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INTERNATIONAL ELECTROTECHNICAL COMMISSION 

FDIS 

SHORT-CIRCUIT CURRENTS IN THREE-PHASE AC SYSTEMS - 

Part O :  Calculation of currents 

Report on voting 

FOREWORD 

73/119/FDIS 

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

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

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

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

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

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

73/12 1/RVD 

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

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

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

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

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

IEC TR2 60909-1 : 199 1, Short-circuit current calculation in three-phase a, c. systems - Part I: 
Factors for  the calculation of short-circuit currents in three-phase a.c. systems according 

IEC TR3 60909-2: 1992, Electrical equipment - Data for  short-circuit current calculations in 
accordance with IEC 60909 
IEC 60909-3: 1995, Short-circuit current calculation in three-phase a.c. systems - Part 3: 
Currents during two separate simultaneous single-phase line-to-earth short circuits and 
partial short-circuit currents following through earth 
IEC TR 60909-4:-, Short-circuit current calculation in three-phase a.c. systems - Part 4: 
Examples fo r  the calculation of short-circuit currentsi) 

to IEC 60909-0 

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

0 reconfirmed; 

0 withdrawn; 
0 

0 amended. 

replaced by a revised edition, or 

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

Part O :  Calculation of currents 

1 General 

1.1 Scope 

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

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

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

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

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

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

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

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

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

Short-circuit currents and short-circuit impedances may also be determined by system tests, by 
measurement on a network analyzer, or with a digital computer. In existing low-voltage systems 
it is possible to determine the short-circuit impedance on the basis of measurements at the 
location of the prospective short circuit considered. 
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The calculation of the short-circuit impedance is in general based on the rated data of the 
electrical equipment and the topological arrangement of the system and has the advantage of 
being possible both for existing systems and for systems at the planning stage. 

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

the maximum short-circuit current which determines the capacity or rating of electrical 
equipment; and 
the minimum short-circuit current which can be a basis, for example, for the selection of 
fuses, for the setting of protective devices, and for checking the run-up of motors. 

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

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

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

1.2 Normative references 

The following normative documents contain provisions which, through reference in this text, 
constitute provisions of this part of IEC 60909. For dated references, subsequent amendments to, 
or revisions of, any of these publications do not apply. However, parties to agreements based on 
this part of IEC 60909 are encouraged to investigate the possibility of applying the most recent 
editions of the normative documents indicated below. For undated references, the latest edition 
of the normative document referred to applies. Members of IEC and I S 0  maintain registers of 
currently valid International Standards. 

IEC 60038: 1983, IEC standard voltages 

IEC 60050(13 1): 1978, International Electrotechnical Vocabulary - Chapter 131: Electric and 
magnetic circuits 

IEC 60050( 15 1): 1978, International Electrotechnical Vocabulary - Chapter 151: Electric and 
magnetic devices 

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

IEC 60056: 1987, High-voltage alternating-current circuit-breakers 

IEC 6007 1-1 : 1993, Insulation coordination - Part I :  Definitions, principles and rules 

IEC 6078 1 : 1989, Application guide for calculation of short-circuit currents in low-voltage radial 
systems 

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

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

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

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

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

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

1.3 Definitions 

For the purposes of this part of IEC 60909, the definitions given in IEC 60050( 13 1) and the 
following definitions apply. 

1.3.1 
short circuit 
accidental or intentional conductive path between two or more conductive parts forcing the 
electric potential differences between these conductive parts to be equal or close to zero 

1.3.1.1 
line-to-line short circuit 
accidental or intentional conductive path between two or more line conductors with or without 
earth connection 

1.3.1.2 
line-to-earth short circuit 
accidental or intentional conductive path in a solidly earthed neutral system or an impedance 
earthed neutral system between a line conductor and local earth 

1.3.2 
short-circuit current 
over-current resulting from a short circuit in an electric system 
NOTE 
circuit currents in the network branches (see figure 3) at any point of the network. 

It is necessary to distinguish between the short-circuit current at the short-circuit location and partial short- 

1) To be published. 
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1.3.3 
prospective (available) short-circuit current 
current that would flow if the short circuit were replaced by an ideal connection of negligible 
impedance without any change of the supply (see note of 1.1) 

1.3.4 
symmetrical short-circuit current 
r.m.s. value of the a.c. symmetrical component of a prospective (available) short-circuit current 
(see 1.3.3), the aperiodic component of current, if any, being neglected 

1.3.5 
initial symmetrical short-circuit current I l  
r.m.s. value of the a.c. symmetrical component of a prospective (available) short-circuit current 
(see 1.3.3), applicable at the instant of short circuit if the impedance remains at zero-time value 
(see figures 1 and 2) 

1.3.6 
initial symmetrical short-circuit power S," 
fictitious value determined as a product of the initial symmetrical short-circuit current I," 
(see 1.3.5), the nominal system voltage U, (see 1.3.13) and the factor f i :  S," = fi U, I," 

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

If Si 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: siQ =&U,, 'iQ orZQ =CU, 2  IS^^. 

1.3.7 
decaying (aperiodic) component 
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 

of short-circuit current 

1.3.8 
peak short-circuit current i, 
maximum possible instantaneous value of the prospective (available) short-circuit current 
(see figures 1 and 2) 
NOTE The magnitude of the peak short-circuit current varies in accordance with the moment at which the short 
circuit occurs. The calculation of the three-phase peak short-circuit current i, applies to the line conductor and to the 
instant at which the greatest possible short-circuit current exists. Sequential short circuits are not considered. 

1.3.9 
symmetrical short-circuit breaking current Ib 
r.m.s. value of an integral cycle of the symmetrical a.c. component of the prospective short- 
circuit current at the instant of contact separation of the first pole to open of a switching device 

1.3.10 
steady-state short-circuit current Ik  
r.m.s. value of the short-circuit current which remains after the decay of the transient phenomena 
(see figures 1 and 2) 
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1.3.11 
symmetrical locked-rotor current .ILR 
highest symmetrical r.m.s. current of an asynchronous motor with locked rotor fed with rated 
voltage U,, at rated frequency 

1.3.12 
equivalent electric 
model to describe 
[IEV 131-01-331 

circuit 
the behaviour of a circuit by means of a network of ideal elements 

1.3.13 
nominal system voltage U, 
voltage (line-to-line) by which a system is designated, and to which certain operating 
characteristics are referred 
NOTE Values are given in IEC 60038. 

1.3.14 
equivalent voltage source CU,  I J3 
voltage of an ideal source applied at the short-circuit location in the positive-sequence system 
for calculating the short-circuit current according to 2.3. This is the only active voltage of the 
network 

1.3.15 
voltage factor c 
ratio between the equivalent voltage source and the nominal system voltage U,, divided by&. 
The values are given in table 1 
NOTE The introduction of a voltage factor c is necessary for various reasons. These are: 
- 

- changing of transformer taps, 
- 

- 

voltage variations depending on time and place, 

neglecting loads and capacitances by calculations according to 2.3.1, 
the subtransient behaviour of generators and motors. 

1.3.16 
subtransient voltage E" of a synchronous machine 
r.m.s. value of the symmetrical internal voltage of a synchronous machine which is active behind 
the subtransient reactance Xd at the moment of short circuit 

1.3.17 
far-from-generator short circuit 
short circuit during which the magnitude of the symmetrical a.c. component of the prospective 
(available) short-circuit current remains essentially constant (see figure 1) 

1.3.18 
near-to-generator short circuit 
short circuit to which at least one synchronous machine contributes a prospective initial 
symmetrical short-circuit current which is more than twice the machine's rated current, or a short 
circuit to which asynchronous motors contribute more than 5 % of the initial symmetricaf short- 
circuit current 1; without motors (see figure 2) 
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1.3.19 
short-circuit impedances at the short-circuit location F 

1.3.19.1 
positive-sequence short-circuit impedance &) of a three-phase a.c. system 
impedance of the positive-sequence system as viewed from the short-circuit location (see 2.3.2 
and figure 5a) 

1.3.19.2 
negative-sequence short-circuit impedance 
impedance of the negative-sequence system as viewed from the short-circuit location (see 2.3.2 
and figure 5b) 

of a three-phase a.c. system 

1.3.19.3 
zero-sequence short-circuit impedance &, of a three-phase a.c. system 
impedance of the zero-sequence system as viewed from the short-circuit location (see 2.3.2 and 
figure 5c). It includes three times the neutral-to-earth impedance & 

1.3.19.4 
short-circuit impedance zk of a three-phase a.c. system 
abbreviated expression for the positive-sequence short-circuit impedance 
1.3.19.1 for the calculation of three-phase short-circuit currents 

according to 

1.3.20 
short-circuit impedances of electrical equipment 

1.3.20.1 
positive-sequence short-circuit impedance 
ratio of the line-to-neutral voltage to the short-circuit current of the corresponding line conductor 
of electrical equipment when fed by a symmetrical positive-sequence system of voltages (see 
clause 2 and IEC 60909-4) 

The index of symbol zo, may be omitted if there is no possibility of confusion with the negative-sequence 

of electrical equipment 

NOTE 
and the zero-sequence short-circuit impedances. 

