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INTERNATIONAL ELECTROTECHNICAL COMMISSION

SHORT-CIRCUIT CURRENTS IN THREE-PHASE AC SYSTEMS -
Part 4: Examples for the calculation of short-circuit currents

FOREWORD

2021

International Electrotechnical Commission (IEC) is a worldwide organization for standardization con
ational electrotechnical committees (IEC National Committees). The object of IEC is to promote intern
bperation on all questions concerning standardization in the electrical and electronic fields. To, this €

baration is entrusted to technical committees; any IEC National Committee interested in thé subject de
participate in this preparatory work. International, governmental and non-governmental organizations

prising
ational
nd and
eports,

Their
alt with
iaising

with) the IEC also participate in this preparation. IEC collaborates closely with the Interrational Organizafion for

Sta

2) Thg formal decisions or agreements of IEC on technical matters express, as neatly-as possible, an interr
conjsensus of opinion on the relevant subjects since each technical committee has representation f
intgrested IEC National Committees.

3) IEQ Publications have the form of recommendations for international ‘use”and are accepted by IEC N
Committees in that sense. While all reasonable efforts are made to’ensure that the technical content
Pulllications is accurate, IEC cannot be held responsible for the‘way in which they are used or
misjnterpretation by any end user.

4) In

trarlsparently to the maximum extent possible in their national and regional publications. Any divergence b
any] IEC Publication and the corresponding national or regional publication shall be clearly indicated in thg

5) IEQ itself does not provide any attestation of conforijty. Independent certification bodies provide con

ass
ser
6) Al

7) No
me
oth

expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any oth
PuRlications.

8) Attgntion is drawn to the Normative references cited in this publication. Use of the referenced publica

indi

9) Attgntion is drawn to the,pOssibility that some of the elements of this IEC Publication may be the subject o
rights. IEC shall not\be~held responsible for identifying any or all such patent rights.

IECT
aTec

This

hdardization (ISO) in accordance with conditions determined by agreement betwgen’the two organiza

rder to promote international uniformity, IEC National <Committees undertake to apply IEC Publi

essment services and, in some areas, accessxto“|IEC marks of conformity. IEC is not responsible
ices carried out by independent certification bodies.

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

liability shall attach to IEC or its direetors, employees, servants or agents including individual expe
nbers of its technical committees and>*tEC National Committees for any personal injury, property dan
br damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feqg

[spensable for the correctiapplication of this publication.

R 60909-4<has been prepared by IEC technical committee 73: Short-circuit current
hnical Report.

tecohd edition cancels and replaces the first edition published in 2000. This ¢

ions.

ational
om all

ational
of IEC
or any

cations
etween
latter.

formity
for any

rts and
age or
s) and
er IEC

jons is

patent

5. It is

dition

constitutes a technical revision.

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

a) adaption to IEC 60909-0:2016;

b) addition of an example for the calculation of short-circuit currents of wind power station
units;

c) correction of errors.
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The text of this Technical Report is based on the following documents:

Draft Report on voting

73/187/DTR 73/193/RVDTR

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

The language used for the development of this Technical Report is English.

This ¢

ocument was drafted in accordance with ISO/IEC Directives, Part 2, and develoﬂned in

accorflance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement; avgilable
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/standardsdev/publications.
A list of all parts in the IEC 60909 series, published under the general title-Short-circuit cuyrents
in thr¢e-phase AC systems, can be found on the IEC website.
The cpmmittee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.igG.eh in the data related {o the
specific document. At this date, the document will be
e regonfirmed,
e withdrawn,
e replaced by a revised edition, or
e amended.

IMPQRTANT - The 'colour inside' loge-.on the cover page of this publication indicates that it

cont

contgins colours which are considered to be useful for the correct understanding of its

bnts. Users should therefore/print this document using a colour printer.
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SHORT-CIRCUIT CURRENTS IN THREE-PHASE AC SYSTEMS -

Part 4: Examples for the calculation of short-circuit currents

1 Scope

This part of IEC 60909, which is a Technical Report, is intended to give help for the application
of IE = = - e AC
systems.

This document does not include additional requirements but gives support for the modelling of
electr|cal equipment in the positive-sequence, the negative-sequence and thezero-seqlience
systefn (Clause 4), the practical execution of calculations in a low-voltage-system (Clause 5),
a medium-voltage system with asynchronous motors (Clause 6) and a power station un|t with
its auxiliary network feeding a large number of medium-voltage asynchrenous motors angl low-
voltage motor groups (Clause 7).

The tihree examples given in Clauses 5, 6 and 7 are similar to/those given in IEC TR 60909-
4:200D but they are revised in accordance with IEC 60909-0, which replaces it. The example
givenl|in Clause 8 is new and mirrors the introduction of the'new 6.8 of IEC 60909-0:2014.

Clausg 9 gives the circuit diagram and the data of a test network and the results for a calcylation
carried out in accordance with IEC 60909-0, to offer the possibility for a comparison befween
the repults found with a digital program for the calculation of short-circuit currents and the|given

results for Ik A A 1;1 and Ip1 in a‘high-voltage network with power station [units,

generptors, asynchronous motors and lines in four different voltage levels 380 kV, 110 kV,
30 kV|and 10 kV.

2 Normative references
IEC 6p038:2009, IEC standard voltages

IEC 6D909-0:2016, Short-circuit currents in three-phase a.c. systems — Part 0: Calculation of
currents

3 Terms-and definitions, symbols and indices, and formulae

For thie_plrposes of this document, the terms and definitions, symbols and indices, and formulae
given in IEC 60909-0 apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/

e |SO Online browsing platform: available at http://www.iso.org/obp
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4 Positive-sequence, negative-sequence and zero-sequence impedances of
electrical equipment

4.1 General

In addition to Clause 6 of IEC 60909-0:2016, modelling and calculation of the positive-sequence
and the zero-sequence impedances of electrical equipment is given. In most cases, the
negative-sequence impedances are equal to the positive-sequence impedances when
calculating the initial symmetrical short-circuit currents, but see 6.6.1 of IEC 60909-0:2016 and
IEC TR 60909-2.

4.2 Overhead lines, cables and short-circuit current-limiting reactors

Figur¢ 1 demonstrates the meaning and the principal measurement of the positive-séquence
[Figure 1 a)] and the zero-sequence [Figure 1 b)] impedances of lines with one,circuit L1, L2,
L3.

L1 La Tl A L1 hi"da -
/5\( L2 | L2 K 1
~ , AN o
L3 | L3 o —
U,=4, U4 = Uy,
Y Y
E

N S NN NN NN NN NN NN

EC

a) Positive-sequence b) Zero-sequence

NOTE | Positive-sequence:

Zqy ={Upa/L 4 = Uy Liqy with Uy 4 +U, 5 +Ugg=0 and Upq =U5 = U3
Zero-sg¢quence:

Zoy Ui L1 = Uyl L) with Upg=U, 5 =U; 3 =U gy and L1 =1L 5 =1 3=

Figure 1-—Positive-sequence and zero-sequence impedances
of amoverhead line (one circuit) and cable (cross-bonded)

In pragtice, the tneasurement of voltage U 4 and current /, 4 leads to the absolute value Z|of the
impedance. Together with the measurement of the total loss Py, at the current I 4, it is possible
to find the complex value Z of the impedance:

z-Yu R:P\g X=vz72-R2  Z=R+jX
14 317

Formulae for the calculation of the positive-sequence and the zero-sequence system
impedances of overhead lines with one or two parallel circuits (double circuit line) and without
or with one or two earth wires are given in IEC TR 60909-2. The negative-sequence impedance
is equal to the positive-sequence impedance assuming transposed lines and cross-bonded
cables, respectively. The measurements to find the positive-sequence and the zero-sequence
impedances of cables with sheath, shielding and armouring are similar to those given in Figure
1. Examples are given in IEC TR 60909-2. In the case of the zero-sequence impedance, the
earthing of the sheath or the shielding or the armouring is important as well as the number of
parallel cables. In the case of low-voltage four-core cables, the cross-section of the earthed
core has an influence on the zero-sequence impedance.
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Figure 2 demonstrates the meaning and the principal measurement of the positive-sequence
[Figure 2 a)] and the zero-sequence impedance [Figure 2 b)] of a three-phase AC short-circuit
current-limiting reactor.

o =1y
N o N
—

Y 4=y

Zero-sg¢quence:

Z(oy AUi1/LL1 =Ugyl Loy with Uy =U 5 =U 3 =U gy and L} 1 =1pg= 153 =1

If the

sequgnce impedance Z(0) is approximately.)€qual to the positive-sequence impedance

When
the re

4.3
4.3.1

Unit t

Netwqgrk transformers-have two, or three or even more three-phase windings. Figure 3 giV

exam

[Figure 3 c)] of-a.two-winding transformer with the vector group YNd5 [Figure 3 a)].

In thel case/of three-winding transformers (examples are given in Table 3 of IEC TR 6|

2:200

imped

AN N N N N N N N NN NN
N N

IEC

a) Positive-sequence b) Zero-sequence

Positive-sequence:

Figure 2 — Positive-sequence and zero=sequence impedance
of a short-circuit current-limiting reactor

magnetic coupling between the three coils*without or with iron core is small, the

calculating short-circuit currents in high-voltage systems, it is generally sufficient {
lactance only.

Transformers
General

ansformers of poweristation units are also dealt with in 4.4.

ble for the-positive-sequence [Figure 3 b)] and the zero-sequence system imped

B)s.it is necessary to measure three different impedances and then to calculate the

IEC

zZero-
A
O use

es an
ances

0909-
three

ances of the equivalent circuit in the positive-sequence or the zero-sequence system of

the transformer (see 6.3.2 of IEC 60909-0:2016 and the example in 4.3.2 of this document).

Table 1 gives examples for the equivalent circuits in the positive-sequence and the zero-
sequence system of two- and three-winding transformers with different earthing conditions on
the HV- and the LV-side. The impedances of Table 1 are related to side A, which may be the
HV-side or the LV-side of the transformer.
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T, YNd5
o () O
1U,17V,AW  HV “g LV 2U,2v,2w
E
IR NI
IEC

a) Two-winding transformer with the terminals 1U,1V,1W at the high-voltage side
and 2U,2V,2W at the low-voltage side

2 |n thg

As sh

U lL1 = 1(1)
—= -
G \Y
3 - u,
Z\= T
W . (O AP
E U,
A N N N A N I N N N NN IEC
b) Positive-sequence and negative-sequence impedance 1(1) = g(z)
U 1(0)
¢ -
o c _ Yo
L - fo
L](0) :
I I I I e A S N AN IEC

c) .Zero-sequence impedance g(o)
case of a delta winding, it is not’hecessary to introduce the short circuit and the earth connection.

Figure 3 — Positive-sequence and zero-sequence system
impedances of a two-winding transformer YNd5

bwn in Table 2 transformers with the vector group Yy should not be used in low-v

syste

s with low=impedance earthing on the LV-side (TN-network), because Z ) may bs

bltage
e very

high, so that short-circuit protection may fail. For feeding TN-networks, transformers of ng. 2 or
3 in Tpble t-should be used.

Transformers with the vector group YNyn,d are typical in high-voltage networks, with n

eutral

point earthing normally only on one side (A or B). The examples no. 4b and 6 of Table 1 show
that the zero-sequence system of both networks are coupled, if both the neutral points A and B
are earthed (earthing switch ES in case no. 4b closed). In these cases, additional considerations
are necessary, especially if the transformation ratio is high, to find out if this coupling is
admissible. Case no. 5 of Table 1 gives an example how to avoid this coupling in the zero-
sequence system. Case no. 9 of Table 1 gives a further example to avoid the coupling in the
zero-sequence system if two parallel transformers at the same place or at different places are
present.
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Table 1 — Examples for equivalent circuit-diagrams of transformers
in the positive-sequence and the zero-sequence system

No. | Vector Transformer Positive-sequence Zero-sequence system
group system
1a YNy a) b)
A B
)\ A—-_ |——B A — B
Z(1) Z(0)
= IEC 01 00
IEC IEC
1b (| YNy a) b)
A B
)\ A—-_ |——B
V4
=
Zy
= IEC 01
IEC IEC
2 Dyn b)
A B a)
—
A A y Ao— B
Z 7
=(0)
= 01
IEC [EC 00
IEC
3 YNd
ZNy
ZNd a) b)
A—-_ |——B
Z(1)
01
IEC IEC
4a [|YNdy c) d)
C o
A Cc B ’i‘ c
Z
Z()c
Aol 1B A — B
Z, 7 7 o] H -
(A (1)B
= IEC Z(0)c
01 00

IEC

IEC
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No. | Vector Transformer Positive-sequence Zero-sequence system
group system
4b | YNdyn c)
e) d)
A ] B Zc
/i\ A A °
j_ES ZN Z(1)A Z(1)B
1 T IEC
= IEC | o4
5 YNdz
c) d)
A ] B B
)E [ = S
Z
= A, ¥y ZgayT Zoe g B
A b
ol | A - -
X, Zia Zyg Zoe X
= IEC | (9 00 =
IEC X=X * 3/)2\2
6 YNdyn g)
f)
o C
Z ‘Z, Z(O)A Z(O)B 'z,
(nc
A o H H o B
A B 7
Zaoa  Zue Zy=3L(r= 1) | Tee "z, =3440- 1)
01 *Zy= 32t 7, 1=U, UL
EC | oo
IEC
7 YNdzn
f 9)
A Cc B o C
£1)c
A 3Za Z(O)A Z(O)B
Zua Z\s A ~ P B A o H H 4 B
— = £ 4 2
o (1)A (1)B 3Z5Un! Ug)
01 00

IEC

IEC
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No. | Vector Transformer Positive-sequence Zero-sequence system
group system
8 YNa+d Q)
Auto-transformer with
three separate units f) c
A c
¢ "Zy Zoa Zog 'Z,
A o H e B
£)c
A B Z(0)(:
— Zi)a Ziug
Lr| =3
A Connection outside 01 00
the transformers IEC *7 %7 %7 asincase No. 6
IEC v o
Zon=Zaw Lo = Za o™ Zae| 1ec
9 YNdy
h) f) 0)
Ydyn
UrB)2
01
IEC IEC
a zdx = K+ Z1y, Ky from Formula (12a) or (12b) of IEC 60909-0:2016.
) Zh = K+ Z), Ky from Formula (12a) or"(12b) of IEC 60909-0:2016; ZN without correction factor.
2 K1ag> K1acs K7gc from Formula®(13) of IEC 60909-0:2016.
4 Correction factors as indicated under 3); ZN and Xg without correction factor.
) Egrthing switch.
D Klag: Kiac» Krge from Formula (13) of IEC 60909-0:2016.
9 Cerrections factors as indicated under 3); Z,, without correction factor.
h) Two parallel three-winding transformers with an earthing pattern to separate the zero-seqyence
gystems of the networks A and B.

