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National foreword

This Part of PD 7639 has been prepared under the direction of the Power
Electrical Engineering Standards Policy Committee. It is identical with

IEC 909-1 : 1991 Short-circuit current calculation in three-phase a.c. systems
Part 1: Factors for the calculation of short-circuit currents in three-phase a.c.
systems according to IEC 909, published by the International Electrotechnical
Commission (IEC). The IEC document has been published as a type 2 Technical
Report. It is not to be regarded as an international standard. A review of the
Technical Report will be carried out by the IEC not later than 3 years after its
publication with the options of extension for a further period of 3 years,
conversion to an international standard or withdrawal.

Cross-references

International standard Corresponding British Standard

IEC 50 BS 4727 Glossary of electrotechnical, power,
telecommunication, electronics, lighting and colour
terms

IEC 781 : 1989 BS 7638 : 1993 Application guide for calculation of
short-circuit currents in low-voltage radial systems
(Identical)

IEC 909 : 1988 BS 7639 : 1993 Short-circuit current calculation in

three-phase a.c. systems
(Technically equivalent)

Compliance with a British Standard does not of itself confer immunity from
legal obligations.
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SHORT-CIRCUIT CURRENT CALCULATION
IN THREE-PHASE A.C. SYSTEMS

Part 1: Factors for the calculation of short-circuit currents
in three-phase a.c. systems according to IEC 909

Section 1: General

1.1 Scope and object

This IEC Technical Report aims to show the origin and the application as far as necessary
of the factors used to meet the demands of technical precision and simplicity when calcu-
lating short-circuit currents according to IEC 909.

Thus this technical report is an addition to IEC 909. It does not, however, change the basis
for standardized calculation procedure given in that publication.

NOTE - References are given in some cases to offer additional help, not to change the procedure laid
down in the standard.

1.2 Normative references

The following standards contain provisions which, through reference in this text, consti-
tute provisions of this part of IEC 909. At the time of publication, the editions indicated
were valid. All standards are subject to revision, and parties to agreement based on this
part of IEC 909 are encouraged to investigate the possibility of applying the most recent
editions of the standards indicated below. Members of IEC and ISO maintain registers of
currently valid International Standards.

IEC 38: 1983, IEC standard voltages.
IEC 865: 1986, Calculation of the effects of short-circuit currents.

IEC 909: 1988, Short-circuit current calculation in three-phase a.c. systems.

1.3 Application of the factors

1.3.1 Factors c

The factors ¢, and c, . are used together with the equivalent voltage source at the short-

circuit location in order to calculate maximum and minimum initial short-circuit currents.
(clause 2.1)
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1.3.2 Factors K

The impedance correction factors K5 and Kpgy; are introduced when calculating the short-
circuit impedances of generators and power-station units (clause 2.2).

1.3.3 Factor x

The peak short-circuit current is calculated by using this factor (clause 2.3).

134 Factors u,Aand q

Factors used when calculating the decay of the a.c. component of the short-circuit current
of a near-to generator short-circuit (clauses 2.4, 2.5 and 2.6).

1.3.5 Contribution of asynchronous motors to the initial short-circuit current

Derivation and validity of relevant equations for checking the contribution of asynchro-
nous motors or groups of asynchronous motors to the short-circuit current (clause 2.7).

1.4 Symbols, subscripts and superscripts

The following symbols, subscripts and superscripts are used in addition to those already
defined in IEC 909.

1.4.1 Symbols

E Voltage behind synchronous direct axis reactance of a synchronous machine, see
figure 16

E Error

E’ Voltage behind transient direct axis reactance of a synchronous machine, see
figure 16

Ea Subtransient voltage behind impedance of a network feeder connected at Q

Ey(I) Terminal voltage of a saturated synchronous machine at no-load (g =0)as a
function of I,

I® Branch current (load current) before the short circuit
I Field current of a synchronous machine

I Initial symmetrical short-circuit current caused by the voltage -U®, when
calculating short-circuit currents using the superposition method

Pg ©f pr Relative values to define the region for the variation of terminal voltages, for
instance Ug = U, g (1 £ pg) or Uy = v (1 £ pp)