1.3.20.2 
negative-sequence short-circuit impedance &) of electrical equipment 
ratio of the line-to-neutral voltage to the short-circuit current of the corresponding line conductor 
of electrical equipment when fed by a symmetrical negative-sequence system of voltages 
(see clause 2 and IEC 60909-4). 

1.3.20.3 
zero-sequence short-circuit impedance &o) of electrical equipment 
ratio of the line-to-earth voltage to the short-circuit current of one line conductor of electrical 
equipment when fed by an a.c. voltage source, if the three paralleled line conductors are used for 
the outgoing current and a fourth line and/or earth as a joint return (see clause 2 and IEC 60909-4) 

1.3.21 
subtransient reactance Xd of a synchronous machine 
effective reactance at the moment of short circuit. For the calculation of short-circuit currents 
the saturated value of X i  is taken 

NOTE When the reactance Xd in ohms is divided by the rated impedance ZrG = U; /SrG of the synchronous 

machine, the result in per unit is represented by a small letter xd = X,"/ZrG. 
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1.3.22 
minimum time delay tmin 
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 
time of a circuit-breaker. It does not take into account adjustable time delays of tripping devices. 

The time tmin is the sum of the shortest possible operating time of a protective relay and the shortest opening 

1.3.23 
thermal equivalent short-circuit current Ith 
the r.m.s. value of a current having the same thermal effect and the same duration as the actual 
short-circuit current, which may contain a d.c. component and may subside in time 

1.4 Symbols, subscripts and superscripts 

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

1.4.1 Symbols 

A 
a 
a 
- 

c 

CU, / f i  
E" 
f 
I b  

I k  
I k P  

Initiai value of the d.c. component id.c. 

Complex operator 
A ratio between unbalanced short-circuit current and three phase short-circuit 
current 
Voltage factor 
Equivalent voltage source (r.m.s.) 
Subtransient voltage of a synchronous machine 
Frequency (50 Hz or 60 Hz) 
Symmetrical short-circuit breaking current (r.m.s.) 
Steady-state short-circuit current (r.m.s.) 
Steady-state short-circuit current at the terminals (poles) 
of a generator with compound excitation 
Initial symmetrical short-circuit current (r.m.s.) 
Symmetrical locked-rotor current of an asynchronous motor 
Rated current of electrical equipment 
Thermal equivalent short-circuit current 
d.c. component of short-circuit current 
Peak short-circuit current 
Correction factor for impedances 
Factor for the heat effect of the d.c. component 
Factor for the heat effect of the a.c. 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 r M =  SrM cos c p r ~  77,~) 
Factor for the calculation of breaking current of asynchronous motors 
Nominal cross-section 
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Xd resp. Xq 

xd 

xd sat 

P 
PO 
P 
cp 
0, 
o1 
02 
O0 

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 1.3.6) 
Rated apparent power of electrical equipment 
Minimum time delay 
Rated transformation ratio (tap-changer in main position); tr I 1 
Duration of the short-circuit current 
Highest voltage for equipment, line-to-line (r.m.s.) 
Nominal system voltage, line-to-line (r.m.s.) 
Rated voltage, line-to-line (r.m.s.) 
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) 
Subtransient reactance of a synchronous machine (saturated value), 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 a.c. system 
Positive-sequence short-circuit impedance 
Negative-sequence short-circuit impedance 
Zero-sequence short-circuit impedance 
Efficiency of asynchronous motors 
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 breakmg current 
Absolute permeability of vacuum, ,uo= 47c 10-7 H/m 
Resistivity 
Phase angle 
Conductor temperature at the end of the short circuit 
Positive-sequence neutral reference 
Negative-sequence neutral reference 
Zero-sequence neutral reference 
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1.4.2 Subscripts 

(1) 
(2) 
(0) 
a.c 
d.c 
f 
k or k3 
kl 
k2 
k2E resp. kE2E 
K 

max 
min 
n 
r 
rsl 
t 
AT 
B 
E 
F 
G 
HV 
LV 
L 
LR 
L1, L2, L3 
M 
PA 
MV 
N 
P 
Q 
R 
S 
so 

T 

Positive-sequence component 
Negative-sequence component 
Zero-sequence component 
Alternating current 
Direct current 
Fictitious 
Three-phase short circuit (see figure 3a) 
Line-to-earth short circuit, line-to-neutral short circuit (see figure 3d) 
Line-to-line short circuit (see figure 3b) 
Line-to-line short circuit with earth connection (see figure 3c) 
Impedances or reactances calculated with an impedance correction factor KT, 
KG or Ks respectively Kso 
Maximum 
Minimum 
Nominal value (IEV 1 5 1-04-0 1) 
Rated value (IEV 15 1-04-03) 
Resulting 
Transferred value 
Auxiliary transformer 
Busbar 
Earth 
Short-circuit location 
Generator 
High-voltage, high-voltage side of a transformer 
Low-voltage, low-voltage side of a transformer 
Line 
Locked rotor 
Line conductors of a three-phase a.c. system 
Asynchronous motor or group of asynchronous motors 
Without motor 
Medium-voltage, medium-voltage side of a transformer 
Neutral of a three-phase a.c. system, starpoint of a generator or a transformer 
Terminal, pole 
Feeder connection point 
Short-circuit limiting reactor 
Power station unit (generator and unit transformer with on-load tap-changer) 
Power station unit (generator and unit transformer with constant transfor- 
mation ratio or off-load taps) 
Transformer 
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1.4.3 Superscripts 

Subtransient (initial) value 
Resistance or reactance per unit length 

If 

I 

b Before the short circuit 

2 Characteristics of short-circuit currents: calculating method 

2.1 General 

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

Current 

Ï \ Top envelope 
\ 7 

d.c. component of the 
7 

short-circuit current 

\Bottom envelope 

I [  = initial symmetrical short-circuit current 

ip = peak short-circuit current 
Ik = steady-state short-circuit current 
id.c, = d.c. component of short-circuit current 
A = initial value of the d.c. component id.c. 

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

IEC 1262/2000 
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In most practical cases a determination like this is not necessary. Depending on the application 
of the results, it is of interest to know the r.m.s. value of the symmetrical a.c. component and the 
peak value i, of the short-circuit current following the occurrence of a short circuit. The highest 
value i, depends on the time constant of the decaying aperiodic component and the frequencyf, 
that is on the ratio RIX or XIR of the short-circuit impedance &, and is reached if the short 
circuit starts at zero voltage. i, also depends on the decay of the symmetrical a.c. component of 
the short-circuit current. 

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

q 
N 

Current 

Top envelope 
\ 

omponent i,,c, of the short-circuit current 

\~ot tom envelope 

1; = initial symmetrical short-circuit current 

i, = peak short-circuit current 
Ik  = steady-state short-circuit current 
id.c, = d.c. component of short-circuit current 
A = initial value of the d.c. component k c .  

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

IEC 1263/2000 
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2.2 Calculation assumptions 

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

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

b) For the duration of the short circuit, there is no change in the network involved. 
c) The impedance of the transformers is referred to the tap-changer in main position. This is admissible, 

because the impedance correction factor KT for network transformers is introduced. 

d) Arc resistances are not taken into account. 
e) All line capacitances and shunt admittances and non-rotating loads, except those of the zero- 

sequence system, are neglected. 

