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lire: CEl TR 60909-4:2000 read: IEC TR 60909-4:2000
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Pages 31 and 33

Replace the existing figures 1 and 2 by the following new figures 1 and 2:
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

SHORT-CIRCUIT CURRENTS IN THREE-PHASE AC SYSTEMS -

Part 0: Calculation of currents

FOREWORD

1) The IEC (International Electrotechnical Commission) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of the IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, the IEC publishes International Standards. Their preparation is
entrusted to technical committees; any IEC National Committee interested in the subject dealt with may
participate in this preparatory work. International, governmental and non-governmental organizations liaising
with the IEC also participate in this preparation. The IEC collaborates closely with the International Organization
for Standardization (ISO) in accordance with conditions determined by agreement between the two organizations.

2) The formal decisions or agreements of the IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested National Committees.

3) The documents produced have the form of recommendations for international use and are published in the form of
standards, technical specifications, technical reports or guides and they are accepted by the National Committees
in that sense.

4) In order to promote international unification, IEC National Committees undertake to apply IEC International
Standards transparently to the maximum extent possible in their national and regional standards. Any divergence
between the IEC Standard and the corresponding national or regional standard shall be clearly indicated in the
latter.

5) The IEC provides no marking procedure to indicate its approval and cannot be rendered responsible for any
equipment declared to be in conformity with one of its standards.

6) Attention is drawn to the possibility that some of the elements of this International Standard may be the subject of
patent rights. The IEC shall not be held responsible for identifying any or all such patent rights.

International Standard IEC 60909-0 has been prepared by IEC technical committee 73: Short-
circuit currents.

This first edition cancels and replaces IEC 60909 published in 1988 and constitutes a technical
revision.

The text of this standard is based on the following documents:

FDIS Report on voting

73/119/FDIS 73/121/RVD

Full information on the voting for the approval of this standard can be found in the report on
voting indicated in the above table.

Annex A forms an integral part of this standard.
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This part of IEC 60909 shall be read in conjunction with the International Standards, Technical
Reports and Technical Specifications mentioned below:

IEC TR2 60909-1:1991, Short-circuit current calculation in three-phase a.c. systems — Part 1.
Factors for the calculation of short-circuit currents in three-phase a.c. systems according
to IEC 60909-0

IEC TR3 60909-2:1992, Electrical equipment — Data for short-circuit current calculations in
accordance with IEC 60909

IEC 60909-3:1995, Short-circuit current calculation in three-phase a.c. systems — Part 3:
Currents during two separate simultaneous single-phase line-to-earth short circuits and
partial short-circuit currents following through earth

IEC TR 60909-4:—, Short-circuit current calculation in three-phase a.c. systems — Part 4:
Examples for the calculation of short-circuit currents")

The committee has decided that the contents of this publication will remain unchanged until
2007. At this date, the publication will be

reconfirmed;
withdrawn;
replaced by a revised edition, or

amended.

1) To be published.
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SHORT-CIRCUIT CURRENTS IN THREE-PHASE AC SYSTEMS -~

Part 0: Calculation of currents

1 General

1.1  Scope

.

This part of IEC 60909 is applicable to the calculation of short-circuit currents:

* in low-voltage three-phase a.c. systems

* in high-voltage three-phase a.c. systems

operating at a nominal frequency of 50 Hz or 60 Hz.

Systems at highest voltages of 550 kV and above with long transmission lines need special
consideration.

This part of IEC 60909 establishes a general, practicable and concise procedure leading to results,
which are generally of acceptable accuracy. For this calculation method, an equivalent voltage source at
the short-circuit location is introduced. This does not exclude the use of special methods, for example the
superposition method, adjusted to particular circumstances, if they give at least the same precision. The
superposition method gives the short-circuit current related to the one load flow presupposed. This
method, therefore, does not necessarily lead to the maximum short-circuit current.

This part of IEC 60909 deals with the calculation of short-circuit currents in the case of balanced
or unbalanced short circuits.

In case of an accidental or intentional conductive path between one line conductor and local
earth, the following two cases must be clearly distinguished with regard to their different
physical properties and effects (resulting in different requirements for their calculation):

» line-to-earth short circuit, occurring in a solidly earthed neutral system or an impedance
earthed neutral system;

» a single line-to-earth fault, occurring in an isolated neutral earthed system or a resonance
earthed neutral system. This fault is beyond the scope of, and is therefore not dealt with in,
this standard.

For currents during two separate simultaneous single-phase line-to-earth short circuits in an
isolated neutral system or a resonance earthed neutral system, see IEC 60909-3.

Short-circuit currents and short-circuit impedances may also be determined by system tests, by
measurement on a network analyzer, or with a digital computer. In existing low-voltage systems
it is possible to determine the short-circuit impedance on the basis of measurements at the
location of the prospective short circuit considered.

COPYRIGHT International Electrotechnical Commission
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The calculation of the short-circuit impedance is in general based on the rated data of the
electrical equipment and the topological arrangement of the system and has the advantage of
being possible both for existing systems and for systems at the planning stage.

In general, two short-circuit currents, which differ in their magnitude, are to be calculated:

» the maximum short-circuit current which determines the capacity or rating of electrical
equipment; and

 the minimum short-circuit current which can be a basis, for example, for the selection of
’ fuses, for the setting of protective devices, and for checking the run-up of motors.

NOTE The current in a three-phase short circuit is assumed to be made simultaneously in all poles. Investigations of
non-simultancous short circuits, which may lead to higher aperiodic components of short-circuit current, are beyond
the scope of this standard.

This standard does not cover short-circuit currents deliberately created under controlled
conditions (short-circuit testing stations).

This part of IEC 60909 does not deal with the calculation of short-circuit currents in installations
on board ships and aeroplanes.

1.2 Normative references

The following normative documents contain provisions which, through reference in this text,
constitute provisions of this part of IEC 60909. For dated references, subsequent amendments to,
or revisions of, any of these publications do not apply. However, parties to agreements based on
this part of IEC 60909 are encouraged to investigate the possibility of applying the most recent
editions of the normative documents indicated below. For undated references, the latest edition
of the normative document referred to applies. Members of IEC and ISO maintain registers of
currently valid International Standards. '

IEC 60038:1983, IEC standard voltages

IEC 60050(131):1978, International Electrotechnical Vocabulary — Chapter 131: Electric and
magnetic circuits

IEC 60050(151):1978, International Electrotechnical Vocabulary — Chapter 151: Electric and
magnetic devices

IEC 60050-195:1998, International Electrotechnical Vocabulary — Part 195: Earthing and
protection against electric shock

IEC 60056:1987, High-voltage alternating-current circuit-breakers
IEC 60071-1:1993, Insulation coordination — Part 1: Definitions, principles and rules

IEC 60781:1989, Application guide for calculation of short-circuit currents in low-voltage radial
systems

IEC 60865-1:1993, Short-circuit currents — Calculation of effects — Part 1: Definitions and calculation
methods
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IEC TR2 60909-1,— Short-circuit currents calculation in three-phase a.c. systems — Part I:
Factors for the calculation of short-circuit currents in three-phase a.c. systems according to
IEC 60909-0 1)

IEC TR3 60909-2:1992, Electrical equipment — Data for short-circuit current calculations in
accordance with IEC 60909

IEC 60909-3:1995, Short-circuit current calculation in three-phase a.c. systems — Part 3:
Currents during two separate simultaneous single phase line-to- earth short circuits and partial
short-circuit currents flowing through earth

IEC 60909-4,—— Short-circuit current calculation in three-phase a.c. systems — Part 4. Examples
for the calculation of short-circuit currents!)

IEC 60949:1988, Calculation of thermally permissible short-circuit currents, taking into
account non-adiabatic heating effects

IEC 60986:1989, Guide to the short-circuit temperature limits of electrical cables with a rated
voltage from 1,8/3 (3,6) kV to 18/30 (36) kV

1.3 Definitions

For the purposes of this part of IEC 60909, the definitions given in IEC 60050(131) and the
following definitions apply.

1.3.1

short circuit

accidental or intentional conductive path between two or more conductive parts forcing the
electric potential differences between these conductive parts to be equal or close to zero

1.3.1.1

line-to-line short circuit ‘

accidental or intentional conductive path between two or more line conductors with or without
earth connection

1.3.1.2

line-to-earth short circuit

accidental or intentional conductive path in a solidly earthed neutral system or an impedance
earthed neutral system between a line conductor and local earth

1.3.2
short-circuit current
over-current resulting from a short circuit in an electric system

NOTE It is necessary to distinguish between the short-circuit current at the short-circuit location and partial short-
circuit currents in the network branches (see figure 3) at any point of the network.

1) To be published.
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1.3.3

prospective (available) short-circuit current

current that would flow if the short circuit were replaced by an ideal connection of negligible
impedance without any change of the supply (see note of 1.1)

1.34

symmetrical short-circuit current

r.m.s. value of the a.c. symmetrical component of a prospective (available) short-circuit current
(see 1.3.3), the aperiodic component of current, if any, being neglected

1.3.5

initial symmetrical short-circuit current I,

r.m.s. value of the a.c. symmetrical component of a prospective (available) short-circuit current
(see 1.3.3), applicable at the instant of short circuit if the impedance remains at zero-time value
(see figures 1 and 2)

1.3.6
initial symmetrical short-circuit power S,

fictitious value determined as a product of the initial symmetrical short-circuit current Iy
(see 1.3.5), the nominal system voltage U, (see 1.3.13) and the factor V3 Sy = NER A I

NOTE The initial symmetrical short-circuit power S} is not used for the calculation procedure in this standard.

If S; is used in spite of this in connection with short-circuit calculations, for instance to calculate the internal

impedance of a network feeder at the connection point Q, then the definition given should be used in the following

form: ST, =\/—?:UnQ Iio orZ, =chQ /SiQ .

1.3.7

decaying (aperiodic) component iy . of short-circuit current

mean value between the top and bottom envelope of a short-circuit current decaying from an
initial value to zero according to figures 1 and 2

1.3.8

peak short-circuit current i,

maximum possible instantaneous value of the prospective (available) short-circuit current
(see figures 1 and 2)

NOTE The magnitude of the peak short-circuit current varies in accordance with the moment at which the short

circuit occurs. The calculation of the three-phase peak short-circuit current i, applies to the line conductor and to the
instant at which the greatest possible short-circuit current exists. Sequential short circuits are not considered.

1.3.9

symmetrical short-circuit breaking current I,

r.m.s. value of an integral cycle of the symmetrical a.c. component of the prospective short-
circuit current at the instant of contact separation of the first pole to open of a switching device

1.3.10

steady-state short-circuit current I,

r.m.s. value of the short-circuit current which remains after the decay of the transient phenomena
(see figures 1 and 2)
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1.3.11

symmetrical locked-rotor current I x
highest symmetrical r.m.s. current of an asynchronous motor with locked rotor fed with rated

voltage Uy at rated frequency

1.3.12

equivalent electric circuit

model to describe the behaviour of a circuit by means of a network of ideal elements
[IEV 131-01-33]

1.3.13

nominal system voltage U,

voltage (line-to-line) by which a system is designated, and to which certain operating
characteristics are referred

NOTE Values are given in IEC 60038.

1.3.14

equivalent veltage source cU, /\/5

voltage of an ideal source applied at the short-circuit location in the positive-sequence system
for calculating the short-circuit current according to 2.3. This is the only active voltage of the.
network

1.3.15

voltage factor c

ratio between the equivalent voltage source and the nominal system voltage U, divided bys/?_’ .
The values are given in table 1

NOTE The introduction of a voltage factor ¢ is necessary for various reasons. These are:

— voltage variations depending on time and place,
—  changing of transformer taps,
— neglecting loads and capacitances by calculations according to 2.3.1,

—  the subtransient behaviour of generators and motors.

