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1)

8)

9)

INTERNATIONAL ELECTROTECHNICAL COMMISSION

SHORT-CIRCUIT CURRENTS IN THREE-PHASE AC SYSTEMS -

Part 0: Calculation of currents

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of 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, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). 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. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

The formal decisions or agreements of 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 IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

All users should ensure that they have the latest edition of this publication.

No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. 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 second edition cancels and replaces the first edition published in 2001. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

a) contribution of windpower station units to the short-circuit current;

b) contribution of power station units with ful size converters to the short-circuit current;

c) new document structure.
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The text of this standard is based on the following documents:

CDhV Report on voting
73/172/CDV 73/175A/RVC

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

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts in the IEC 60909 series, published under the general title Short-circuit
currents in three-phase a.c. systems, can be found on the IEC website.

This part of IEC 60909 is to be read in conjunction with the following International Standards
and Technical Reports:

— |IEC TR 60909-1:2002, Short-circuit currents in three-phase a.c. systems — Part 1: Factors
for the calculation of short-circuit currents according to IEC 60909-0

— |IEC TR 60909-2:2008, Short-circuit currents in three-phase a.c. systems — Part 2: Data of
electrical equipment for short-circuit current calculations

— IEC 60909-3:2009, Short-circuit currents in three-phase a.c. systems — Part 3: Currents
during two separate simultaneous line-to-earth short circuits and partial short-circuit
currents flowing through earth

— |IEC TR 60909-4:2000, Short-circuit currents 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
the stability date indicated on the IEC website under "http://webstore.iec.ch" in the data
related to the specific publication. At this date, the publication will be

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.
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SHORT-CIRCUIT CURRENTS IN THREE-PHASE AC SYSTEMS -

Part 0: Calculation of currents

1 Scope

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

e in low-voltage three-phase AC systems, and

e in high-voltage three-phase AC 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.

A single line-to-earth fault is beyond the scope of this part of IEC 60909.

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 analyser, 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.

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 types short-circuit currents, which differ in their magnitude, are considered:

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

e 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-simultaneous short circuits, which may lead to higher aperiodic components of short-circuit current, are
beyond the scope of this part of IEC 60909.

This part of IEC 60909 does not cover short-circuit currents deliberately created under
controlled conditions (short-circuit testing stations).
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This part of IEC 60909 does not deal with the calculation of short-circuit currents in
installations on board ships and aeroplanes.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and
are indispensable for its application. For dated references, only the edition cited applies. For
undated references, the Ilatest edition of the referenced document (including any
amendments) applies.

IEC 60038:2009, /EC standard voltages

IEC 60050-131, International Electrotechnical Vocabulary — Part 131: Circuit theory (available
at: www.electropedia.org)

IEC TR 60909-1:2002, Short-circuit currents in three-phase a.c. systems — Part 1: Factors for
the calculation of short-circuit currents according to IEC 60909-0

IEC TR 60909-2:2008, Short-circuit currents in three-phase a.c. systems — Data of electrical
equipment for short-circuit current calculations

IEC 60909-3:2009, Short-circuit currents in three-phase a.c. systems — Part 3: Currents
during two separate simultaneous line-to-earth short circuits and partial short-circuit currents
flowing through earth

IEC TR 60909-4:2000, Short-circuit currents in three-phase a.c. systems — Part 4: Examples
for the calculation of short-circuit currents

3 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 60050-131 and the
following apply.

3.1

short circuit

accidental or intentional conductive path between two or more conductive parts (e.g. three-
phase short circuit) forcing the electric potential differences between these conductive parts
to be equal or close to zero

311

line-to-line short circuit

two-phase short circuit

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

3.1.2

line-to-earth short circuit

single-phase 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

3.2
short-circuit current
over-current resulting from a short circuit in an electric system
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Note 1 to entry: 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.

3.3

prospective 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

Note 1 to entry: The current in a three-phase short circuit is assumed to be made simultaneously in all poles.
Investigations of non-simultaneous short circuits, which may lead to higher aperiodic components of short-circuit
current, are beyond the scope of this part of IEC 60909.

3.4

symmetrical short-circuit current

rms value of the AC symmetrical component of a prospective short-circuit current (see 3.3),
the aperiodic component of current, if any, being neglected

3.5
initial symmetrical short-circuit current

Iy
rms value of the AC symmetrical component of a prospective short-circuit current (see 3.3),
applicable at the instant of short circuit if the impedance remains at zero-time value

SEE: Figures 1 and 2

3.6
initial symmetrical short-circuit power

Sk
fictitious value determined as a product of the initial symmetrical short-circuit current I,Z (see

3.5), the nominal system voltage U, (see 3.13) and the factor \/5: S; = \/§~Un Ik

Note 1 to entry: The initial symmetrical short-circuit power S,Z is not used for the calculation procedure in this part
of IEC 60909. If SE 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: S;Q = \/E-UnQ AI;Q or Zq = c~U§Q /S;Q .

3.7

decaying (aperiodic) component of short-circuit current or DC component

ipc

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

3.8

peak short-circuit current

I

p

maximum possible instantaneous value of the prospective short-circuit current

SEE: Figures 1 and 2

Note 1 to entry: Sequential short circuits are not considered.

3.9

symmetrical short-circuit breaking current

Iy

rms value of an integral cycle of the symmetrical AC component of the prospective short-
circuit current at the instant of contact separation of the first pole to open of a switching
device
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3.10

steady-state short-circuit current

I

rms value of the short-circuit current which remains after the decay of the transient
phenomena

SEE: Figures 1 and 2

3.1

symmetrical locked-rotor current

LR

symmetrical rms current of an asynchronous motor with locked rotor fed with rated voltage
U\ at rated frequency

3.12
equivalent electric circuit
model to describe the behaviour of a circuit by means of a network of ideal elements

3.13

nominal system voltage

Un

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

Note 1 to entry: Values are given in IEC 60038.

3.14
equivalent voltage source

cUn/\E

voltage of an ideal source applied at the short-circuit location for calculating the short-circuit
current according to 5.3.1

Note 1 to entry: This is the only active voltage of the network.

3.15

voltage factor

C

ratio between the equivalent voltage source and the nominal system voltage U, divided by

3

Note 1 to entry: The values are given in Table 1.

Note 2 to entry: 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 5.2,
— the subtransient behaviour of generators and motors.

3.16

far-from-generator short circuit

short circuit during which the magnitude of the symmetrical AC component of the prospective
short-circuit current remains essentially constant

SEE: Figure 1

3.17

near-to-generator short circuit

short circuit during which the magnitude of the symmetrical AC component of the prospective
short-circuit current decreases
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SEE: Figure 2

Note 1 to entry: A near-to-generator short circuit can be assumed if 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.

3.18

short-circuit impedances at the short-circuit location F

3.18.1

positive-sequence short-circuit impedance

Z

<%hree-phase AC system> impedance of the positive-sequence system as viewed from the

short-circuit location

Note 1 to entry: See 5.3.2.

3.18.2

short-circuit impedance

Zy

<three-phase AC system> abbreviated expression for the positive-sequence short-circuit
impedance Z(1y according to 3.18.1 for the calculation of three-phase short-circuit currents

3.18.3

negative-sequence short-circuit impedance

Zo

<ihree-phase AC system> impedance of the negative-sequence system as viewed from the

short-circuit location

Note 1 to entry: See 5.3.2.

3.18.4

zero-sequence short-circuit impedance
Z 0)
<ihree-phase AC system> impedance of the zero-sequence system as viewed from the short-
circuit location (see 5.3.2)

Note 1 to entry: Itincludes three times the neutral-to-earth impedance Zy.

3.19
short-circuit impedances of electrical equipment

3.191

positive-sequence short-circuit impedance

Z

=(1)

<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

Note 1 to entry: See Clause 6 and IEC TR 60909-4.

Note 2 to entry: 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.

3.19.2

negative-sequence short-circuit impedance

Z

=(2)

<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

Note 1 to entry: See Clause 6 and IEC TR 60909-4.
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3.19.3

zero-sequence short-circuit impedance

VA

=(0)

<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 AC 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

Note 1 to entry: See Clause 6 and IEC TR 60909-4.

3.20
subtransient reactance

X5
effective reactance of a synchronous machine at the moment of short circuit

Note 1 to entry: For the calculation of short-circuit currents the saturated value of X:, is taken.

3.21

minimum time delay

Imin

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 1 to entry: The time 7, 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.

3.22

thermal equivalent short-circuit current

Iih

the rms value of a current having the same thermal effect and the same duration as the actual
short-circuit current, which may contain a DC component and may subside in time

3.23

maximum short-circuit current

TkwDmax

<doubly fed asynchronous generator> instantaneous maximum short-circuit current of a wind
power station unit with doubly fed asynchronous generator in case of a three-phase short-
circuit at the high-voltage side of the unit transformer

3.24

maximum short-circuit current

IkpEmax . _ - .
<full size converter> maximum steady state current of a power station unit with full size
converter in case of a three-phase short-circuit at the high-voltage side of the unit transformer

3.25

maximum source current

Iskpr

<full size converter, three phase> rms value of the maximum source current of a power station
unit with full size converter and current regulation in case of three-phase short circuit at the
high-voltage side of the unit transformer

3.26

maximum source current

I(1)sk2PF

<full size converter, two phase> rms value of the maximum source current (positive-sequence
system) of a power station unit with full size converter and current regulation in case of a line-
to-line short circuit or a line-to-line short circuit with earth connection at the high-voltage side
of the unit transformer
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3.27

maximum source current

1(1)sk1PF

<full size converter, single phase> rms value of the maximum source current (positive-
sequence system) of a power station unit with full size converter and current regulation in
case of a line-to-earth short-circuit at the high-voltage side of the unit transformer

3.28

impedance of the nodal impedances matrix

Z1yiir £(2)iin £(0)ii

<self-admittance> diagonal elements of the positive-sequence, or negative-sequence or zero-
sequence nodal impedance matrix for the short-circuit location i

Note 1 to entry: See Annex B.

3.29

impedance of the nodal impedances matrix

.

=(1)ij . . . . .
<mutual admittance> elements of the positive-sequence nodal impedance matrix, where i is
the node of the short circuit and j the node where the high-voltage side of a power station unit
with full size converter is connected

Note 1 to entry: See Annex B.
4 Symbols, subscripts and superscripts

4.1 General

The formulas 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+jX.

