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Chapter 1

Introduction

1.1 Objectives

This book deals with the calculation of short-circuit currents in two- and three-phase
a.c. systems as well as in d.c. systems, installed as auxiliary installations in power
plants and substations. It is not the objective of this book to repeat definitions and
rules of norms and standards, but to explain the procedure for calculating short-circuit
currents and their effects on installations and equipment. In some cases repetition
of equations, tables and diagrams from norms and standards however are deemed
necessary for easy understanding. It should be emphasised in this respect that the
presentation within this book is mainly concentrated on installations and equipment
in high voltage systems, i.e., voltage levels up to 500 kV. Special considerations have
to be taken in the case of long transmission lines and in power systems with nominal
voltages above 500 kV. The calculation of short-circuit currents and of their effects
are based on the procedures and rules defined in the IEC documents 61660, 60909,
60865 and 60781 as outlined in Table 1.1.

1.2 Importance of short-circuit currents

Electrical power systems have to be planned, projected, constructed, commissioned
and operated in such a way to enable a safe, reliable and economic supply of the
load. The knowledge of the loading of the equipment at the time of commissioning
and as foreseeable in the future is necessary for the design and determination
of the rating of the individual equipment and of the power system as a whole.
Faults, i.e., short-circuits in the power system cannot be avoided despite careful
planning and design, good maintenance and thorough operation of the system. This
implies influences from outside the system, such as short-circuits following light-
ning strokes into phase-conductors of overhead lines and damages of cables due to
earth construction works as well as internal faults, e.g., due to ageing of insulation
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materials. Short-circuit currents therefore have an important influence on the design
and operation of equipment and power systems.

Switchgear and fuses have to switch-off short-circuit currents in short time and
in a safe way; switches and breakers have to be designed to allow even switch-on to
an existing short-circuit followed by the normal switch-off operation. Short-circuit
currents flowing through earth can induce impermissible voltages in neighbouring
metallic pipelines, communication and power circuits. Unsymmetrical short-circuits
cause displacement of the voltage neutral-to-earth and are one of the dominat-
ing criteria for the design of neutral handling. Short-circuits stimulate mechanical
oscillations of generator units which will lead to oscillations of active and reac-
tive power as well, thus causing problems of stability of the power transfer which
can finally result in system black-out. Furthermore, equipment and installations
must withstand the expected thermal and electromagnetic (mechanical) effects of
short-circuit currents.

In Figure 1.1 the typical time course of a short-circuit current is shown, which
can be measured at high-voltage installations in the vicinity of power stations with
synchronous generators, characterised by decaying a.c. and d.c. components of the

« Electromagnetic effects « Thermal effects « Breaking capability
IEC 60865-1 IEC 60865-1
- . ! . IEC 60265-1
« Switch-on capability « Protection measures against
> - ) IEC 60265-1 etc.
IEC 60265-1 touch voltages in LV-installations
DIN VDE 0100-470
T « Protection in HV-systems [
Peak short-circuit current T L. .
(Maximal instantaneous value) r.m.s. value Short-circuit bregklgg ﬂ,l"ent
(r.m.s. value at switching instant ;)
24 1 /
19 Further aspects
« Touch and step voltages
14 4 DIN VDE 0141
« Interference
< 91 DIN VDE 0228

4] {\ /\ « Surge arresters
/\ /\ I \ “ IEC 60099-4
-1 ' « Overvoltages
U \/ \/ v IEC 60071-1
—6 1 tmin IEC 60071-2
« Neutral point earthing

DIN VDE 0141
Insulation co-ordination
IEC 60071-1
IEC 60071-2

« Surge arresters
IEC 60099-4

—-16- Total time duration

Figure 1.1 Importance of short-circuit currents and definition of tasks as per
IEC 60781, IEC 60865, IEC 60909 and IEC 61660
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current. It is assumed that the short-circuit is switched-off approximately 14 periods
after its initiation, which seems a rather long time, but was chosen for reason of a better
visibility in the figure. Attention shall be put on four parameters of the short-circuit
current.

e The total time duration of the short-circuit current consists of the operating time
of the protection devices and the total breaking time of the switchgear.

e The peak short-circuit current, which is the maximal instantaneous value of the
short-circuit current, occurs approximately a quarter period after the initiation of
the short-circuit. As electromagnetic forces are proportional to the instantaneous
value of the current, the peak short-circuit current is necessary to know in order
to calculate the forces on conductors and construction parts affected by the short-
circuit current.

e The r.m.s.-value of the short-circuit current is decaying in this example due to the
decaying a.c. component. Currents through conductors will heat the conductor
due to ohmic losses. The r.m.s. value of the short-circuit current, combined with
the total time duration, is a measure for the thermal effects of the short-circuit.

e The short-circuit breaking current is the r.m.s.-value of the short-circuit current
at switching instant, i.e., at time of operating the circuit-breaker. While opening
the contacts of the circuit-breaker, the arc inside the breaker will heat up the
installation, which depends obviously on the breaking time as well.

1.3 Maximal and minimal short-circuit currents

Depending on the task of engineering studies, the maximal or minimal short-circuit
current has to be calculated. The maximal short-circuit current is the main design
criteria for the rating of equipment to withstand the effects of short-circuit currents,
i.e., thermal and electromagnetic effects. The minimal short-circuit current is needed
for the design of protection systems and the minimal setting of protection relays.
The short-circuit current itself depends on various parameters, such as voltage level,
actual operating voltage, impedance of the system between any generation unit and
the short-circuit location, impedance at the short-circuit location itself, the number
of generation units in the system, the temperature of the equipment influencing the
resistances and other parameters. The determination of the maximal and the minimal
short-circuit current therefore is not as simple as might be seen at this stage [36]. It
requires detailed knowledge of the system operation, i.e., which cables, overhead-
lines, transformers, generators, machines and reactors are in operation and which are
switched-off. The assessment of the results of any calculation of short-circuit currents
must take into account these restrictions in order to ensure that the results are on the
safe side, i.e., that the safety margin of the calculated maximal short-circuit current is
large enough without resulting in an uneconomic high rating of the equipment. The
same applies to the minimal short-circuit current for which the safety margin must
be assessed in such a way as to distinguish between the highest operating current and
any short-circuit current, which has to be switched-off.
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1.4 Norms and standards

Technical standards are harmonised on international basis. The international
organisation to coordinate the works and strategies is the ISO (International Standards
Organisation), whereas IEC (International Electrotechnical Commission) is respon-
sible for the electrotechnical standardisation. The national standard organisations
such as CENELEC in Europe, BSI in the United Kingdom, DKE in Germany, ANSI
in the United States, JSI in Japan as well as national electrotechnical organisations
such as IEE, VDE, IEEE, JES etc. are working in the working groups of IEC to
include their sight and knowledge on technical items in the international standards
and documents. On national basis, standards are adopted to the widest extent to
the internationally agreed standards and documents. In some cases additions to the
international standards are included in the national standards, however their status is
“for information only’.

The application of norms and standards has to be based on the latest issues, which
can be obtained in Germany from Beuth-Verlag GmbH, Burggrafenstr. 6, D-10787
Berlin or from VDE-Verlag GmbH, Bismarckstr. 33, D-10625 Berlin. English ver-
sions are available from British Standards Institution, London/UK, in the United
States from American National Standards Institute or any national standard organi-
sation. Standards can also be searched and ordered through the web on the following
URLSs (appearance in alphabetical order):

American National Standards Institute http://www.nssn.org/help.html
British Standards Institute http://www.bsonline.techindex.co.uk
Deutsches Institut fiir Normung http://din.de

International Electrotechnical Commission http://www.iec.ch

VDE-Verlag http://vde-verlag.de

The structure of standards and norms dealing with short-circuit current calculation
as published in IEC or EN-norms are outlined in Table 1.1. The listing should not
be understood as a complete catalogue of standards but represents an overview only.
Some of the mentioned standards are actually in draft status; others include cor-
rections, additions and appendices. For details reference should be made to the
IEC-homepage or the homepage of the national standards committee. The official
actual standards catalogue is the only relevant document for any technical appli-
cation. IEC-documents and national standards refer to other norms and standards.
A short overview of these references is outlined in Table 1.2.

With respect to the calculation of short-circuit currents and their effects, the
standards are harmonised in most of the countries. The procedures and methods
described are identical to those defined in the mentioned IEC-documents. Table 1.3
shows a cross-reference list between IEC, EN and BS.

The classification numbers of the different standards differ in some cases from
those of the IEC-documents or the EN-norms, however in most of the cases, classi-
fication numbers are similar, e.g.: Australian standard AS 3865, Swedish standard
SS-EN 60865-1 and British standard BS EN 60865-1 are identical to IEC 60865-1
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(Short-circuit currents — calculation of effects; Part 1: Definitions and calculation
methods). The standards’ catalogue of American National Standards Institute, to be
accessed through the home-page of National Standards Systems Network, directly
indicates the IEC- resp. EN-documents under the heading ‘short-circuit currents’. It is
therefore fully sufficient to apply the IEC-documents for calculation of short-circuit
currents and the analysis of their effects.

Table 1.1 International documents and norms (with related VDE-classification) for
short-circuit current calculation

IEC (year) EN (year) DIN; VDE (year) Title, contents

61660-1 61660-1 VDE 0102 Short-circuit currents in d.c. auxiliary
(1997) (1997) Part 10 installations in power plants and
(1998-06) substations

Part 1: Calculation of short-circuit currents

61660-2 61660-2 VDE 0103 Short-circuit currents in d.c. auxiliary
(1997) (1997) Part 10 installations in power plants and
(1998-05) substations

Part 2: Calculation of effects

61660-3 61660-3 Appendix 1 Short-circuit currents in d.c. auxiliary
(2000) VDE 0102 installations in power plants and

Part 10 substations

(2002-11) Examples of calculation of short-circuit

current and effects

60781 HD 581 S1  Appendix 2 Application guide for calculation
(1989) (1991) VDE 0102 of short-circuit currents in
(1992-09) low-voltage radial systems
60865-1 60865-1 VDE 0103 Short-circuit currents — Calculation
(1993) (1993) (1994-11) of effects
Part 1: Definitions and calculation methods
— — Appendix 1 Short-circuit currents — Calculation of
VDE 103 effects
(1996-06) Part 1: Definitions and calculation methods

Examples for calculation

60909-0 60909-0 VDE 0102 Short-circuit current calculation
(2001) (2001) (2002-07) in a.c. systems
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Table 1.1  Continued

IEC (year)  EN (year)

DIN; VDE (year)

Title, contents

60909-1 —
(1991)

60909-2 —
(1992)

60909-3 —
(1995)

60909-4 —
(2000)

Appendix 3
VDE 0102
(1997-05)

Appendix 4
VDE 0102
(2003-02)

VDE 0102
Part 3
(1997-06)

Appendix 1
VDE 0102
(1992-09)

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

Electrical equipment
Data for short-circuit current calculations
in accordance with IEC 909 (1998)

Short-circuit current calculation in
three-phase a.c. systems

Part 3: Currents during two separate
simultaneous single-phase line-to-earth
short-circuits and partial short-circuit
currents flowing through earth

Examples for the calculation
of short-circuit currents

Table 1.2 Selection of norms as referred in standards for short-circuit current
calculation and as mentioned in this book

IEC (year) EN (year)

DIN; VDE (year)

Title, contents

60038 (mod) HD472 S1
(2002) (1989)

60050(131)
(1978)

60050(151)
(2001)

DIN IEC 60038
(2002)

DIN IEC 60050-131

(1983)

DIN 40200
(1981-12)

IEC standard voltages

International Electrotechnical
Vocabulary (IEV)

Chapter 131: Electric and
magnetic circuits

International Electrotechnical
Vocabulary (IEV)

Chapter 151: Electric and magnetic
devices

Some parts of DIN 40200 are identical
to IEC 60050




Table 1.2  Continued
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IEC (year) EN (year) DIN; VDE (year) Title, contents
60050(195) International Electrotechnical
(1998) Vocabulary (IEV)
Chapter 195: Earthing and protection
against electric shock
60050(441) International Electrotechnical
(1998) Vocabulary (IEV)
Chapter 441: Switchgear,
controlgear and fuses
60071-1 60071-1 VDE 0111 Part 1 Insulation coordination
(1993) (1995) (1996-07) Definitions, principles and rules
60071-2 60071-2 VDE 0111 Part 2 Insulation coordination
(1996) (1997) (1997-09) Application guide
TS 60479-1 Effects of currents on
(1994) human being and livestock
Part 1: General aspects
TS 60479-2 Effects of currents passing
(1982) through the human body
Part 2: Special aspects
60986 Short-circuit temperature limits
(2000) of electric cables with rated
voltages from 6 kV up to 30 kV
60949 Calculation of thermally permissible
(1988) short-circuit currents, taking into
account non-adiabatic heating effects
60896-1 60896-1 Stationary lead-acid batteries — General
(1987) (1991) requirements and methods of
test — Part 1: Vented types
61071-1 (mod) 61071-1 VDE 0560 Part 120  Capacitors for power electronics
(1991) (1996) (1997-08)
60265, 60282, VDE 0670 Switchgear, circuit-breakers, fuses, etc.
60298, 60420, Various documents of IEC,
60517, 60644, parts of VDE 0670
60694, etc.
60099, 61643 60099-1 VDE 0675 Part 1 Surge arresters
(1994) (2000-08) Various documents of IEC,

60949
(1988)

parts of VDE 0670

Calculation of thermally permissible
short-circuit currents, taking into
account non-adiabatic heating effects
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Table 1.2 Continued
IEC (year) EN (year)  DIN; VDE (year) Title, contents
60986 Guide to the short-circuit temperature
(2000) limits of electrical cables with a rated
voltage from 1.8/3 (3.6) kV to
18/30 (36) kV
VDE 0141 Earthing of special systems for
(2000-01) electrical energy with nominal
voltages above 1 kV
VDE 0228 Part 1 Proceedings in the case of interference
(1987-12) on telecommunication installations
by electrical power
installations — General
VDE 0228 Part 2 Proceedings in the case of interference
(1987-12) on telecommunication installations
by electrical power installations
interference by three-phase
installations
VDE 0228 Part 3 Proceedings in the case of interference
(1988-09) on telecommunication installations
by electrical power installations
interference by alternating current
traction systems
VDE 0228 Part 4 Proceedings in the case of interference
(1987-12) on telecommunication installations
by electrical power installations
interference by direct current systems
VDE 0226 Part 1000  Current carrying capacity
(1995-06) General, conversion factors
DIN 13321 Electric power engineering;
(1978-04) components in three-phase networks
Concepts, quantities and their letter
symbols
DIN 40110-1 Quantities used in alternating
(1994) current theory; two-line circuits
DIN 40110-2 Quantities used in alternating
(2002) current theory; three-line circuits
EN 50160 DIN EN 50160 Voltage characteristics of electricity
(1999) (2000-03) supplied by public distribution

systems
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Table 1.3  Cross-reference list of standards on short-circuit current calculation

IEC EN BS EN Remarks (title see Table 1.1)

(year) (year) (year)

61660-1 61660-1 61660-1 Short-circuit currents in d.c. auxiliary

(1997)  (1997) (1997) installations in power plants and substations
Part 1: Calculation of short-circuit currents

61660-2 61660-2 61660-2 Short-circuit currents in d.c. auxiliary

(1997) (1997) (1997) installations in power plants and substations
Part 2: Calculation of effects

61660-3  61660-1 98/202382 DC  Short-circuit currents in d.c. auxiliary

(2000) installations in power plants and substations

Examples of calculation of short-circuit
current and effects

60781 HD 581 S1 7638 Application guide for calculation of
(1989) (1991) (1993) short-circuit currents in low-voltage
radial systems
60865-1 60865-1 60865-1 Short-circuit currents — Calculation
(1993)  (1993) (1994) of effects
Part 1: Definitions and calculation methods
— — PD 6875-2 Short-circuit currents — Calculation of effects
(1995) Part 1: Definitions and calculation methods;
Examples for calculation
60909-0  60909-0 60909-0 Short-circuit current calculation in
(2001) (2001) (2001) a.c. systems
60909-1 — PD IEC TR Short-circuit current calculation in
(1991) 60909-1 three-phase a.c. systems
(2002) Part 1: Factors for the calculation of

short-circuit currents in three-phase
a.c. systems according to IEC 909

60909-2 — PD 7639-2 Electrical equipment
(1992) (1994) Data for short-circuit current calculations
in accordance with IEC 909 (1988)
60909-3 prEN 60909-3 95/203556 DC  Short-circuit current calculation in three-phase
(1995) a.c. systems
Part 3: Currents during two separate
simultaneous single-phase line-to-earth
short-circuits and partial short-circuit
currents flowing through earth
60909-4 — — Examples for the calculation of short-circuit
(2000) currents







Chapter 2

Theoretical background

2.1 General

A detailed deduction of the mathematical procedure is not given within the context
of this book, but only the final equations are quoted. For further reading, reference is
madeto [1], [13]. In general, equipment in power systems is represented by equivalent
circuits, which are designed for the individual tasks of power system analysis. For the
calculation of no-load current and the no-load reactive power of a transformer, the
no-load equivalent circuit is sufficient. Regarding the calculation of short-circuits,
voltage drops and load characteristic a different equivalent circuit is required. The
individual components of the equivalent circuits are resistance, inductive and capaci-
tive reactance (reactor and capacitor), voltage source and ideal transformer. Voltage
and currents of the individual components and of the equivalent circuit are linked by
Ohm’s law.

2.2 Complex calculations, vectors and phasor diagrams

When dealing with two- and three-phase a.c. systems, it should be noted that currents
and voltages are generally not in phase. The phase position depends on the amount of
inductance, capacitance and resistances of the impedance. The time course, e.g., of a
current or voltage in accordance with

u(t) =2 % U = sin(wt + gu) (2.1a)
i(t) = /2 * I xsin(wt + @) (2.1b)

can in this case be shown as a line diagram as per Figure 2.1. In the case of sinu-
soidal variables, these can be shown in the complex numerical level by rotating
pointers, which rotate in the mathematically positive sense (counterclockwise) with
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3

u(r);i(r)
v\w Q
i

Figure 2.1  Vector diagram and time course of a.c. voltage

angular velocity w as follows:

U =~2xU xelerteu) (2.2a)

1 =+/2% 1 xeUetteD (2.2b)

where U and / are the r.m.s-values of voltage and current, w is the angular frequency
and ¢y and ¢; are the phase angle of voltage and current. The time course in this
case is obtained as a projection on the real axis, see Figure 2.1.

The generic term for an impedance Z is given as impedance or apparent resistance

Z=R+jX (2.32)
The generic term for an admittance Y is admittance or apparent admittance

Y=G+jB (2.3b)
where R is the active resistance, X the reactance, G the active conductance and
B the susceptance. The terms for the designation of resistances and admittances as
per the above are stipulated in DIN 40110 (VDE 0110).

The reactance depends on the particular angular frequency w under consideration
and can be calculated for capacitances C or inductances L from

1
Xc=— 2.4
c=_- (2.42)
X = ol (2.4b)

For sinusoidal variables, the current i () through a capacitor, or the voltage u(r) at
an inductance, can be calculated by the first derivative of the voltage, respectively
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current, as follows:

iU):=C>deY) (2.52)
mn=L*d$) (2.5b)

The derivation for sinusoidal currents and voltages at a reactance establishes that
the current achieves its maximum value a quarter period after the voltage. When
considering the process in the complex level, the pointer of the voltage precedes the
pointer of the current by 90°. This corresponds to a multiplication by + ;.

For a capacitance on the other hand, the voltage does not reach its maximum
value until a quarter period after the current; the voltage pointer lags behind the
current by 90°, which corresponds to a multiplication by — ;.

This enables the relationships between current and voltage for inductances and
capacitances to be shown in a complex notation

I<

= joL 1

(2.6a)

I =

xU (2.6b)

joC —
The individual explanations of the quantities are given in the text above.

Vectors are used to describe electrical processes. They are therefore used in d.c.,
a.c. and three-phase systems. Vector systems can, by definition, be chosen as required,
but must not be changed during an analysis or calculation. It should also be noted that
the appropriate choice of the vector system is of substantial assistance in describing
and calculating special tasks. The need for vector systems is clear if one considers
the Kirchhoff’s laws, for which the positive direction of currents and voltages must
be specified. In this way, the positive directions of the active and reactive powers are
then also stipulated.

For comparison and transfer reasons, the vector system for the three-phase net-
work (RYB components) is also to be used for other component systems (e.g., system
of symmetrical components), which describe the three-phase network.

If vectors are drawn as shown in Figure 2.2, the active and reactive powers
generated by a generator in overexcited operation mode are positive. This vector
system is designated as a generator vector system. Accordingly, the active and reactive
power consumed by the load are positive when choosing the consumer vector system.

When describing electrical systems voltage vectors are drawn from the phase
conductor (named L1, L2, L3 or also R, Y, B) to earth (E). In other component
systems, for instance in the system of symmetrical components (Section 2.3), the
direction of the voltage vector is drawn from the conductor towards the particular
reference conductor. On the other hand, vectors in phasor diagrams are shown in
the opposite direction. The vector of a voltage conductor to earth is therefore shown
in the phasor diagram from earth potential to conductor potential.
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+P — P>
(a) +0 > (b) +Q —>
Irq R(L3) -0
Three-phase | 4YQ Y(L2) Positive Iro
a.c. system Iso | B(LI) sequence
system =
Uso | Uva U Uvo7| o
E Q Q Q o1
drotdvqTdro=0; Urqt Uyt Upo=0; Uyo=Uo/V3

Figure 2.2  Definition of vectors for current, voltage and power in three-phase
a.c. systems. (a) Power system diagram and (b) electrical diagram for
symmetrical conditions (positive-sequence component)

Based on the definition of the vector system, the correlation of voltage and current
of an electrical system can be shown in phasor diagrams. Where steady-state or quasi-
steady-state operation is shown, r.m.s. value phasors are generally used. Figure 2.3
shows the phasor diagram of an ohmic-inductive load in the generator and in the
consumer vector system.

2.3 System of symmetrical components

2.3.1 Transformation matrix

The relationships between voltages and currents of a three-phase system can be repre-
sented by a matrix equation, e.g., with the aid of the impedance or admittance matrix.
The equivalent circuits created by electrical equipment, such as lines, cables, trans-
formers and machines, in this case have couplings in the three-phase system which
are of an inductive, capacitive and galvanic type. This can be explained by using
any short element of an overhead line in accordance with Figure 2.4 as an example,
see also [1], [7].
The correlation of currents I and voltages U of the RYB system is as follows:

U Zrr  Zry Zgs Iy
Uy |=|Zyr Zyy Zyp|*|ly 2.7
Ug Zpgr Zgy Zgp Iy

where Zpg, Zyy, Zgg are the self-impedances of each phase; Zpy, Zpg the coupling
(mutual) impedances between phase R and Y, respectively, B; Zyg, Zyg the coupling
(mutual) impedances between phase Y and R, respectively, B; and Zyg, Zpy the
coupling (mutual) impedances between phase B and R, respectively, Y.

All the values of this impedance matrix can generally be different. Because of the
cyclic-symmetrical construction of three-phase systems only the self-impedance and
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(2

Positive
sequence
system

01

Un=jXT ™\ Ug=RI,

+Im

(b)

Positive
sequence
system

01

+Im

Figure 2.3 Vector diagram of current, voltage and power of a three-phase
a.c. system represented by the positive-sequence component. (a) Con-
sumer vector system and (b) generator vector system

two coupling impedances are to be considered. A cyclic-symmetrical matrix is thus
obtained.

Ur Zyn Zwi Zw Ix
Uy |=|Zvo Za Zwi|*|1ly (2.8)
Up Zvi Zvo Za Iy



16  Short-circuit currents
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Figure 2.4  Differentially small section of homogeneous three-phase a.c. line

where Z, is the self-impedances of each phase and Zy;;, Zy, the coupling (mutual)
impedances between the phases.

The multiplicity of couplings between the individual components of three-phase
systems complicates the application of the solution methods, particularly when cal-
culating extended networks. For this reason, a mathematical transformation is sought
which transfers the RYB-components to a different system. The following conditions
should apply for the transformation:

The transformed voltages should still depend only on one transformed current.
For symmetrical operation only one component should be unequal to zero.
The linear relationship between current and voltage should be retained, i.e., the
transformation should be linear.

e For symmetrical operation, the current and voltage of the reference component
should be retained (reference component invariant).

The desired transformation should in this case enable the three systems to be decoupled
in such a way that the three components, named 0, 1 and 2, are decoupled from each
other in the following manner:

Uyl [z, 0 0

|~

0
Ul=10 2, 0 |x]|1 (2.9)
U, 0 0 Z 1,

These requirements are fulfilled by the transformation to the system of symmetrical
components [29], which is realised for voltages and currents by the transformation
matrix T according to Equations (2.10). It should be noted that the factor % is part of
the transformation and therefore belongs to the matrix T.

Upip =T *Ugyg (2.10a)
Loy =T * Ipyp (2.10b)
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U, ! 11 Ug
U, |= 3 1 a a|x|U v (2.10c)
U, 1 @ a] [Ug

1 : 1 1 Iy
I | = 3 1 a a|x|ly (2.10d)
1, 1 d® a Iy

The voltage vector of the 012-system is linearly linked to the voltage vector of
the RYB-system (the same applies for the currents). The system of symmetrical
components is defined according to DIN 13321.

The reverse transformation of the 012-system to the RYB-system is achieved by
the matrix T~! in accordance with

Upyp =T " % Uy, (2.11a)
Ipyg =T % Loy, (2.11b)
[ Ur 11 Uy
Uy |=1|1 & a|x*|U (2.11¢)
| Up 1 a da*] U,
[ Ix 111 I
Iy|=|1 & al|*|L (2.11d)
Iy Il a & [L
The following applies for both transformation matrices T and T~
T+T'=E (2.12)

with the identity matrix E. The complex rotational phasors a and a® have the following
meanings:

a=¢"" =_14;l/3 (2.13a)
a? = e/’ I —jlv3 (2.13b)
l+a+a>=0 (2.13¢)

Multiplication of a vector with either a or a® will only change the phase shift of the

vector by 120° or 240° but will not change the length (amount) of it.



18  Short-circuit currents

2.3.2 Interpretation of the system of symmetrical components

If only one zero-sequence component exists, the following applies:

Ugr 1 1 Uy Uy
Uyl=|1 @ alx|0]|=|Uy (2.14)
Ug Il a o 0 U

No phase displacement exists between the three a.c. voltages of the RYB-conductors.
The zero-sequence component is thus a two-phase a.c. system. Figure 2.5 shows the
phasor (vector) diagram of the voltages of the RYB-system and the voltage of the
zero-sequence component.

+Re

Ug; Uy; U U

Jot
+Im

Figure2.5 Vector diagram of voltages in RYB-system and in the zero-sequence
component, positive- and negative-sequence components are NIL

Where only a positive-sequence exists, the following applies:

vl 11 17 Jo v,
uyl=|1 @ alx|u,|=|ay, (2.15)
Ug 1 a a? 0 al,

A three-phase system with a positive rotating phase sequence R, Y, B is represented
by the positive-sequence component only. Figure 2.6 shows the phasor (vector) dia-
gram of the voltages of the RYB-system and the voltage of the positive-sequence
component.

Where only a negative-sequence component exists, the following applies:

Ug 111 0 U,
Uy|=1|1 & a|x|0|=]|al, (2.16)
Ug I a o U U,

A three-phase system with a positive counter-rotating phase sequence R, B, Y is repre-
sented by the negative-sequence component only. Figure 2.7 shows the phasor (vector)
diagram of the voltages of the RYB-system and the voltage of the negative-sequence
component.
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Figure 2.6 Vector diagram of voltages in RYB-system and positive-sequence com-
ponent, zero- and negative-sequence components are NIL

Figure2.7 Vector diagram of voltages in RYB-system and negative-sequence
component, zero- and positive-sequence components are NIL

2.3.3 Transformation of impedances

For the transformation of the impedance matrix, Equations (2.17) apply in accor-
dance with the laws of matrix multiplication, taking account of Equations (2.10)
and (2.12)

TUpyp = TZgypT™' Ty (2.17a)
Upia = Zy, Iy, (2.17b)

As T Ugygp is equal to Uy, and T Izyy is equal to Iy, the impedance matrix Zg,,
in the system of symmetrical components is obtained by multiplying the impedance
matrix Zgyp in the RYB-system with the matrix T from left and with T~! from right.
Based on Equation (2.8) the impedances as per Equations (2.18) for the conversion
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of the impedances of the three-phase system to the 012-system are obtained.

Zy=Zp+Zyy + Zyp (2.18a)
Z =Zy+d* Zy +aZy, (2.18b)
Zy=Zpx+aZy +a*Zy, (2.18c)

The impedance values of the positive-sequence and negative-sequence components
are generally equal. This applies to all non-rotating equipment. The impedance
of the zero-sequence component mainly has a different value from the impedance
of the positive-sequence component. If mutual coupling is absent, as perhaps with
three single-pole transformers connected together to form a three-phase transformer,
the impedance of the zero-sequence component is equal to the impedance of the
positive- or (negative-) sequence component.

2.3.4 Measurement of impedances of the symmetrical components

Any equipment can be represented by an equivalent circuit diagram using the system
of symmetrical components, which can be determined. To obtain the parameters of the
equivalent circuit diagram either short-circuit measurement or no-load measurement
has to be carried out in accordance with Figure 2.8 with a voltage system representing
the individual component of the system of symmetrical components, i.e.,

e Three-phase voltage system with positive rotating phase sequence RYB to
measure the positive-sequence component.

e Three-phase voltage system with positive counter-rotating phase sequence RBY
to measure the negative-sequence component.

e a.c. voltage system without any phase displacement of the voltage in the three
phases of the equipment to measure the zero-sequence component.