1.3.16

subtransient voltage E” of a synchronous machine

r.m.s. value of the symmetrical internal voltage of a synchronous machine which is active behind
the subtransient reactance X at the moment of short circuit

1.3.17

far-from-generator short circuit

short circuit during which the magnitude of the symmetrical a.c. component of the prospective
(available) short-circuit current remains essentially constant (see figure 1)

1.3.18

near-to-generator short circuit .

short circuit to which at least one synchronous machine contributes a prospective initial
symmetrical short-circuit current which is more than twice the machine's rated current, or a short
circuit to which asynchronous motors contribute more than 5 % of the initial symmetrical short-
circuit current /, without motors (see figure 2)
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1.3.19
short-circuit impedances at the short-circuit location F

1.3.19.1

positive-sequence short-circuit impedance Z;, of a three-phase a.c. system

impedance of the positive-sequence system as viewed from the short-circuit location (see 2.3.2
and figure 5a)

1.3.19.2

negative-sequence short-circuit impedance Z,, of a three-phase a.c. system

impedance of the negative-sequence system as viewed from the short-circuit location (see 2.3.2
and figure 5b)

1.3.19.3

zero-sequence short-circuit impedance Z, of a three-phase a.c. system

‘impedance of the zero-sequence system as viewed from the short-circuit location (see 2.3.2 and
figure 5c¢). It includes three times the neutral-to-earth impedance Zx

1.3.194

short-circuit impedance Z of a three-phase a.c. system

abbreviated expression for the positive-sequence short-circuit impedance Z; according to
1.3.19.1 for the calculation of three-phase short-circuit currents

1.3.20
short-circuit impedances of electrical equipment

1.3.20.1

positive-sequence short-circuit impedance Z;, of electrical equipment

ratio of the line-to-neutral voltage to the short-circuit current of the corresponding line conductor
of electrical equipment when fed by a symmetrical positive-sequence system of voltages (see
clause 2 and IEC 60909-4)

NOTE The index of symbol Z(;, may be omitted if there is no possibility of confusion with the negative-sequence
and the zero-sequence short-circuit impedances.

1.3.20.2

negative-sequence short-circuit impedance Z,) of electrical equipment

ratio of the line-to-neutral voltage to the short-circuit current of the corresponding line conductor
of electrical equipment when fed by a symmetrical negative-sequence system of voltages
(see clause 2 and IEC 60909-4).

1.3.20.3

zero-sequence short-circuit impedance Z, of electrical equipment

ratio of the line-to-earth voltage to the short-circuit current of one line conductor of electrical
equipment when fed by an a.c. voltage source, if the three paralleled line conductors are used for
the outgoing current and a fourth line and/or earth as a joint return (see clause 2 and IEC 60909-4)

1.3.21
subtransient reactance X of a synchronous machine

effective reactance at the moment of short circuit. For the calculation of short-circuit currents
the saturated value of X7 is taken

NOTE When the reactance X; in ohms is divided by the rated impedance Z,g= UrzG /8:c of the synchronous

machine, the result in per unit is represented by a small letter x§ = X /Z.
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1.3.22

minimum time delay 7,

shortest time between the beginning of the short-circuit current and the contact separation of the
first pole to open of the switching device

NOTE The time tg;, is the sum of the shortest possible operating time of a protective relay and the shortest opening
time of a circuit-breaker. It does not take into account adjustable time delays of tripping devices.

1.3.23

thermal equivalent short-circuit current Iy,

the r.m.s. value of a current having the same thermal effect and the same duration as the actual
short-circuit current, which may contain a d.c. component and may subside in time

1.4 Symbels, subscripts and superscripts

The equations given in this standard are written without specifying units. The symbols represent
physical quantities possessing both numerical values and dimensions that are independent of
units, provided a consistent unit system is chosen, for example the international system of units
(SI). Symbols of complex quantities are underlined, for example Z =R + j.X.

1.4.1 Symbols

A Initial value of the d.c. component iq .
a Complex operator
a A ratio between unbalanced short-circuit current and three phase short-circuit
current
c Voltage factor
cU, /3 Equivalent voltage source (r.m.s.)
E” Subtransient voltage of a synchronous machine
f Frequency (50 Hz or 60 Hz)
Iy Symmetrical short-circuit breaking current (r.m.s.)
Iy Steady-state short-circuit current (r.m.s.)
Ly Steady-state short-circuit current at the terminals (poles)
of a generator with compound excitation
Iy Initial symmetrical short-circuit current (r.m.s.)
Iir Symmetrical locked-rotor current of an asynchronous motor
I Rated current of electrical equipment
I Thermal equivalent short-circuit current
idec. d.c. component of short-circuit current
ip Peak short-circuit current
K Correction factor for impedances
m Factor for the heat effect of the d.c. component
n Factor for the heat effect of the a.c. component
Pair of poles of an asynchronous motor
DG Range of generator voltage regulation
PT Range of transformer voltage adjustment
Py Total loss in transformer windings at rated current
Pu Rated active power of an asynchronous motor (Piy= Sim COS @ Tnm)
q Factor for the calculation of breaking current of asynchronous motors
Gn Nominal cross-section
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Rresp. r Resistance, absolute respectively relative value
Rg Resistance of a synchronous machine
Rge Fictitious resistance of a synchronous machine when calculating i,
Sy Initial symmetrical short-circuit power (see 1.3.6)
S Rated apparent power of electrical equipment
fmin Minimum time delay
t Rated transformation ratio (tap-changer in main position); ¢, 2> 1
Tx Duration of the short-circuit current
Uy Highest voltage for equipment, line-to-line (r.m.s.)
U, Nominal system voltage, line-to-line (r.m.s.)
U; Rated voltage, line-to-line (r.m.s.)
Ugr Rated short-circuit voltage of a transformer in per cent
Ukr Short-circuit voltage of a short-circuit limiting reactor in per cent
URr Rated resistive component of the short-circuit voltage
of a transformer in per cent
Uxr Rated reactive component of the short-circuit voltage
. of a transformer in per cent
Uy, Uy, Ugey Positive-, negative-, zero-sequence voltage
Xresp: x Reactance, absolute respectively relative value
Xaresp. Xy Synchronous reactance, direct axis respectively quadrature axis
Xgp Fictitious reactance of a generator with compound excitation in the case of
steady-state short circuit at the terminals (poles)
X resp. X ;’ Subtransient reactance of a synchronous machine (saturated value), direct axis
respectively quadrature axis
X4 Unsaturated synchronous reactance, relative value
X4 sat Saturated synchronous reactance, relative value, reciprocal of the saturated
no-load short-circuit ratio
Zresp. z Impedance, absolute respectively relative value
Zy Short-circuit impedance of a three-phase a.c. system
Zoy Positive-sequence short-circuit impedance
Zp) Negative-sequence short-circuit impedance
Z) Zero-sequence short-circuit impedance
n Efficiency of asynchronous motors
K Factor for the calculation of the peak short-circuit current
A Factor for the calculation of the steady-state short-circuit current
u Factor for the calculation of the symmetrical short-circuit breaking current
Lo Absolute permeability of vacuum, yo=47x - 10-7 H/m
p Resistivity
[0 Phase angle
6. Conductor temperature at the end of the short circuit
01 Positive-sequence neutral reference
02 Negative-sequence neutral reference
00 Zero-sequence neutral reference
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1.4.2  Subscripts

ey

(2)

0)

a.c

d.c

f

k or k3

ki

k2

k2E resp. kE2E

G

HV

LV

L

LR
L1,L2,L3

gwwowzigz

Positive-sequence component -

Negative-sequence component

Zero-sequence component

Alternating current

Direct current

Fictitious

Three-phase short circuit (see figure 3a)

Line-to-earth short circuit, line-to-neutral short circuit (see figure 3d)
Line-to-line short circuit (see figure 3b)

Line-to-line short circuit with earth connection (see figure 3c)
Impedances or reactances calculated with an impedance correction factor Kr,
K or Kg respectively Kso

Maximum

Minimum

Nominal value (IEV 151-04-01)

Rated value (IEV 151-04-03)

Resulting

Transferred value

Auxiliary transformer

Busbar

Earth

Short-circuit location

Generator

High-voltage, high-voltage side of a transformer

Low-voltage, low-voltage side of a transformer

Line

Locked rotor

Line conductors of a three-phase a.c. system

Asynchronous motor or group of asynchronous motors

Without motor

Medium-voltage, medium-voltage side of a transformer

Neutral of a three-phase a.c. system, starpoint of a generator or a transformer
Terminal, pole

Feeder connection point

Short-circuit limiting reactor

Power station unit (generator and unit transformer with on-load tap-changer)

Power station unit (generator and unit transformer with constant transfor-
mation ratio or off-load taps)

Transformer
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1.4.3  Superscripts

”

Subtransient (initial) value A
Resistance or reactance per unit length
b Before the short circuit

’

2 Characteristics of short-circuit currents: calculating method

2.1 General

A complete calculation of short-circuit currents should give the currents as a function of time at
the short-circuit location from the initiation of the short circuit up to its end, corresponding to the
instantaneous value of the voltage at the beginning of the short circuit (see figures'l and 2).

\
Current ﬂ
N Top envelope
AN
\\
< d.c. component i, . of the short-circuit current
\\
g A
) e
N \
N\
< ~ o
]
~ N
ik N
"x- .
\ @ Time
\\ U N
Bottom envelope
IEC 1262/2000

I7 = initial symmetrical short-circuit current
i, = peak short-circuit current

I, = steady-state short-circuit current

igc. = d.c. component of short-circuit current

A = initial value of the d.c. component iy

Figure 1 — Short-circuit current of a far-from-generator short circuit
with constant a.c. component (schematic diagram)

COPYRIGHT International Electrotechnical Commission
Licensed by Information Handling Services . . N




60909-0 © IEC:2001 -33 -

In most practical cases a determination like this is not necessary. Depending on the application
of the results, it is of interest to know the r.m.s. value of the symmetrical a.c. component and the
peak value i, of the short-circuit current following the occurrence of a short circuit. The highest
value i, depends on the time constant of the decaying aperiodic component and the frequency f,
that is on the ratio R/X or X/R of the short-circuit impedance Z,, and is reached if the short
circuit starts at zero voltage. i, also depends on the decay of the symmetrical a.c. component of
the short-circuit current.

In meshed networks there are several direct-current time constants. That is why it is not possible
to give an easy method of calculating i, and ig.. Special methods to calculate i, with sufficient
accuracy are given in 4.3.

A

Top envelope

Current
d.c. component i, . of the short-circuit current

osll A Aﬁﬂﬁﬂﬁw"tw

Bottom envelope

IEC 1263/2000

I} = initial symmetrical short-circuit current

i, = peak short-circuit current
I, = steady-state short-circuit current
iqc = d.c. component of short-circuit current

A = initial value of the d.c. component i4..

Figure 2 — Short-circuit current of a near-to-generator short circuit
with decaying a.c. component (schematic diagram)
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2.2 Calculation assumptions

The calculation of maximum and minimum short-circuit currents is based on the following
simplifications.

a) For the duration of the short circuit there is no change in the type of short circuit involved, that is, a
three-phase short circuit remains three-phase and a line-to-earth short circuit remains line-to-earth
during the time of short circuit.

b) For the duration of the short circuit, there is no change in the network involved.

c) The impedance of the transformers is referred to the tap-changer in main position. This is admissible,
because the impedance correction factor Kt for network transformers is introduced.

d) Arc resistances are not taken into account.

e) All line capacitances and shunt admittances and non-rotating loads, except those of the zero-
sequence system, are neglected.

Despite these assumptions being not strictly true for the power systems considered, the result of
the calculation does fulfil the objective to give results which are generally of acceptable
accuracy.

For balanced and unbalanced short circuits as shown in figure 3, it is useful to calculate the
short-circuit currents by application of symmetrical components (see 2.3.2).

When calculating short-circuit currents in systems with different voltage levels, it is necessary to
transfer impedance values from one voltage level to another, usually to that voltage level at
which the short-circuit current is to be calculated. For per unit or other similar unit systems, no
transformation is necessary if these systems are coherent, i.e. Urny/UirLy = Upnv/ Uy for each
transformer in the system with partial short-circuit currents. Uruy/ ULy is normally not equal to
Unpv/ ULy (see IEC 60909-2 and the examples given in IEC 60909-4).

The impedances of the equipment in superimposed or subordinated networks are to be divided or
multiplied by the square of the rated transformation ratio f. Voltages and currents are to be
converted by the rated transformation ratio ¢,.

2.3 Method of calculation
2.3.1 Equivalent voltage source at the short-circuit location

The method used for calculation is based on the introduction of an equivalent voltage source at
the short-circuit location. The equivalent voltage source is the only active voltage of the system.
All network feeders, synchronous and asynchronous machines are replaced by their internal
impedances (see clause 3).

In all cases it is possible to determine the short-circuit current at the short-circuit location F with
the help of an equivalent voltage source. Operational data and the load of consumers, tap-
changer position of transformers, excitation of generators, and so on, are dispensable; additional
calculations about all the different possible load flows at the moment of short circuit are
superfluous.
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IEC 1264/2000 ' IEC 1265/2000

Figure 3a — Three-phase short circuit Figure 3b — Line-to-line short circuit
- - L3 > —~— - | - - L3 > < - -
- L2 ™~ < L2 | ! R
L o~ - = - L ~J
_ — Lt .