In case no. 8 for auto-transformers with neutral point earthing Zy # «, three separate units and
an additional auxiliary winding in delta connection, the coupling between the zero-sequence
systems of the networks connected to both sides of the transformer cannot be avoided. To find
the impedances *Z,, *Z, and *Z; as a function of Z # «, special calculations are necessary as
given under case no. 6 in Table 1.

Booster transformers (or regulating transformers for voltage and/or phase-angle control) are
represented as network transformers with an equivalent generally of form no. 6 in Table 1. The
construction and connection arrangement of shunt transformers will determine whether Zo)c

has a finite low value and, in this case, it will be necessary to measure three different
impedances, as with three-winding transformers, in order to calculate the impedances of the
equivalent circuit.
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Table 2 gives some approximations for the ratios X(O)T/XT of transformers, if one neutral point

of the transformer is earthed. In the case of three-winding transformers (cases no. 4 to 7 and 9
of Table 1), the reactance XT = X(1)T is given by X(1)T = X(1)A + X(1)B

Table 2 — Approximations for the ratios X(o,r/Xy of two- and three-winding transformers

Construction of Vector group
transformers
YNd or Dyn Yzn YNynd YNy ¢ or YNz

Three cores 0,7...1,02 3...10
Five cores 1.0 0.1..0.15 1..35° 10...100
Threelsingle-core 1,0 10.,-100
transfgrmers
a8  Transformers with small apparent power: X(O)T/XT ~ 1,0 (for instance distribution transformers\Dyn5 with|S ; =

40P kVA, U 1y/Upry = 10 kV/0,4 kV).
b Thl ratio X(O)T/XT depends on the construction of the transformer, see IEC TR 60909-2.
¢ Transformers Yy should not be used in networks with low impedance earthing, for ipstance in low-voltage TN-

nefworks (see IEC 60364-4-41).

4.3.2

The f

Example

bllowing is an example for the impedances and €quivalent circuits of a three-w

nding

netwark transformer YNynd5, S.tpypmy = 350 MVA.
Figureg 4 gives the equivalent circuits of a three-winding network transformer [Figure 4 a)]|in the
positiye-sequence [Figure 4b)] and the zero-Sequence system [Figure 4c)]. The nedative-
sequgnce system is equal to the positive-sequence system (see no. 4b in Table 1 with Zy = 0).
C ¢ LV co co
PO
—)— 2 5 oA o |08
HV ‘i [ “ ! MV ZA ZB 0 \, —
N
\7 n Zoyc
D RO N 01 00
IEC IEC IEC
a) Vector group and b) Positive-sequence system c) Zero-sequence system
terminals of the
tnansformer YNynd5
network transformer
The following data are given from measurements:
UFTHV =400 kV UI'TMV =120 kV UI'TLV = 30 kV
SI’THV = 350 MVA SI’TMV =350 MVA SI’TLV =50 MVA
UkrHVMV — 21 %, URrHVMV — 0,26 %, referred to SI’THVMV =350 MVA UI’THV =400 kV
UKrHVLV =10 %, URrHVLV = 0,16 % referred to SFTHVLV =50 MVA UI'THV =400 kV
UKrMVLV = 7 %, URIMVLV ~ 0,16 % referred to SI’TMVLV =50 MVA UI’TMV =120 kV
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From Formula (10) of IEC 60909-0:2016, the following impedances of the positive-sequence
system are found, related to the MV-side B:

2
ZAB _ URrHVMV +j UXrHVMV UrTMV _ (0,1 06 971+j8,639 338) Q
100 % 100 % ) Serhvmy

2
Znc = URrHVLV +j UXrHVLV Urtmv — (0,460 800 + j28,796 313)
100 % 100 % SeTHVLY

2
Zo o[ YRy ey | Uity — (0,460 800+ 20,154 733) Q
100 % 100 0/0 SrTMVLV

The dalculations are carried out here with six-figure numbers following the.decimal cgmma,
becayse this example is used also for the test network in Clause 9 (transformers T3 = T4).

With [the rated relative reactances x; found from the reagtive short-circuit veltage
uy, = \u2. —u?, according to Formula (10d) and Table 1 of IEC60909-0:2016, the following
impedance correction factors (Formula (13) of IEC 60909-0:2016) are found:

1,1

K1pag 0,95 Cmax =0,95 =0,928.072
1+0,6 x1pB 1+0,6-0,209 984
Cmax 1,1
K1ac 0,95 =0,95 = (0,985 856
1+0,6 x7ac 1+0,6-0,099 987
Cmax 1,1
K1gc|=0,95 =0,95 =1,002 890
1+0,6 xrg¢ 1+0)6-0,069 982

Together with these correction factors, for instance Zygk = K1ag Zag, the following corfected
impedances (index K) ‘are found:

Zpax |- (0,099,277 8,017 927)Q

Znck |2 (0/454 283 + 28,389 024)Q

Zgck =(0,462132+ 20,212 973)Q

The corrected equivalent positive-sequence impedances in Figure 4 b), related to the MV-side,
are calculated with Formulae (11a), (11b), (11c) of IEC 60909-0:2016.

Zpk = (0,045 714 + 8,096 989)Q

Zpk = (0,053 563 -j0,079 062)Q
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Zok = (0,408 568 + j20,292 O35)Q

For the equivalent model of the transformer in the zero-sequence system [Figure 4 c)], the

following reactances are known, related to the medium-voltage side B:

Xop =8,95510 X =-0,6881 0 X =18,83071 2

If only the medium-voltage neutral point of the transformer is earthed, the effective

zero-

sequence reactance is the sum of X)g and Xq)c leading to Xy When introducing the

impedance correction factor Ktgc:

Xomvk = KrecX(0)8 * X(0)c) = 18,195 036 Q

4.4 |[Generators and power station units
4.4.1 General

For synchronous generators without unit transformers in low- and medium-voltage nety

the positive-sequence reactances are X;, X('j and Xq (see/fEC TR 60909-2). In the

momgnt of short circuit, the subtransient reactance X:, leads to Ik

In this case X; zX:, and therefore the reactance of the negative-sequence syst

approkimately equal to the subtransient reactance: X2 = X(';. If X:‘ is considerably dif

from [xy, then Xz =o,5(x(';| +X;) should_be used (see Formula (19) of IEC 60909-0:20

The zpro-sequence reactance X, isCsmaller than the subtransient reactance and depen
the winding configuration of the synchronous machine (see 2.2 of IEC TR 60909-2:2008),
neutral point of the generatoris-earthed by an additional impedance (preferably a read
betwegen neutral point and earth to limit the line-to-earth short-circuit current 1;1 < 1; ang

suppress third-order currents in the case of generators in parallel to transformers with n
pointg, which are earthed in the same part of the network), the impedance correction facf
shall be used in the\positive-sequence, the negative-sequence, and the zero-sequence sy
But X5 shall not” be used for the additional neutral point impedance (see 6.4

IEC 6D909-0:2016).

The Zpro# sequence |mpedance [Flgure 5 c)] at the hlgh voltage 3|de of the power station

vorks,
first

Em s
ferent

16).

ds on

If the
tance

/or to

eutral
or Kg

stem.
.1 of

Unit is

o-0f the

|mpedance ZN between the neutral pornt of the transformer (HV srde) and earth in the case of

a power station unit (S) with on-load tap changer [Figure 5 a)] (see 6.7.1 of IEC 60909-0:
or without on-load tap changer (see 6.7.2 of IEC 60909-0:2016). The positive-sequenc

2016)
e and

the negative-sequence impedance [Figure 5 b)] of the power station unit shall be calculated
with Formula (21) or Formula (23) of IEC 60909-0:2016 together with the impedance correction
factor Kg from Formula (22) or Kgg from Formula (24) of IEC 60909-0:2016. The zero-sequence

impedance of the power station unit is found with Zgysk = Ks'Z()THy + 32y, respectively

Zo)sok = Kso'Z(0)THv * 3ZN-

The impedance correction factor shall be used as follows:

a) for the positive-sequence impedance:
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Zsk = Ks |:tr2 '(RG +jX;)+ZTHV:| Zsok = Kso I:trz '(RG +jX:i)+ZTHv:|
d) for the negative-sequence impedance:

Zosk = Ks [frz (RG +jX(2)G)+ZTHV} Z)sok = Kso [trz '(RG +jX(2)G)+ZTHv:|
e) for the zero-sequence impedance:

Zoysk = Ks - Zoyrhv +3Zy Zoysok = Kso Zyrhv +32ZN

The current ’%I\U’o passes from the neutral pnin’r of the unit transformer to the imppdanr‘p ZN’ if

this exists; the earthing arrangement of the power station hence leads to a potential rise |of the
touchland step voltages.
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§=G+T
Q
G
3~
F k3
k1
IEC
a) Circuit diagram
Zg [Formula (21), IEC 60909-0:2016]
1
. —
Ks(Rg *+JXg) 17 KsZry
IEC
b) Positive-sequence system for the calculation/of Ik
F
Z, [Formula (21), IEC 60909-0:2016] /A
Los Iha” Za
| — I~
L =
N
Ks(Rg + X' 1} KsZry C) T cU, ! \3
01
Zsk loA Vin=le=le=Tu’3
Lo Loya Zaq
| — I~
L =
N
KyRg +1X) 1} KsZry
02
I
Zoysk ‘of
" L Lo Zon
K
3z, SE(0)THV
Q0
IEC

c) Positive-, negative- and zero-sequence system for the calculation of 1k1 and the partial short-circuit

currents I(1)Q’ I(Z)Q, I(O)Q, I(1)s’ I(2)s7 and I(o)s, X(2)G =Xy

Figure 5 — Short circuit at the high-voltage side of
a power station unit with on-load tap changer

If the partial short-circuit currents /(4)s, /(5)5 and /(gyg are calculated, the impedance correction
factor according to Formula (22) of IEC 60909-0:2016 for power station units with on-load tap-
changer shall be introduced, depending on the possible operating range of the generator (see
IEC 60909-0). In the case of power station units without on-load tap-changer, the correction
factor Kgg from Formula (24) of IEC 60909-0:2016 can be used when calculating /(1)so. /(2)so0

and /(g)so-
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Example

Example for the calculation of impedances and short-circuit currents in the case of a short circuit
at the high-voltage side of a power station unit with on-load tap-changer.

For this example, the data of the power station S1 = G1 + T1 in Figure 20 shall be used. The
neutral point of the unit transformer YNd5 is earthed through a reactance Xg4 = 22 Q (R4 <<

Xg1) to reduce the earth-fault factor in the case of load rejection and a simultaneous line-to-

earth short circuit at the high-voltage side of the unit transformer (see 9.2.1).
— Generator:
S.¢ = 150 MVA; U,g = 21 kV; x:j = 0,14 p.u.; xgeet = 1,8 p.u.; cosg,g = 0,85;

Rd = 0,002 Q (turbogenerator working only in the overexcited region)

— Unit transformer:
1+ =150 MVA, UFTHV/UFTLV = 115 kV/21 kV, Uyr =16 %, URr = 0,5 %, X(O)T/XT =

— Network feeder (found from a network reduction):

The fgllowing results are found for this example (see Figure 5):

ZG:

Zgt =

Z1hy

with 4

da = 110 KV; cqmax = 1.1; Ikq =13.61213KA; Rg/Xq = 04203 28; Xg)o/Xq = 3.4]

2 2
_ Uha . ULy . Cmax

))Q/RQ = 3,033 61

(21kV)?

Rs +jXq =|0,002 Q+j0,14-- U

=(0,002++j0,4116)Q

76 12 = (0,059 98 +j12,34333)Q ~ “with 7 =115KkV/21kV

2
[ _MRr e UrThv = (0,440 83 +j14,099 78)Q
100% ~100% ) St

- = JuP —uBe.=15,99219 % (xT =0,159 9219 p.u.)

=0,99597 (see Formula (22) of IEC 60909-0:2016

0,95;

9 27;

11— cos? P

A
I \J

2 2 "
Ui Uity 1+!xd — Xy

Zsk =Ks ~[tr2 Zg +gTHVJ = (0,498 79+ 26,336 68)Q

In the

Iys =

case of a three-phase short circuit (Figure 5) with U, = U q:

cU,

- (0,05022-j2,65160)kA ks =2,65208 kA

V3Zgy
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" cU "
Iyq = n =(2,711 61-j13,339 31)kA Iyq =13,61213 kA
\/EZQ
with 7z =11%Q  and  y - Za = 0,979 96 Zq
3IkQ 1+(RQ/XQ)2

Iy = Iig + L = (276183115990 91) KA [ = 16,227 66 KA

This result is also given in Table 22 for the test network.

Line-tp-earth short-circuit current 1;'(1 (see Formula (54) of IEC 60909-0:2016):

ZekZ
Zyy K =2 = (0,732 67 +4,24215)0 Zo) = L)
Zsk*<q
Z sk Z
Z(g) 4= (2,093 92 + 14,398 90)

Zoysk T Z0)a
with Zioysk = KsZgythy +3Zy

= (0,440 83+j0,95-14,099 78)9-0,995 98 +j66Q = (0,439 06 +j79,340 87)Q
and Zyq =(310142+17,498 23)Q

\/ch \/ch
n _ n

Ly Y Zo) Y Zo) 2Zgxy* L

— (1390 88 - 8,942 26)kA Iy = 9,049 79 kA

Iyq =

This result is also given in Table:23 for the test network.