It should be noted in this respect that the type of measurement, i.e., short-circuit mea-
surement or no-load measurement, depends on the type of analysis to be carried out.
For short-circuit current calculation or voltage drop estimate, the parameters obtained
by short-circuit measurement are needed. Impedance will be calculated based on the
measured voltage and current as outlined in Figure 2.8.

Special attention must be taken in case of transformers, as the impedance in
the zero-sequence component depends on the type of winding arrangement (star or
delta connection) and on the handling of the neutral of the transformer. Figure 2.9
indicates the measurement of the zero-sequence impedance in the case of a two-
winding transformer with Yd-arrangement. The Y-connected winding is fed from a
single-phase a.c. system; the zero-sequence impedance is present in case the neutral
of the transformer is earthed (Figure 2.9(a)). Due to the delta-connection of the
second winding a current in the delta winding is present in this case. If the neutral
of the transformer remains isolated, the current in the Y-winding is Zero and thus
the impedance is infinite. If the zero-sequence impedance of the delta-connected
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Figure 2.8 Measurement of impedance in the system of symmetrical components.
(a) Positive-sequence component (identical with negative-sequence
component) and (b) zero-sequence component

winding shall be measured, the current in the delta winding is Zero in any case and the
zero-sequence impedance of the delta-connected winding is infinite (Figure 2.9(b)).

To measure the impedance of three-winding transformers in the positive- and
zero-sequence component three different measurements have to be carried out. For
the positive-sequence component the measurement is outlined in Figure 2.10 and
further explained as below:

1. Feeding with three-phase a.c. system at winding 1 (HV-side)
Short-circuit at winding 2 (MV-side)
Measurement of uy;, respectively, uxgvmy

2. Feeding with three-phase a.c. system at winding 1 (HV-side)
Short-circuit at winding 3 (LV-side)
Measurement of uy 3, respectively, uxgvry

3. Feeding with three-phase a.c. system at winding 2 (M V-side)
Short-circuit at winding 3 (LV-side)
Measurement of uy73, respectively, uvyLy

The impedances (reactances) as per the equivalent circuit diagram (see

Table 3.3) are

Xy = 0.5 (ukHVMV 4 vy vy ) (2.192)
SetavMy  SiTHVLY SiTMVLY

Xouy = 0.5 % (ukMVLV n UKHVMV  UKHVLY ) (2.19b)
SetMviy SiTHVMY  SiTHVLY

(2.19¢)

UKHVLV UKMVLV UKHVMV
XTLV =0.5x% ( )

SitHVLY  SrTMvLY SiTHVMV
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Figure2.9 Measuring of zero-sequence impedance of a two-winding transformer
(YNd). Diagram indicates winding arrangement of the transformer:
(a) measuring at star-connected winding and (b) measuring at
delta-connected winding
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Figure 2.10 Measurement of positive-sequence impedance of a three-winding trans-
former (YNyn + d). Diagram indicates winding arrangement of the
transformer
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Figure2.11 Measurement of zero-sequence impedance of a three-winding trans-
former (YNyn + d). Diagram indicates winding arrangement of the
transformer; for explanations see text

The measurement in the zero-sequence component is carried out in a similar
way as outlined in Figure 2.11.
4. Feeding with single-phase a.c. system at winding 1 (HV-side)
Short-circuit at winding 2 (MV-side)
Open-circuit at winding 3 (LV-side)
Measurement of uyg17, respectively, uxonvmy
5. Feeding with single-phase a.c. system at winding 1 (HV-side)
Short-circuit at winding 3 (LV-side)
Open-circuit at winding 2 (M V-side)
Measurement of uyq13, respectively, uxogvry
6. Feeding with single-phase a.c. system at winding 2 (MV-side)
Short-circuit at winding 3 (LV-side)
Open-circuit at winding 1 (HV-side)
Measurement of uyqy3, respectively, uxomvry

The impedances (reactances) as per the equivalent circuit diagram (see
Table 3.3) are

UOKHVMV  UOKHVLV ~ UOKMVLV

Xotav = 0.5 % ( - > (2.20a)
SitHVvMY  SITHVLV SiTMVLY
UOKMVLV , UOKHVMV  UQOKHVLV

Xotmv = 0.5 % ( — > (2.20b)
Setmviy SiTHVYMV SiTHVLY
UOKHVLV =~ UOKMVLV ~ UOKHVMV

XOTLV =05% ( — ) (2.20C)
StV SrtMvLy SiTHVMYV



24 Short-circuit currents

Any impedance in the neutral of the transformer has no effect on the impedance in
the positive-sequence component, as the three phase current are summing up to zero
at neutral point, and no current flows through the neutral impedance. In the zero-
sequence component the neutral impedance will appear with three-times its value in
the RYB-system, as the current through the neutral is three-times the phase current
during the measurement of zero-sequence impedance.

2.4 Equivalent circuit diagram for short-circuits

The system of symmetrical components can be used for the analysis of symmetrical
and asymmetrical operation of power systems. Faults in general and short-circuit
currents in particular are the most severe operating conditions in power systems.
Each of the different faults, e.g., single-phase-to-ground, three-phase, etc., can be
represented by an equivalent circuit diagram in the RYB-system and by this in the
012-system (system of symmetrical components) as well. The calculation of short-
circuits in the system of symmetrical components is generally carried out as per
Figure 2.12.

1. Draw the equivalent circuit diagram in RYB-components (RYB-system).

2. Draw the short-circuit location at the connection of the RYB-system, the short-
circuit should be assumed symmetrical to phase R.

3. Definition of fault equations in RYB-components, equations should be given
preference indicating which voltages and/or currents are Zero or are equal to
each other.

4. Transformation of fault conditions with the matrices T and T~! into the
012-system (system of symmetrical components). Rearrange the transformed
fault equations in such a way that voltages and/or currents are Zero or are equal
to each other.

5. Draw the equivalent circuit diagrams in the system of symmetrical components.

6. Draw connection lines between the three components to realise the fault
conditions.

7. Calculation of currents and voltages in the system of symmetrical components.

8. Transformation of current and voltages into the RY B-system using transformation
matrix T~

The eight steps as defined above are explained in case of a single-phase short-circuit
in a three-phase a.c. system. Figure 2.13 indicates the equivalent circuit diagram in
the RYB-system (item 1 above) as well as the type of short-circuit at the short-circuit
location (item 2 above).

Any fault in the three-phase a.c. system has to be described by three indepen-
dent conditions for the voltages of currents of combinations of both. In case of the
single-phase short-circuit, the fault equations in the RYB-system (item 3 above) are

Ug=0; Iy=0; Iy=0 (2.:21)
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Figure2.12  General scheme for the calculation of short-circuit currents in three-
phase a.c. systems using the system of symmetrical components. For
explanations see text

VANVAYA
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I Il
i i Uy; Ug

7 7

Figure2.13  Equivalent circuit diagram of a single-phase short-circuit in
RYB-system
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The transformation into the system of symmetrical components (item 4 above) is
carried out using the transformation matrices by Equations (2.10) and (2.11). The
fault equations for the voltages in the system of symmetrical components are

Up=0=Uy+U,+U, (2.22a)
and for the currents

Iy=1, (2.22¢)

The fault conditions as per Equations (2.22) can only be realised by a series con-
nection of the positive-, negative- and zero-sequence component. The equivalent
circuit diagram (item 5 above) in the system of symmetrical components is outlined
in Figure 2.14 as well as the connection of the individual components to realise the
fault conditions (item 6 above).

The positive-, negative- and zero-sequence component are represented by the
impedances Z;; Z,; Z,. The currents and voltages of the system of symmetrical

Figure2.14  Equivalent circuit diagram in the system of symmetrical components
for a single-phase short-circuit
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components (item 7 above) are then calculated as

El
In=1,=1,= ———— 2.23a
TR 20+ 2+ 2, ( )
E
Up=—Zy# ————— (2.23b)
Zy+Z,+ 2,
U, =(Zy+ 2Z,) % B (2.23c)
- T Zy+Z,+ 4,
E
Uy=—Zy% o———r (2.23d)
Zy+Z,+ 2,

The currents and voltages of the RYB-components (item 8) are calculated using the
transformation matrix, Equation (2.11) and the voltages as per Equations (2.24) are
obtained

*Zo*(c_lz—l)JrZz*(c_lz—g)

Uy=F 2.24
Uy =L Zo+ Z, + Z, ( a)
Zyx(a— 1)+ Zy*(a—a?)
Up=E = —————— (2.24b)
£ =3 =2
3x E
Ip= -zl (2.24¢)
Zy+Z4,+ 2,

In the case of Z; =2, and |Z,/Z,|=k the voltages and the current can be
expressed by

VK2 +k+1
Uyl = Ugl = V3E|——— (2.25a)
2+k
Eq 3
i=—%—— 2.25b
K=z " 25k (2.25b)

All other faults in three-phase a.c. systems can be analysed in the same manner by
the system of symmetrical components. Table 2.1 represents the equivalent circuit
diagrams of all short-circuits which can occur in power systems (single fault location
only) and the equations to describe the fault both in the RYB-system and in the system
of symmetrical components.

2.5 Series and parallel connection

Power systems include numerous equipment, such as lines, transformers, reactors
and generators which are connected in series and/or in parallel to other equipment
according to their location in the system’s topology. The related total impedance at
the short-circuit location has to be obtained by mathematical procedures, including
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star-delta- and delta-star-transformation. The equations to calculate total impedance
within a given system topology are outlined in Figure 2.15.

2.6 Definitions and terms

A clear usage of terms defined in standards and norms is essential in all areas of
technique. The knowledge of IEC-documents, national standards and norms therefore

Diagram

Impedance—admittance

Current—voltages

Serial connection

lo o o2
—Il Zl -]2 Zz
lo ~ o 2
Z=1Y
Parallel connection
_[1 zZ= 1/—Yl
el
1 ~
L z=uy,
lo ~ 07
1 Z=1Y

Star-delta-transformation

£137

—131

1L, Z,,=1/Y, Iy
Impedance: Z=R+;X

Z=27,+2,
Y,Y
y- Nl
Y\ +Y,
YAVA
7 — £1£2
T Z1+Z
Y=Y +Y,

Z1Zy+Z1Z5+ 225

Zp =
Z;
Z1Zy+Z1Z5+ 225
Zj3= 7
42
VAV W AVAR WAYA)
Zy = 7
4]
Y,\Y,
Yp=g—7""7"
Yi+Y,+Y;3
Y,Y;
Y=y i v, +7
41 42 T3
Y,Y,
In=y—v. 7.
Y, +Y,+Y;3

I~
I
I~
I
oy

uv=U,+U;

L+, +13=0

1,2, - 1,7,
hz = Zy

1,2, —13Z3
= Z3

1,Zy) — 1374
L3 = Zy3

Figure2.15  Equations for impedance analysis in power systems [30,31]
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Diagram

Impedance—admittance Current—voltages

Delta-star-transformation

_ YAVYAE _
Zy= Iy =115+1;
Zip+Zy+Zy3
Z12Z5;3
Ly=—F 5 Iy =1y +1p;
Zip+Zy+Zy3
Z12Z
Z3 SR Iy =13+ 15

T Zpn+Zy+Zi

Admittance: Y= G+jB

Figure2.15 Continued

is absolutely necessary. Some definitions of terms as related to short-circuit currents
are based on the German standard DIN 40110 and IEC 60050 as stated below. Further
reference is made to the IEC-documents as per Tables 1.1 and 1.2.

Nominal value

Example

Limiting value
Example

Rated value

Example

A suitable rounded value of a physical quantity to define or
identify an element, a group of elements or an installation.
The nominal value 110 kV defines a voltage level for an
electrical power system. Actual voltages in the system are
different from the nominal voltage 110 kV.

A defined minimal or maximal value of a physical quantity.
The minimal value of a current setting has to be defined
in order to guarantee the suitable operation of a protection
or control device.

The value of a physical unit for operating conditions as
defined for the element, group of elements or installation
by the manufacturer.

The rated apparent power of a transformer should not be
exceeded at the defined operating conditions, in order to
protect the transformer from damage by overheating.
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Rated data Summary of rated data and operating conditions.

Example The definition of the rated current of a cable is not sufficient,
as the thermal constraints are fixed besides others by ambient
temperature, thermal resistance of the soil, duration of current
loading and pre-load conditions.

2.7 Ohm-system, p.u.-system and %/MVA-system

2.7.1 General

It is necessary to calculate the values of the equipment of electrical supply systems
in order, for instance, to examine the behaviour of the supply system during normal
operation and in the state of disturbed operation. In this connection, equipment such
as generators, transformers, lines, motors and capacitors are of interest. Simulation
of consumers is only necessary in special cases. It may also be possible to determine
the equipment data from name plate rating or tabulated data. Various systems of units
are available for calculation.

2.7.1.1 Physical quantities

To describe the steady-state conditions of equipment and of the system, four basic
unit quantities are required, i.e., voltage U, current /, impedance Z and power S
with the units Volt, Ampere, Ohm and Watt. Other units have to be converted into the
ISO-standard unit system [32]. The units are linked to each other by Ohm’s law and
the power equation.

z (2.262)

I~lS

|tn
I
|

¥ (2.26b)

where U is the voltage across the impedance Z and, I the current through the
impedance (/* is the conjugate-complex value of 7).

In the case of a three-phase system the apparent power S is calculated as per
Equation (2.26¢) with the voltage U being the phase-to-phase voltage, e.g., the rated
voltage of an equipment.

S=V3xUxI* (2.26¢)

If physical quantities are taken to be measurable properties of physical objects, occur-
rences and states from which useful sums and differences can be formed, the following
then applies:

Physical quantity = numerical value x unit
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2.7.1.2 Relative quantities
On the contrary, the unit of a relative quantity is One or 1 p.u. by definition, i.e.,

Relative quantity = quantity/reference quantity

Because the four quantities voltage, current, impedance and power required for system
calculations are linked to each other, two reference quantities only are required to
specify a relative system of units. Voltage and power are usually chosen for this
purpose. This system is called the per-unit system. As reference voltage either the
phase-to-phase or the phase-to-earth voltage can be chosen. If the power of 100 MVA
is selected as reference quantity, the system is called the p.u.-system on 100 MVA-
base. Table 2.2 gives the definitions in the p.u.-system. It should be observed that
the phase-to-phase voltage is chosen as reference voltage. In case the phase-to-earth
voltage is selected as reference voltage, the current i” has to be calculated as per [28]
as indicated by (x1) in Table 2.2.

2.7.1.3 Semirelative quantities

In the semirelative system of units only one quantity is freely chosen as the reference
quantity. If the voltage is chosen, the %/MVA system is obtained, which is out-
standingly suitable for network calculations because the values of the equipment

Table 2.2  Definitions of quantities in physical, relative and semirelative units

Ohm-system %/MVA-system p-u.-system
Physical units Semirelative units Relative units
No reference One reference quantity Two reference quantities
quantity
U U U U
Voltage U u:—z{ }*100% u’:—:u*l
Us {Us} Us {Us}
Current / i=1xUg={l}*{Up} i’ =1xUg/Sg = {I}*{Ug}/{Sg} *1
* MVA

(*1) remark see text
i"=1%Ug/Sg ={I}

#{v/3Ug}/{SB} * 1
Impedance Z  z = Z/UJ ={Z}x100/{U3} 2/ = Z* Sg/U} = {Z} * (Sg}/US * |
* %/MVA
Power § s =8 = {8} % 100% x MVA s’ = 8/Sg = {S}/{Sg} * 1

applies also
to P and Q
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can be calculated very easily. Table 2.2 gives the definitions for the %/MVA-system.
The reference voltage Up in the %/MVA-system should be equal to the rated voltage of
equipment U, or to the nominal system voltage Uy, i.e., it should be a phase-to-phase
voltage.

The impedances or reactance of electrical equipment are determined from the
data of the respective rating plate (name plate) or from geometrical dimensions. The
reactance, resistance or impedance should generally be calculated based on the nom-
inal apparent power or on the nominal voltage of the system in which the equipment
is used. Conversion between the different unit systems is made using the data in
Table 2.3.

2.7.2  Correction factor using %/MVA- or p.u.-system

In case the nominal voltage of the system is unequal to the rated voltages of the equip-
ment connected to this system (most often the case with transformers) a correction
factor for the impedances must be applied [33]. The derivation of the correction factor
is explained based on Figure 2.16.

Q T, «——T,«<——T
1—2137 i 2 14
=D D—D—7~

,,,,,,,,,,,, Pm e e

Figure2.16  Equivalent circuit diagram of a power system with different voltage
levels

The impedance correction factor Kp for equipment B is calculated by

U, U U, 2 (Usg\?
KB _ < TIE % rT2E % T3E .. ) % ( rB) (2.27)
Umia  Umoa  Umsa Un

where Ut are the rated voltages of the transformers at side A or E, U,p the rated
voltage of the equipment B and, U, the nominal system voltage at short-circuit
location.

The impedance correction factor while using the %/MVA- or the p.u.-system must
be applied for any equipment except power station units for which special correction
factors (see Table 3.6) are valid.

2.8 Examples

2.8.1 Vector diagram and system of symmetrical components

The voltages Uy, Uy and Uy are measured in a power system with nominal voltage
Uy =10 kV.

U =664kVxel®; Uy =664kV e Up=664kvse/
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The voltages in the system of symmetrical components U, U, and U, have to be
calculated by using the transformation equations. The individual voltages in units
of kV are obtained by using Equation (2.10). The voltage in the zero-sequence
component is

Uy= 3+ Ug+ Uy +Up)

Uy =1x(6.64%e" 466452 1664/

Uy = 2[(6.64 + 6.64 % c0s250° + 6.64 % cos 110°)
+ j(6.64 % sin 0° + 6.64  sin 250° + 6.64 * sin 110°)]

Uy = %[(6.64 — 6.64 % 0.342 — 6.64 % 0.342)
+ j(6.64 %0 — 6.64 % 0.94 4 6.64 % 0.94)]

Uy = (0.699 + j0.0)kV
The voltage in the positive-sequence component is

Uy =131%Ug+axUy+a®xUg)
U, = % % (6.64 e/ 4 o129 4 6.64 5 07250 1 /240" 4 6 64 « ej“OO)
Uy =1 % (6.64 %07 4 6.64 %77 4 6.64 % ¢35

U, = 1[(6.64 + 6.64 % c0s370° + 6.64 % cos 350°)

+ j(6.64 % sin 0° + 6.64 * sin 370° + 6.64 x sin 350°)]

U, = 1[(6.64 + 6.64 % 0.985 + 6.64 * 0.985)
+ j(6.64 %0 + 6.64 % 0.174 — 6.64 % 0.174)]

U, =(6.57+ j0.0) kV
The voltage in the negative-sequence component is

Uy=1%Ug+a*+«Uy+axUp)

Uy = 1% (6.64 %% + /0 56,645/ 1 /120 46,64 5 /1)
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Ly (6.64% ¢/ +6.64 % 67 1 6.64 /)

IS
I

U, = 1(6.64 + 6.64 % cos 490° + 6.64 * cos 230°)
+ j(6.64 % sin 0° + 6.64  sin 490° + 6.64 x sin 230°)]

U, = %[(6.64 — 6.64 % 0.643 — 6.64 % 0.643)
+ j(6.64 %04 6.64 %0.766 — 6.64 % 0.766)]

U, = (-0.633 + j0.0) kV

The voltages in the system of symmetrical components can be obtained by graphical
construction as well as outlined in Figure 2.17. The voltages are assumed to have the
same value and phase displacement as mentioned above.

2.8.2 Calculation of impedances of a three-winding transformer
in %/MVA

The impedances of a three-winding transformer are calculated in units of %/MVA
by using the Equations (2.19). The data as mentioned below are taken from the
name-plate:

Rated voltages Umv/Ummv /Uity = 110 kV/30 kV/10 kV
Rated apparent power Stav =30 MVA; Simv =20 MVA; Sipv = 10 MVA
Rated impedance voltage urgvmy = 10%; uipvry = 4.5%;

uemvLy = 10.2%

It should be noted that the rated apparent power S; as per above indicates the
apparent power of the individual winding. The maximal permissible apparent
power to be transferred between the windings involved for measurement of the
impedance voltage had to be taken for the calculation of impedances, i.e., Syvmy =
MAX{Smv; Ssmv} =20 MVA. The impedance of the high-voltage winding is
calculated by

UKHVMV |, UKHVLV ~ UKMVLV
XTHV =0.5x% ( — )
SitavMY  StTHVLY SiTMVLY
10% 4.5% 10.2%
Xty = 0.5 % + —
20 MVA 10 MVA 10 MVA

%
MVA

Xtv = —0.035
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The impedance of the medium-voltage winding is calculated by

URMVLY  UKHVMV — UKHVLV
XTMV =0.5% ( + - )
SetMvLy  SiTHVMV  SiTHVLV

. 05s (102% | 10% 4.5%
=05% —
™Y 10MVA ' 20MVA 10 MVA
%
Xty = 0.535
TMV MVA
(a) ‘rRe
Ur
+Im
Up Uy
(b) ‘:rRe
+Im

Figure2.17  Graphical construction of voltages in the system of symmetrical com-
ponents: (a) vector diagram RYB, (b) vector diagram of voltage in
the zero-sequence component, (c) vector diagram of voltage in the
positive-sequence component and (d) vector diagram of voltage in the

negative-sequence component
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Figure2.17 Continued

The impedance of the low-voltage winding is calculated by

UKHVLY  UKMVLV ~ UKHVMV
X1rv = 0.5 % ( — )
SiTHVLY  SITMVLY SiTHVMV
4.5% 10.2% 10%
Xtv = 0.5 % —
10 MVA 10 MVA 20 MVA

%

Xty = 0.485
TLV MVA

39
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It should be noted that the negative value of Xy shall not be interpreted to have a
physical meaning. The model (see Table 3.4) describes the performance of the three-
winding transformer at the connection point HV, MV and LV only. The impedance
between any two connection points appears physically correct with a positive value.

2.8.3 Conversion of impedances (2; %/MVA; p.u.)

Impedance values shall be converted from one unit system into the other unit
systems (%/MVA-system and p.u.-system on 100 MVA-base) by using equations
as per Tables 2.2 and 2.3.

e Overhead line Z = (6.2 + j53.4) Q at U, = 380 kV
The impedance in the %/MVA-system is calculated by

2= (62+ j53.4) Qx % = (0.0043 + 0.037) NK‘;A
The impedance in the p.u.-system on 100 MVA-base is calculated by
) , 100 MVA
z =(62+j534) Q= W = (0.0043 4 0.037) p.u.

e Apparent power of a transformer S = (1.22 + j300) MVA
The apparent power in the %/MVA-system is calculated by

s = (1.22 4+ j300) MVA % 100% = (122 + j30000)%/MVA

The apparent power in the p.u.-system on 100 MVA-base is calculated by
Vo (1.22 4 j300) MVA
= 100 MVA

e Voltage drop AU = 12.5kV in a 132 kV-system
The voltage drop in the %/MVA-system is calculated by

100%
132 kV

The voltage drop in the p.u.-system on 100 MVA-base is calculated by

= (0.0122 4 j3) p.u.

Au = 12.5kV % =9.47%

Au' = 12.5kV *

= 0.0947 p.u.
32 kv 0.0947 p.u

e Rated current of a 320 MVA-transformer on 115 kV-side I, = 1.607 kA
The current in the %/MVA-system is calculated by
ir = 1.607 kA % 115kV = 184.81 MVA

The current in the p.u.-system on 100 MVA-base is calculated by

115kV

i/ = 1.607 kKA % —————
100 MVA

= 0.185 p.u.
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2.8.4 Impedances in %o/MVA-system based on measurement

A simplified example for the application of the system of symmetrical components in
representing electrical equipment is outlined in Figure 2.18 by using a short element
of an overhead line in accordance to Figure 2.4. The impedance matrix (RYB-system)
is thus obtained

R+jX  jXwm JXwm
Zpyg=| JXm R+JX  jXm (2.28)
JXMm JXm R+ jX

where R is the resistance of the line, X the reactance of the line and Xy the mutual
reactance between the individual phases.

) .
- mm_bwd b
| |
R JX
, — A ™ Y

- » b ol
S ! /YYY\ (WY\ (WY\ R

l yRYB
v

Figure2.18  Simplified equivalent circuit diagram in RYB-components

7

Voltages at the individual components R, Y and B are obtained from the current
and the impedance by Ohm’s law.
The voltage of phase R (component R) is given as follows:

and depends on the currents of all three phases (components) I, Iy and /. Using
the system of symmetrical components, see Equation (2.18), the impedance matrix
is simplified in such a way that the three components are decoupled from each other
in the following manner:

R+ j(X 4 2Xm) 0 0
Zo, = 0 R+ j(X — Xm) 0 (2.30)
0 0 R+ j(X — Xwm)

The equivalent circuit diagram in the system of symmetrical components is outlined
in Figure 2.19.
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R JX =X\
) ] YYYN
v | |
ll_fl
01
A R JX =X\
.  — YYYN
v | |
lgz
02
/ R JX+2Xy)
0  — YYYN
v | |
l Yy
00

Figure 2.19  Equivalent circuit diagram in the system of symmetrical components

The voltage U, of the component 1 (positive-sequence component) is given as
below:

Uy =R+jX—Xm)=*1, (2.31a)

and depends only on the current /; of the same component. Impedance of the com-
ponents 1 and 2 (positive- and negative-sequence components) is identical. Voltage
of the negative-sequence system therefore is given by

Uy =R+ jX =Xw)*1, (2.31b)

The impedance of the component 0 (zero-sequence component) is different from the
others and the voltage in the zero-sequence component is given by

Uy=(R+ j(X+2Xm)) * 1, (2.31¢)

2.8.5 Representation of a line in the RYB-system and in the system of
symmetrical components

Overhead lines are represented in the RYB-system by lumped elements, indicating
the inductive and capacitive coupling as well as the impedance of earth return path.
The equivalent circuit diagram of an infinitesimal small section of a line is outlined
in Figure 2.20.

The representation in the system of symmetrical components (012-system) can
either be done by transformation of the individual elements using the transformation
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R % Xy a Ce 5
«—k -

ZB E v
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5, . . L L 1

i Lo ) R

Figure 2.20  Equivalent circuit diagram of an overhead line of infinitesimal length
with earth return in RYB-system

nm
—Xm
130, G
C,=3C, +Cg
e PR 01
® Mmm
7 X Xyt
3¢ 0= Cp ==
02
(©)
4:|_NYY\ Y
7 X 2Xy
[Co=Cg —
3X; 3R :
Y 1

Figure2.21  Equivalent circuit diagram of an overhead line of infinitesimal length
with earth return in 012-system. (a) Positive-sequence component,
(b) negative-sequence component and (c) zero-sequence component

matrix as per Equations (2.18) or by measurement according to the procedure as
explained in Section 2.3.4. The line is represented in the system of symmetrical
components as outlined in Figure 2.21. The reactance Xg and resistance Rg of the
earth return path appear with its threefold value in the zero-sequence component, as the
current through the neutral is three-times the phase current during the measurement of
zero-sequence impedance. The capacitances between the phases Cr, are represented
with three times its capacitance in the positive- and negative-sequence component,
as they appear in the RYB-system as delta-connected and have to be transferred to
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a star-connection for representation in the 012-system. The capacitance line-to-earth
CE is represented in the three components with the same value.

Please observe that the mutual reactance Xy appears with different values in
the positive- (negative-) and zero-sequence component as outlined in Section 2.3.3.
The negative value of the reactance in the positive-, respectively, negative-sequence
system has no physical meaning, as the total of the mutual reactance Xy and the
self-reactance X still remains positive and therefore physically correct.

The equivalent voltage source £, which is the internal voltage of a generator, is
only present in the positive-sequence component as the symmetrical operation of the
system is represented by this component.



Chapter 3

Calculation of impedance of
electrical equipment

3.1 General

In general, equipment in power systems are represented by equivalent circuits, which
are designed for the individual tasks of power system analysis, e.g., for the calculation
of no-load current and the no-load reactive power of a transformer, the no-load equiv-
alent circuit is sufficient. Regarding the calculation of short-circuits, voltage drops
and load characteristic a different equivalent circuit is required. The individual com-
ponents of the equivalent circuits are resistance, inductive and capacitive reactance
(reactor and capacitor), voltage source and ideal transformer. Voltage and currents of
the individual components and of the equivalent circuit are interlaced by Ohm’s law,
which is valid for the three-phase system (RYB-system) as well as for the system
of symmetrical components (012-system). A detailed deduction of the mathematical
methods and equations is not given within the context of this section of the book, but
only the final equations are quoted. For further reading, reference is made to [1,13].

3.2 Equipment in a.c. systems

3.2.1 General

Impedances of equipment are calculated based on name plate data, from
manufacturer’s data or from geometrical arrangement. For the calculation of
impedances of generators, power plants, step-up and step-down transformers, correc-
tion factors are necessary. The calculation equations as per Tables 3.1-3.11 are given
in the Ohm-system only. For conversion to %/MVA-system, respectively, p.u.-system
Tables 2.2 and 2.3 can be used. If not marked by index ‘1’, e.g., ZIQ» in a different
way, impedances are given for the positive-sequence component. The impedance in
the zero-sequence system is marked with index ‘0’, e.g., Zy(-
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50  Short-circuit currents

Table 3.4  Equivalent circuit diagram of two- and three-winding transformers in the
positive- and zero-sequence component

Type of transformer | Equivalent diagram | Equivalent diagram in system of symmetrical components
(any vector group) in RYB-system

Positive-sequence component| Zero-sequence component
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3.3 Equipment in d.c. systems

3.3.1 General

For the calculation of short-circuit currents in d.c. systems, the parameters of equip-
ment contributing to the short-circuit current, i.e., capacitor, battery, rectifier and
d.c. motor need to be known besides the parameter of conductors. The calculation
equations as per Tables 3.12 to 3.16 are given in the Ohm-system only. For conversion
to %/MVA system, p.u. system, respectively, Tables 2.2 and 2.3 can be used.