<l =
—p—— Short-circuit current —>— Partial short-circuit currents
in conductors and earth return
IEC 1266/2000 IEC 1267/2000
Figure 3c — Line-to-line short circuit Figure 3d — Line-to-earth short circuit

with earth connection

NOTE The direction of current arrows is chosen arbitrarily.

Figure 3 — Characterization of short circuits and their currents

Figure 4 shows an example of the equivalent voltage source at the short-circuit location F as the only
active voltage of the system fed by a transformer without or with on-load tap-changer. All other active
voltages in the system are assumed to be zero. Thus the network feeder in figure 4a is represented by its
internal impedance Zg, transferred to the LV-side of the transformer (see 3.2) and the transformer by
its impedance referred to the LV-side (see 3.3). Shunt admittances (for example, line capacitances and
passive loads) are not to be considered when calculating short-circuit currents in accordance with
figure 4b.
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If there are no national standards, it seems adequate to choose a voltage factor ¢ according to table 1,
considering that the highest voltage in a normal (undisturbed) system does not differ, on average, by
more than approximately +5 % (some LV systems) or +10 % (some HV systems) from the nominal
system voltage U,. '

Q g A . Non-rotating load
1 l V774 L

777

| v LV <
Ul 11 k3
F

Non-rotating load

U,
IEC 1268/2000
Figure 4a — System diagram
Ra Xa Q Ry X A R X F
cy
B
LV(I

01

IEC 1269/2000

Figure 4b — Equivalent circuit diagram of the positive-sequence system

NOTE The index (1) for the impedances of the positive-sequence system is omitted. 01 marks the positive-sequence
neutral reference. The impedance of the network feeder and the transformer are related to the LV-side and the last
one is also corrected with Ky (see 3.3.3).

Figure 4 — Illustration for calculating the initial symmetrical short-circuit current I; in compliance
with the procedure for the equivalent voltage source
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Table 1 — Voltage factor ¢

Voltage factor ¢ for the calculation of

Nominal voltage maximum minimum
U short-circuit currents short-circuit currents
n .
! Cmaxl) Cmin

Low voltage
100 Vto 1 000 V 1,05% 0,95
(IEC 60038, table T ' 1,10Y

Medium voltage
>1 kV to 35kV
(TEC 60038, table III) 1,10 1,00

High voltage?
>35 kv
(IEC 60038, table IV)

n

CmaxUn should not exceed the highest voltage U, for equipment of power systems.
DIf no nominal voltage is defined ¢y Uy = Un OF cpinlU, = 0,90 X Uy, should be
applied.

» For low-voltage systems with a tolerance of +6 %, for example systems renamed

from 380 V to 400 V.
4

For low-voltage systems with a tolerance of +10 %.

2.3.2 Application of symmetrical components

In three-phase a.c. systems the calculation of the current values resulting from balanced and
unbalanced short circuits is simplified by the use of symmetrical components. This postulates
that the electrical equipment has a balanced structure, for example in the case of transposed
overhead lines. The results of the short-circuit current calculation have an acceptable accuracy
also in the case of untransposed overhead lines.

Using this method, the currents in each line conductor are found by superposing the currents of
the three symmetrical component systems:

— positive-sequence current I,
— negative-sequence current /);

- zero-sequence current /).

Taking the line conductor L1 as reference, the currents /i, /;», and /3 are given by

Iy = Iy + Loy + L (1a)
=2 Iy +aly+ Lo (1b)
Is=aly+ a’ L2y + Loy (1c)

1 .1 5 1 1
a=——+4+]—43; a° =——=-3]—43 2
a=-g+izVs e 2 iV ()‘

COPYRIGHT International Electrotechnical Commission
Licensed by Information Handling Services



_43 —

60909-0 © IEC:2001

IEC 1270/2000

Figure 5a — Positive-sequence short-circuit impedance Z;,

1EC 1271/2000

Figure 5b — Negative-sequence short-circuit impedance Z,,

L3 > o
L2 e 1o F
L1
R A
G Loy =07 Ly
1~
U
3Lm =

IEC 1272/2000

Figure 5¢ — Zero-sequence short-circuit impedance Z,

Figure 5 — Short-circuit impedances of a three-phase a.c. system
at the short-circuit location F
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Each of the three symmetrical component systems has its own impedance.

The following types of unbalanced short circuits are treated in this standard:
— line-to-line short circuit (see figure 3b),
— line-to-line short circuit with earth connection (see figure 3c),

— line-to-earth short circuit (see figure 3d).

‘For the purpose of this standard, one has to make a distinction between short-circuit impedances at

the short-circuit location F and the short-circuit impedances of individual electrical equipment.

The positive-sequence short-circuit impedance Z, at the short circuit location F is obtained
according to figure 5a, when a symmetrical system of voltages of positive-sequence phase order
is applied to the short-circuit location F, and all synchronous and asynchronous machines are
replaced by their internal impedances.

The negative-sequence short-circuit impedance Z», at the short-circuit location F is obtained
according to figure 5b, when a symmetrical system of voltages of negative-sequence phase order
is applied to the short-circuit location F.

The values of positive-sequence and negative-sequence impedances can differ from each other
only in the case of rotating machines. When far-from-generator short circuits are calculated, it is
generally allowed to take Z)= Z).

The zero-sequence short-circuit impedance Zq, at the short-circuit location F is obtained
according to figure 5S¢, if an a.c. voltage is applied between the three short-circuited line
conductors and the joint return (for example earthing system, neutral conductor, earth wires,
cable sheaths, cable armouring).

When calculating unbalanced short-circuit currents in medium- or high-voltage systems and
applying an equivalent voltage source at the short-circuit location, the zero-sequence capacitances
of lines and the zero-sequence shunt admittances are to be considered for isolated neutral systems,
resonant earthed systems and earthed neutral systems with an earth fault factor (see IEC 60071-1)
higher than 1,4.

The capacitances of lines (overhead lines and cables) of low-voltage networks may be neglected
in the positive-, negative- and zero-sequence system.

Neglecting the -zero-sequence capacitances of lines in earthed neutral systems leads to results
which are slightly higher than the real values of the short-circuit currents. The deviation depends
on the configuration of the network. '

Except for special cases, the zero-sequence short-circuit impedances at the short-circuit location
differ from the positive-sequence and negative-sequence short-circuit impedances.

2.4 Maximum short-circuit currents

When calculating maximum short-circuit currents, it is necessary to introduce the following
conditions:

— voltage factor ¢y according to table 1 shall be applied for the calculation of maximum
short-circuit currents in the absence of a national standard;
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— choose the system configuration and the maximum contribution from power plants and
network feeders which lead to the maximum value of short-circuit current at the short-circuit
location, or for accepted sectioning of the network to control the short-circuit current;

— when equivalent impedances Zg are used to represent external networks, the minimum
equivalent short-circuit impedance shall be used which corresponds to the maximum short-
circuit current contribution from the network feeders;

— motors shall be included if appropriate in accordance with 3.8 and 3.9;
— resistance Ry of lines (overhead lines and cables) are to be introduced at a temperature of
20 °C. -

2.5 Minimum short-circuit currents

When calculating minimum short-circuit currents, it is necessary to introduce the following
conditions:

— voltage factor ¢, for the calculation of minimum short-circuit currents shall be applied
according to table 1;

— choose the system configuration and the minimum contribution from power stations and
" network feeders which lead to a minimum value of short-circuit current at the short-circuit
location;

— motors shall be neglected;
— resistances R, of lines (overhead lines and cables, line conductors, and neutral conductors)
shall be introduced at a higher temperature:

Ry =[1+a(8, -20°C)] R4 3)

where
Ry, is the resistance at a temperature of 20 °C;
6, is the conductor temperature in degrees Celsius at the end of the short-circuit duration;

o is a factor equal to 0,004/K, valid with sufficient accuracy for most practical purposes for
copper, aluminium and aluminium alloy.

NOTE For 6,, see for instance IEC 60865-1, IEC 60949 and IEC 60986.
3 Short-circuit impedances of electrical equipment

3.1 General

In network feeders, transformers, overhead lines, cables, reactors and similar equipment,
positive-sequence and negative-sequence short-circuit impedances are equal: Z) = Z).

The zero-sequence short-circuit impedance Zoy = Uy / L) is determined by assuming an a.c.
voltage between the three parallelled conductors and the joint return (for example earth, earthing
arrangement, neutral conductor, earth wire, cable sheath, and cable armouring). In this case, the
three-fold zero-sequence current flows through the joint return.
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The impedances of generators (G), network transformers (T) and power station units (S) shall be
multiplied with the impedance correction factors Kg, Kt and Ks or Kso when calculating short-
circuit currents with the equivalent voltage source at the short-circuit location according to this
standard.

NOTE Examples for the introduction of impedance correction factors are given in [EC 60909-4.

3.2 Network feeders

If a three-phase short circuit in accordance with figure 6a is fed from a network in which only the initial
symmetrical short-circuit current Il’(’Q at the feeder connection point Q is known, then the equivalent

impedance Zq, of the network (positive-sequence short-circuit impedance) at the feeder connection point

Q should be determined by:
cU
Zg =S @
V31g,
If Ro/Xq is known, then Xg shall be calculated as follows:
Z
Xq = e (3)
J1+Ry 7 X,
i’ k3
Ie
UnQ
La
kQ
t.= Un/Uny
Z Z Z.
=Q Qi
———— Q F — . Q S A F
cU, cU
T 3 Tvé‘
Lo L
01 01
ZQK = _Z_Q/tzr’ ;TLVK = ZTLVKT
IEC 1273/2000 ’ 1IEC 1274/2000
Figure 6a — Without transformer Figure 6b — With transformer

Figure 6 — System diagram and equivalent circuit diagram for network feeders
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If a short circuit in accordance with figure 6b is fed by a transformer from a medium or high-
voltage network in which only the initial symmetrical short-circuit current /i, at the feeder

connection point Q is known, then the positive-sequence equivalent short-circuit impedance Zg
referred to the low-voltage side of the transformer is to be determined by:

(6)

* where
Unq is the nominal system voltage at the feeder connection point Q;
I :Q is the initial symmetrical short-circuit current at the feeder connection point Q;
¢ is the voltage factor (see table 1) for the voltage Usq;
t,  is the rated transformation ratio at which the on-load tap-changer is in the main position.
In the case of high-voltage feeders with nominal voltages above 35 kV fed by overhead lines, the
equivalent impedance Z, may in many cases be considered as a reactance, i.e. Zo = 0 + jXq. In

other cases, if no accurate value is known for the resistance Rq of network feeders, one may
substitute Rq = 0,1 Xo where X = 0,995 Z,.

The initial symmetrical short-circuit currents /o, and Iy, on the high-voltage side of the trans-

former shall be given by the supply company or by an adequate calculation according to this standard.
In special cases the zero-sequence equivalent short-circuit impedance of network feeders may need to be
considered, depending on the winding configuration and the starpoint earthing of the transformer.

NOTE See for instance items 6 and 8 in table 1 of IEC 60909-4.

3.3 Transformers
3.3.1 Two-winding transformers

The positive-sequence short-circuit impedances of two-winding transformers Zr = Rr + jXr with and
without on-load tap-changer can be calculated from the rated transformer data as follows:

U2
Zp =i L ™
100% S,

X =yZi - R; ©)
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where

Urr is the rated voltage of the transformer on the high-voltage or low-voltage side;
Ir s the rated current of the transformer on the high-voltage or low-voltage side;
St is the rated apparent power of the transformer;

Pyt is the total loss of the transformer in the windings at rated current;

ux 1s the short-circuit voltage at rated current in per cent;

ug, 1s the rated resistive component of the short-circuit voltage in per cent.

The resistive component ug, can be calculated from the total losses Pyr in the windings at the rated
current /.1, both referred to the same transformer side (see equation (8)).

The ratio Ri/X generally decreases with tranformer size. For large transformers the resistance is so small
that the impedance may be assumed to consist only of reactance when calculating short-circuit currents.
The resistance is to be considered if the peak short-circuit current i, or the d.c. component iy is to be
calculated.

The necessary data for the calculation of Zr = Ry + jXt = Zy = Z may be taken from the rating plate.
The zero-sequence short-circuit impedance Zpyr = Rgyr + jX(or may be obtained from the rating plate or
from the manufacturer,

NOTE Actual data for two-winding transformers used as network transformers or in power stations are given in .
IEC 60909-2. Zero-sequence impedance arrangements for the calculation of unbalanced short-circuit currents are
given in IEC 60909-4.

