual values of a conventional 50 Hz system. Where multiple
ballasts are used in lighting schemes, the peak current increases proportionally. Mains
circuit impedance will reduce the peak current but will not affect the pulse time. The
prablem facing the installation designer in selecting the correct circuit-breaker is that the
surge characteristics of high-frequency ballasts vary from manufacturer to manufacturer.
o Some may be as low as 12 A with a pulse time of 3 milliseconds and some as high as
Current, A 35 Awith a pulse time of 1 millisecond. Therefore it is important to obtain the expected
inrush current of the equipment from the manufacturer in order to find out how many
HF ballasts can safely be supplied from one circuit-breaker without the risk of nuisance
tripping. This information can then be divided into the minimum peak tripping current
of the circuit-breaker.

|Running
current

Inrush peak load current should be compared with the minimum peak tripping current
of the circuit-breaker to ensure that unwanted tripping is avoided. The inrush peak
current value is obtained from the manufacturer of the load equipment, and the
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Example
How many HF ballasts, each having an expected inrush of 20 A, can be supplied by a

16 A type C circuit-breaker?
From Table C.1, 16 A type C, we have a minimum peak tripping current of 113 A,
Therefore 113/20 = 5.65

Hence, a maximum of 5 ballasts can be supplied by a 16 A type C circuit-breaker.
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D.2 Temperatures (core and sheath)
(Effect of load current on conductor operating
temperature)

c a Icul ations The conductor operating temperature at other than the full load current can be

determined from the equation:

I {r I
. K hencetb=—bz(lp—tﬂ)+ta
Iy -1 It

433 D1 Cable life where:

Iy = load current resulting in a conductor temperature ty, at an ambient t,

Bﬁ“’"_ Cables Association _ _ ly = tabulated current rating in Appendix 4 of BS 7671, resulting in a conductor
The advice of the British Cables Association is: ‘Estimating the life of a cable can only temperature t, at ambient t,

be approximate.’

Further cable

. ) ) This relationship assumes that temperature rise of a cable is proportional to the square
There is no definitive or simple calculation method that can be used to determine the of the current.

life expectancy of a fixed wiring cable.

Many factors determine the life of a cable, including for example: . 5237, D.3  Inductance of cables in parallel
npx 10 . o f

) PP Consider 3 x 300 mm?2 aluminium conductor cables, non-armoured, installed as per
» mechanical damage Reference Method F, with the spacing being considered as either one cable diameter
> presence of water or two cable diameters. BS 7671 Table 4)1B column 9 gives the impedance of the cables
» chemical contamination at 90 °C in mV/A/m (or mey/m) as:
» solar or infrared radiation
» number of overloads =

e 2, y2

» number of short-circuits ' * PR
> effects of harmonics 022 03 0.37
» temperature at terminations
> temperature of the cable. Figure D.1 gives that, if the actual spacing is two cable diameters, the additional

: ; : o reactance is 0.1 m£/m. The impedance of the cable now becomes:
Provided an appropriate good quality cable has been selected taking into account

operating temperature, installation conditions, equipment it is being attached to, and in =
accordance with appropriate regulations, it should meet or exceed its design life. = Ve xs

022 04 0.46

The design life of good quality fixed wiring cables is in excess of 20 years, when
appropriately selected and installed. This design life has been assessed on a maximum
loading — that is, the cable running at its maximum conductor operating temperature ¥ Figure D.1

for 24 hours a day and 365 days a year. Acdiionzl reartance
for non-armoured
g : single-core cables
If an installation is not fully loaded all the time, the expected life of the cable would be M‘i wider spacing than
greater than the design life of the cable. one cable diameter
5 ao o s . . Additional
There are many instances of good quality fixed wiring cables operating for in excess Diseitin
of 40 years; this is mainly due to the cables not being abused and being lightly or mQ/m
periodically loaded.
0.05 i
, i i
1 2 3 4 5
Actual spacing, cable diometers
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The voltage drop tables make reference to units of (mV/A/m) forr, x and z.

Note that cables with uneven spacing will have uneven balance of load between
them. There are certain cable arrangements that provide reasonable current sharing
(examples being given in Figure 9.8 of the Commentary).

Other arrangements may provide acceptable current sharing, but consideration will
have to be given to the different reactances, and the values must be calculated.

525100 D.4 Calculation of sheath voltages

¥ Figure D.2

Voltages on single-core

sheathed cables

Vs
+—

G i
H H

[l

Sheath voltages in single point bonded systems operating at 50 Hz may be calculated
using the following equations:

Single-phase Vg =2XI Vi/km
V=X V/km
Three-phase, trefoil Vo= NET V/km
Ve =Xl Vi/km
Three-phase, flat Vo = V31 (X+Xm) W/km
Vo = 1Y (X34 XX + X %) V/km
where:

Xm =0.0433 Q/km

X =0.0628 loge(2 S/d,) /km

S = spacing between cable centres in mm

d; = mean sheath or armour diameter in mm

V; =voltage between sheaths, between outers for three flat arrangements
Ve = voltage sheath to earth, outer to earth for three flat arrangements

1 — I ine cummant
i = iine Cuimeni.
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¥ Table D.1 Sheath to sheath voltage for cables to BS 5467 (mV/A/m). Single paint bonding of sheath or
armour; voltages between sheaths or armouring of outer conductors.