Tables 3.12 to 3.16 mention the term ‘common branch’. The common branch in
d.c. systems is the branch (conductor) leading parts of the short-circuit current from
several different sources (capacitor, battery, rectifier and d.c. motor) according to
IEC 61660-1.
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3.4 Examples for calculation

3.4.1

The impedance (resistance and reactance) of equipment in a.c. three-phase power
systems has to be calculated based on the data as below. Results are summarised in

a.c. equipment

Table 3.17.

Power system feeder Q:

Two-winding
transformer:

Three-winding
transformer:

Synchronous machine:

Power plant consisting
of synchronous machine
and two-winding
transformer:

Overhead transmission line:

s.-c. limiting reactor:

Asynchronous motor:

Rectifier:

System load:

Sl’(/Q = 3000 MVA; Upq = 110kV
Sit = 70 MVA; Urtnv/UrtLy = 115 kV/10.5 kV;
Uk = 12%; ury = 0.5%
Uit = 110 kV/30 kV/10 kV;
Syt = 30 MVA/20 MVA/10 MVA
UMy = 10%; vy =4.5%; uiemvey =10.2%
urHvMy = 0.5%; urgvry =0.6%; uremvry =0.65%
Sig = 70 MVA; U,g = 10.5 kV; cos g = 0.9;
xy = 17%; pG = £10%
Sic =70 MVA; Ug = 10.5kV; x] = 17%;
pc = £10%
Sit = 70 MVA; Urtnv/Urty = 115 kV/10.5 kV;
ur = 12%;
Ur: = 0.5%; without tap-changer
Al/St 240/40; r = 10.9 mm; Line length 10 km
Flat arrangement, distance between phase wires 4 m

uye = 6%; Ip = 630 A; U, = 10kV

Pav = 1.2 MW, Upy = 6 kV; cos o = 0.84;
M = 0.93; Iin/Iim = 5.6; 2 pairs of poles

SrM =4 MVA; UrM =62kV

SiL = 6 MVA; cosgp = 0.87; U, = 10kV

Table 3.17  Results of calculation of impedance in three-phase a.c. equipment

Equipment Z () R (Q) X () Remark Tab.
System feeder 4.437 0.441 4.414 Rq/ X not defined 3.1
Xq ~0.995 x Zg
Two-winding 22.76 0.945 22.74 Without correction factor 32
transformer Impedance related to 110 kV
22.19 0.921 22.17 K1 =0.975

Impedance related to 110 kV
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Table 3.17  Continued

Equipment Z () R(Q2) X () Remark Tables
Three-winding —3.24 1.31  —2.97 Impedance related to 110 kV 33
transformer 62.89 1.67 62.87 including correction factors

58.65 6.08 5833 Kt =0.986-1.018-0.985
Values from top: HV « MV x LV

Synchronous 0.268 0.019 0.267 Without correction factor 3.5
machine 0.238 0.017 0.237 Kg = 0.887; Upg = 10kV

Power plant 65.14 3.22 5477  Kgwo = 0.891; Uyg = 110kV 3.6

Overhead 4.19 1.23 401 D=504m 3.7
transmission line

s.-c. limiting 0.55 0 0.55 Xp~Zp 3.8
reactor

Asynchronous 4.14 0.41 412  Spv = 1.53 MVA 3.9
machine

Rectifier 28.83 2.88 28.69  Rm/Xm =0.1 3.10

System load 16.67 14.5 822 — 3.11

3.4.2 d.c. equipment

The impedance (resistance and reactance) of equipment in d.c. systems has to be
calculated based on the data as below. Results are summarised in Table 3.18.

Conductor  Busbar arrangement, copper (120 x 10): g, = 1200 mm?;
with joint: Distance a = 50 mm; Length of line loop 30 m

Capacitor: ~ MKP dry-type, self-healing; C = 9000 wF; Rc = 0.5 mQ2
Connected to short-circuit location with conductor as above,
[ =20m
Two bolted joints

Battery: Sealed lead-acid-type; 108 cells, each:
150 Ah; Upg = 2.0 V; Rg = 0.83 mQ; Lg = 0.21 mH
Connected to short-circuit location with conductor as above,
[=15m
Two bolted joints
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Rectifier: AC-system: Upg = 600 V; S{{’Q =40 MVA; Rq/Xq = 0.25
Transformer: t,7 = 600 V/240 V; S;7 = 400 kVA; uj,r = 3.5%;
Py =42kW
Rectifier: I;p = 1.2 kA; commutating reactor: Ls = 0.31 wH;
Rs =091 mQ
Connected to short-circuit location with conductor as above,
[=10m
d.c. motor Um =225V; Pom = 110kW; It = 500 A; Ry = 0.043 Q;
(independent Ly = 0.41 mH
excitation): RF=985M; L =997 H

Connected to short-circuit location with conductor as above,

[=10m

Table 3.18  Results of calculation of impedance of equipment in d.c. installations

(without common branch as per IEC 61660-1)

Equipment R (mS) L Others Remarks Tab.
Conductor 926 0.653 uwH — Loop length 3.12
60 m
2.16 — — Resistance of
bolted joint
Capacitor 0.5 — 9000 wF 3.13
309 218 nH — Conductor
4.32 — Two joints
313.82 218 nH 9000 uF Total
Battery Rp = 89.6 Lg =21.6 uWH Egge =226.8 V  Voltage of 3.14
Rpun = 1524 Egun = 1944V  discharged
battery
e.g., 1.8 V/cell
231.5 163.2 nH — Conductor
4.32 — Two joints
325.42 21.76 pH — Total
388.22
Rectifier 0.367 4.667 wH Zg=151mQ  System feeder  3.15
1.512 4.813 uH ZT =5.04mQ2  Transformer
1.879 9.48 uH — Total

a.c. system
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Table 3.18 Continued

Equipment R(m) L Others Remarks Tab.
091 031pH — Commutating
reactor
154.3 0.11pH — Conductor
15521 042pH — Total
d.c. system
d.c. motor 43.3 041mH — Motor 3.16
with 154.3 0.11 pH Conductor

independent 197.6 0411 mH 1wy =2.08ms Total
excitation wr=1.01s




Chapter 4

Calculation of short-circuit current in a.c.
three-phase HV-systems

4.1 Types of short-circuits

In three-phase a.c. systems it has to be distinguished between different types of
short-circuits (s.-c.), as outlined in Figure 4.1.

Short-circuit currents can be carried out with different methods and in different
details, depending on the available data and the technical needs. IEC 60909-0 cal-
culates characteristic parameters of the short-circuit current, which are necessary for
the design of power system equipment. The course of time of short-circuit currents
is outlined in Figure 4.2. Generally, one has to distinguish between near-to-generator
and far-from-generator short-circuits. A near-to-generator short-circuit exists if the
contribution to the short-circuit current of one synchronous generator is greater than
twice its rated current, or if the contribution to the short-circuit current of synchronous
or asynchronous motors is greater than 5 per cent of the short-circuit current without
motors.

The analysis of the short-circuit current in the case of near-to-generator short-
circuit as per Figure 4.2(a) indicates two components, besides the decaying d.c.
component, a subtransient and a transient decaying a.c. component. The first or
subtransient component is determined by the impedance between stator and damp-
ing winding, called subtransient reactance Xj. The subtransient component decays
with the subtransient time constant 7” which is normally in the range of some
periods of the system frequency, i.e., T” < 70 ms. The transient component is
determined by the reactance between the stator and exciter winding, called transient
reactance X . The transient component decays with the transient time constant 7",
which can last up to 2.2 s for large generators. Finally, the short-circuit current is
determined by the saturated synchronous reactance Xg.

In the case of a far-from-generator short-circuit as per Figure 4.2(b), the a.c.
component remains constant throughout the total time duration of the short-circuit, as
the influence of the changing reactance of generators can be neglected. The decaying
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Figure4.1 Types of short-circuits and short-circuit currents. (a) Three-phase
short-circuit, (b) double-phase short-circuit without earth/ground con-
nection, (c) double-phase short-circuit with earth/ground connection
and (d) line-to-earth (line-to-ground) short-circuit

d.c. component is due to the ohmic-reactive short-circuit impedance and the instant
of initiation of the short-circuit.

4.2 Methods of calculation

Short-circuit current calculation according to IEC 60909-0 is carried out based on
the method of ‘equivalent voltage source at the short-circuit location’, which will be
explained with the equivalent circuit diagram of a power system outlined in Figure 4.3.
The method is based on the presuppositions as below:

e Symmetrical short-circuits are represented by the positive-sequence compo-
nent; unsymmetrical (unbalanced) short-circuits are represented by connection
of positive-, negative- and zero-sequence component as per Table 2.1.

e Capacitances and parallel admittances of non-rotating load of the positive-
(and negative-) sequence component are neglected. Capacitances and parallel
admittances of the zero-sequence component shall be neglected, except in systems
with isolated neutral or with resonance earthing (systems with Petersen coil) as
they have an influence on fault currents in power.

Impedance of the arc at the short-circuit location is neglected.
The type of short-circuit and the system topology remain unchanged during the
duration of short-circuit.
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Figure4.2 Time-course of short-circuit currents. (a) Near-to-generator short-
circuit (according to Figure 12 of IEC 60909:1988), (b) far-from-
generator short-circuit (according to Figure 1 of IEC 60909:1988). I}
— initial (symmetrical) short-circuit current, i, — peak short-circuit cur-
rent, Iy — steady-state short-circuit current and A — initial value of the
aperiodic component iq

e The tap-changers of all transformers are assumed to be in main-position (middle
position).

e Allinternal voltages of system feeders, generators and motors are short-circuited
and an equivalent voltage source with value cU,/+/3 is introduced at the short-
circuit location. The voltage factor ¢ shall be selected in accordance with Table 4.1.

The voltage factor ¢ takes account of the differences between the voltage at the
short-circuit location and the internal voltage of system feeders, motors and generators
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(a) Q

Sl |] 1g S -] f

Figure4.3  Example for short-circuit current calculation with an equivalent volt-
age source at s.-c. location. (a) Three-phase a.c. system with three-phase
short-circuit, (b) equivalent circuit diagram in 012-system (positive-
sequence system), (c) equivalent circuit diagram in 012-system with
equivalent voltage source

due to voltage variations (time and place), operating of transformer tap-changer, etc.
Assuming the voltage factor as per Table 4.1 will result in short-circuit currents on
the safe side, that are higher than in the real power system, however, avoids an
uneconomic high safety margin.

4.3 Calculation of parameters of short-circuit currents

4.3.1 General

The calculation of the impedances of power system equipment was explained in
Chapter 3. It should be noted that the impedances shall be related to the voltage level
of the short-circuit location and that all equipment belonging to the same voltage level
shall have the same nominal voltage. The impedances, therefore, have to be calculated
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Table 4.1  Voltage factor c according to IEC 60909-0

Nominal system voltage Uy Voltage factor ¢ for calculation of
Maximal Minimal
s.-c. current s.-C. current
Cmax Cmin

LV: 100 V up to 1000 V (inclusive)
(IEC 60038, Table I)

Voltage tolerance +6% 1.05 0.95
Voltage tolerance +10% 1.10 0.95
MV: >1 kV up to 35 kV (inclusive) 1.10 1.00
(IEC 60038, Table III)
HV: >35 kV (IEC 60038, Table IV) 1.10 1.00

Remark: cmax Un shall notexceed the highest voltage of equipment Uy, as per IEC 60071.

in relation to the rated apparent power S; of the equipment itself, respectively to the
nominal system voltage Uy. In case the %/MVA-system or the p.u.-system is used,
attention must be given to deviations of rated votages of the equipment from nominal
system voltages, see Section 2.7.2.

The presentation within the following sections is closely related to IEC 60909-0.
The IEC-document includes items for the calculation of impedances and for the
calculation of the short-circuit parameters for balanced and unbalanced short-circuits,
both near-to-generator and far-from-generator short-circuits. Calculation of short-
circuit currents during two separate single-phase to earth short-circuits and the partial
short-circuit currents flowing through earth are dealt with in IEC 60909-3, which is
currently under review. These items are explained in Chapter 7.

Depending on the task, the maximal or minimal short-circuit current has to be
calculated. The maximal short-circuit current is the main design criteria for the rating
of equipment to withstand the effects of short-circuit currents. For the calculation of
maximal short-circuit current, the items shall be considered as below:

e For the equivalent voltage source at the short-circuit location the voltage factor
Cmax as per Table 4.1 shall be used. National standards can define voltage factors
different from those in Table 4.1.

o Short-circuit impedance of system feeders shall be minimal (ZQmin), so that the
contribution to the short-circuit current is maximal.

e The contribution of motors has to be assessed and eventually be taken into account,
see Section 4.4.

Resistance of lines is to be calculated for a temperature of 20°C.
Operation of power plants and system feeders shall be in such a way that the
contribution to short-circuit currents will be maximal.

e System topology leading to the maximal short-circuit currents shall be taken into
account.
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The minimal short-circuit current is needed for the design of protection systems and
the minimal setting of protection relays; details of the presuppositions for calculation
are dealt with in Section 4.5.

4.3.2  Calculation of short-circuit current parameters according to
IEC 60909-0

4.3.2.1 Initial symmetrical short-circuit current I/

The initial symmetrical short-circuit current 7, is calculated for balanced and unbal-
anced short-circuits based on the equivalent voltage source at the short-circuit location
and the short-circuit impedance seen from the short-circuit location, which has to be
determined with the system of symmetrical components. The results obtained for
the short-circuit currents (and the voltages of the non-faulted phases, if required)
in the 012-system have to be transferred back into the RYB-system. The results for
the different types of short-circuits are outlined in Table 4.2.
Quantities as per Table 4.2:

c Voltage factor according to Table 4.1
Uy Nominal system voltage
VAW Short-circuit impedance in the positive-, negative- and zero-

sequence component

As can be obtained from Table 4.2, the value of the initial short-circuit current
depends on the impedances in the positive-, negative- and zero-sequence compo-
nent. Based on the impedance ratios Zy/Z| and Z,/Z;, it can be estimated which
type of short-circuit will cause the maximal initial short-circuit current. Figure 4.4
outlines the initial short-circuit currents for different types of short-circuits related to
the short-circuit current of a three-phase short-circuit in variation of the impedance
ratios mentioned above. As the phase angle of the impedances are different in the
positive-, negative- and zero-sequence component, the diagram shall only be used
for a preliminary estimate.

Figure 4.4 can be used as explained below. In the case of a far-from-generator
short-circuit, Z; is equal to Z> (Z>/Z1 = 1). The maximal short-circuit current will
occur in the case of a three-phase short-circuit if Z1/Zy < 1. For ratios Z1/Zy > 1,
the single-phase short-circuit will result in the highest short-circuit currents. In the
case of near-to-generator short-circuits the ratio of negative- to positive-sequence
impedance Z»/Z1 mainly determines which type of short-circuit will cause the maxi-
mal short-circuit current. If Z1/Zp > 1 the maximal short-circuit current will always
occur in the case of a single-phase short-circuit.

4.3.2.2 Short-circuit currents inside power plant

When calculating short-circuit currents inside power plants, the short-circuit loca-
tion itself and the installation of the unit transformer will result in a different
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Table 4.2  Equations for the calculation of initial symmetrical short-circuit currents

Type of Equation Section Remarks
short-circuit IEC 60909-0
Three-phase cUp 421 Short-circuited
"o o_
Iy = Bz 4.3.1 phases R, Y
=1 4.6.1-4.6.3 and B
Double-phase U 422 Short-circuited
short-circuit I, = 2Zn 432 phases Y and B
without earth 122, 4.6.4
connection
Double-phase 423 Current flowing
—v/3cUnZ
short-circuit with  [[p,p = V3cUnZy 433 through earth
earth connection VAVA R R AVA g AYAY 4.6.4
—jcUn(Zy—aZ
General Lopy = ‘ JeUn(Zo — 2 2)) ‘ Current of
VAVARS W AVA RV AYA) phase Y
: 2
” _ jeUn(Zy —a“Z,)
hors =\ 72, + 2,2y + 2,2 Current of
£1£y+ 2120+ 222 phase B
Short-circuited
phases Y and B
Far-from-generator 423 Current flowing
Z =2y Loop = ﬂ 433 through earth
121 +2Z,| 464
7 _ CUanO/Z] - Q'
Lopy = TZ 220 Current of
=1 420 phase Y
2
v cUnlZy/Zy —a”|
Ik2EB = Z-{—T Current of
12 + 22, phase B
Short-circuited
phases Y and B
Line-to-earth ., NN 424 Short-circuited
nole-ph = 555 434 phase R
single-phase 1Z) + Zy + Z| 4.6.4

short-circuit
General

Far-from-generator

(Z, =2

1// _ \/chn
KL 2z, + 2y
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Figure4.4 Estimate of maximal initial short-circuit current for different types of
short-circuit and different impedance ratios Z1/Zy and Z»/Z. Phase
angle of Zy, Z| and Z, assumed to be identical. Parameter r: ratio of
asymmetrical short-circuit current to three-phase short-circuit current

approach, respectively considerations, concerning the impedances. According to
Figure 4.5 different locations have to be considered, that is,

e Short-circuit between generator and unit transformer (F1)
e Short-circuit at HV-side of auxiliary transformer (F2)
e Short-circuit at MV-side of auxiliary transformer (F3)

Furthermore, the arrangement of the unit transformer, that is,

e Equipped with tap-changer
e Without tap-changer

has an important influence on the short-circuit currents.
The short-circuit current for location F1 between generator and unit transformer,
if the unit transformer is equipped with tap-changer, is calculated by

c* U 1 1

I// — 4 + I// — * +
k7 kG T kT V3 IKGs*Zgl | Zpy + (1/13) * Zg il

4.1)
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Figure4.5 Equivalent circuit diagram for the calculation of short-circuit currents
inside power plant

with the impedance correction factor Kgg

Cmax

Kgs=+——F——
s 14 x] * sin ¢

4.2)

When the unit transformer is not equipped with tap-changer, the short-circuit current
is given as

cx U 1 1
I = IIZG + I = * + (4.3)
ﬁ |KGo * ZG' |ZTLV + (l/trzT) * ZQmin|
with the impedance correction factor K¢,
1
Ko Cmax (4.4)

- 14+ pG 1+ x *sin g

The short-circuits at the HV-side of the auxiliary transformer at location F2 are
given by

cx Ug 1 1
) r * + (4.5)
KEB «/5 ('KGS*ZG| |KTS*ZTLV+(1/1}2T)*ZQmin|
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with impedance correction factor for the generator

Cmax
Kgg=— ——F 4.6a
Gs =7 + x}f * sin g (4.62)

and the unit transformer

Kpg= ——mx (4.6b)
1 4+ x1 * sin ¢rg

If the unit transformer is installed without tap-changer the impedance correction
factors are given for the generator

1 Cmax
K = k 4.7a
=TT g 1+ x} * sin g (4.7a)

and for the unit transformer

1
Kto = * Cmax. (4.7b)
14+ pc 14 x7*singg

which shall be used instead of correction factors Kgs and Kt as per Equations (4.6),
respectively. The impedance Z,q

1 1
Zisl = 4.8
sl |KGs * Zg| * |KTs % Zrpy + (/650 % Z g minl 4o
including the correction factors is called the coupling impedance.

Quantities of Equations (4.1)—(4.8) are
Zg Impedance of the generator
Zry Impedance of the unit transformer at LV-side (generator voltage)
ZQmin Impedance of the system feeder for maximal short-circuit current
LT Transformation ratio of the unit transformer (¢, > 1)
Uig Rated voltage of generator
C; Cmax Voltage factor as per Table 4.1
XT Reactance of the transformer in p.u. (impedance voltage)
xy Subtransient reactance of the generator in p.u.
PG Voltage control range of generator in p.u.
sin ¢rg Power factor of generator at rated operating conditions

Other quantities are explained previously.

Short-circuits at MV-side of the auxiliary transformer at location F3 or at the
auxiliary busbar are a superposition of the partial short-circuit current I, of the
auxiliary transformer related to the voltage level of the short-circuit location and of
the contribution of the motors in the auxiliary system to the short-circuit current. In
the case of a unit transformer without tap-changer the impedance correction factors
Ko and KT, have to be considered accordingly.
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4.3.2.3 Peak short-circuit current i,

Depending on the feeding source of the short-circuit different considerations have to
be taken to calculate the peak short-circuit current.

Figure 4.6 indicates an equivalent circuit diagram with single-fed short-circuit.
The short-circuit impedance is represented by a series connection of the individual
impedances.

The peak short-circuit current, which is a peak value, can be calculated for
the different types of short-circuits based on the initial short-circuit current (r.m.s.
value) by

ipy = i % N/21% (4.92)
ip2 = i % N/21)5 (4.9b)
ip1 = k% V21 (4.9¢)
System feeder Q Transformer T F
Q A
| Line L 11‘
—4
| | .
kQ tr:l
Ung
A
Ry Xat Q Ry Xp R Xy

01

Figure4.6  Equivalent circuit diagram for single-fed three-phase short-circuit

The peak short-circuit current i,yg in the case of a double-phase short-circuit with
earth connection is always smaller than either of a three-phase or single-phase short-
circuit and need not be calculated separately. The factor « can be obtained from
Figure 4.7 or calculated by

Kk = 1.02 + 0.98 x e 3 R/X) (4.10)

where 1)3; I[',; 1/, are the initial symmetrical short-circuit currents for three-phase,
double-phase and line-to-earth short-circuit and R; X are the resistance and reactance
of the short-circuit impedance.

Figure 4.8 indicates an equivalent circuit diagram in the case of a short-circuit fed
from non-meshed sources. The peak short-circuit current is calculated by superposing
the contributions of different sources.
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Figure4.7 Factor k for the calculation of peak short-circuit current
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Figure4.8 Equivalent circuit diagram for three-phase short-circuit fed from
non-meshed sources

The peak short-circuit currents i,311 and ip3t2 of each branch, fed through the
transformers T1 and T2, are calculated separately as well as the factors x11 and «T3.

Ip3TI = K1 *\/5*1{3—“ (4.11a)
Ip3T2 = K2 * \/E * 111/31-2 (4.11b)
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The total peak short-circuit current ip3 is given by
ip3 = Ip3T1 + Ip3T2 (4.11c)

Particular considerations are to be taken in the case of short-circuits in meshed net-
works according to Figure 4.9. The peak short-circuit current at the short-circuit
location cannot be calculated by superposition as the R/X-ratios of the individ-
ual branches feeding the short-circuit are different and the direction of the branch
short-circuit currents through the system is defined by the Ohmic law.

Figure4.9 Equivalent circuit diagram of a three-phase short-circuit in a meshed
system

In principle, the peak short-circuit current in a meshed system will be calculated by
ipy = i % N/21% (4.92)

as given for three-phase short-circuits, and for other types of short-circuits accord-
ingly. The factor «, however, will be determined with different methods as
below.

Uniform (smallest) ratio R/X. The factor « is calculated based on the smallest
ratio R/X of all branches of the network. Only those branches need to be taken
into account which contribute to the short-circuit current in the power system corre-
sponding to the short-circuit location, respectively those branches connected through
transformers to the short-circuit location. The results are always on the safe side,
however the accuracy is low.

Ratio R/ X at short-circuit location. Based on the ratio R/X of the total system
impedance at the short-circuit location, the factor « is calculated taking account of
a safety factor of 1.15 to allow for deviations due to the different ratios R/X in the
different branches.

Ky = 1.15 %k (4.12)

The factor 1.15 * « should not exceed the value of 1.8 in LV-systems and shall not
exceed 2.0 in HV-systems. The safety factor 1.15 is neglected when R/X < 0.3.
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Equivalent frequency f.. The factor « is found from Figure 4.7 or can be calculated
based on the ratio R/X:
R R
R_R [ (4.13)
X X f
R. and X, are the equivalent effective resistance and reactance at the short-circuit
location at equivalent frequency f; which is

fe = 20 Hz (nominal power system frequency 50 Hz)
fc = 24 Hz (nominal power system frequency 60 Hz)

The calculation of the equivalent impedance at equivalent frequency f. is to be
carried out additionally to the calculation of impedance at nominal power system
frequency [34].

IEC 60909-1 mentions accuracy limits for the different methods of calculating
short-circuit currents in meshed systems.

Results obtained by the method of uniform (smallest) ratio R/X are always on
the safe side, if all branches contributing to the short-circuit current are taken into
account. Errors can reach in rare cases up to 100 per cent. If only those branches
are considered, which contribute up to 80 per cent to the short-circuit current and
if the ratios R/X are in a wide range, the results can even be on the unsafe side. The
method therefore shall be applied only if the ratios R/ X are in a small bandwidth and
if R/X < 0.3.

The method ratio R/X at short-circuit location (safety factor 1.15) will lead to
results on the safe and unsafe side. Applying the method to ratios 0.005 < R/X < 1.0
the error will be in the range +10 to —5 per cent.

The method of equivalent frequency has an accuracy of £5 per cent, if the ratio
R/X of each branch is in the range of 0.005 < R/X < 5.0.

4.3.2.4 Decaying (aperiodic) component ig.
The maximal decaying aperiodic component i4 is calculated by

ide = V25 I % 2 THRIX) (4.14)

where I is the initial symmetrical short-circuit current, f is the power system fre-
quency, t is the time parameter and R, X are the resistance and reactance of the
short-circuit impedance.

Theresistance of the short-circuit impedance shall be calculated with the real stator
resistance Rg of generators instead of the fictitious resistance Rgr, see Table 3.5. The
ratio R/X shall be calculated in meshed systems with an equivalent frequency f;
which depends on the duration ¢ of the short-circuit as outlined in Table 4.3.

4.3.2.5 Symmetrical short-circuit breaking current I,

In the case of near-to-generator short-circuits, the a.c. component of the short-circuit
current is decaying to a steady-state value, see Figure 4.2(a). The short-circuit current
is interrupted by the switchgear at the instant of minimal time delay tyi, of the
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Table 4.3 Equivalent frequency for the calculation of decaying component

Factor [t <1 <2.5 <5 <12.5
Ratio of equivalent frequency felf 0.27 0.15 0.092 0.055
to power system frequency
Example: f = 50 Hz t <0.02s <0.05s <0.1s <0.25s
fe 135Hz 7.5Hz 4.6 Hz 2.75 Hz
Example: f = 60 Hz t <0.02's <0.05s <0.1s <0.25s
fe 162Hz 9.0Hz 552Hz 33Hz

protection. The calculation of the symmetrical short-circuit breaking current Iy, is
based on the initial short-circuit current and on the factor .,

Iy= I (4.15)
The factor p can be taken from Figure 4.10 or calculated by

p=0.84 + 026 % e 020Uc/k6)  for g =0.02's (4.16a)

p=0.71+0.51%e 030Ue/h6)  for g0 —0.05s (4.16b)

p=0.62+072%e 032Uc/h)  for g —0.10s (4.16¢)

=056+ 0.94 % e 038UG/h6)  for g > 025 (4.16d)

Minimum time delay

0.9 “\ ) \ /
RN 0.02s
K038 = S \
N / 0.05s —_—
“~._~~ — |
0.7 7\ 0.Is .
e oRT—
\

0.5

0 2 4 6 8 10 12

o/ or I /I

Figure4.10  Factor u for calculation of symmetrical short-circuit breaking current
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where I, is the initial symmetrical short-circuit current of the generator, IiG is
the rated current of the generator and #j, is the minimal time delay of the protec-
tion, switchgear and auxiliaries, that is, minimal time for switching the short-circuit
current off.

The factor u is valid for high-voltage synchronous generators, excited by rotat-
ing machines of rectifiers. If the excitation system is not known the factor shall be
settou = 1.

In the case of far-from-generator short-circuits, the symmetrical short-circuit
breaking current I, is equal to the initial short-circuit current 1, as the a.c. component
is not decaying.

4.3.2.6 Steady-state short-circuit current I

The steady-state short-circuit current /i in the case of near-to-generator short-circuits
depends on various factors such as saturation effects, power factor of generators,
change of system topology due to operation of switching, etc. and can therefore only
be determined with a certain inaccuracy. The method as per IEC 60909 determines
lower and upper limits only when one synchronous machine is feeding the short-
circuit. The calculation is based on the generator-rated current assuming a factor A
which depends on the ratio of initial symmetrical short-circuit current to rated current
of the generator and on the saturated synchronous reactance.

Maximal excitation of the synchronous machine leads to the maximal symmetrical
short-circuit breaking current

Ik max = Amax * IrG (4.17a)

The factor Amax is valid for turbine generators according to Figure 4.11 and for
salient-pole generators as per Figure 4.12.

The minimal symmetrical short-circuit breaking current is calculated for constant
no-load excitation of the generator with the factor Ap;y.

Ik min = Amin * LG (4.17b)
The values for Ay, are included in Figures 4.11 and 4.12. Reference is made to the

remarks in IEC 60909-0 on the factors.
Quantities as used above are

Ig Rated current of the generator
L Initial synchronous short-circuit current of the generator
Xdsat Saturated synchronous reactance of the generator, equal to the reciprocal

of the short-circuit ratio of the generator

In the case of far-from-generator short-circuits, the symmetrical short-circuit
breaking current I, is equal to the initial short-circuit current I as the a.c. component
is not decaying.
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Figure4.11  Factors hmax and hyin for turbine generators (Figure 17 of DIN EN
60909-0 (VDE 0102)). (a) Series one and (b) series two
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Figure4.12  Factors Amax and Anin for salient-pole generators (Figure 18 of DIN
EN 60909-0 (VDE 0102) 1988). (a) Series one and (b) series two



84  Short-circuit currents
4.4 Influence of motors

Asynchronous motors and synchronous motors have to be taken into account in
MV-systems and in auxiliary supply systems of power plants and industrial net-
works for the calculation of maximal short-circuit currents. They contribute to the
initial symmetrical short-circuit current, to the peak short-circuit current, to the sym-
metrical short-circuit breaking current and in case of unbalanced short-circuits to
the steady-state short-circuit current as well, see Table 4.4. Synchronous motors are
modelled like generators and asynchronous generators are treated as asynchronous
motors. Motors of any kind, which are not in operation at the same time, e.g., due
to the process or due to any interlocking, can be neglected for the calculation of
short-circuit currents. Motors fed by static-rectifiers need to be considered in the case
of three-phase short-circuits only, if they are able to transfer energy for deceleration
for the duration of the short-circuit, as they contribute to the initial symmetrical and
to the peak short-circuit current.