3.3.2 Three-winding transformers

In the case of three-winding transformers, the positive-sequence short-circuit impedances Za, Zg, and Zc
referring to figure 7, can be calculated by the three short-circuit impedances (referred to side A of the
transformer):

u u U
yA = RrAB + i XrAB . 1TA Sld C 10
£ AB 100 % JlOO% S5 (side C open) (10a)

Ui .
Zac = ReaC | XiAC | ZyTA (side B open) (10b)
100%  9100% ) Soac

Zpc = URiBC j Uxipe | Umn (side A open) (10¢)
100%  9100% | Sope

with Uy, = ,/uﬁ, - ug, (104d)
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by the equations

1
Z, =3(ZAB+ZAC_ZBC) (11a)
1
Ly =5(.ZBC +Zp -ZAC) (11b)
1
Zc =‘2‘(ZAC+Z.BC —ZAB) (11c)
where
Ua is the rated voltage of side A;
SiTAB is the rated apparent power between sides A and B;
Sitac is the rated apparent power between sides A and C;
SiTBC is the rated apparent power between sides B and C;

UrraB, Uxcan are the rated resistive and reactive components of the short-circuit voltage, given in
per cent between sides A and B;

Ugrrac, Uxrac are the rated resistive and reactive components of the short-circuit voltage, given in
per cent between sides A and C;

Ur:BC, Uxrpe are the rated resistive and reactive components of the short-circuit voltage, given in
per cent between sides B and C.

IEC 1275/2000 IEC 1276/2000

Figure 7a~ Denotation of winding connections Figure 7b — Equivalent circuit diagram
(positive-sequence system)

Figure 7 — Three-winding transformer (example)

The zero-sequence impedances of three-winding transformers may be obtained from the
manufacturer.

NOTE Examples for the impedances of three-winding transformers are given in IEC 60909-2. Additional
information may be found in IEC 60909-4,
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3.3.3 Impedance correction factors for two- and three-winding network transformers

A network transformer is a transformer connecting two or more networks at different voltages.
For two-winding transformers with and without on-load tap-changer, an impedance correction
factor Ky is to be introduced in addition to the impedance evaluated according to equations (7)
to (9): Zrx = K1 Z7 where Zr = Ry + jXt.

C
Ky =095 —mx 12a
R 1+0,6 x; (122)

where x7 is the relative reactance of the transformer xt = Xv/( Ut/S,1) and cpay from table 1 is
related to the nominal voltage of the network connected to the low-voltage side of the network
transformer. This correction factor shall not be introduced for unit transformers of power station
units (see 3.7).

If the long-term operating conditions of network transformers before the short circuit are known
for sure, then the following equation (12b) may be used instead of equation (12a).

U c
Kk, =Y. o (12b)
TTU 14xy (121 singd

where

cmax 15 the voltage factor from table 1, related to the nominal voltage of the network connected
to the low-voltage side of the network transformer;

XT :XT/(Uer/SrT);
Ub s the highest operating voltage before short circuit;

I? s the highest operating current before short circuit (this depends on network configuration
and relevant reliability philosophy);

@; is the angle of power factor before short circuit.

The impedance correction factor shall be applied also to the negative-sequence and the zero-
sequence impedance of the transformer when calculating unbalanced short-circuit currents.
Impedances Zy between the starpoint of transformers and earth are to be introduced as 3 Zy into
the zero-sequence system without a correction factor.

For three-winding transformers with and without on-load tap-changer, three impedance
correction factors can be found using the relative values of the reactances of the transformer (see

3.3.2):
C

Kppp = 0,95 ——me 13a
B 1+0,6 x5 (132)

Kppe = 0,95——max (13b)
TAC T 40,6 xpp¢ '

Koige = 0,95 —msx (13¢)
B T 40,6 Xppc
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Together with the impedances Zp, Zac and Zsc according to equation (10), the corrected values
Zask = Ktag Zap, Zack = Ktac Zac and Zgck = K1pe Zse can be found. With these impedances the
corrected equivalent impedances Zxx, Zsx and Zck shall be calculated using the procedure given
in equation (11).

The three impedance correction factors given in equation (13) shall be introduced also to the
negative-sequence and to the zero-sequence systems of the three-winding transformer.

Impedances between a starpoint and earth shall be introduced without correction factor.

NOTE Equivalent circuits of the positive-sequence and the zero-sequence system are given in IEC 60909-4, table 1,
item 4 to 7 for different cases of starpoint earthing. In general the impedances Zoja, Zo)s OF Zoyc are similar to Za,
Zy(®) or Zaye. An example for the introduction of the correction factors of equation (13) to the positive-sequence and
the zero-sequence system impedances of the equivalent circuits is given in 2.2 of IEC 60909-4.

If in special cases, for instance in the case of auto-transformers with on-load tap-changer, the short-circuit voltages of
transformers uy, at the position +py and uy. at the position —pr (see IEC 60909-2) both are considerably higher than
the value uy,, it may be unnecessary to introduce impedance correction factors Kr.

3.4 Overhead lines and cables

The positive-sequence short-circuit impedance Z; = Ry + jX; may be calculated from the conduc-
tor data, such as the cross-sections and the centre-distances of the conductors.

For measurement of the positive-sequence impedance Z, = R + jX;) and the zero-sequence
short-circuit impedance Z) = R + jX(0), see IEC 60909-4. Sometimes it is possible to estimate
the zero-sequence impedances with the ratios R(oy/Ri and X,./Xy. (see IEC 60909-2).

The impedances Z;y and Zgyw of low-voltage and high-voltage cables depend on national
techniques and standards and may be taken from IEC 60909-2 or from textbooks or
manufacturer's data.

For higher temperatures than 20 °C, see equation (3).

The effective resistance per unit length R; of overhead lines at the conductor temperature 20 °C
may be calculated from the nominal cross-section g, and the resistivity p:

R =£ (14)
qn

NOTE The following values for resistivity may be used:

1 Qmm
Copper p=—
54 m
- : 1 Qmm?
Aluminium T op=—
34 m
2
.. 1 Qmm
Aluminium alloy p=—
31 m
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The reactance per unit length X; for overhead lines may be calculated, assuming transposition, from:

. 1 d 1 d
x =omrEef — hmE )= fu| — + mE (15)
: 2rc\ 4n r 4n r
where
d = %/duu di,; dyy, geometric mean distance between conductors, or the centre of
bundles;
r is the radius of a single conductor. In the case of conductor bundles, r is to be substituted

by rs = 4/nrR™" , where R is the bundle radius (see IEC 60909-2);
n is the number of bundled conductors; for single conductors n = 1;

o = 4mx 1077 H/m.

3.5 Short-circuit limiting reactors

The positive-sequence, the negative-sequence, and the zero-sequence short-circuit impedances
are equal, assuming geometric symmetry. Short-circuit current-limiting reactors shall be treated
as a part of the short-circuit impedance.

u U )
Z, = —k 1 and Rp << X 16
®T100% 43 1, L | (16)

where
ur and /g are given on the rating plate;

U, is the nominal system voltage.

3.6 Synchronous machines
3.6.1 Synchronous generators

When calculating initial symmetrical short-circuit currents in systems fed directly from
generators without unit transformers, for example in industrial networks or in low-voltage
networks, the following impedance has to be used in the positive-sequence system (see also
figure 8):

Zox =KoZs=Ko(Rg +iX]) (17)
with the correction factor:

U
Kg =t ——m (18)
Ug l+x;singg '
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where

Cmax 18 the voltage factor according to table 1;

U, 1is the nominal voltage of the system;

U s the rated voltage of the generator;

Zox  is the corrected subtransient impedance of the generator;

Zs  is the subtransient impedance of the generator in the positive-sequence system:
Zs=Ro+jX];

¢c is the phase angle between I, and U,s/ NER

x5 is the relative subtransient reactance of the generator related to the rated impedance:
x5 = X1/Z where Zg= U /S:s

IEC 1277/2000

Figure 8 — Phasor diagram of a synchronous generator at rated conditions

The correction factor Kg (equation (18)) for the calculation of the corrected subtransient impedance Zsk

(equation (17)) has been introduced because the equivalent voltage source cU,/ V3 is used instead of the
subtransient voltage £” behind the subtransient reactance of the synchronous generator (see figure 8).

The following values for the fictitious resistances Rgr may be used for the calculation of the peak short-
circuit current with sufficient accuracy.

Rgr = 0,05 X7 for generators with U, > 1 kV and S,g 2 100 MVA

Ree 0,07 X for generators with Ug > 1 kV and S, < 100 MVA

Rsr = 0,15 X for generators with U,g <1 000 V

In ‘addition to the decay of the d.c. component, the factors 0,05, 0,07, and 0,15 also take into
account the decay of the a.c. component of the short-circuit current during the first half-cycle
after the short circuit took place. The influence of various winding-temperatures on Rgs is not
considered.

NOTE The values Rgs should be used for the calculation of the peak short-circuit current. These values cannot be
used when calculating the aperiodic component iy, of the short-circuit current according to equation (64). The
effective resistance of the stator of synchronous machines lies generally much below the given values for Rg. In this
case the manufacturer’s values for Rg should be used.
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If the terminal voltage of the generator is different from U,g, it may be necessary to introduce
Us= Uy (1 + pg) instead of Uy to equation (18), when calculating three-phase short-circuit
currents.

For the short-circuit impedances of synchronous generators in the negative-sequence system,
the following applies with K from equation (18):

Lok = KG(R(2)G + jX(Z)G)) =KsZpe = KgZs = Ks(Rg + ng) (19)
If the values of X7 and X are different, the value X5 = (X7 + X7 )2 can be used.

For the short-circuit impedance of synchronous generators in the zero-sequence system, the
following applies with K¢ from equation (18):

Z ook =Kg (R + jX(o)c) (20)

When an impedance is present between the starpoint of the generator and earth, the correction
factor K shall not be applied to this impedance.

The need for the calculation of minimum short-circuit currents may arise because of
underexcited operation of generators (low-load condition in cable systems or in systems
including long overhead lines, hydro pumping stations). In this case special considerations
beyond the scope and procedure given in this standard have to be taken into account (see for
instance 2.2.1 of IEC 60909-1).

3.6.2 Synchronous compensators and motors

When calculating the initial symmetrical short-circuit current Iy, the peak short-circuit current

ip, the symmetrical short-circuit breaking current /,, and the steady-state short-circuit current /,
synchronous compensators are treated in the same way as synchronous generators.

If synchronous motors have a voltage regulation, they are treated like synchronous generators. If
not, they are subject to additional considerations.

3.7 Power station unit
3.7.1 Power station units with on-load tap-changer

For the calculation of short-circuit currents of power station units (S) with on-load tap-changer,
the following equation for the impedance of the whole power station unit is used for short
circuits on the high-voltage side of the unit transformer (see figure 11c):
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Z_s = Ks (trz .Z_G +ZTHV) (21)
with the correction factor
UZ 2 .
Ky = =2 Ymy Crmay (22)

2 2 _ :
Us Ufay 1+|xd lesm(prG

Zs s the corrected impedance of a power station unit with on-load tap-changer referred to the
high-voltage side;

Zs is the subtransient impedance of the generator Z; = Rg +j X (without correction factor Kg);

Zmv is the impedance of the unit transformer related to the high-voltage side (without
correction factor Kp); '

Un is the nominal system voltage at the feeder connection point Q of the power station unit;
U is the rated voltage of the generator;
¢ s the phase angle between I and U/ NER:
x4  is the relative subtransient reactance of the generator related to the rated impedance:
xy = X§/Zg where Zg= UL /Sa;

xt  is the relative reactance of the unit transformer at the main position of the on-load tap-
changer: x1 = Xv/( UrzT /81);

t. is the rated transformation ratio of the unit transformer: ¢, = U ruy/Usrpy.

If the minimum operating voltage Ulymin = Unq at the high-voltage side of the unit transformer of
the power station unit is well established from long-term operating experience of the system,
then it is possible to use the product Uy - Umei,, instead of of Uzno in equation (22). If, on the
other hand, the highest partial short-circuit current of a power station unit is searched for, then

U,q should be used instead of Ulypin, i.€. equation (22) should be chosen.

It is assumed that the operating voltage at the terminals of the generator is equal to U,g. If the
voltage Ug is permanently higher than U, then Ugmax = U (1 + pg) should be introduced
instead of U,g, with, for instance, pg = 0,05.