Nominal Single-phase Three-phase
size T e

Touching Spaced Spaced Trefoil Flat Spaced Spaced

2xDe 5x De touching 2 x D, 5x De
(mm?) (mV) (mV) (mV) (mVv) (mV) (mV) (mV)

700 on7 0.204 0320 0101 0177

1200 013 0.200 0316 0173 )
o0an 019 0.096 0172 0.248

3000 0108 0195 03 0169 0245 0345

31 0094
5000 0106 0194 0309 0.092 0168 0243 0343
S0 P . T ; -

0167

0105 0192 0308 0.0t 0. 0342

Notes:
1 Voltages given for three-phase flat touching and spaced cables refer to the outer cables.
2 D, is the overall cable diameter.
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¥ Table D.2 Sheath or armour voltage to earth for cables to BS 5467, BS 6346 and BS 6480 (mV/A/m). Single
point bonding of sheath or armour; voltages between sheaths or armouring of outer conductors.

Nominal Single-phase Three-phase

ks Touching Spaced Spaced Trefoil Flat Spaced Spaced

2 xDe 5x De touching 2x D, 5x De

(mm?) (mV) (mV) (mV) (mv) (mV) (mV) (mV)

i 0.158 0.056 0.087 28

0056 0086 0.127 0183

3000 0054 009 0155 0054 0085 0125 018

5000 0053 0.097 0155 0053 0084 0125 0.180

00 0053 0.096 0154 0053 0083 0.124 0180

Notes:
1 Voltages given for three-phase flat touching and spaced cables refer to the outer cables.
2 Dgis the overall cable diameter.

Figure D.2 shows sheath to sheath and sheath to earth voltages.

Tables D.1 and D.2 tabulate voltages calculated using the formulae above for cables to
BS 5467, BS 6346 and BS 6480.

Example

Consider 2 x 630 mm2 aluminium conductor cables per phase supplying the load from
a 1 MVA transformer. The full-load line current per cable is of the order of 700 A.

Assuming a two diameter spacing, the sheath or armour to earth voltage given by Table
D.2 is 0.124 x 700/1000 V/m = 0.087 V/m.

Cable length of the order of 250 m would be necessary to generate 25 V to earth
under full-load conditions. Such transformer cables are rarely longer than 15 m.
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Symbols from
CENELEC report

R064-003

Rb1 ph
Rbo

Ri

Rba

Xpen

Design current of the circuit being considered (A) (IEV 826-05-04)
Current-carrying capacity of a conductor (A) (IEV 826-05-05)

Fault current (A)

Rated current of busbar trunking system, in an ambient temperature of
30°C (A)

Thermal stress capacity of line, neutral or PE (PEN) conductor given in
general for one second (AZ:s) (IEV 447-07-17 and EN 60439-2, 4.3)
Route length (m)

Length of busbar trunking system (m)

Resistance of the neutral conductor upstream of the circuit being
considered

Resistance of the protective conductor from the main equipotential
bonding to the origin of the circuit being considered

Resistance of the PEN conductor from the main equipotential bonding to
the origin of the circuit being considered

Resistance upstream of the source

Resistance of the source

Mean ohmic resistance of busbar trunking system (BTS) per metre, per
phase, at rated current I at the steady-state operating temperature
Resistive term of mean line-line, line-neutral or line-PE (-PEN) BTS loop
impedance, at 20 °C

Resistive term of mean line-ling, line-neutral or line-PC (-PEN) BTS loop
impedance at rated current |, at the steady-state operating temperature
Resistive term of mean line-ling, line-neutral or line-PE (-PEN) BTS loop
impedance at the mean temperature between the operating temperature
at rated current I, and the maximum temperature under short-circuit
conditions

Resistance of the line conductor upstream of the circuit being considered
Cross-sectional area of conductor

Cross-sectional area of neutral conductor

Cross-sectional area of protective conductor

Cross-sectional area of PEN conductor

Short-circuit power of the high voltage network (kVA)

Cross-sectional area of line conductor (mm?2)

Line to neutral nominal voltage of the installation (V)

Line to line nominal voltage of the installation (V)

Reactance of the neutral conductor upstream of the circuit being
considered

Reactance of the protective conductor from the main equipotential
bonding to the origin of the circuit being considered

Reactance of the PEN conductor from the main equipotential bonding to
the origin of the circuit being considered (V)
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A1
Xp

Kbph
Xy

NpeEN

Nph
I8

Po
P

pP3

E

Reactance upstream of the source

Reactance of the source

Reactance term of mean line-line, line-neutral or line-PE (-PEN) BTS loop
impedance