T, AC time constant of an asynchronous motor

Y pet Mean value of the time constant T and Ty
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qu Time constant calculated with the product u-q (2.6.2)
1 Time from the beginning of a short circuit until the peak short-circuit current i,
U® Voltage at the short-circuit location before the short circuit
X, Potier reactance
Admittance
Y Impedance angle
a4 Deviation

Pu Voltage angle

1.4.2 Subscripts

0 No load (Ty)

A.C. Alternating current
ad Admissible

D.C. Direct current

d Direct axis (see q)

IEC According to IEC 909, for example Kpsu(mc)

i Internal

L Load

N Network

q Quadrature axis (see d)

S Superposition method (S)

t Constant transformation ratio (¢ = r_ = const; e.g. Kpsu(y)
t Transformation ratio (¢ # t).

1.4.3  Superscripts
b Before

Transient
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Section 2: Factors used in IEC 909

2.1 Factor c for the equivalent voltage source at the short-circuit location

2.1.1 General

The magnitude of a short-circuit current in a three-phase a.c. system (maximum or mini-
mum short-circuit currents) at any location depends primarily on the network configura-
tion, the generators or power-station units and the motors in operation and secondarily on
the operational state of the network before the short circuit occurs.

The variations during operation in a three-phase a.c. system are very large. Therefore it is
difficult to find the special load flow condition that leads either to a maximum or to a
minimum short-circuit current at the different locations of the system. In a given system
there are as many different short-circuit current magnitudes as there are possible different
load flow conditions for every location. Normally extreme load flow cases are not
empirically known.

IEC 909 therefore recommends a calculation method with the equivalent voltage source
cUn/\Fj at the short-circuit location. This method, described in clause 6 of IEC 909, is an
approximation method without special conditions of operation. The aim of this method is
to find the maximum short-circuit currents with sufficient accuracy, mainly taking into
account safety aspects and as far as possible economical aspects.

During the planning stage of a network, the different future load-flow conditions are
unknown. Therefore the equivalent voltage source cUn/\/-S- is based on the nominal system
voltage U, and the factor ¢ = c,,, or ¢ = c,;, for the calculation of the maximum or the
minimum short-circuit currents. These factors are given in table I of IEC 909. The intro-
duction of the factor c is necessary for various reasons (IEC 909, 3.16):

- voltage variation depending on time and place;
- changing of transformer taps;

- omitting loads and capacitances by calculations according to clause 6 of IEC 909,
(2.1.3);

- the subtransient behaviour of generators, power-station units (clause 2.2) and
motors.

The meaning of the factor c is illustrated for a simple model of a radial network in 2.1.4. Fur-
thermore results of extended calculations given in 2.2.6 demonstrate the possible deviations of
calculations with the equivalent voltage source at the short-circuit location against the worst
case values found with a special procedure using the superposition method.

2.1.2 Calculation methods

In principle there are two methods for the calculation of the initial symmetrical short-
circuit current at the short-circuit location (IEC 909, figures 1 and 2):
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- the superposition method, derived from Helmholtz’s principle;

- the method using the equivalent voltage source at the short-circuit location (2.1.3).

If a certain load flow in an existing network is known, then it is possible to calculate the
initial symmetrical short-circuit current with the superposition method.

The superposition method gives the short-circuit current only related to the one load flow
presupposed. Therefore this method does not necessarily lead to the maximum short-
circuit current. The reason is that for one short-circuit location there are as many short-
circuit currents as load flow conditions without exceeding the boundary conditions of volt-
ages and currents during normal operation, even if the same operational voltage at the
short-circuit location is given.

To overcome this problem and to find the worst case load flow that leads to the maximum
short-circuit current at one short-circuit location a special method was developed by vary-
ing the operation conditions [8]. Further information is given in 2.2.6.

2.1.3 Equivalent voltage source at the short-circuit location and factor c

The procedure for the calculation of the initial symmetrical short-circuit current using the
equivalent voltage source at the short- circuit location is described in clause 6 of IEC 909.
This method, which is normally based only on the rated data of the electrical equipment, is
an essential simplification compared to the superposition method.