Table 4.4 Calculation of short-circuit currents of asynchronous motors

Parameter Type of short-circuit
Three-phase Double-phase Line-to-earth
) " _ ¢, " _ \ﬁ " " _ /30,
Initial ) Lgv = ﬁ;M Lom = 5 Iiam LM = ZiitZont Zow
shymmehtnca.ll in systems with earthed
short-circuit neutral only
current
. . 3. .
Peak o ip3M = KM\/EIIZSM ip2M = %lng ipIM = KM\/EIIQ/IM
short-circuit
current MV-motors:

kv = 1.65 (Ryi/ Xwm = 0.15) for active power per pole-pair <1 MW
kM = 1.75 (Rpm/ Xwm = 0.10) for active power per pole-pair >1 MW
LV-motors including connection cables

kM = 1.30 (Rv/Xm = 0.42)

; ~ V3 ~
Symmet.rlcaq Insm = gLy ToM ~ 4112/3M Ioim ~ Iim
short-circuit . .
breaking 1 as per Figure 4.10, g as per Figure 4.13
current
~ V3 ~
Steady-s.tate. Iiam =0 liom ~ 4]12/3M Iam = Iy
short-circuit
current

Quantities used in the equations are explained in the text.
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Asynchronous motors in public supply systems are considered when

e the sum of the rated currents is greater than 1 per cent of the initial symmetrical
short-circuit current without motors;

e the contribution to the initial symmetrical short-circuit current without motors
is greater or equal to 5 per cent of the initial symmetrical short-circuit current
without motors.

Medium- and low-voltage asynchronous motors connected through two-winding
transformers to the short-circuit are considered if

> P - 0.8
2. St [((c %100 SrT)/(ﬁUnQ/Ilf)) —0.3]

where Uy is the nominal system voltage, Y Syt is the sum of rated apparent power
of all transformers, directly connected to motors feeding the short-circuit, 7}/ is the
initial symmetrical short-circuit current without motors and Y Py is the sum of
rated active power of all low- and medium-voltage motors.

In order to calculate the branch short-circuit current of asynchronous motors,
Table 4.4 can be used. The factor g (three-phase short-circuit) depending on the
minimal time delay of the protection f,j, can be obtained from Figure 4.13 or by

(4.18)

g =1.03+0.12%In(m), tmn =0.02s (4.192)
g =0.79+0.12%In(m), tmin = 0.05s (4.19b)
g =0.57+0.12%In(m), tmn =0.10s (4.19¢)
g =026+ 0.10%In(m), tmn > 0.25s (4.19d)

where fyin is the minimal time delay of the protection, switchgear and auxiliaries,
i.e., minimal time for switching the short-circuit current off and m is the active power
of the motor per pole-pair in p.u. based on 1-MW-base. The factor g should not be
greater than 1.

4.5 Minimal short-circuit currents

In order to calculate the minimal short-circuit current, the voltage factor ¢y, accord-
ing to Table 4.1 for the equivalent voltage source at the short-circuit location has to
be considered. Furthermore,

e System topology, generator dispatch and short-circuit power of feeding networks
have to be defined in such a way that the minimal short-circuit current is expected.
This normally applies for low-load conditions.

Motors are to be neglected.

Resistances of overhead lines and cables shall be calculated with the maximal
permissible temperature at the end of the short-circuit, e.g., 80°C in low-voltage
systems.
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Figure4.13  Factor q for the calculation of symmetrical short-circuit breaking
current

These assumptions have to be taken in the case of balanced and unbalanced short-
circuits, except where other presuppositions are mentioned.

4.6 Examples

Examples for the calculation of short-circuit currents are included in IEC 60909-4
besides those given below. Reference is made to the relevant chapters where the
individual quantities are explained.

4.6.1 Three-phase near-to-generator short-circuit

Figure 4.14 outlines the equivalent circuit diagram of a 220-kV system. For three-
phase short-circuit at busbar B (maximal s.-c. currents) the branch short-circuit
currents of the generators and the system feeder as well as the contribution of the
generators to the symmetrical short-circuit breaking current and to the steady-state
short-circuit current (fyin, = 0.1 s; xgsat = 140%; Turbine generator (Series 1)) are
to be calculated.

Data of equipment taken from nameplates:

Srg1 = 120 MVA; U,g1 = 10.5 kV; cos g1 = 0.8;)6(/1/(}1 = 18%
Sig2 = 80 MVA; Urga = 10.5kV; cos prga = O.SS;X(/{GZ =16%
Sit1 = 120 MVA; Urtiny/Urtiny = 220 kV/10.5 kV; uget) = 14%
SrT2 =80 MVA; UrT2HV/UrT2LV =220 kV/lO.S kV; UKrT2 = 12%
Sit3 = 200 MVA; Urtsgv/UrtsLy = 400 kV /220 kV; uyers = 12%
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Figure4.14  Equivalent circuit diagram of a 220-kV-system with short-circuit
location

Siq = 5 GVA; Ung = 380 kV

X{, = X{, =04 Q/km;/ =50 km

The impedances of equipment (positive-sequence component) including correction
factors are

Xqk =9.632 @

X173 =2831Q

X111 = X102 =20.04 2
Xxwik = 138.67 @
Xxwok = 182.52 Q

The short-circuit impedance at the short-circuit location is Xgg = 29.82 Q
The initial symmetrical short-circuit currents are:
I, =4.69kA,  ats.-c. location
I]Z3Q = 1.69 kA, branch s.-c. current of system feeder

The contribution of the generators to the short-circuit currents is outlined in the table
below.

Parameter Generator 1 Generator 2 Section
112/3 21.11 kA 16.04 KA 43.2.1
" 0.879 0.844

Iy 18.55 kA 13.54 kA 4325
Amax /Amin 1.75/0.46 1.82/0.47

Ix max/ Ik min 11.55 kA/3.04 kA 8.01 kA/2.07 kA

4.6.2 Line-to-earth (single-phase) short-circuit

The initial short-circuit current for a single-phase short-circuit at location F according
to Figure 4.15 shall be calculated.
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Figure4.15 Equivalent circuit diagram of a 110-kV-system with 220-kV-feeder

The data of equipment are:

SIZQ =5GVA; X9/ X1 =4
Sit = 100 MVA; uye = 12%; 6,7 = 220kV/115kV; X9/ X1 =3
X£ =0.13 Q/km; Iy, = 10km; Xo/X; = 3.5

The impedances in the positive- (negative-) and zero-sequence component including
correction factors are:

X1gk = 2.904 Q; Xogk = 11.62 Q
X1tk = X112k = 1549 ©Q; Xotik = Xomek = 46.34 Q
X1 = X2 = X3 = 1.295 Q; Xo1 = Xor2 = Xorz3 = 4.538 Q

The impedances at the short-circuit location are X1k = 11.507 2; Xox = 49.368 Q
and the initial short-circuit current is I;/; = 2.895 kA.

4.6.3 Calculation of peak short-circuit current

The peak short-circuit current for a three-phase short-circuit at location F according
to Figure 4.16 shall be calculated with the different methods, i.e., ‘superposition
method’, ‘ratio R/X at s.-c. location’ and ‘equivalent frequency’. The accuracy of
the results is to be assessed.

The data of equipment are

Uy = 1000 MVA; Ung = 110 kV
St = 10 MVA; gt = 10%; Per = 70 kW i1 = 125 kV/12 kV
S:6 = 20 MVA; Usg = 10.5 kV; cos g = 0.8;x/2, = 10%

X{ =0.09 Q/km; R{ =0.123 Q/km; I = 5km

The impedances of equipment including correction factors are

Xk = 0.5448 Q; Rg = 0.5448 Q
XL =045Q; R, = 0.615Q
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U,=10kV

Figure4.16 Equivalent circuit diagram of a 10-kV system, f = 50 Hz

Xq =0.122 2;Ro = 0.0122 Q
X1 = 1.416 Q; Rt = 0.0994

The results of short-circuit calculation are outlined in the table below:

Method

Impedance at
s.-c. location

Superposition
of feeders A
and B

Ratio R/X at
s.-c. location

Equivalent
frequency

Zx = (0.244 4+ 0.649) Q

Zia = (0.1116 + 1.5381) Q
Zp = (0.653 + 0.9948) Q

" _
I\ =4.118 kA 1.837
14 _
Iy = 5337kA 1.157

Zy = (0.244 + 0.649)

(0.1116 + 0.6112) © 9.16 kKA
Zipe = (0.653 4 0.3979) Q
(0.2509 + 0.4036)

ipa = 10.7 kA
ipp = 8.73 kA

ipges = 19.43 kA

1.337 19.92 kA

1.485 19.24 kA

The results obtained with the superposition method are the correct results.

4.6.4 Short-circuit currents in a meshed 110-kV-system

The three-phase short-circuit current for the short-circuit location at busbar E in
a meshed 110-kV-system shall be calculated. The system diagram is outlined in

Figure 4.17.
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Figure4.17 A 110-kV system with short-circuit location

The rated data of equipment (positive-sequence component) are given below:

System Q: Unq = 380 kV; Sl’(/Q = 4000 MVA

Gl: S:g1 = 200 MVA; Ui = 10.5kV; xJ; = 18%; cos grg1 = 0.85;
pG1 = 10%

G2: Srg2 =120 MVA; U,z = 10.5kV; xgz = 15%; cos¢rga = 0.8;
pGc2 = 10%

T1: Sit1 =200 MVA; uyet1 = 16%;
Urrinv/UrriLv = 110 kV/10.5 kV; p11 =12%

T2: Srr2 = 100 MVA; upery = 14%:
Urronv/Urrory = 110 kV/10.5 kV; p12 =10%

T3: SrT3 =300 MVA; UKrT3 = 16%;
Urrsnv/UrrsLy =400 kV /220 kV; p13 = 15%

T4: Srt4 =300 MVA; uprt4 = 16%;
Urranv /Urrary =220 kV /110 kV; pra =12%

Lines: X, =04Q/km; 1| =40 km; X[, = 0.36 Q/km; I = 30 km

Xi3 =04 Q/km; I =20 km; X{, = 0.42 Q/km;
I14 = 100 km
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The impedances of the equipment in %/M VA calculated according to the equations
as per Section 3.2.2 are outlined in the table below:

No. Equipment X

Correction Corrected S} 1
(%/MVA) as per

impedance (MVA) (kA)

Tables 3.2 (%/MVA)
and 3.6

1 Generator 1 0.09
2 Transformer 1  0.08
142 Power station 1 0.17 0.8996 0.153
3 Generator 2 0.125
4 Transformer2 0.14
3+4 Power station 2 0.265 0.8576 0.227
5 Line 1 0.1322
6 Line 2 0.0893
7 Line 3 0.0661
Y-A LI1L2 0.041
5,6;7 LIL3 0.0304

L2L3 0.0205
8 System Q 0.02736
9 Transformer 3 0.0533 1.004 0.0535
10 Line 4 0.0868
11 Transformer 4  0.05 1.004 0.0502
8+9+ 10411 0.2212
12 Total impedance 0.096 1146  6.01

at £

4.6.5 Influence of impedance correction factors on short-circuit currents

The three-phase short-circuit current for the short-circuit location in the 110-kV-
system in a single-fed system of different voltage levels as outlined in Figure 4.18

shall be calculated.

T1

L

Q C
&)

AT

Ung=380kV

U,=220kV

Up=110kV

Figure4.18  System with different voltage levels with short-circuit location
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The rated data of equipment (positive-sequence component) are given below:

System Q: Ung = 380kV; Sl’(/Q = 5000 MVA

Tl: Sit1 =200 MVA; w1 =16%;  Urrinv/Urtiy =400 kV/
220 kV; pt1=12%

T2: Srt2 =200 MVA; U2 = 16%; Urronv/Urtory =220 kV/
120 kV: pr2 = 10%

Line: X{ =0.4 Q/km; Iy, =100 km

The impedances of the equipment in %/MVA and the short-circuit current calculated
according to the equations as per Section 3.2.2 are outlined in the table below:

No.  Equipment X S5 A
(%/MVA)  (MVA)  (kA)

1 System Q 0.0219

2 Transformer 1 0.08

3 Line 0.0826

4 Transformer 2 0.08

5 Total impedance 0.2645 415.9 2.18
at 110 kV

As indicated by the rated data of equipment and as can be seen in Figure 4.18, the
rated voltage of the transformers differ from the nominal voltages of the 380-kV- and
the 110-kV-systems. Correction factors for those equipment connected to the short-
circuit location through transformers must be taken into account. The results of the
calculation with impedance correction factor as per Figure 2.16 and Equation (2.27)
are given below.

No. Equipment X Correction ~ Corrected S, 1
(%/MVA)  factor impedance (MVA) (kA)

as per (%/MVA)
Figure 2.16

1 System Q 0.0219 1.074 0.0235

2 Transformer 1 0.08 1.19 0.0952

3 Line 0.0826 1.19 0.0983

4 Transformer 2 0.08 1.19 0.0952

5 Total impedance 0.3122 3523 1.85

at 110 kV
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The calculation of transformer impedances furthermore requires impedance
correction factor as outlined in Table 3.3. The results of the analysis, taking account
of both correction factors (Figure 2.16 and Table 3.3), are outlined in the table below:

No. Equipment  x Correction Correction Corrected S, 1
(%/MVA) factor factor impedance (MVA) (kA)
as per as per (%/MVA)

Figure 2.16 Table 3.3

1 System Q 0.0219 1.074 0.0235

2 Transformer 1 0.08 1.19 1.004 0.0956

3 Line 0.0826 1.19 0.0983

4 Transformer 2 0.08 1.19 1.004 0.0956

5  Total 0.2645 0.313 3514 1.84
impedance
at 110 kV

Calculating the short-circuit current in the p.u.-system is similar to the calculation
in the %/MVA-system. Correction factors as per Table 3.3 for the transformers and
Figure 2.16 due to differences between the rated voltages of equipment and the nom-
inal system voltages have to be taken into account. The reference voltage is equal
to the nominal voltage at the short-circuit location Ug = 110 kV and the reference
power is 100 MVA. The results are outlined in the table below:

No. Equipment x' Correction ~ Correction Corrected sy, iy
(p.u.) factor factor impedance (p.u.) (p.u.)
as per as per (p-u.)

Figure 2.16 Table 3.3

1 System Q 0.0219 1.074 0.0235

2 Transformer 1 0.08 1.19 1.004 0.0956

3 Line 0.0826 1.19 0.0983

4 Transformer 2 0.08 1.19 1.004 0.0956

5 Total 0.2645 0.313 3.514 2.024
impedance
at 110 kV

If the short-circuit current is calculated using the ©2-system only the correction factor
as per Table 3.3 for the transformers has to be taken into account. The results as per
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calculation in the Q2-system are outlined in the table below:

No.  Equipment X Correction  Corrected S 1
() as per impedance  (MVA)  (kA)
Table 3.3 ()

1 System Q 2.844 2.844

2 Transformer 1 11.519 1.004 11.565

3 Line 11.894 11.894

4 Transformer 2 11.519 1.004 11.565

5 Total 37.78 37.87 351.4 1.84
impedance
at 110 kV

The greatest influence on the short-circuit current is given by the correction factors
due to the difference of the rated voltage of the transformers and the nominal voltages
of the 380-kV- and the 110-kV-systems as can be seen clearly from the results. The
correction factor of the transformers as per Table 3.3, however, have only a negligible
effect on the system under investigation. As the individual correction factors depend
on the rated data of the equipment the influence on the short-circuit current may be
different in other system configurations. Thus, it should be noted that the correction
factors should be taken into account in general.

4.6.6 Short-circuit currents in a.c. auxiliary supply of a
power station

Figure 4.19 indicates the high-voltage system configuration of the a.c. power supply
of'apower station. Auxiliary supply is connected to the 6-kV-busbar E. During start-up
ofthe power station, i.e., prior to synchronization of the generator, the power supply is
taken from the start-up supply through transformer TS5 either from the 30-kV-system
connected to busbar B or from the 110-kV-system (busbar A) or 220-kV-system
(busbar Q). After synchronization the transformers T2 and T5 are both in operation
for the auxiliary supply, transformer T5 is switched-off finally and the auxiliaries are
supplied through transformer T2 only.
The rated data of equipment are given below:

System Q Ung = 220 kV; SIZQ =10,000 MVA
System A Upa = 110kV; S{(’A = 3000 MVA
System B Uns = 30kV; 55 =300 MVA



Calculation of short-circuit current 95

Q — Upg=220kV A — U,

n.
T3
G5
A (&)
Uy =30kV
TS
Uyp=6kV

Ug=115kv E

A=110KV

G

Figure4.19 High-voltage system configuration for the auxiliary supply of a

T1
T2
T3
T4
T5

power station

Sitg = 300 MVA; Ug = 11.5kV; xg = 18%; cos prg = 0.85

Sit1 = 300 MVA; w1 = 14%; Uirinv/Urtiy = 220 kV/11.5 kV
Sit2 = 25 MVA; uigt2 = 8%; Urronv /Uity = 11.5 kV /6 kV

SrT3 =150 MVA; UkrT3 = 12%; UrT3HV/UrT3LV =220 kV/llO kv
SrT4 =40 MVA; UKrT4 = 10%; UrT4HV/UrT4LV =110 kV/3O kV
Sits = 25 MVA; uiets = 8%; Urrsuv/Urrsiy = 11.5kV/6 kV

Data on the voltage control of the generator and the tap-changers of the trans-
formers are not known. The short-circuit currents have to be calculated for three-
phase short-circuit at the auxiliary busbar E for the three operating conditions as
mentioned.
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The impedances of the equipment are given in the table below.

No.  Equipment X Correction Corrected
(%/MVA)  factor as per impedance

Table 3.2 (%/MVA)
and Table 3.3

1 System Q 0.0109

2 System A 0.0365

3 System B 0.3652

4 Generator 0.06 1.005 0.0603

5 Transformer 1 0.0467 0.964 0.045

6 Transformer 2 0.32 0.997 0.31

7 Transformer 3 0.8 0.975 0.7799

8 Transformer 4 0.25 0.986 0.246

9 Transformer 5 0.32 0.997 0.31

For start-up operation of the power station the total impedance is xxs =
0.469%/MVA, resulting in a three-phase short-circuit current of ;5 = 22.58 kA.
For the intermediate operation state (both transformers T2 and T5 are in opera-
tion) the total impedance is xxi; = 0.197%/MVA, the three-phase short-circuit
current is /;; = 53.82 kA. For normal operation of the power station the total
impedance is xyn = 0.339%/MVA, resulting in a three-phase short-circuit current
of 1% = 31.23 kA.

The highest short-circuit current appears in case the auxiliaries are supplied
through the transformers T2 and T5. This condition is only present for a short-time
while switching from one supply to the other. It is therefore not recommended to
take this condition for the design rating of the switchgear and equipment, but to
take the highest short-circuit current occurring under other operating conditions
(15 = 31.23 kA).

Calculation can also be done using p.u.-system, which gives identical numerical
values for the impedances. The short-circuit currents in p.u.-system are calculated
with reference voltage Ug = 6 kV (nominal system voltage at short-circuit location).
Results of calculation in %/MVA-system and p.u.-system are outlined in the table
below.

Operating condition x I x
(%/MVA)  (kA)  (pu)  (pu.)

Start-up operation 0.469 22.58  0.469 1.35
Transformers T2 and TS5 are in operation ~ 0.197 53.82 0.197 3.23
Normal operation of the power station 0.339 3123 0339 1.87




Chapter 5

Influence of neutral earthing on single-phase
short-circuit currents

5.1 General

The theoretical approach to calculate short-circuit (s.-c.) currents with symmetrical
components in general and especially in the case of single-phase short-circuit was
explained in detail in Chapter 2. Current and voltages in case of short-circuits with
earth connection (e.g., single-phase short-circuits) depend on the positive- and zero-
sequence impedances Z1 and Zy. If the ratio of zero-sequence to positive-sequence
impedanceisk = Zy/Z the voltages in the non-faulted phases (see Equation (2.25a))
and the single-phase short-circuit current (see Equation (2.25b)) are

Vky+k+1
|Qy|=|QB|=E1*\/§*T (5.1a)
E 3
n= L (5.1b)

T 70Tk

If the voltage E is set to £ = U,/ \/g, similar to the equivalent voltage at
short-circuit location then

Vko +k+1
Uol=|Ux|=U, ¢ ——-—— 5.1
[Uv| |Ugl n ¥ 21k (5.1¢)
U, 3
= (5.1d)

I = .« —
K™ Bz, 2+k

The impedances in the positive-sequence (and negative-sequence) system are
determined only by the network topology. The single-phase short-circuit current and
the voltages of the non-faulted phases can be changed only by changing the ratio
of positive-sequence to zero-sequence impedance, i.e., by changing the handling of
transformer neutrals.
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The type of neutral earthing determines the impedance Zg of the zero-sequence
component and has a dominating influence on the short-circuit current through earth,
i.e., I/} in case of single-phase short-circuits and /', in case of two-phase short-
circuit with earth connection. In order to change the zero-sequence impedance of
the system, it is possible to earth any number of neutrals, i.e., none, a few or all
transformer neutrals, leading to the highest zero-sequence impedance (no neutral
earthed), respectively the lowest zero-sequence impedance (all neutrals earthed).
The system is characterised less by the number of neutrals to be earthed, than by the
value of the single-phase short-circuit current and by the voltages in the non-faulted
phases.

The different types of neutral handling in power systems (high-voltage systems
only) are outlined in Table 5.1.

Quantities as per Table 5.1

Un Nominal system voltage

Uomax Maximal voltage in the zero-sequence system, i.e., at neutral of
transformer

1) Angular velocity of the power system

Cg Line-to-earth capacitance of the power system

Zy; Z4 Zero-sequence, respectively positive-sequence, impedance of the
system

8o Damping of the power system (see Section 5.5)

v Ratio indicating capacitance to reactance (see Section 5.5)

5.2 Power system with low-impedance earthing

Low-impedance earthing is applied in medium-voltage and high-voltage systems
worldwide with nominal voltages above 10 kV. Power systems having nominal
voltages U, > 132 kV are generally operated with low-impedance earthing. In order
to realise a power system with low-impedance earthing, it is not necessary that the
neutrals of all transformers are earthed, but to fulfil the criteria, that the voltages of
the non-faulted phases remain below 140 per cent of the nominal system voltage in
the case of a single-phase short-circuit. The disadvantage while earthing all neutrals
is seen in an increased single-phase short-circuit current, sometimes exceeding the
three-phase short-circuit current. The neutral of unit transformers in power stations
shall not be earthed at all, as the single-phase short-circuit current will then depend
on the generation dispatch. As the contribution of one unit transformer is in the range
of up to 8 kA, the influence on the single-phase short-circuit currents is significant.

Based on Figure 5.1 and assuming a far-from-generator short-circuit with positive-
sequence impedance equal to negative-sequence impedance Z;, = Z,, the single-
phase short-circuit current is calculated by

P cx+/3xUy

- 5.1
=57 12, (5.1¢)
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@ ZpZi2Z,

¥

®) — &

Z
|E=E” v

Z,

Zy

00

Figure 5.1 Equivalent circuit diagram of a single-phase short-circuit (system with
low-impedance earthing). (a) Diagram in RYB-system, (b) equivalent
circuit diagram in the system of symmetrical components

with voltage factor ¢ according to Table 4.1. If the single-phase short-circuit current
is related to the three-phase short-circuit current

p cx Uy

1, = ———— 5.2
k3 «/5 « Zl ( )
it follows that
Ly _3%2

Iy~ 2%Z+ 2 G

The relation of single-phase to three-phase short-circuit current depending on the
ratio of Z1/Zy with the difference of phase angles (y; — yo) of the impedances
as parameter is outlined in Figure 5.2. The phase angles y; and yp are defined
by the arcustangens-function y; = arctan(X/R1) in the positive-sequence system
respectively yp = arctan(Xo/Rp) in the zero-sequence system.
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Figure 5.2  Ratio of single-phase to three-phase short-circuit current depending on
Z1/Zo and (y1 — yo)

The voltages (power-frequency voltage) of the non-faulted phases Y and B,
as calculated in Chapter 2 in detail,

g L@ -D+2yx@—a)

Uy = 54
Uy =E, Zo+ 2, +2, (5.4a)

Zy*(a—1)+Zy*(a—a®
Ug=E*
Zo+7Z,+ 2,

(5.4b)

can be simplified if Z; = Z, is assumed and by taking account of the meaning of a
and a? as below:

3
Uy =—05V3%E| * V3 : (5.5a)
1+ Q2Z,/Zyp) +J
3
Ug = —05vV3%E,| % V3 (5.5b)

1+ 2Z,/Zy) =
Relating the voltages to the voltage E the earth-fault factors of the phases Y and B,
8y and 8p are obtained.

3
dy = |—0.5 % - ‘ (5.6a)
1+ Q2Z,/Zy) + j
3
Sy = ‘— ‘ (5.6b)

5% -
1+ Q2Z,/Zyp) — j
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which are different from each other, depending on the impedances and the phase
angle.

The effect of the earthing can be described by the earth-fault factor § according
to VDE 0141/07.89 and is defined to be the maximum of the earth-fault factors &y
and &g

ULE max
U/3

where UL gmax 1S the highest value of the power-frequency voltage phase-to-earth of
the non-faulted phases in the case of a short-circuit with earth connection and U is
the voltage between phases prior to fault.

Power systems having an earth-fault factor § < 1.4 are defined as systems with
low-impedance earthing. It should be noted that the single-phase short-circuit currents
shall be below the permissible limits, which are defined by the breaking capability
of circuit-breakers, the short-circuit withstand capability of switchgear, installations
and equipment and by other criteria such as earthing voltage, induced voltages, etc.

Figure 5.3 indicates the earth-fault factors §y and dp in dependence of the ratio
Z,/Z, and the difference of impedance angles (y1 — o). An impedance angle above
90° is only possible in the case of a capacitive impedance of the zero-sequence
component but not in systems with low-impedance earthing.

Figure 5.4 presents the earth-fault factor § in relation to X/ X with the parameter
Ro/Xo, whereas the impedance angle in the positive-sequence component remains
constant. The earth-fault factor § remains below 1.4 if X¢/X; < 5 can be achieved
and if Ry/ X is kept below 0.2 (alternatively X¢/ X1 < 4 and Ro/Xo < 0.3).

An impedance ratio Xo/X|; = 2—4 can easily be achieved in power systems as
the relation of zero-sequence to positive-sequence impedances of equipment is

8 = MAX{8y; g} = (5.7)

Xo/X1~4 Parallel double-circuit overhead lines

Xo/X1~3 Single-circuit overhead lines and HV-transformers Yy(d)

Xo/X1~03 Unit transformers Yd in power stations (normally not to be
earthed)

5.3 Power system having earthing with current limitation

Earthing with current limitation can be seen in some cases as a special case of the
low-impedance earthing, provided the earth-fault factor is below 1.4. Earthing with
current limitation is applied in urban power systems having rated voltage U, < 20kV.
Some applications are known in systems with nominal voltage up to 132 kV.

The criterion for the design of the earthing conditions is the value of the single-
phase short-circuit current, which can be limited to some kA (1 kA or2 kA) in medium-
voltage systems or to some 10 kA in high-voltage systems (e.g., below the three-phase
short-circuit current). To realise the scheme of earthing with current limitation, the
neutrals of some or all transformers are earthed through reactances or resistances
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Figure5.3  Earth-fault factors in relation to Z,/Z and (Y1 — ). (a) Earth-fault
factor 8y and (b) earth-fault factor 5

to such an amount that the condition for the single-phase short-circuit is fulfilled.
As a disadvantage it should be noted that the earth-fault factor § might exceed the
value of 1.4, which seems to be acceptable in medium-voltage systems with nominal
voltages U, = 10-20 kV. In high-voltage systems with U, = 110-132 kV the
advantages and disadvantages have to be analysed in more detail.

In order to estimate the required value of the earthing impedance, the zero-
sequence impedance is considered based on Figure 5.5, indicating the ratio of I}/, /I,';
as well as the earth-fault factor § in relation to Xo/X. As an example, a medium-
voltage system with U, = 10 kV having an initial three-phase short-circuit power
Si5 = 100250 MVA (I}; = 5.8-14.4 kA) is regarded. In this case for the limitation
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Figure 5.4  Earth-fault factor § depending on Xo/ X1 for different ratios Ry/ Xy and
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Figure5.5  Earth-fault factor § and ratio I/, /1.’ depending on Xo/X
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of the single-phase short-circuit current to I;; = 2 kA the ratio Xo/X| = 6.7-19.6
is required. The earth-fault factor in this case will be § = 1.44-1.61. By this, the
system is no longer a system with low-impedance earthing.

5.4 Power system with isolated neutral

The operation of power systems with isolated neutrals is applicable to systems
with nominal voltages up to 60 kV, however the main application is seen in power
station auxiliary installations and industrial power systems with voltages up to 10 kV.
In public supply systems, isolated neutrals are not very common.

The analysis of a single-phase earth-fault is based on Figure 5.6.