Mean reactance of BTS line conductor, per metre

Reactance of the line conductor upstream of the circuit; X, = Exphm

Impedance upstream of the source, Z= YR3+ X3
Impedance of the source, Z; = YR? + X2

Lo=TIn+1; =\I'R§ +X2

Voltage factor

No load voltage factor

Number of neutral conductors in parallel

Number of protective conductors in parallel

MNumber of PEN conductors in parallel

Mumber of line conductors in parallel

Linear reactance of conductors

Resistivity of conductors at 20 °C

Resistivity of conductors at the maximum permissible steady-state
operating temperature

Resistivity of conductors at the mean temperature between steady-state
temperature and final short-circuit temperature

Resistivity of separate PE conductors at the mean temperature between
ambient and final short-circuit temperature.
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Equipment data

¥ Table F.1  Values of resistance/metre for copper and aluminium conductors
(On-Site Guide Table 1)

Cross-sectional area Resistance/metre
(mm2) or (R"; + R";)/metre
(m¢2/m) at 20 °C

Line Protective
conductor conductor Copper Aluminium

S, - 12.10

15 1 30.20
15 15 24.20

4 461
4 15 1671
4 25 1202
4 4 922
10 - 1.83
10 4 6.44
10 6 491
10 10 366

25 - 0727 1.20
25 10 2557 =
25 16 1877 =
25 25 1454 240

Notes:
1 From BS 6360, Table 2,
2 For larger sizes see Tables F.6 and F7 and Chapter 10.
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¥ Table F.2  Ambient temperature multipliers Cg3 to be applied to Table F1 resistances to
convert resistances at 20 °C to other ambient temperatures

Expected ambient Correction factor Cg3
temperature (°C)
5 094

15 0.98

25: 1.02

Note:

The correction factor is given by

Crp =1 + 0.004 {ambient temp — 20 *C}

where 0.004 is the simplified resistance coefficient per °C at 20 °C given by BS EN 60228 for
copper and aluminium conductors.

¥ Table F.3  Conductor temperature multiplier C, to convert conductor resistance at 20 °C
to conductor resistance at maximum operating temperature (On-Site Guide
Table 13)

Conductor Installation Conductor operating temperature
and insulation type

70°C 90 °C 90 °C
thermoplastic  thermoplastic  thermosetting?
(PVC) (PVC)

Conductor incorporated in a 120 128 1.28

cable or bunched23
1 See Table 54.2 in Table 8.1 of Chapter 8. These factors apply when protective conductor is

not incorporated or bunched with cables, or for bare protective conductors in contact with

cable covering. They comrect from 20 °C to 30 °C.

See Table 54.3 in Table 8.1 of Chapter 8. These factors apply when the protective

conductor is a core in a cable or is bunched with cables.

The factors are given by

C; =1+ 0,004 {conductor operating temperature = 20 °C}

where 0,004 is the simplified resistance coefficient per *C at 20 °C given in BS EN 60228

for copper and aluminium conductors.

4 |f cable loading is such that the maximum operating temperature is 70 °C, thermoplastic
(70 °C) factors are appropriate.

)
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V Table F.4 Coefficients of resistance for conductors

Material

* An average value of 0.004 is often used for copper and aluminium,

¥V Table F.5  Impedance of distribution transformers referred to 415, 480 or 240 V systems
as appropriate

Transformer Resistance per line Reactance per line

Rating (kVA) (@ S

* Three-wire transformer with links arranged for two-wire output.
From Electricity Association Engineering Recommendation P. 28, Table D6, now available from
the Energy Networks Association.
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V Table F.6 Thermoplastic (PVC) insulated single-core copper cables, resistance and
reactance values at 20 °C

Maximum values of copper conductors
Nominal area at20°C
of conductors
(mm2) Resistance r Reactance x
(mo2/m) (m2/m)

Notes:
1 The values of reactance given above apply only when two cables are installed touching
throughout or when three cables are installed in trefoil formatian touching throughout.
Resistance values from BS EN 60228.
Reactance values from cable manufacturers,
2 For other cable configurations resistance and reactance values for conductors can be
derived from Table 4D1B of BS 7671 at 70 °C.
The resistance component of voltage drop in the three-phase column is divided by (¥3 x
1.20) and the reactive component divided by ¥3, see Chapter 10.
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¥ Table F.7B Cross cross-sectional area of steel armour wires for two-core, three-core and
four-core 600/1000 V thermoplastic (PVC) insulated cables to BS 6346

Cross-sectional area of round armour wires (mm2)

Cables with stranded copper Cables with solid

Nominal T
conductors aluminium conductors

area of -
conductor  Two- Three- Four- Four- Two- Three- Four-
(mm?2) core core core core core core core
(reduced
neutral)

¥ Table FTA impedance of conductor and ammour for two-core, three-core and four-core thermaplastic (PVC) insulated cables having steel-wine armous

5 L

Impedance of cable at 20 *C

Nominal z -
- Steel-wire armour

cro:

25 stranded copper conduetors salid aluminium conductors
Copper Aluminium

conductor conductar conductor Two-core Three-core Four-core Three-core Four-
(mm?) {equal)

600/1000 V 600/1000 V 600/1000 V 600/1000 V 600/1000 V 600/1000 V : :
50 74 84 122 94 66 78 13

35 122 138 160 157 109 28 147

150 144 21 240 235 - @ 220

16 1150 008 18100 009 350 e 32 = 220 =2 37 = 340 = 240 =

35 054 008 0868 008 240 - 21 S T T T T 240 225 260 299 289 = 240 274
i Cs0 20 s m @3 - e w04

| %5 ol 008 030 008 13 03 12 03 0% 03 15 03 130 03 10 03 A% ol A = - - -
120 0155 008 0255 008 120 03 LI 03 07l Q3 - - 120 03 078 03 * Circular conductors

From BS 6346, Table 36.
185 00991 008 0164 008 078 03 068 03 058 03 = = 075 05 064 03

300 00601 008 0100 008 063 035 054 035 047 03 - - 05 03 052 03

Source for resistances BS 6346, Table H2.

4
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¥ Table FAA Impedance of conductor and armour for two-core, three-core and four-core thermaosatting (90 °C) insulated cables having steel-wine armour
4 5

Nominal

cross-
sectional

Stranded copper conductors Solid aluminium conductors

area of Copper
conductor conductor Two-core Three-core Two-core Three-core Four-core
{mm2)

r

A0 e e R T e

6 3,080 - - - 700 - 660 - 430 - - - - - - -

3 1150 009 1910 009 380 - 360 - 320 - 40 - 38 - 340 -

35 0524 008 08e8 008 250 = 230 = 200 = 25 = 25 = 220 =

0 0368 008 0443 008 2.00 03 180 03 120 03 23 03 13 03 130 03

&
g

120 0153 008 0253 008 130 03 120 03 07 03

g
g
g
8

185 00591 008 0164 L] 0.82 a3 a7 a3

300 00501 00 0D 008 067 03 058 03 043 03 054 03

Source for resistances BS 5467, Table 28.

4

¥ Table F.8B Cross cross-sectional area of steel armour wires for two-core, three-core and
four-core 600/1000 V cables with thermosetting insulation to BS 5467

Cross-sectional area of round armour wires (mm2)

Cables with stranded copper Cables with solid

Nominal o
conductors aluminium conductors

area of e
conductor Two- Three- Four- Four- Two- Three- Four-
(mm?2) core core core core core core core
(reduced
neutral)

1.5% 16 17 18 = = 16 17

a5 13 128 147 144 100 13 128

150 138 201 230 220 - 138 201

240 215 250 289 279 - 215 250

400 265 304 452 343 - 265 304
* Circular conductors
From BS 5467, Table 33,

¥ Table F.9  Single-core cables having solid aluminium conductors and aluminium strip
armour at 20 °C

Impedance values at 20 °C (m{}/m)
Nominal area

Conductor Conductor
of conductor

Strip armour resistance

(mm2) resistance reactance
r X 600/1000 V 1900/3300 V
Mot applicable,
°00 80215 909 not used as earth conductor
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¥ Table F.10 Cross-sectional areas of steel conduit and trunking

Heavy Gauge Steel Conduit

Nominal diameter
(mm)

Steel Surface Trunking (sample sizes)

Nominal size Minimum steel cross-sectional area
(mm x mm) without lid (mm2)

50x 50 135

100 x 50 216

150 x 100 378

Steel Underfloor Trunking (sample sizes)

Nominal size Minimum steel cross-sectional area

(mm x mm) without lid (mm2)

75x25 118

100 x 100 213
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¥ Table F.11  Impedance of steel conduit at 20 °C

Heavy gauge

Nominal conduit Typical impedance?
size

Resistance r Reactance x
(mm) (mg)/m)? (mQ/m)!

Light gauge

Nominal conduit Typical impedance

size =
Resistance r Reactance x

(mm) (m/m)! (mo2/m)!

Notes:

1 Typical values are taken at fault currents greater than 100 A. When lf is less than 100 A, the
tabulated impedances should be doubled.

2 When touch voltages on the conduit are being determined the product of current and
resistance (r) gives a good approximation. The inductance of the conduit is reflected into
the enclosed cables and is not effective on the conduit itself.

3 The above values are at 20 °C but may be assumed to be independent of temperature and
are used for design and verification.
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¥ Table F.12 Impedance of steel trunking (Note 2)

Typical impedance at 20 °C

Resistance r Reactance x
(mo2/m) (m2/m)

3
5
2
2

75 xTa 1.37 137

10075

150 % 50

150 x 100 0.81 0.81

Notes:

1 When determining touch voltages on the trunking, the product of current and resistance (r)
gives a good approximation.

2 The above values are at 20 °C but may be assumed to be independent of temperature and
are used for design and verification.