Using this simplified procedure, the equivalent voltage source cU“/‘@ at the short-circuit
location is the only active voltage in the positive-sequence system. All network feeders,
synchronous machines and asynchronous motors are short circuited behind their internal
(subtransient) reactances (IEC 909, 11.5.3). All the shunt capacitances and the shunt ad-
mittances (loads), exéept those of the motors, are to be omitted in the positive and
negative-sequence system (IEC 909, 8.3.2.5, 11.5.3.5 and clause 13). Capacitances of the
zero-sequence system are to be considered in general. The zero-sequence capacitances are
to be omitted in low-voltage systems and in high voltage, effectively grounded systems
(i.e. earth fault factor § < 1,4). Special considerations are necessary in high-voltage net-
works with long distance lines and, of course, in the case of isolated neutral or resonant
grounded networks (IEC 909, 8.3.1 and 11.4). An example for the application of the calcu-
lation using the equivalent voltage source at the short-circuit location F is given in
figure 3 of IEC 909.

The factor c_,, or c_ . is introduced according to table I of IEC 909. Corresponding to
Cmax OF Cpyi» the maximum or the minimum short-circuit current I, ., or [ .., must be
introduced for the network feeders (IEC 909, clause 2 and subclause 12.2.3.1). Special
conditions are to be considered when calculating I’ . (IEC 909, 9.3). The introduction of
the factor ¢ aims to find a short-circuit current, for instance, a maximum short-circuit cur-
rent, as near as possible to the real value. Using the impedance correction factors, (IEC
909, 11.5.3.6, 11.5.3.7 and 11.5.3.8) realistic values for the partial short-circuit currents

are also obtained, even though compromises are necessary to a certain extent, see 2.2.6.
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The following subclause deals with the reliability of the method using the equivalent
voltage source at the short-circuit location and gives the fundamental relation between the

admissible or usual voltage drops Au and the maximum possible deviations Aif,
equation (13).

2.1.4 A simple model illustrating the meaning of factor c¢

see

The following simple model in figure 1 illustrates the fundamental meaning of the factor ¢
in the case of a non-meshed radial network, for instance in a distribution network.

Complex models and their calculation results used to find the coherence between
relative voltage drops Au and the factor c are given in [9,14]. Further comments on

the
the

relation between the impedance correction factors of generators and power-station units

and the factor ¢ in meshed networks are described in 2.2.6.

The positive-sequence system of the model network of figure 1a) is given in figure 1b). It
is presumed that the voltage U, at the beginning of the line is constant. The consumer load
is concentrated and simulated through the shunt impedance Z. at the variable location C

between the line impedances oZ; and (1-a)Z; with0 <o <1.

a)
k3
b)
: e
g |« (1-a) 2,
| t2of
4 5% glll= & 1"
| 1§ '3 V3 V3
!
e IEC 660191

a)
b)

Figure 1 -

6

Three phase a.c. model (radial non-meshed network)

Equivalent circuit diagram, positive sequence system, before and after the short
circuit at F

Model for the calculation of the coherence between the voltage drop Au
and the short-circuit current deviation 4}
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It is assumed that at the variable location B (0 < f < 1) the voltage Uy is equal to the
nominal system voltage U .

The following relations shall be used:

U

Auy = |—| -1 (1a)
Uy

U = Au = Max {4u,, Aug}

E

Aug = |— | -1 (1b)
E Uy
Iy,

At e |—| -1 @
L,

where
a isthe index for the approximation of the short-circuit current;

e is the index for the exact value of the short-circuit current.

The following equations can be derived giving the voltage condition before the short
circuit, taking U A/‘f’; as a constant value:

az, +Z
Up= U i 3)
a(l1-p)Z, +Z.
Z
- U £c )

a(l-pZ +Zc

With Up/V3 = UJV3 before the short-circuit (¢ < 0) and Up/N3 = U /3, the relative volt-
age drops of equation (1) can be expressed as follows:

u 1+aZ,Y
Auy=|21_ 1 = e -1 5)
Us 1+a(-f) Z,¥,
1
dug=| 2| _ 1= -1 6
E (6)
Uy 1+a(-f) Z Y,

The exact value of the initial symmetrical short-circuit current is calculated as follows:

L,.=1I, Zc 7
(1 - a) ZL +ZC
with [, = Ua ! 8)
V3 oz, + 1-a)Z Z

(1-a)Z, +2Z;
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Introducing I, from equation (8) to equation (7) and using Z~=1/Y:

4

r Za -
H T 3z 1+a(l-a@)Z X

&)