If only overexcited operation is expected, then for the calculation of unbalanced short-circuit
currents the correction factor Ks from equation (22) shall be used for both the positive-sequence
and the negative-sequence system impedances of the power station unit. The correction factor Kj
shall also be applied to the zero-sequence system impedance of the power station unit, excepting,
if present, an impedance component between the star point of the transformer and earth.

If underexcited operation of the power station unit is expected at some time (for instance to a
large extent especially in pumped storage plants), then only when calculating unbalanced short-
circuit currents with earth connection (see figures 3c and 3d) the application of Ky according to
equation (22) may lead to results at the non-conservative side. Special considerations are
necessary in this case, for instance with the superposition method.
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When calculating the partial short-circuit current Iggat the high-voltage side of the unit

transformer or the total short-circuit current at the short-circuit location on the high-voltage side
of a power station unit, it is not necessary to take into account the contribution to the short-
circuit /7 of the motors connected to the auxiliary transformer.

NOTE IEC 60909-4 provides help for users in such cases.

3.7.2 Power station units without on-load tap-changer

For the calculation of short-circuit currents of power station units (SO) without on-load tap-
changer, the following equation for the impedance of the whole power station unit is used for a
short circuit on the high-voltage side of the unit transformer (see figure 11c):

Zso =Ko (trz Zs + _Z-THV) (23)
with the correction factor
U U ¢ '
Ko = 1Q Bt 1 A AN I . max 24
% Ug (1+PG) Uiay ( _pT) 1+'x(’1’5in(0rG . @9

where

Zso is the corrected impedance of a power station unit without on-load tap-changer, i.e.
constant transformation ratio ¢, related to the high-voltage side;

ZG is the subtransient impedance of the generator Zg = Rg+ j X, 1 (without correction factor K);

Zyv is the impedance of the unit transformer related to the high-voltage side (without
correction factor K7);
Uag  is the nominal system voltage at the feeder connection point Q of the power station unit

U is the rated voltage of the generator; Ugmax = Usg (1+pg), with for instance pg = 0,05 up to 0,10;

@G is the phase angle between I and Us/ NE) (see 3.6.1);

Xg is the relative subtransient reactance of the generator related to the rated impedance:
x5 = X7 /Zg where Zg= U5 /Sq;

t is the rated transformation ratio of the unit transformer ¢, = U,ruv/UitLy;

1 £ pr is to be introduced if the unit transformer has off-load taps and if one of these taps is
permanently used, if not choose 1 + pr = 1. If the highest partial short-circuit current of
the power station unit at the high-voltage side of the unit transformer with off-load taps
is searched for, choose 1-pr.

In the case of unbalanced short circuits, the impedance correction factor Kso from equation (24)
shall be applied to both the positive-sequence and the negative-sequence system impedances of
the power station unit. The correction factor Kso shall also be applied to the zero-sequence
system impedance of the power station unit excepting, if present, an impedance component
between the star point of the transformer and earth.
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The correction factor is not conditional upon whether the generator was overexcited or
underexcited before the short circuit.

When calculating the partial short-circuit current Iig, at the high-voltage side of the unit transformer or

the total short-circuit current at the short-circuit location on the high-voltage side of a power station unit,
it is not necessary to take into account the contribution to the short-circuit current Iy, of the motors

connected to the auxiliary transformer.

3.8 Asynchronous motors
3.8.1 General

Medium-voltage motors and low-voltage motors contribute to the initial symmetrical short-circuit
current I, to the peak short-circuit current i, to the symmetrical short-circuit breaking current J; and,

for unbalanced short circuits, also to the steady-state short-circuit current /.

Medium-voltage motors have to be considered in the calculation of maximum short-circuit current (see
2.4 and 2.5). Low-voltage motors are to be taken into account in auxiliaries of power stations and in
industrial and similar installations, for example in networks of chemical and steel industries and pump-
stations.

The contribution of asynchronous motors in low-voltage power supply systems to the short-circuit
current /; may be neglected if their contribution is not higher than 5 % of the initial short-circuit current

Iy, calculated without motors.
Y I <001 Iy, (25)

where

X I, is the sum of the rated currents of motors connected directly (without transformers) to
the network where the short circuit occurs;

1”

ma  Is the initial symmetrical short-circuit current without influence of motors.

In the calculation of short-circuit currents, those medium-voltage and low-voltage motors may be
neglected, provided that, according to the circuit diagram (interlocking) or to the process (reversible
drives), they are not switched in at the same time.

The impedance Zy = Ry + jXu of asynchronous motors in the positive- and negative-sequence
systems can be determined by:

Z, = 1 Um __ 1 Uy 26)
TUEY \E[,M I/l Sim
where
U is the rated voltage of the motor;
I is the rated current of the motor;
Sem is the rated apparent power of the motor (S;y = Pru/(Thm COS @rm);

Iij/Im is the ratio of the locked-rotor current to the rated current of the motor.
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If Ry/Xw is known, then Xy shall be calculated as follows:

Xy = ______.Z_M___ (27)

\/1 + (Ry/X )’

The following relations may be used with sufficient accuracy:

Ru/Xu = 0,10, with Xy = 0,995 Z,  for medium-voltage motors with powers P,y per pair of
poles =21 MW;

Rw/Xy =0,15, with Xy = 0,989 Zyy  for medium-voltage motors with powers Py per pair of
poles <1 MW;

Ryv/Xy = 0,42, with Xy = 0,922 Zy  for low-voltage motor groups with connection cables.

For the calculation of the initial short-circuit currents according to 4.2, asynchronous motors are
substituted by their impedances Zy according to equation (26) in the positive-sequence and
negative-sequence systems. The zero-sequence system impedance Zg)y of the motor shall be
given by the manufacturer, if needed (see 4.7).

3.8.2 Contribution to short-circuit currents by asynchronous motors

Medium- and low-voltage motors, which are connected by two-winding transformers to the
network in which the short circuit occurs, may be neglected in the calculation of short-circuit
currents for a short circuit at the feeder connection point Q (see figure 9), if:

2P 0,8
< : 28
2Sx 1003 S, 29
=T _03
J3U,, 17,

where

2Py is the sum of the rated active powers of the medium-voltage and the low-voltage motors
which shall be considered;

2SS, is the sum of the rated apparent powers of all transformers, through which the motors are
directly fed;
IIZQ is the initial symmetrical short-circuit current at the feeder connection point Q without
supplement of the motors;

U,q is the nominal voltage of the system at the feeder connection point Q.
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la f I U, =20 kV
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EP ™ IEC 1278/2000

Figure 9 — Example for the estimation of the contribution from the asynchronous motors
in relation to the total short-circuit current

Low-voltage motors arc usually connected to the busbar by cables with different lengths and
cross-sections. For simplification of the calculation, groups of motors including their connection
cables may be combined to a single equivalent motor (see motor M4 in figure 9).

For these equivalent asynchronous motors, including their connection cables, the following may be used:

Zy is the impedance according to equation (26);
Iv is the sum of the rated currents of all motors in a group of motors (equivalent motor);
Iig/lv =5;

Ru/Xu = 0,42, leading to xy = 1,3;
Pu/p = 0,05 MW if nothing definite is known, where p is the number of pairs of poles.

For a short circuit at the busbar B in figure 9, the partial short-circuit current of the low-voltage
motor group M4 may be neglected, if the condition /;ms < 0,017 vr3 holds. Ius is the rated current

of the equivalent motor M4, 17, is the initial symmetrical short-circuit current at the low-

voltage side of the transformer T3 during a short circuit at B without contribution from the
equivalent motor M4.
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In the case of a short circuit on the medium-voltage side (for example, short-circuit locations Q
or A in figure 9), it is possible to simplify the calculation of Zy according to equation (26) with,
for instance, the rated current of the transformer T3 (/13 Lv) in figure 9 1nstead of the rated
current /4 of the equivalent motor M4.

The estimation- according to equation (28) is not allowed in the case of three-winding
transformers.

- 3.9 Static converters

Reversible static converter-fed drives (for example, rolling mill drives) are considered for three-
phase short circuits only, if the rotational masses of the motors and the static equipment provide
reverse transfer of energy for deceleration (a transient inverter operation) at the time of short
circuit. Then they contribute only to the initial symmetrical short-circuit current /; and to the
peak short-circuit current i,. They do not contribute to the symmetrical short-circuit breaking
current [;, and the steady-state short-circuit current /.

As a result, reversible static converter-fed drives are treated for the calculation of short-circuit
currents in a similar way as asynchronous motors. The following applies:
Znm is the impedance according to equation (26);

UM is the rated voltage of the static converter transformer on the network side or rated
voltage of the static converter, if no transformer is present;

Iom is the rated current of the static converter transformer on the network side or rated
current of the static converter, if no transformer is present;
Iir/lm =3,

RM/XM = 0,10 with XM = 0,995 ZM.

All other static converters are disregarded for the short-circuit current calculation according to
this standard. :

3.10 Capacitors and non-rotating loads

The calculation methods given in clause 2 allow for line capacitances, parallel admittances and
non-rotating loads as stated in 2.3.2 not to be taken into account, except those of the zero-
sequence system.

Regardless of the time of short-circuit occurrence, the discharge current of the shunt capacitors
may be neglected for the calculation of the peak short-circuit current.

The effect of series capacitors can be neglected in the calculation of short-circuit currents, if
they are equipped with voltage-limiting devices in parallel, acting if a short circuit occurs.

In the case of high-voltage direct-current transmission systems, the capacitor banks and filters
need special considerations, when calculating a.c. short-circuit currents.
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4 Calculation of short-circuit currents

4.1 General

In the case of a far-from-generator short circuit, the short-circuit current can be considered as the sum of
the following two components:

— the a.c. component with constant amplitude during the whole short circuit,

— the aperiodic d.c. component beginning with an initial value A and decaying to zero.

Figure 1 gives schematically the general course of the short-circuit current in the case of a far-from-
generator short circuit. The symmetrical a.c. currents [/ {('., I, and I are r.m.s. values and are nearly equal

in magnitude.

Single-fed short circuits supplied by a transformer according to figure 4, may a priori be regarded as far-
from-generator short circuits if Xpvk = 2Xq with Xq, calculated in accordance with 3.2 and Xk =
KXty in accordance with 3.3.

In the case of a near-to-generator short circuit, the short-circuit current can be considered as the sum of
the following two components:

— the a.c. component with decaying amplitude during the short circuit,

— the aperiodic d.c. component beginning with an initial value A and decaying to zero.

In the calculation of the short-circuit currents in systems supplied by generators, power-station units and
motors (near-to-generator and/or near-to-motor short circuits), it is of interest not only to know the initial
symmetrical short-circuit current /; and the peak short-circuit current #,, but also the symmetrical short-

circuit breaking current Z, and the steady-state short-circuit current /. In this case, the symmetrical short-
circuit breaking current J, is smaller than the initial symmetrical short-circuit current /¢ . Normally, the

steady-state short-circuit current / is smaller than the symmetrical short-circuit breaking current 1.

In a near-to-generator short circuit, the short-circuit current behaves generally as shown in
figure 2. In some special cases, it could happen that the decaying short-circuit current reaches
zero for the first time, some cycles after the short circuit took place. This is possible if the d.c.
time constant of a synchronous machine is larger than the subtransient time constant. This
phenomenon is not dealt with in this standard.

The decaying aperiodic component iy, of the short-circuit current can be calculated according
to 4.4.

For the calculation of the initial symmetrical short-circuit current, it is allowed to take
Zoy= Zoy.

The type of short circuit which leads to the highest short-circuit current depends on the values of
the positive-sequence, negative-sequence, and zero-sequence short-circuit impedances of the
system. figure 10 illustrates this for the special case where Zq), Z;) and Z) have the same
impedance angle. This figure is useful for information but should not be used instead of
calculation.
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} The single line-to-earth short circuit will give the highest short-circuit current

Figure 10 — Diagram to determine the short-circuit type (figure 3) for the highest short-circuit
current referred to the symmetrical three-phase short-circuit current at the short-circuit location
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For the calculation of the initial symmetrical short-circuit current /; the symmetrical short-
circuit breaking current /,, and the steady-state short-circuit current /i at the short-circuit
location, the system may be converted by network reduction into an equivalent short-circuit
impedance Z, at the short-circuit location. This procedure is not allowed when calculating the
peak short-circuit current i,. In this case, it is necessary to distinguish between networks with
and without parallel branches (see 4.3.1.1 and 4.3.1.2).

While using fuses or current-limiting circuit-breakers to protect substations, the initial symmetrical short-
circuit current is first calculated as if these devices were not available. From the calculated initial
symmetrical short-circuit current and characteristic curves of the fuses or current-limiting circuit-
breakers, the cut-off current is determined, which is the peak short-circuit current of the downstream
substation.