4.2 Symbols

A Initial value of the DC component ip¢

a Complex operator

a Ratio between unbalanced short-circuit current and three-phase
short-circuit current

c Voltage factor

Up /143 Equivalent voltage source (rms)

f Frequency (50 Hz or 60 Hz)

Iy Symmetrical short-circuit breaking current (rms)

I Steady-state short-circuit current (rms)

Ip Steady-state short-circuit current at the terminals (poles) of a generator
with compound excitation

I; Initial symmetrical short-circuit current (rms)

IR Symmetrical locked-rotor current of an asynchronous generator or motor

1, Rated current of electrical equipment

I Thermal equivalent short-circuit current

ipc DC component of short-circuit current

i Peak short-circuit current
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Correction factor for impedances

Factor for the heat effect of the DC component

Factor for the heat effect of the AC component

Pair of poles of an asynchronous motor

Range of generator voltage regulation

Range of transformer voltage adjustment

Total loss in transformer windings at rated current

Rated active power of an asynchronous motor (P = S €0S (@) 7rm)
Factor for the calculation of breaking current of asynchronous motors
Nominal cross-section

Resistance, absolute respectively relative value

Resistance of a synchronous machine

Fictitious resistance of a synchronous machine when calculating i,

Initial symmetrical short-circuit power (see 3.6)

Rated apparent power of electrical equipment

Minimum time delay

Rated transformation ratio (tap-changer in main position); 7. > 1
Duration of the short-circuit current

Highest voltage for equipment, line-to-line (rms)

Nominal system voltage, line-to-line (rms)

Rated voltage, line-to-line (rms)

Rated short-circuit voltage of a transformer in per cent
Short-circuit voltage of a short-circuit limiting reactor in per cent

Rated resistive component of the short-circuit voltage of a transformer in
per cent

Rated reactive component of the short-circuit voltage of a transformer in
per cent

Positive-, negative-, zero-sequence voltage

Reactance, absolute respectively relative value

Synchronous reactance, direct axis respectively quadrature axis
Fictitious reactance of a generator with compound excitation in the case
of steady-state short circuit at the terminals (poles)

Saturated subtransient reactance of a synchronous machine, direct axis
respectively quadrature axis

Unsaturated synchronous reactance, relative value

Saturated synchronous reactance, relative value, reciprocal of the
saturated no-load short-circuit ratio

Impedance, absolute respectively relative value
Short-circuit impedance of a three-phase AC system
Positive-sequence short-circuit impedance
Negative-sequence short-circuit impedance
Zero-sequence short-circuit impedance

Efficiency of asynchronous motors
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4.3 Subscripts
(1)
(2)
(0)
AC
DC

k or k3
k1

k2
k2EL2
k2EL3
kE2E
max

min

HV

LV

Factor for the calculation of the peak short-circuit current
Factor for the calculation of the steady-state short-circuit current
Factor for the calculation of the symmetrical short-circuit breaking current

Factor for the calculation of the symmetrical short-circuit breaking current
of a wind power station unit with asynchronous generator

Factor for the calculation of the symmetrical short-circuit breaking current
of a wind power station unit with doubly fed asynchronous generator

Absolute permeability of vacuum, z = 4n x 10-4 H/km
Resistivity

Phase angle

Conductor temperature at the end of the short circuit
Positive-sequence neutral reference
Negative-sequence neutral reference

Zero-sequence neutral reference

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¢)
Line-to-line short circuit with earth connection (see Figure 3c¢)
Line-to-line short circuit with earth connection (see Figure 3c)
Maximum

Minimum

Nominal value

Rated value

Source current

Transferred value

Auxiliary transformer

Busbar

Earth

Short-circuit location

Generator

High-voltage, high-voltage side of a transformer

Corrected impedances with the impedance correction factors Ky, Kg, Kg
or Ktq

Low-voltage, low-voltage side of a transformer
Line
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LR Locked rotor

L1, L2, L3 Line conductors of a three-phase AC system

M Asynchronous motor or group of asynchronous motors

MO Without motor

MV Medium-voltage, medium-voltage side of a transformer

N Neutral of a three-phase AC system, star point of a generator or a
transformer

P Generator with compound excitation

PF Power station unit with full size converter

PFO Without current sources of power station units with full size converters

PV Photovoltaic power station unit

Q Feeder connection point

R Short-circuit limiting reactor

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

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

T Transformer

WA Wind power station unit with asynchronous generator

WD Wind power station unit with doubly fed asynchronous generator

WF Wind power station unit with full size converter

4.4 Superscripts

" Subtransient (initial) value

' Resistance or reactance per unit length
b Before the short circuit

5 Characteristics of short-circuit currents: calculating method

5.1 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 (see Figures 1
and 2), corresponding to the instantaneous value of the voltage before the short circuit.

NOTE In real networks the short-circuit current can deviate from the current shape of Figures 1 and 2.
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Current

M Top envelope
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\/ DC component ip of the short-circuit current
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= 2421,

Time

221,

Bottom envelope
IEC

I; initial symmetrical short-circuit current

i peak short-circuit current
steady-state short-circuit current
DC component of short-circuit current

A initial value of the DC component iy

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

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 rms value of the symmetrical AC
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, tﬁat 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. ip also depends on the decay of
the symmetrical AC 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 ip and ipc. Special methods to calculate i with
sufficient accuracy are given in Clause 8.



BS EN 60909-0:2016

-18 - IEC 60909-0:2016 © IEC 2016
A
Current
1 Top envelope
1 / DC component i of the short-circuit current
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Key

I; initial symmetrical short-circuit current
i peak short-circuit current

steady-state short-circuit current

DC component of short-circuit current
A initial value of the DC component iy

Figure 2 — Short-circuit current of a near-to-generator short-circuit
with decaying AC component (schematic diagram)



BS EN 60909-0:2016

IEC 60909-0:2016 © IEC 2016 -19 -
______ L3 . - L -
______ 2 - . 2 -

______ L3 - L -
______ L2 - . 2 -

——— Short-circuit current —{>— Partial short-circuit currents
in conductors and earth return

IEC

Figure 3c — Line-to-line short circuit with earth Figure 3d — Line-to-earth short circuit
connection

Figure 3 — Characterization of short-circuits and their currents

5.2 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.
d) Arc resistances are not taken into account.

e) Shunt admittances of non-rotating loads shall be neglected in the positive-, the negative-
and the zero-sequence system.

f) Line capacitances shall be neglected in the positive- and negative-sequence system. Line
capacitances in the zero-sequence system shall be taken into account in low-impedance
earthed networks having an earth-fault factor (see IEC 60027-1) higher than 1,4.

g) Magnetising admittances of transformers shall be neglected in the positive- and negative-
sequence system.

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.
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For balanced and unbalanced short-circuits as shown in Figure 3, the short-circuit currents
can be calculated by the application of symmetrical components (see 5.3.2).

The impedances of the equipment in superimposed or subordinated networks are to be
divided or multiplied by the square of the rated transformation ratio ¢,. Voltages and currents
are to be converted only by the rated transformation ratio ¢,. If there are several transformers
with slightly differing rated transformation ratios (¢4, t12, --- ,1), in between two systems,
the arithmetic mean value can be used.

For per unit or other similar unit systems, no transformation is necessary if these systems are
coherent, i.e. Upuv/UrtLy = Unny/UnLy for each transformer in the system with partial short-
circuit currents. U,ryy/U,rLy is normally not equal to U,yy/U,, v (see IEC TR 60909-2 and the
examples given in IEC TR 60909-4).

5.3 Method of calculation
5.3.1 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 6).

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.

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 short-circuited. Thus the network feeder in
Figure 4a is represented by its internal impedance Zq, transferred to the LV-side of the
transformer (see 6.2) and the transformer by its impedance referred to the LV-side (see 6.3).
The shunt admittances of the line, of the transformer and of the non-rotating loads are not
considered in accordance with 5.2 e) to g).
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P,0 F
Un
IEC
Figure 4a — System diagram

RQt jX Qt Q RTLVK JX TLVK A RL JX L F

]
() cU,
3

LY

01
IEC

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 impedances of the network feeder and the transformer are converted to the LV-
side and the last one is also corrected with K (see 6.3.3).

Figure 4 — lllustration for calculating the initial symmetrical short-circuit current
I,l in compliance with the procedure for the equivalent voltage source

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,,.
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Table 1 — Voltage factor ¢

Voltage factor ¢ for the calculation of
Nominal system voltage maximum short-circuit currents minimum short-circuit currents

a
Un €max Cmin

Low voltage
100 V to 1 000 V 1,05°¢ 0,95°
(IEC 60038:2009, Table 1) 1,10d 0,904

High voltage®
>1 kV to 230 kV 1,10 1,00
(IEC 60038:2009, Tables 3, 4)

High voltage® ©
> 230 kV 1,10 1,00
(IEC 60038:2009, Table 5)

a cmaxUn Should not exceed the highest voltage U, for equipment of power systems.

b If no nominal system voltage is defined CmaxUn = U OF cinU, = 0,90-U  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 %.

¢ For nominal system voltages related to U, > 420 kV, the voltage factors c are not defined in this standard.

5.3.2 Symmetrical components

In three-phase AC 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 Ly
— negative-sequence current 1(2);
— zero-sequence current /().

Taking the line conductor L1 as reference, the currents /, 4, /, 5, and [, 5 are given by

Iig="Lpy+ Lo +1) (1)
I, = QZ Lgy+a-Liy+ 1 (2)
Iz =a1y +a’ Loy + L) (3)

Each of the three symmetrical component systems has its own impedance.

The following types of unbalanced short-circuits are treated in this standard:
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— 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 values of positive-sequence and negative-sequence impedances can differ from each
other in the case of rotating machines and power station units with full size converter.

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.

NOTE See IEC 62428.
6 Short-circuit impedances of electrical equipment

6.1 General

In network feeders, transformers, overhead lines, cables and reactors, positive-sequence and
negative-sequence short-circuit impedances are equal: Z(2) = Z1)-

The impedances of generators (G), network transformers (T) and power station units (S)
respectively (SO) shall be multiplied with the impedance correction factors K5, Kt and Kg or
Kgo when calculating maximum 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 IEC TR 60909-4.
6.2 Network feeders

If a three-phase short circuit in accordance with Figure 5a is fed from a network in which only
the initial symmetrical short-circuit current I;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:

ZQ _ C-UnQ
V3 Ig

If Rg/Xq is known, then X has to be calculated as follows:
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01

IEC

Figure 5a — Without transformer Fig. 5b — With transformer

Figure 5 — System diagram and equivalent circuit diagram for network feeders

If a short circuit in accordance with Figure 5b is fed by a transformer from a high-voltage
network in which only the initial symmetrical short-circuit current I;:Q at the feeder connection

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

where

U,q 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;

c is the voltage factor (see Table 1) for the nominal system voltage U,;

tr 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 Z5 may in many cases be considered as a reactance, i.e.
Zq = 0 +jXq. In other cases, if no accurate value is known for the resistance Ry of network
feeders, one may substitute Rq = 0,1 Xq where X5 = 0,995 Z5. The resistance has to be
considered, if the peak short-circuit current ip or the DC-component ip¢ is to be calculated.