Partigl short-circuit currents in Figure 5:

Z
Lins 125 = =% =(0,00109 - 0,493 00)kA
s Thos =30, + 24

g Ehgie = =0 =" = (0.46254 - |2.487 76 )kA
==

S Zsk t4q

= (0,008 53 - j0,553 14)kA

L Zosk  _ .
Low="%"7 " 4+, ~ (0,455 10 - j2,427 61)kA

Zoysk * Zo)a
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Iips =a’I(ys *al(p)s *+ L(g)s = (0,007 44 - 0,060 14)kA

Ii3s =al(gg + 321(2)3 + Lig)s = (0,007 44 - j0,060 14)kA

Current from the transformer neutral point to the earthing arrangement:

Ii4s *+ Lios + I35 = 3L = (0,025 60 - 1,659 42)kA

5 Cpalculation of short-circuit currents in a low-voltage system U, = 400.V

5.1 Problem

A lowtvoltage system with U, = 400 V and f = 50 Hz is given in Figure6.5The short-gircuit

currents 11: and i, shall be determined at the short-circuit locations F1 to{F3. It may be asqumed

that the short circuits at the locations F1 to F3 are far-from-generator-short circuits (se¢ 3.16
of IEG 60909-0:2016).

The eguipment data for the positive-sequence, the negativessequence and the zero-seqlience
systefns are given in Table 3.

Q
T2
e. > Cable L2 2 U, =400V
Ndtwork [=4m

( = _ Cablel3 Overhead line L4

[ ’ F2 /=20m 1=50m F3
U,oF 20KV Cable L1
I"kQ F 10 KA

IEC
Higure 6 — Low-voltage system U, = 400 V with short-circuit locations F1, F2, F§3

5.2 |Determinationh_of the positive-sequence impedances

5.2.1 Netwotk-feeder

Accordingto.Formula (6) of IEC 60909-0:2016 with cq=C¢qmax = 1,1 (see Table 1 of
IEC 6P9@9-0:2016), it follows:

S _%Ung 1 _1120kV [0,41 kV

By 2 B-10KAL 20 kV
X = Zat 0,534
Qt — > _\/ >
T+(Rat / Xqt)*  y1+(01)

Zqt =(0,053+]0,531) mQ

2
] =0,534 mQ

mQ =0,531mQ RQt = 0,1 XQt = 0,053 mQ
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Table 3 — Data of electrical equipment for the example in Figure 6 —

Positive-sequence and zero-sequence impedances (Z3) = Z(4))

Equipment Data Formulae ;(1) ;(0)
(IEC 60909-
0:2016)
mQ mQ
Network " -
feeder Unq = 20 kV; Ixq = 10 kA
Q €q = Camax = 1,1 (Table 1 of (6) 0,053 +j0,531
IEC 60909-0:2016)
R, =0,1X,
Transformers
T1 St =630 kVA; U1y = 20 kV 2,684 +j10,053 2,684~ (9,550
(Dyn 5) Uy =410 V5w = 4 %;
P, =6,5kW; R -/R-=1,0;
XkrT e 005 )Tt (7) to (9)
O)T°T o K from (12a)
T2 St =400 kVA; U1y, = 20 kV 4,712 +j15,699 4,712 + j14,914
(Dyn 5) Uy =410 V5w = 4 %;
Py 1 = 4,6 kKW; R(O)T/RT =1,0;
X(O)T/XT =0,95.
Ljnes
L1 Two parallel four-core cables; 0,385 +j0,395 1,425 +j0,7115
¢ =10m; 4 x 240 mm2 Cu
z, = (0,077 +j0,079) Q/km
Ry = 3,7R; Xoy = 1,81 X,.
L2 Two parallel three-core cables; 0,416 +j0,136 1,760 + j0,165
£ =4m; 3 x 185 mm2Al;
Z, = (0,208 +j0,068) O/km Data and ratios
Ry =423 R;; X = 1,21 X Ry /R
X(O)L/XL
L3 Four-core cable Q'Ve“fbytthe 5,420 + j1,740 16,260 + j7,760
¢ =20m; 4 x 70 mm2/'Cu; mﬁ:)a(c;g;er
z, = (0,271 +j0,087) Q/km
Ry = 3R,; X = 4,46X, .
L4 Overhead |ine; ¢ =50m: 18,519 + J14,850 37,037 + J44 549
g, =.90.mm? Cu; d = 0,4 m;
7$="4,55 mm?
Z, = (0,3704 +j0,297) Q/km
R(O)L = 2RL; X(O)L = 3XL.; n=1
5.2.2 Transformers

According to Formulae (7) to (9) and (12a) of IEC 60909-0:2016, it follows:

— Transformer T1:

2 2
_ugr1 Ufy _ 4% (410V)

=10,673 mQ

T7100% Sqq 100% 630KVA
2 2
Rrq= Bet1 _ Bot UrT1LV:6’5kW'(41OV)
2 2

=2,753mQ
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X71=+Z3, - R?; =10,312 mQ 1= G 10'6273 M2 _0,03865 p.u.
Uity /St (410V)* 1630KVA
Z1q=(2753+j10,312) mQ
K14 =0,95.—Max___qo5. 105 ~0,975
1+0,6x71 1+0,6-0,038 65
— Transformer T2:
2 2
7}, = T2 Uty _ 4% (410V) ~16,810mQ
100% S7, 100% 400 kVA
2 2
R 4,6k W-(410V
Ry, = fh2 ngsz _ ( . ) _ 4,833 mQ
S0 (400 kVA)
Xio =\ 75, - Rfp =16,100 mQ  xpq=— i 16’1200 M 0,03831 pu.
Uty I Sm - (410V)7.1400kVA
7}, =(4,833+16,100)mQ
1,05

K}, =095.—max__ _gg5. P _0975

1+0,6xry  1+0,6-0,03831
Zix =K19 Z1o =(4,712+j15,699)mQ

5.2.3
— Line L1 (two parallel four-core cables):

Lines (cables and overhead lines)

Z|4= 0,5-(0,077 + j0,079)%-10 m\= (0,385 +j0,395)mQ
— Lipe L2 (two parallel three-core cables):

z), = 0,5-(0,208+j0,068)%-4m =(0,416 +j0,136)mQ
Line L3 (four-core.cable):

Z|5 = (0,271+j0,087)%-20 m= (5,420 +j1,740)mQ

— Lipe L& (overhead line, according to Formulae (14) and (15) of IEC 60909-0:2016):

Rbe _omm® __oo.0, O
* 4y 54m.50mm2 km
-4
XL4:2nf“—O 1+Ini :27c~503_1-47t 10 °H) 1 n 0.4m :0,2973
2nl4 2nkm (4 0,455.102m km

Q

Zi4= (R'L4 +jX'L4)-z = (0.370+]0,297). - -50m = (18,519 + j14,850)mC2

5.3

5.3.1 Transformers

Determination of the zero-sequence impedances

For the transformers T1 and T2 with the vector group Dyn5, the following relations are given by

the manufacturers:
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Royr =

Rt and X(g)r = 0,95 X7 (see Table 3)

Together with the impedance correction factors Ky from 5.2.2, the following zero-sequence

imped

ances of the transformers are found:

5.3.2 ’L_Ll.n.ﬁ_(.r.a.b.l.ﬁ_a.n.d_ounhga.d_lmes\
— Lipe L1 (two parallel four-core cables):

RipyL = 3.7 R; X)L = 1,81 X with return circuit by the fourth conductor and sufrou

CO
Z(

— Lipe L2 (two parallel three-core cables):
Ry = 4,23 R; X)L = 1,21 X with return by sheath:

Z(

— Lipe L3 (four-core cable):

Ry
Z(

— Line L4:

)
cu

Z(
5.4
5.4.1

5.4.1

Accor
positi

A Calculation of [IZ

nductor:

L2 = (4’23RL2 + J1,21 XLZ) = 1,760 + 10,165) mQ

L = 3 R; X(o)L = 4,46 X with return circuit by the fourth conductor, sheath and ea

erhead line with Ry = 2 R| and X(gy 5-3-X| when calculating the maximum short-
rrents:

Calculation of I; and i, for three-phase short circuits

Short-circuit location F1

ding to Figure™7, the following short-circuit impedance at the location F1 is found f
e-sequenee-system:

nding

rth:

Circuit

or the

IN
I
I

4 t+ZT1K (Zrok + 211+ Z1) (1,881+6,746)mQ

ZTIK T Z72K T 207 T 212
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Q F2

Zrox Z,

1

| S | | S |

Z 45 2,
Qt et F3
| S | | S |

Zrik

01

IEC

Figure 7 — Positive-sequence system (according to Figure®6)
for the calculation of I|: at the short-circuit location F1

Maximum initial symmetrical three-phase short-circuit current (Formala-(33) of
IEC 6D909-0:2016) with = 1,05 (Table 1 of IEC 60909-0;2016):

€ = Cmax

kU,  105-400V

L= =
"Bz V37,003 mo

=34,62 kA

5.41.p Calculation of peak current according'to method b) of 8.1.2 of IEC 60909¢
0:2016

The peak current is calculated according to section 8.1.2 of IEC 60909-0:2016, becauge the
partia] currents are not independent and' the system has parallel branches, which |s the
condifion for the application of 8.1.1 ofJlEC 60909-0:2016.

Becayse the calculation of Z, is-carried out with complex quantities, it is easy to find i with

methqd b) of 8.1.2 of IEC 60909-0:2016 using the R/X-ratio at the short-circuit location |or for
highef accuracy method c¢) of 8.1.2 of IEC 60909-0:2016.

Impedance ratio at the short-circuit location:

EZ_RL:ﬂ:o,zn;
X K 6746

Ky, = 102709876 SF=T.435 (Formura (57) of TEC 60909-0:2076)

Because the R/X-ratio of Zt,« + Z 1 + Z 5 is higher than 0,3, it is necessary to introduce the
factor 1,15 in method b) (see 8.1.2 of IEC 60909-0:2016).

i =115 &p V2 Iy =115-1,445./2 34,62 kA = 81,35 kA

5.4.1.3 Calculation of peak current according to method c) of 8.1.2 of IEC 60909-
0:2016

The impedance Z; = R, + jX, is calculated with the equivalent frequency f, = 20 Hz (f = 50 Hz).
The calculation procedure is similar to the calculation of Z, but using the following 20 Hz
quantities. In general, the impedances Z must be converted to Z. according to:
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fo

Z=R+jX - Zo=R+jX -—==R+]jX,
Zqie =(0,053+)0,212)mQ
Z11ke = (2,684 + 4,021 )mQ Z1oke =(4.712+6,280)mQ
Z,4¢ =(0,385+)0,158)mO Z, 5, =(0,416+)0,054)mQ
Z Z +Z +Z
Zc :ﬁthc 4 ZT1Kc (—T2Kc Zl1c —L2c) _ (1,8738+j2,7076)mQ
ZT1ke T Z12Ke T ZL1c T Z12c
R_He Jo _1874mQ 20Hz .0 ke =1,02+0,98-e3RX — 1447
X X, f 2708 mQ 50Hz
ine = 6 N2 I =1447 /234,62 kA = 70,86 kA
Methqd a) is not adequate in this case (see 8.1.2 a) of IEC 60909-0:2016). This method ghould
be usgd only as a first approximation, if the short-circuit(current calculation is carried oyt with
reactgnces only. Method a) would lead to x, = 1,46,faking the smallest ratios R/X from Z;k
and Ziok *+ Z o + Z 4. If the network feeder with R X = 0,1 is also treated as a branch jof the
netwagrk, then a factor «x,;=1,75 would be<{found and a peak short-circuit current
ipa = $5,5 KA > i, (see 2.4 of IEC TR 60909-1:2002).
5.4.2 Short-circuit location F2
z Z 4 )(Z zZ
Zy =X + (Zraw + Zua)(Zra *+ Zig) (1,977 + }6,827)mQ
Zrik tZrok 211 4G
1|: _ i]n __105-400V 034 12kA
32z, 3-7,108m0
The cplculationith method (c) (see 8.1.2 ¢) of IEC 60909-0:2016) leads to:
Z.= 1,976+j2,732)mQ
R
ﬁ:_c.izm.%zoggg Ke —102+0,98-e 38X _ 1432
X X, f 2732mQ 50Hz

Ip

e = Ko N2 I, =1,432-/2 -34,12KA = 69,07kA

NOTE The decisive ratio R/X is mostly determined by those of the two branches Z;, + Z , and Z, *+ Z , with R/X =
0,294 and 0,324. These two ratios are similar to R, /X, ~ 0,29 leading to x, = 1,431. The calculation with method b)
but without the additional factor 1,15 would lead to

i = K -2 I =1,431-/2 -34,12KA = 69,05kA
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5.4.3 Short-circuit location F3

(ZT1 K+ZL4 )(ZTzK +Z 5 )

Z1ik tZ1ok Y211+ 210

o __cUp __ 105400V
“ Bz, J3-34,928 mQ

=6,94 kA

R fo 25914 mQ 20Hz

R_fo Jo 2272 _ 1106 K, =102+0,98 e 3R _ 1055
X ¥, / 9368 mQ 50Hz

= A N2 1, =1,055-4/2 6,94 kA =10,36 kA

5.5 [Calculation of 1;1 and i, for line-to-earth short circuits

5.5.1 Short-circuit location F1

Figurg 8 gives the equivalent circuit in the positive-sequence, the negative-sequence and the
zero-gequence system of the network in Figure 6 with a-line-to-earth short circuit in F1.