@) = B(L3)
e Y (L2)
S — R(LI)
(—U :.-'
|E|:? |:] = |:] = GE

01/02

==Cg l_Uo

Q
o
|

00

Figure 5.6 Power system with isolated neutral with single-phase earth-fault.
(a) Equivalent circuit diagram in RYB-system and (b) equivalent circuit
diagram in the system of symmetrical components

Contrary to power systems with low-impedance earthing or earthing with
current limitation the capacitances phase-to-earth capacitances in the zero-sequence
component cannot be neglected in power systems with isolated neutral as can be
seen from Figure 5.6. To determine the respective parameters of the equipment,
no-load measurements are necessary. The single-phase earth-fault current, in general,
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is calculated by

P c*x /3% Uy

- 5.8
YT R2xZ + 2 ©8)

where U, is the nominal system voltage, c is the voltage factor as per Table 4.1 and
Z,; Z, are the positive- and zero-sequence impedances, respectively.

The zero-sequence impedance Z,, is determined by the capacitance phase-to-
earth Cg, and is significantly higher than the positive-sequence impedance Z;. The
single-phase earth-fault current is determined through the capacitive component by

Ig =1Icg = jo*Ce*3%Uy (5.9)

and is called capacitive earth-fault current / ~g. As the capacitive earth-fault current
is significantly lower than a typical short-circuit current, in most of the cases even
lower than the normal operating current, the single-phase fault in a system with
isolated neutral is called earth-fault instead of short-circuit. The earth-fault current
increases with increasing capacitance phase-to-earth and by this with increasing line
length as can be seen from Equation (5.9). Small capacitive currents in the case of
faults through air can be extinguished by themselves if they remain below some 10 A
depending on the voltage level. Figure 5.7 indicates the limits for self-extinguishing
of capacitive currents /cg according to VDE 0228 part 2/12.87.

A
140

120

100

T 80
. 60
L

40

20

0

3 10 20 30 60 110 kV
U,—»

Figure 5.7 Limit for self-extinguishing of capacitive currents in air according to
VDE 0228 part 2

The voltages (phase-to-earth) of the non-faulted phases in the case of an earth-
fault are increasing to the amount of the phase-to-phase voltage, as can be seen
from Figure 5.8. Prior to fault the voltage potential of earth (E) and neutral (N)
are identical, the phase-to-earth voltages are symmetrical as well as the line-to-line
voltages. During the earth-fault, the voltage of the faulted phase (R) is identical to
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Figure 5.8 Vector diagram of voltages, power system with isolated neutral. (a) Prior
to fault and (b) during earth-fault

the voltage of the earth (E). The voltage potential of the neutral (N) is given, by
definition, as the mean value of the three phases R, Y and B which is not changed by
the earth-fault. A voltage displacement Uy between neutral and earth equal to the
line-to-earth voltage is originating from the earth-fault. The voltage displacement is
equal to the voltage U, of the zero-sequence component. As the impedance of the
zero-sequence component is significantly higher than the impedances of the positive-
and negative-sequences system, the displacement voltage is identical with the voltage
at the transformer neutral. The voltages of the non-faulted phases are increased, but
the three voltages phase-to-phase remain symmetrical as outlined in Figure 5.8(b).

The capacitive earth-fault current and the recovery voltage at the fault location
have a phase displacement of nearly 90°. Atthe instant of the maximum ofthe recovery
voltage or shortly after it, a reignition of the fault arc is possible and probable. The
time courses of the phase-to-earth voltages ur, vy and up and of the displacement
voltage ung as well as the earth-fault current icg are outlined in Figure 5.9 indicating
the time prior, during and after the occurrence of the earth-fault.

The earth-fault occurs at time instant 71, phase R having the maximal voltage. The
phase-to-earth voltage of the non-faulted phases Y and B are increasing to the value
of the phase-to-phase voltage. The displacement voltage ung increases from a very
low value, ideally zero, to the phase-to-earth voltage. The transient frequency can be
calculated by

1
2% x+/3%x L1 *Cy

where L is the inductance of the positive-sequence system and C the capacitance
of the zero-sequence system.

The earth-fault arc is extinguished at time #, approximately 10 ms after ignition
of the earth-fault; the current icg has its zero-crossing, whereas the displacement
voltage has nearly reached its peak value. The three phase-to-earth voltages ugr, uy
and up are symmetrical to each other, however with a displacement determined by the
displacement voltage at the time of arc extinguishing, i.c., the displacement voltage
is equal to the peak value of the phase-to-earth voltage. Approximately 10 ms after
the extinguishing of the arc the phase-to-earth voltage of phase R reaches the new
peak value 2 % v/2 % Up,.

f~ (5.10)
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Figure 5.9 Time courses of phase-to-earth voltages, displacement voltage and
earth-fault current. System with isolated neutral, earth-fault in phase R

This voltage may cause a reignition of the earth-fault due to the very high-voltage
stress. This reignition takes place at time instant 73 with the phase-to-earth voltage
of phase R having its peak value. The voltages of the non-faulted phases again
are increasing, this time starting from a higher value and reaching the peak value
nearly to /3 % /2 % Un.

Besides the power-frequency overvoltage in the case of an earth-fault, the transient
overvoltage with frequency according to Equation (5.10) has to be considered. The
overvoltage factor kg, taking account of both types of overvoltages, is given by the
maximal peak voltage related to the peak value of phase-to-earth voltage

Ui
kig = ————x
tE V2% U3

where uy is the maximal peak voltage during the earth fault and U the phase-to-earth
voltage (power-frequency).

In theory, the overvoltage factor after multiple reignition of the earth-fault can
reach kg = 3.5. Due to the system damping, the overvoltage factor will be below
kg < 3 in most of the cases.

(5.11)

5.5 Power system with resonance earthing (Petersen-coil)

5.5.1 General

Power systems with resonance earthing are widely in operation in Central European
countries. The German power system statistic [3] indicates that 87 per cent of the
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MV-systems having nominal voltages U, = 10-30 kV and nearly 80 per cent of
110-kV-systems are operated with resonance earthing (Criteria: Total line lengths).
Some MV-systems are operated with a combined scheme of resonance earthing
under normal operating conditions and low-impedance earthing in case of earth-
fault. Resonance earthing, therefore, is the dominating type of system earthing in
Germany for power systems with voltage 10 kV up to 110 kV. In other countries such
as India, South Africa and China, power systems with resonance earthing have gained
an increasing importance during the last decades, however are still not so common
as systems with low-voltage earthing.

Resonance earthing is realised by earthing of one or several neutrals of trans-
formers through reactances (Petersen-coils), normally adjustable, which will be set in
resonance to the phase-to-earth capacitances of the system. The principal arrangement
of a power system with resonance earthing is outlined in Figure 5.10.

The impedances of transformers and lines of the positive-sequence component can
be neglected compared with those of the zero-sequence component due to the order
of magnitude of the impedances. The admittance of the zero-sequence component is

(@

© B (L3)
© Y (L2)
© +— R(LI)
-« H
Ull
|E|=72 iR £
3 == = G
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31,
| 4
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vEi
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00

Figure 5.10  System with resonance earthing, earth-fault in phase R. (a) Equivalent
diagram in RYB-system and (b) equivalent diagram in the system of
symmetrical components
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given by

1
Y, = jw*C G 5.12
Lo = Jok Tt e 3w xp | E (5-12)

where Cg is the phase-to-earth capacitance of the system, w is the angular frequency
of the system, Rp is the resistance of the Petersen-coil, Xp is the reactance of the
Petersen-coil Xp = wL and G is the admittance representing the phase-to-earth line
losses.

After some conversions it follows that

1
" 3%w?xLp*Cgx (1 — j(Rn/Xp))
The impedance of the Petersen-coil appears with its threefold value in the zero-
sequence component [1]. It is assumed that Rp <« Xp and that the losses of the

Petersen-coil are summed up with the phase-to-earth losses and are represented as
admittance G of the line. The admittance in the zero-sequence component is then

X():ja)*CE*<1 )—i—GE (5.13a)

onja)*CE*(l (5.13b)

3*w2*LD*CE> +GE
The maximal impedance is obtained if the imaginary part as per Equation (5.13b) is
equal to zero; the current from the Petersen-coil Ip is equal to the capacitive current
Icg of the system. As indicated in Figure 5.10, the capacitance phase-to-earth Cg,
the reactance 3 Lp and the ohmic losses Ry = 1/Gg are forming a parallel resonance
circuit with the resonance frequency

1
0o=—— (5.14)
\/§ * Lp * Cg
The resonance frequency in the case of resonance earthing shall be the nominal
frequency of f = 50 Hz or f = 60 Hz, respectively. Defining the detuning factor v

Ip — 1 1
p= ¢ _, - (5.15a)
Ick 3%xw?*xLp*Cg
and the damping d
G
S (5.15b)
w * CE
the admittance of the zero-sequence component is given by
Yy=w*Cgx(jv+d) (5.16)

The admittance will be minimal and the impedance will be maximal in the case of
resonance tuning (v = 0). The earth-fault current /., in general, is obtained by

IRes ® V3 xUp*xwxCg*x (jv+d) (5.17a)
In case of resonance tuning (v = 0) the earth-fault current is a pure ohmic current

IRes V3% Up*xwxCg*xd (5.17b)
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The phase-to-earth voltages of the non-faulted phases increase to the value of the
phase-to-phase voltage in the case of a single-phase earth-fault, which is furthermore
increased due to asymmetrical system voltages resulting in a higher displacement
voltage between neutral and earth. In order to avoid the high voltages in the case of
exact resonance tuning a small detuning of 8—12 per cent is chosen in practice.

The task of resonance earthing is to reduce the earth-fault current at the fault
location to the minimum or nearly to the minimum by adjusting the Petersen-coil to
resonance or nearly to resonance with the phase-to-earth capacitances. The ohmic
part of the residual current Ires cannot be compensated by this. If the residual current
is small enough, a self-extinguishing of the arc at the fault location is possible.
VDE 0228 part 2:12.87 defines the limits for self-extinguishing of residual currents
Ires (and capacitive earth-fault currents Icg) for different voltage levels as outlined in
Figure 5.11. It can be seen from Figure 5.11 that the limit for ohmic currents, e.g., in
30-kV-systems, is twice the limit for capacitive currents.

The Petersen-coil can only be tuned for one frequency (nominal frequency) in
resonance; harmonics present in the system voltage are increasing the residual current
at the fault location.

As the phase-to-earth capacitances are changing during system operation, e.g.,
due to switching of lines, the Petersen-coil has to be changed also to keep system
operation with resonance tuning. Reliable criteria have to be established to tune the
Petersen-coil in resonance with the phase-to-earth capacitances.
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Figure 5.11  Current limits according to VDE 0228 part 2:12.87 of ohmic currents
Ires and capacitive currents Icg
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5.5.2  Calculation of displacement voltage

In real power systems, the phase-to-earth capacitances are unequal, e.g., in the case of
a transmission line due to different clearance of the phase-wires above ground or the
case of cables due to manufacturing tolerances. Under normal operating conditions,
a displacement voltage between transformer neutral and earth Uy can be measured.
As mentioned in previous sections, this voltage is equal to the voltage U, in the zero-
sequence component. The calculation of the displacement voltage can be carried
out in the RYB-system (Figure 5.12(a)) as well as with the system of symmetrical
components (Figure 5.12(b)).
Based on Figure 5.12(a) the displacement voltage is calculated as

ﬁ* jo* (Crg + @ * Cyg + a * CgE)
V3  jw*(Crg + Cyg + Cgg) — j(1/(w* Lp)) + 3 % Gg

Ung = (5.18)
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Figure5.12  Equivalent circuit diagram of a power system with asymmetrical
phase-to-earth capacitances. (a) Equivalent circuit diagram in the
RYB-system and (b) equivalent circuit diagram in the system of
symmetrical components
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where Uy, is the nominal system voltage, w is the angular frequency of the system, Crg;
CvE; CgE are the line-to-earth capacitances as per Figure 5.12(a), Lp is the inductance
of the Petersen-coil and Gg is the admittance representing the phase-to-earth line
losses.

If the phase-to-earth capacitances are different and if the asymmetry is assumed
to be placed in phases R and Y, the capacitances are

Cre = Cg + ACRg (5.19a)
Cyg = Cg + ACyYE (5.19b)
CBE = CE (5.190)

where ACrg; ACyg are the asymmetry of the line-to-earth capacitances.
The displacement voltage is given by

Un ACRg +a’ * ACyg
Ung = —F5= % - (5.20)
V3 (3% Cg+ ACrg + ACyg) — j(1/(w* Lp)) + 3 * Gg
Defining the asymmetry factor k
k= Cre + a® * Cyg + a * Cpg
- Cre + Cyg + CBE
_ ACgg +a® % ACyg (5.21a)
_3*CE+ACRE+ACYE ’
the system damping d
_ 3% Gg
~ % (Crg + Cyg + CBg)
— 3+ G (5.21b)
" w*x (3% Cg + ACrg + ACyE) '
and the detuning factor v
v 1/(w* Lp) — @ * (Crg + Cyg + CBE)
 * (Crg + Cyg + CBg)
1/(wxLp) —wx 3% Cg+ ACrRg + ACyE) (5.21c)
= . C
o * (3% Crg + ACRg + ACYE)
the displacement voltage Uy is calculated by
U k
z (5.22)

U = — % ——
“NET 3T v+ jd

Assuming the asymmetrical capacitance ACg concentrated in phase R (ACg >
ACRrg and ACg > ACyg) the displacement voltage Uy, equal to the voltage
in the zero-sequence component Uy, is calculated with the system of symmetrical
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components based on Figure 5.12(b)
_Un  joxACg 1

Uo= B*jos3sCe " T=(1/Grat s Lp=Cn) — J(Ga*Cp))
(5.23)

The asymmetry factor k, the system damping d and the detuning factor v can be
calculated based on these assumptions:

AC
k= —= (5.24a)
3% CE
q— —CE (5.24b)
w * Cg
1
v=1 (5.24¢)

3% LpxCg

The displacement voltage Uy, equal to the voltage in the zero-sequence component
U, is calculated by
I 1 Un k
= = — % ——
The polar plot of the displacement voltage Uy as per Equations (5.22) and (5.25)
and outlined in Figure 5.13 indicates a circular plot through the zero point. The
phase angle of the diameter location at v = 0 is determined by the phase angle of the
capacitive asymmetry. The diameter of the polar plot is defined as per Equation (5.25)
as the ratio of capacitive asymmetry k and damping d.
The capacitive asymmetry is comparatively high in power systems with overhead
transmission lines, resulting in a sufficient high-displacement voltage. Cable systems
have a comparative small asymmetry, resulting for most of the cable systems in

(5.25)

T+Re

Figure 5.13  Polar plot of the displacement voltage in a power system with resonance
earthing
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an insufficient low-displacement voltage and problems while tuning the Petersen-
coil into resonance. Capacitors between two phases or between one phase and earth
will increase the displacement voltage to the required value.

5.5.3 Tuning of the Petersen-coil

The Petersen-coil can be constructed as a plunger-coil (tuning-coil) with continuous
adjustment of the reactance, which can be tuned into resonance by successive opera-
tion. The displacement voltage measured at the Petersen-coil is maximal in the case
of resonance tuning; the value depends on the capacitive asymmetry and on the losses
of the reactor. The earth-fault current will be minimal in this case and the power fre-
quency component of the capacitive earth-fault current is compensated by the reactive
current of the Petersen-coil. Figure 5.14 indicates the displacement voltage and the
residual current for different tuning of the reactor.

The displacement voltage shall be limited to Ung < 10 kV. It is obvious that the
residual current is increased as can be seen from Figure 5.14. Residual currents
above 130 A in 110-kV-systems, respectively 60 A in 10-kV-systems, are not
self-extinguishing; both parameters define the tuning limits of the Petersen-coil as
indicated in Figure 5.14. Tuning of the Petersen-coil can be done in such a way
that the resonance circuit is either capacitive (undertuning; v < 0), resulting in an
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Figure 5.14 Voltages and residual current in the case of an earth-fault; displace-
ment voltage without earth-fault
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ohmic-capacitive residual current or inductive (overtuning; v > 0), resulting in an
ohmic-inductive residual current at the earth-fault location. A small overtuning (over-
compensation) up to v = 10% is often recommended as the displacement voltage
will not increase in the case of switching of lines, because the capacitances will be
reduced by this and the resonance circuit will be detuned without any further adjust-
ment. The limits for the displacement voltage and the residual current as indicated in
Figure 5.14 have to be guaranteed even under outage conditions.

Figure 5.14 also indicates the phase-to-earth voltages for different tuning factors
(system parameters are: U, = 110 kV; Icg = 520 A; d = 3%; k = 1.2%) which
also limit the range of detuning of the Petersen-coil. Assuming a minimal permissible
voltage of Upin, = 0.9 % (U,/ V3) according to IEC 60038, a maximal permissible
voltage according to IEC 60071-1 of Upax = 123 kV/+/3 and a permissible asym-
metry of the three voltages according to DIN EN 50160 of p = 2% it can be seen
that the permissible tuning range of the Petersen-coil is v = 12-22%.

All considerations carried out so far are based on a linear current-voltage-
characteristic of the Petersen-coil. Figure 5.15 indicates the non-linear characteristic
ofa Petersen-coil (U = 20kV/+/3; I, = 640 A) for minimal and maximal adjustment.

Due to the non-linear characteristic, the minimum of the residual current is not
achieved at the maximal displacement voltage (adjustment criteria of the Petersen-
coil). The difference is typically in the range of 3—15% of the rated current as outlined
in Figure 5.16.

5.6 Handling of neutrals on HV-side and LV-side of transformers

Special attention must be placed while selecting the type of neutral handling on
HV-side and LV-side of transformers. The neutral earthing on one side of the trans-
former has an influence on the system performance on the other side, in case of
earth-faults or single-phase short-circuits as the voltages in the zero-sequence com-
ponent are transferred from one side of the transformer to the other. The neutral
earthing of a 110/10-kV-transformer (vector group Yyd) according to Figure 5.17 is
taken as an example. It is assumed [15] that X9/ Ry = 0.1-0.05, first value is applied
for systems with overhead lines, second value with cables.

The impedances Zy; and Zg, as per Figure 5.17 representing the earthing are
different depending on the type of neutral earthing. In case of a single-phase fault in
the high-voltage system (110 kV), the voltage Uy in the zero-sequence component
is transferred to the medium-voltage system (10 kV) with the same amount. Similar
consideration indicates that the voltage in the zero-sequence component is transferred
to the HV-side in case of a single-phase fault in the LV-system. In both cases, a fault
current is measured in the system, having no fault. Table 5.2 indicates the results of
a fault-analysis [16] with the voltages transferred through the transformer in case of
faults.

The 110/10-kV-transformer can be operated with low-impedance earthing on both
sides if a third winding (compensation winding, vector group d) is available, as can be
seen from Table 5.2. If the transformer is not equipped with compensation winding,
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Figure5.15  Current-voltage characteristic of a Petersen-coil; U, =20 kV/\/3;
I, =640 A. (a) Minimal adjustment (50 A) and (b) maximal adjustment
(640 A)

the voltages in the zero-sequence component may reach values up to 70 per cent of
the phase-to-earth voltage.

Low-impedance earthing on the 110-kV-side and resonance earthing on the
10-kV-side should be avoided due to high voltages in the zero-sequence component,
which furthermore depend on the tuning of the Petersen-coil. The maximal voltage
in this case is not reached for resonance tuning but depends on the ratio Xco/Ro. The
strategy to limit the displacement voltage under normal operation conditions as per
Section 5.5.2 may result in an increased displacement voltage in the 10-kV-system
with resonance earthing in the case of an earth-fault in the 110-kV-system with
low-impedance earthing.
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Figure 5.16 Displacement voltage in non-faulted operation and residual cur-
rent under earth-fault conditions, non-linear characteristic of the
Petersen-coil

Resonance earthing in the 110-kV-system can be combined with all types of neu-
tral earthing in the 10-kV-system if the transformer is equipped with a compensation
winding. The connection of Petersen-coils to both neutrals (110- and 10-kV) has
to be investigated for special cases and is not generally recommended. The voltage
transfer by stray capacitances in the case of isolated neutral in the 10-kV-system can
be reduced by installing capacitances in the 10-kV-system. If the earthing of both
neutrals of transformers by Petersen-coils cannot be avoided in the same substation,
the earthing should be alternate in the case of two parallel transformers as indicated
in Figure 5.18(a). If only one transformer is installed, the connection of one Petersen-
coil Xp1 can be carried out directly to the transformer, the second one Xp, should be
connected at an artificial neutral as per Figure 5.18(b).

If the feeding system (e.g., 110 kV) is operated with low-impedance earthing and
the medium-voltage system (e.g., 20 kV) is earthed through Petersen-coils or by fault
limiting impedance, fault currents will occur in the medium-voltage system in the case
of a single-phase short-circuit in the high-voltage system, as outlined in Figure 5.19,
the value of which depends on the impedance of the earthing in the medium-voltage
system. In some cases, this current may exceed the rated current of the transformer,
thus causing operation of power system protection on MV-side [5,16].
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Figure 5.17  Transformation of voltage in the zero-sequence component of trans-
formers in the case of single-phase faults. (a) Equivalent circuit
diagram in RYB-system and (b) equivalent circuit diagram in the system
of symmetrical components

5.7 Examples

5.7.1 Increase of displacement voltage for systems with resonance earthing

The capacitive asymmetry k of cable systems normally is below & < 0.1%; the
system damping is in the range of d ~ 2-4% resulting in a displacement voltage
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Table5.2 Voltages in the zero-sequence component Ugy transferred through
110/10-kV-transformer in the case of single-phase fault in the 110-kV-
system according to Figure 5.17; Uy: nominal system voltage

10-kV-system 110-kV-system and compensation winding
of the transformer

Zg> Limitation = Low-impedance earthing Resonance
I ug = Uo/(Un/v/3) earthing

With Without With
compensation ~ compensation  compensation
winding winding winding

Low-resistance earthing 0.2 0.6 0.03

Zpp =0Q

Current limitation 2000 A 0.2 0.6 0.03

Zp) inductive 500 A 0.25 0.7 0.04

Current limitation 2000 A 0.2 0.6 0.03

Zg) ohmic 500 A 0.2 0.6 0.03

Resonance earthing <7 >10 <0.3

Isolated neutral Voltage transfer through stray capacitances

which is too low for the operation of the resonance controller. For a given capacitive
asymmetry of k = 0.1% and system damping d = 2% the displacement voltage
will be Ung = 0.005 s Uy /~/3 for resonance tuning (v = 0%); if the detuning shall
be v = 5% the displacement voltage will be Ung = 0.002 % U,/+/3 only [17].
Resonance controller normally operates sufficiently if the displacement voltage is
above Ung > 0.03x U,/ V3. The displacement voltage, therefore, had to be increased
by installing an additional capacitor in one phase [18]. The required capacitance ACg
for different parameters is given in Table 5.3 for a 20-kV-system earthed through
Petersen-coil.

Documentation of system data normally do not indicate exact values of the line-
to-earth capacitances Cg in each phase, furthermore the system damping d, the exact
length of the cables and the non-linear characteristic of the Petersen-coil are also
unknown or only to an insufficient extent and are not suitable to determine the dis-
placement voltage Ung without measurement. It should be noted that the system
damping changes with the system load as well as in the case of a power system with
a significant number of overhead lines and with external climatic conditions. It can
be deducted from this, that:

the asymmetrical capacitance (absolute value)

the angle of the asymmetrical capacitance (with respect to the three phases)
the value of the displacement voltage, and

the resonance curve for different detuning factors
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Figure 5.18 Alternate earthing of transformer neutrals by Petersen-coils. (a) Two
parallel transformers and (b) earthing at artificial neutral with
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Figure 5.19  Fault current in the MV-system in the case of a short-circuit in the
HV-system
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Table 5.3 Capacitive asymmetry ACg for different
parameters in a 20-kV-system

UNg = Ug Dampingd Detuningv Asymmetry k ACE

V) (%) (%) (%) (nF)
346.4 2 4 0.134 177
6 0.19 251

4 4 0.17 225

6 0.216 285

577.4 2 4 0.224 296
6 0.316 417

4 4 0.283 374

6 0.361 477
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Figure 5.20  Resonance curve (displacement voltage) for different detuning factors
in a 20-kV-system for different conditions

cannot be determined from system studies, but require measurement for different load
conditions.

The resonance curves of a 20-kV-system with total cable length of 176 km as
measured for different load conditions are outlined in Figure 5.20. Furthermore, the
resonance curve calculated from documented system data is also given in Figure 5.20.
Voltages refer to the secondary side of a voltage transformer in the neutral (ratio
20 kV/+/3 : 100 V). The maximal value of each of the resonance curves differ by
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Figure5.21 Voltages in a 20-kV-system with resonance earthing for different tuning
factors. (a) Phase-to-earth voltages and (b) displacement voltage
(resonance curve)

more than 60 per cent for different load conditions and is higher than the calculated
value. The resonance tuning (v = 0) of calculated and measured resonance curves
differs also by 6 per cent as can be seen from Figure 5.20.

A capacitance of ACg = 173.3 nF was installed in phase B in order to increase the
displacement voltage up to 3—5 per cent (350—580 V) of the nominal system voltage
for resonance tuning. The total phase-to-earth capacitance of the 20-kV-system was
determined to be Cg = 44 uF. The results of measurement of the phase-to-earth
voltages and the displacement voltage for different detuning of the Petersen-coil are
outlined in Figure 5.21 (voltage transformer ratio 20 kV/ V3 :100 V).

It can be seen from Figure 5.21 that the maximal displacement voltage is in the
required range between 3 and 5 per cent of the phase-to-earth voltage. For resonance
tuning, the maximal phase-to-earth voltage appears in phase R with Ur ~ 12.1 kV
and the minimal voltage in phase Y with Uy = 10.9 kV, which is only 94 per cent of
the nominal phase-to-earth voltage. Exact resonance tuning shall be avoided in this
system due to the low voltage in one phase and the resulting high asymmetry factor.

Other measures to increase the displacement voltage such as installation of a
reactor in one phase to earth and voltage additions are not considered in detail
here [19].

5.7.2  Limitation of single-phase short-circuit current by earthing through
impedance

An urban 11.5-kV-system is fed from a 132-kV-system; both systems are pure cable
systems. The substations are equipped with four transformers each, having rated
values of S; = 40 MVA, uy;1 = 14% and w9 = 16%. Both systems are earthed
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by low impedance in such a way that all transformer neutrals are solidly connected
to earth. The short-circuit current level in the 132-kV-system is high, whereas the
single-phase short-circuit currents is higher than the three-phase short-circuit currents
(I75 ~ 29.3 kA; I}, ~ 37.3 kA). The maximal permissible short-circuit current in
the 132-kV-system is /" = = 40 kA; in the 11.5-kV-system I;; = 25 kA. The
132/11.5-k V-transformers cannot be operated in parallel due to the high short-circuit
currents. In the case of low-impedance earthing the neutrals of each transformer, the
single-phase short-circuit current of one transformer is /,; = 15.04 kA in case of a
short-circuit at the 11.5-kV-busbar. In the case of two transformers in parallel, the
short-circuit current is increased to I;; = 29.27 kA, which is above the maximal
permissible short-circuit current of the 11.5-kV-system.

The limitation of single-phase short-circuit currents to 25 kA in case two trans-
formers shall be operated in parallel is possible by earthing of the 11.5-kV-transformer
neutrals through a resistor having Rp = 0.31 Q or through a reactor having
Xg = 0.1 Q (see also Figure 11.13).

5.7.3 Design of an earthing resistor connected to an artificial neutral

The short-circuit limitation in a 20-kV-system having initial short-circuit power
Sl’(’Q = 700 MVA and an impedance ratio Zy/Z; = 4 is explained below. The single-
phase short-circuit current in case of low-impedance earthing is /;/; = 12.1 kA. The
single-phase short-circuit current shall be limited to I} .= = 1.5 kA (I} = 31p)
realised by earthing through a resistor to be connected to an artificial neutral. As the
current through the artificial neutral is only one-third of the single-phase short-circuit

current, the rated power shall be
Srsmin = 0.33 % V3% I} . % Uy = 17.55 MVA

A transformer with vector group Zz is selected for the artificial neutral with
Sis = 20 MVA; Pcy = 1.3 kW and uyo = 45% resulting in a required zero-sequence
impedance of Zos = 9 Q (Ros = 3.75 ©; Xos = 8.18 ). The required rating of
the earthing resistor resulting from the calculation is Rg = 4.21 Q. The value of the
initial short-circuit power of the system has only a marginal effect on the rating of
the earthing.

A typical design rating of the resistor is given below:

h = 4.21 Q at 20°C (Tolerance +5 per cent or =10 per cent); CrNi-alloyed steel
I; = 1.5 kA, rated short-time durationt = 5sor 10 s
U =133kV
Isolation according to IEC 60071-1, Table 5.2: U, = 17.5 kV IP 00

5.7.4 Resonance earthing in a 20-kV-system

Figure 5.22 shows a 20-kV-system fed from two sides by one transformer in each of
the substations S/S A and S/S B. The system is split at S/S C into two subsystems A
and B during summer months. During winter months, a part of system A is connected
to system B, but both systems are still operated separately.
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Figure 5.22  Equivalent circuit diagram of a 20-kV-system with resonance earthing

The 20-kV-system A is a pure cable-system having a total system length of 490 km
of the XLPE-type. The capacitive earth-fault current is calculated to be I.s = 453 A.
The transformer in substation A has a rating of 12.5 MVA; current carrying capac-
ity of the neutral is 361 A. The system shall be operated with resonance earthing,
i.e., a reactor has to be installed in the neutral having a rated current of more than
450 A to compensate the capacitive earth-fault current. It is obvious that the reac-
tor cannot be connected to the neutral of the transformer in substation S/S A as the
required current for resonance earthing exceeds the permissible current of the trans-
former neutral. An additional fixed reactor with rated current 300 A is installed in
substation S/S C and connected at an artificial neutral of a Zz-transformer.