The initial symmetrical short-circuit currents IﬁQmax and I;Qmin on the high-voltage side of the

transformer 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 star point
earthing of the transformer.

NOTE See for instance items 6 and 8 in Table 1 of IEC TR 60909-4:2000.
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6.3 Transformers
6.3.1 Two-winding transformers
The positive-sequence short-circuit impedances of two-winding transformers Z; = Rt + jX7

with and without on-load tap-changer can be calculated from the rated transformer data as
follows:

2
Zp = U (7)
100% S,

2
Ry = URr .UrT _ Bt (8)
100% St 3. 1r2|.

N ey ©)

where

U, s the rated voltage of the transformer on the high-voltage or low-voltage side;
It s the rated current of the transformer on the high-voltage or low-voltage side;
S, is the rated apparent power of the transformer;

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

u,, is the short-circuit voltage at rated current in per cent;

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

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

The ratio Ry/X7 generally decreases with transformer 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 iy or the DC component ipc is to be calculated.

The necessary data for the calculation of Zy = Ry + jX7 = Z4) = Z) may be taken from the
rating plate. The zero-sequence short-circuit impedance Z)t = R(gyt + jX(o)7 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 TR 60909-2. Zero-sequence impedance arrangements for the calculation of unbalanced short-circuit currents
are given in IEC TR 60909-4.

6.3.2 Three-winding transformers

In the case of three-winding transformers, the positive-sequence short-circuit impedances Z,,
Zg, and Z. referring to Figure 6 can be calculated by the three short-circuit impedances
(referred to side A of the transformer):



with

by the formulas

where

Urta

SiTAB

SiTAC

SiTBC

URrAB:» UXrAB

URrAC: UXrAC

URrBC’ UXrBC

— 26 —
2
Zpg = URIAB , ; UXIAB Ura (side C open)
100 % °100% ) Siram

2
Znc = URIAC , ;UXIAC |, UrTa (side B open)
= 100% 100 % ) Srrac

2
Zgo :[uRrBC i MXrBCJ, Urta (side A open)

100% 100% ) Sitac

2 2
Uxy = Ukr —URr

1

Zp = E(ZAB +Zpc — Zpc)
1

Zg = E(ZBC +Zpg ~Zpc)
1

Zc :E(ZAC +Zpc —ZAB)

is the rated voltage of side A;
is the rated apparent power between sides A and B;
is the rated apparent power between sides A and C;

is the rated apparent power between sides B and C;

BS EN 60909-0:2016
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(10a)

(10b)

(10c)

(10d)

(11a)

(11b)

(11c)

are the rated resistive and reactive components of the short-circuit voltage,

given in per cent between sides A and B;

are the rated resistive and reactive components of the short-circuit voltage,

given in per cent between sides A and C;

are the rated resistive and reactive components of the short-circuit voltage,

given in per cent between sides B and C.
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Figure 6a — Denotation of winding connections Figure 6b — Equivalent circuit diagram
(positive-sequence system)

Figure 6 — 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 TR 60909-2. Additional
information can be found in IEC TR 60909-4.

6.3.3 Impedance correction factors for two- and three-winding network transformers

A network transformer is a transformer connecting two or more networks at different voltages.
The impedance correction factors shall be applied when calculating maximum short-circuit
currents only. In case of unbalanced short-crc uits the impedance correction factors shall be
applied also to the negative-sequence and the zero-sequence impedances.

For two-winding network transformers with and without on-load tap-changer, an impedance
correction factor Kt is to be introduced in addition to the impedance evaluated according to
Formulas (7) to (9): Z1x = K1Z7 where Z; = Ry + jX7.

C
K1 =095.—max 12a
T 1406 x7 (12a)

where x1 is the relative reactance of the transformer xy = Xt /(UrZT ISyr) and ¢4y 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 6.7), and of wind power station units (see 6.8).

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

kr=dn “max (12b)

o
U™ 147 -(1$ /IrT)-,h—cos2 2

where

is the voltage factor from Table 1, related to the nominal voltage of the network
connected to the low-voltage side of the network transformer;

Cmax
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X7 = X1 (U5 1Si7);
UP is the highest operating voltage before short circuit;
I$ is the highest operating current before short circuit (this depends on network
configuration and relevant reliability philosophy);
cosw'TD is the power factor of the transformer before short circuit.

For three-winding network 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 6.3.2):

C
Krpg =095 — Cmax 13a
TAB 1706 x1ag (13a)
C,
K =095 . —Max____ 13b
TAC 1706 xrac (13b)
C,
K =095 . —Mmax___ 13c
TBC 1706 x7a0 (13c)

Together with the impedances Z,g, Zpc and Zgc according to Formula (10), the corrected
values ZABK = KTAB ZAB’ ZACK = KTAC ZAC and ZBCK = KTBC ZBC can be found. With these
impedances the corrected equivalent impedances Z,y, Zgk and Zck shall be calculated using
the procedure given in Formula (11).

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

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

NOTE Equivalent circuits of the positive-sequence and the zero-sequence system are given in
IEC TR 60909-4:2000, Table 1, items 4 to 7 for different cases of star point earthing. In general the impedances
Z(O)A, Z(O)B or Z(O)c are similar to Z\,, Z(”B or gm c- An example for the introduction of the correction factors of
Formula (13) to the positive-sequence and the zero-sequence system impedances of the equivalent circuits is
given in 2.2 of IEC TR 60909-4:2000.

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

6.4 Overhead lines and cables

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

For measurement of the positive-sequence short-circuit impedance Z, and the zero-sequence
short-circuit impedance Zg). = Rq)_ + jX(g), see IEC TR 60909-4. Sometimes it is possible to
estimate the zero-sequence shori—circuit impedances with the ratios R /R_and X /X, (see
IEC TR 60909-2).

The impedances Z, and Zo)L of low-voltage and high-voltage cables may be taken from
IEC TR 60909-2 or from textbooks or manufacturer's data.

For higher temperatures than 20 °C, see Formula (32).
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The effective resistance per unit length R|'_ of overhead lines at the conductor temperature
20 °C may be calculated from the nominal cross-section ¢,, and the resistivity p:

The following values for resistivity may be used:

Copper _lQmmz
P 54 m

2

Aluminium p = 2mm”
34 m

1 Qmm?

Aluminium alloy p=—
31 m

The reactance per unit length X|'_ for overhead lines may be calculated, assuming
transposition, from:

X =020 A ond (15)
2n \ 4n r

where

d is the geometric mean distance between conductors, or the centre of bundles:
d=3di112-dioz-disis

r is the radius of a single conductor. In the case of conductor bundles, r is to be
substituted by 5 =YnR"" , where R is the bundle radius (see IEC TR 60909-2);

n is the number of bundled conductors; for single conductors n = 1;

4o =4m-1074 H/km.
6.5 Short-circuit current-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.

UKR Un

ZR =——-—— and Rg << X 16
R7100% 3. 74 R™IR (16)

where
ur and I.g are given on the rating plate;
U

n is the nominal system voltage.

6.6 Synchronous machines
6.6.1 Synchronous generators
When calculating maximum 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 shall be used in the positive-sequence system:
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ZGK:KG'ZG:KG'(RG +J'X;) (17)

with the correction factor
KG — Un Cmax (18)

Ure 1+ xq -4/1— cos? oG

where

Zgk is the corrected subtransient impedance of the generator;

Cmax is the voltage factor according to Table 1;

U, is the nominal system voltage;

U is the rated voltage of the generator;

Rg is the resistance of the generator,

X:, is the saturated subtransient reactance of the generator;

Zg is the subtransient impedance of the generator in the positive-sequence system;

cosg,g is the power factor of the generator under rated conditions;

x; is the relative saturated subtransient reactance of the generator related to the rated

impedance: x; = X;/ZrG where Z.g = Urze /S -

If the terminal voltage of the generator is permanently different from U, g, it may be necessary
to introduce Ug = U,g (1 + pg) instead of U,g to Formula (18), when calculating maximum
three-phase short-circuit currents.

For the short-circuit impedances of synchronous generators in the negative-sequence system,
the following applies with K5 from Formula (18):

Zoek = KeZpg =Ko '(R(z)G +jX(2)G) (19)
with X (o) = (Xq +Xq)/2
If X; is not known, it is allowed to take X5 = X;.

For the short-circuit impedance of synchronous generators in the zero-sequence system, the
following applies with K5 from Formula (18):

Zock = Ke - Zo)c = Kg (Roye +iX(0)6) (20)

If an impedance is present between the neutral point of the generator and earth, the
correction factor Kg shall not be applied to this impedance.

When calculating the minimum short-circuit current use Kg = 1.

The need for the calculations 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 TR 60909-1:2002).
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6.6.2 Synchronous compensators and motors

When calculating the initial symmetrical short-circuit current Ik the peak short-circuit current

Ips the symmetrical short-circuit breaking current /,;, and the steady-state short-circuit current
I, 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.

6.7 Power station units
6.7.1 Power station units with on-load tap-changer

For the calculation of maximum short-circuit currents of power station units (S) with on-load
tap-changer, the following formula 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 8c):

Zsk =KS'(fr2'ZG+ZTHv) (21)
with the correction factor
2 2
KS — UnQ . UI'TLV . Cmax (22)
2 2 "
Us Uhy 1+‘Xd —x7|-y1-cos® prg
where
Zsk is the corrected impedance of a power station unit with on-load tap-changer
referred to the high-voltage side;
Zg is the subtransient impedance of the generator Zg = Rg +jX2|, see 6.6.1;
ZThv is the impedance of the unit transformer related to the high-voltage side (without
correction factor Kv);
Unq is the nominal system voltage at the feeder connection point Q of the power station
unit;
Ug is the rated voltage of the generator,

cos ¢ is the power factor of the generator under rated conditions;

Xg is the relative saturated subtransient reactance of the generator related to the rated
impedance: x:, = X;/ZFG where Z,g = UrZG/SrG;

X7 is the relative saturated reactance of the unit transformer at the main position of the
on-load tap-changer: xt = X7 /(UrZT/SrT);

t is the rated transformation ratio of the unit transformer: ¢, = Uy /U y-

r

When calculating the minimum short-circuit current, use Kg = 1.

If the minimum operating voltage Ugmin > U,q 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 the product U, q ~U8mm may be used instead of Ur?Q in Formula (22).
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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,g, then Ug.x= U,g (1+pg) should be introduced
instead of U,g, with, for instance, pg = 0,05.

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 Kg
according to Formula (22) may lead to results at the non-conservative side. Special
considerations are necessary in this case, for instance with the superposition method.