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

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

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

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

2.3 Method of calculation 

2.3.1 

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

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

Equivalent voltage source at the short-circuit location 
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- + > - < - - -  

IEC 1264/2000 

Figure 3a - Three-phase short circuit 

A - -  L I  _ -  
I I 

-- 
-C- Short-circuit current 

IEC 1266/2000 

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

A - -  L I  A - -  

t 

IEC 1265/2000 

Figure 3b - Line-to-line short circuit 

e Partial short-circuit currents 
in conductors and earth return 

IEC 1267/2000 

Figure 3d - Line-to-earth short circuit 

NOTE The direction of current arrows is chosen arbitrarily. 

Figure 3 - Characterization of short circuits and their currents 

Figure 4 shows an example of the equivalent voltage source at the short-circuit location F as the only 
active voltage of the system fed by a transformer without or with on-load tap-changer. All other active 
voltages in the system are assumed to be zero. Thus the network feeder in figure 4a is represented by its 
internal impedance Zot, transferred to the LV-side of the transformer (see 3.2) and the transformer by 
its impedance referred to the LV-side (see 3.3). Shunt admittances (for example, line capacitances and 
passive loads) are not to be considered when calculating short-circuit currents in accordance with 
figure 4b. 
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HV LV 

If there are no national standards, it seems adequate to choose a voltage factor c 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,. 

/// L 
/I/ 0 

/ 

I Non-rotating I 
A - 

F k: Non-rotating load 
u n  

to Un, ; ~ k ,  t,: 1 

Figure 4a - System diagram 

load 

3 

IEC 1268/2WO 

1% 
IEC 1269/2WO 

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

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

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

u n  

Low voltage 

100 v to 1 O00 v 
(IEC 60038, table I) 

Medium voltage 

>1 kV to 35 kV 

(IEC 60038, table III) 

High voltage2) 

>35 kV 

(IEC 60038, table IV) 

Table 1 - Voltage factor c 

Voltage factor c for the calculation of 

maximum 
short-circuit currents 

Cmax' f 

1 ,053' 

1,104) 

1 , l O  

minimum 
short-circuit currents 

Cmin 

0,95 

1 ,o0 

') c,,,,Un should not exceed the highest voltage U,,, for equipment of power systems. 

2f  If no nominal voltage is defined c,,,U, = U,,, or c,,,U,, = 0,90 x U,,, should be 

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

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

applied. 

from 380 V to 400 V. 

2.3.2 Application of symmetrical components 

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

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

- positive-sequence current L(l); 
- negative-sequence current L(2) ;  

- zero-sequence current L(o). 
Taking the line conductor L1 as reference, the currents LLl, lL2, and k3 are given by 

Li = L(1) + 4 2 )  + L(0) 

LL2 = a2 41) + 3 L ( 2 )  + L(0) 

LL3 = 2 L( i )  + 3 4 2 )  + L(0) 
2 

a = - - 1 + j - 6 ;  1 g2 = - - 1 - j-J3 1 
2 2  2 2  - 
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IEC 1270/2000 

Figure 5a - Positive-sequence short-circuit impedance &i)  

IEC 1271/2000 

Figure 5b - Negative-sequence short-circuit impedance &) 

Y s % % S w  
IEC 1272/2000 

Figure 5c - Zero-sequence short-circuit impedance i?(o> 

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

The following types of unbalanced short circuits are treated in this standard: 
- 

- 

- 

line-to-line short circuit (see figure 3b), 
line-to-line short circuit with earth connection (see figure 3c), 

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

For the purpose of this standard, one has to make a distinction between short-circuit impedances at 
the short-circuit location F and the short-circuit impedances of individual electrical equipment. 

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

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

The values of positive-sequence and negative-sequence impedances can differ from each other 
only in the case of rotating machines. When far-from-generator short circuits are calculated, it is 
generally allowed to take &) = Z(1). 

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

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

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

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

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

2.4 Maximum short-circuit currents 

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

- voltage factor e,,, according to table 1 shall be applied for the calculation of maximum 
short-circuit currents in the absence of a national standard; 
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choose the system configuration and the maximum contribution from power plants and 
network feeders which lead to the maximum value of short-circuit current at the short-circuit 
location, or for accepted sectioning of the network to control the short-circuit current; 
when equivalent impedances 2, are used to represent external networks, the minimum 
equivalent short-circuit impedance shall be used which corresponds to the maximum short- 
circuit current contribution from the network feeders; 
motors shall be included if appropriate in accordance with 3.8 and 3.9; 
resistance RL of lines (overhead lines and cables) are to be introduced at a temperature of 
20 OC. 

2.5 Minimum short-circuit currents 

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

- voltage factor cmj, for the calculation of minimum short-circuit currents shall be applied 
according to table 1 ; 
choose the system configuration and the minimum contribution from power stations and 

' network feeders which lead to a minimum value of short-circuit current at the short-circuit 
location; 

- 

- motors shall be neglected; 
- resistances RL of lines (overhead lines and cables, line conductors, and neutral conductors) 

shall be introduced at a higher temperature: 

R ,  = [ l+a(O,  - - ~ O ~ C ) ] . R ~ ~ ~  (3) 

where 
RL20 is the resistance at a temperature of 20 OC; 

0, 
a 

is the conductor temperature in degrees Celsius at the end of the short-circuit duration; 

is a factor equal to 0,004/K, valid with sufficient accuracy for most practical purposes for 
copper, aluminium and aluminium alloy. 
NOTE For O,, see for instance IEC 60865-1, IEC 60949 and IEC 60986. 

3 Short-circuit impedances of electrical equipment 

3.1 General 

In network feeders, transformers, overhead lines, cables, reactors and similar equipment, 
positive-sequence and negative-sequence short-circuit impedances are equal: z(,) = 32). 

The zero-sequence short-circuit impedance Z(O) = Qo, / I(0) is determined by assuming an a.c. 
voltage between the three parallelled conductors and the joint return (for example earth, earthing 
arrangement, neutral conductor, earth wire, cable sheath, and cable armouring). In this case, the 
three-fold zero-sequence current flows through the joint return. 
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The impedances of generators (G), network transformers (T) and power station units (S) shall be 
multiplied with the impedance correction factors KG, KT and Ks or Kso when calculating short- 
circuit currents with the equivalent voltage source at the short-circuit location according to this 
standard. 

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

3.2 Network feeders 

If a three-phase short circuit in accordance with figure 6a is fed from a network in which only the initial 
symmetrical short-circuit current liQ 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: 

If RQIXQ is known, then XQ shall be calculated as foliows: 

7 

'nQ 

LQ 

T / 
k3 

un tr: 1 

tr = 'rTHV/'rTLV 

Figure 6a - Without transformer Figure 6b - With transformer 

Figure 6 - System diagram and equivalent circuit diagram for network feeders 

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



60909-0 O IEC:2001 -51 - 

If a short circuit in accordance with figure 6b is fed by a transformer from a medium or high- 
voltage network in which only the initial symmetrical short-circuit current liQ 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; 

IlQ is the initial symmetrical short-circuit current at the feeder connection point Q; 
c 

t, 

In the case of high-voltage feeders with nominal voltages above 35 kV fed by overhead lines, the 
equivalent impedance 2, may in many cases be considered as a reactance, i.e. ZQ = O + jXQ. In 
other cases, if no accurate value is known for the resistance RQ of network feeders, one may 
substitute RQ = 0,l  XQ where XQ = 0,995 2,. 

is the voltage factor (see table I )  for the voltage GQ; 
is the rated transfomation ratio at which the on-load tap-changer is in the main position. 

The initial symmetrical short-circuit currents riQ,,, and riQm,, on the high-voltage side of the trans- 
former shall be given by the supply company or by an adequate calculation according to this standard. 

In special cases the zero-sequence equivalent short-circuit impedance of network feeders may need to be 
considered, depending on the winding configuration and the starpoint earthing of the transformer. 

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

3.3 Transformers 

3.3.1 Two-winding transformers 

The positive-sequence short-circuit impedances of two-winding transformers 2, = RT + JX, with and 
without on-load tap-changer can be calculated from the rated transformer data as follows: 

Ukr ' 'krT =o* -=- 100 /o s, 31f 

X ,  = d Z ;  - R' T (9) 
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where 

U r T  is the rated voltage of the transformer on the high-voltage or low-voltage side; 

Irr is the rated current of the transformer on the high-voltage or low-voltage side; 
S*T is the rated apparent power of the transformer; 
P k r T  is the total loss of the transformer in the windings at rated current; 
Ukr is the short-circuit voltage at rated current in per cent; 
URr is the rated resistive component of the short-circuit voltage in per cent. 