System B is a pure cable-system as well, having a total system length of 386 km
of different type (XLPE and mass-impregnated cables); the earth-fault current is
calculated to be I.s =632 A. The feeding transformer in substation B has a rated
power S =25 MVA and a current carrying capacity of the neutral of 721 A. Reso-
nance earthing is done with a fixed reactor (190 A) in parallel with a tuning-reactor
(60-590 A) capable of compensating the total capacitive earth-fault current of
system B.

Operation in wintertime differs from the described scheme as additional genera-
tion in a combined-cycle plant is in operation with a power of 6.4 MW. In order to
avoid back-feeding into the 110-kV-system additional load from system A is supplied
from system B. The capacitive earth-fault current of system A is reduced and the cur-
rent in system B is increased accordingly (see Table 5.4 for details). As the earthing
reactor in S/S C is connected in wintertime as well to system B, the compensation
scheme with different reactors at different substations are capable of realising the
resonance earthing for both systems under different operating conditions.

5.7.5 Calculation of capacitive earth-fault current and residual current

A 10-kV-system with isolated neutral (overhead lines, system length 170 km,
Ci =9.5 nF/km; Cg/CL =5) shall be extended by cables. The existing earthing
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Table 5.4  Characteristics of a 20-kV-system with respect to resonance earthing

Condition System A System B
Ires (A)  Available reactors Lies Available reactors
Summertime 453 30-300A 300A 721 A  60-590A 190A —
S/S A S/SC S/SB S/SB
Wintertime 261 30-300A — 913 A 60-590 A 190A 300 A
S/S A S/S B S/SB S/SC

concept shall be checked with respect to its suitability. The phase-to-earth capac-
ity is calculated as Cg = 1009 uF and the earth-fault current is given according
to Equation (5.9) to be Ig = 6.05 A which is self-extinguishing as can be seen in
Figure 5.7. The capacitive earth-fault current is increased by 1.42 A/km if cables of
the NAKBA-type will be installed (Cg caple/CE ouL = 40) reaching the permissible
limit for self-extinguishing Icg = 35 A for a cable length of 23 km.

If the system earthing shall be changed to resonance earthing, the Petersen-coil
shall have a reactance for resonance tuning (v = 0) of Xp = 165 2, the inductance
will be Lp = 0.525 H for 50 Hz. The resistance of the reactor is assumed to be Rp =
6 k2 (parallel equivalent diagram). The residual current is given by Ires = 2.9 A.
The ratio of residual current to capacitive current is Ires/Icg = 8.3 per cent.

5.7.6  Voltages at neutral of a unit transformer

A power station with rated power 400 MVA is connected to a 220-kV-system.
The neutral of the unit transformer can be earthed either through an impedance
(reactor), directly without impedance or kept isolated without earthing as outlined in
Figure 5.23. The rating of the reactor shall be determined in such a way to guarantee a
ratio Xo/X1 = 2 in case of a short-circuit at location F. The single-phase short-circuit

G T1
%

Us| s2 S1

A

U,=220kV

X,

S

T2
Q
L
)

7777

Ung=380kV

Figure 5.23  Connection of a power station to a 220-kV-system with short-circuit
location
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current and the voltage at the transformer neutral shall be calculated for the different
operating conditions.
The rated data of the equipment are given below:

System Q
System A
G

Tl

T2

Line L

Unq = 380 kV; S[y = 15,000 MVA; Xoq/X1q = 3

Ung =220 kV; S{(/Q = 5,000 MVA; Xop/X1a =3
Srg = 400 MVA; U,g = 21 kV; x(/i/l = 15%;

cos g1 = 0.8; pg1 = 10%
SrTl =400 MVA; UxrT1 = 14%;

Urrinv/UrriLy = 220 kV /21 kV; p11 = 12%

SrHVTZ = 660 MVA; SrMVTZ = 660 MVA;
Sitvre = 198 MVA

ukevMvT2 = 10.2%); txemvivrz = 13.5%;
uremvLvT2 = 10.5%

Umvtz = 380 kV; Upmvt2 = 220 kV; Urvrz = 30kV;
rr2 = 10%

Xor2/ X112 = 1 (three single-phase transformers)

X, =03 Q/km; X}, = 1.0 Q/km; . = 10 km

The impedances of the equipment calculated in the Q2-system are given below.

No.  Equipment X Xo

Correction Xig Xok 111’3 Iﬁ/l

() (€2)  asper () () (kA) (kA)
Table 3.3

1 System Q 10.595 42.38 10.595 42.38

2 System A 3.532 10.596 3.532 10.596

3 Generator G 18.15

4 Transformer 1 1694 16.94

3+ 4 Powerstation 35.09 1694 1.093 From

+3Xg right

18.681
From
left
16.94+
3X,

5 Line 3.0 10.0 10.0
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No. Equipment X X Correction X1k Xok I I
(€2) (€2) as per (€2) (€2) (kA)  (kA)
Table 3.2

6 Transformer 7422 7.422 HV-MV 7.023  7.023

2 HV 0.985
MV 0.3436 0.3436 MV-LV 0.399  0.399
0.983
LV 25.59 2559 HV-LV 25.586 25.586
0.967
Total 6.945 13.891!! 18.29 15.09
impedance
at 220 kV
(Xo/X1=2)
XOA
XOT] XL W
H_[\’W\_[\WL XOMVTZ XOHVTZ XOHVTZ
u| ¥ 51
XOLVTZ
3X,

Figure 5.24  Equivalent diagram in the zero-sequence component for fault
location F

It should be noted that the impedance of the earthing reactor appears threefold
(Xos =3Xs) in the zero-sequence component. As the rating of the reactor shall be
determined to guarantee the ratio Xo/X| = 2 for short-circuit at location F the single-
phase short-circuit current is /,; = 15.09 kA. By this the impedance of the reactor
will be Xs = 12.4 Q.

In order to calculate the voltage U g at the transformer neutral while earthed with
the reactor, the zero-sequence current through the reactor /,g needs to be calculated
as outlined in Figure 5.24 indicating the equivalent diagram in the zero-sequence
component.

The zero-sequence current through the reactor is determined by the ratio of the
impedances

_ Xok _ KXo I, 13899 , 15.00kA
Xoett 0 X 3 5416 Q 3

=1.29kA
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The voltage across the reactor Us, at the transformer neutral is calculated by
Uge =1pg#3% Xg =129kA %3 %1241 Q =48.03kV

In this case, the transformer neutral is kept isolated (S1 and S2 open); the zero-
sequence current through the reactor will be Zero. The voltage is determined by the
zero-sequence current determined by the remaining equipment (see Figure 5.24). The
zero-sequence impedance is Xo = 18.681 2. The single-phase short-circuit current
without earthing is calculated by

L1% /3% Uy 1.1%+/3%220kV

I, = = = 12.87kA
T Xy 4 2% X 18.681 Q+2%6945Q

The voltage across the reactor Ug; is calculated by

Iy 12.87 kA
==Xy Xg= ——

* 18.681 2 = 80.14 kV

The insulation of the transformer neutral must be designed for the maximal voltage,
i.e., 80.14 kV.






Chapter 6

Calculation of short-circuit currents in
low-voltage systems

6.1 General

IEC 60781 presents an application guide for the calculation of short-circuit currents
in low-voltage radial systems. The methods described there are identical to those
as per IEC 60909-0 and as outlined in Chapter 3. The short-circuits are treated as
far-from-generator short-circuits. This assumption is valid in the future as well, even
with an increasing number of distributed generation units in low-voltage systems.
New generation will be connected to the system in the case of

e Photovoltaic installations by rectifier (six-pulse bridge or PWM-rectifier).
e Small wind turbines, low-rated combined heat and power units and small
hydro power plants by asynchronous generators (rotor fed).

Installations with synchronous generators are comparatively rare.
The following chapters describe the approach and special conditions for the
calculation of short-circuit currents in low-voltage systems.

6.2 Types of faults

Depending on the type of protection against electrical shock in low-voltage systems
all types of short-circuit, i.e., three-phase, double-phase with and without earth con-
nection and single-phase-to-earth short-circuits can occur. The maximal short-circuit
current depends on the impedances of the positive- and zero-sequence component.
Reference is made to Figure 4.4. The ratio Z,/Z; can be set to 1, as low-voltage
systems for the most part have no generation by synchronous generators. The three-
phase short-circuit will lead in those cases to the maximal short-circuit current. Special
attention must be given to the currents flowing through earth, as the phase angles of
the impedances in the positive- and zero-sequence components differ a lot from each
other in low-voltage systems.



132 Short-circuit currents

6.3 Method of calculation

The method of the equivalent voltage source at the short-circuit location is applied
for the calculation of short-circuit currents in low-voltage systems.

Symmetrical short-circuits are represented by the positive-sequence compo-
nent, asymmetrical (unbalanced) short-circuits are represented by connection of
positive-, negative- and zero-sequence components (see also Table 2.1).
Capacitances and parallel admittances of non-rotating load of the positive-
sequence component are neglected. Capacitances and parallel admittances of
the zero-sequence component have only an influence on fault currents in power
systems with isolated neutral or with resonance earthing.

Impedance of the arc at the short-circuit location is neglected.

The type of short-circuit and the system topology remain unchanged during the
duration of the short-circuit.

The tap-changer of any transformer is assumed to be in main-position.

All internal voltages are short-circuited and an equivalent voltage source with
value cUy,/ /3 is introduced at the short-circuit location. The voltage factor ¢
shall be selected in accordance with Table 6.1.

6.4 Calculation of short-circuit parameters

6.4.1 Impedances

Calculation of impedances of equipment and the analysis of the short-circuit
impedance at short-circuit location was explained in Sections 2.5 and 3.2. It should
be noted that the impedances of the equipment must be related to the voltage level of
the short-circuit location.

Table 6.1 Voltage factor c according to IEC 60909-0. (Voltage factors
as per IEC 60781 are of different values. The standard is
under review)

Nominal system voltage Up Voltage factor ¢ for calculation of
Maximal Minimal
short-circuit short-circuit
current, cmax current, Cpin

LV: 100 V up to 1000 V (inclusive)
(IEC 60038, Table 1)
Voltage tolerance +6% 1.05 0.95
Voltage tolerance +10% 1.10 0.95

Remark: cmaxUn shall not exceed the highest voltage of equipment Uy, according to
IEC 60071
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When data for generation in LV-systems are not known, approximation as below
shall be used for the branch short-circuit currents [12]:

Synchronous generator Branch short-circuit current equal to eight times rated
current

Asynchronous generator Branch short-circuit current equal to six times rated
current

Generator with rectifier Branch short-circuit current equal to rated current

This approximation does not include the effect of conductors between the generation
unit and the short-circuit location.

6.4.1.1 Initial symmetrical short-circuit current I

The initial symmetrical short-circuit current /;” is calculated for balanced and unbal-
anced short-circuits based on the equivalent voltage source at the short-circuit
location. The short-circuit impedance seen from the short-circuit location has to be
determined with the system of symmetrical components. The results obtained for
the short-circuit currents (and the voltages of the non-faulted phases, if required)
in the 012-system have to be transferred back into the RYB-system. The results for
the different types of short-circuits are outlined in Table 4.2.

6.4.1.2 Peak short-circuit current i,

Depending on the feeding source of the short-circuit, different considerations have
to be taken to calculate the peak short-circuit current. Short-circuits in low-voltage
systems normally are single-fed short-circuits. The short-circuit impedance is repre-
sented by a series connection of the individual impedances. The peak short-circuit
current can be calculated for the different types of short-circuit by

ip3 = K * ﬁlﬁ% (6.1a)

ip2 = K% V21, (6.1b)

ip1 = Kk % V21 (6.1¢)
The factor «

Kk =102+ 098 xeR/X (6.2)

obtained from the ratio R/X for three-phase short-circuit shall be taken for all types
of short-circuits as well. All other assumptions as per Section 4.3.2.3 are valid in
low-voltage systems as well.

6.4.2 Symmetrical short-circuit breaking current I,

Short-circuits in low-voltage systems normally are far-from-generator short-circuits.
The symmetrical short-circuit breaking current is identical to the initial symmetrical
short-circuit current.
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6.4.3  Steady-state short-circuit current Iy

Short-circuits in low-voltage systems normally are far-from-generator short-
circuits. The steady-state short-circuit current is identical to the initial symmetrical
short-circuit current.

6.4.3.1 Influence of motors

Asynchronous motors contribute to the initial symmetrical short-circuit current, to
the peak short-circuit current, to the symmetrical short-circuit breaking current and in
the case of unbalanced short-circuits to the steady-state short-circuit current as well.
Synchronous motors are modelled like generators and asynchronous generators are
treated as asynchronous motors. Motors of any kind, which are not in operation at
the same time, e.g., due to the process or due to any interlocking, can be neglected
for the calculation of short-circuit current to such an extent that only those motors
are to be taken into account which lead to the highest contribution of the short-circuit
current under realistic operating conditions. Motors fed by static-rectifiers need to be
considered in the case of three-phase short-circuits only if they are able to transfer
energy for deceleration at the time of short-circuit, as they contribute to the initial
symmetrical and to the peak short-circuit current.
Asynchronous motors in public supply systems are considered when

e the sum of the rated currents is greater than 1 per cent of the initial symmetrical
short-circuit current without motors;

e the contribution to the initial symmetrical short-circuit current is greater or equal
to 5 per cent without motors.

Medium-and low-voltage motors connected through two-winding transformers to the
short-circuit are considered if

> Pv . 0.8
28T |(c100 Y Sir/(v/3Ung/ 1)) — 0.3

The influence of asynchronous motors in low-voltage systems can be neglected if

D I <001 %) (6.4)

(6.3)

where Upq is the nominal system voltage at short-circuit location Q, > Syt is the
sum of rated apparent power of all transformers, directly connected to motors feeding
the short-circuit, IIZ is the initial symmetrical short-circuit current without motors,
> Py is the sum of rated active power of all motors and > I is the sum of rated
currents of all motors.

6.5 Minimal short-circuit currents

In order to calculate the minimal short-circuit current the voltage factor ¢y, according
to Table 6.1 for the equivalent voltage source at the short-circuit location has to be
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considered. Furthermore,

e System topology, generator dispatch and short-circuit power of feeding networks
have to be defined in such a way that the minimal short-circuit current is expected.
This normally applies for low-load conditions.

Motors are to be neglected.

Resistances of overhead lines and cables shall be calculated with the maximal
permissible temperature at the end of the short-circuit, e.g., 80°C in low-voltage
systems.

These assumptions have to be made in the case of balanced and unbalanced short-
circuits, except when other presuppositions are mentioned.

6.6 Examples

Examples for the calculation of short-circuit currents in LV-systems are included in
IEC 60781. The calculation is carried out with form-sheets, which are used for the
calculation of impedances of equipment as well as for short-circuit current calculation
itself. The voltage factor cpjax = 1.0 as given in the examples shall be ¢pax = 1.05
or cmax = 1.1 according to IEC 60909-0. Reference is made to Table 6.1.

Short-circuit current calculation can easily be carried out with spreadsheet analysis
using, e.g., EXCEL [14]. Figure 6.1 outlines an example for a low-voltage installa-
tion. The initial symmetrical and the peak short-circuit current both for minimal and
maximal conditions shall be calculated for short-circuit either at location A or at
location B. The data of the equipment are given below:

System feeder U,=10kV; S{(’Qmax =240 MVA; S{(’Qmin =190 MVA
Transformer Sit =630 kVA; ueT =6%; uwrr =1.1%; t,r = 10/0.4 kV;
Ro/R1=1; Xo/X1 =1
Cable Each 4 x 240 mm?; Ry = 77.4 mQ/km; X =78 mQ/km;
Ro/R1 =4; Xo/X1=4.1;1=35m
Motor Pav = 50 kW; Upv = 0.41 kV; cos oy = 0.84; v = 0.94;
IanM/IrM =6
A B
35m

Ung=10kV

Up=0.4KkV+6% C

Figure 6.1 Equivalent circuit diagram of a LV-installation
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The calculation is carried out with EXCEL; the spreadsheet is shown in Tables 6.2
and 6.3. Data for the calculation of minimal short-circuit currents are automatically
transferred; results are highlighted in the tinted boxes. All fields, except the input
fields, are blocked against unintentional modification.



Chapter 7

Double earth-fault and short-circuit currents
through earth

7.1 General

IEC 60909-3 describes methods and procedures for the calculation of currents during
two separate simultaneous single-phase line-to-earth short-circuits (s.-c.) at different
locations of the system, which are called ‘double earth-fault’ in the context of
this section. The double earth-fault is not identical to a double-phase short-circuit,
where two phases have a short-circuit at the same location. Furthermore, the branch
short-circuit currents flowing through earth are dealt with.

7.2 Short-circuit currents during double earth-faults

7.2.1  Impedances and initial symmetrical short-circuit current I,

In order to calculate the short-circuit currents 7, in the case of a double earth-fault,
the mutual impedance in the positive- and zero-sequence component between the
two short-circuit locations is needed. As the mutual impedance comparatively difficult
to determine, the double earth-fault can only be analysed in a simple manner for special
system configurations. The following cases are considered:

Both short-circuit locations are on the same line.
The short-circuit locations are on different lines.
Single-fed line.

Double-fed line.

In the case of a single-fed (radial) line, both short-circuit locations are on the same
line and the double earth-fault is identical to a double-phase short-circuit without earth
connection, as seen from the feeding point of the line. In the case of a double-fed
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single-circuit line, the voltage line-to-earth is changing significantly between the
two short-circuit locations, whereas the line-to-line voltages are remaining almost
unchanged. Details are outlined in [3].

In general, the short-circuit current in the case of a double earth-fault with short-
circuit locations A and B is calculated according to [4] by

v 3xcx Uy
ME T ZA+Zoa + Zig T Zog + M+ M, + Z|

(7.1)

where Z,,; Zp are the short-circuit impedances in the positive-sequence system
at location A and B, respectively, Z,,; Z,5 the short-circuit impedances in the
negative-sequence system at location A and B, respectively, M;; M, the mutual
impedances in the positive-sequence system between the short-circuit locations A
and B, respectively, and Z, the short-circuit impedance in the zero-sequence system
between locations A and B.

The impedance M and M ,, representing the mutual impedances of the positive-
and negative-sequence components between the two short-circuit locations, can be
measured by short-circuiting all voltages in the system and feeding the voltage U | 5
(positive-sequence component), respectively the voltage U,, (negative-sequence
component), at short-circuit location A. The mutual impedances M, and M, are
calculated using the voltage Uy at short-circuit location B and the current /,, at
short-circuit location A by

U

M == (7.2a)
VAVN
U

My == (7.2b)
JEYN

In case feeding shall be carried out at location B, the mutual impedances given are
obtained by the voltage U |, at short-circuit location A and the current /5 at short-
circuit location B as below:

U

M, =4 (7.32)
I
U

M,==2A (7.3b)
I

7.2.2  Power system configurations

In the case of far-from-generator short-circuits the impedances in the positive- and
negative-sequence components Z; = Z, and M; = M, are equal. Table 7.1 outlines
simple systems configurations in accordance with IEC 60909-3.
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7.2.3  Peak short-circuit current i,

The calculation of peak short-circuit current is carried out in the same manner as
described in Section 4.3.2.3. The peak short-circuit current is calculated by

ipEE = Kk % V2 % Lp (7.4)

The factor « shall be the maximum of the factors obtained for three-phase short-circuit
at location A or B.

k = MAX{ka; kB} (7.5)

For explanations and calculation method of quantities reference is made to Chapter 4.

7.2.4  Symmetrical short-circuit breaking current Iy, and steady-state
short-circuit current Iy

In the case of far-from-generator short-circuits, the symmetrical short-circuit breaking
current and the steady-state short-circuit current are identical to the initial symmetrical
short-circuit current. In other cases, reference is made to Chapter 4.

7.3 Short-circuit currents through earth

7.3.1 Introduction

Branch short-circuit currents can flow through earth in the case of unbalanced short-
circuits with earth connection, i.e., line-to-earth (single-phase) short-circuit and
double-phase short-circuit with earth connection. Single-phase short-circuits are the
dominating fault type in power systems with earthed neutrals and are leading to the
maximal branch short-circuit currents flowing through earth. The current 1/, flow-
ing through earth is equal to three-times the current in the zero-sequence component
flowing towards the short-circuit location. Type, number and arrangement of earth
conductors of overhead lines, the installation of counterpoise, shielding, armouring
and sheaths of cables, and their connection to the earthing grid of the switchyard
determine the part of the short-circuit current that will flow through the earthing
installations. This part is described by means of the reduction factor p_, sometimes
represented as r. The reduction factor is defined as the ratio of branch short-circuit
current /. flowing through earth to the total short-circuit current 3/, which can
be described by the ratio of impedances

_ Loy Lk (7.6)

Pg = 31, - Zy
where Zg is the impedance of earth conductor with earth return, Z; g is the mutual
impedance between earth and line conductor with common earth return, Ig; is
the branch short-circuit current through earth and I, is the total zero-sequence
short-circuit current.
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The loop-impedance Zy; of the earth conductor and earth return is given by

L g4 (o S\ f M
Zg =R + A *w+]<2n*w*<ln<r>+ 4)) (7.7)

The mutual impedance Z; i of the loop earth conductor and conductor with earth
return is given by

ZLE:%MH(;‘—;*Q)*(mﬁ)) (1.8)
where r is the radius of earth conductor, w is the absolute permeability, u, is the
relative permeability, w is the angular frequency, R’ is the resistance of earth wire per
unit length, § is the depth of the earth return path § = 1.85//w * 110/ 0E, PE is the
resistivity of soil depending on soil conditions and dig is the distance between the
earth conductor and phase conductor. Equations for the calculation of the impedances
Zp and Z; i are also given in [1,6].

7.3.2  Short-circuit inside a switchyard

Figure 7.1 outlines the equivalent circuit diagram of a power system (HV) with short-
circuit inside the switchyard B. All quantities are defined according to Figure 7.1.
The single-phase short-circuit current is calculated using

Iy =3 Lop +3% Log + 3% Iyc (7.9)

The total current through the earth grid at location B is

(FpA)3pa (Fpc)3lpc  Earthwire
r < >
= ===
T
A C

Zga
174

Figure 7.1 Equivalent circuit diagram with short-circuit inside switchyard B

Zgc
Izc

FA:L[OA pC3lOC Earth
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The potential at the earth grid is then
Ugp = Zgg * 173 (7.11)

with the earthing impedance of the switchyard

1

Zgg = R+ 1/Zp (7.12)

where Rp, is the resistance of the earth grid and Zp is the driving point impedance
(impedance of earth conductor with earth return and earthing impedance of overhead
towers, respectively, input impedance of shielding, sheaths and armouring of cables).

The considerations mentioned above are only valid when the short-circuit location
(switchyard B) is far away from other switchyards (A and C in Figure 7.1). The
current through earth is lower when the distance to the short-circuit is lower than the
far-from-station distance dr defined as

dF=3*\/RT0

dTo
* Rz (7.13)

where Rr, is the footing resistance of tower, dr, is the distance between two towers
and Zg, is the impedance of earth conductor with earth return.

7.3.3  Short-circuit at overhead-line tower

Figure 7.2 outlines the equivalent circuit diagram of a power system with short-circuit
outside the switchyard (distance d > df, see Equation (7.13)). The single-phase
short-circuit current is calculated by

Iy =3 % Lop +3 % Log +3 % Ioc (7.14)
The branch current through the earthing of the tower at short-circuit location is

LZFZBC*G*LOA+3*Loc)+ﬁc*3*ioc=£c*£{</1 (7.15)
and the potential at the earth grid

Ugp = Zgp * Izp (7.16)
with the earthing impedance of the installation

1

Lep = —————— 7.17
2o = R + 2125 747

where R, is the footing resistance of tower and Zp is the driving point impedance
(impedance of earth conductor with earth return and earthing impedance of overhead-
line towers, respectively, input impedance of shielding, sheaths and armouring
of cables).
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Figure 7.2  Equivalent circuit diagram with short-circuit at overhead-line tower

If the short-circuit occurs in a short distance from the switchyard, the branch
short-circuit current through the earth conductor and back to the switchyard can
be comparatively high. The branch short-circuit current through earth is reduced
accordingly. The branch short-circuit current through the earthing grid at switchyard B
in the case of a short-circuit at location F is

LZB:BC*(3*£0A+3*£OC)_BA*3*LOA (7.18)

The branch short-circuit current through the earthing grid can be higher or lower for
the short-circuit location inside the switchyard or at any overhead-line tower outside
depending on the actual earthing conditions.

IEC 60909-3 presents the method to calculate the reduction factor on overhead
lines. Further reference is made to [2,3,5,6].

7.4 Examples

Examples for the calculation of short-circuit currents in the case of double earth-
fault and for the calculation of branch short-circuit currents flowing through earth
are included in IEC 60909-3 Annexes A and B. Configurations with nominal system
voltage U, = 132 kV similar to those as per Figures 7.1 and 7.2 are presented.

7.4.1 Double earth-fault in a 20-kV-system

Figure 7.3 represents the equivalent circuit diagram of a 20-kV-system with overhead
lines to calculate the short-circuit current in the case of a double earth-fault. Data of
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Figure 7.3  Equivalent circuit diagram of a 20-kV-system
equipment are
System feeder l/</Q =1GVA; U, = 110kV
Transformer Sit = 40 MVA; uiet = 14%; t,7 = 110 kV/20 kV

Overhead lines ACSR 95/15; R} = 0.384 Q/km; X = 0.35 Q/km;
Rj = 1.35 Q/km; X{; = 0.6 /km.

The impedances of equipment are calculated in accordance with Section 7.3.

Equipment Positive-sequence  Zero-sequence
component component

System feeder (0.044 + j0.438) 2 —

Transformer 0.0+ j1.35) @ —

Line to short-circuit (3.07 + j2.8) Q2 (10.08 + j3.07) @
location A

Line to short-circuit (4.61 + j4.2) Q (16.2 + j4.61) Q
location B

Total impedance (42.624 + j32.408) Q2
(Table 7.1)

The short-circuit current in the case of a double earth-fault is calculated as
I = 1.23 kA. When both short-circuits occur at a tower, a part of the short-
circuit current flows through the tower and the footing resistance. Depending on
the resistivity of the earth, the footing resistance and the surge impedance of the
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line, this part is approximately 10-25 per cent smaller than the total short-circuit

current.

7.4.2  Single-phase short-circuit in a 110-kV-system

Figure 7.4 indicates the equivalent circuit diagram of a 110-kV-system with short-
circuit location F. The single-phase short-circuit current, the branch short-circuit
currents flowing through the earth and the potential of the earth grid shall be calculated.
The data of equipment are

Earth wire

B

() A
N | 45km i
% a’ pZ U,=l110kV] 80km(|: \@
P

" HOAA - HE
@)

= o

7
Figure 7.4 Equivalent circuit diagram of a 110-kV-system with short-circuit
location

Feeder A S{(’QA = 1.5 GVA; Sit = 250 MVA; ur = 16%; uokr = 20%j;
UorR = 0.2%

Feeder B S]L’QB = 2.0 GVA; S;1 = 350 MVA; ur = 14%; uger = 18%;
UorR = 0.2%

Feeder C S{{/QC = 1.1 GVA; S;r = 200 MVA; uixr = 15%; ukr =

19%; uorr = 0.2%

Line ACSR 2 x 240/40; earth wire 240/40; reduction factor
p ~0.6

Z', = (0.059 + j0.302) /km; Zj = (0.27 4 j1.51) /km
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The impedances of equipment are calculated in accordance to Section 7.3 and
Section 3.2.

Equipment Positive-sequence Zero-sequence
component component

Feeder A including 0.0+ j8.87) @ (0.1 4 79.68) Q2
transformer

Feeder B including (0.0 + j6.66) Q2 (0.06 + j6.22) Q
transformer

Feeder C including 0.0+ j12.1) Q 0.124 j11.5) @
transformer

Line A-B (2.655+ j13.59) @ (12.15+ j21.6) Q

Line B-C (4.72 4 j24.16) Q@  (67.95+ j120.8)

Impedance at short-circuit (0.178 + j4.512) @ (0.407 + j5.11) Q
location

The single-phase short-circuit current is calculated as I}/, = (0.798 — j14.785) kA
and |I}/,| = 14.8 kA, respectively. The current in the zero-sequence component is
Iy = % 1/, = (0.266 — j4.928) kA and the branch short-circuit currents of the three
feeders A, B and C are

Iga = (0.179 — j0.732) kA

Iog = (0.502 — j4.036) kA

Lo = (0.057 — j0.16) kA
The total current through the earth gridis ;5 = (0.425— j1.426) kA. The impedance
of'the earth grid depends on the resistivity of the soil, the footing resistance of the tower
and the surge impedance of the line. Assuming (in accordance with IEC 60909-3) the

impedance of the earthing grid to be Zgg = (0.68 4 j0.49) Q the potential of the
earth grid is Ugp = (0.987 — j0.761) kV and |Ugg| = 1.246 kV, respectively.






Chapter 8

Factors for the calculation of
short-circuit currents

8.1 General

Several factors for the calculation of short-circuit (s.-c.) currents have been introduced
in previous sections, the origin of which will be explained within this section.

Voltage factor cmax and cpin for different voltage levels as per Table 4.1.
Correction factor using the %/MVA- or the p.u.-system as mentioned in Chapter 2.
Impedance correction factors for synchronous machines, power station units and
transformers as per Tables 3.2, 3.3, 3.5 and 3.6.

e Factors for the calculation of different parameters of the short-circuit current based
on the initial short-circuit current as per Chapter 4.