When calculating the partial short-circuit current I;S at the high-voltage side of the unit trans-

former 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 I;S of the motors connected to the auxiliary transformer.
NOTE IEC TR 60909-4 provides help for users in such cases.
6.7.2 Power station units without on-load tap-changer

For the calculation of maximum short-circuit currents of power station units (SO) without on-
load tap-changer, the following formula 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 8d):

2

Zsok =Kso WP 2 + Zuy) (23)

with the correction factor

Unq U c
Kso =g (epr) — (24)
I’G'( +pG) rTHV 1+xd. 1_0032(/)rG

where

Zsok is the corrected short-circuit impedance of the power station unit without on-load
tap-changer;

Zg is the subtransient impedance of the generator, see 6.6.1;

Ay is the impedance of the unit transformer related to the high-voltage side (without
correction factor Kv);

Unq is the nominal system voltage at the feeder connection point Q of the power
station unit;

Ug is the rated voltage of the generator; Ugax = U,g (1+pg), With for instance
pg = 0,05 up to 0,10;

COS ¢rg is the power factor of the generator under rated conditions;

x:, is the relative saturated subtransient reactance of the generator related to the
rated impedance: x:, = X;/ZrG where Z,g = UrZG/SrG;

t is the rated transformation ratio of the unit transformer ¢, = Urpy/U s

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 + pt = 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 — p.

In the case of unbalanced short-circuits, the impedance correction factor Kgo from
Formula (24) shall be applied to the positive-sequence, the negative-sequence and the zero-
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sequence impedances of the power station unit. When an impedance is present between the
star point of the transformer and earth, the correction factor Kgq shall not be applied to this
impedance.

The correction factor is not conditional upon whether the generator was overexcited or under-
excited before the short circuit.

When calculating the partial short-circuit current [I:SO 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 I;SO of the motors connected to the auxiliary transformer.

When calculating the minimum short-circuit current, use Kgq = 1.

6.8 Wind power station units
6.8.1 General

In 6.8, the short-circuit currents of wind power stations with asynchronous generators as well
as doubly fed asynchronous generators are considered. Wind power stations with full size
converter are treated in 6.9.

For the calculation of short-circuit currents the generators of wind power stations and their
unit transformers are combined into one unit. All quantities are related to the high-voltage side
of the unit transformer.

Short-circuit currents are not dealt with in this standard, which occur at the terminals of
doubly fed asynchronous generators or the converter terminals of wind power stations with
synchronous or asynchronous generators connected to full size converters. The manufacturer
may give information for this case.

In many cases grid connection rules will require the wind power station to feed in mostly
reactive current during a short circuit. During this interval the station will act as a regulated
current source (see 7.2.1).

An impedance correction factor Ky for the unit transformers of a wind power station unit shall
not be taken into account.

6.8.2 Wind power station units with asynchronous generator

The impedance Zg of the asynchronous generator shall be calculated as follows:

Joo 1 Us __1 Ul (25)
Lr!lg \/g'[rG Ir!lic S
where
Ug is the rated voltage of the asynchronous generator;
Iig is the rated current of the asynchronous generator;
Sig is rated apparent power of the asynchronous generator;

I rll,g is the ratio of the symmetrical locked-rotor current to the rated current of the
asynchronous generator.

The complex value of the impedance Zg shall be calculated with:
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Zg

. R .
Zg =Rg +iXg =[XG +J]' ( (26)
1+

G Rg ! Xg)?

If Rg/Xg is not provided by the manufacturer, then Rg/Xg = 0,1 can be used.

The total positive-sequence short-circuit impedance Zy, of a wind power station unit with
asynchronous generator for the calculation of the short-circuit current contribution on the
high-voltage side of the unit transformer shall be calculated with Formula (27):

Zwa =17 Zg+Z1y (27)
where
Zg is the impedance of the asynchronous generator, Formula (26);
Ay is the impedance of the unit transformer at the high-voltage side;
t is the rated transformation ratio of the unit transformer: ¢, = Urp/U 1 y-

In case of unbalanced short circuits, Zyya/Zwa =1 can be used. The zero-sequence
impedance Z0)wA depends on the type of transformer and earthing.

6.8.3 Wind power station units with doubly fed asynchronous generator

The total positive-sequence short-circuit impedance Z,,p of a wind power station with doubly
fed asynchronous generator shall be calculated as follows.

V2 xwp Uiy

Zwp = (28)
\/g'iWDmax
where
Urthy is the rated voltage of the unit transformer at the high-voltage side;
KWD is the factor for the calculation of the peak short-circuit current, given by the

manufacturer and referred to the high-voltage side;

iWDmax 1S thgt highest instantaneous short-circuit value in case of a three-phase short-
circuit.

The factor xyp depends on the influences of the converter protection equipment as crowbar
and chopper resistance. If xp is not known, then xyp = 1,7 shall be used.

The complex value of the short-circuit impedance Z,p shall be calculated by Formula (29).

. R . Z
Zwp =Rwp + Kwp :{XWD +JJ' = (29)
Wb \/1+(RWD/XWD)

If Rywp/Xwp is not provided by the manufacturer, then Ry p/X\yp = 0,1 can be used.

In case of unbalanced short-circuits, Z,)yp depends on the design and control strategies, the
zero-sequence impedance Z 0)WD depends on the type of transformer and earthing. The
values are given by the manu%acturer.

NOTE There is no direct relationship between the factor

Formula (29) due to the influence of the converter and its protection system on the maximum iy,5..

of Formula (28) and the ratio Ry,p/Xyp of
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6.9 Power station units with full size converter

Power stations units with full size converter (PF), e.g. wind power station units (WF) and
photovoltaic station units (PV), are modelled in the positive-sequence system by a current
source. The source current depends on the type of short circuit and has to be provided by the
manufacturer. The positive-sequence shunt impedance Zpf is assumed to be infinite.

In case of unbalanced short circuits the negative-sequence impedances Z, o depend on the
design and control strategies, the values are given by the manufacturer. ('I'Le zero-sequence
impedance Zpf is infinite.

Power station units with full size converter may be neglected if their contributions are not
higher than 5 % of the initial short circuit without these power station units.

6.10 Asynchronous motors

The impedance Z,, of asynchronous motors in the positive- and negative-sequence systems
can be determined by:

Zu = T Um __ 1 U (30)
IR!/Im 3.1y ILR!Im Sem
where
Urm is the rated voltage of the motor;
Im is the rated current of the motor;
Sem is the rated apparent power of the motor: S,y = P/(7,m COS@);

I, g/l is the ratio of the locked-rotor current to the rated current of the motor.

The complex value of the impedance Z; shall be calculated with:

Z\

. R .
zM:RMﬂXM:(XM +Jj' (31)
M

1+(RM/XM)2

If Ry/X\ is not provided by the manufacturer, the following relations may be used with
sufficient accuracy for Ry/Xy:

Rp/Xy = 0,10, with X, = 0,995 Z, for high-voltage motors with powers P, per pair of
poles > 1 MW;

Ruy/Xy = 0,15, with X, = 0,989 Z, for high-voltage motors with powers P, per pair of
poles < 1 MW,

Rpy/Xy = 0,42, with X, = 0,922 Z), for low-voltage motor groups with connection cables.

The saturated impedance Zy, may also be calculated from the parameters of the electrical
equivalent circuit for locked-rotor conditions.

The zero-sequence system impedance Zowm of the motor shall be given by the manufacturer,
if needed (see Clause 11).
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6.11 Static converter fed drives

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 1; and

to the peak short-circuit current i,. They do not contribute to the symmetrical short-circuit
breaking current I, and the steady-state short-circuit current 7.

As a result, reversible static converter-fed drives are treated for the calculation of short-circuit
currents in a similar way to asynchronous motors. The following applies:

VAY is the impedance according to Formula (30);

U 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;

Im 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;

LRl =3,

Ry/Xy = 0,10 with Xy, = 0,995 Z,.

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

6.12 Capacitors and non-rotating loads

Due to the calculation methods given in Clause 5, it is not allowed to take into account
parallel admittances and non-rotating loads as stated in 5.2 €) and 5.2 f).

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 AC short-circuit currents.

7 Calculation of initial short-circuit current

71 General
711 Overview

The maximum short-circuit current is responsible for the rating of equipment regarding the
mechanical and thermal stresses, the minimum short-circuit current has to be calculated for
the selection of the system protection. Table 2 shows an overview of the short-circuit currents
and types of failures that have to be considered.
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Table 2 — Importance of short-circuit currents

Short-circuit currents Equipment Relevant currents

k3 k2 k1
maximum currents
stress:
— dynamic components of installations ip ip -
— switching on switching devices i - i
— switching off switching devices Iy - 1,
— thermal components of installations, lines Ly, - Ly,
minimum currents
tripping of relays protection _ 112 , [}2 L,

In general, a distinction is made between far-from-generator and near-to-generator short
circuits (see 3.16 and 3.17).

In addition, it is necessary to distinguish between single-fed short-circuit, multiple single-fed
short circuits and multiple-fed short circuits.

Single-fed short circuits supplied by a transformer according to Figure 4 may a priori be
regarded as far-from-generator short-circuits if X7k > 2Xq; with X, calculated in accordance
with 6.2 and X7\« = K1X7_y in accordance with 6.3.

In the calculation of the short-circuit currents in systems supplied by generators, power-
stations and motors (near-to-generator and/or near-to-motor short-circuits), it is of interest to

know not only the initial symmetrical short-circuit current I|: and the peak short-circuit current

ips but also the symmetrical short-circuit breaking current /,, and the steady-state short-circuit
current /... In this case, the symmetrical short-circuit breaking current /,, is smaller than the

initial symmetrical short-circuit current Ik Normally, the steady-state short-circuit current / is
smaller than the symmetrical short-circuit breaking current /.

In a near-to-generator short circuit, the AC component of the short-circuit current normally
decays with time. An example is shown in Figure 2. 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 DC 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 ips of the short-circuit current can be calculated according
to Formula (81).

If Zoy is not known for the calculation of the initial symmetrical short-circuit current, it is
allowed to take Z5) = Z(4).

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 7 illustrates this for the special case where Z(O), Z(1) and Z(z have the
same impedance angle. Figure 7 is useful for information but should not be used instead of
calculation.
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a is the relationship of the unbalanced short-circuit current to the three-phase short-circuit current.
Example:

Zigyl Zyy =050 _ . o . o
The single line-to-earth short circuit will give the highest short-circuit current
Zioy I Zygy = 0865

Figure 7 — Diagram to determine the short-circuit type (Figure 3) for the highest initial
short-circuit current referred to the initial three-phase short-circuit current when the
impedance angles of the sequence impedances Z1y Z(2), £(0) are identical

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(O) may be smaller than Z(1). In that case,
the highest initial short-circuit current I;EZE will occur for a line-to-line short-circuit with earth

connection (see Figure 7 for Z,)/Z4) =1 and Z,)/Z) > 1.