¥ Table F.13  Impedance of steel trunking (Note 2)

Size Typical impedance at 20 °C

Resistance r Reactance x
(mm x mm) (m2/m) (mo2/m)

75x 375 116 1.16

100 x 37.5 099 099
150 x 37.5 0.69 0.69
225 X375 049 049

Notes:

1 When determining touch voltages on the trunking, the product of current and resistance (1)
gives a good approximation.

2 The above values are at 20 °C but may be assumed to be independent of temperature and
are used for design and verification.
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¥ Table F.14 Resistance values (m£/m) for 500 V (light duty), multicore, mineral-insulated cables — copper —
exposed to touch or thermoplastic covered

Cable ref. Ry Ry Ry Ry Ry

Ry 2
Conductor Sheath Conductor Sheath Conductor Sheath
resistance resistance resistance resistance resistance resistance
20°C 20°C

Exposed to touch Not exposed to touch
70 °C sheath 105 °C sheath

3.5 12,10 267 1462 3.02 1638 327

L5 1210 178 1462 2.02 16.38 218
Note:

The calculation of Ry + Ry for mineral-insulated cables differs from other cables, in that the loaded conductor
temperature is not tabulated. Table 4G of Appendix 4 of BS 7671 gives normal full load sheath operating temperatures
of 70 °C for thermoplastic sheathed types and 105 °C for bare cables not in contact with combustible materials, in
a 30 °C ambient. Magnesium oxide is a relatively good thermal conductor, and being in a thin layer, it is found that
conductor temperatures are usually only some 3 °C higher than sheath temperatures.

The sheath is of copper to a different matenial standard to that of the conductors, and the coefficient of resistance
0.004 does not apply. A coefficient of 0.00275 at 20 °C can be used for sheath resistance change calculations. Tables
F.14 and F.15 give calculated values of Ry and R, at a standard 20 °C and at standard sheath operating temperatures
and these can be used directly for calculations at full load temperatures for devices in Appendix 3 of BS 7671.

¥ Table F.15  Resistance values (m€/m) for 750 V (heavy duty) mineral-insulated cables — copper

Cable ref. Ry Rz Ry Rz Ry Rz
Conductor Sheath Conductor Sheath Conductor Sheath
resistance  resistance  resistance resistance resistance resistance

20°C 20°C e e

Exposed to touch Not exposed to touch
70 °C sheath 105 °C sheath

1H16 116 1.81 140 205 157 222

1H70 0.268 0767 0324 0.869 0363 094

continues
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F

¥ Table F.15 continued

Cable ref. Ry Rs Ry Rz Ry Rz
Conductor Sheath Conductor Sheath Conductor Sheath
resistance  resistance  resistance resistance resistance resistance

20°C 20°C e
Exposed to touch Not exposed to touch

70 °C sheath 105 °C sheath

‘ g‘

5
Z

¥ Table F.16 Resistance values (mey/m) for 1000 V (heavy duty) single-core mineral-nsulated cables - copper

les exposed to touch Cables NOT exposed to touch
ed cables Bare cables

e E
1 E

Effective Loop resistance duri Loop resistance at full Loop resistance duri
sheath load (R + R3) earth fault (R, + load (R; + R3) earth fault (R, +
area®
(mm2) Con-  Sheath Single- Three- Single- Three- Single- Three- Single-  Thr

ductor phase  phase phase  phase phase  phase phase

:
E
g
;
8

2-wire 3-wire 4-wire 2-wire 3-wire 4-wire 2-wire 3-wire 4-wire 2-wire 3-wire d-wire

8
g
:

0.878 0618

:

0.669

147 8.95 1.66

g

18

103 372 117 417

g

3H6E

B

04930 055 052 042 037 059 051 044 055 044 039 060 052 046

3H16 116 0622 1.40 0.704 1.57

1x150 44 0140 039 036 029 025 040 034 030 038 030 035 042 034 03

3

1x240 70 00775 025 023 018 016 025 021 oM 04 018 017 02 02 019

* The term effective sheath areq is used because the conductivity of the copper used for the sheath is lower than that used for the conductors. The value shown is calculated as if the
materials were the same and enables a direct comparison to be made between conductor and sheath cross-sectional areas.

Hepoutyag pur Batssal] 0 sOneie AE 3

SRUERI] PUR SUPULIAR 10§ SUOGHRORT

A4H4 461 1.04 5.57 118 6.24 127 » When Using single-core cables the protective conductor is made up of: 2 sheaths in parallel for single-phase circuits; 3 sheatis in paraliel for three-phase three-wire circuits; and 4
sheaths in parallel for three-phase four-wire cirous.
_ * For cables with line conductoes greater than 35 mm? the inductance may need to be considered; however, fior single-core cables the inductance will vary with the method of
ﬂH'IQ 1,85 069 221 0’7&] m installation and the manufacturer should be contacted for further information.
4H25 0727 0423 0878 0479 0984 0518 g
7H25. 741 0959 8.95 009 10.03 118