The factors are necessary as the method of the equivalent voltage source at the
short-circuit location is used for the calculation of short-circuit currents which is based
on some simplifications such as neglecting the load current prior to fault, assuming
the tap-changer of transformers in middle-position, calculating the impedance of
equipment based on the name-plate data or on data for rated operating conditions
and neglecting voltage control gear for generators and transformers. The main task
of short-circuit analysis is to determine the maximal short-circuit current which is
one of the main criteria for the rating of equipment in electrical power systems.
It is obvious that the parameters of the short-circuit current as calculated with the
equivalent voltage source at the short-circuit location will differ from those currents,
which may be measured during short-circuit tests or may be calculated with transient
network analysing programmes. In order to obtain results on the safe side without
uneconomic safety margin the correction factors will be applied. Detailed deductions
of the various correction factors are given in IEC 60909-1:1991-10.
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8.2 Correction using %/MVA- or p.u.-system

The need to use special correction factors for the impedances using the %/MVA-
system, applies also to the p.u.-system. The calculation of short-circuit currents can
be carried out using the %/MVA- or the p.u.-system as outlined in Section 2.7. The
rated voltage of equipment U; is chosen as reference voltage Up for the calculation
of the impedance of transformers, generators, etc. For system feeders and lines the
rated voltage is not defined, therefore the nominal system voltage U, is taken as
reference voltage. The rated voltages of transformers in most cases are unequal to
the nominal voltage of the power system, connected to the transformer. Figure 8.1
indicates a 110/10-kV-system as an example.

Ql
T2
o .
e R UDN
Q2 ]
% U,=220kV

Figure8.1 Equivalent circuit diagram of a power system with different voltage
levels

Rated data of equipment are given below:
Ung1 =110 kV; Sl’(’Q1 =1 GVA; Upg2 =220 kV; SI’(’Qz =3 GVA
Sit2 =300 MVA; w2 = 15%; trrp =225 kV/115kV
Sit1 =250 MVA; gt = 17%; t,71 =220 kV/115 kV
R =0.03 Q/km; X| =0.12 Q/km; [ = 100 km

The impedances of the equipment using the Ohm-system related to the short-circuit
location (Column 2), the %/MVA-system (Column 3) and the p.u.-system (Column 4)
are summarised in Table 8.1. The values in the %/MVA-system are converted to
the Ohm-system by using the equations as per Table 2.3 (Column 5). The result
(Column 6) indicates a difference of 6.3 per cent for the total short-circuit impedance.

The differences of the impedances result from the fact that the calculation in the
Ohm-system takes account of the real transformation ratio of the transformers ¢, =
Urtnv/Urtmv, Whereas the calculation in the %/M VA - and in the p.u.-system assumes
a voltage of 100 per cent for all different voltage levels. The final conversion to the
Ohm-system is done using the voltage at the short-circuit location Uy, thus denying
the differences between rated voltages of the transformers and nominal voltages of the
connected power systems. These differences obviously will result in differences of
the short-circuit currents as outlined in Table 8.1. A correction of the impedances
isnecessary in case the rated voltages of transformers and the nominal system voltages
differ from each other.
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Table 8.1  Impedances of equipment and short-circuit current as per Figure 8.1

1 2 3 4 5 6
Equipment Impedance Impedance Impedance Impedance Difference
relatedto  (%/MVA) (p.u) (%/MVA) — (2) (%)
S.-C. (p-u.) = (2)
location
(%)
System Q1 13.929 0.11 0.11 13.31 4.7
Transformer T2  6.917 0.05 0.05 6.05 14.3
System Q2 4.849 0.037 0.037 4.48 8.2
Line L 3.279 0.0248 0.0248 3.0 9.3
Transformer T1  8.993 0.068 0.068 8.228 9.3
Total s.-c. 16.206 0.126 0.126 15.246 6.3
impedance
Short-circuit 431kA  4.60kA 10.12 pu. — 6.3
current

Figure 8.2  Equivalent circuit diagram for the calculation of impedance correction
factor using %/MVA- or p.u.-system

The impedance correction factors (see Figure 8.2 for explanation) are obtained
starting from the short-circuit location F indicated in Figure 8.1 by multiplying the
ratios of the rated voltages of all transformers T1—T; between the short-circuit loca-
tion F and the equipment under consideration B, then going back with the ratio of the
rated voltage of the equipment U;g and the nominal voltage U, at the short-circuit
location. For system feeders and lines the nominal system voltage at the very location
Uy has to be taken instead of the rated voltage, which is not defined for feeders and
lines. The impedance correction factor Kp is calculated by

U, U U, 2 (Ug\?
KB:< rTlE>I< rT2E>‘< rTSE*“.) *< rB) (8.1)

Umia  Umoa  Umsa Unr

The impedance correction factor using the %/MVA- or the p.u.-system must be applied
for any equipment [33] except power station units for which special correction factors
are valid.
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Table 8.2 Impedances of equipment and short-circuit current using correction

factor
1 2 3 4 5 6
Equipment Impedance Impedance Correction factor Impedance Impedance
related to s.-c. (%/MVA)  Kp as per (%/MVA)  (p.u.)
location (£2) Equation (8.1) using K using Kp
System Q1 13.929 0.11 1.046 0.115 0.115
Transformer T2  6.917 0.05 1.093 0.057 0.057
System Q2 4.849 0.037 1.143 0.04 0.04
Line L 3.279 0.0248 1.093 0.027 0.027
Transformer T1  8.993 0.068 1.093 0.0743 0.0743
Total s.-c. 16.206 0.126 — 0.134 0.134
impedance
Short-circuit 431 kA — — 431 A 9.48 p.u.

current

Applying the impedance correction factors as per Equation (8.1) the impedances
calculated with the %/MVA- and the p.u.-system are identical to those obtained by
using the Ohm-system as outlined in Table 8.2.

8.3 Impedance correction factors

Within this book the deduction of the impedance correction factor K g for synchronous
machines (generators) is given. The factor is valid for generators connected directly
without unit transformers to the power system which is normally the fact in medium-
voltage and low-voltage systems [37]. Assuming an overexcited turbine generator as
per Figure 8.3 with voltage control at the terminal connectionto Ug = (1 & pg)*Usg,
the control range normally is set to (1 4+ pg) = 1.05. Prior to fault the generator
generates the apparent power S = P + j Qg to be fed into the system.

X"
b d Rg )8

(@) / (b) AN s
l B Ug
V3

U,
UrG ° Un

0 01

Figure 8.3  Generator directly connected to the power system. (a) Equivalent system
diagram and (b) equivalent circuit diagram in the positive-sequence
component
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Figure 8.4 Determination of the short-circuit current by superposition

In the case of a short-circuit as indicated F in Figure 8.3(a) the short-circuit current
can be calculated by superposition of the generator current /5 prior to fault and the
short-circuit current 7, based on the voltage Uy, = Ug = Urg/ /3 prior to fault as

outlined in Figure 8.4.
The generator current / ; prior to fault is given by

E"— U 3
Ig=2 (Z—rG/ V3) (82)
and the fault current 7,7, can be calculated by
(8.3)

The short-circuit current of the generator 7} is obtained by superposition of the two

currents
E'~ WU/V3) 64)

Zg

U../vV3

” " =G

Lig =L t I = rZ +
=G

where E” is the subtransient voltage of the generator, U is the rated generator

voltage and Z is the generator impedance.
If the method of the equivalent voltage source with the voltage E” is used the

short-circuit current /' {(/G is calculated by
(8.52)

which is different from the calculation as per Equation (8.4). If the voltage at the
short-circuit location E” = ¢ % U, /~/3 with the voltage factor ¢ as per Table 4.1 and
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an impedance correction factor K are introduced, the short-circuit current 1}/, is
found to be

p cx Uy cx Uy

I = =
O V3xZgxKg V3% (Ro+ X)) xKg

where K ; is the impedance correction factor (to be determined), U, is the nominal
system voltage, Zg is the generator impedance, Rg is the stator resistance of the
generator and X is the subtransient reactance of the generator.

Equations (8.5a) and (8.5b) are set to be equal. The unknown internal subtransient
voltage of the generator E” can be found in accordance with Figure 8.3(b).

(8.5b)

Vi ng . . )
E" ===+ 1Ig * (cosgpg — jsingg) x (Rg + jXy) (8.6)
V3
where U s is the rated voltage of the generator and ¢g is the phase angle of the
generator current (power factor: cos ¢) and other quantities are explained above.
The impedance correction factor K ; is then calculated by

U 3%
K;= LI |:1+u*(Rg*cosgog+Xg*singoc,)
G UrG
3% ] -
+j% * (X * cos g — Rg * sin (pG)j| (8.7)
G

The resistance Rg normally can be neglected against the subtransient reactance X
of the generator; the correction factor then results in

U, c

Kg ~ * o
U 1+ Ug/Ic) * xg * singg

(8.8)

whereas the subtransient reactance is introduced as a p.u.-value x(’i’ =(X g / Ur2G) *S1G.
The correction factor is maximal when the maximal voltage factor cpax and rated
operating conditions with I = Ig and ¢ = ¢g are applied. The impedance
correction factor K¢ is given by

Un Cmax

KG% *//—
U 1+ xj *singg

(8.9)

For other equipment such as power station units and transformers impedance cor-
rection factors can be deducted in a similar way [35] as explained for the correction
factor of the generator. Details can be found in IEC 60909-1.

8.4 Factor k for peak short-circuit current

The peak short-circuit current is the maximal instant value of the short-circuit current
which occurs normally within the first few milliseconds after the occurrence of the
short-circuit. The system configuration with a single-fed three-phase short-circuit is
dealt with in Figure 8.5.
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Figure 8.5 Equivalent circuit diagram of a power system with three-phase short-
circuit. (a) Circuit diagram, (b) simplified diagram of a single-fed three-
phase short-circuit and (c) time course of voltage with voltage angle ¢y

The time course of the short-circuit current iy (¢) is calculated from the differential
equation

diy (1)
dt

c*x Uy

L % + Rxir(t) = V2 % * sin(wf + ¢y) (8.10)

The solution of the differential equation is given by

. cx Uy 1 . iy
i(t) = V2% * % (sin(wtf + oy —y) —e?/
«/§ R2 1 X2 T X2 Yu — VY
* sin(py — ¥)) (8.11)

where U, is the nominal system voltage, ¢y is the angle of voltage related to zero
crossing as per Figure 8.5, ¢ is the voltage factor according to Table 4.1, T is the time
constant: T = L/R, X is the reactance of the short-circuit impedance: X = wL, R
is the resistance of the short-circuit impedance, w is the angular velocity and y the
angle of the short-circuit impedance: y = arctan(X/R).
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The initial short-circuit current I’ is equal to the first part (periodic term) of
Equation (8.11), the second term is the aperiodic and decaying d.c.-component of the
current. If the time course of the short-circuit current as per Equation (8.11) is related
to the peak value of the initial short-circuit current

" cx Uy 1
=2 5T (8.12)

the peak factor « is obtained
Kk(t) = sin(wt + pu — y) — e /T xsin(py — ) (8.13a)

The maximum of the peak factor k¥ determines the maximum of the short-circuit
current (peak short-circuit current ip) to be calculated by partial differentiation of
Equation (8.13a) with respect to ¢y and 7. The maximum of the peak factor always
occurs for short-circuits at gy = 0 and r < 10 ms (50 Hz), respectively r < 8.33 ms
(60 Hz), whatever the ratio R/X might be

—(R/X)xwt

k(t) = sin(wt —y) +e * sin y (8.13b)

A sufficient approximation of the peak factor « is given by
ik = 1.02 + 0.98 x e 3R/X) (8.14)

Special attention for the calculation of peak short-circuit current must be given in
the case of short-circuits in meshed systems or in systems having parallel lines with
R/ X -ratios different from each other [34]. A detailed analysis of these conditions is
given in IEC 60909-1 and is mentioned in Chapter 4. The peak factor « according to
Equation (8.14) is outlined in Figure 4.7.

8.5 Factor u for symmetrical short-circuit breaking current

The short-circuit current in the case of a near-to-generator short-circuit decays sig-
nificantly during the first periods after initiation of the short-circuit due to the change
of the rotor flux in the generator. This behaviour cannot be calculated exactly as eddy
currents in the forged rotor of turbine generators, non-linearities of the iron and satura-
tion effects especially in the stator tooth are difficult to be calculated. Furthermore, the
decay of the short-circuit current and by this the breaking current depend on different
generator and system parameters such as time constants of the generator itself, loca-
tion of short-circuit in the system, operational condition prior to the fault, operation
of excitation and voltage control device, tap-changer position of transformers, etc.
which cause unpredictable deviations of the calculated results from those obtained
from measurements. Detailed calculations with digital programmes are therefore only
applicable in special cases if high safety requirements are to be met.
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The time decay of the a.c. part of the short-circuit current is calculated by
oo (t) = (I — Iy s e™"/™N 4 (1] — ) s /TN 4 I (8.15)
Equation (8.15) is composed of the initial short-circuit current

E//
=—— (8.162)
Xy + XN

the transient short-circuit current

E/

/

I = 8.16b
£7X) 4+ XN (8.16b)
and the steady-state short-circuit current
I _£ (8.16¢)
- .16¢
k Xqa+ XN

where E; E'; E” are the steady-state, transient and subtransient voltages, Xq; X};
X is the steady-state, transient and subtransient reactance of the generator and Xy
is the reactance between the generator and the short-circuit location, e.g., including
the reactance of the unit transformer.

The individual components of the short-circuit currents as per Equations (8.15)
and (8.16) are declining with different time constants, i.e., the subtransient time con-
stant 73 which can be set approximately equal to the subtransient time constant 7}
in the direct axis. Typical values of the time constants are 7y ~ 0.03-0.04 s and
T, ~ 1.0-1.5 s and are calculated by

! X//+X
T = T”*X—f‘,*xf‘TXI; (8.17a)
d d
Xy X,+X
T, =T %234 24" °N (8.17b)

v Y v
Xd Xd+XN

The units 7" and T’ are the subtransient and transient time constants of the gen-
erator. Regarding the time course of the decaying a.c. part of the current as per
Equation (8.15), the approximation e~/ T\ 2 1 can be assumed if the time range
(minimal time delay of circuit-breakers) t = i, = 0.02-0.25 s is considered:

4 "
Xd + XN) " e_tmin/T]Q/ + Xd + XN

Lao(t) ~ I - =1 8.18
kac (1) k*[( Xé“l‘XN Xé‘i‘XNjI Kk XM ( )

with £y being the minimal time for breaking the short-circuit current. The second part
of Equation (8.18) is taken as the factor u for the calculation of the breaking current.
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As the exponent fin /7Y may be greater or smaller than 1, the infinite progression
for e /TX is applied. For no-load conditions, where E” ~ E’' ~ E ~ U,g/~/3, the
factor w is obtained by

X/ _ X// X/ _ X// foi .
ol = —— o st + L (T e/ TN — ]
Ty * (UrG/v/3) XgtXn \ 1Ty
(8.19)

with the no-load subtransient time constant
/
X4

7 V4
d

(8.17¢)
When if fyi < Ty the last part of Equation (8.19) can be neglected. The factor u

can be presented depending on the minimal time delay of the circuit-breaker #,;, and
the ratio I/ /I as outlined in Figure 4.10.

8.6 Factor A for steady-state short-circuit current

The steady-state short-circuit currents of generators are determined by the method
of excitation, the maximal possible excitation voltage, the type of voltage control
and strongly by the saturation effects. As salient-pole and turbine generators differ
significantly with respect to their reactances and are mostly equipped with different
types of excitation, the steady-state short-circuit currents of both generators will differ
even if all other conditions are equal. The calculation is carried out with the factor A
based on the rated current /;g of the generator which is determined separately for
minimal and maximal current.

Ik max = Amax * IrG (8.20a)

Ik min = Amin * IrG (8.20b)

The factor A is found from the characteristic curve method as per Figure 8.6 defining
Potier’s reactance Xp.

Eo(1
I — 0(/r)

= — 8.21
Xp + XN (8:21)

where Xp is the Potier’s reactance as per Figure 8.6, E is the no-load voltage, Ir is the
excitation current and Xy is the reactance between the generator and the short-circuit
location, e.g., including the reactance of the unit transformer.

The value of Potier’s reactance is between the transient reactance X (pole
saturation only) and the stator leakage reactance X, (teeth saturation only).

The method to determine Potier’s reactance requires detailed knowledge of the sat-
uration within the machine and is not practicable for the determination of the factor A.
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Figure 8.6  Characteristic saturation curve method for determination of Potier’s
reactance

IEC 60909-1 recommends a simplified method. Potier’s reactance and the source volt-
age E( which is a function of the field current /¢ are reduced due to the saturation as
can be seen from Figure 8.6. Both effects compensate each other to a certain extent
and are ignored therefore. The current /y is calculated by

Ik = w (8.22)
X dsat T XN
where uf max 18 the highest possible excitation voltage (p.u.-value), E; is the internal
steady-state voltage of the generator at rated operating conditions, X 4g,¢ is the satu-
rated value of the synchronous reactance (equal to the reciprocal of the short-circuit
ratio) and Xy is the reactances between the generator and the short-circuit location,
e.g., including the reactance of the unit transformer.
Furthermore, the subtransient internal voltage is given as

E" =15 (X]+ XN) (8.23)
By this the factor A is determined to be

I u * E
_ Tk _ _ f max r” _ (8.24)
I (Xdsat — X ) * g + E” * (Ia/ 1)
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Table 8.3  Assumed values of uf max for the calcula-
tion of the factor A

ufmax = Uf max/Usr

Type of synchronous machine  Series 1 Series 2
Salient-pole generator 1.3 1.6
Turbine generator 1.6 2.0

The voltages E” and E; can be determined if Rg <« X by

Ui .

E' ~ % (1 4+ x/ % sin ¢rg) (8.25)
V3 ‘ ’
U, .

E ~ 7% * \/l + xésat + 2 % Xdsat * SIN @G (8.26)

where xé’ = Xg * ((\/§ * 1:G) /Urg) and xgsat = Xdsat * ((\/§ * Irg)/UrG)-

The rated impedance is Z;,g = U;g/ (+/3 * I,). The values for Amax and Amiy as
per Figures 4.11 and 4.12 are calculated by Equations (8.23)—(8.25), cos ¢;g = 0.85
and X} = 0.2 x Z. The highest possible excitation voltage (p.u.-value) uf max is
assumed for the calculation in accordance with the values as per Table 8.3.

8.7 Factor q for short-circuit breaking current of asynchronous
motors

Asynchronous motors are contributing to the short-circuit current as outlined in
Chapter 4. As the short-circuit current of asynchronous motors decays faster as
compared with the short-circuit current of synchronous machines, the short-circuit
breaking current is based on the initial short-circuit current of the motor 1}, using
the factor p« which is identical to the factor for the calculation of breaking current of
synchronous generators and an additional factor ¢

Tom = g * o Ly (8.27)

The factor g as per Figure 4.13 is derived from the results of transient calcula-
tions and measurements using 28 motors with different rating Py = 11-160 kW
in the low-voltage range and up to Py = 160 kW—10 MW in the medium-
voltage range. A detailed list of the rated data of the asynchronous motors is
included in Table 2 of IEC 60909-1:1991 (similar to those given in Tables 13.6
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and 13.7). The minimum time delay of the circuit-breakers was assumed in four steps
tmin = 0.02-0.05-0.1->0.25 s. The results are outlined in Figure 8.7.

0.02s, 1 % 0.05s
0.9 L ) 0.1s
0.8 ;V 1 '/./ AL d
' ° P B3 . L=
0.7 ~ G
0.6 / b [ r ,/" ' I >0.25s
. / o "/ A //
qg 0.5 ,/ Y =0 — -
.~ R Minimal time delay
0.4 H \ Ak _ )" PS L 4 0.02s
03 ge “HH o B 005s i
* A
0.2 e P A 01s H
o1 B o e e  >025s
: N
0 ,_/ u~ ® “0 o % °
0.01 0.1 1 10 MW 100

m (active power per pair of poles)

Figure8.7 Calculated and measured values of factor q for the calculation of short-
circuit breaking current of asynchronous motors; values of q as per
Figure 4.13 (According to Figure 20 of IEC 60909-1:1991.)

As can be seen from Figure 8.7 the values of the factor ¢ (approximation) as per
Figure 4.13 are mean values of the calculated and measured ones with the 50 per cent-
frequency deviation between the exact values and the approximated values in the range
of Ag < 5%.






Chapter 9

Calculation of short-circuit currents in
d.c. auxiliary installations

9.1 General

The calculation of short-circuit currents in d.c. auxiliary installations, e.g., in power
plants and substations is dealt with in IEC 61660-1. Contrary to the approach for the
calculation of short-circuit currents in a.c. three-phase systems, the determination of
the exact time course of the short-circuit current is needed besides the calculation of
defined parameters [42]. The equipment as below contribute to short-circuit currents
in d.c. installations:

Smoothing capacitors
Stationary batteries (normally of the lead-acid type)
Rectifiers (IEC 61660-1 deals only with rectifiers in three-phase a.c. bridge
connection for 50 Hz, parameters for 60 Hz are actually under consideration)
e d.c. motors with independent excitation.

The branch short-circuit currents from the equipment mentioned above are char-
acterised by different time course, depending on the ohmic, inductive and capacitive
parts, the d.c. voltage source and other parameters. Figure 9.1 presents the equivalent
circuit diagrams of the equipment and the typical time course of the short-circuit
current.

d.c. installations in auxiliary supply systems include several pieces of equipment;
the total short-circuit current at the short-circuit location is the superposition of the
individual branch short-circuit currents from the different equipment. In principle the
short-circuit current can be defined by a time function i1 (¢), describing the time span
tp from short-circuit initiation till the maximal short-circuit current i, (peak short-
circuit current) and a time function i, (), describing the decaying time course to the
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Figure 9.1 Equivalent circuit diagrams of equipment in d.c. auxiliary installations,
typical time course of short-circuit current (according to Figure 1 of DIN
EN 61660-1 (VDE 0102 Teil 10)). (a) Capacitor, (b) battery, (c) rec-
tifier in three-phase a.c. bridge connection and (d) d.c. motor with
independent excitation
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Figure 9.2  Standard approximation function of the short-circuit current (according

to Figure 2 of IEC 61660-1:1997)

quasi steady-state short-circuit current I as outlined in Figure 9.2. Time functions
can be calculated according to [50] by

. . l—et/m

l](f)zlp*m for0§t§tp (913)

- ; k ~a-tp)/m Tk

i2(t) =ip 1—— ) xe p + — fort, <t < T (9.1b)
Ip Ip

If no distinct maximum of the short-circuit current is present, the peak short-
circuit current i, and the quasi steady-state short-circuit current /i are equal. This
time course as well is described by the standard approximation function according to
Figure 9.2.

The approach to calculate the parameter i, and /y, the time constants 7| and 7
and the time to peak #, is explained below:

e The parameter of the short-circuit current will be calculated for each branch
separately, i.e., for each individual equipment contributing to the short-circuit
current.

e In case of several sources, the short-circuit parameters will be calculated by
superposition of the branch short-circuit currents by:

— Calculation of the branch short-circuit currents taking account of the com-
mon branch, i.e., that branch in the installation carrying branch short-circuit
currents from different sources.

— Correction of the branch short-circuit currents by a factor o, which depends
on the different resistances.
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— Calculation of the time course of the branch short-circuit currents with the

corrected impedances.

— Superposition of the calculated time functions of the branch short-circuit

currents to determine the total short-circuit current.

— Thethermal and electromagnetic effects of short-circuit currents are calculated

using the standard approximation function.

The calculation of impedances of the sources in d.c. auxiliary installations feeding

the

short-circuit current was dealt with in Section 3.3. The calculation of the short-

circuit parameters is carried out as mentioned above and explained below. For the
calculation of maximal short-circuit currents in d.c. auxiliary installations the items
as below had to be taken into account:

the

Short-circuit impedance of system shall be minimal (Zgmin), so that the
contribution to the short-circuit current is maximal.

Resistance of lines is to be calculated for a temperature of 20°C.

System topology leading to the maximal short-circuit currents shall be taken into
account.

Joint resistance of busbars shall be neglected.

Control circuits to limit the contribution of rectifiers are disconnected, i.e.,
limitation is not active.

Batteries are fully charged.

Systems coupled by diodes are regarded as directly connected.

For the calculation of minimal short-circuit currents in d.c. auxiliary installations
items as stated below shall be considered:

Short-circuit impedance of system shall be maximal (Zqmax), so that the
contribution to the short-circuit current is minimal.

System topology leading to the minimal short-circuit currents shall be taken into
account.

Resistance of lines shall be calculated for maximal permissible operating
temperature.

Joint resistance of busbar has to be taken into account.

Contribution of rectifiers to the short-circuit current is limited to the rated value
of the current limiter.

Voltage of batteries shall be defined equal to the minimal discharge voltage as per
manufacturer’s information.

Systems coupled by diodes are regarded as disconnected.

The current limiting characteristic of fuses and switchgear in d.c. auxiliary instal-

lations has to be taken into account for the calculation of both maximal and minimal
short-circuit current.
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9.2 Short-circuit currents from capacitors

The quasi steady-state short-circuit current of a capacitor is zero
Ikc=0 9.2)
The peak short-circuit current ipc is calculated using

Ec
RCBr

IpC = KC * 9.3)
where Ec is the capacitor voltage at the instant of short-circuit and Rcp; is the
resistance of capacitor including connection and common branch (see Section 3.3.1
and Table 3.13).

The factor k¢ depends on the eigen-frequency wg

1
Wy = ——— (9.4a)
~/Lcpr * C
and on the decay coefficient §
1 2xL
I c*kbesr (9.4b)
) Rcar

where Lcpg; is the inductance of the capacitor connection including common branch
(see Table 3.13) and C is the capacitance.

The reasonable range of values for «c is outlined in Figure 9.3; equations for
the calculation of k¢ are included in the Annex of IEC 61660-1:1997 and are not
repeated here.
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01 | T~ ~

0 e Y i ) oy
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<

Figure 9.3  Factor kc for the calculation of peak short-circuit current of capacitors
(according to Figure 12 of IEC 61660-1:1997)
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Figure 9.4  Time-to-peak t,c for the calculation of short-circuit currents of
capacitors (according to Figure 13 of IEC 61660-1:1997)

The time-to-peak fpc also depends on the eigen-frequency wy and the decay
coefficient 8. The reasonable range of values for #,c is outlined in Figure 9.4; equations
for the calculation of #,c are included in the Annex of IEC 61660-1:1997.

The rise-time constant tic

Tic = kic * fpe (9.5a)
and the decay-time constant ¢
Toc = kac * Repr *# C (9.5b)

depend upon the factors kic and kyc, i.e., upon eigen-frequency and decay compo-
nent. Reasonable ranges of values are outlined in Figures 9.5 and 9.6. Quantities of
Equations (9.5) are explained above.

Calculation equation for the factors kic and kyc are not included in IEC
61660-1:1997.

9.3 Short-circuit currents from batteries

Asrise-time constants of the short-circuit current of batteries are always below 100 ms,
the quasi steady-state short-circuit current Iy is calculated for the time instant of 1 s
after initiation of the short-circuit.

_ 0.95 % EB
o RBBr + 0.1 % RB
where Ep is the open-circuit voltage of the battery, Rpp; is the resistance of the

battery including connection and common branch (see Section 3.3.1 and Table 3.14)
and Rp is the resistance of the charged battery.

I (9.6)
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Figure 9.5 Factor kic for the calculation of rise-time constant (according to
Figure 14 of IEC 61660-1:1997)
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Figure 9.6  Factor kac for the calculation of decay-time constant (according to
Figure 15 of IEC 61660-1:1997)
The peak short-circuit current ipp is calculated using the battery voltage Ep by

Eg
Rppr

ipB = 9.7
Reasonable ranges of the values for the rise-time constant 71 and the time-to-peak
1pB, both depending on the decay component §
1 2

T_ 9.8)
8  Rper/Lper+1/Tp
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Figure9.7  Rise-time constant T\g and time to peak tpg of short-circuit currents of
batteries (according to Figure 10 of IEC 61660-1:1997)

where Lpp; is the reactance of the battery including connection and common branch
(see Table 3.14) and T3 is the time constant of the battery assumed to be 7 = 30 ms
(outlined in Figure 9.7). The decay-time constant is set to 7op = 100 ms.

More details of the calculation of short-circuit currents fed from batteries are
included in [56].

9.4 Short-circuit currents from rectifiers

The quasi steady-state short-circuit current Iy of a rectifier in three-phase a.c. bridge
connection is

3x4/2  cxU, Uy
k k
T V3% 2Zy  Utnv

where U, is the nominal system voltage on a.c. side of rectifier, Zy is the network
impedance a.c. side, ULy is the rated voltage at low voltage side of transformer (a.c.
side) and Uty is the rated voltage at high voltage side of transformer (a.c. side).

The factor Ap depends on the ratio RN/ X of the a.c. side of the rectifier as well
as on the ratio of the resistances Rpp;/RN (ratio of resistance d.c. side to resistance
a.c. side). A reasonable range of values of the factor Ap is outlined in Figure 9.8.
Equations for the calculation of Ap are included in IEC 61660-1:1997.

The peak short-circuit current is calculated using

Ixp = Ap * 9.9

ipD = kp * Ixp (9.10)

whereas the factor xp depends on the ratio of the inductivities Lpp;/LN (ratio of
inductance d.c. side to inductance a.c. side) and on the resistances and reactances



Calculation in d.c. auxiliary installations 173

1.1

0.9 R \0-01
0.8 ™ 15 \4

0.7 . Rpo/Ry

i 0.6 5.0 /
0.5 )

04 T
s B A :
0.2
0.1

0 01 02 03 04 05 06 07 08 09 1 L1 12
R/ Xy

Figure 9.8 Factor Ap for the calculation of quasi steady-state short-circuit current
of rectifiers (according to Figure 7 of IEC 61660-1:1997)
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Figure 9.9  Factor kp for the calculation of peak short-circuit currents of rectifiers.
Factor:  R* = (Rn/XN)(1 + 2Rpg:/3RN) (according to Figure 8 of
IEC 61660-1:1997)

RN, Rppr and Xn. The reasonable range of values of the factor «p is outlined in
Figure 9.9. Equations for the calculation are included in IEC 61660-1:1997.