Short circuits may have one or more sources, as shown in Figures 8, 9 and 10. 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 (Figure 9).
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Figure 8c — Short circuit fed from one asynchronous motor

—
T k3
O—t@— "
UrG Un F

N J
N

S, SO

IEC

Figure 8d — Short circuit fed from one power station unit
(generator and unit transformer with or without on-load tap-changer)
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Figure 8e — Short circuit fed from one wind power station unit with doubly fed asynchronous generator
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Figure 8f — Short circuit fed from one wind power station unit with full size converter
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Figure 8g — Short circuit fed from one photovoltaic power station unit with full size converter

Figure 8 — Examples of single-fed short-circuits

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.

For the calculation of the initial symmetrical short-circuit current I|: the symmetrical short-

circuit breaking current I, and the steady-state short-circuit current /7, 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 ij.

——

lkS ]kT [kWF ]kM Ikmax

i isr - o i
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Is Ir Lowe I f k3

F
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Figure 9 — Example of a multiple single-fed short circuit

In case of multiple-fed short circuit as in Figure 10, and for all cases of unbalanced short
circuits, network reduction is necessary to calculate short-circuit impedances Z4), Z) and
Z(O) at the short-circuit location.
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Figure 10a — System diagram
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Figure 10b — Equivalent circuit diagram for the calculation of the short-circuit current
(cables of the power stations units are neglected)

Figure 10 — Example of multiple-fed short circuit

71.2 Maximum and minimum short-circuit currents
When calculating maximum short-circuit currents, the following conditions apply.

a) Voltage factor c¢,,4 according to Table 1 shall be applied for the calculation of maximum
short-circuit currents in the absence of a national standard.

b) Choose the system configuration and the maximum contribution from power station units
and network feeders which lead to the maximum value of short-circuit current at the short-
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circuit location, or for accepted sectioning of the network to control the short-circuit
current.

c) Impedance correction factors shall be introduced in the positive-, the negative- and the
zero-sequence system with exception of the impedances between neutral point and earth.

d) When equivalent impedances Z, 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.

e) Motors shall be included if appropriate in accordance with 6.10.

f) Resistance R of lines (overhead lines and cables) shall be introduced at a temperature of
20 °C.

When calculating minimum short-circuit currents, the following conditions apply.

1) Voltage factor c,;, for the calculation of minimum short-circuit currents shall be applied
according to Table 1.

2) Choose the system configuration and the minimum contribution from power station units
and network feeders which lead to a minimum value of short-circuit current at the short-
circuit location.

3) The impedance correction factors are equal to 1.
4) Contributions of wind power stations units shall be neglected.

5) Contributions of photovoltaic power station units shall be neglected.
6) Contributions of motors shall be neglected.
7) Resistances R of lines (overhead lines and cables, line conductors, and neutral
conductors) shall be introduced at a higher temperature:
R =[1+a (% ~20°C)]- Rizo (32)
where
R 5o is the resistance at a temperature of 20 °C;
e is the conductor temperature in degrees Celsius at the end of the short-circuit
duration;
a is a factor equal to 0,004/K, valid with sufficient accuracy for most practical

purposes for copper, aluminium and aluminium alloy.

NOTE For Ye. see for instance IEC 60865-1, IEC 60949 and IEC 60986.
7.1.3 Contribution of asynchronous motors to the short-circuit current

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

Those high-voltage and low-voltage motors may be neglected, provided that they are not
switched in at the same time according to the circuit diagram (interlocking) or to the process
(reversible drives).

Low-voltage motors are 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.

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

VAY is the impedance according to Formula (30);
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Im is the sum of the rated currents of all motors in a group of motors (equivalent
motor);

Ll =5;

R/ Xm = 0,42, leading to x = 1,3;

Pulp = 0,05 MW if nothing definite is known, where p is the number of pairs of poles.

In the case of a short circuit on the high-voltage side, the rated current of the transformer may
be used for the calculation of Zy, according to Formula (30) instead of the sum of the rated
currents I, of all motors.

7.2 Three-phase initial short-circuit current

7.21 General

In general, the initial symmetrical short-circuit current I; shall be calculated using

Formula (33) with the equivalent voltage source cU, /\/5 at the short-circuit location and the
short-circuit impedance Z, = |R, + jX].

I c-Uy c-Up
= _
V32 3.[R2 + x2

The equivalent voltage source cUn/\/g shall be introduced at the short-circuit location (see
Figure 4) with the factor ¢ according to Table 1.

(33)

The short-circuit impedance can be found by network reduction or from the diagonal element
of the nodal impedance matrix of the positive-sequence system for the node i, where the short
circuit occurs (Z, = Z;;). The nodal impedance matrix is the inverse of the nodal admittance
matrix, see Annex B.

If power station units with full size converter are to be considered, then the maximum initial
short-circuit current shall be calculated as follows.

" 1 ¢max U, 1 < " "
Tkmax = -0 4 " 7 Igpr; = IkmaxPFo + Ikpr (34)
Zx 3 k =1
where
IskpF) is the rms value of the maximum source current (positive-sequence system) in case
of three-phase short-circuit at the high-voltage side of the unit transformer, given by
the manufacturer;
VAAY are the absolute values of the elements of the nodal impedance matrix of the

i =ij i . Lo
positive-sequence system, where i is the short-circuit node and j are the nodes
where power station units with full size converters are connected (see Annex B);

[;maXPFO is the maximum initial symmetrical short-circuit current without the influence of
power station units with full size converter calculated by Formula (33) using ¢4,

I|:p|: is the sum of the contributions of power station units with full size converter to the
initial short-circuit current.
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7.2.2 Short-circuit currents inside a power station unit with on-load tap-changer

For calculating the partial short-circuit currents 1;G and I;T with a short circuit at F1 in

Figure 11, in the case of a power station unit with on-load tap-changer, the partial initial
symmetrical short-circuit currents are given by:

" c U
7 _ max rG (35)
ke \/g'KG,S Zg

with
Cmax
Kgs = - (36)
1+ x4 -1-cos? g
" cmax "UrG
Iy = 7o (37)
—Qmin
Bz + =5
tr
where
Zg is the subtransient impedance of the generator, see 6.6.1;
x; is the saturated subtransient reactance referred to the rated impedance:
x4 = XglZig With Z,g =UZ /S
VATRY is the transformer short-circuit impedance referred to the low-voltage side
according to 6.3.1, Formulas (7) to (9);
t is the rated transformation ratio;
ZQmin is the minimum value of the impedance of the network feeder, corresponding to

1 kQmax -

For I;Qmax the maximum possible value during the lifetime of the power station unit shall be
introduced.
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Figure 11 — 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

For the calculation of the partial short-circuit current [LGT feeding into the short-circuit

location F2, for example at the connection to the high-voltage side of the auxiliary transformer
AT in Figure 11, it is sufficient to take:

' Cmax UrG . 1 1 _ Cmax i UrG (38)

I, = +
ZkGT
V3 Kgs - Zg Krs Zqy + Z Qmin V3-Zg

r

with

Krg = Cmax (39)

1—x1 41— cos? oG

and Kg g according to Formula (36).

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 U,g. If, even in this case,
the voltage region of the generator Ug = U,g (1 £ pg) is used permanently, take Formulas (40)
to (41) instead of (35) to (36).
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The total short-circuit current in F1 or F2 (Figure 11) is found by adding the partial short-
circuit current L'II(ATHV' caused by the medium- and low-voltage auxiliary motors of the power

station unit.
7.2.3 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 11 are given by:

c U
I — max G (40)
DR KGgso Za
with
1 Cmax
KGso = : (41)

1496 144 y1-cos? o

cmax ) UI'G (42)

The partial short-circuit current LLGT in Figure 11 can be calculated by:

li‘(GT _ Cmai/'_UrG ) = 1 . + 1 . _ C\r;_ax Uig (43)
3 G,S0 "ZG Z Qmi 3.-Z
K750 Zry +— 5 =80
;

with

K1so = L Cmax (44)

1496 1_x; \1-cos? pa

and Kg go according to Formula (41).

FOI’ ZG’ x;, ZTLV’ tr and ZQmin’ see 7.2.2.

The Formula (38) or (43) and the impedance Zg resp. Zg are used to determine the partial
short-circuit current lLAT in Figure 11 for the short-circuit in F3. The impedance of the
auxiliary transformer AT in Figure 11 is to be corrected with K; from 6.3.3.

The total short-circuit current in F1 or F2 (Figure 11) is found by adding the partial short-
circuit current lLATHV’ caused by the high- and low-voltage auxiliary motors of the power
station unit.
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7.3 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:

Ip = : (45)
2oy +2)| 3
If Z5) = Z(4), then Formula (45) becomes
" 3
I = gzk (46)

If power station units with full size converter are to be considered, the maximum initial short-
circuit current shall be calculated as follows.

" J3 Coa U, J3 U " "
Tkemax = ma\)/(g -t D Zayi - I1)skePFj = IkemaxPFo + k2pF (47)
‘g(m +Z(2)n“ ‘Z(m +Z(2)[i‘ J=1

where

1(1)sk2PF; is the rms value of the maximum source current (positive-sequence system) in
case of a line-to-line short circuit at the high-voltage side of the unit transformer,
given by the manufacturer;

Zyii = Z4; s the ith diagonal element of the nodal impedance matrix of the positive-
sequence system, where i is the short-circuit node;

Z(2)ii is the ith diagonal element of the nodal impedance matrix of the negative-
sequence system including the impedances of the power station units with full
size converter, where i is the short-circuit node;

Z(”U:ZU are the elements of the nodal impedance matrix of the positive-sequence

system, where i is the short-circuit node and j are the nodes where power station
units with full size converters are connected;

]|:2maxp|:o is the maximum initial symmetrical short-circuit current calculated by the

equivalent voltage source at the short-circuit location without influence of the
source currents of the power station units with full size converter;

[|:2P|: is the sum of the contributions of power station units with full size converter to
the initial short-circuit current.

7.4 Line-to-line short circuit with earth connection

To calculate the initial symmetrical short-circuit currents it is necessary to distinguish between
the currents 1I:2EL2» 1|:2E|_3, and I&EZE (see Figure 3c).

If Z(o) is less than Z(z) = Z(1), the current [I:EZE in the line-to-line short circuit with earth
connection generally is the largest of all initial symmetrical short-circuit currents I|: = 1;3, 1;2,

[|:2E and I|:1 (see Figure 7).

The currents ]IZZELZ and I|:2E|_3 (see Figure 3c) are calculated according to Formulas (48) and
(49):



BS EN 60909-0:2016

—48 - IEC 60909-0:2016 © IEC 2016
IioeL :| \/E(Z(O) _QZ(Z)) L (48)
ZnZe) +ZZo) +Z@)Z0)| 3
2
]IZZEL3 =| \/g(g(o) _g Z(2)) . CUn (49)
ZayZ) +ZnZo) + Z@Zo)| V3

The initial short-circuit current I|:E2E, flowing to earth and/or grounded wires, according to
Figure 3c, is calculated by:

| 3Z () | cUp
ZyZ2) +ZnZo) + Z2)Z0)| 3

Ig2e = (50)

If power station units with full size converter are to be considered, then the maximum initial
short-circuit currents shall be calculated as follows.