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

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

I calculated. 

The necessary data for the calculation of 2, = RT + jXT = z(,) = z(2) may be taken from the rating plate. 
The zero-sequence short-circuit impedance Z,,, = R(0)T + JX(,)~ may be obtained from the rating plate or 
from the manufacturer. 

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

I 3.3.2 Three-winding transformers 

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

with 

'RrAC + j 'XrAC 

- 'RrBC + j 'XrBC . u$A 

100% 100% SrTBC i- 1 Z B C  - 

UXr = J- 

(side C open) (1 Oa) 

(side B open) ( 1 Ob) 

(side A open) 
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where 

UrTA 

&TAB 

&TAC 

SrTBC 

U R ~ A B ,  U X ~ A B  are the rated resistive and reactive components of the short-circuit voltage, given in 

U R ~ A C ,  U X ~ A C  are the rated resistive and reactive components of the short-circuit voltage, given in 

U R ~ B C ,  U X ~ B C  are the rated resistive and reactive components of the short-circuit voltage, given in 

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; 

per cent between sides A and B; 

per cent between sides A and C; 

per cent between sides B and C. 

LV pc 
side 

HV A 2 V  

Q C  4, 
side L b  side 

o1 

IEC 1275í2000 IEC 1276/2000 

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

Figure 7 - Three-winding transformer (example) 

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

NOTE Examples for the impedances of three-winding transformers are given in IEC 60909-2. Additional 
information may be found in IEC 60909-4. 
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3.3.3 

A network transformer is a transformer connecting two or more networks at different voltages. 
For two-winding transformers with and without on-load tap-changer, an impedance correction 
factor KT is to be introduced in addition to the impedance evaluated according to equations (7) 

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

to (9): &K = KT & where & = RT + jXT. 

K ,  = 0,95 
1 + 0,6 xT 

where xT is the relative reactance of the transformer xT = XT/(U;T/S,T) and e,,, from table 1 is 
related to the nominal voltage of the network connected to the low-voltage side of the network 
transformer. This correction factor shall not be introduced for unit transformers of power station 
units (see 3.7). 

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

where 

e,,, 

xT = x T / (  u 2 , ~ s r T )  ; 
ub 

1: 

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; 

is the highest operating voltage before short circuit; 

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

is the angle of power factor before short circuit. 9; 

The impedance correction factor shall be applied also to the negative-sequence and the zero- 
sequence impedance of the transformer when calculating unbalanced short-circuit currents. 
Impedances 2, between the starpoint of transformers and earth are to be introduced as 3 2, into 
the zero-sequence system without a correction factor. 

For three-winding transformers with and without on-load tap-changer, three impedance 
correction factors can be found using the relative values of the reactances of the transformer (see 
3.3.2): 

KTAB = 0,95 
1 + 0,6 xTm 
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Together with the impedances LB, GC and GC according to equation (lo), the corrected values 
LBK = K T A B  LB, ZACK = K T A C  LC and GCK = K T B C  s B C  can be found. With these impedances the 
corrected equivalent impedances LK, z B K  and ZCK shall be calculated using the procedure given 
in equation ( i  i) .  

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

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

NOTE Equivalent circuits of the positive-sequence and the zero-sequence system are given in IEC 60909-4, table I ,  
item 4 to 7 for different cases of starpoint earthing. In general the impedances Z(olB or z ( o ) ~  are similar to Z(I)A, 
Z~(B)  or Z(I)C. An example for the introduction of the correction factors of equation (13) to the positive-sequence and 
the zero-sequence system impedances of the equivalent circuits is given in 2.2 of IEC 60909-4. 

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

3.4 Overhead lines and cables 

The positive-sequence short-circuit impedance 2, = RL + jXL may be calculated from the conduc- 
tor data, such as the cross-sections and the centre-distances of the conductors. 

For measurement of the positive-sequence impedance z(,) = RtI,  + jX(,, and the zero-sequence 
short-circuit impedance z,,, = R(,) + jX,,,, see IEC 60909-4. Sometimes it is possible to estimate 
the zero-sequence impedances with the ratios R ( 0 ) L I R L  and X ( o ) L / X ~  (see IEC 60909-2). 

The impedances and z(o)L of low-voltage and high-voltage cables depend on national 
techniques and standards and may be taken from IEC 60909-2 or from textbooks or 
manufacturer's data. 

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

The effective resistance per unit length RL of overhead lines at the conductor temperature 20 "C 
may be calculated from the nominal cross-section qn and the resistivity p: 

NOTE The following values for resistivity may be used: 

Copper 

Aluminium 

Aluminium alloy 

2 1 .Qmm 
p=- - 

54 m 

1 nmm2 p=- - 
34 m 

1 m2 p=- - 
31 m 
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The reactance per unit length Xf. for overhead lines may be calculated, assuming transposition, from: 

x; = 2nf -  - + In- = f p o  - + In- 
2n 4 n  :] ( i n  :) 

where 

d = qúLILZ ciLzL3 
bundles; 

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

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

geometric mean distance between conductors, or the centre of 

Y 

n 

po = 4n x lop7 H/m. 

3.5 Short-circuit limiting reactors 

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

where 
UkR and IrR are given on the rating plate; 

U, is the nominal system voltage. 

3.6 Synchronous machines 

3.6.1 Synchronous generators 

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

-GK z =K,s ,=K,(R,+~x,”)  (17) 

with the correction factor: 
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where 

cmaX is the voltage factor according to table 1;  
. U, is the nominal voltage of the system; 

is the rated voltage of the generator; 
is the corrected subtransient impedance of the generator; 
is the subtransient impedance of the generator in the positive-sequence system: 

iS the phase angle between L,G and U r G I  & ; 
is the relative subtransient reactance of the generator related to the rated impedance: 

X; = X d / z , ~  where zr, = u& lsr~ 

ur, 
ZGK 
2, 

- .& = R G  + jx,"; 

(PrG 

xd 

IEC 1277/2000 

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

The correction factor KG (equation (1 8)) for the calculation of the corrected subtransient impedance ZGK 
(equation (17)) has been introduced because the equivalent voltage source cU,,/&is used instead of the 
subtransient voltage F behind the subtransient reactance of the synchronous generator (see figure 8). 

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

RGf = 0,05 Xi for generators with UrG > 1 kV and S r G  2 100 MVA 

RGf = 0,07 Xd for generators with U,G > 1 kV and S,G < 100 MVA 

RGf = 0,15 Xi for generators with  ur^ I l  O00 V 

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

NOTE The values Ror should be used for the calculation of the peak short-circuit current. These values cannot be 
used when calculating the aperiodic component id.c. of the short-circuit current according to equation (64). The 
effective resistance of the stator of synchronous machines lies generally much below the given values for RGf. In this 
case the manufacturer's values for RG should be used. 
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If the terminai voltage of the generator is different from UrG, it may be necessary to introduce 
Uc = U,, (1 + p G )  instead of UrG to equation (18), when calculating three-phase short-circuit 
currents. 

For the short-circuit impedances of synchronous generators in the negative-sequence system, 
the following applies with KG from equation (1 8): 

For the short-circuit impedance of synchronous generators in the zero-sequence system, the 
following applies with KG from equation (1 8): 

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

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

3.6.2 Synchronous compensators and motors 

When calculating the initial symmetrical short-circuit current 1; , the peak short-circuit current 
i,, the symmetrical short-circuit breaking current It>, and the steady-state short-circuit current Ik,  
synchronous compensators are treated in the same way as synchronous generators. 

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

3.7 Power station unit 

3.7.1 

For the calculation of short-circuit currents of power station units (S) with on-load tap-changer, 
the following equation for the impedance of the whole power station unit is used for short 
circuits on the high-voltage side of the unit transformer (see figure 1 IC): 

Power station units with on-load tap-changer 
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with the correction factor 

where 

2s 

2, 
&HV is the impedance of the unit transformer related to the high-voltage side (without 

UnQ 
ur, 

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

is the subtransient impedance of the generator & = RG + j Xi (without correction factor KG); 

correction factor K T ) ;  

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

( 9 1 ~  

x i  

is the phase angle between Lfi and &I & ; 
is the relative subtransient reactance of the generator related to the rated impedance: 

x: = XIlZf i  where Zfi= U 2  IS&; 

is the relative reactance of the unit transformer at the main position of the on-load tap- 
changer: XT = XJ( U:T JSrT); 

is the rated transformation ratio of the unit transformer: tr = U r T H V / U r T L v .  

xT 

t, 

If the minimum operating voltage UbQmin I Una at the high-voltage side of the unit transformer of 
the power station unit is well established from long-term operating experience of the system, 
then it is possible to use the product  un^ . U$min instead of of UtQ in equation (22). If, on the 
other hand, the highest partial short-circuit current of a power station unit is searched for, then 
UnQ' should be used instead of @&in, i.e. equation (22) should be chosen. 