Z0)T1K (Z(O)TzK +Zoyw1 +Zo)L2 )

Zo) = = (2,440 + }6,009)mQ

Zoyrik T Zoyt2k T Zo)L1 + Zo)L2

The initial symmetrical line-to-earth short-circuit current is calculated according to Formula (54)
of IEQ 60909-0:2016. In-this case, this current is greater than the three phase initial short-gircuit
current:

V3 cUs S /3:1,05-400V

=T o0374ma > TKA
2Z(1) %2 0) S

Igq =

The peak short-circuit current 7,1 IS calculated with the factor Kc) - 1,447 found from the
positive-sequence system in 5.4.1:

i1c = K *N2 Igq = 1447 -\/2 -35,71kA = 73,07 kA

NOTE Taking Z, and Z)e in a more detailed calculation to find «_ and ip1: the following results can be found:

R _ 2R+ Roe fo _5827mQ 20Hz 0
X 2Xg+Xqoe S 7.876mQ 50Hz

Ke =1,02+0,98e RN ~1423 ipte =Ko V2 - Ix1 =1423 /2 -35,71kA = 71,87kA

In this case, the difference is only 1,7 %.
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Q F2
Zrok Zi,
[ o — 1
Loy Z5 Z4 F3
| A ey B
ZT1K A1(1) Zu
+— 1 1
F1
Positive-sequence system ) TCUn I3
01
Q F2 -7 =7 =g
A Z, / 1(1) T2 T H0) Ttk 3
[ (I
Zat 4s 44 F3
¢t
ZT1K A1(2) Zu
t+—— —
F1
Negative-sequence system
02
Q F2
Z(O)TzK Z(O)Lz
Z(O)Qt Z(0)L3 Z(0)1_4 F3
A
Zork  THo  Zous
1
F1
Zero-sequence system
00 T

Figure 8 — Positive-sequence, negative-sequence and zero-sequence system with
connections at the short-circuit location F1 for the calculation of 1,21

5.5.2

Ziy =2y =24k = (1977 +j6,8279mQ

| (Z(O)Tﬂ( +Z(0)L1)<Z(0)T2K +Z(O)Lz)

Short-circuit location F2

(see 5.4.2)

Z) = =(2,516+)6,109)mQ
ZoyT1k 4Tk T Z0)L1 T Zo)L2
L= V3¢Un  _~/3:105-400V _ 34.08KA
20,795mQ

RL {11+ Z(0)

in1c = K¢ *N2 Iyq =1,432:/2 -34,98kA = 70,82 kA

5.5.3

Zyy=Z() = Zx =(25916+)23,417)mQ

Short-circuit location F3

(see 5.4.3)

I \/g-cUn

_/3-1,05-400V

k1 = =
‘2z(1)+z(0)‘ 150,549 MO

=4,83kA

IEC
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in1c = Kg N2 Igq =1,055-+/2 -4,83KA = 7,21kA

5.6 Collection of results

The collection of results for the example in Figure 6 is given in Table 4 for short-circuit
impedances and currents and in Table 5 for the Joule integral (Formula (108) of
IEC 60909-0:2016).

Table 4 — Short-circuit impedances and short-circuit currents

Shlc:a’t‘ii;:\"" 7K 2(1) 7(") ": ;p(°) 1;‘.1 ;p ) Il'(' ”I'('
mQ mQ kA kA kA kA

F1 7,003 6,378 34,62 70,86 35,71 73,07 1,03

F2 7,108 6,606 34,12 69,07 34,98 70,82 1,03

F3 34,928 80,79 6,94 10,36 4,83 7,21 0,70

The Jpule integral is calculated at the short-circuit locations F2,and F3 in Figure 6 using the
factorg m and n given in Figure 18 and Figure 19 of IEC 60909-0:2016. The factor m is calctlated
with the formula for m given in Annex A of IEC 60909-0:2016%The cut-off times (short-gircuit
times|T,) for the fuse are found from a given characteristic 0f‘a low-voltage fuse of 250 A.

Table 5 — Joule integral depending on T at the short-circuit location F2 and F3

Sholt-circuit I" Protection Ty K m? n® Joule integral®
logation k type

KA s (kA)%s

F2 34,12 0,06 1,43 0,198 1 83,68
Circuit-

F3 6,94 breaker 0,06 1,06 0,058 1 3,06
250 A

E3 e) 4,83 0,06 1,06 0,058 1 1,48

F2 34,12 < 0,005 - - - < 0,56

'F3 6,94 Fuse 250 A 0,02 1,06 0,173 1 1,13

E3 ) 4,83 0,07 1,06 0,049 1 1,72

a8 Calculated with fermula for m (see annex A of IEC 60909-0:2016).
b F3r-from-genetator short circuit: I =Ig;n=1.

¢ Fqrmula_(108) of IEC 60909-0:2016.

d  Clt-off-characteristic-of-the-fuse

¢ Line-to-earth short circuit.

NOTE With a certain short-circuit duration 7, like that of the example circuit-breaker, the maximum Joule integral
occurs for the largest short-circuit current. Whereas with an extremely inverse characteristic like that of the example
fuse, the largest Joule integral occurs with the smallest short-circuit current, which can be a single line-to-earth short
circuit, as in the example at the short-circuit location F3.
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6 Calculation of three-phase short-circuit currents in a medium-voltage system

6.1

Influence of asynchronous motors

Problem

A medium-voltage system 33 kV/6 kV (50 Hz) is given in Figure 9. The short-circuit current
calculation shall be carried out without and with asynchronous motors fed from the 6 kV busbar,
to show their contribution to the short-circuit currents at the short-circuit location F. Figure 9
gives the circuit diagram of the three-phase AC system 33 kV/6 kV and the data of the electrical
equipment. The neutral points of the medium-voltage system are isolated.

The s
three-

(Ska 1
gives

The ¢
is per

A sho
the re
locati

Figure 9).

6.2
The ¢

with the formulae given in IEC 60909-0.

The s
the pa

lk:

~

wherg

T2

IbsTation 33 KV/6 KV With two Network transformers 5.1 = 15 MVA €ach is fed throug
core 30 kV cables from a network feeder with U,q = 33 kV and [g2413

V3Upalkq = 750MVA (see 3.6 of IEC 60909-0:2016). The distribution system op
this information about the network feeder calculated in accordance withJJEC 60909

blculations are carried out with complex impedances (see 6.2). Injaddition, a calcy
ormed with quantities of the per-unit system (see 6.3).

rt-circuit current calculation with the superposition methodris_presented in 6.4 to sho
sults for the short-circuit currents depend on the load flowjthe voltage at the short-
bn before the short circuit and the position of on-load-tap-changers of transformer;

Complex calculation with absolute quantities

pmplex short-circuit impedances in Table>6 are calculated with the data in Figure

rtial short-circuit currents inFigure 9 (see 7.1.1 of IEC 60909-0:2016).

71+ L2 + Lot + Lo

is the partial short-circuit current from the three parallel motors with P, = 1 MW
(Figure 9), dealt with as one equivalent motor M2.

h two
12KA

erator
0.

lation

w that
circuit
5 (see

9 and

hort-circuit current lk at the short-circuit location F is found from a complex addifion of

each
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Network feeder:
I'\q=13,12kA
Ry 1X,=0/1
Q U, =33KkV
\ \
Cable Z: Cable Z:
R, =0,1Q/km R ,=0,1Q/km
X ,=0,1Q/km X ,=0,10Q/km
1=4,85km 1=4,85km
A A
T1 _ T2 .
S11= 15 MVA S0 = 15 MVA
Ugery = 0.6 % 1= Uiy ! Upryyy = 33KV /16,3 kV Ugrry =8
Uqq = 15 % U 1= 15 %
r T1’ ipT1’ IbT1’ IkT1 B — I’k(T1,T2) - [’sz' ipT2’ Isz' Isz
J U, =6 kV
\ CB1 \ CB2 CB3
Non-rotating
load I L
pM1 Tom2 I i 4o Iy
Toms Tomz Fle—<XT—
k3
M M M2
3~ ) M 3~ ) (3%)
Asynchronous motors M1: Three asynchronous motors
U, =6kV:P._=5MW treated as an equivalent motor M2
™o ™o each of them with the following data:
cosg,, = 0,86; Ny = 0,97
A U =6KV;P =1MW
Ll I,=4p=2 ™ ™
cosq,, = 0,83; My = 0,94
LT 7 T G,G,[/ =4
IEC

Figure 9 — Medium-voltage network 33 kV/6 kV: data
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Table 6 — Calculation of the short-circuit impedances of
electrical equipment and Zk(T1,T2) at the short-circuit location F,

without motors (circuit-breakers CB1 and CB2 are open)

No. Equipment Formulae (IEC 60909-0:2016) and calculation Impedance
Q
1 Network feeder © 7o cQUaa 1 1,1.33kV (6,3kv]2 0,058 2
t = Ty = : ,
AT g 2 V313,12kA 33KV
Xqt =0,995Zq;; Rgt=0,1Xqy
Zat = Rat +iXat 0,005 9,+'j0f057 9
Cable L1 1 Q 6,3kV )
a e = ' . . — —_— . i
2 = cable L2) Rae=Rea ! 2 0 480k (33kv]
.1 .0 6.3kV
X|_1t=X|_1~/-—2:0,1—~4,85km-['—
= km 33kV
Zy g = R+ Xt 0,017 7 +j0j017 7
3 [Transformer T1 2
2
= transformer T2) (7)) Zpq=—k Uiy _ 15% .(6,3kV) 0,396 9
100% ST 100% 15MVA
2 % 83KV
ugr Uiy _ 0.6% ( ’ ) 0,015 9

(8) Rrq=

100% S 100%- 15MVA

(9)  X1q=42%-R%, 0,396 6

(12a) K1 =095 _max____( o588
1+0,6-0,1499
Z1k = KT (54 +XT1) 0,015 2 + j0 380 2
4 L1+ T1=12+T2 ZL e %11k = ZLot T 21k 0,032 9 +j0/398 0
5 L1+ T1 L2+T2) | 2. +7
n paraue)l| | : MT—W 0,016 4 +j0[199 0
6 IShort-circuit T+ 7
mpedance without Zymim2) = Zat + SRl =TIK 0,022 3 + j0f257 5
motors ' 2
7 Motor Md 2
2 6kV
(30) Zyq= 1 Uf_M:l( ) 1,501
IR S 4 BMVA
with Sy =——™ < gMVA
Tlrm COS ¢rm
Motor M2 2
2
(three units 1 MW) (30) Zyp=t 1 U _1 1 (k)" 1,702
3 IRl Sm 3 55 1,28MVA
; Bm
with s, =——M = 1,28MVA

7IrM COS Prm

The sum g;'m +£;'(T2 zgf(m T2) at the secondary side of the transformers is found with Zk(T1,T2)
from Table 6.
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" " cU. 1,1-6kV . "
[ n_ ! —(127-[1469)kA I ~14,74KA
KNI B Zrra) 3(0,0223+]0,2575)0 (127 - 14,69) KT.72)

The partial short-circuit currents of the motors are found with Z,,4 and Zy,, using Ry, = 0,1 X
and X, =0,995Z2, (see 6.10 of IEC 60909-0:2016) for asynchronous motors with
Plp 21 MW.

11-6kV

" CU .
Lt = —= =(0,25-j2,53)kA Iyt = 2,54kA
S V3:Zyy  N3:(0,149+(1494)Q ( J ) kM1
d(Mz : cUy, 1,1-6kV = (0,22—j2,23)kA [I:Mz = 2 24KA

(32, 3-(0170+)1694)Q

The afdition of the partial short-circuit currents i1+ Lo, g1 and Liypoleads to

I = (L75-19,44)kA I, =19,52kA

Accorfding to 6.10, 8.1.1 and Formula (59) of IEC 60909-0:2016, the peak short-circuit current
is foupd as follows:

ip = ip|71,72) + o1 + ipm2 = (37,03 +6,27 + 5,53 )kA = 48,82 kA

with the partial peak short-circuit currents

fo(1.7h) = KN2 I(r1.72) = 17872 14,74KA =37,03 kA

with R/X = 0,022 3/0,257 5 and k= 1,78 (Formula (57) of IEC 60909-0:2016)
iom1 &2 Ty = 175-/232,54 kA = 6,27 kA

with Ry 1/Xp4 = 054and « = 1,75 (Table 4 of IEC 60909-0:2016)

iom2 K32 Iga = 17542 -2,23 KA = 5,53 kA

with Ryp/Xyo = 0,1 and « = 1,75 (Table 4 of IEC 60909-0:2016)

According to 9.1.6 and Formulae (67), (68), and (69) of IEC 60909-0:2016, the symmetrical
short-circuit breaking current for a minimum time delay ¢, = 0,1s is found as follows:

min
T =1Tp(r1,12) + oM + Tom2 = Li(71,712) + Hm1dmilkmt + Hmzamz iz

Iy = (14,74+0,80~0,68-2,54+0,72~0,57-2,24)kA =17,04kA

with zq11 =0,62+0,72-e 703244 — 0,80
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gu1 = 0,57 +0,12-In(2,5) = 0,68

o =0,62+0,72.7032605 _ g 72

gy = 0,57 +0,12-In(1,0) = 0,57

The maximum DC component ipc of the short-circuit current at ¢ = ¢,,;, = 0,1 s can be estimated
with Formula (81) of IEC 60909-0:2016.

iDC = .DC(T'],TZ) + iDCM'] + iDCMZ = (1,372 + 0,155 + 0,1 37)kA =1 ,66 kA
. . " —2nft(RIX
with i1 12) = V2 e 1) € 2 ) =1,372kA

oot |- V2 T - € 27 R Xut) _ 0 155KA

inoma|= V2 To - € 27 B2 X2) _ 0 137kA

Becayse the asynchronous motors do not contribute to{the steady-state short-circuit current
(Ium1 F O, Iypm2 = 0) in the case of a terminal short circgity the steady-state short-circuit current

in F bpcomes:
T = I(r1.72) + Dot + Timz = T(71,72) = 14, 74KA

6.3 [Calculation with per-unit quantities

It is sufficient in this case to consider only the reactances, when calculating the short-gircuit
currents; therefore this calculation, using per-unit quantities, shall be carried out with the
reactgnces of electrical equipment.

For thie calculation with-per-unit (p.u.) quantities, two reference values shall be chosen. These
refergnce quantities (index R) shall be:

Ug = U, =6 KV or 33 kV and Sg = 100 MVA.