12H25 741 063 895

‘,

Note: See the note to Table F14.
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¥ Table FA7 Correction factors for change of conductor ressstance with temperature. The product of these comection factors and the conductor

Conductor type

81 20 °C gives the increase in resistance

Conductor material

insulation of pro

Fault

conductor or cable co

4 |

¥ Table F.18A 230 V single-phase supplies up to 100 A (from Engineering Recommendation
P25): estimated maximum prospective short-circuit current at the electricity
distributor’s cut-out based on declared level of 16 kA (0.55 pf) at the point of
connection of the service line to the LV distributing main

35 mm2 Al or 25 mm2 Cu
service cable or overhead

Length of Up to 25 mm2 Al or
service line 16 mm2 Cu service cable

(m) r overhead line line (looped serv

p.s.c.c. (kA) p.f. p.s.c.c. (kA)

continues
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¥ Table F.18A continued

Length of Up to 25 mm?2 Al or 35 mm2 Al or 25 mm2 Cu
service line 16 mm? Cu service cable service cable or overhead
(m) or overhead line line (looped service)

p.s.c.c. (kA) pf. p.s.c.c. (kA)

¥ Table F.18B 415 V three-phase supplies, 25 kA ps.c.c. (from Engineering Recommendation P26): estimated
maximum p.s.c.c. at the electricity distributor's cut-out based on declared levels of 25 kA (0.23
p.t) at the point of connection of the service line to the busbars in the distribution substation

Length Service line cross-sectional area
service
line
(m) pscc.  pf pscc.  ph pscc  pf pscc. pf pscc.  pf

(kA) (kA) (L)) (kA) (kA)

o 250 02 250 02 250 0.2 250 02 250 02

95 mm?2 Al 120 mm2 Al 185 mm2 Al 240 mm2 Al 300 mm2 Al

10 21.1 05 217 04 224 04 227 03 228 03

20 175 0.6 18.6 06 200 0.5 205 04 209 04

30 146 07 16.0 07 179 0.5 187 05 19.2 04

SRuBsa pup SUPDULI J0] SUONRFDID)

40 124 0.8 139 0.7 16.1 0.6 171 05 177 05

e qounpg prr Bl 0 SORWTIY 3] 3

50 108 08 123 08 146 06 157 06 164 05

¥ Table F.18C 415 V three-phase supplies, 18 kA pscc. (from Engneering
distributor’s cut-out based on declared levels of 18 kA (0.5 pi) at the point of connection of the service line to the LV distibution main

Service line cross-sectional area

18
4|
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Notes to Table F.19:

1 Breaking range and utilization category

The first letter indicates the breaking range:

= ‘g fuse-links (full-range breaking-capacity fuse-link);

= ‘g fuse-links {partial-range breaking-capacity fuse-link).

The second letter indicates the utilization category:

= 'gC’ indicates fuse-links with a full-range breaking capacity for general application;

= ‘gM’ indicates fuse-links with a full-range breaking capacity for the protection of motor
cireuits;

= ‘aM' indicates fuse-links with a partial range breaking capacity for the protection of motor
circuits;

= ‘gD’ indicates time-delay fuse-links with a full-range breaking capacity;

= ‘gN’ indicates non-time-delay fuse-links with a full-range breaking capacity.

Imin (10 5 is the minimum value of current for which the pre-arcing time is not less than

10s.

Imay {5 5) is the maximum value of current for which the operating time is not more than

S5s.

‘gC’ fuse-links can be used for the protection of motor circuits, if their characteristics are

such that the link is capable of withstanding the motor starting current.

(5]

-

¥ Table F.19  Gates for specified pre-arcing times for BS EN 60269-2 and BS 88 ‘g’ and g’ fuse-links {from Table 3 of BS EN 60268-1)
] 3 4 5 L 7 8 9

In fo " 2 - ) Ienie (0.1 5) Imax (0.1 5) Max 7, 1(53) Max Z,

0.4 5)
e, for Fig. 3A3 BS 7671 for 0.4 5 Fig. 3A3 BS 7671 forSs
disconnection disconnection
(A} (A) (A} (A) Table 41.2 (A) Table 41.4

4 |
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A

Adiabatic, equation
curve plotting
After-diversity demand
Aluminium,
cables
coefficient of resistance
conductors
resistance
Aluminium strip armour cables
Ambient temperature,
correction factor
multiplier
Area, steel underfloor trunking
Armour, current rating
Attenuation of fault level
Automatic disconnection of supply

B
Basic protection
Bonding conductors, supplementary
BS 88 fuse characteristics
BS 88 fuse disconnection times
BS 3036 fuse disconnection times
BS 7671 Appendix 4