It is assumed that the operating voltage at the terminals of the generator is equal to UrG. If the 
voltage UG is permanently higher than  ur^, then U G ~ ~ ~  = U,G (1 + p G )  should be introduced 
instead of UrG, with, for instance, pG = 0,05. 

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

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

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

3.7.2 Power station units without on-load tap-changer 

For the calculation of short-circuit currents of power station units (SO) without on-load tap- 
changer, the following equation for the impedance of the whole power station unit is used for a 
short circuit on the high-voltage side of the unit transformer (see figure 1 IC): 

with the correction factor 

where 

&o 

Z G  

ZTHV 

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

is the subtransient impedance of the generator 2, = RG + j Xi (without correction factor KG); 

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

is the nominal system voltage at the feeder connection point Q of the power station unit 
is the rated voltage of the generator; U,,, = U, ( l+pG), with for instance pG = 0,05 up to O, 1 O; 

is the phase angle betweenL, and u,/& (see 3.6. i); 

is the relative subtransient reactance of the generator related to the rated impedance: 
x: = X i / Z f i  where Z, = U& IS,; 

is the rated transformation ratio of the unit transformer t, = UrTHV/UrTLV; 

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 l-pT. 

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

When calculating the partial short-circuit current 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 IEso of the motors 
connected to the auxiliary transformer. 

3.8 Asynchronous motors 

3.8.1 General 

Medium-voltage motors and low-voltage motors contribute to the initial symmetrical short-circuit 
current I l ,  to the peak short-circuit current ip, to the symmetrical short-circuit breaking current It, and, 
for unbalanced short circuits, also to the steady-state short-circuit current Ik. 

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

The contribution of asynchronous motors in low-voltage power supply systems to the short-circuit 
current lkmay be neglected if their contribution is not higher than 5 % of the initial short-circuit current 
I:& calculated without motors. 

c I,, I 0,Ol I;* 

where 

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

is the initial symmetrical short-circuit current without influence of motors. I;, 
In the calculation of short-circuit currents, those medium-voltage and low-voltage motors may be 
neglected, provided that, according to the circuit diagram (interlocking) or to the process (reversible 
drives), they are not switched in at the same time. 

The impedance & = R M  + jXM of asynchronous motors in the positive- and negative-sequence 
systems can be determined by: 

where 

UrM 

I r M  

S r M  

ILR/IrM 

is the rated voltage of the motor; 
is the rated current of the motor; 

is the rated apparent power of the motor (SrM = PrM/(qrM COScP,M); 
is the ratio of the locked-rotor current to the rated current of the motor. 
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If RMIXM is known, then XM shall be calculated as follows: 

Z M  x, = mEZ7 
The following relations may be used with sufficient accuracy: 

RMMIXM = 0,10, with XM = 0,995 ZM for medium-voltage motors with powers P r M  per pair of 
poles I l  MW; 

RMIXM = 0,15, with XM = 0,989 ZM for medium-voltage motors with powers PrM per pair of 
poles < I  MW; 

RMIXM = 0,42, with XM = 0,922 ZM for low-voltage motor groups with connection cables. 

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

3.8.2 Contribution to short-circuit currents by asynchronous motors 

Medium- and low-voltage motors, which are connected by two-winding transformers to the 
network in which the short circuit occurs, may be neglected in the calculation of short-circuit 
currents for a short circuit at the feeder connection point Q (see figure 91, if: 

0 3  
c 100 c sr, 

- 0,3 
fi  'nQ IkQ 

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

is the sum of the rated apparent powers of all transformers, through which the motors are 
directly fed; 

is the initial symmetrical short-circuit current at the feeder connection point Q without 
supplement of the motors; 
is the nominal voltage of the system at the feeder connection point Q. 
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A 

Q T F T 

U, = 0,4 kV U, = 6 kV 
B 

IEC 1278/2000 

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

Low-voltage motors 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 (see motor M4 in figure 9). 

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

Z, 
I r M  

is the impedance according to equation (26); 
is the sum of the rated currents of all motors in a group of motors (equivalent motor); 

ILR/I ,M = 5 ;  
R,IXM = 0,42, leading to KM = 1,3; 

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

For a short circuit at the busbar B in figure 9, the partial short-circuit current of the low-voltage 
motor group M4 may be neglected, if the condition I,,, I 0,Ol ICT3 holds. I,,, is the rated current 
of the equivalent motor M4.1iT3 is the initial symmetrical short-circuit current at the low- 
voltage side of the transformer T3 during a short circuit at B without contribution from the 
equivalent motor M4. 
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In the case of a short circuit on the medium-voltage side (for example, short-circuit locations Q 
or A in figure 9), it is possible to simplify the calculation of ZM according to equation (26) with, 
for instance, the rated current of the transformer T3 (IrT3 L ~ )  in figure 9 instead of the rated 
current Ir,, of the equivalent motor M4. 

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

3.9 Static converters 

Reversible static converter-fed drives (for example, rolling mill drives) are considered for three- 
phase short circuits only, if the rotational masses of the motors and the static equipment provide 
reverse transfer of energy for deceleration (a transient inverter operation) at the time of short 
circuit. Then they contribute only to the initial symmetrical short-circuit current I: 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 I k .  

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

ZM 
UrM 

IrM 

is the impedance according to equation (26); 
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; 
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; 

IL,lIrM = 3; 
RMIXM = 0,lO with X M  = 0,995 Z M .  

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

3.10 Capacitors and non-rotating loads 

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

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

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

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

4.1 General 

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

- 
- 

Figure 1 gives schematically the general course of the short-circuit current in the case of a far-fiom- 
generator short circuit. The symmetrical a.c. currents I,", 1, and Ik are r.m.s. values and are nearly equal 
in magnitude. 

the a.c. component with constant amplitude during the whole short circuit, 
the aperiodic d.c. component beginning with an initial value A and decaying to zero. 

Single-fed short circuits supplied by a transformer according to figure 4, may a priori be regarded as far- 
from-generator short circuits if X,, 2 Ur,, with XQ, calculated in accordance with 3.2 and &,, = 
KTXTLV in accordance with 3.3. 

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

- 
- 

the a.c. component with decaying amplitude during the short circuit, 
the aperiodic d.c. component beginning with an initial value A and decaying to zero. 

In the calculation of the short-circuit currents in systems supplied by generators, power-station units and 
motors (near-to-generator and/or near-to-motor short circuits), it is of interest not only to know the initial 
symmetrical short-circuit current I," and the peak short-circuit current i,,, but also the symmetrical short- 
circuit breaking current Zb and the steady-state short-circuit current &. In this case, the symmetrical short- 
circuit breaking current Ib is smaller than the initial symmetrical short-circuit current I,". Normally, the 
steady-state short-circuit current Ik is smaller than the symmetrical short-circuit breaking current 1,. 

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

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

For the calculation of the initial symmetrical short-circuit current, it is allowed to take 
3 2 )  = &i,. 

The type of short circuit which leads to the highest short-circuit current depends on the values of 
the positive-sequence, negative-sequence, and zero-sequence short-circuit impedances of the 
system. figure 10 illustrates this for the special case where &, z,,, and &) have the same 
impedance angle. This figure is useful for information but should not be used instead of 
calculation. I 
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Unbalanced short-circuit current 
Three-phase short-circuit current 

a =  

IEC 1279/2000 

Example: 

The single line-to-earth short circuit will give the highest short-circuit current 

Figure 10 - Diagram to determine the short-circuit type (figure 3) for the highest short-circuit 
current referred to the symmetrical three-phase short-circuit current at the short-circuit location 

when the impedance angles of the sequence impedances &,, &, are identical 
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For the calculation of the initial symmetrical short-circuit current I: the symmetrical short- 
circuit breaking current Ib, and the steady-state short-circuit current I k  at the short-circuit 
location, the system may be converted by network reduction into an equivalent short-circuit 
impedance & at the short-circuit location. This procedure is not allowed when calculating the 
peak short-circuit current i,. In this case, it is necessary to distinguish between networks with 
and without parallel branches (see 4.3.1.1 and 4.3.1.2). 