Per-upit‘quantities (with asterisks [*] as a superscript before the symbol) therefore are defined
as follows:

URr Sr UR SR

If the system is not coherent, that means Utuy/Uiry # Unnv/UnLy, the rated transformation
ratio related to p.u. voltages becomes:

* _Uhy Urekv _ 33kV  6kV

=0,9524

The procedure for the calculation of the short-circuit reactance "X ¢ 12) without the influence
of motors is given in Table 7 (similar to Table 6).
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Table 7 — Calculation of the per-unit short-circuit reactances of
electrical equipment and *Xj 74 12 at the short-circuit location F

No. Equipment Formulae (IEC 60909-0:2016) and calculation Reactance
p-u.
1 Network feeder 2 R CQ'*UnQ 1 11-1p.u. 1
6 Xatx———v 5= : > 0,1617
3-"1q  3-433pu. 09524
2 Cable L1 . .
able XL1t=XL1~(~S—F§-*12=O,1£~4,85km-M' L 2 0.049 1
U§ i km (33kv)" 09524 '
3 c 2
Transformer T1 7 _ T .Ur2T1LV Sk _ 15% _(6,3kV) 100 MVA A1 5)
100 % SFT1 U'% 100% 15 MVA (6 kV)2 /
(12a) Kt =0,9588 (see table 6)
ik =K1+ X4 1,057 3
4 |L1+T1=L2+T2 * * * *
Xt ATk = Xt + X1k 1,106 4
S (LT +THI(L2+T2) (*XL1t+*XT1K)/2 0,593 2
6 |[Short-circuit * o * *
reactance (p.u.) without Ke(r12) = Yot +( Kae+ XT1K)/2 0,714 9
motors
a "Il = kg -Ur/Sg =13,12 kA-33 kV/100 MVA = 4,33 p.u.
b yl=33kv;
¢ UJ=6kV
Shortjcircuit current [k(T1 T2) without motors:
. A 11-1p.u.
" AK(TrT2) - Y p-U.
" x n SR 100 MVA
[k(T1,'| 2) = lk(T1,T2) a =0,888 4p.u.-—— =14,81kA
The r aUtGIIUUO C‘llll‘.“l thc Dhult \J;I\Ju;t UUIIUIItD \Jf thc ClOyIIUhIUIIUUO IIIUtUIO ;II P'u' dal'c (LTJTrN = UR
=6 kV):
* 1 S 1 100 MVA
XM= ~—R=—~—=4,167p.u.
Lrmm S 4 6MVA
* 1 1 S 1 1 100 MVA
R ———-——=4735p.u.

X =—t— e =
M2 =3 iy Sy 3 55 1,28 MVA

* 0

It =

c-Ug _ 111pu.
\/§'*XM1 \/54,167pu

=0,1524p.u. Iogr = Iy S—R = 2,54kA
R
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Ieviz
If the

*[IZ _

=1, -“R =11748p.u.

c- Ug 11-1p.u. « aw S
-— "R _ =0,134 p.U. Lo = Iy -~ = 2,23 kA
NER J3-4,735p.u. kM2 = M2 g

asynchronous motors contribute to the short-circuit current in F, then

*II:(T1 12)t w1 + Tz = (0,888 4+0,152 4 +0,134) p.u. = 1,174 8 p.u.

JOOMVA _19,58KA

UR ORV

The rgsults from this p.u.-calculation are nearly the same as those found in 6.2.

6.4

The p

Calculation with the superposition method

superposition method is given in IEC TR 60909-1.

The s

of the
(Figur

be ap

nort-circuit currents depend on the load flow before the short €ircuit, the operating v

blied for the superposition method:

a) Trdansformer T1, T2:

On-load tap-changer pr = +18 %; u, = 16,5 % at + pr and u,_ = 14,0 % at —pr.

b) Ldgad currents at the 6 kV busbar before (superscript b) the short circuit:

I

= (0...2,75) kA with cos¢” = 0,8 or gos¢° = 0,9 found from s* =3.UP . >

c) Operating voltages before the short circuit:

U

= (6...6,6) kV; U, = 6 kV; U, = 7,2 kV (according to IEC 60038:2009)

U4 = (30...36) kV; U, = 33 kV; U, = 36 kV (according to IEC 60038:2009)

The plartial short-circuit current 1k(T1,T2)S fed from both the transformers calculated wi

super

bosition method (index S) is found from the superposition of the load current g(bﬂ 12)

the sHort cireuit/and the current !k(T1,T2)Ub depending on the voltage U":

rincipal procedure to find short-circuit currents and partial short-cireuit currents with the

bltage

33 kV and 6 kV system and the position of the on-load\tap-changer of the transformers
e 9). The following information in addition to that already given in 6.1 and Figure 9 shall

th the

hhefore

] b " b U
L(r1,12)8 = L(r1,72) * Lm1,72)00 = L(T1,72) * g [o 5-21(1)+(2q +0.5-Z )/rz}
. RVAY Zq WLy

(1)

The impedance Z1(t) = Z14(¢) = Z1,(t) of the transformers (without correction factor) depends on
the actual transformation ratio ¢ (u,, = uy(?) 2 uy).

The relation between the voltages Ug and UP at the later short-circuit location is given by the

follow

ing formula:
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b 0,52 (t)+0,5Z
U8=\/§tU—+ Zr(1)+ ZL b

V3 12 -

2021

()

Figure 10 gives in a first case the results according to Formula (1) and Formula (2) if the tap-
changer is in the main position (r=17 =33 kV/6,3kV =5,238 and u.(t) = uy, =

ug, = 0,6 %), depending on S (cos¢® = 0,8) and the voltage U® as a parameter. In addition, the
influence of cos¢® is indicated for the example U®P = 6,0 kV. It is anticipated that the voltage
U§ has values between 33 kV (U,q) and 36 kV (Upq)-

15 %;

Figurel 11 gives the results for the short-circuit currents I;S found with the superposition'm

at the

short-circuit location F (Figure 11) if the motors (M1 and M2) are included-and th

load fap-changers have different positions. In addition, u,(f) is given in the lowervpart

figure
circuit

with

and /|

In the short circuit, the current before the short circuit is zero, therefore‘the total
current at the short-circuit location is found as follows:

Ixs = Ii(1,12)Ub * Lk(M1,M2)Ub

I v
Ly, m2)ub = 5 I Zorm
AVTREA)

'K(T1,T2)Ub according to Formula (1).

ethod

e on-
pf the

short-

®)

(4)
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NOTE

Tap-changer is in the main position.

IEC

Figure 10 — Short-circuit current 1I:(T1,T2)S calculated by the superposition method (S)

comy

As an
in ma

As ex
for ca

Esped
curref

n position.

ts in-Kigure 11.

ared with II:(T1,T2)IEC calculated'by the IEC method of equivalent voltage sour

the short-circuit location, depending on the load SP and the voltage U

hmples the followirig loads: SP = 0, Sb = 15 MVA and S = 30 MVA at cos¢P = 0,8 arg
lculations, .Considering a voltage range between U& =30kv and U =36kV -

ially the~maximum voltage Ug =Umpq is limiting the region of possible short-

ce at

additional information,(the operating voltage is plotted, tap-changer of the transformers

used
Una-
circuit
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S A
@
R~
r+5%
L 19,55 kA
L-5%
e 36 KV SO w
-SP=30MVA, USK33KV '~ - NN ""~.36 v N
-~ 36 kV
pr=-18% Br=0% pr=18%
4,295 4,766 5,238 5,710 6,181 ¢
IEC
NOTE | Motors are included. The tap-thanger position of the transformers is adapted to the voltage U” and the load
SP (cospp® = 0,8).
Figure 11 — Sheort-circuit current /g calculated by the superposition method ($)
compared withiycc calculated by the IEC method of equivalent voltage source at|the
short-circuitlocation, depending on the transformation ratio # before the short cifcuit
7 Clalculation of three-phase short-circuit currents for a power station unif and

71 Problem

Three-phase short-circuit currents at the short-circuit locations F1 to F5 in Figure 12 shall be
calculated according to IEC 60909-0.

A power station unit with on-load tap-changer (S) with S,g = S, = 250 MVA is connected to a
network feeder with U,q = 220 kV. The actual short-circuit current is given as /g =21kA by
the transmission system operator (without the contribution of the power station unit), calculated
in accordance with IEC 60909-0, ¢ = ¢, = 1,1. The unit transformer is equipped with an on-

load tap-changer at the high-voltage side (see 6.7.1 of IEC 60909-0:2016). The auxiliary
transformer AT is a three-winding transformer (see 6.3.2 of IEC 60909-0:2016) with two
secondary windings feeding the two separate auxiliary busbars B and C with U,g = U,c = 10 kV.
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The influence of the medium- and low-voltage asynchronous motors shall be taken into account
when calculating short-circuit currents in F2 to F5 (see 7.1.3 of IEC 60909-0:2016). The low-
voltage motor groups, connected to the busbars D and E, are treated as equivalent motors (see
7.1.3 of IEC 60909-0:2016).

The terminal short-circuit currents of the medium-voltage motors M1 to M14 and the low-voltage
motor groups M15 to M26 are calculated in Table 8 and Table 9 using Table 4 of IEC 60909-
0:2016. The impedances of the connecting cables between the busbars and the motors are
neglected. The results therefore will be on the conservative side.

It is ant|C|pated that all the asynchronous motors are in operatlon at d|fferent Ioads This
will al f f f ' ’
the as ynchronous motors at busbar B reaches ZSrMB ~ 40 MVA and at busbar C approximately

>.S:md = 30 MVA. Contrary to these rated apparent powers, the maximum auxiliary)lead during
operation of the power station unit will reach approximately 25 MVA < §,o1 = 0, 15,g in g coal-
fired power station.

In 7.3}4 dealing with the short circuit in F4, it can be shown that the motors fed from bugbar C
only gontribute less than 1 % to the initial short-circuit current I£F4. §o-the results for the short-

circui{ currents in F4 are nearly the same, if the motors M8{..M14 and the motor groups
M21..JM26 are not in operation.
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Figure 12 — Power station unit (generator and unit transformer

with on-load tap-changer) and auxiliary network with
medium- and low-voltage asynchronous motors: data
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7.2 Short-circuit impedances of electrical equipment
7.21 Network feeder

According to 6.2 and Formula (4) and Formula (5) of IEC 60909-0:2016, the impedance Zn of
the network feeder at HV side is found with 7,q =21kA, Rg/Xq = 0,12 and ¢ = ¢y = 1,1
(Table 1 of IEC 60909-0:2016).

L, Uy 11220k
O By V3-21KA

=6,653 Q

Zq 6,653 O

- - - 6,606 0 Rq =0,12Xq
\/1+(RQ/XQ)2 J1+(012)°

Zq = (0,793 + 6,606) Q

For thle calculation of the maximum short-circuit currents at the short-eircuit locations F2 to F5,
the yalue Zgm, corresponding to /ugmax = 525kA  shall jbe used (see 7.2[2 of

IEC 6P909-0:2016). I, qmax With Ro/Xq = 0,1 is estimated from the future planning of the power
systefn taking into account the lifetime of the power station ‘unit:

_ Cl{nQ _ 1,1-220 kV ~ 26610
\/g Ikaax \/5 -52,5kA

ZQmin

Zamin|= (0,265 + [2,648) O

7.2.2 Power station unit
7.2.2.4 Generator

Accorfding to 6.6.1 of IEC 60909-0:2016, the impedance Zg of the generator is found at LY side
with Slg = 250 MVA, U,g=21 kV, Rg = 0,0025 Q and x:, =17 %.

Zg = Rg +iXg = (050025 + j0,2999)Q Zg =0,29990

3 2
with k&2 Us _ 17% (21kV)

& = =0,2999 O
100% S,g 100 % 250 MVA

The fictitious resistance R shall be used (see 8.1.1 of IEC 60909-0:2016), when calculating «
and i,:
p

Rg =0,05Xy  (Sg =100 MVA)

Zgt = Rap +jXg =(0,0150+0,299 9)0

7.2.2.2 Unit transformer

According to 6.3.1 of IEC 60909-0:2016, the impedance of the unit transformer at the high-
voltage and the low-voltage side is found as follows:
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2 2
ug Uy _ 15% (240KkV)

100% St 100% 250MVA

2
100% S 100% 250MVA

with ug, = IE“T -100% = 0,208 %

rm

XThy

Z1hv

Short
tl’ = 24

Z1Ly

7.2.2.

= 734 - R34y = 34,5570

— Rrpy + X7y = (0,479 + j34,557)Q

circuit impedance of the unit transformer referred to the, lew-voltage side

0 kV/21 kV = 11,429:

Z1nv : ZTHv
— t—z = (0,0037 + JO,265)Q ZTLV = t2 = 0,265Q
r r

3 Power station unit with on-load tap-changer

Accorgding to 6.7.1 of IEC 60909-0:2016 and Ug,="U,q:
12
Kg = Una ) Ur2TLV . Cmax
2 g2 "
Ui Urthy 1+‘xd—xT‘-1/1—cosz(prG
2 2
220kV)"  (21kV) 11
Kg = o R =0,913
(21kv)?  (240kV) 1+(0,17-0,15/-0,625 8
2
Zsk =|Ks '(lr Zg +ZTHV)
{ 240kV Y’ W
Zgk 10913- [ S j -(0,0025+j0,299 9)Q +(0,479 + {34,557)0 | = (0,736 + |67,301)
Using the fictitious value Ry, the following impedance is found:
Zgt =(2,226 +)67,313)Q Rgf/Xg =0,033
7.2.3 Auxiliary transformers

with

The positive-sequence system impedances of the three-winding transformer AT (Figure 12)
referred to side A are found from Formulae (10a), (10b), (10c) of IEC 60909-0:2016:
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2
Zag = URrAB JrqurAB . Uraa =(0,0416+]1,234)Q
= 100% 1100% ) Srag

with ugag = ‘Z“TAB 100% and uy pg = JuZag — uéas (Formula (10d) of IEC 60909-0:2016)
rTAB

ZAC = ZAB = (0,041 6+J1,234)Q

2
7 (ugipe  uxac ) UTA o ccma o oao)
—BC = P "’J o . —\U,UOU’*"‘JL,LUL)&Z
L 100% "100% ) Sirac

The impedance correction factors K7 can be found from Formulae (13a), (3b), (18c) of

C
K = K =0,95.—Ma& ___ _1003
TAB TAC 14 016xTAB
C
K = (0,05.—MaX_ (0,969
TBC 1+ 0, 6- XTBC

The gqorrected Zpagk to Zgck lead to the corrected, impedances Zpy, Zgk and Zok (Formulae

(11a)] (11b), (11c) of IEC 60909-0:2016) of the eguivalent circuit diagram given in Figurel 6b of
IEC 6P909-0:2016:

1 .
Z K T E(KTAB Zpg + Ktac Zac — KTc Z5g) = (0,0028+(0,1268)Q

1 .
Zpk 4 Zck =§(KTBC Zgc + K1ag Zas — K1ac Zac) =(0,0390+j1,1109)Q

7.2.4 Low-voltage transformers 2,5 MVA and 1,6 MVA
7.241 General

According to Figure 12, there are five transformers (T15...T19) on auxiliary busbar B and
five transformers' (T21..... T25) on auxiliary busbar C, each with St = 2,5 MVA, Urpy/UltLy =
10 kV[0,73-KV' (Table 8). The transformers (T20) and (T26) with S+ = 1,6 MVA, U rhy/UltLy =
10 kW 0542°kV (Table 8) are connected to the busbars B (T20) and C (T26). Each of |these

transformers—feeds—a group of aeynr\hrnnnlle motors (Tahln R) The impnr’lanr\ne of the
transformers are calculated with 6.3.1 of IEC 60909-0:2016 and the correction factors K+ from
Formula (12a) of IEC 60909-0:2016, taking the data given in Table 8.