I \/g(g(o)ii _§£(2)ii) | CmaxUn +iz I

k2EL2max = ’ (1) £ (1)sk2PF;
‘5(1)1'1‘5(2)11 T ZaaZ oy 2@ oy ‘ V3o (51)
= Ix2EL2maxPFO + k2EL2PF

2

[-' ‘ ‘/g(g(ow -a 5(2)1‘1') ‘ maxUn , $ g0

k2EL3max = ' (1)ij * (1)sk2PFj
‘ ZwiZyi TZwi oy tZ 2oy ‘ V3 = (52)
= Ik2EL3maxPFO + [k2EL3PF

IE2Emax = 35(2)17 | “maxUn +iz(1)“l(1) k2PF/

max — ij S i

‘_(1)115(2);7 2 i Zoyi T Loy ‘ V3 = (53)
= Ix2E2maxPFO + IkE2EPF

where

1(1)sk2PF; is the rms value of the maximum source current (positive-sequence system) in
case of a line-to-line short circuit at the high-voltage side of the unit transformer,
given by the manufacturer;

Z(””.:Zﬁ is the ith diagonal element of the nodal impedance matrix of the positive-
sequence system, where i is the short-circuit node;

Z(2)ii is the ith diagonal element of the nodal impedance matrix of the negative-
sequence system including the impedances of the power station units with full
size converter, where i is the short-circuit node;

Z(0)ii is the it diagonal element of the nodal impedance matrix of the zero-sequence
system, where i is the short-circuit node;

Zy; =Z; are the elements of the nodal impedance matrix of the positive-sequence

system, where i is the short-circuit node and j are the nodes where power station
units with full size converters are connected.
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7.5 Line-to-earth short circuit
The initial line-to-earth short-circuit current 1;1 in Figure 3d shall be calculated by:

3 cUy,

(54)
Zi)tZ(2) +Z(O)‘ V3

Iyq =

If Z (o) is less than Z,) = Z(4), the initial line-to-earth short-circuit current 1;1 is larger than the

three-phase short-circuit current Ik but smaller than I;EQE (see Figure 7). However, I|:1 will
be the highest current to be interrupted by a circuit breaker if 1,0 > Z(O)/Z(1) > 0,23.

If power stations with full size converter are to be considered, then the maximum initial short-
circuit current shall be calculated as follows.

] 3 Cmax U, 3 < " . 55)
Tetmax = max_—n D" Zaayi - Iysk1pe; = IktmaxPFo + Tk1pF (
e Z (i ¥ Z2)ii T Z(0)ii V3 ‘Z(m +Z2)ii + Z(0yii| j=1 SO e
where
I(1)sk1PFj is the rms value of the maximum source current (positive-sequence system) in
‘ case of a line-to-earth short circuit at the high-voltage side of the unit
transformer, given by the manufacturer;

Z1yii = Z; s the ith diagonal element of the nodal impedance matrix of the positive-
sequence system, where i is the short-circuit node;

Z(2yii is the i" diagonal element of the nodal impedance matrix of the negative-
sequence system including the impedances of the power station units with full
size converter, where i is the short-circuit node;

Z(0yii is the ith diagonal element of the nodal impedance matrix of the zero-sequence
system, where i is the short-circuit node;

Z1yij = Zy are the elements of the nodal impedance matrix of the positive-sequence

system, where i is the short-circuit node and j are the nodes where power station
units with full size converters are connected,;

1;1mapro is the maximum initial symmetrical short-circuit current calculated by the

equivalent voltage source at the short-circuit location without influence of the
source currents of the power station units with full size converter;

1,:1,3,: is the sum of the contributions of wind power station units with full size converter
to the initial short-circuit current.

8 Calculation of peak short-circuit current

8.1 Three-phase short circuit
8.1.1 Single-fed and multiple single-fed short circuits

For single-fed and multiple single-fed three-phase short circuits, the contribution of each
source to the peak short-circuit current can be calculated separately and has to be added to
the resultant peak short-circuit current. For branches with synchronous generators/motors and
asynchronous motors/generators as in Figures 8a to 8d the peak short-circuit current can be
calculated by:

ip = k21 (56)
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In this case, it is assumed that the branches do not include parallel impedances. Networks
with branches with parallel impedances are to be treated as multiple-fed short circuits (see
8.1.2).

The factor x for the R/X or X/R ratio shall be obtained from Figure 12 or calculated by the
following expression:

x =102 + 098 38X (57)
2,0 2,0 —
i i /'
1,8 1.8 //
K 16 \\ X 16 ,/
14 \\ 1,4 /
1.2 \\\ 1,2
l - |
1 0 T T T T T T 1 0
0 0,2 0.4 0,6 0,8 1 1,2 05 1 2 5 10 20 50 100 200
RIX —» XIR ——»

IEC

Figure 12 — Factor x for series circuit as a function of ratio R/X or X/R

In case of branches with synchronous generators and power station units, the following values
for the fictitious resistances Rg; are to be used for the calculation of the peak short-circuit
current with sufficient accuracy.

Rgr = 005- Xg for generators with U >1kVand S, > 100 MVA
Rgr =007 - X4 for generators with Ug>1kVand §,g <100 MVA

Rge :0,15-X; for generators with U,g < 1000 V

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

The values Rg; should be used for the calculation of the peak short-circuit current. These
values cannot be used when calculating the aperiodic component inc of the short-circuit
current according to Formula (76). 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.

For one power station unit with full size converter, according to Figures 8f and 8g, the peak
short-circuit current is determined by:

ip = V2Ikpr = V2 sepr (58)
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The peak short-circuit current i at a short-circuit location F is the sum of the partial short-
circuit currents:

i = Y ipi (59)

1

Figure 9 example:

ip = ipS +ipT +ipWF +ipM (60)

8.1.2 Multiple-fed short circuit

For calculating the peak short-circuit current i the following formula shall be used:

ip = K2 - Igmaxpro + V2 - Iypr (61)

where

Iﬁmaxp,:o is the maximum initial three-phase short-circuit current without influence of power

station units with full size converter calculated by Formula (33);

IEPF is the contribution of the power station units with full size converter calculated by

Formula (34).

The factor x shall be calculated by Formula (57) with one of the following methods a), b), or ¢)
for determination of the ratio R/X. Method c) is recommended (see IEC TR 60909-1).

a)

Uniform ratio R/X or X/R

For this method the smallest ratio of R/X or the largest ratio of X/R of all branches of the
network is taken.

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

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

For this method, the ratio R, /X, given by the short-circuit impedance Z, = R, + jX| (seen
from the short-circuit location) of the initial short-circuit calculation is used.

To cover inaccuracies, the factor x determined with the ratio R, /X, is multiplied by a factor
1,15.

As long as R/X remains smaller than 0,3 in all branches which carry a short-circuit current,
it is not necessary to use the factor 1,15. It is also not necessary for the product 1,15-x to
exceed 1,8 in low-voltage networks or to exceed 2,0 in high-voltage networks.

Equivalent frequency f,

An equivalent impedance Z; = R + jX, of the positive-sequence 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 /= 60 Hz). The R/X or X/R
ratio is then determined according to Formula (62).

R_R fo X _Xo [ (62)
X X, f R

_ f
c Jfe

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

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

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

8.2 Line-to-line short circuit

For a line-to-line short circuit in a network with power station units with full size converter, the
peak short-circuit current can be expressed by:

in2 = kN2 kamaxpro +V2opr (63)

where

IEZmaXpFO is the maximum initial line-to-line short-circuit current without influence of the

source currents of power station units with full size converter calculated
according to Formula (47);

1I:2PF is the contribution of the power station units with full size converter calculated
according to Formula (47).

The factor « shall be calculated according to 8.1 depending on the system configuration.

8.3 Line-to-line short circuit with earth connection

For a line-to-line short circuit with earth connection, the peak short-circuit current (e.g. of line
L2) can be expressed by:

Ip2EL2 = KV 2 IoE omaxpFo + V2 koEL2PF (64)
where
[|:2E|_2maxp[:o is the maximum initial line-to-line short-circuit current without influence of
the source currents of power station units with full size converter calculated
according to Formula (51);
1|:2E|_2p,: is the contribution of the power station units with full size converter

calculated according to Formula (51).

The factor « shall be calculated according to 8.1 depending on the system configuration.

8.4 Line-to-earth short circuit

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

ipt = K2/ maxpro + 21 k1pE (65)

where

I|:1maxp,:o is the maximum initial line-to-earth short-circuit current without influence of the

source currents of power station units with full size converter calculated
according to Formula (55);
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I|:1p,: is the contribution of the power station units with full size converter calculated
according to Formula (55).

The factor « shall be calculated according to 8.1 depending on the system configuration.

9 Calculation of symmetrical breaking current

9.1 Three-phase short circuit
9.11 Symmetrical breaking current of synchronous machines

For a near-to-generator short circuit, in the case of a single-fed short circuit as in Figure 8b,
8c and 8d or multiple single-fed short circuit as in Figure 9, the decay to the symmetrical
short-circuit breaking current of a synchronous generator is taken into account by the factor
u according to Formula (67).

Iy, :ﬂ'll:max (66)

The factor x4 depends on the minimum time delay ¢,;, and the ratio I|:G/I,.G, where /g is the

rated generator current. The values of x in Formula (67) 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 the rated load excitation-voltage). For all other cases take x = 1, if the exact value
is unknown.

NOTE The AC component of the current in case of near-to-generator short circuits may decay faster than the DC
component. The magnitude of the AC component of the current depends upon the operating conditions of the
generator before short circuit; the decay of the AC component is governed by the subtransient and transient time
constants, the decay of the DC component by the armature time constant. As a consequence, the DC component
during a certain period of time can be higher than the peak value of the AC component. In such a case the fault
current shows delayed current zero. In order to evaluate if power station equipment can handle this current, the AC
and DC components of the short-circuit current have to be calculated taking into account the synchronous,
transient and subtransient reactances, the transient and subtransient time constants, the circuit-breaker arc
resistance as well as the operation condition before short circuit.

When there is a unit transformer between the generator and the short-circuit location, the
partial short-circuit current I|:S at the high-voltage side of the unit transformer (in Figure 8c)
shall be transferred by the rated transformation ratio to the terminal of the generator
IEG =t '1|:s before calculating x, using the following formulas:

U= 0,84+0,269'0’261§G”r6 for tmin =0,02's

U= 0771+0,51e'0r301lzG/1rG for ¢y, =0,05s

" (67)
1=062+072e032ke/lic for £, =0,10's
11 =056 +0946°0%8N6 /G for 1> 0,25's
If IEG/IrG is not greater than 2, apply 4 = 1 for all values of the minimum time delay ¢,;,. The

factor u may also be obtained from Figure 13. For other values of minimum time delay, linear
interpolation between curves is acceptable.