Short circuits may have one or more sources, as shown in figures 11, 12, and 14. Calculations are
simplest for balanced short circuits on radial systems, as the individual contributions to a balanced short
circuit can be evaluated separately for each source (figures 12 or 13).

When sources are distributed in meshed network as in figure 14, and for all cases of unbalanced short
circuits, network reduction is necessary to calculate short-circuit impedances Z,y = Z;) and Zy, at the
short-circuit location.

4.2 Initial symmetrical short-circuit current I,

For the common case when Z, is larger than Z) = Z), the highest initial short-circuit current will occur
for the three-phase short circuit. However, for short circuits near transformers with low zero-sequence
impedance, Z, may be smaller than Z;,. In that case, the highest initial short-circuit current I,z will

occur for a line-to-line short circuit with earth connection (see figure 11 for Z»yZy, = 1 and ZpyZe, > 1
where Z(z) = Z(l))'

4.2.1 Three-phase short circuit

In general, the initial symmetrical short-circuit current 7} shall be calculated using equation (29)

with the equivalent voltage source cUy «/5 at the short-circuit location and the short-circuit
impedance Z, = Ry + jXi.

,  cU cU

—_— It

I = y
Y Bz, B3R+ x?

29

The equivalent voltage source cUy,/ /3 shall be introduced at the short-circuit location (see figure 4) with
the factor ¢ according to table 1.

4.2.1.1 Single-fed short circuits

For a far-from-generator short circuit fed from a single source (see figure 11a), the short-circuit current is
calculated using equation (29).
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with
R, = RQ‘ + Ry + R,
X, =XQ‘ + X + X,

where

(30)

€2))

Ry and X, are the sum of the series-connected resistances and reactances of the positive-sequence
system respectively, in accordance with figure 11a. Ry is the line resistance for a conductor

temperature of 20 °C, when calculating the maximum short-circuit currents.

The corrected transformer impedance Zrx = Rk + jXtx = Kt (Ry + jX7) is found from equations

(7) to (9), or (10) to (11) with the correction factor Kt from equation (12) or (13).

Q

A k3
| u F

IEC 1280/2000
UnQ

Figure 11a — Short circuit fed from a network feeder via a transformer

k3

77
UrG U F

IEC 1281/2000

G
3G~ V772 L

Figure 11b — Short circuit fed from one generator (without unit transformer)

G ~ A '
T k3
7
Use | u F
Ve
\— _/
\S/ IEC 1282/2000

Figure 11c - Short circuit fed from one power station unit
(generator and unit transformer with or without on-load tap-changer)

Figure 11 — Examples of single-fed short circuits
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Resistances Ry less than 0,3 - X, may be neglected. The impedance of the network feeder
Zg = Ro + jXq is referred to the voltage of the transformer side connected to the short-circuit
location. (In the case of figure 4, for instance, to the LV side).

For the examples in figures 11b and 1lc, the initial symmetrical short-circuit current is
calculated with the corrected impedances of the generator and the power station unit (sec 3.6.1
and 3.7) in series with a line impedance Z_ = Ri+ jXi. The short-circuit impedances for the
examples in figures 11b and 11c are given by the following equations:

Example figure 11b: Z,=Zg +Z, =Ks(Rs +iXJ)+Z, - (32)
Example figure 11c: Z,=Zs+2Z, =K Zo + Zy )+ Z0 (33)

Zx shall be determined from equation (17), Zs from equation (21) or (23) with Ks or Kso according
to equation (22) or (24). The generator impedance shall be transferred to the high-voltage side
using the rated transformation ratio .. The unit transformer impedance Zruy = Rmav + jXtav
according to equations (7) to (9) without Ky is referred to the high-voltage side.

4.2.1.2 Short circuits fed from non-meshed networks

When there is more than one source contributing to the short-circuit current, and the sources are
unmeshed, as shown for instance in figure 12, the initial symmetrical short-circuit current /; at the
short-circuit location F is the sum of the individual branch short-circuit currents. Each branch short-
circuit current can be calculated as an independent single-source three-phase short-circuit current in
accordance with equation (29) and the information given in 4.2.1.1.

The initial short-circuit current at the short-circuit location F is the phasor sum of the individual partial
short-circuit currents (see figure 12):

K-35 e

Within the accuracy of this standard, it is often sufficient to determine the short-circuit current at
the short-circuit location F as being the sum of the absolute values of the individual partial short-
circuit currents.

In general, the calculation according to 4.2.1.5 for meshed networks is to be preferred, especially
if digital programs are used.
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Figure 12 — Example of a non-meshed network

4.2.1.3 Short-circuit currents inside a power station unit with on-load tap-changer

"
Ikaax

'Qmin

1EC 1284/2000

Figure 13 — Short-circuit currents and partial short-circuit currents for three-phase short circuits
between generator and unit transformer with or without on-load tap-changer,
or at the connection to the auxiliary transformer of a power station unit
and at the auxiliary busbar A
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For calculating the partial short-circuit currents Iy; and I with a short circuit at F1 in

figure 13, in the case of a power station unit with on-load tap-changer, the partial initial
symmetrical short-circuit currents are given by:

” cU '
I =G 35)
\/5 KG,SZG
with
c
K = —max 36
S 7 1+ x]sing (36)
” U
Iy = - rGl 37
‘/§Z.TLV + F‘ZQmin
where

Zs is the subtransient impedance of the generator Zg = Rg + jXJ

Xg is the subtransient reactance referred to the rated impedance:
x§ = X§/Zg with Z= U%, /Si;

Zyy is the transformer short-circuit impedance referred to the low-voltage side according
to 3.3.1, equations (7) to (9);

1 is the rated transformation ratio;

Zomn  is the minimum value of the impedance of the network feeder, corresponding to Zyg, -

For I :Qmax the maximum possible value during the lifetime of the power station unit shall be

introduced.

For the calculation of the partial short-circuit current /5, feeding into the short-circuit location

F2, for example at the connection to the high-voltage side of the auxiliary transformer AT in
figure 13, it is sufficient to take:

» cUg 1 1 cU,

dip2 = + ===
3 | Kes Z 1 3Z
3 08 =6 KrsZny +tT_ZQmin =l

(38)

with

cmax ‘
Kig =g — ' (39)
1 — x;sin@ g

and Kg s according to equation (36).
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If the unit transformer has an on-load tap-changer on the high-voltage side, it is assumed that
the operating voltage at the terminals of the generator is equal to Us. If, even in this case, the
voltage region of the generator Ug = U,g(1£pg) is used permanently, take equations (40) to (44)
instead of (35) to (39).

The total short-circuit current in F1 or F2 (figure 13) is found by adding the partial short-circuit
current [y, v, caused by the medium- and low-voltage auxiliary motors of the power station
unit.

4.2.1.4 Short-circuit currents inside a power station unit without on-load tap-changer

For a power station unit without on-load tap-changer of the unit transformer, the partial initial
symmetrical short-circuit currents in figure 13 are given by:

cU g

Iig == (40)
V3 Kes0 Za
with
1 € max
K = . 41
G0 l+pg l+xgsine.g 1)
U
I = s (42)
1
‘/-3- Z.TLV +;2_ZQmin|
For Zg, x5, Zriv, t: and Zomi, see 4.2.1.3.
The partial short-circuit current I, in figure 13 can be calculated by:
Lip, = Cf/]f 1% 1 Z + ! 1 = ngZrG (43)
3 GSO=6G KisoZmv 5 Zomin =nl
with
1 Crax
Krso ) (44)

- I+p; l=xrsingg
and K¢ so according to equation (41).

The impedance Z, in equation (38) or (43) is used to determine the partial short-circuit current
I, in figure 13 for the short circuit in F3. The impedance of the auxiliary transformer AT in

figure 13 is to be corrected with Ky from 3.3.3.

The total short-circuit in F1 or F2 (figure 13) is found by adding the partial short-circuit current
I}, av » caused by the medium- and low-voltage auxiliary motors of the power station unit.
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4.2.1.5 Short circuits in meshed networks

In meshed networks, such as those shown in figure 14, it is generally necessary to determine the
short-circuit impedance Z = Zy by network reduction (series connection, parallel connection,
and delta-star transformation, for example) using the positive-sequence short-circuit impedances
of electrical equipment (see clause 3).

The impedances in systems connected through transformers to the system, in which the short
circuit occurs, have to be transferred by the square of the rated transformation ratio. If there are
several transformers with slightly differing rated transformation ratios (¢, f2... trtn), in between
two systems, the arithmetic mean value can be used.

The initial symmetrical short-circuit current shall be calculated with the equivalent voltage
source cUn/\/g at the short-circuit location using equation (29).

4.2.2 Line-to-line short circuit

In the case of a line-to-line short circuit, according to figure 3b, the initial short-circuit current
shall be calculated by:

5

1 U -211,: (45)

© =
Iz, + 2,

i

_cU,
202,
During the initial stage of the short circuit, the negative impedance is approximately equal to the

positive-sequence impedance, independent of whether the short circuit is a near-to-generator or a
far-from-generator short circuit. Therefore in equation (45) it is possible to introduce Zu) = Zq).

Only during the transient or the steady-state stage, the short-circuit impedance Z is different
from Z,, if the short circuit is a near-to-generator short circuit (see figure 10).
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T4 U, S with or without
: on-load tap changer
of the unit transformer
B
M Motor or an equivalent motor
of a motor group

IEC 1285/2000

Figure 14a — System diagram

01

IEC 1286/2000

*  Zw. Impedance of a motor or an equivalent motor of a motor group.

Figure 14b — Equivalent circuit diagram for the calculation with the equivalent voltage source

cU,/ 3 at the short-circuit location

Figure 14 — Example of a meshed network fed from several sources
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4.2.3 Line-to-line short circuit with earth connection

To calculate the initial symmetrical short-circuit currents it is necessary to distinguish between
the currents Iy,p 5, Iy,p 5, and i, (see figure 3c).

For far-from-generator short circuits, Z, is approximately equal to Z. If in this case Z, is less
than Z,), the current I}, in the line-to-line short circuit with earth connection generally is the

largest of all initial symmetrical short-circuit currents I, , Iy,, Iy, and I, (see figure 10).

The equations (46) and (47) are given for the calculation of 7 vopLoand Ip,p 5 in figure 3c:

el Zo) —2aZp) 46
beeL = T o A 2 Z (46)
20 &) T £0) &£0) T E2) £(0)
, . Zpy-2'Z
Liops = jeU = &) “47)

Zo ZoytZoZo * Lo Lo
The initial short-circuit current /7, flowing to earth and/or grounded wires, according to
figure 3¢, is calculated by:
[” ‘\/3 CUn Z(Z)

ZkEZE = — (48)
Zwy Loy 2w Zo) L)L)

For a far-from-generator short circuit with Z5y= Z (;, these equations lead to the absolute values:

o lewze -4

1]:2EL2 =cU, 49)

. 2 +2 Zg)|

Zoy/ Zpy—a’

» =)/ £0) T £
Tops =cU, I_—'—_I (50)

Ié(l) +2 Z(o)l

» 3 eU

Tigoe - &)

i |2y +2 2 |
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4.2.4 Line-to-earth short circuit

The initial line-to-earth short-circuit current 77, in figure 3d shall be calculated by:

, V3 eU, | (52)
Zy+tZo+ Ly

=kl

For a far-from-generator short circuit with Z, = Z the absolute value is calculated by:
Ill “/5 CUn (53)
224+ Zo)|

If Zy) is less than Zp) = Z;), the initial line-to-earth short-circuit current [ v is larger than the
three-phase short-circuit current 7, but smaller than /;,. (see figure 10). However, I} will be
the highest current to be interrupted by a circuit breaker if 1,0 > Z/Z;,> 0,23.

4.3 Peak short-circuit current i,
4.3.1 Three-phase short circuit
4.3.1.1 Short circuits in non-meshed networks

For three-phase short circuits fed from non-meshed networks as in figures 11 and 12, the
contribution to the peak short-circuit current from each branch can be expressed by:

i, =x2 I] (54)

The factor x for the R/X or X/R ratio shall be obtained from figure 15 or calculated by the
following expression:

K =1,02 + 0,98e** | (55)
2,0 . 2,0 » —
T 1,8- ‘ T 1.8 — . "”"’—‘
x 16 _ \ k 16 - //

1,4_ \ 1,4_ /
] \ 12_

1,2 \\ s
T \. . T
110 T T T T T T 110
0 02 04 06 08 1 1,2 05 1 2 5 10 20 50 100 200
R/X ——— XIR ——»

IEC 1287/2000

Figure 15 — Factor x for series circuit as a function of ratio R/X or X/R
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Equations (54) and (55) presume that the short circuit starts at zero voltage, and that i, is reached
approximately after one half-cycle (see IEC 60909-1, figure 24). For a synchronous generator use Rot
(see 3.6.1).