7.2.4.2 Transformers S+ = 2,5 MVA (T15...T19, T21...T25)

2 2
uet1s Urtisny _ 6%  (10KV)"

Zr15my = - =240
TV 7100%  S1q5  100% 2,5MVA

2 10kV)?
Rraspy = Roet1s -—UrTfHV = 0,023 5MW _(10kv)" - =0,376Q (ugy =0,94%)
Sfr1s (25MVA)
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Crmax _ 11

K =0,95- 95—
T15HV 1+0,6 - x715 1+0,6-0,0593

=1,009

Z11snvk = (0,379+)2,392)Q = Z o4y

ZT15HVK = ZT16HVK = ZT17HVK = ZT18HVK = ZT19HVK

IEC TR 60909-4:2021 © IEC 2021

Z121HvK = ZT22HVK = ZT23HVK = £T24HVK = ZT25HVK

7.2.43 Transformers S, = 1,6 MVA (T20, T26)

2 2
_tgto0 Uftgory _ 6% (10kV)

= = =3,750
100% Sqoo  100% 16MVA

ZT20H

2 2
UZ0my (10kv
Rrgoly = Retao - 1224V = 0,016 MW —)2 = 0,645Q

20 (16MVA)
KpooHy =0,95-—<max___ _q M 009
10,6 x790 1+0,6-0,059 1

ZraoHvk =(0,650+]3,728)Q = Zraec

Referfed to the low-voltage side:

1

Zraoly = Zraony - =(1138+6,516)mQ
r
c 1,05
K =095 Mmax___ _0o5.___=> _____( 063
200V 1+0,6 - x99 1+0,6-0,059 1

(1 =10KV/0,42KV)

(uge =103%)

ZooLvk = (1096 +]6,277)MQ = Z1og)
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Table 8 — Data of transformers 10 kV/0,73 kV and 10 kV/0,42 kV, data
of low-voltage motor groups and partial short-circuit currents of these

motor groups on busbars B and C respectively

Transformer motor T15...T19 X T15...T19 T20 X T15...T20 Remarks
groups T21...T25 ¥ T21...T25 T26 > T21...T26
T MVA 2,5 12,5 1,6 14,1
Uithy kV 10 10 Data given
by the
ULy kV 0,73 0,42 manufacturer
Uy, % 6 6
Pt kw 23,5 16,5
M MW 0,9 4.5 1,0 55 Data ‘of motor
groups
Um kV 0,69 0,40
cosgyl 7 - 0,72 0,72
I gl - 5 5 See 7.1.3 of
IEC 60909-0:2016
R/ Xy, - 0,42 0,42 See 7.1.3 of
IEC 60909-0:2016
oy - 1,3 1,3 See 7.1.3 of
IEC 60909-0:2016
Sem MVA 1,25 6,25 1439 7,64 Pl cosoy )
Rrnvk Q 0,379 0,650 See 7.2.4
Xravk Q 2,392 3,728
Ry Q 0,029 5 0,008 9 Ry = 0,42 X\,
Xy Q 0,070 2 0,021 2 X, =0,922 7,2
I kA 5,491 10,53 P c=1,05;
kM U, = 0,69 kV}
U,p=0,4kV
2 Q 5,536 5,054 t. =10 kV/0,78 kV
Rwit = fm -4 y
or
Q 13,179 12,033 =10 kV/0,42 kV
Xyt = fiw- ’ ' I '
RTuvd + Rmt 5,915 1,183 5,704 0,980 at the 10 kV sfde
XTHvEk + XMt 15,571 3,114 15,761 2,600
16,657 3,331 16,761 2,779
ZTHVK Mt
" " kA 0,381 1,906 0,379 2,285°¢ U, =10KkV,
Ixtra> ZliTra ne

c=1.1

b

@  Z,, from Formula (31) of IEC 60909-0:2016.

Partial short-circuit current in F5.

¢ Partial short-circuit current in F4.
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7.2.5 Asynchronous motors

Data and short-circuit impedances of the medium-voltage motors M1...M7 connected to busbar
B and motors M8...M14 connected to busbar C in Figure 12 are given in Table 9. Using
Formula (30) and Formula (97) of IEC 60909-0:2016 and bearing in mind that U, = U, in this

case, the following formula, used in Table 9, can be found for the calculation of I;M:

oy =—Yn__Un IR I AR
- - - Il
\/§Z|v| N Ay Ur|\/|/\/g Iy

Data and short-circuit impedances of the low-voltage motor groups are given in Table 8. This
table gives also the partial short-circuit currents of the motor groups (M15 to M20) at, the| high-
voltage side of the transformers T15 to T20 in the case of a short circuit in F4.(busbar B in
Figure 12).

7.3 Calculation of short-circuit currents
7.3.1 Short-circuit location F1

7.3.1.4 General

The sport-circuit current 7, in F1 can be calculated as the sum of 1, and I, . The current 7,4
shall be calculated with Zg according to Formula (21) of {EC 60909-0:2016 for a power gtation
unit with on-load tap-changer. It is not necessary 40 take the asynchronous motors of the

auiniIry network into account, because their ovgrall contribution is smaller than 1 % of I|: in
this case (see 7.3.3).

7.3.1.2 Initial symmetrical short-circuit current !]'(

s _|eUna _ 11-220kv
HATNB.zq  V/3:(0,793+6,606) 0

={2,502 - j20,850)kA

.| ey 1,1.220kV
Lo =f—19 = : =(0,023-j2,076)kA
TS TBzek  3-(0,736+67,313)Q ( J )

I = Ilq + L =(2:525 - ]22,926)kA I = 23,065kA

7.3.1.8 Peak short-circuit current ip

From the impedance Zg, it follows that Rq/Xq = 0,12 and xq = 1,704. From the impedance Zg¢
(see 7.2.2), the ratio Rgi/Xg = 0,033 is found and xg = 1,907.

iy = ipq +ips = KqV2 - Ixq + kg2 - Iyg = 170442 - 21 kA +1,908+/2 - 2,075 kA = 56,20 kA

7.31.4 Symmetrical short-circuit breaking current I,

Iy = Inq + Ips = Ikq + #- Ixs = 21kA +0,859 - 2,075kA = 22,782kA

~0321g /1,

with 1 4=0,62+0,72-e G (Formula (67) of IEC 60909-0:2016 for #,,;, = 0,1 s)
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The ratio I;G/IFG is found as follows:

e _

IrG

Isi _ 2.076KA-(240kV/21kV)
I /1, 6,873kA ’

7.3.1.5 Steady-state short-circuit current I,

I = Ieq + Iks = Ikq + Amax - Irgt = 21KA +1,65-0,601kA = 21,992kA

2021

The factor 4.5, = 1,65 is found from Figure 15a) of IEC 60909-0:2016 for xyg, = 2,0,

highe
factor
7.3.2

7.3.2.

In ac
currer

shall
dimern
break

7.3.2.

5t possible excitation voltage is 1,3 times the rated excitation at rated load and

for the turbogenerator S,g = 250 MVA (see also 2.6.2.2 of IEC TR 60909-1:2002).
Short-circuit location F2

L General

tordance with Figure 11 and 7.2.2 of IEC 60909-0:2016, both the partial short-
ts I,ZG (Formula (35) of IEC 60909-0:2016) and I;T (Formula (37) of IEC 60909-0:

be calculated, because the highest value of these “two currents is used fg
sioning of the bars between generator and unit transfotmer and, when present, the G
br between generator and unit transformer.

R Initial symmetrical short-circuit currents I|:G and I;T

U 1,1-21kV

I =

and Z

= — 44,73kA
V3 -KgsZg ~/3:0,994-0,2999Q

ormula (36) of IEC 60909-0:2049:

L Cmax L1 090

1+ Xy 1—cosZyg \1+017-0,626

5 according te, 5.2.2

2l 1,1-21kV _46.81KA

Igr =

Zamin B «/;|0,005 7+0,285/Q

if the
bower

Circuit
2016)

r the
ircuit-

‘/§'ZTLV+T

with  Zqmin = (0,265 +j2,648) @ from 7.2.1, Zyy = (0,0037 +j0,265) Q@ from 7.2.2 and
t, = 240 kV/21KV.

In this case, the highest value of the calculated currents and the contribution of the auxiliary
substation have to be used for the dimensioning of the bus bar between generator and the unit

transformer: IIZT and IlZATHV’ calculated in 7.3.3:

Ikt + IxaThv = (46,81+6,36)KA = 53,17KA

Lyt +

gLATHV‘ =[1,76 - j53,11kA = 53,14kA
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7.3.2.

G =

3 Peak short-circuit currents i g and i 1

k2 - Irg =1,86+/2 -44,73KA = 117,88KA

with RIX = Rge/Xy =0,05 and xg = 1,86 (Formula (57) of IEC 60909-0:2016).

iyt = K72 - Ier =1,944/2 - 46,81KA = 128,62KA

with R/X' = 0.0057 © /0.285 Q = 0.02 and x¢ = 1.94

7.3.2.4 Symmetrical short-circuit breaking currents I, and I
Ipg =|u- I = 0,71-44,73KA = 31,75kA

with g 1 =0,62+0,72-e %%%a!le 0,71 tin = 0,18

I/l = 44,73kA/6,87KA = 6,51

Iyt =

7.3.2

IxGmak = Amax - Irc =1.75-6,87kA =12,03kA
with 4. = 1,75 from Figure 15a of IEC 60909-0:2016 found with Iy /I, = 6,51.

IeTmak = I|:T (far-from-generator-short circuit (Formula (87) of IEC 60909-0:2016).

Takin

(see 1.3.3), the following currents for the dimensioning of the bars between generator an
transfprmer are found:

ipT +1

p Steady-state short-circuit currents &y gmax and Iytmax

(|:T (far-from-generator short circuit (Formula (73)af IEC 60909-0:2016).

j care of the contribution from the motors fed through the auxiliary transform

aTH =(128,62 +15,12)kA = 143,74kA

er AT
d unit

Tt + Lty r.:T n riATHV = (46,816 35)kA = 53 16kA_at the conservative side
7.3.3 Short-circuit location F3
7.3.3.1 Initial short-circuit currents I,gr and Iqy

Figure 13 gives the positive-sequence system for the calculation of the short-circuit current in

F3 and the partial short-circuit currents lkGT with Zg (Formula (38) of IEC 60909-0:2016) and

Lyathy at the high-voltage side of the auxiliary transformer.
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1 _ “maxUrc

Lygt = N&

+
K, 4 ZAmi
GS=C  KrgZqy+ 7_Q£mn

NERYAS

r

with Kg g =0,994 from 7.3.2, Zg =(0,002 5+)0,299 9)Q from 7.2.2, Z7 = (0,003 7+j0,265)Q
from 7.2.2, Zqmin =(0,265+)2,648)Q from 7.2.1 and

c 1 1
MdX

=1,214

K157
1 v 1-costpg  1-0.15:0626

from Formula (38) of IEC 60909-0:2016, the following partial short-circuit current is found:

1,1-21kV 1

1

Lt 73

| (0,0025+]0,298 2)Q ' (0,004 5 +]0,3212)Q + (0,002 + 0,020 3)Q

Az

R\
_/

cUrG/\/§

Busbar B

[[J Zzuv|1...|v|7)t EI Z2(M+T,15...20)t —Z(M+T21 26)t

01

I', o7 In accordance Formula (38)

ofEC 60909-0:2016

Busbar C

2(M8...M14)t ﬁ

} Auxiliary transformer AT

S —

ZMBt

D

Z
MCt IEC

Figure 13 — Positive-sequence system for the calculation
of the short-circuit currents at the location F3 (see Figure 12)

1,1-21kV
J3-(0,002 1+ 0,159 2)Q

IygT =

Zg =(0,002 1+j0,159 2)Q

=(1,11-]83,77)kA

It = 83,78KA
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The addition of g and It from 7.3.2 would lead to /g + I = 44,73KA +46,81kA = 91,54KA ,
a result which is about 9,3 % higher than I;GT found with Formula (38) of IEC 60909-0:2016.

Impedances with index ¢ are transferred to the high-voltage side A of the auxiliary transformer
with t. a1 = 21 kV/10,5 kV = 2,0.

The partial short-circuit current I oty in Figure 13 can be found from the results of Table 8
and Table 9 for the low-voltage and medium-voltage motors. The impedances in Figure 13 are:

21kV
10,5kV

2
Zy (wi|.m7). =(0,089+)0,776) Q> [ ) =(0,354 +j3,105)Q

21kV
10,5kV

IN

2
ST 15..20)c = (0,980+j2,601)Q2 ( ] ~(3,929+)10,402)Q

Zyit E(0,409+j2,418)Q (see Figure 13)

21kV
10,5kV

2
Zs (Mg M14)t = (0’138+J'1,165)Q-( j = (0,553 +j4{661)Q

Zs (T 21.26)t = Zx(MeT 15..20)t = (3,920 +10,402)0

Zyct (0,626 +(3,261)Q (see Figure 13)

The i[pedances Zpk» Zpk and-Zgk referred to side A are already calculated in 7.2.3. Fpr the
[

calculgtion of i athy , the impedance Z\ AT Is needed:

Z Z (Z Z
ZyaT[= Zak + (Zox Zine) (Zox + Zuer) =(0,273+j2,080)Q

Zgit Zek + Zvst T Zmct

g 1,1-21kV

= = —(0,826—(6,304)kA  IxaThy = 6,36KA
3 Zyar  V/3-(0,273+)2,080)Q ( : )

L aTH

This partial short-circuit current IEATHV =6,36kA shall be considered, because its magnitude
reaches 7,5 % of the current I;GT =83,78KA.