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

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

When sources are distributed in meshed network as in figure 14, and for all cases of unbalanced short 
circuits, network reduction is necessary to calculate short-circuit impedances = 32) and &) at the 
short-circuit location. 

4.2 Initial symmetrical short-circuit current I,” 

For the common case when z(o) is larger than &> = 32), 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, will 
occur for a line-to-line short circuit with earth connection (see figure 11 for 2(2}/2(i> = 1 and &)/Z<O) > 1 

may be smaller than &). In that case, the highest initial short-circuit current 

where 3 2 )  = Z(I)). 

4.2.1 Three-phase short circuit 

In general, the initial symmetrical short-circuit current I: shall be calculated using equation (29) 
with the equivalent voltage source cud& at the short-circuit location and the short-circuit 
impedance = R k  + j&. 

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

4.2.1.1 Single-fed short circuits 

For a far-from-generator short circuit fed from a single source (see figure 1 la), the short-circuit current is 
calculated using equation (29). 
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with 
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Rk = RQ, + RTK + R, 

where 

Rk and x k  are the sum of the series-connected resistances and reactances of the positive-sequence 
system respectively, in accordance with figure l l a .  RL is the line resistance for a conductor 
temperature of 20 OC, when calculating the maximum short-circuit currents. 

The corrected transformer impedance &K = RTK + jXTK = KT (RT + jXT) is found from equations 
(7) to (9), or (10) to ( I  I )  with the correction factor KT from equation (12) or (13). 

IEC 1280/2000 
U", 

Figure l l a  - Short circuit fed from a network feeder via a transformer 

IEC 1281/2000 

Figure l l b  - Short circuit fed from one generator (without unit transformer) 

v S IEC 1282/2000 

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

Figure 11 - Examples of single-fed short circuits 
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Resistances Rk less than 0,3 .Xk may be neglected. The impedance of the network feeder 
Z Q ~  = RQ, + jXQ, is referred to the voltage of the transformer side connected to the short-circuit 
location. (In the case of figure 4, for instance, to the LV side). 

For the examples in figures 1 Ib and 1 IC, the initial symmetrical short-circuit current is 
calculated with the corrected impedances of the generator and the power station unit (see 3.6.1 
and 3.7) in series with a line impedance & = RL+ jXL. The short-circuit impedances for the 
examples in figures 1 l b  and 1 I C  are given by the following equations: 

Example figure 1 1 b: 

Example figure 1 IC: (33) 

ZGK shall be determined from equation (1 7), & from equation (2 I )  or (23) with Ks or Kso according 
to equation (22) or (24). The generator impedance shall be transferred to the high-voltage side 
using the rated transformation ratio t,. The unit transformer impedance ZTHV = RTHv + jX& 
according to equations (7) to (9) without KT is referred to the high-voltage side. 

4.2.1.2 Short circuits fed from non-meshed networks 

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

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

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

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

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

L T H V  4 

IEC 1284/2000 

Figure 13 - Short-circuit currents and partial short-circuit currents for three-phase short circuits 
between generator and unit transformer with or without on-load tap-changer, 

or at the connection to the auxiliary transformer of a power station unit 
and at the auxiliary busbar A 
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For calculating the partial short-circuit currents I,G and I[T with a short circuit at F1 in 
figure 13, in the case of a power station unit with on-load tap-changer, the partial initial 
symmetrical short-circuit currents are given by: 

with 

where 

& 

x i  

is the subtransient impedance of the generator & = RG + jXd 

is the subtransient reactance referred to the rated impedance: 
X: = X,"lZrG with Z r G =  U,Z, 

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

is the minimum value of the impedance of the network feeder, corresponding to l[Qm,, . 

ZTLV 

t r  

&,,, 

For 
introduced. 

the maximum possible value during the lifetime of the power station unit shall be 

For the calculation of the partial short-circuit current I L 2  feeding into the short-circuit location 
F2, for example at the connection to the high-voltage side of the auxiliary transformer AT in 
figure 13, it is sufficient to take: 

with 

1 

'ma 

1 - xT sinq,, KT,S = 

and KG,s according to equation (36). 

(39) 
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If the unit transformer has an on-load tap-changer on the high-voltage side, it is assumed that 
the operating voltage at the terminals of the generator is equal to UrG.  If, even in this case, the 
voltage region of the generator UG = U,,(l+G) is used permanently, take equations (40) to (44) 
instead of (35) to (39). 

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

4.2.1.4 

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

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

with 

For &, xd , &Lv, t ,  and &min, see 4.2.1.3. 

The partial short-circuit current I &  in figure 13 can be calculated by: 

with 

1 

1 'ma 
KT,SO =- ï + p G  1-xT sinqrG 

(43) 

(44) 

and KG,So according to equation (4 1). 

The impedance ZrS1 in equation (38) or (43) is used to determine the partial short-circuit current 
ILT in figure 13 for the short circuit in F3. The impedance of the auxiliary transformer AT in 
figure 13 is to be corrected with KT from 3.3.3. 

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

In meshed networks, such as those shown in figure 14, it is generally necessary to determine the 
short-circuit impedance 2, = z(,) by network reduction (series connection, parallel connection, 
and delta-star transformation, for example) using the positive-sequence short-circuit impedances 
of electrical equipment (see clause 3). 

The impedances in systems connected through transformers to the system, in which the short 
circuit occurs, have to be transferred by the square of the rated transformation ratio. If there are 
several transformers with slightly differing rated transformation ratios (trT1 trT2... trTn), in between 
two systems, the arithmetic mean value can be used. 

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

4.2.2 Line-to-line short circuit 

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

During the initial stage of the short circuit, the negative impedance is approximately equal to the 
positive-sequence impedance, independent of whether the short circuit is a near-to-generator or a 
far-from-generator short circuit. Therefore in equation (45) it is possible to introduce 32) = &). 

Only during the transient or the steady-state stage, the short-circuit impedance &2) is different 
from &,), if the short circuit is a near-to-generator short circuit (see figure 10). 
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S with or without 
on-load tap changer 

of the unit transformer 

or an equivalent motor 
of a motor group 

IEC 1285/2000 

B 

Figure 14a - System diagram 

- o1 
IEC 128W2000 

* &,,, Impedance of a motor or an equivalent motor of a motor group. 

Figure 14b - Equivalent circuit diagram for the calculation with the equivalent voltage source 
CU,,/& at the short-circuit location 

Figure 14 - Example of a meshed network fed from several sources 

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



60909-0 O IEC:2001 - 99 - 

4.2.3 Line-to-line short circuit with earth connection 

TO calculate the initial symmetrical short-circuit currents it is necessary to distinguish between 
the currents I:,,EL2, Zl,,EL3, and (see figure 3c). 

For far-from-generator short circuits, &,,) is approximately equal to &,l. If in this case &O> is less 
than &, the current Z&,,E in the line-to-line short circuit with earth connection generally is the 
largest of all initial symmetrical short-circuit currents I l ,  I k 2 ,  and Ikl (see figure 10). 

The equations (46) and (47) are given for the calculation of and in figure 3c: 

Z(0) - a's(,,) 
S(i) S(2) +S(i) S(0) + 20) Z(0) 

= j c U, (47) 

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

For a far-from-generator short circuit with &) = 2(¡), these equations lead to the absolute values: 
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4.2.4 Line-to-earth short circuit . 

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

For a far-from-generator short circuit with = the absolute value is calculated by: 

If &O) is less than &,, = Z(I], the initial line-to-earth short-circuit current Ii l  is larger than the 
three-phase short-circuit current I ; ,  but smaller than JiEZE (see figure 10). However, I;, will be 
the highest current to be interrupted by a circuit breaker if 1,0 > &o)/z(l, > 0,23. 