The peak short-circuit current i, at a short-circuit location F, fed from sources which are not meshed with
one another, in accordance with figure 12, is the sum of the partial short-circuit currents:

iy = D iy (56)

Example figure 12: Iy =i + iy +ipy (57)

4.3.1.2 Short circuits in meshed networks

When calculating the peak short-circuit current i, in meshed networks, equation (54) shall be
used with k determined using one of the following methods a), b), or c).

a) Uniform ratio R/X or X/R

For this method the factor k is determined from figure 15 taking the smallest ratio of R/X or
the largest ratio of X/R of all branches of the network.

It is only necessary to choose the branches which carry partial short-circuit currents at the
nominal voltage corresponding to the short-circuit location and branches with transformers
adjacent to the short-circuit location. Any branch may be a series combination of several
impedances.

b) Ratio R/X or X/R at the short-circuit location

For this method the factor x is multiplied by a factor 1,15 to cover inaccuracies caused by
using the ratio R, / Xi from a network reduction with complex impedances.

i = L5k V2 17 : (58)

As long as R/X remains smaller than 0,3 in all branches, it is not necessary to use the factor
1,15. It is not necessary for the product 1,15 - k) to exceed 1,8 in low-voltage networks or to
exceed 2,0 in medium- and high-voltage networks.

The factor ki, is found from figure 15 for the rat.io R/X given by the short-circuit
impedance Zy = R, + jXi at the short-circuit location F, calculated for frequency f= 50 Hz or
60 Hz.

c) Equivalent frequency f.

An equivalent impedance Z. of the system as seen from the short-circuit location is calculated
assuming a frequency f;. = 20 Hz (for a nominal frequency of /= 50 Hz) or f. = 24 Hz (for a
nominal frequency of f = 60 Hz). The R/X or X/R ratio is then determined according to
equation (59).
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R_R Jfo (59a)
X x, 7 |
X_Xe S (59b)
R RC fC

where

Z. = R + jX. is the equivalent impedance of the system as seen from the short-circuit location
for the assumed frequency f£;

R. s the real part of Z (R, is generally not equal to the R at nominal frequency)

X.  is the imaginary part of Z (X is generally not equal to the X at nominal frequency).

The factor x is found from figure 15 using the R/X or X/R ratio from equation (59), or with
equation (55). Method c) is recommended in meshed networks (see IEC 60909-1).

When using this method in meshed networks with transformers, generators and power station
units, the impedance correction factors K, Kg and K, respectively Kgo, shall be introduced with
the same values as for the 50 Hz or 60 Hz calculations.

4.3.2 Line-to-line short circuit

For a line-to-line short circuit the peak short-circuit current can be expressed by:

Ipy = V2 Iy, (60)

The factor x shall be calculated according to 4.3.1.1 or to 4.3.1.2 depending on the system
configuration. For simplification, it is permitted to use the same value of k as for the three-phase
short circuit. '

When Zy = Z), the line-to-line peak short-circuit current iy, is smaller than the three-phase peak
short-circuit current i, as shown in equation (61):

‘Ei (61)

2

lpZ

4.3.3 Line-to-line short circuit with earth connection

For a line-to-line short circuit with earth connection, the peak short-circuit current can be
expressed by:

e = K2 Iy (62)

The factor k shall be calculated according to 4.3.1.1 or to 4.3.1.2 depending on the system
configuration. For simplification, it is permitted to use the same value for k as for the three-
phase short circuit.

It is only necessary to calculate ik, when Z) is much less than Z; (less than about 1/4 of Z)).
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4.3.4 Line-to-earth short circuit

For a line-to-earth short circuit, the peak short-circuit current can be expressed by:

i, =Kk21I, , (63)

The factor « shall be calculated according to 4.3.1.1 or to 4.3.1.2 depending on the system
configuration. For simplification, it is permitted to use the same value for k as for the three-
phase short circuit.

4.4 DC component of the short-circuit current

The maximum d.c. component iy . of the short-circuit current as shown in figures 1 and 2 may be
calculated with sufficient accuracy by equation (64).

iyo =2 I} T2 IRX (64)

where

Iy s the initial symmetrical short-circuit current;
f is the nominal frequency;

t is the time;

R/X is the ratio according to 4.3.1.1 or the ratios according to the methods a) and c¢) in 4.3.1.2
(see also note in 3.6.1).

The correct resistance Rg of the generator armature should be used and not Ry.

For meshed networks, the ratio R/X or X/R is to be determined by the method c¢) in 4.3.1.2.
Depending on the product f - ¢, where f is the frequency and ¢ is the time, the equivalent
frequency f; should be used as follows:

| f-t I <1 | <2,5 | <5 | <12,5 |
I flf | 0,27 | 0,15 | 0,092 l 0,055 |

4.5 Symmetrical short-circuit breaking current 7,

The breaking current at the short-circuit location consists in general of a symmetrical current 7,
and a d.c. current iy at the time £, according to equation (64).

NOTE For some near-to-generator short circuits the value of iy, at ,,, may exceed the peak value of [, and this can
lead to missing current zeros.

4.5.1 Far-from-generator short circuit

For far-from-generator short circuits, the short-circuit breaking currents are equal to the initial
short-circuit currents: '

L= I (65)
Iy = I, (66)
J R (. - (67)
L= 17, (68)
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4.5.2 Near-to-generator short circuit
4.5.2.1 Single-fed three-phase short circuit

For a near-to-generator short circuit, in the case of a single fed short circuit as in figure 11b and
11c or from non-meshed networks as in figure 12, the decay to the symmetrical short-circuit
breaking current is taken into account by the factor y according to equation (70).

I, = I} (69)

The factor u depends on the minimum time delay ¢y, and the ratio I, /I, where I,g is the rated

generator current. The values of u in equation (70) apply if synchronous machines are excited by
rotating exciters or by static converter exciters (provided, for static exciters, the minimum time
delay ¢, is less than 0,25 s and the maximum excitation voltage is less than 1,6 times rated load
excitation-voltage). For all other cases take u = 1, if the exact value is unknown.

When there is a unit transformer between the generator and the short-circuit location, the partial
short-circuit current /7 at the high-voltage side of the unit transformer (in figure 11c) shall be .

transferred by the rated transformation ratio to the terminal of the generator I;; = f, I 5 before
calculating u, using the following equations:

U= 0,84+0,26e %%/ for .. =0,02s

- -0,30 It /1, o
u=0,71+051e for tnn=20,05s (70)
U= 0,62+0,72e 3 e/he for 1. =0,10s

{=0,56+094¢ %%/l for £ 2025

If I;G /I is not greater than 2, apply u4 = 1 for all values of the minimum time delay . The

factor gt may also be obtained from figure 16. For other values of minimum time delay, linear
interpolation between curves is acceptable.

Figure 16 can be used also for compound excited low-voltage generators with a minimum time
delay t, not greater than 0,1 s. The calculation of low-voltage breaking currents after a time
delay ¢y, greater than 0,1 s is not included in this standard; generator manufacturers may be able
to provide information.
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Figure 16 — Factor u for calculation of short-circuit breaking current I,

4.5.2.2 Three-phase short circuit in non-meshed networks

For three-phase short circuits in non-meshed networks as in figure 12, the symmetrical breaking
current at-the short-circuit location can be calculated by the summation of the individual
breaking current contributions:

I =1y | (71)

Example figure 12: Iy = Ios + Ior + Iom = M1y + I7 + ug Loy (72)

where

Its, 17 and Iy, are taken as its contributions to I at the short-circuit location (see figure 12);

U is taken from equation (70) or figure 16 for synchronous generators and asynchronous motors.

In case of asynchronous motors, replace I /I by Igy /I (see table 3).
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The factor g for the calculation of the symmetrical short-circuit breaking current for
asynchronous motors may be determined as a function of the minimum time delay Zuin.

q = 1,03 + 0,12 In(Pru/p) for ‘tmin=0,02s
q=0,79 + 0,12 In(P/p) for  tpin=10,05s
g =0,57 + 0,12 In(P/p) for tun=0,105s
q = 0,26 + 0,10 In(Pm/p) for ftmn =2 0,25s

(73)

-where
Py is the rated active power in MW;
p is the number of pairs of poles of the motor.

If the calculation in equation (73) provides larger values than 1 for g, assume that ¢ = 1. Factor ¢ may
also be obtained from figure 17.

1,0
i //

0,9
- Minimum time delay t,,, // /
P
/

~~

% 2
g //
0,6 ”fr’
05 ] ‘4""“ fiffi:i;p A”””’
0,4 ]

’ / 0,10's

f’!”””"
i §
. —

//
P
v

/

0,1
i >0,25s
0 =~
0,01 0,02 0,05 0,1 0,2 0,5 1 2 5 10

Mw
Active power of the motor per pair of poles P,,/p ———»
IEC 1289/2000

Figure 17 — Factor g for the calculation of the symmetrical short-circuit breaking current
of asynchronous motors

4.5.2.3 Three-phase short circuit in meshed networks

At first the current at the short-circuit location is calculated for the time of breaking, and then
the partial currents in the branches where the circuit breakers are located.
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The short-circuit breaking current J, in meshed networks shall be calculated by:
I, =1I (74)

Currents calculated with equation (74) are larger than the real symmetrical short-circuit breaking
- currents.

For increased accuracy, equations (75), (76), and (77) can be used.

A U"Mj

= 2 U, /J— #i)f'koi _Z‘CZ__/“E (1 ‘lquj‘)ykmj (75)
J n

AUS; =]; Xk i (76)
.A_Q;\'/u =jXIt4j l;(,Mj an
where -
Wi, Y are the values given in equation (70) for both synchronous (i) and asynchronous (j)
machines;
g is the value given in equation (73) for asynchronous motors (j);
cUJ3 is the equivalent voltage source at the short-circuit location;
I are respectively the initial symmetrical short-circuit current and the symmetrical
Lk 4b

short-circuit breaking current with influence of all network feeders, syn-
chronous machines and asynchronous motors;

are the initial voltage drops at the terminals of the synchronous machines (i)

" 4
AUg;, AUy and the asynchronous motors (j);

Xix is the corrected subtransient reactance of the synchronous machine (i):
Xix =K, X7 with K, = Kg, Ks or Kso;
X is the reactance for the asynchronous motor (j);
Lo Lo are the contributions to the initial symmetrical short-circuit current from the

synchronous machines (i) and the asynchronous motors (j) as measured at the
terminals of the machines.

Note that the values [” and AU” of equations (76) and (77) are measured at terminals of the
machine and that they are related to the same voltage.

If the short circuit is a far-from-motor short circuit i.e. y; = 1, then take 1-4g; = 0, independent
of the value g;.

4.5.2.4 Unbalanced short circuits

For unbalanced short-circuit currents, the flux decay in the generator is not taken into account,
and equations (66) to (68) apply.
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4.6 Steady-state short-circuit current Iy

The calculation of the steady-state short-circuit current / is less accurate than the calculation of
the initial short-circuit current 1.

4.6.1 Three-phase short circuit of one generator or one power station unit

For near-to-generator three-phase short circuits fed directly from one synchronous generator or
one power station unit only, according to figure 11b or 11c, the steady-state short-circuit current
I, depends on the excitation system, the voltage regulator action, and saturation influences.

Synchronous machines (generators, motors, or compensators) with terminal-fed static exciters do not
contribute to J, in the case of a short-circuit at the terminals of the machine, but they contribute to / if
there is an impedance between the terminals and the short-circuit location. A contribution is also given
if, in case of a power station unit, the short-circuit occurs on the high-voltage side of the unit transformer
(see figure 11c).

4.6.1.1 Maximum steady-state short-circuit current

For the calculation of the maximum steady-state short-circuit current, the synchronous generator
may be set at the maximum excitation.

Ikmax = lmax_IrG (78)

For static excitation systems fed from the generator terminals and a short circuit at the terminals,
the field voltage collapses as the terminal voltage collapses, therefore take Amax = Amin = O in this
case.

Amx May be obtained from figures 18 or 19 for cylindrical rotor generators or salient-pole
generators. The saturated reactance x4, is the reciprocal of the saturated no-load short-circuit
ratio. :

Amax-curves of series 1 are based on the highest possible excitation voltage according to either
1,3 times the rated excitation at rated apparent power and power factor for cylindrical rotor
generators (figure 18a) or 1,6 times the rated excitation voltage for salient-pole generators
(figure 19a).