The total short-circuit current in F3 (see Figure 13) therefore reaches:

Iirs = kgt + IxaThy = (194 —90,08)kA Ies = 90,10kA

NOTE In the case of a short circuit in F3 (Figure 13), the residual line-to-line voltages at the busbars B is
approximately 4,1 kV, i.e. nearly 40 % of the line-to-line voltages before the short circuit.
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7.3.3.2 Peak short-circuit currents i,gy and igatyy

2021

The peak short-circuit current ipgT C€an be found using the two parts of Formula (38) of
IEC 60909-0:2016:

cU, cU,
ipGT:KG,S'\/E'm—rGZ+KT,S'\/§' = P
&s7a V3 (K7 g Zyy + =
:

i BB~ 244 TIKA 1052 30.05KA — 225 34UA
with fer _00150Q _ g - Kes =186 (Zg from 7.2.2)

iy 029990 ’

F‘e{KT sZ1Lv * Zami /frz}
'm{KT,SZTLv +Zamin /17 } ’

NOTE A calculation with the 20 Hz method in 8.1.2 c) of IEC 60909-Q:2016, using Zgs from 7.2.2 gnd the
impedgnce ZgT according to Formula (38) of IEC 60909-0:2016 leads to:
R _Rire fo 0005660 20Hz . 0py Kar = 1,90
X Xgro S/ 006396Q 50Hz
it = AT N2 Iygr =190-+/2 - 83,78KA = 225 27KA
The geak short-circuit current iparyy canibe found with method b) (8.1.2 b) of IEC 60909-
0:201p), but without the factor 1,15, because the relevant impedances of the medium-voltage
motorp have a ratio R/X < 0,3.
pATHY = K(p) N2 - Ipiy = 1682 - 6,36KA = 15,12kA

R
With [Rathy _ 0.273Q 50131 — k=168

Y athy 2,080 (b)
NOTE 2 A calculation with the 20 Hz method leads nearly to the same result in this case (deviation smaller than
0,4 %),
7.3.3. Breaking current and steady-state short-circuit current
The breaking current I, is of no interest at the short-circuit location F3.
The steady-state short-circuit / is dominated by I, = [|:T:

[kF3 = IkG + [kT + ]kATHV =~ ﬂ“max]rG +[|:T = 12,02kA+46,81kA = 58,84kA

with 7,

v and Iyp from 7.3.2 and Iyarpy — O
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7.3.4 Short-circuit location F4

The initial symmetrical three-phase short-circuit current at the location F4 (Figure 12) can be
found from the partial short-circuit currents as shown in Figure 14 (Figure 9 of IEC 60909-
0:2016):

Ikra = Iat +k(1..7) + I(15...20)

01

]

J Zy= ZS(1O,5 kV /21 kV)2 s Zg according to 7.3

=
—
AN
=
<

Auxiliary transformer AT

F4 Busbar B, U, = 10 kV Busbar C
|| I ] Zyc
k(1.7 k(15..20
)TCUH (3] KD (15..20)
N
) Zz(w...w) Zzuv|+T,15...20) Zz(M+T,21...2e) ZZ(MB...MM)
I'ed y
01 IEC

Figure 14 — Positive-sequence system for the calculation
of the short-circuit-currents at the location F4 (see Figure 12)

Impedances are referred to-the secondary side B of the auxiliary transformer AT.

(Zakiw ¥ Zst) - (Zekiv + Zuc)
Zariv +Zst + Zeoky +Zmc

ZyaT F ZBKLY T

Ziat F (0,089 40,277 7)Q+(0,0017 + 0,067 2)Q = (0,011 4 + j0,344 9)Q

ZyaT =0, 385102

With Zaev = Zax 175 Zekiy = Zeoky = Zex /675 Zak and Zgg from 7.2.3, Zye = Zye, /7
Zyct from 7.3.3, Z5 from 7.3.3 (see Figure 13)

S Un 1,1-10kV
AT B Zar  N3-(0,0114+]0,3449)0

= (0,610 18,394 )kA IeaT =18,40KA

From Table 8 and Table 9:
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: U 11-10kV . ..
Ly o= n ’ - (0,921- j8,075)kA Iy 7y =813KA
HT) T8 Zy iy VB -(0.089+]0,776)Q (0.921-18,075) K(1--7)

" cU, 1,1-10kV . "
I _ n _ ’ =(0,806-j2,138)kA — 2,29KA

Iirs = (2,336 - ]28,607 kA Ixpq = 28,70kA

NOTE Neglecting the influence of the motors fed from busbar C to the short-circuit current in F4 leads jto:

Zyat qZeKLy *+ Zakwy *Zst =(0,011+]0,349)0
Liar ~0,571-18,168)kA Inr =18,18KA
L =|(2,297 - 128,382)kA Iipq = 28,4TKA

NOTE R The influence of the motors fed from busbar C is smaller than 1 % to the current I 4. They [can be
neglecfed in this case.

The pleak short-circuit currents are found according 8.1.1 6P IEC 60909-0:2016), whereby the
motorg of busbar C are neglected. The currents of thedindividual branches are determined
accorging to method b) (8.1.2 b) of IEC 60909-0:2046); taking into account the relevapt R/X
ratios

ipFa =|kaT V2 Tkat + K(1..7) '\/E'Ik(m..?) 115K 20) "/E'Ik(15...20)
iF4 =[191-/2-18,18KA +172-/2-8,13kA+115*1,34 /2 - 2,29kA = 73,84KA

If the|partial short-circuit current I;AT is transferred to the high-voltage side of the aukiliary
transfprmer, it can be seen-that II:ATt =9,09 kA (without the contribution of busbar C)|resp.

I;Gt:4,85 kAis smaller_than 2,5 =2-6,87kA, so that the short circuit in F4 is a fartfrom-
generptor short cireuit’related to the generator G.

Ibra q IoaT +db1) 7) + Ip(15..20) = 22.8KA

with Aar’= I+ =18 18kA

7 "
To(r..7) = X #adilns = 4,04kA (see Table 9)
In(15..20) = #4915, 20) = 0.76-0,21-2,29kA = 0,36 kA

(#=0,76 from ¢, =0,1s and I;M/IrM =5,19 and ¢ = 0,21 from ¢.,;, = 0,1 s and P,/p = 0,05
MW; according to 7.1.3 of IEC 60909-0:2016, and the rated power of the motors from Table 8,
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7.3.5 Short-circuit location F5

The initial symmetrical short-circuit current at the short-circuit location F5 can be calculated
with the positive-sequence system given in Figure 15.

Lirs = L0 + Lim2o

For the calculation of the partial short-circuit current l;‘(TZO’ the following impedances are used

(see Figure 15):

0,42kV
10kV

2
_ Zkat - (010114“0,345)9.{ ] :(0,020+j0,608)mQ

ZaTt|=
20

01

- 2
Ziatt ™ Ziat It 120

Busbar B, U . = 10 kV
nB

ZTZOLVKd]
Ilszo

U _ =400V

nD
o R " 1
E3(M1__M7)t Z.

F5 5(M+T, 15...19)t
I

"
= kM20

ZM20 C) [cUnD /3

yr

| S|

"
kF5

01 IEC

NOTE | Impedances areeferred to the low-voltage side of transformer T20 (.o = 10 kV/0,42 kV).

Figure 15 — Positive-sequence system for the calculation
of the short-circuit currents at the location F5 (see Figure 12)

IN

Z(M Tt = Z (M7 * t2

2
L — (0089 +i0 776\0.(0’42‘(\/\ =(0157+i1370\mQ
\ I 7] \ 1 ) \ I 7]
r20

A

2
Z5(M+T,15..19)t = Z3(M+T,15..19) J = (2,087 +5,494)mO

——=(1183+3,114)Q-

1 ( 0,42kV
2
tr20

10kV

The impedance Z s is already calculated in 7.3.4. The impedances Zyy 1. m7). fespectively
Zs(M+T,15...19): are given in Table 9 and Table 8 respectively.

The impedance of the low-voltage transformer T20 is given in 7.2.4 related to the low-voltage
side:


https://iecnorm.com/api/?name=8e4b706d9c798afe31afa77c12b664ef

- 58 - IEC TR 60909-4:2021 © IEC 2021

Z1o0Lvk =(1095+]6,278)mQ Zeroo = (1126 +6,672)mO)

Uy 1,05-400V
V3 Zyrao V3 (1126 +6,672)mO

Letao = = (5,96 - j35,34)kA Iira0 = 35,84KA

The impedance Z, 15 is found from Z1,, \ in series with the three parallel impedances Z s+,

Zsm1..Mm7)t @nd Zs (M7 15, 19)t-

The impedance Z),,q is given in Table 8.

: el 1,05-400V "
I = n___ : = (4,08 -j9,71)kA I =10,53kA
MO B Zuso V3 (8,9+(212)mQ ( ie.71) kMz20
Iirs 7 Liao + Lwvzo = (10,04 — j45,05)kA Irs = 46,16 kA

The ppak short-circuit current is found with

IpFs ={ipT20 +ipm20 =115 K120 2 Iiroo + K20 V2 Tewoo

wherq xroq = 1,61 found from Ry150/Xk120 = 0,169 and xy;0¢-= 1,30 for the equivalent mqtor of
the motor group (7.1.3 of IEC 60909-0:2016). The current T is determined according to method
b) (8.1.2 b) of IEC 60909-0:2016), taking into account.the factor 1,15 due to the impeflance
Z(M+[T,15...19)t-

iFs =|115-1,61-+/2 -35,84KA +1,30-v/2 -10,53kA=113,24 kA

Due t¢ the small contribution of the motors’'M15...19 to the short-circuit current ( I;TQO =35{70kA

witholit motors instead of 35,84 kA){this can be neglected. In this case, the factor 1,19 does
not hgve to be taken into account,resulting in a peak short-circuit current of i;r5 = 100,33 kA.

Shorticircuit breaking current:

Based on the topology,-the calculation of the breaking current can be divided into two [parts:
contripution via the.impedance Zr2oLvk according to Formula (77) of IEC 60909-0:2016 and the
direct|contributionvof the motor M2 according to Formula (74) of IEC 60909-0:2016. Th¢ total
break|ng currenf\becomes:

Z ._1" '
" ZMi T Lkm " "
leS b I!‘Tzn_y]—r—-]'(1_ua"1! NE'"‘UI\II’)(\ 'al\ll')n'I! M26. =
J U TNB — T

(5,96 - j35,34) kA~ (~j0,01), ., - kA —(0,02-0,03)

\i15_iig KA +0,906-0,671-(4,08 - j9,71) KA

Iors = (8,42 j41,19) KA Iyrs = 42,04 kKA

at £, = 0,02 s With zyyp =0,84+0,26-67%2%5% and ¢y, = 0,671 taking P/p = 0,05 MW for

the equivalent motor M20 (see 7.1.3, 9.1.1, and 9.1.2 of IEC 60909-0:2016). The factors u; and
gj, the impedances, and the currents of the other motors are determined according to Table 8
and Table 9, for a time of #,,;, = 0,02 s, where the factor y always has the value 1 in all cases.

Steady-state short-circuit current:
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Ikrs = Ikt20 + Tkm20 = Ikt2om = 34, 72KA

because Iy =0 (see Table 4 of IEC 60909-0:2016).

8 Calculation of three-phase short-circuit currents in a wind power plant

8.1

General

Wind power stations and photovoltaic power stations shall be considered only in case of the
lation of the maximum short-circuit current ;" (see IEC 60909-0). Therefore, the

calcu

kmax

subscfipt "max" is omitted in the following.

8.2

Problem

A winfl power plant with ten wind power station units W is given in Figure 16.“The wind

plant

s connected by two parallel cables L1 and the transformer TWP te:the 110 kV ng

feedef Q.

The
calcu

initial symmetrical short-circuit currents and the peak short:circuit currents sh
lated at the short-circuit locations F1 to F14 whichare identical to the

numbers 1 to 14.

Three| variants are to be regarded:

1) th

b wind power plant consists of ten wind power station units with doubly fed asynchr

ggnerators (WD);

2) th
3) th

b wind power plant consists of ten wind\power station units with full size converters

b wind power plant consists of five wind power station units with doubly fed asynchr

bower
twork

all be
node

pbNnous

(WF);
DNOUS

ggnerators (W1 to W5 in Figure 16)”and of five wind power station units with full size
converter (W6 to W10).

The Igngths of the cables are givenrin Figure 16. The other equipment data shall be seen from
Table[10.

The short-circuit currentsiat the short-circuit locations F1 to F3 shall be calculated W

consi

eration of these'cables, to show the influence of the internal wind power plant cab

the short-circuit currents.

In ad
calcu

llated neglecting the internal wind power plant cables.

ithout
les to

cﬂtion, theysymmetrical breaking currents at the short-circuit locations F1 to F3 shall be
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Upg = M0 KV

v = 20w

8.3

The §
accor

L2 1100 m L3 550 m
2 3 NA2XS2Y 150 mm?
mm 4 5
L1 13100 m
2x NA2XS2Y 500 mm? W3 wa
L4 790 m [ L5 170m L6 400 m 8
6 7
L7 550 m

L9 L10

L8 950 m 240m 290 m L11 495m

L12 150 m

14

Figure 16 — Windfarm with\ten wind power station units

Data and short-circuit impedances of electrical equipment

hort-circuit impedances of_glectrical equipment are arranged in Table 10, calc

jing to the formulae of IEC(60909-0.