The approximation [ with Z. = e (or Y. = 0) and U, = Uy is found as follows from
figure 1b) using equation (3), but without factor c:

Uy Uy, 1+a(-Ppz X

/! = = . 10
®" Bz Bz | 1+enl o
and therefore:
ar | B | | Braa-fZXIUrad -0zl | g
ol 1+aZ Y,

The product Z, Y. can be written as:

ZYo=Z eY e®=ZY el =Z Y M (12)
with Z =R +jX;=Z e and Yo=G-jB=Y.eI?
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a) Ay ————
0,20
[
ain,
-0,05
-0,10
-0,15
b) B — c) Ajfy ——
0 0,25 0,50 0,75 1,0 -0,16 -0,10 -0,05 O 0,05 0,10 0,15 0,20
o A A 1 180. A A A ; 4 A i A
0,05 Z, Y= 0,05 0.10/0,15 / 0,20
-0,05 1
A%, n
' -0,10 - D
-0,151
-0,20
IBC 672091
a) 4if = fAua)withAu=A4u, and B=1,7=0
b) Ay = fBZ ¥o)witha=1,7=0
c) Aif = finZ;Yo)witha=f=1
Figure 2 - Calculation of 4/} according to equation (11)
for different parameters
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The following results can be derived from figure 2:

- The largest negative deviations 4i", from equation (11) occur in the casea=f=1
and n = 0. The consumer load Z. = 1/Y is at the end of the line (@ = 1). The voltage at
the consumer load is equal to U (8 = 1; Aug = 0). The angle of the complex product
Z, Y is equal to zero (7 = 0), i.e. the consumer is inductive.

- The absolute values of the negative deviations A/} are smaller than the relative
voltage drops Au = Au,:
laiy| < Au (13)

- The following equation can be established for the largest possible negative deviations
Aiy .. ata =1 (see figure 2), depending on the admissible voltage drop Au,, = Au, (see
equation (5)):

iy =——— -1 (14)
1+Au,,

The broken line (a = 1) in figure 2a) corresponds to this equation.

Furthermore, the following relation between Au,, and the product Z, Y (7 = 0) can be
derived from figure 2a):

Z, Y. <Au, (15)

Equation (14) is valid for positive values Au as well as for negative values, conse-
quently the following conditions are found:

Augy=1+5%: —-0,048< A < 0,053
Au,g=+10 %: -0,091< Ai} < 0,111

Au, = +15%: -0,130< A% < 0,176

It can be shown [9] that this is also the most unfavourable case, even in comparison with
results of meshed networks and long distance transmissions up to about 400 km.

The factor ¢ = ¢, (IEC 909, clause 6 and table I) takes into account these results (Cmax = 1b1
for medium and high-voltage networks and Cmax = 1,05 for low-voltage networks), consid-
ering that the highest voltage in a normal system does not differ, on average, by more than
+5 % (LV) or +10 % (HV) approximately from the nominal voltage U, (IEC 38, table III
note 2). In a normal system of Series I (50 Hz or 60 Hz systems), the highest voltage and the
lowest voltage do not differ by more than approximately +10 % from the nominal voltage of
the system. In a normal system of Series II (60 Hz systems - North American practice), the
highest voltage does not differ by more than +5 % and the lowest voltage by more than
=10 % from the nominal voltage of the system.)

Documents

Document Sharing Hub
10

Full document details: PD 7639-1:1994


http://www.avadocuments.com/doc/pd-7639-1-1994
http://www.avadocuments.com/doc/pd-7639-1-1994

PD 7639 : Part 1 : 1994

Special conditions may occur in the case of generators and power-station units with high
values of x} and u, which lead to voltage drops greater than 10 %. Therefore impedance
correction factors (see clause 2.2) are given for the calculation of the short-circuit
impedances of this electrical equipment (IEC 909, 11.5.3.6, 11.5.3.7 and 11.5.3.8).

The relative voltage drop of network transformers is normally smaller than 10 %, even if
the short-circuit voltage u, reaches values up to 20 %. Therefore it is in general sufficient
also for transformers with tap-changer to determine the short-circuit impedance Z. for the
main position (IEC 909, 8.3.2.2, note).