Figure 13 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 ¢, greater than 0,1 s is not included in this standard; generator manufacturers may be
able to provide information.
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Figure 13 — Factor u for calculation of short-circuit breaking current I,

9.1.2 Symmetrical breaking current of asynchronous machines

The symmetrical short-circuit breaking current of an asynchronous machine shall be
calculated by Formula (68) with factor i according to Formula (67) or Figure 13 using I;MIIrM
(see Table 4) and the factor ¢.

Iy :F'Q'I;max (68)

Formula (67) shall also be used for the calculation of the symmetrical short-circuit breaking
current of wind power stations with asynchronous generator with I;WA.

The factor ¢ may be determined as a function of the minimum time delay ¢, or may be taken
from Figure 14.

q =103+ 0,12In(Pyy / p) for tqin =0,02's
g =079+012In{Ppy ! p) for
q =057 +012In{Ay / p) for

tnin = 0,058

min (69)

tmin = 0,10 s
g =026 +010In(Fyy, / p) for ¢, >0,25s

where

P, is the rated active power in MW and p is the number of pairs of poles of the
asynchronous machine.

If the calculation in Formula (69) provides larger values than 1 for ¢, assume that ¢ = 1.
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Figure 14 — Factor ¢4 for the calculation of the symmetrical short-circuit
breaking current of asynchronous motors

9.1.3 Symmetrical breaking current of power station units with doubly fed
asynchronous generator

The symmetrical breaking current of power station units with doubly fed asynchronous
generators can be calculated according to Formula (70).

Iy = pwp - Iewn (70)
with
_ IkWDmax 71
PwD = — - (71)
Tawp

L owbDmax i151t2e3;naximum steady state short-circuit current, given by the manufacturer (see

9.1.4  Symmetrical breaking current of power station units with full size converter

The symmetrical breaking current of power station units with full size converters can be
calculated according to Formula (72).

Iy = IxpFmax (72)

where
IPFmax is the maximum steady state short-circuit current, see 11.2.4.
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9.1.5 Symmetrical breaking current of network feeder

The symmetrical breaking current of network feeders can be calculated according to Formula
(73).

Iy = llzmax (73)

9.1.6 Symmetrical breaking current in case of multiple single-fed short-circuits

For multiple single-fed three-phase short circuits as in Figure 9, the symmetrical breaking
current at the short-circuit location can be calculated by the summation of the individual
breaking current contributions:

I = I (74)
i
Figure 9 example:

Iy = Ips + It + Ibwr + lom = £ Ixs + It + IkwFmax + 49 Ikm (79)
where

1|:s= I;ZT, IEWF and IEM are taken as its contributions to l;max at the short-circuit location.

At first the maximum short-circuit current is calculated, and then the partial currents in the
branches where the circuit breakers are located.

9.1.7 Symmetrical breaking current in case of multiple-fed short circuits

In case of multiple-fed short circuits, current 7, can be calculated by:

Ip = Ilzmax (76)

Currents calculated with Formula (76) are larger than the real symmetrical short-circuit
breaking currents. For increased accuracy, Formula (77) can be used.

7 A - .
" ZGKi ZkGi " —M;j —kM "
£b:gkmax_zm'(1_ﬂi)'£kei_z 4 /\/—] '(1_ﬂij)'£ij

i Jj CUn 3
Z e, 1 Z ) 1.
_ N\ ZSKk —kSk (- )1 _ N\ ZSOK! ~kSO! (1- )1 77
M Hy (77)
Lo hest "2 s kol
Zwam Lwam _(1_y )[ B Zwon Lkwon (- p )1
-~ cUn/\/§ mJ)"ZKWAm ~ CUn/\/g n/) ZKWDn
where
His iy His Hps Hy are calculated with Formula (67);
M, is calculated with Formula (71);
q; is calculated with Formula (69);

cUp, /\/§ is the equivalent voltage source at the short-circuit location;
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ZGK; is the corrected short-circuit impedance of the ith synchronous machine;
Zy; is the short-circuit impedance of the jth asynchronous motor;

Zskk is the corrected short-circuit impedance of the th power station unit with

on-load tap-changer;

Zsok is the corrected short-circuit impedance of the /" power station unit
without on-load tap-changer;

Z\WAm is the short—circuit impedance of the m'" wind power station unit with
asynchronous generator;

Z\WDn is the short—circuit impedance of the nth wind power station unit with
doubly-fed asynchronous generator;

LLGi,LLMj are the contributions from the ith synchronous generator or the ;i the
asynchronous motor;

iLSk’iLsm are the contributions from the 4" power station unit with on-load tap-
changer or the /th power station unit without on-load tap-changer;

[LWAm,LLWDn are the contributions from the m!" wind power station unit with

asynchronous generator or from the nth wind power station unit with

doubly fed asynchronous generator;
c is the voltage factor according to Table 1 (c,54)-

The partial short-circuit currents and the impedances of Formula (77) shall be related to the
voltage level U,,, where the short-circuit current is calculated

If Hi = 1, then take 1 — Hiq; = 0, independent of the value q;-

9.2 Unbalanced short-circuits

The short-circuit breaking current is assumed to be equal to the initial short-circuit currents:

I = Ixomax (78)
Inoe = Ik2Emax (79)
It = Iximax (80)

NOTE For near-to-generator short circuits, the flux decay in the generator is not taken into account.
10 DC component of the short-circuit current

The maximum DC component ip. of the short-circuit current may be calculated with sufficient
accuracy by Formula (81).

iDC _ \/Ellz 'e-ZTE-f't.R/X (81)
where
1,: is the initial symmetrical short-circuit current;
f is the nominal frequency;

t is the time;
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RIX is the ratio according to 8.1 or the ratios according to the methods a) and c) in 8.1.

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

Power station units with full converter are neglected when calculating the DC component of
the short-circuit current.

For multiple-fed or single-fed with parallel branches, the ratio R/X or X/R is to be determined
by the method c) in 8.1. Depending on the product f¢; where fis the frequency and ¢ is the
time, the equivalent frequency f, should be used as follows:

| It | <1 | <2,5 | <5 | <12,5 |
| 1 | 0,27 | 0,15 | 0,092 | 0,055 |

For example, the DC component of the short-circuit current is used to calculate the
asymmetrical breaking current Ipasyn (rms value) according to Formula (82).

) 2
2 . 1]
Ipasyn =\1Ib” +i5c =1Ip 1{%} (82)

b
where
Iy is the symmetrical breaking current;
ipc is the DC component of a short-circuit current depending on the minimum time delay,

see Formula (81).
11 Calculation of steady-state short-circuit current

11.1 General

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

11.2 Three-phase short circuit

11.2.1 Steady-state short-circuit current of one synchronous generator or one power
station unit

11.2.1.1 General

For near-to-generator three-phase short circuits fed directly from one synchronous generator
or one power station unit only, according to Figure 8b or 8d, the steady-state short-circuit
current [, 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 7, in the case of a short circuit at the terminals of the machine,
but they contribute to I, 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 8d).

All other cases have to be treated according to 11.2.7.
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11.2.1.2 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.

Iymax = ﬁmax g ile (83)

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 A4

Amax = Amin IN this case.

When calculating Iy,a4 OF Imin, the factor ¢, 5, or ¢, is taken from Table 1.

Amax May be obtained from Figures 15 or 16 for cylindrical rotor generators or salient-pole
generators. The saturated reactance xyg,; 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 15a) or 1,6 times the rated excitation voltage for salient-pole
generators (Figure 16a).

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 15b), or 2,0 times the rated excitation voltage for salient-pole
generators (Figure 16b).

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 Formula (87) from IEC TR 60909-1:2002, taking into

account that 1|:G/1|»G = Amax is valid for ratios I;:G/IrG <2. This occurs in the case of a far-from-generator short
circuit.
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11.2.1.3 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 8b and 8c, constant no-load
excitation (voltage regulator not being effective) of the synchronous machine is assumed:

Ikmin = Amin * Irc (84)

Amin May be obtained from Figures 15 and 16. In the case of minimum steady-state short
circuit introduce ¢ = ¢,;,,, 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:

cmin - U
Tkmin = L T (89)

\/g'Zk

For the effective reactance of generators introduce:

Xgp = (86)

UrG
V3 Ip

I.p 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.

11.2.2 Steady-state short-circuit current of asynchronous motor or generator

With respect to Formula (105) of Table 4, the steady-state short-circuit current of an
asynchronous motor/generator is zero in case of a three-phase short circuit at the terminals,
Figure 9 and Formula (89).

11.2.3 Steady-state short-circuit current of wind power station unit with doubly fed
asynchronous generator

The steady-state short-circuit currents I wpmax a@nd Ixwpmin are to be provided by the
manufacturer.

11.2.4 Steady-state short-circuit current of wind power station unit with full size
converter

The steady-state short-circuit currents I ppmax @nd Ixpgmin are to be provided by the
manufacturer.

11.2.5 Steady-state short-circuit current of network feeder

The steady-state short-circuit current is equal to the initial short-circuit current.

Iy = Iy (87)

11.2.6 Steady-state short-circuit current in case of multiple single-fed short circuits

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:
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Iy =2 I (88)
i
Figure 9 example:
I = Is + It + lawr = Myat + It + Tiwr (89)

A (Amax OF Amin) is found from Figures 15 and 16. I, is the rated current of the synchronous
generator transferred to the high-voltage side (see 7.1.1) of the unit transformer in Figure 9.

In the case of network feeders or network feeders in series with transformers (see Figure 9)
I = I|: is valid (far-from-generator short circuit).

11.2.7 Steady-state short-circuit current in case of multiple-fed short circuits

The steady-state short-circuit current may be calculated approximately by:

Iymax =1Tomo0 (90)

Tmin = Ikmin (91)

Iymo is calculated according to 9.1 without the influence of asynchronous motors/generators
according to 7.1.2.

Formulas (90) and (91) are valid in the case of far-from-generator and near-to-generator short
circuits.

11.3 Unbalanced short circuits

In all cases of unbalanced short circuits, the flux decay in the generator is not taken into
account and the following formulas should be used:

Iip = Iy (92)
I = Iioe (93)
Ixg2e = Ie2e (94)
It = Iy (95)

In the case of maximum or minimum steady-state short circuits, the voltage factor ¢
¢min @ccording to Table 1 shall be applied, see 7.1.2.

max €Sp.