Amax-curves of series 2 are based on the highest possible excitation-voltage according to either
1,6 times the rated excitation at rated apparent power and power factor for cylindrical rotor
generators (figure 18b), or 2,0 times the rated excitation voltage for salient-pole generators
(figure 19b).
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Figure 19 — Factors Ami, and Ay, for salient-pole generators
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Amax-curves of series 1 or 2 'may also be applied in the case of terminal-fed static exciters, if the
short circuit is at the high-voltage side of the unit transformer of a power station unit or in the
system, and if the maximum excitation voltage is chosen with respect to the partial breakdown of
the terminal voltage of the generator during the short circuit.

NOTE The calculation of the A,,-curves is possible with equation (87) from IEC 60909-1, taking into account that
I;G 11 = Amax is valid for ratios I} /I, < 2. This occurs in the case of a far-from-generator short circuit.

4.6.1.2 Minimum steady-state short-circuit current

For the minimum steady-state short-circuit current in the case of a single-fed short circuit from
one generator or one power station unit according to figures 11b and 1llc, constant no-load
excitation (voltage regulator not being effective) of the synchronous machine is assumed:

Limin = AminliG (79)

Amin may be obtained from figures 18 and 19. In the case of minimum steady-state short circuit
introduce ¢ = cyin, according to table 1. '

The calculation of the minimum steady-state short-circuit current in the case of a near-to-
generator short circuit, fed by one or:several similar and parallel working generators with
compound excitation, is made as follows:

U »
Liin = ‘ﬁ"_n'_ (80)

BRI+ X2

For the effective reactance of the generators, introduce:

U

X - rG (8 1)
dP Jg IkP

Iip is the steady-state short-circuit current of a generator at a three-phase terminal short-circuit.
The value should be obtained from the manufacturer.

4.6.2 Three-phase short circuit in non-meshed networks

In the case of a three-phase short circuit in non-meshed networks, as in figure 12, the steady-
state short-circuit current at the short-circuit location can be calculated by the summation of the
individual steady-state short-circuit current contributions:

=Y, (82)

Example figure 12: L=hs+ L+ L= AL+ I (83)
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A (Amax OF Ampn) is found from figures 18 and 19. I is the rated current of the generator
transferred to the high-voltage side (see 4.2.1.2) of the unit transformer in figure 12.

In the case of network feeders or network feeders in series with transformers (see figure 12)
Iy = I7 is valid (far-from-generator short circuit).

With respect to equation (99) in table 3 the steady-state short-circuit current of asynchronous motors
is zero in the case of a three-phase short circuit at the terminals (figure 12 and equation (83)).

"When calculating Lnax OF Jimin, the factor ¢payx OF Coin 1s taken from table 1.

4.6.3 Three-phase short circuit in meshed networks

In meshed networks with several sources the steady-state short-circuit current may be calculated
approximately by:

Ikmax = Il:’maxM (84)

Limin = Tiomin (85)

Iy I} is found according to 2.4 and 4.2.1.5, and I, according to 2.5 and 4.2.1.5.

kmax

Equations (84) and (85) are valid in the case of far-from-generator and in the case of near-to-
generator short circuits.

4.6.4 Unbalanced short circuits

In all cases for steady-state unbalanced short circuits, the flux decay in the generator is not taken
into account and the following equations should be used:

Lo=1, (86)
Lop = I 87)
Leae = 11':525 (88)
Lo = I}, (89)

In the case of minimum steady-state short circuits introduce ¢ = cm, according to table 1,
see 2.5.
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4.6.5 Short circuits at the low-voltage side of transformers, if one line conductor
is interrupted at the high-voltage side

When fuses are used as incoming protection at the high-voltage side of network transformers, a short
circuit at the secondary side may cause one fuse to clear before the other high-voltage fuses or a circuit-
breaker eliminates the short circuit. This can lead to a situation where the partial short-circuit currents
are too small to operate any further protection device, particularly in the case of minimum short-circuit
currents. Electrical equipment may be overstressed due to the short-circuit duration.

Figure 20 describes this situation with balanced and unbalanced short circuits with earth connection at
the short-circuit location F.

Low-voltage system U,

Q
T, Dyn5 !
f )

L1 (fuses)  Hv Wit e
— I O > [T
[
k]
L2 lk;)LZHV — 5
f’ i}
i — 3
©
F#Q I g
Lq oNE) | g

- IEC 1294/2000

Figure 20 — Transformer secondary short circuits, if one line (fuse) is opened
on the high-voltage side of a transformer Dyn5S

The short-circuit currents, Iy, I,1,, Iy, and Iy at the low-voltage side of the transformer in

figure 20 can be calculated using equation (90) with the equivalent voltage source cU,/ V3 at the
short-circuit location F. The partial short-circuit currents I} ,;v = I4s4y at the high-voltage
side in figure 20 may also be calculated with equation (90) using appropriate values for the
factor . In all cases I, is equal to Iy, because the short circuits are far-from-generator short

circuits (see 1.3.17 and figure 1).

cU

I =a : (90)
ﬁlZQI + KTZT + ZL + B(KT_Z.(O)T + Z(O)L)l

where

v represents L1, L2, L3, N(E) at the low-voltage side and L2 HV, L3 HV at the

high-voltage side;

Zot+ KiZr+ Z.  is the resultant impedance in the positive-sequence system at the LV-side
(Zr=Zrv);

K1Zoyr + Zion is the resultant impedance in the zero-sequence system at the LV-side;

a B are factors given in table 2.
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Any line-to-line short circuits without earth connection cause currents smaller than the rated
currents, therefore this case is not taken into account in table 2.

Table 2 — Factors a and  for the calculation of short-circuit currents with equation (90)
Rated transformation ratio ¢, = Uyryv/UrtLy

Short circuit in F Three-phase Line-to-line short circuit Line-to-earth
(see figure 20) short circuit with earth connection short circuit
Affected lines at L1,L2,L3 L1, L3, N(E) L1, L2, N(E) L2, N(E)»
the low-voltage side | L1, L2, L3, N(E) | L2, L3, N(E)
Factor 8 0 2 0,5 0,5

Factor o (LV)
for the currents

b 0,5 1,5 - -
kL1
% 1,0 1,5 1,5
kL2
T .05 1,5 - -
r - 3,0 1,5 1,5

kN

» — —
for the currents I},

tr ' tl' tl‘

Factor a (HV) 1 £ 1 [3_ 1 [3_ 1 £
2 2 2 2

2

” 7]
IkLZHV - IkL3HV

D' In the case of line-to-carth short circuits L1, N(E) or L3, N(E), the resulting small
currents are stipulated by the transformer open-circuit impedances. They may be
neglected.

No short-circuit current on the low-voltage or on the high-voltage side of the transformer in
figure 20 is higher than the highest balanced or unbalanced short-circuit current in the case of an
intact HV-feeding (see figure 10). Therefore equation (90) is only of interest for the calculation
of minimum short-circuit currents (see table 1 for ¢ = cyin, and 2.5).

4.7 Terminal short circuit of asynchronous motors

In the case of three-phase and line-to-line short circuits at the terminals of asynchronous motors,
the partial short-circuit currents Ip, ipm, Iom, and v are evaluated as shown in table 3. For
grounded systems the influence of motors on the line-to-earth short-circuit current cannot be
neglected. Take the impedances of the motors with Zjw = Zgm = Zu and Zgy. If the motor is
not earthed, the zero-sequence impedance becomes Zgym = oo.
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Table 3 — Calculation of short-circuit currents of asynchronous motors in the case
of a short circuit at the terminals (see 4.7)

Short circuit Three-phase short circuit | Line-to-line short circuit Lme-to-'earfh
short circuit
Initial symmetrical | ;» cU, 1[3-
Iy = 91 ’ = .
short-circuit kM ng ©n Tom Lam (92) |See 4.7
M
current
Peak short-circuit J_ :
. L4 3 » : ”»
current am = Ky JE]HM 93) foom = 7 ipam 94) | inm = kn 1/5 Im (95)

Medium-voltage motors:
KM = 1,65 (corresponding to Ryu/Xym = 0,15) for motor powers per pair of poles <1 MW
Kw = 1,75 (corresponding to Ry/Xy = 0,10) for motor powers per pair of poles 21 MW

Low-voltage motor groups with connection cables: xy = 1,3
(corresponding to Ry/Xy = 0,42)

Symmetrical short- Jg
circuit breaking Toam = 49 I 96) | Lo == Ttam O | Iy = I (98)
current 2

M according to equation (70) or figure 16, with 17y, /Iim

g according to equation (73) or figure 17.

Steady-state short- \/37 ] I

circuit current Liam=0 99 | Jiom :T [:3M (100) kM~ fxim (101)

4.8 Joule integral and thermal equivalent short-circuit curernt

The joule integral Ji* df is a measure of the energy generated in the resistive element of the
system by the short-circuit current. In this standard it is calculated using a factor m for the time-
dependent heat effect of the d.c. component of the short-circuit current and a factor » for the
time-dependent heat effect of the a.c. component of the short-circuit current (see figures 21 and

22) °

T

[i2dt=172 (m+n) =137 (102)
0

The thermal equivalent short-circuit current is:

Il =lgJm+n (103)
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For a series of i (i = 1, 2,....,r) three-phase successive individual short-circuit currents, the
following equation shall be used for the calculation of the Joule integral or the thermal
equivalent short-circuit current.

i=r

[idt="3 172 (my +n; )T = 13T~ (104)
i=1 :
fi%ar (105)
I, =
th Ty
i=r
- with Tk = ZTki ) (106)
=
where
Iy, is the initial symmetrical three-phase short-circuit current for each short circuit

Iy, s the thermal equivalent short-circuit current

m;  is the factor for the heat effect of the d.c. component for each short-circuit current
n;  is the factor for the heat effect of the a.c. component for each short-circuit current
T\ is the duration of the short-circuit current for each short circuit

Tx is the sum of the durations for each short-circuit current (see equation (106))

' The Joule integral and the thermal equivalent short-circuit current should always be given with
the short-circuit duration with which they are associated.
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Figure 21 — Factor m for the heat effect of the d.c. component of the short-circuit current
(for programming, the equation for m is given in annex A)
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Figure 22 — Factor »n for the heat effect of the a.c. component of the short-circuit current
(for programming, the equation for » is given in annex A)

The factors m; are obtained from Figure 21 using f - T\; and the factor x derived in 4.3. The
factors n; are obtained from Figure 22 using 7i; and the quotient 1,/ k;., where I; is the steady-
state short-circuit current for each short circuit.

When a number of short circuits occur with a short time interval in between them, the resulting
Joule integral is the sum of the Joule integrals of the individual short-circuit currents, as given in
equation (104).

For distribution networks (far-from-generator short circuits) usually #=1 can be used.

For far-from-generator short circuit with the rated short-circuit duration of 0,5 s or more, it is
permissible to take m + n = 1.

If the Joule integral or the thermal equivalent short-circuit current shall be calculated for
unbalanced short circuits, replace Iy, with the appropriate unbalanced short-circuit currents.

NOTE For the calculation of the Joule integral or the thermal equivalent short-circuit current in three-phase a.c.
systems, the three-phase short-circuit current may be decisive,
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When a circuit is protected by fuses or current-limiting circuit-breakers, their Joule integral may
limit the value below that calculated in accordance with equation (102) or (104). In this case the
Joule integral is determined from the characteristic of the current-limiting device.

NOTE Up to now the thermal equivalent short-time current and the Joule integral are given in IEC 60865-1:1993.
The factors m and » first appeared as Figures 12a and 12b of IEC 60865-1 and are identical to them.
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Annex A
(normative)

Equations for the calculation of the factors m and n

The factor m in figure 21 is given by:

_ 1 4T In(x-1) _
m_2ﬂ’k ln(K’_—l)[e ' l]

. The factor # in figure 22 is given by:

-Ii=l: n=1
I,
x >125
K
’ 2 ’
0= 1 1+ T (l—e_ZOT*/T‘;) I_k__I_k + Ty (l_e—zrk/rd') Iy
(/1) 20T, I I 2T
+ Ty (1_6—1ork/rd’) ﬁ:__l_l’(_ +£(l_e—rk/rd') _IL _
5T, I, I.) T, I,
+ Ty (l_e—UTk/Tg) I_;_i £_1
5,5T, . I )| 1,
where
I I,

1, 088 +0,1717/I,

3.1
Ty = =
I,
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