2.2 Impedance correction factors K (K, Kpg;) When calculating the short-circuit
impedances of generators and power-station units

2.2.1 General

One of the main criteria for the rating of electrical equipment is the maximum short-circuit
current and in many cases the maximum partial short-circuit current, too. It is necessary to
introduce impedance-correction factors K5 (2.2.2) for generators and Kpgy (2.2.3) for
power-station units in addition to the factor Cmax’ especially if the subtransient reactances
x’y of generators are high and the transformation ratio of the unit transformers (with or
without a tap changer) is different from the ratio of the system voltages during operation
on both sides of the transformer. The correction factors K and Kpgy; are given in IEC 909,
11.5.3.6 and 11.5.3.8. In the case of Ky, an additional note is given which draws atten-

tion to the special conditions applying (2.2.3).

Special considerations and impedance-correction factors are necessary for the calculation
of the short-circuit current and the partial short-circuit current in the case of a short circuit
between generator and transformer of a power station unit. Normally these calculations are
made only once during the construction of the power station.

The impedance correction factors given in 11.5.3.6 and 11.5.3.8 of IEC 909 are derived
for the maximum partial short-circuit currents (c = c,,). The factors c_,, should be taken
from table I of IEC 909 in accordance with the voltages U ; when using equation (22), in
accordance with the voltage UnQ at the high-voltage side of the unit transformer when
using the equations (32) and (36). Additional calculations in meshed networks have shown
that these correction factors are also adequate when calculating short-circuit currents at
different locations (2.2.6).

Special considerations are necessary for the correction factors when calculating minimum
short-circuit currents, because the special boundary conditions for the different power station
units must be known. These conditions, for instance, are given by the maximum extent of
underexcited operation, the minimum active power of thermal power stations during long term
operation or the maximum reactive power (overexcited or underexcited) of units in hydro-
pumping stations as well as by special devices for the limitation of the torque angle. Further-
more, attention shall be given to the fact that even during low load conditions in a network,
the number of power-station units operating with partial load or within the underexcited
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region is usually minimised. Therefore a rough estimation for minimum short-circuit currents
may be found using the instructions given in 9.3 and 12.4 of IEC 909 and using the given
impedance-correction factors for generators and power-station units, even though these are
found from calculations for the case of rated operation.

2.2.2 Correction factor K

The impedance correction factor K; is used for the impedance Zg = R + jX’; of a genera-
tor directly connected to a low or a medium-voltage network (without unit transformer) as
shown in figure 3 (IEC 909, 11.5.3.6 and 12.4).

G UG “ka l % E’( )’\>\
3 ~ © ° - (\/ b
I+ 02020
A
Sa= PatiQqg ———= u,
IEC 671191

Figure 3 - Partial short-circuit current I',; of a generator directly connected to a network

The impedance correction factor K is derived from a phasor diagram for normal over-
excited operation of the generator taking into account the subtransient reactance X/ and
the subtransient internal voltage E”.

Figure 4a) gives the equivalent circuit diagram (positive-sequence system) of a turbine
generator. The terminal voltage Ug of the generator is controlled and therefore constant
during operation before the short circuit. Normally Ug=U,g=1,05 U, is valid. In special
cases the setpoint may vary: Ug = U, (1 £ pg).

Figure 4 describes the procedure for the calculation of the partial short-circuit current 6
using the superposition method.

a) b) c)
Xy Ra L g Xy  Ra Iyb.

. Lo | 4 -
E = Yo

a) Normal operation conditions with controlled voltage Ug=Ug

b) Introducing the pre short-circuit voltage Q'G/‘E in the opposite direction at the short-
circuit location

c) Superposition of the circuit in the figures a) and b) to detemine [{5 =[5 + [i1»
Figure 4 - Calculation of [ using the superposition method
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The currents [ and I}, are derived from figures 4a) and 4b) at Ug = U as follows:

E"-U N3

°T T 1o
U /N3

L = T 17)

The index U® indicates that the current Il\» is found when introducing the voltage Q,GNE
before the short circuit in the opposite direction.