Table 4B1

Table 4C1

Table 41.1

Table 41.3

Table 54.7
Busbar trunking, general

fault currents

voltage drop

adiabatics

armaour
armaour area

28,45 81,84
86,88
34

Table F9

10.2, Tables F4, F17
Ch. 10

Tables F1, E7A, FBA, F9
Table F.9

432,932
4.3.2, Table F2
Table F10

89

6.2.2

712

71

8.11.3

8.6, 88
Tables 8.6, 8.8
Table 8.7
43, 46,53
432

433

7.21

723

82

Ch. 13

133

13.2

432

435

4.3.5

4.3.5

433

434

6.3.2, 9.3.2, Table F.3
4.3.5

56

ag
8.7, Table F.8B
Tables 8.9, F7B, F.8B

Calculations for Electricians and Designers
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armour as protective conductor
calculations, further
core temperature
data
impedance
life
ratings, harmonics
reactance
sheath earth
sheath temperature
voltage drop
Cables
buried in ground
in parallel, inductance
in thermal insulation
Calculations
current-carrying capacity
final circuit current demand
motor
prospective fault levels
shock protection
voltage drop
Cartridge fuse short-circuit capacity
CENELEC Report R0O64-003
symbols
Certificates
Circuit-breaker
characteristics
energy let-through
short-circuit capacity
unintentional operation
Circuit
cooker
demand
final
immersion heater
lighting
motor
protective conductor sizes
shower
Circuits
lightly loaded
standard
Coefficient of resistance
Completion certificates
Complex installations
Conductor
adiabatics
impedance
operating temperature
Conduit
Continuity testing
Cooker circuit
Cooking diversity

Coordination load, device and cable characteristics

Copper
coefficient of resistance
conductor resistance

8.7 Table 89
Appx D
D.2
Appx F
10.3
D1
1.2
D3

8.7

D2
10.3

4.3.5

131
Appx E
1.8, 221

Appx C, 4.5
842,85
6.1

Appx C

3.3.0 Ex2

33

Ch. 2, Appx B

3.3 Ex4

330 Ex3

3.3.]1 Ex5
2.8,Ch.8

24,1, 2.6, 3.3.1 Exi

433

Appx B

10.2, Table F4
1.8

3.5

86

Ch. 10

43.6,D.2, Table F.3
8.10

9.2

330 Ex2

34

24

10.2, Tables F4, F17

Tables F1, F.6, E7A, F8A, F14, F15, F16
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conductors
Core temperature
Correction factors
Cross-sectional area,

armour

steel conduit

trunking
Current-carrying capacity
Currents fault
Currents overload

D
Definitions, symbols
Demand

commercial

domestic

final circuit
Departures from BS 7671
Design
Design current I,
Design, preliminary
Design responsibility
Deterioration of cables
Direct contact see Basic protection
Disconnection times
Distribution circuit,

diversity

overcurrent protection
Distribution design
Distribution systern,

calculations

voltage drop
Distribution transformer

impedance
Diversity
Domestic demand

E

Earthing arrangements

Earthing conductor

Earthing of 11 kV substations

Embedded generation

Equipment tables

External earth fault loop
impedance

F
Fault currents
busbar trunking
determined by enguiry
Fault protection
Fault rating, switchgear
Fault voltage
Final circuit
demand
diversity
formiilae
thermal insulation
voltage drop

Ch. 10
D.2
6.3.2, Table F17

Tables F.78B, F.8B
Table F10

Table F10

4.3

421

422

4.0, Appx A
Ch.3

340 Ex
31,340 Ex2
33

1.8

ch.1

24

4.1

1.8

Appx D

7.2

3.4
42
14

6.3.3
5.2

Table F5
Ch. 3,34
30,340 Ex2

222
a1
125
1.1.2
Appx F

223,62

42.,Ch.6
13.3

6.2
26,71,813
23

123

1.5, Ch. 2, 2.9, Appx B
33

34

Appx B

Appx B
25,51
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Formulae, circuits
Fundamental frequency
Fuse characteristics

G

Grouping,
lightly loaded
overload
rating factor
three-phase

H

Harmonics
cable ratings
discharge lamps
overcurrent protection
switch-mode power supplies
voltage drop

Household demand

HV supplies

HV system earth faults

1
2t
characteristics
energy let-through
Immersion heater circuit
Impedance
steel conduit
steel trunking
transformers
Indirect contact see Fault protection
Inductance of cables in parallel
Inrush current
Installation
certificates
design overcurrent
outline
schematic
small
voltage drop
Isolation
|y tabulated cable rating

1
no entries

K
k factor
Kitchen demand

L
Lead, coefficient of resistance
Let-through energy
Life of cables
Lighting circuits
voltage drop
Load
characteristics

Appx B
1.1
45,84, 86,88, 89

4.3.3

4.6
433
433

Ch. 1
n2
{18
1n4
{18}
1.3
3.1

1.2
123

8.1

45

85

331 Ex4

Ch. 10

Table E11
Tables F12, F13
Table F.5

D3
Appx C

1.8.2

4.2
13,32
32

2.21
ch.5

1.6
241,431

82
31

10.2, Table F4
45

DI

3.3.1 Ex3, Appx B
25

11
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diversity
power factor — voltage drop

m
Main bonding conductors
Maximum demand

Maximum earth fault loop impedance
Maximum prospective short-circuit current

Mineral cable
heavy duty
light duty

Motor circuit

Motor diversity

(mV/A/m)