12 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-
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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 17 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
fuses HV ’ LV . l

L1 (: :) L1 Line “X7 fu
0 K}
L2 Liony ®
N — 8
L3 Z&SHV é
5
UnQ (-%

[kQ L

IEC

Figure 17 — Transformer secondary short-circuits, if one line (fuse)
is opened on the high-voltage side of a transformer Dyn5

The short-circuit currents, 1|:|_1, I|:|_2, I|:|_3 and I;N at the low-voltage side of the transformer
in Figure 17 can be calculated using Formula (96) with the equivalent voltage source cUn/\/g

at the short-circuit location F. The partial short-circuit currents ]I:L2HV =[I:L3HV at the high-
voltage side in Figure 17 may also be calculated with Formula (96) using appropriate values
for the factor a. In all cases Iy, is equal to I, because the short circuits are far-from-
generator short circuits (see 3.16 and Figure 1).

" cUp

Iy, =a- (96)
\/g"ZQt +KrZr+Z + - (KTZ(O)T +Z(0)L]

where

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

Zop+ KyZt + Z,. is the resultant impedance in the positive-sequence system at the LV-
side (Z1 = Z7Lv)

KyZoyr + Zo)L is the resultant impedance in the zero-sequence system at the LV-side;

a, B are factors given in Table 3.

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 3.

No short-circuit current on the low-voltage or on the high-voltage side of the transformer in
Figure 17 is higher than the highest balanced or unbalanced short-circuit current in the case
of an intact HV-feeding (see Figure 7). Therefore Formula (96) is normally of interest for the
calculation of minimum short-circuit currents (see Table 1 for ¢ = ¢,;,, and 7.1.1).
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Table 3 — Factors a and g for the calculation of short-circuit
currents with Formula (96), rated transformation ratio 7, = U ty/U 1Ly

Short-circuit in F Three-phase Line-to-line short circuit Line-to-earth
(see Figure 17) 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 g 0 2 0,5 0,5
Factor « (LV)
for the currents
It 0,5 1,5 - -
kLo 1,0 - 1,5 1,5
Iis 0,5 1,5 - _
IeN - 3,0 1,5 1,5
Factor a (HV)
for the currents I;:‘, l.£ l.ﬁ l.ﬁ i.ﬁ
e 2 2 2 2
TkLoHv = TkL3HY

a

In the case of line-to-earth 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.

13 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 Iy, ipm» Ipm, @nd Iy are evaluated as shown in
Table 4. The influence of motors on the line-to-earth short-circuit current cannot be neglected
in case of grounded systems. Take the impedances of the motors with Z4)yy = Z5)y = Zy and
Zoym- If the star point of the motor is not earthed, the zero-sequence impedance becomes

Zom = -
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Table 4 — Calculation of short-circuit currents of asynchronous
motors in the case of a short circuit at the terminals

Short circuit Three-phase short circuit Line-to-line short circuit Line-to-earth short circuit
Initial symmetrical " cU. \/_
~circui Iam = —"— 97 " N3
short-circuit current k3M \/g‘ZM (97) Tiom —T'IkzM (98) See Clause 10
Peak short-circuit
. " 3 . "
current ioav = KMV2 Igm (99) oM =§~ip3M (100) | ipm=#mv2 Tgw  (101)

High-voltage motors:
xw =165 (corresponding to Ry/Xy = 0,15 ) for motor powers per pair of poles < 1 MW

xw =175 (corresponding to Ry/Xy = 0,10 ) for motor powers per pair of poles > 1 MW
Low voltage motor groups with connection cables: xy, =13 (corresponding to Ry/Xy =0,42)

Symmetrical short- . 3 . .
circuit breaking Tpam = g - Ixam (102) Toom zTJkgM (103) TIpim = Ikam (104)
current
U according to Formula (67) or Figure 13, with II:M”rM
q according to Formula (69) or Figure 14.
Steady-state short- \/5 . .
circuit current Ixam =0 (105) Tiom “T'lksm (106) Iam = Lam (107)

14 Joule integral and thermal equivalent short-circuit current

The Joule integral [i2 dr 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 DC component of the short-circuit current and a factor » for
the time-dependent heat effect of the AC component of the short-circuit current for one
individual short circuit (see Figures 18 and 19).

Ty
jﬂdr:ﬁﬁf.0n+nyn(=1%.a (108)
0

The thermal equivalent short-circuit current is:

Iy = IxAJm +n (109)

For a series of i three-phase successive individual short-circuit currents, the following formula
shall be used for the calculation of the Joule integral or the thermal equivalent short-circuit
current.
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Iizdt:Z(!;i)z(mi +n;)-Tig = I - Ty (110)

Iizdt

Iy, = 111

th T (111)

with T = Y Tk (112)
i

where
I;i is the initial symmetrical three-phase short-circuit current for each short circuit;

Iy, is the thermal equivalent short-circuit current;

m. is the factor for the heat effect of the DC component for each short-circuit current;
n; is the factor for the heat effect of the AC component for each short-circuit current;
is the duration of the short-circuit current for each short circuit;

T\, is the sum of the durations for each short-circuit current, see Formula (112).

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 18 — Factor m for the heat effect of the DC component of the short-circuit current
(for programming, the formula to calculate m is given in Annex A)
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Figure 19 — Factor » for the heat effect of the AC component of the short-circuit current
(for programming, the formula to calculate » is given in Annex A)

The factors m; are obtained from Figure 18 using f-T}; and the factor « derived in 8.1. The
factors n; are obtained from Figure 19 using 7,; and the quotient I;iIIki, where [y; is the
steady-state short-circuit current for each short circuit.

When a number of short circuits occur with a short time interval between them, the resulting
Joule integral is the sum of the Joule integrals of the individual short-circuit currents, as given
in Formula (110).

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

For far-from-generator short circuits with a 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 I;l- 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 AC
systems, the three-phase short-circuit current may be decisive.

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 Formula (108) or (110). In this
case the Joule integral is determined from the characteristic of the current-limiting device.
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Annex A
(normative)

Formulas for the calculation of the factors m and =

The factor m in Figure 18 is given by:

;e 1 o4 /TnGe=1) _ 4
2 /T In(x —1)

The factor »n in Figure 19 is given by:

T _ 4 n= 1
Iy

Tk 5 405

7

. ; D N\2 . . 2
n= 1 . 1+zgd .(1_9—20Tk/de.LI_k_l_k] +2T_d.(1_e—2Tk/Td].LI_k_1J
(Ik / Ik)Z Ti I Iy Ty I
+T_d.[1_e_10Tk/de. D T +ﬂ.(1_e_Tk/Td). I_k_1
5T, Lo Io] Ty Iy

+T_d.[1_e_11Tk/Tc'i]. Lo I | [_k_1
5,57, o I || I

where

I I /1
Iy 088+017- I /I

31s

Ty =
I 11
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Annex B
(informative)

Nodal admittance and nodal impedance matrices

The nodal admittance matrix for the positive-sequence system of a network with » nodes has
the following n x n structure.

1 2 . l . n
Yot Yapz o Yo o Yoy |
2 Y21 Y2 o Yz o Yiaou

X(1) - . : : . . :
Wl Yoz Xeya o Loy
"y Yz 7 Y 7 Yy

The mutual admittance between the nodes i and j is the sum of the short-circuit admittances
of the electrical equipment (see Clause 6) between the nodes i and j (see Figure B.1):

&1

Yy =27

e=1=(1)ij.¢

The self-admittances of the node i (and analogy for the other nodes) is the negative sum of
the admittances in the ith line and the negative sum of the short-circuit admittances of the
electrical equipment between the nodes i and the reference node 0 of the positive-sequence
system.

n k 1

Yoy == 20 Yy =2,

=i s=1 Z(1)i0,s

The structure of the nodal matrices for the negative-sequence system and the zero-sequence
system are similar.
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IEC
Figure B.1 — Formulation of the nodal admittance matrix

The nodal impedance matrix for the positive-sequence system is the inverse matrix of the
nodal admittance matrix for the positive-sequence system with the following n x n structure.

Zoap1 Zapz o Zay o Zyn |
Z21 Zay2 v Zaai  Z(yza
y : : . : . :
Ziy=Yq) =
=0 Zoi Zaiz v Zwa L
[ Zemt Zemz " L Lty |

The nodal impedances of the negative-sequence system and the zero-sequence system are
found in the same manner:

1
Zip) =Y

-1
Zo) =Yg

An example is given by Figure B.2 with the impedances of Table B.1
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Figure B.2 — Example
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Table B.1 — Impedances of electrical equipment referred to the 110 kV side

Equipment Positive-sequence system Negative-sequence system Zero-sequence system
Q Zq Z2)0~ Za Zo)a
2 _ -
s Zgk = KS(’mZG AT HV) Zoysk= Zsk Zoysk= KsZ(oyT1hv
2 - -
M AV R PYAY Zywm™ Zmt Zoywmi =
PF Zppt = ® Z(2)pFt Zoyprt”
T2 Zrok= KrZrony Zioyr2k= Z12K Zioyrok= K1Z(oy2
T3 Zrak™ KyZrany Ziy13k™ Z13K Zioyrak™ K1Z(oy3
L1 Z Zo)1™ Ziy ZioyL1
L2 Z, Zioy2™ L1 Zio)L2
2 Depends on the vector group of the transformer.
Nodal admittance matrix for the positive-sequence system:
1 1 1 1 1 1 1 i
- - - —_—t— 0
Ziw Zia Zrk Zsk ARIAY) Z12K
1 1 1 1 1 1 1
—_—t e 0
- ARIAY) Zi1 Zip Ztk Za Z13K
1 1 1
0 - - 0
Z12K APIEA:
1 1
0 0 —
Z13K Z3K |

Nodal admittance matrix for the

negative-sequence system:
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[ 1 1 1 1 1 1 1 1
- - - - + 0
Zowr Zoe Zetk  Z@2)sk Zow1r ZoLe Z 2512k
1 . 1 3 1 _ 1 _ 1 B 1 0 1
Yoo Zowtr Ze)2 Zow1 Zele Zmk  Zea Z2)T3K
@)= 1 1 1
0 - - 0
Z 212K Zioytok  Zmt
0 1 0 _ 1 _ 1
L Z2)T3K Zytak  Z(2)prt |
Nodal admittance matrix for the zero-sequence system:
[ 1 1 1 1 1 1 1 1
- - - - T 0
Zowr Zor2 Zomk  Zo)sk Zowr Zoye Z 0yT2K
11 R 0 1
Vom = Zopw1 Zo)L2 Zowt ZoLz Zomk Zona Z(0)T3K
Yo = 1 1
0 - 0
Z(0yT2K Z(0)T2K
0 1 O
| Z(0)T3K ZoyTak  Z(0)PFt |

The short-circuit

impedances of the positive-sequence,

negative-sequence and zero-

sequence systems are the negative diagonal elements Z);, Z>);, and Zq); of the nodal
impedance matrices:

Z(1) = ~Z(1yii
Z2) = ~Z(2)ii

Z0) = ~Z(0yii
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