The superposition according to figure 4c) leads to the partial short-circuit current I,

) ' E'-U 3 U V3 E”
L= Lg+ L = o T T - (18)
Rg +jX§ Rg +jXy R + jX'§

On the other hand, when applying the method using the equivalent voltage source cUn/‘/-3.
at the short-circuit location, the following equation for the calculation of the short-circuit
current I, ; is found:

E” cU

Rg + X V3Rg +iX3) Kg

I = (19)

Taking. E” = Qrgl‘ﬁ + IgZg = UgN3 + I (cos g5 — j sin ¢g) - (Rg + jX73 ), the impe-
dance-correction factor K is found:

U c

n
-I-{-G = . (20)
Ug V3, V3,
14+ —— (RgCos p+X4 sin @g) + j
1G G

(X’jcos 9 = Rg sin @g)

If Ry is very small compared to Xy (Rg << X7;) the following approximation can be
applied:

U c
KG = . 1)
U 1 + (Ig/lg) X} sin pg

The p.u. value of the subtransient reactance is introduced with x; = X; /Z ; and Z 5 =
U24/S,; (IEC 909, 3.22, note).
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The maximum short-circuit current [',; is found if the denominator of the second part of
the right side of equation (21) reaches the maximum. Normally this will be the case at the
point of rated operation (S 5, U, g, cOs @), or in its vicinity if the extreme overexcited
operation with Q > Q, is excluded. Thus it seems acceptable to choose I; = I, and

sin g = sin ¢ .

By introducing ¢ = c_, (IEC 909, table I) the approximation of equation (21) then
assumes the following form (IEC 909, equation (36)):

Ull cmax
Kg= : (22)
Uwg 1 + x7sin g g

Example: S, g =10 MVA; U 5 =10,5kV; cos ¢ 5=0,8; x3 =0,12
The generator feeds a system with the nominal voltage U, =10KkV (see figure 3).

The calculation of the maximum partial short-circuit current according to equa-
tion (19) with K5 found from equation (22) and ¢ = Cmax = 1,1 (IEC 909, table I)
leads to I'l; = 4,900 kA.

The value calculated with the superposition method is I'; 55, = (0,759 — j 4,889) kA;
I'i )= 4,948 kA. The approximation for I is about 1 % smaller than the value

I'iges) -

If the terminal voltage of the generator is different from U g, then it may be necessary to
introduce Ug = U 4(1 £ Pg) instead of U 5 to the equations (20), (21) and (22). Then the
maximum short-circuit current I is found, when the voltage Ug reaches the upper limit
Ug=Ugs(1 + pg).

2.2.3 Correction factor Kpg;

The determination of the impedance correction factor Kpgy (IEC 909, 11.5.3.8) for power-
station units according to figure 5 requires special considerations where:

- The unit transformer, depending on national conditions or network configurations,
is equipped either with a tap changer or with a correspondingly higher transformation
ratio #, = Uryy/U,rpy > U,o/U,g- In some cases even a combination of these two
measures is used in order to deliver active and reactive power of the power-station unit
via a long transmission line to the network.

- The rated voltages of the generator and the low-voltage side of the unit transformer
may be different (Ug # U, y) and the rated apparent powers of generator and
transformer may also differ S # S,
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Q
G u \ T I ks
(1xp = kPSU
G ra ¢ L A\ HV l
@ > @" is [

u

S S..t
({<] T ' 7 Q

Q'

PSU = G+T IEC 673191

Figure 5 - Partial symmetrical short-circuit current I\, at the high voltage side
of the unit transformer of a power-station unit (PSU)

Based on the simulation of a power station unit, as shown in figure 6, the correction factor
Kpgy Will first be derived for the case of a tap changer in the unit transformer. Special
consideration is given in 2.2.5 to the case where the unit transformer has no on-load tap

changer.

a)

RG IG xl'LV RTLV lPSU

tet = Ugyy /Uy i Yo = Wy 5 oy -Jt' s

b)

E’

alfs

IEC 674191

a) quﬁvalentcimuitdiagrunwithﬁ",ZG=RG+jX'émd &1Ly = Rypy + Xy in the positive
sequence system

b) Phasor diagram for overexcited operation

Figure 6 - Simulation of a power station unit (PSU)
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Using the superposition method (similar to figure 4), both the current Ipgy (figure 6) and
Lipsy, e can be found. Iipg; 1 is found by the introduction of I_/Q/‘/ 3 in the opposite direc-
tion at the short-circuit location and E” = 0.