4.3 Peak short-circuit current i, 

4.3.1 Three-phase short circuit 

4.3.1.1 Short circuits in non-meshed networks 

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

The factor K for the R/X or XIR ratio shall be obtained 
following expression: 

K = 1,02 + 0,98e-3R'X 

O 0,2 ' 0,4 0,6 0,8 1 1,2 

m- 

t K 

from figure 15 or calculated by the 

(55) 

x/R - 
IEC 1287/2000 

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

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

i, = Cipi 
. .  
i = zps + i,, + i,, Example figure 12: P 

4.3.1.2 Short circuits in meshed networks 

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

a) Uniform ratio R/X or X/R 
For this method the factor IC is determined from figure 15 taking the smallest ratio of RIX or 
the largest ratio of XIR of all branches of the network. 
It is only necessary to choose the branches which carry partial short-circuit currents at the 
nominal voltage corresponding to the short-circuit location and branches with transformers 
adjacent to the short-circuit location. Any branch may be a series combination of several 
impedances. 

b) Ratio R/X or X/R at the short-circuit location 
For this method the factor K is multiplied by a factor 1,15 to cover inaccuracies caused by 
using the ratio Rk / Xk from a network reduction with complex impedances. 

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

The factor q b )  is found from figure 15 for the ratio &/Xk given by the short-circuit 
impedance & = Rk + jXk at the short-circuit location F, calculated for frequency f = 50 Hz or 
60 Hz. 

c) Equivalent frequency & 
An equivalent impedance 2, of the system as seen from the short-circuit location is calculated 
assuming a frequency& = 20 Hz (for a nominal frequency off = 50 Hz) orfc = 24 Hz (for a 
nominal frequency o f f  = 60 Hz). The RIX or XIR ratio is then determined according to 
equation (59). 
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where 

Zc = R, + jX, is the equivalent impedance of the system as seen from the short-circuit location 

R, 
X, 

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

for the assumed frequencyf,; 
is the real part of 2, (R, is generally not equal to the R at nominal frequency) 

is the imaginary part of 2, (X, is generally not equal to the Xat  nominal frequency). 

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

4.3.2 Line-to-line short circuit 

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

i,, = K J T  

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

When z(l, = i32), the line-to-line peak short-circuit current ip2 is smaller than the three-phase peak 
short-circuit current i, as shown in equation (6 1): 

4.3.3 Line-to-line short circuit with earth connection 

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

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

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

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

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

4.4 

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

DC component of the short-circuit current 

where 

I: is the initial symmetrical short-circuit current; 

f is the nominal frequency; 
t is the time; 
RIX is the ratio according to 4.3.1.1 or the ratios according to the methods a) and c) in 4.3.1.2 

(see also note in 3.6.1). 

The correct resistance R G  of the generator armature should be used and not R G ~ ,  

For meshed networks, the ratio RIA' or XIR is to be determined by the method c) in 4.3.1.2. 
Depending on the product f . t; where f is thé frequency and t is the time, the equivalent 
frequencyf, should be used as follows: 

4.5 

The breaking current at the short-circuit location consists in general of a symmetrical current l b  

and a d.c. current id.c. at the time tmin according to equation (64). 

NOTE For some near-to-generator short circuits the value of i d . c .  at tmin may exceed the peak value of Zb and this can 
lead to missing current zeros. 

Symmetrical short-circuit breaking current Ib 

4.5.1 Far-from-generator short circuit 

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

4.5.2.1 Single-fed three-phase short circuit 

For a near-to-generator short circuit, in the case of a single fed short circuit as in figure 1 1 b and 
I l c  or from non-meshed networks as in figure 12, the decay to the symmetrical short-circuit 
breaking current is taken into account by the factor p according to equation (70). 

I ,  =/.¿I,“ 

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

When there is a unit transformer between the generator and the short-circuit location, the partial 
short-circuit current ris at the high-voltage side of the unit transformer (in figure l l c )  shall be 
transferred by the rated transformation ratio to the terminal of the generator IkG = tr I is  before 
calculating p ,  using the following equations: 

p = 0,84+0,26e-0s26’LG’‘fi for tmin = 0,02 s 

p = 0,71+0,51e-0930’~G”fi for tmin = 0,05 s 

for tmin = 0,lO s 

p = 0,56 + 0,94e-083*’LG’‘fi for tmin I 0,25 s 

= 0,62 + 0,72 ë O . 3 2  CG 

If I &  / I rG is not greater than 2, apply p = 1 for all values of the minimum time delay tmin. The 
factor p may also be obtained from figure 16. For other ,values of minimum time delay, linear 
interpolation between curves is acceptable. 

Figure 16 can be used also for compound excited low-voltage generators with a minimum time 
delay tmin not greater than 0,1 s. The calculation of low-voltage breaking currents after a time 
deiay tmin greater than 0,1 s is not included in this standard; generator manufacturers may be able 
to provide information. 
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O 1 2 3 4 5 6 7 .8 9 

Three-phase short circuit or IkM/I,, - 
IEC 1288/2000 

Figure 16 - Factor p for calculation of short-circuit breaking current Zb 

4.5.2.2 

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

Three-phase short circuit in non-meshed networks 

where 
I i S ,  I,”T and 1, are taken as its contributions to I,” at the short-circuit location (see figure 12); 

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

In case of asynchronous motors, replace I;G / I r G  by I& /IrM (see table 3). 
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The factor q for the calculation of the symmetrical short-circuit breaking current for 
asynchronous motors may be determined as a function of the minimum time delay tmin. 

where 
P r ~  is the rated active power in MW; 

p 

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

is the number of pairs of poles of the motor. 

4 

0,Ol 0,02 0,05 0,l 0 2  0,s 1 2 5 10 
MW 

Active power of the motor per pair of poles PJp ____c 

IEC 1289i2000 

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

4.5.2.3 

At first the current at the short-circuit location is calculated for the time of breaking, and then 
the partial currents in the branches where the circuit breakers are located. 

Three-phase short circuit in meshed networks 

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



60909-0 0 IEC:2001 - 115- 

The short-circuit breaking current & in meshed networks shall be calculated by: 

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

For increased accuracy, equations (79, (76), and (77) can be used. 

are the values given in equation (70) for both synchronous (i) and asynchronous 0 )  
machines; 
is the value given in equation (73) for asynchronous motors 6); 
is the equivalent voltage source at the short-circuit location; 

are respectively the initial symmetrical short-circuit current and the symmetrical 
short-circuit breaking current with influence of all network feeders, syn- 
chronous machines and asynchronous motors; 
are the initial voltage drops at the terminals of the synchronous machines (i) 
and the asynchronous motors 6); ’ 

is the corrected subtransient reactance of the synchronous machine (i): 
X:K = &Xii with K v  = KG, KS or KSO; 

is the reactance for the asynchronous motor 6); 

are the contributions to the initial symmetrical short-circuit current from the 
synchronous machines (i) and the asynchronous motors 6) as measured at the 
terminals of the machines. 

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

If the short circuit is a far-from-motor short circuit i.e. luj = 1, then take l-,lsqj = O, independent 
of the value qj. 

4.5.2.4 Unbalanced short circuits 

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

The calculation of the steady-state short-circuit current 
the initial short-circuit current I:. 

is less accurate than the calculation of 

4.6.1 

For near-to-generator three-phase short circuits fed directly from one synchronous generator or 
one power station unit only, according to figure 1 l b  or 1 IC, the steady-state short-circuit current 
I k  depends on the excitation system, the voltage regulator action, and saturation influences. 

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

Synchronous machines (generators, motors, or compensators) with terminal-fed static exciters do not 
contribute to I k  in the case of a short-circuit at the terminals of the machine, but they contribute to l k  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 1 lc). 

4.6.1.1 Maximum steady-state short-circuit current 

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

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 Lax = &,i,, = O in this 
case. 

A,,,,, may be obtained from figures 18 or 19 for cylindrical rotor generators or salient-pole 
generators. The saturated reactance X&at is the reciprocal of the saturated no-load short-circuit 
ratio. 

&,,-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 1 Sa) or 1,6 times the rated excitation voltage for salient-pole generators 
(figure 19a). 