N
New supplies

o

Office design

Overcurrent devices, cables, circuits

Overcurrent protection

Overload currents
not simultaneous
parallel cables
protection
protection against
protection, omission
small

Overvoltage protection

P
Parallel cables
Part 7
Peak tripping current
Phase displacement
PME
Power factor — voltage drop
Power frequency stress voltages
Prospective fault current
Prospective short-circuit currents
single-phase
three-phase
Protection against
electric shock
overload and short-circuit
Protective conductor
adiabatic
armour as
conduit as
cross-sectional area
reduced section
sheath of cable
sizes
trunking as
Protective measures, shock
DA Fahlac

v famas

single-core

31
54

8111
ch.3
723

6.2

Tables F15, F16
Table F14

331 Ex5,47
34

Ch. 5,103

22

341
24

42

422

46

442
8.1.2

44
243,45
423

Ch. 12

D3

146

Appx C

ch. 1
6.2.4

5.5

12.4

143, Ch. 6

Table F18A
Table F.18B

71
27 44

28,83 86,88
145,87 88,89
8.10

8.2
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Q

no entries

R
Ry + Rz
Radial final circuits
voltage drop
Rated short-circuit capacities
Rating factors
Reactance of cable

Reduced section, protective conductors

testing
Regulation 28 of ESQCR
Regulation 410
Regulation 431.1.1
Regulation 432
Regulation 433
Regulation 434
Regulation 434.1
Regulation 434.5.2
Regulation 435.1
Regulation 512.1.2
Regulation 523.9
Regulation 525
Regulation 543.1.4
Regulation 543
Regulation 543.1.3
Resistance,
coefficient
correction factors
mineral cable
of conductors
Rewirable fuses
Ring final circuits
voltage drop
RO604-003

S
Schedule of test results
Schematic
Sheath, temperature
voltages
Shock protection
circuit calculations
Short-circuits
capacities switchgear
current three-phase supply
single-phase
Shower circuit
Simple installations
Simultaneous overload, not liable
Single-core cables
Socket circuits, radial
Special installations or locations
Standard circuits
Standby systems
Star-delta starting
Starting current

92

2.4.1, Appx B
25

6.

431

D3

94
6.2

7.1

42

44,45

422
421,Ch.6,813
6.1

81

8.1.2

436

434

5.1

82

ch.8

8.1

10.2, Table F.4

6.3.2, Table F17
Tables F.14, F15, F.16
Ch. 10, Table F.1
435

242, Appx B

25

13.1, Appx E

a1

32

D.2

D.4

144,Ch. 7

73

4.4

6.1

623

27,622
24.1,2.6, 3.3.1 Exi
Ch. 2, 3.4.1

4.6

Tables F6, F9
251

1.4.6

1.5, Ch. 2, Appx B
1.1.2

4.7

Appx C
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Steel
coefficient of resistance
conduit, impedance
trunking impedance
underfloor trunking
Storage heater diversity
Stress voltage
Submains
Substations — Earthing of 11 kV
Supplementary bonding conductors
Supply, characteristics
earth fault loop impedances
fault level attenuation
systern fault levels
Switchgear fault rating
short-circuit capacities
Switching
Symbals
CENELEC
Systern earthing

T
Table 4B1
Tables 4C1-4C6
Table 52.2
Tables 54.2 to 54.6
Table 54.7
Temperature conductor corrections
Temperature correction
Testing

continuity

earth fault loop impedance
Thermal insulation

final circuits
Thermoplastic cables
Thermosetting cables
Third harmonics
Three-phase voltage drop
TN systems
Transformer impedance
Triplen harmonics
Trunking
TT systems
Typical distribution system

u
Unintentional operation, lighting circuits

v
Voltage disturbances protection
Voltage drop
busbar trunking
cables
conductor operating temperature
distribution system
final circuit
inductance

lighting circuit

Table F4
Table F.11
Tables F.12, F13
Table F.10
34

124

34

125

8.11.3
1.2,22
223,62
6.2

6.2

23

6.1

1.6

4.0, Appx A

Appx E
222

432

433

434

8.2

8.2

73

Tables F.2, F3
ch.g

9.2

9.3

434

Appx B
Tables F7A, F7B
Tables F.8A, F.8B
ch. 1

53.2

222

Table F.5
ch.n

8.10

22

6.3.3

ca

Ch. 12
14.2,25,¢Ch.5
13.2

10.3

5.6

5.2

25

5.4

25
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multiplier C,
power factor
radial final circuit
ring final circuit
temperature correction
three-phase

Voltage factor c

Voltages, sheath

w
Water heater diversity

XY
no entries

Table F.3
5.5

251
252
56,73
53.2
Table A1
D4

34

73
223
7.2.3;93
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