IEC

ilated
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Table 10 — Data and impedances of the electrical equipment

(see Figure 16) referred to the 20 kV side

Data Formulae (IEC 60909-0:2016) and calculation Impedance

Q

Network feeder Q U 2

Unq = 110kV (6) Zqt = ‘Q”nQ .%:Jﬂ'”ow .[20 kv Zqt =0,2199

" 3.1 t 3-10,5kA (110kV
Ikq =10,5kA Bha i
Z
cqQ =C¢max = 11 XQt:% i Rt =01 Xgy
Rq =0,1 Xq 1+(Rq/Xq)

Zne =0,0219+]0,218 8

Zor - Rt T At

Transfformer TWP
SirwH = 31.5MVA

Urrwpny = 110kV
UrTwhLY = 20kV
ur =1R%

urr =P.6%

2
ug  Ufwery _ 12% (20kV)

(7)z =
100% Sqwp  100% 315MVA

TWP =

2 2
uge  Ufwery _ 06% (20kV)
100%  Swp 100 % 315 MVA

2 2
(9) XTwp = Zfwp - Rfwp

Zrwp = Rrwp +JXTwp

(12a) g — 0,95 - cmax _ 0,95-11
T7940,6 xrwp 1+0,6-0,11985

(8) Rrwp =

=0,9749

Ztwpk = KTZ1wWp

Zrwp =523 8
Ryjyp 20,076 2

XTwp =15219
Zqyp =0.076 2415219

Zqypk =0.074 3+ 1483 7

Wind Power Station Units WD
Srwp E 25MVA

Urwp|= UrtwpHy = 20kV
AWDmbx = 388A

Ikwbfnax =12 Irwp °
KWD T 1,7 ) RWD =0,1 XWD

V2 5w U ppyypiye) V2 1720 kY
V3 - iwDmax /30,388 kA

(28) Zyp =

ZwWD

(29) ZWD = (RWD/XWD + J) —2
A 1+(RWD/XWD)

Zwp =71548 7

Zwp =7.1194+71/193 6

Wind Power Station Units WF

SywE 2,5 MVA

5 1 = = =7217 A -
SI‘WF 2,5MVA 'WF \/g U \/g 20 KV ZWF [e'e]
Urwil = 20kV FOWE = lewFmax = 13- Iye =13-7217 A=9382 A
Iskwi = lkwFmax =13 Lrwr °
Cablg L1 Two parallel cables:

NA2XS2Y 500 mm?
R'=0,p681Q/km

1 .
Z 4 =E~(0,0681+10,102) Q/km-13,1km

Z, 1 =0,446 1+ 0,66 1

X'=0[102 Q/km

Cablg L2 to L12 Z,,= (0,211 +j0,122) Q/km-1,1 km Z,=0,2321+0,134 2

NA2XS2Y LSThm* Z,5 = (0,211 +j0,122) Q/km-0,55 km Z,,=0,116 1 + (0,067 1

R'= 01213 Odkm Z,, = (0,211 + j0,122) Q/km-0,79 km Z,=0,166 7 + (0,006 3

A Oz Ok St B A2 DO ke S = 6:035-9-+46-020 7
Z = (0,211 + 0,122) Q/km-0,4 km Z,,=0,084 4 +0,048 8
Z,, = (0,211 + j0,122) Q/km-0,55 km Z,,=0,116 1 + 0,067 1
Z,4 = (0,211 + 0,122) Q/km-0,95 km Z,4=0,2004 +0,115 9
Z = (0,211 + 0,122) Q/km-0,24 km Z,,=0,050 6 + 0,029 3

Z, 40 = (0,211 +j0,122) Q/km-0,29 km
Z, .,y = (0,211 +j0,122) Q/km-0,495 km
Z, 4, = (0,211 +j0,122) Q/km-0,15 km

Z,,, = 0,061 2 + (0,035 4
Z,,, = 0,104 4 + 0,060 4

Z,,,=0,0316+0,018 3

a Specified by the manufacturer.

b The short-circuit contribution of a full size converter depends on the requirements

of the system operator,

the typical range is between 1,0 to 1,3 related to the rated current Towe- In this case, a factor of 1,3 is used.
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8.4 Nodal admittance and nodal impedance matrices

The nodal admittances and nodal impedance matrices are symmetrical and have the order
14 x 14. The rule for the formulation of the nodal admittance is given in Annex B of

IEC 60909-0:2016. The non-diagonal elements are equal for the three variants of the wind
power plant. The non-zero elements above the main diagonal are found as follows in 1/Q:

i, :%:0,0337—1' 0,6723; Y, 4 :%:0,69124 10353; Y34 :%:3,2290—1' 1,8670
Z1wpPk AR Zi>

Va6 = =4,4961-]2,5996 ¥4 10 = ——=37388-]21618; Y, =——=6,4580— 3,734 0
AW Z[8 Z3

Yo7 7 L=20,893 5-j12,080 6; Y;q :L=8,8797—j 5134 2; Y;q =L:6,4580—j3,7340

| Zis AT 7 Zyy

Y1011 =ZL:14,799 5-]8,5571; Yqq 1, =ZL:12,2479—J’7,0817

Zig Zi10
Y4114 = 1= 23,6793 13,6913 Yy5 45 = ~7,1755- ] 4,148%9

Zi12 ARY

The djagonal elements of the nodal admittance matrices arelisted in Table 11.

Table 11 — The diagonal elements of the nodal
admittance matrices for the three variants in 1/Q

Variant 1 Variant 2 Variant 3

Wind power plant with ten
wind power station units WD

Wind power plant with ten
wind power station units WF

Wind power plant with five jwind
power station units WD and five
WF

Y, -0,486 1 +j5,196 4 -0,486 1 +j5,196 4 -0,486 1 +j5,196 4
Y,, -0,724 9 +j1,707 6 -0,724 9 +j1,707 6 -0,724 9 +j1,707 6
Yy, -12,156 5 + j7,677°6 -12,1551 +j7,663 7 -12,155 1 +j7,663 7
Yy, -9,688 4 +j5,614 9 -9,687 0 +j5,601 0 -9,688 4 +j5,614 9
Y5 -6,4594 +j3,747 9 -6,458 0 +j3,734 0 —6,459 4 +j3,747 9
Y6 —257;890 9 + j14,694 1 —25,389 5 +j14,680 2 —25,390 9 +j14,694 1
Y, , =36,231 2 +j20,948 8 -36,231 2 +j20,948 8 -36,231 2 +j20,948 8
Ygq -8,881 1+ j5,148 2 -8,879 7+ j5,134 2 -8,881 1+ j5,148 2
Y4 =6,459 4 F 3,747 9 =6,458 0 F 13,7340 =6,459 4 F 3,747 9
Y010 -18,539 8 +j10,732 8 -18,538 4 +j10,718 9 -18,538 4 +j10,718 9
Y14 -50,726 7 +j29,330 1 -50,726 7 +j29,330 1 -50,726 7 +j29,330 1
Y12 —-19,424 8 +j11,244 5 -19,423 4 +j11,230 6 -19,423 4 + j11,230 6
Y343 -7,176 9 + j4,162 8 -7,1755 +j4,148 9 -7,1755 +j4,148 9
Y414 —23,680 7 +j13,705 2 -23,679 3 +j13,691 3 -23,679 3 +j13,691 3

The nodal impedance matrices are the inverse of the nodal admittance matrices.
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8.5 Short-circuit currents for the wind power plant with ten wind power station units
wD

The initial symmetrical short-circuit currents at the short circuit locations F1 to F14 are
calculated by Formula (33) of IEC 60909-0:2016 with U,, = 20 kV and ¢ = ¢, = 1,1 (Table 1 of

IEC 60909-0:2016):

I cUp,
kFi =15
RERAY =1...14

The apsolute short-circuit impedances are identical to the absolute diagonal elements Z;; [of the
nodallimpedance matrix (see Table 12), see Annex B of IEC 60909-0:2016.

The initial symmetrical short-circuit current at the short-circuit location F1 is obtained from:

Tkrr ={Ikrr20kv -~ 5 = 99100kA-— = Tl =0

" Upq 1 110kV(20kV
Un  trwe

2
] =10,745kA

The peak short-circuit currents i,5, and ippq are found from Formula (56) and Formula (67) of
IEC 6P909-0:2016 with the ratio R /X, from 8.1.2 b) of IEC 60909-0:2016 without the factor 1,15
and with the ratio R/X for 20 Hz accordingly 8.1.2 c¢) of IE€ 60909-0:2016.

iy = iy2- I x =102+0,98 e 3R

The results are given in Table 12.

Table 12 — Short-circuit impedances~and short-circuit currents at F1 to F14 for wjnd
power stations units with doubly fed asynchronous generators WD

F U, Z, zZ, II:N . Iowp® I;(' R X, ins50 020
kv Q Q kA kA kA kA kA

1 110 0,652 70 +j6,468 5 | 6,501 3 | 10,500 0,246 10,745 | 0,1009 | 26,503 26,504
2 20 0,1038 +j1,400 4 1,404 3 7,449 1,603 9,045 0,074 1 23,085 283,129
3 20 0,353 7 +j1,785 6 1,820 3 5,223 1,764 6,978 0,198 1 15,403 1%,469
4 20 0,559 4 +j1,909 1 1,989 4 4,758 1,638 6,385 0,293 12,883 12,974
5 20 0,668 2 +j1,973 8 | 2,083 9 4,537 1,570 6,095 0,3385 | 11,852 11,945
6 20 0,492 6 +j1.870 2 1934 0 4,893 1.687 6.568 02634 | 13,604 15,698
7 20 0,524 2 +j1,889 4 1,960 7 4,823 1,668 6,478 0,277 5 13,25 13,348
8 20 0,603 5 +j1,936 4 | 2,028 2 4,659 1,617 6,262 0,3117 | 12,441 12,540
9 20 0,633 2 +j1,954 0 | 2,054 0 4,599 1,598 6,184 0,324 12,162 12,262
10 20 0,509 5 +j1,882 6 1,950 3 4,838 1,689 6,513 0,2706 | 13,402 13,517
11 20 0,551 1 +j1,908 6 1,986 5 4,743 1,667 6,394 0,288 7 12,95 13,075
12 20 0,604 8 +j1,941 3 | 2,033 4 4,628 1,635 6,247 0,3115 | 12,411 12,542
13 20 0,702 5 +j1,9996 | 2,1195 4,436 1,574 5,993 0,3513 | 11,540 11,670
14 20 0,580 8 +j1,926 2 | 2,011 8 4,682 1,648 6,313 0,3015 | 12,648 12,773

@ Partial short-circuit currents of the network feeder.

b Partial short-circuit currents of the wind power station units.
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Figure 17 shows the equivalent circuit diagram of the positive-sequence system if the internal

wind

Figu

power plant cables L2 to L12 (see Figure 16) are not taken into consideration.

Lot F1 Zrwpk F2 24 F3 ZWD/ 10
— "1 +—— }—
T
Q]wn,@
vl"kF120
01

IEC

re 17 — Equivalent circuit diagram for the calculation of the short-circuit)curr

tHe location F1 without the consideration of the internal wind power plant cabl

(values are related to the 20 kV voltage level), variant 1

The f¢llowing short-circuit impedances in the 20 kV level can be found ffem Figure 17.

Zim

ZyF2

ZyF3

The s
0:201

Ta

Zat(Zrwek + Zi1+ Zwp/10)
Zat + Ztwek T Z11+ Zwp/10

=(0,0215+j0,213 8)Q

(Zat + Zrwek ) (204 + Zwp/10)
Zot +Z1wpk + 211+ Zwp/10

=(0,1018+]1,398-8)02

(Zat + Zwpk +211)- Zwp/10
Zat + Ztwek + 211+ Zwp/10

= (0,348 911,783 9)Q

b are shown in Table 13.

ble 13 — Short-circuit impedances and short-circuit currents at F1 to F3 for wi

pqwer stations units with doubly fed asynchronous generators WD neglecting t

internal wind power plant cables

] \ “ “ In | T Iy N
kV Q Q kA kA kA kA

1 110 0,651 6 +j6,467 7 6,500 5 10,500 0,247 10,747 10,657

2 20 0,101 8 +j1,398 8 1,402 5 7,449 1,613 9,056 8,315

3 20 0,348 9 +j1,783 9 1,817 7 5,223 1,775 6,988 6,089

nt at
s

hort-circuit currents at the locations F1 to F3 calculated by Formula (33) of IEC 6(0909-

nd
he

Without the consideration of the internal wind power plant cables, the symmetrical breaking
currents at F1 to F3 can be calculated by summation of the contributions of the network feeder
and the wind power plant (see 9.1.6 of IEC 60909-0:2016):

Iy =

Ioen + oriwp = Iein + #worilkwori = Ikein +100kwpmax 1= 1,2, 3

The results are listed in Table 13, last column.
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Alternatively, Formula (77) of IEC 60909-0:2016 can be used with U, = 110 kV for F1 and U,, =
20 kV for F2 and F3 and the factor yyp according Formula (71) of IEC 60909-0:2016:

1 If .
HMWDF; = kKWDmax_ _ “kWPmax ; Tewpmax = 10/kwpmax = 0,866 OkA

TwwoFi LowpFi

" A ;
Ipp1 = Igq —10 -%(1—#\,\,[),:1)-&\,\“3,:1 = (1,077 310,692 7)kA —(0,0112—j0,067 5)KA =
n

(1,066 1—j10,625 1)kA

Iyq =[10,678KA

" Zwo - I ;
Ippo + Ixpp —10-ZWD_KWDF2 (4 40 nes ) Tawpra = (0,6573 - 19,0324 )kA —(0,1459%/0,7366 kA =

cUn/\/§

(0,52%4 — j8,3663 kA

Ik 4 8,383KA

; Zwo - I ;
Loz 3 Ikrs —10-%%.(1—#%%)-1%“3 = (13412 - j6,8580)kA —(0,0905 — j0,9047)KA =
n

(1,2507 - j5,9533 kA
Iys 4 6,083KA

The small differences of Iyg4 and Iy, in comparison to the corresponding values in Table 13

justify] the use of Formula (77) of IEC\60909-0:2016, which represents a (very [good)
approikimation.

8.6 |Short-circuit currents for the-wind power plant with ten wind power station upits
WF

The ipitial symmetrical short-Circuit currents at the short circuit locations F1 to F14 are
calculated by Formula (34).0f IEC 60909-0:2016 with U, = 20 kV and ¢ = ¢34 = 1,1 (Table 1 of

IEC 6P909-0:2016):

=1...14;;=3...6, 8...10, 12...14

; 1 U 1 ] " o
I = S 2 Ziilskwr; = IkFiwrFo + IkFiwr » !

: 2
Zuri N8 Ziri
The vplues.for the relevant quotients Z,/Z,¢; in the above formula for all short-circuit locations

are afranged in Table 14. The partial short-circuit currents of the wind power stations ht the
short-circuit locations are obtained by multiplying the last column of Table 14 with Ig g =

0,093 8 kA (see Table 15).

The peak short-circuit currents shall be determined using Formula (56) and Formula (57) of
IEC 60601-0:2016 with the ratio R, /X from 8.1.2 b) of IEC 60909-0:2016 without the factor 1,15

and with the ratio R/X for 20 Hz according to 8.1.2 ¢) of IEC 60909-0:2016.
ip = K32 lywro +¥2 - e

Kk =102+0,98. ¢ 3RX

The results shall be seen from Table 15.
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