&,,,-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 1 Sb), or 2,O times the rated excitation voltage for salient-pole generators 
(figure 19b). 
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-t 
Tree-phase short-circuit ratio 

IEC 1290/2000 

--t 
Tree-phase short-circuit ratio /kG/lG 

IEC 1291/2000 

Figure 18a - kin and ka, factors of series 1 Figure 18b - kin and ka, factors of series 2 
(see 4.6.1.1) (see 4.6.1.1) 

Figure 18 - bin and La, factors for cylindrical rotor generators 

Tree-phase short-circuit ratio /;J/rG 

IEC 1292/2000 

Figure 19a - kin and Lax factors of series 1 
(see 4.6.1.1) 

" O  1 2  3 4 5 6 7 8 

Tree-phase short-circuit ratio 
-t 

IEC 129Y2000 

Figure 19b - kin and Lax factors of series 2 
(see 4.6.1.1) 

Figure 19 - Factors Lin and La, for salient-pole generators 
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LaX-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. 

- 121 - 

NOTE 
ZiG /I6 = A,,,,,,, is valid for ratios ZkG /IrG 2 2. This occurs in the case of a far-from-generator short circuit. 

The calculation of the &,,,-curves is possible with equation (87) from IEC 60909-1, taking into account that 

4.6.1.2 Minimum steady-state short-circuit current 

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

&,in may be obtained from figures 18 and 19. In the case of minimum steady-state short circuit 
introduce c = c,in, 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: 

For the effective reactance of the generators, introduce: 

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

4.6.2 Three-phase short circuit in non-meshed networks 

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

Example figure 12: 

I k  = Z I k i  
I 
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In the case of minimum steady-state short circuits introduce c = c,in according to table 1, 
see 2.5. 

I 

a (La, or Ln) is found from figures 18 and 19. I,,, is the rated current of the generator 
transferred to the high-voltage side (see 4.2.1.2) of the unit transformer in figure 12. 

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

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

'When calculating I,,,, or Ikmin, the factor c,,, or cmin is taken from table 1 

4.6.3 Three-phase short circuit in meshed networks 

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

I:,,, = I: is found according to 2.4 and 4.2.1.5, and ILi,, according to 2.5 and 4.2.1.5. 

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

4.6.4 Unbalanced short circuits 

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

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



60909-0 O IEC:2001 - 125 - 

4.6.5 Short circuits at the low-voltage side of transformers, if one line conductor 
is interrupted at the high-voltage side 

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

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

Low-voltage system U, Q 

""Q 

GQ 
- - 

IEC 1294/2000 

Figure 20 - Transformer secondary short circuits, if one line (fuse) is opened 
on the high-voltage side of a transformer Dyn5 

The short-circuit currents, Il,, , IlL2, Ik3 and I &  at the low-voltage side of the transformer in 

figure 20 can be calculated using equation (90) with the equivalent voltage source CU,/ & at the 
short-circuit location F. The partial short-circuit currents IkZHV - I&V at the high-voltage 
side in figure 20 may also be calculated with equatipn (90) using appropriate values for the 
factor a. In all cases I L  is equal to Ikv, because the short circuits are far-from-generator short 
circuits (see 1.3.17 and figure 1). 

- 

(90) CU, Iiv = a 
f i lZQi  + K T z T  -t S L  + ß k T z ( 0 ) T  + Z(0)L )I 

represents L1, L2, L3, N(E) at the low-voltage side and L2 HV, L3 HV at the 
high-voltage side; 
is the resultant impedance in the positive-sequence 
(2, = STLV) ; 
is the resultant impedance in the zero-sequence system 

are factors given in table 2. 

system at the LV-side 

at the LV-side; 
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Any line-to-line short circuits without earth connection cause currents smaller than the rated 
currents, therefore this case is not taken into account in table 2. 

Table 2 - Factors a and p for the calculation of short-circuit currents with equation (90) 
Rated transformation ratio t ,  = U r ~ ~ ~ / U r ~ ~ ~  

~~ ~ 

Short circuit in F 
(see figure 20) 

Affected lines at 
the low-voltage side 

Factor ß 
~ 

Factor a (LV) 
for the currents 

I k L i  

IkLZ 

G L 3  

IL 

Factor a ( H V )  

Three-phase 
short circuit 

L1, L2, L3 
L1, L2, L3, N(E) 

O 

1 6  - . -  

Line-to-line short circuit 
with earth connection 

L1, L3, N(E) 

2 

~ 

L1, L2, N(E) 
L2, L3, N(E) 

Line-to-earth 
short circuit 

') 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. 

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

4.7 

In the case of three-phase and line-to-line short circuits at the terminals of asynchronous motors, 
the partial short-circuit currents ipM, IbM, and IkM are evaluated as shown in table 3. For 
grounded systems the influence of motors on the line-to-earth short-circuit current cannot be 
neglected. Take the impedances of the motors with Z(l)M = Z(2)M = & and Z(0)M. If the motor is 
not earthed, the zero-sequence impedance becomes Z(0)M = m. 

Terminal short circuit of asynchronous motors 
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Initiai symmetrical 
short-circuit 
current 

Table 3 - Calculation of short-circuit currents of asynchronous motors in the case 
of a short circuit at the terminals (see 4.7) 

I;3M - CU, (91) z c 2 M  =-  (92) See4.7 
&zM 2 

Line-to-earth 
short circuit Short circuit Three-phase short circuit Line-to-line short circuit 

Symmetrical short- 
circuit breaking 
current 

KM = l ,65 (corresponding to R M / X M  = O, 15) for motor powers per pair of poles <1 MW 

K~ = 1,75 (corresponding to RMlXM = 0,lO) for motor powers per pair of poles 21 MW 

Low-voltage motor groups with connection cables: i(, = 1,3 
(corresponding to RM/xM = 0,42) 

(98) 
J; 

I,,, = p q  I",,, (96) I+,ZM zz- (97) IblM = Z l l M  2 

Medium-voltage motors: I -  

Steady-state short- 
circuit current I k 3 M  = 0 

~~ 

p according to equation (70) or figure 16, with I t ,  IZ,, 

q according to equation (73) or figure 17. 

4.8 

The joule integral li' dt is a measure of the energy generated in the resistive element of the 
system by the short-circuit current. In this standard it is calculated using a factor m for the time- 
dependent heat effect of the d.c. component of the short-circuit current and a factor n for the 
time-dependent heat effect of the a.c. component of the short-circuit current (see figures 21 and 
22) 

Joule integral and thermal equivalent short-circuit curernt 

B 

O 

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

I t h  = JF - 

I = r  

with Tk = c T k ,  
i = 1  

where 

I:, 

Ith 

rn, 

n, 

Tki 
Tk 

The Joule integral and the thermal equivalent short-circuit current should always be given with 
the short-circuit duration with which they are associated. 

is the initial symmetrical three-phase short-circuit current for each short circuit 

is the thermal equivalent short-circuit current 
is the factor for the heat effect of the d.c. component for each short-circuit current 
is the factor for the heat effect of the a.c. component for each short-circuit current 
is the duration of the short-circuit current for each short circuit 
is the sum of the durations for each short-circuit current (see equation (106)) 

Figure 21 - Factor m for the heat effect of the d.c. component of the short-circuit current 
(for programming, the equation for m is given in annex A) 
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,o1 0,02 0,05 02 0 3  1 2 5 .  c 10 

7, - IEC 1296/2000 

Figure 22 - Factor n for the heat effect of  the a.c. component of the short-circuit current 
(for programming, the equation for n is given in annex A) 

The factors mi are obtained from Figure 21 using f. T k i  and the factor K derived in 4.3. The 
factors ni are obtained from Figure 22 using Tk, and the quotient 1; / I k i . ,  where &i is the steady- 
state short-circuit current for each short circuit. I , 

When a number of short circuits occur with a short time interval in between them, the resulting 
Joule integral is the sum of the Joule integrals of the individual short-circuit currents, as given in 
equation (1 04). 

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

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

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

I NOTE 
systems, the three-phase short-circuit current may be decisive. 

For the calculation of the Joule integral or the thermal equivalent short-circuit current in three-phase a.c. 
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When a circuit is protected by fuses or current-limiting circuit-breakers, their Joule integral may 
limit the value below that calculated in accordance with equation (1 02) or (104). In this case the 
Joule integral is determined from the characteristic of the current-limiting device. 

NOTE 
The factors m and n first appeared as Figures 12a and 12b of IEC 60865-1 and are identical to them. 

Up to now the thermal equivalent short-time current and the Joule integral are given in IEC 60865-1:1993. 
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Annex A 
(normative) 

Equations for the calculation of the factors m and n 

The factor m in figure 21 is given by: 

The factor n in figure 22 is given by: 

n = l  

1; - 2 1,25 
'k 

where 
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