; E"—UiN3

1
= . = . 23
Ipsy . I » Zo+Ziy (23)

U3
Fipsupr = (24)
? Zg + ZrLv)

with ¢ = Uo/Un; = Ugf/Ur;.

The partial short-circuit current /7., at the high voltage side of the unit transformer is
found as follows:

l E” l tf, E”
Iy = loey+ 1y = . = . (25)
kPSU =PSU kPSU,Ub ¢ ZG + ZTLV ¢ t';' ZG + Z—r

WithZy =Zpyy=t21Zp v

Without knowing the load flow in the network, neither the voltage UQ nor the trans-
formation ratio ¢ = UQ/UTi of the unit transformer with tap changer (¢ # t, = Uyv/ Ur’IL_V)
can be known. The internal voltage E” is found from figure 6b) depending on Ug (I_IG/\/ 3=
UG/\/-.’:) and the current [; = I5(cos @ — j sin ;) before the short circuit:

Ug Ug V31, _ REA .
E'=—+15Z,= 1+ (RGCO8po+X'y sinpg) + j— (X'f cospg—Rgsin ;)| (26)
NG NG Uq G Ggt44 (¢} Uo d c—Rg G

The transformation ratio can be substituted by ¢ = Uqy/Uy; with Up, found from the phasor
diagram in figure 6b):

U _ Ug

—= =—= ~LeZnyv=
i 3 Y

—= |1 = RyLy €08 P+ Xy ysin 9g) — j — (Xqy €08 Pg—Rppysingg)| (27)
\E} Ug Ug
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Introducing E” from equation (26) and using Q.n/\l 3 from equation (27) and the equivalent
voltage source cU /\/ 3=cU, Q/‘/ 3 at the short-circuit location F, the following equation
can be found:

cUnQ

ooy = (28)
kPSU V3 (12 Zg + Zp) Kpsy

with £, = U,myy/U,rrys Zr = Zruy = ¥ Zrpy and

2
UnQUQ UrTLV
Kpsy = ” : 2
U Uetnv
c
V3, , V3l
1+ —S (Rgcos PatX'gsin @g) +j —— (X7 cos pg— Rg sin ¢g)
Us Us
: @9)
V31, V31,
1- =9 (R ycos ¢g Xy Sin@g) - j -(-j—- XLy €08 oG- Ry v sin @g)
G G

For a large number of power-station units, investigations of the correction factor Kpgy,
which depends on UQ. I and cos ¢, have shown that similar to the case of generators
directly connected to the network, the factor Ky reaches its minimum and therefore
I'{psy its maximum if the power-station unit is operated at its rated point (Ig = I.g; cos pg =
cos ¢, g and correspondingly S5 = S ;) [6,10,14]«. Figure 7 gives an example from these
investigations. The maximum short-circuit current is reached for the lowest value U at
the high voltage side of the unit transformer with tap changer when the voltage Ug= U
is constant.

Numbers in brackets refer to annex A: Bibliography.
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a) o
2
[
a
Lx
1,0 -
p-u B1S
- B17
? B19
Q ) B1
0.5 B13 §f0
B11 Bs\
er \
BS J
o 0] v
B9 0.5 1,0 p.u
B7 P—

'; b)

p=)

(7]

a
x

D

2 B1 Ug = 380 kV
k‘ I

Bi9
1,10 es B17
BS 390 kV
| B11
1 400 kV
1,08 |
/37 4 B9
! |
420 kV
1,00
i \

0,95 \\

Rated operation S

=Q

IBC 675191

a) Power chart of the turbine generator with limits of over and underexcited operation;

P Gmin = 0.4 PrG

b) The relation of I;PSU(S)' according to equation (28) found with the superposition method (S), to
the first approximation with Kpgy =1

cUnQ
Iy Kpepy=1) =
kPSU \®psu
V3 |z

Zg+ ZT'
therefore [ypgy(s)/Lipsy (Kpsy = 1) = 1Kpgy (29)

Figure 7 - Partial short-circuit currents of a power-station unit with tap changer
(Example: S, =81 =1070 MVA; Ug=U g = U,y)

Considering R << X and Ry << X; and introducing the following relations:

Iy = —20 X
G = — : x” = 4
3y, ¢ ¢

S T

pxp =Xy ——
U:G U:TLV

S
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