Inthe case of kp < 1.0 no distinct maximum of the short-circuit current is present,
thus the peak short-circuit current can be neglected as the quasi steady-state short-
circuit current will be the maximal value of the current. IEC 61660-1 determines for
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kp < 1.05 the time to peak #,p equal to the duration of the short-circuit Ti. For all
other cases (kp > 1.05) the time to peak is calculated using

L
top = (3 % kp + 6) ms for 22X < | (9.11a)
N
L L
fop = <(3*KD+6)+4( DBr 1)) ms for —22¢ > | (9.11b)
LN LN

The rise-time constant tip for rectifiers fed from 50 Hz (60-Hz-values are actually
under consideration) is

Lpg;
iD= |2+ (kp — 0.9) % 2.5+9>x<L— ms for kp > 1.05 (9.12a)

N
RN 2 Lpgr
=(07+(7-2x(1+2
P ( +< XN*<+3*LN)))
L
*<0.1+0.z*%>ms forkp < 1.05  (9.12b)
N

A suitable approximation, giving results on the safe side is

t,
tp = 2 (9.12¢)
3
The decay-time constant top for 50 Hz is calculated using
2
D (9. 13)

— ms
RN/ XN # (0.6 + 0.9 % (Rppr/RN))

Quantities as per Equations (9.11)—(9.13) are: Xy is the inductance of system N
(a.c. side) XN = wLnN, R\ is the resistance of system N (a.c. side), Rpp; is the
resistance of d.c. side including smoothing reactor, connection and common branch
(see Section 3.3.1 and Table 3.15), Lpp; is the inductance of d.c. side including
smoothing reactor (saturated value), connection and common branch (see Table 3.15)
and «p the factor as per Figure 9.9.

More details of the calculation of short-circuit currents fed from rectifiers are
included in [54].

9.5 Short-circuit currents from d.c. motors with
independent excitation

Branch short-circuit currents from d.c. motors with independent excitation are only
considered if the total sum of the rated currents of all d.c. motors is greater than
1 per cent of the branch short-circuit currents of one rectifier.

The parameters of the motor, i.e., rated voltage Uy, rated current /), saturated
inductance of the field circuit at short-circuit Lg and the unsaturated inductance
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of the field circuit at no-load Lor, determine the quasi steady-state short-circuit
current i which is calculated using

Iy = — * (9.14)

Lr (UrM — I * RM)
Lor

RwmBr

where L is the field inductance, Lo is field inductance at no-load, Uy is the
rated voltage, Iy is the rated current of the motor, Ry is the resistance of the motor
and Ryvp; the resistance of the motor including connection and common branch (see
Section 3.3.1 and Table 3.16).

Equation (9.14) is valid when the speed of the motor remains constant during the
duration of the short-circuit. When the speed of the motor decreases to zero (n — 0)
the quasi steady-state short-circuit current is /iy = 0.

The mechanical time constant Tyfec, the time constants of the field circuit tf
and the armature circuit ty; determine the peak short-circuit current ipy, which is
calculated using

Um — Im x R
ipM = KM * M T M T AM (9.15)
RwvBr
The factor kp is equal to One in the case of nominal speed and in all cases where
TMec > 10%1E, else (tmec < 10 * tF). kv depends on the eigen-frequency wy,

1 Rwi * 1
wo= | — « <1 . M) (9.16a)
TMec * T™M Umm

where Tpec 1S the mechanical time constant (see Table 3.16) and 7y the time constant
of armature circuit up to short-circuit location (see Table 3.16); and on the decay
coefficient 8.

1
E =2x%x1M (9.16b)

The reasonable range of the factor ks is outlined in Figure 9.10.

The time to peak fm, the rise-time and the decay-time constants 7y and Tom
depend on the value of the mechanical time constant Tyjec. I[EC 61660-1:1997 defines
four factors kim,kom, k3m and kg which are outlined in Figures 9.12 to 9.15.
Calculation equations are not included in IEC 61000-1:1997.

When the motor speed remains constant or in all cases when tyee > 10 * tF the
time to peak v is calculated using

Ihm = kim * ™ (9.17)
the rise-time constant Ty

TIM = k2M * ™M (9.18)
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Figure 9.10 Factor km for the calculation of peak short-circuit current of d.c.
motors with independent excitation (according to Figure 17 of IEC
61660-1:1997)
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Figure 9.11  Time to peak of short-circuit currents for d.c. motors with indepen-
dent excitation and t\ec < 10 * tF (according to Figure 19 of IEC
61660-1:1997)

and the decay-time constant oy

M = TF n = n, = const. (9.19a)
L
oM = k4M * % * TMec N — 0 (9.l9b)
F

For all other cases, i.€., Tmec < 10 * TF the reasonable range of the time to peak fm
is outlined in Figure 9.11.
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Figure 9.12  Factor kM in the case of d.c. motors with independent excitation and
™™ec = 10 % T (according to Figure 18 of IEC 61660-1:1997)

0.9
0.8 ~

0.7 .-

0.5 02— o -
0.4 04 _-- -

0.2 ~
0.1

1 10 Ty 100 1000

Figure 9.13  Factor kom in the case of d.c. motors with independent excitation and
T™™ec < 10 * tF (according to Figure 18 of IEC 61660-1:1997)

The rise-time constant and the decay-time constant t; and Tonp  are
calculated using

TIM = k3M * T™ (9.20a)
oM = kaM * TMec (9.20b)

The factors k1w, kam, k3m and kan are outlined in Figures 9.12 to 9.15.
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Figure 9.14  Factor k3\ in the case of d.c. motors with independent excitation and
™ec < 10 * T (according to Figure 20 of IEC 61660-1:1997)
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Figure 9.15  Factor ka\ in the case of d.c. motors with independent excitation and
™ec < 10 % 5 (according to Figure 21 of IEC 61660-1:1997)

More details of the calculation of short-circuit currents fed from motors with
independent excitation are included in [52].
9.6 Total short-circuit current

The calculation of the total short-circuit current is carried out taking into account
the common branches of the d.c. installation. A common branch is a branch,
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e.g., conductor circuit, which carries branch short-circuit currents from different
sources.

When no common branch exists in the d.c. installation, the total short-circuit
current is calculated by adding the branch (partial) short-circuit currents. Otherwise,
the partial short-circuit currents of the different sources (Index j) are to be corrected
(Index kor) with factors oj, which reflect the different resistances of the sources
and the common branches Ry. The peak short-circuit current and quasi steady-state
short-circuit current are calculated by

Ipkorj = Oj * Ipj (9.21a)
Lkorj = 0y * Iy (9.21b)
with the correction factor o;j for each source j

Riesj * (Rij + Ry)
Rresj * Rij + Rjj * Ry + Ryesj * Ry

o] = (9.22)

The resistance up to the common branch of a source is named Rj; and the equivalent
resistance of the other sources up to the common branch which contributes to the
short-circuit current is named Ryes;. Resistances of capacitors are neglected and the
resistance of motors shall only be taken into account if the motor contributes to
the quasi steady-state short-circuit current.

The calculation equations of the resistances Rj; and equivalent resistances Riyes;
are outlined in Table 9.1. It is assumed, that all four sources are contributing to the
short-circuit current through one common branch, as outlined in Figure 9.16.

Table 9.1 Resistances Rj; and equivalent resistances Ryesj for the calcu-
lation of correction factors; U: Voltage at short-circuit location
prior to the short-circuit [42,50,57]

Source j Resistance Rj; Equivalent resistance Ryes;
C it R Rc+ R R !
apacitor c = =
p iC C CL resC 1/Rip + 1/Rig + 1/Rimt
1
Batte Rig =R R R =
ry iB B + RBL resB = 7 JRip + 1/Ring
Rectifi R v R R !
ectifier = — — - -
Py Y P71/ Rig + 1/Riv

1
d.c. motor with Rim = Rm + RmL RiesM = ———mmm———
independent ' s 1/Rip + 1/Rip
excitation

Remarks: Index L — Connection of equipment; index Y — Common branch (see Section 3.3.1);
and indices C; B; D; M — Capacitor; battery; rectifier; motor
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Figure 9.16  Equivalent circuit diagram of a d.c. auxiliary installation

Rise-time and decay-time constants tiy and oy of the partial short-circuit
currents are not corrected.

The total short-circuit current is calculated by superposition of the corrected partial
short-circuit currents of the different sources.

: = 1 —e™!/m
ll(t)zz;lpkorj*m fOI'OftS[pj
j:
(9.23a)
m I ) I _
ir(t) = Zipkorj ((1 — m) we U—h)/m2j 4 m) fors,; <t < Ti
1 Ipkorj Ipkorj
(9.23b)

The calculation of the thermal and electromagnetic (mechanical) effects of short-
circuit currents as per IEC 61660-2 is based on the standard approximation function.
Typical time-curves of total short-circuit currents are outlined in Figure 9.17.

The peak short-circuit current ip, the quasi steady-state short-circuit current fy
and the decay-time constant 7, are determined graphically from the time curve of
the total short-circuit current. The rise-time constant is calculated in accordance with
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Figure 9.17  Typical time curves of total short-circuit current in d.c. auxiliary instal-
lations, e.g., (a) with dominating part of motors, (b) with dominating
part of rectifiers, (c) with dominating part of batteries and (d) in the
case of low rectifier load (according to Figure 22 of DIN EN 61660-1

(VDE 0102 Teil 10))



182  Short-circuit currents
Figure 9.17(a) and (c), respectively by

b
T = g (9243)

and for time curves as per Figure 9.17(b) or (d)

71 = MIN{7|c; T1B; T1D; T1M} (9.24b)
The rise-time constant tjc of capacitors is neglected in the case where

ipc < 0.5 %1 (9.25)

The decay-time constant 7, is equal to 50 per cent of that time span in which the
short-circuit current i3 (¢) is reduced to 0.9 * (i,—Ix), i.e., the short-circuit current has
the value of (/x + 0.1 x ip). Reference is made to Figure 9.17.

i2(ty +212) = 0.9 % (ip — Ii) (9.26a)
and

ity +212) = I + 0.1 % i (9.26b)

9.7 Example

The short-circuit currents at location F at the main busbar of the auxiliary supply
installation of a power station are to be calculated. The 220-V-installation as outlined
in Figure 9.18 include a battery of 1100 Ah, feeding from an a.c. LV-system through
rectifier with smoothing capacitor and a d.c. motor. The data and parameter of the
equipment are given below:

Q T D C LI F

imatDank ol g (
Rectifir | Cable ' < : >

Capacitor L2 Cable

L4
Q Cable |

—] ‘ ........ 1 % coupling branch ¢——---- Load

Battery Busbar

Figure9.18 Equivalent circuit diagram of the d.c. auxiliary installation (220 V),
e.g., of a power station
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Equipment Quantity Parameter Remarks
Battery B Nominal voltage Up =225V Table 3.14
Capacity for K10 = 1100 Ah
10 h-discharge
Resistance per cell Rpz = 0.12 mQ
Inductance per cell Lz =02 pH
Number of cells n =109
Power system Nominal voltage Ung = 660 V Table 3.1
Initial short-circuit S{(’Q = 33.3 MVA
power
Resistance Rq/Xq =10.28
AC/DC- Rated voltages Urrnv /Uty = Table 3.2
transformer 660 V/240 V
Rated power St = 380 kVA
Impedance voltage uxt = 3.2%
Losses; resistance Pcy = 4 kW,
voltage urt = 0.5%
Rectifier D Rated voltage Up =220V Table 3.15
Rated current I.p = 1000 A
Smoothing Resistance Rppr = 0.87 mQ2 Table 3.15
reactor Reactance XpBr =29 pH
Smoothing a.c. capacitance Cac = 70 mF Table 3.13
capacitor C Resistance Rc =8 mQ
d.c. motor M Rated voltage Um =220V Table 3.16
Rated power Py =95 kW
Rated current I =432 A
No-load speed ng =25s""
Inductance of Ly =04 mH
armature circuit
Resistance of Ry =41.9mQ
armature
Inductance of Lr=99H
field circuit
Resistance of RF=99Q
field circuit
Moment of inertia J = 6.5 kgm?
Motor speed n—0

Tx > 1s
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Equipment Quantity Parameter Remarks
Cables Cross section gn = 300 mm? Table 3.12
L1;L2;L3 Number of cables 3 in parallel (triangle)
Specific resistance o =0.0173 Qmm?/m
Radius of conductor r =10.5 mm
Length of cables Ll =2m;L2=6m;
L3=20m
Conductor Cross section gn = 400 mm? Table 3.12
bars L4 Number of bars 2 in parallel

Width and height
Specific resistance
Distance between
sub-conductors
Distance of bars
Length of bar

d x b=10mm x 40 mm
p = 0.0173 Qmm?/m
as = 10 mm

am = 75 mm
L4=14m

The calculation of the short-circuit current is as follows:

of the individual equipment

1 Calculation of the impedances of cables and busbar conductors (Section 9.7.1).
2 Calculation of the short-circuit currents
(Section 9.7.2).
3 Calculation of the correction factors (Section 9.7.3).
4 Calculation of partial short-circuit currents (Section 9.7.4).

5 Calculation of total short-circuit current (Section 9.7.5).

9.7.1 Calculation of the impedances of cables and busbar conductors

Three cables are laid in triangle arrangement. Specific resistance and inductance are

calculated according to Table 3.12.

p 00173 Qmm?/m

R =21 = = 0.0384 mQ/m
3¢n 3 % 300 mm?

=" (ml L

T 8 4n

with rg = /n # rr %"= = /3 % 17.3 mm * (10.5 mm)2 = 17.9 mm

47 % 1077 H 75 1

L= /m (, 7> mm — 0.607 jLH/m
T 179mm 4x%3
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Two rectangular busbars are laid in parallel. Specific resistance and inductance are

calculated according to Table 3.12.
0.0173 Qmm?
R o=l o, Q0B OmmMI/M s o/m
2qn 2 % 400 mm?

;Mo a
L'=—=x[In
b4 0.223 % (2d + ds + D)
47 %1077 H/m | 75 mm
=— %|In
0.223 % (30 4+ 40) mm

) — 0.628 WH/m
4

The resistances and inductances of the individual connections by cables and bars
as per Figure 9.18 are summarised below:

Connection L1 L2 L3 L4
Length(m) 2 6 20 14
Resistance R(mS2) 0.0768 0.2304 0.768 0.606
Inductance L(wWH) 1.212  3.636 12.12 8.792

9.7.2  Calculation of the short-circuit currents of the individual equipment

9.7.2.1 Short-circuit current from capacitor

Total impedance of the capacitor according to Table 3.13 with common branch (cable
L2) and capacitor connection (cable L1)

Rcpr = Rc+ Rui + Rz = (84 0.0708 + 0.2304) m2 = 8.301 mQ2
Lepr = Ly + Lo = (1.212 + 3.636) wH = 4.848 pH

Peak short-circuit current as per Equation (9.3)

Ec

Rcpr

IpC = KC *

Factor xc depends on the eigen-frequency wy

1 1
 VLce #C  JARA8 pH * 70 mF

and on the decay coefficient §

| 2% Lop _ 2%4.848 pH

wo =1.717%10%/s

= = = 1.168 ms
8 Rcpr 8.301 mQ
— k¢ = 0.65 as per Figure 9.3
225V
e = ke % —— = 0.65% ———— = 17.62KA
Rcar 8.301 mQ

Time-to-peak t,c = 1.1 ms as per Figure 9.4.
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Rise-time constant and decay-time constant as per Equation (9.5) are

Tic = kiC * Ipc
Toc = kac * Repr * C

With factors k1c and kpc depending on eigen-frequency and decay component k¢ &
0.38 as per Figure 9.5 and kyc ~ 1.4 as per Figure 9.6

Tic = 0.38 % 11 ms = 0.42 ms
7c = 1.4 % 8.301 mQ % 70 mF = 0.813 ms

9.7.2.2 Short-circuit current from battery

Total impedance of the battery as per Table 3.14 with common branch (cable L2) and
battery connection (cable L4). The battery consists of 109 cells.

Rppr = 0.9 % Rg + Rr4 + R1»
= (0.9%109 % 0.12 + 0.606 4+ 0.2304) mQ2 = 12.608 m
Lpr =L+ Lia+ L1a = (109 0.2 4+ 8.792 + 3.636) wH = 34.228 pH

Quasi steady-state short-circuit current as per Equation (9.6)

095« E 0.95%1.05%225V
I = tIE it =16.13kA
Rppr+0.1% R (12.608 + 0.1 % 109 * 0.12) m<2
Peak short-circuit current according to Equation (9.7) is
Ep 1.05% 225V
B = = = 18.74 kA
BT Resr | 12.608 mQ
The decay component § is
1 2 2
- =498 ms

8 Rppr/Lpsr + 1T 12.608 mS2/34.228 pH + 1/30 ms

Time-to-peak and rise-time constant as per Figure 9.7 are tpg = 13.7 ms and 71 =
2.6 ms. The decay-time constant is 7op = 100 ms per definition.

9.7.2.3 Short-circuit current from rectifier
Impedance of system feeder Q related to 220 V as per Table 3.1

cxUjy 1.0 (220 V)2
Sio  333MVA

Zq = =173 mQ
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Resistance and reactance due to the ratio of Rg/Xq

Xq = 0.963 % Zq = 1.666 mQ

— 2 _ y2 _
RQ—‘/ZQ X5 = 0.466 mQ

Impedance of transformer according to Table 3.2
wer  UZpy 32% (240 V)2
= — = k
St 100% 380 kVA 100%

_ URT Uiy __10s% (240 V)2
S 100%  380kVA  100%

X1 =,/Z3 — R} = 4581 mQ

Total impedance a.c. side according to Table 3.15

=4.85mQ

Zt

Rt = 1.592 mQ

Rn = R + Rt = (0.466 4 1.592) mQ = 2.058 m®2
Xx = Xq + Xt = (1.666 + 4.581) mQ = 6.247 mQ

and inductance

Lx = Xn/o = (6.247/100 % 7r) wH = 4.581 pH

187

Total impedance d.c. side according to Table 3.15 with common branch (cable L2)

Ropr = Rs + Ri| + Ry = (0.87 + 0.0768 + 0.2304) mQ = 1.177 mS2
Lppr = Ls + L1 + Lia = (29 + 1.212 + 3.636) wH = 33.85 pH

Quasi steady-state short-circuit current of the rectifier as per Equation (9.9)

3 % ﬁ c* Uy Uity
* *
V3x2Zx  Urhv
Factor Ap depending on Rn/XN and Rpp:/RN

Iip = Ap *

Rn/XN = 0.33 and Rpp;/Rn = 0.572 — Ap = 0.92 as per Figure 9.8

3%x42  1.0%240V 240V
* *
b4 V3 %658mQ 660V

Peak short-circuit current as per Equation (9.10)

I = 0.92 % = 26.44 kA

ipD = kD * IxD

Factor kp depends on Lpg;/LN and RN, Rppr and XN

R 2 R
Loge /Ly = 1702 and  —> (1425 225) — 0455 — xp = 1.12
XN 3 RN
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as per Figure 9.9
ipp = 1.12 % 26.44 kKA = 29.61 kA

Time to peak according to Equation (9.11b) as kxp = 1.12 > 1.05 and Lpp;/LN =
1.702 > 1

Lo
tpn=<<3*xn+6)+4< DB —1))
LN

= (@*1.12+6)+4 3385 = 12.17
= . 1989 ms = . ms

Rise-time constant t1p as per Equation (9.12a)

L
Tp = <2+ (kp — 0.9) * (2.5 +9x% LDB>>

N
24+ (1.12—-09) % (25+9 33.85 5.92
= 12 —-0.9) % | 2. * ——— ms = 5.92 ms

19.89

Decay-time constant top as per Equation (9.13)

2
2D =
RN/ XN * (0.6 + 0.9 x Rpp;/RN)
2

ms = 5.44 ms

- 2.058/6.247 * (0.6 + 0.9 x 1.177/2.058)

9.7.2.4 Short-circuit currents from d.c. motor

Total impedance of the motor as per Table 3.16 with connection cable L3, common
branch is neglected in this case

RvBr = RMm + Rz = (41.9 + 0.768) mQ2

Lvpr = Lm + L1z = (400 + 12.12) pH = 412.12 pH
Quasi steady-state short-circuit current (n — 0)

kv =0
Peak short-circuit current according to Equation (9.15)
Um — Irm * Rm

IpM = KM *
p
RvBr

With factor «\; depending on the eigen-frequency wg and on the decay coefficient §
as per Equation (9.16)

1 < RM * IrM)
wy=,[———x*x|1— ——
TMec * ™™ UM

! 2
— =27
3 M
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Mechanical time constant as per Table 3.16

21 xnoJ * Rvzw * Invt _ 2 % ng * J * Rvmzw * Invt
M; * Urm (Pem/2mng) * Unm

TMec =

277 % 25/3 % 6.5 kgm? % 42.67 mQ 432 A
TMec = = 134.4 ms
(100 kW /27 % 25/s) %220 V

Time constant of armature circuit as per Table 3.16

LMBr 412.12 MH
= = = 9.66 ms
RvBr 42.67 mQ2

™

Time constant of the field circuit

Lg 99H
— = 1s

TR T o0

Giving the eigen-frequency

1 41.9mQ %432 A
wy = |- 20 ) 3761 s

1344 ms*9.66ms 220V

and the decay coefficient 1/§ = 2 % 9.66 ms = 19.32 ms.
As T\ee = 134.4 ms < 107 = 100 s — «y = 0.81 as per Figure 9.10

220V — 432 A 41.9 mQ
v = 081 — 3.83KA
‘oM ¥ 42.67mQ

Time to peak as tyec < 10 * T

fpm = 28 ms  according to Figure 9.11

189

Rise-time and decay-time as per Equation (9.20) constants depend on the mechanical

time constant as per Equations (9.18) to (9.19)

TIM = k3M * T™
OM = k4Mm * T™ec

with factors k3n and kaum
ksm = 0.78 according to Figure 9.14
kam = 1.05 according to Figure 9.15
M = 0.78 % 9.66 ms = 7.53 ms

oM = 1.05 % 1344 ms = 141.1 ms
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9.7.2.5 Summary of results

The result of the short-circuit currents of the individual equipment are summarised

below

Symbol Equipment i, (kA) Ik (kA) 1, (ms) 7 (ms) 7o (ms)

Z20®A0O

Capacitor  17.62 0.0
Battery 1874  16.13
Rectifier 29.61 2644
Motor 3.83 0.0

1.1 0.42 0.98

13.7 2.6 100
12.17  5.92 5.44
28 7.53 141.1

9.7.3  Calculation of the correction factors and corrected parameters

Correction factors o as per Table 9.1 are only to be calculated for rectifier, capacitor
and battery, as the motor feeds the short-circuit directly.

Source j  Resistance Rjj Equivalent resistance Ryes;
C it R Rc+ R R !
apacitor ic = K¢ CL C=
‘ T (1/Rip) + (1/Rig) + (1/Riw)
Ric =R R = Q
ic= "¢ eC = (1/829) + (1/13.686)
Ric =8mQ Riesc = 5.16 mQ2
1
Battery Rz = Rg + R4 RiesB =
‘ 7 (1/Rip) + (1/Rim)
Ri = (109 % 0.12 4+ 0.606) m2 R s = Rip
Rip = 13.686 mQ Riesp = 8.29 mQ
Rectifi R v R R !
cctiner iD= ——Rp» D=
U ho T (1/Rigy + (1/ Rim)
225V
RiD = m —0.2304 mQ RresD = RiB
Rip = 8.29 mQ Riesp = 13.686 mQ2
Motor Rim = Rm + Ri3 As the motor is feeding

Rim = (41.9 4 0.768) mQ2
Rim = 42.668 mQ2

the short-circuit directly, Rjnp is
neglected

Calculation of correction factors o as per Equation (9.22)

e Capacitor

oc =

oc

Rresc * (Ric + Rr2)

Rresc * Ric + Ric * Rr2 + Rresc * R12

5.16 % (8 + 0.2304)

= 0.958

T 5.16%8 + 8% 0.2304 + 5.16 % 0.2304
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e Battery
op = RresB * (RiB + R12)
Rresc * Rip + RiB * Rr) + RresB * R
8.29 * (13.686 + 0.2304)
OB = =0.973
8.29 % 13.686 + 13.686 x 0.2304 + 8.29 % 0.2304
e Rectifier
op = Rresp * (Rip + R12)
RiesD * Rip + Rip * R12 + RiesD * R12
13.686 * (8.29 + 0.2304)
op = = 0.984
13.686 x 8.29 + 8.29 % 0.2304 + 13.686 % 0.2304
e Motor

Correction factor of the motor is set to 1, as the motor is feeding the short-circuit
directly.

e Correction of parameters
Correction of peak short-circuit current and quasi steady-state short-circuit current
is carried out for the individual results based on Equation (9.21)

Ipkorj = O j * lp;

Lkorj = 0 * I

Symbol Equipment o ip Iy ipkor  Ikkor fp T %)
(kA) (kA) (kA) (kA) (ms) (ms) (ms)

Capacitor 0.958 17.62 0.0 16.88 0.0 1.1 042 098
Battery 0.973 18.74 16.13 18.23 15.69 13.7 2.6 100
Rectifier 0.984 29.61 26.44 29.14 26.02 12.17 5.92 5.44
Motor 1 383 00 3.83 0.0 28 7.53 141.1

ZOU WO

9.7.4  Calculation of partial short-circuit currents

The partial short-circuit currents are calculated based on Equation (9.1)

1 —et/n

i1(¢) = ip * for0 <t <t,

1 —e /T

1 I
ir(1) =ip <<l — l—k) xe (/72 4 z_k> forr, <t < Ti
p p
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e Capacitor

) 1_671/0.42
llC(t) = 16.88 kA * m
ilc(t) = 18.21 kA x (1 — e71/042) for0 <7 <1.1ms

irc(t) = 16.88 kA % (1 — e =ID/0By  for 1 I ms <1 < Ty

e Battery
_ 1 — e—1/26
l]B(t) = 18.23 kA * m
iig(1) = 18.32 kA * (1 — e 1/29) for0 <t < 13.7 ms
15.69 15.69
. 1) = 1688 kA 1 o 7([713.7)/100 It
28(7) * (( 18.23) *e HETYE

irp(t) = 16.88 kA * (0.139 % ¢~ 13D/100 4 ¢ 861)

for13.7ms <t < Ty

e Rectifier
| — o—t/592

(D) = 29.14 kA % s,

iip(t) =33.42 kA *x (1 _e—f/5~2) for0 <t < 12.17 ms
26.02 26.02
i»p(®) = 29.14 KA 1— —= —(t—12.17)/5.44

i () = 29.14 KA * (0.107 x e~ U—1217/344 4 () 893)

for 12.17ms <t < Ty

o Motor
1 —e—1/753
im(t) = 3.83 kA % m
i) = 3.83kA * (1 — e "/733) for0 <t <28 ms
iam(t) = 3.83 kKA s e~ (728)/1411 for28 ms <t < Ty

The corrected partial short-circuit currents of the different equipment (sources) are
outlined in Figure 9.19.
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Total 0.9 1
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Figure 9.19  Partial short-circuit currents and total short-circuit current, d.c.
auxiliary system as per Figure 9.18

9.7.5 Calculation of total short-circuit current

The total short-circuit current is calculated by superposition of the corrected partial
short-circuit currents of the different sources as per Equation (9.23)

e/t
ll(t)—ZzpkorJ* EpEEY for0 <t <t

m
I
i2() =) ipkor; ((1 - m) e t—t))/j | kkm) for1,; <1 < T
=1

Ipkor j Ipkor j

The total short-circuit current obtained by superposition is outlined in Figure 9.19.
The peak short-circuit current

ip = 50.5 kA

the quasi steady-state short-circuit current
Ix =46.6 KA

the time-to-peak
fp =12.1ms

and the decay-time constant

7 =173 ms
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60
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N / — Approximated total short-circuit current I,

30 /
N
20 Total short-circuit current by superposition Iy,

10
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40

0
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Figure 9.20  Total short-circuit current, obtained by superposition of the partial

short-circuit currents and approximated short-circuit current, d.c.

auxiliary system as per Figure 9.18

are obtained from Figure 9.19 as indicated. The rise-time constant can be estimated

according to Equation (9.24) either by

t 12.1
p_ LS 4.03 ms (time course as per Figure 9.17(a) and (c))

1=3 3

or
(time course as per Figure 9.17(b) and (d))

71 = MIN{7ic; T1B; TID; TiM}

71 = MIN{5.92;2.6;0.42;7.53} ms = 0.42 ms
Comparison of the two different values revealed that the approximated time course

of'the total short-circuit current fits best to the superposition of the partial short-circuit

currents, see Figure 9.20, if the rise-time constant is 71 = 4.03 ms, which also is in
line with the typical time course of the short-circuit current as per Figure 9.17(b)

and (d).



Chapter 10

Effects of short-circuit currents

10.1 General

Calculation methods for the thermal and electromagnetic effects of short-circuit
currents are dealt with within IEC 61660-2, which is applicable to short-circuit cur-
rents in d.c. auxiliary installations in power plants and substations and IEC 60865-1,
related to three-phase a.c. systems.

10.2 a.c. systems

10.2.1 Thermal effects and thermal short-circuit strength

The thermal withstand capability (thermal short-circuit strength) of equipment is
determined by the maximal permissible conductor temperature prior to the short-
circuit, the duration of the short-circuit and the short-circuit current itself. The
maximal permissible temperature of conductors under normal operating conditions
and in the case of short-circuits, e.g., as per DIN VDE 0276, is summarised in
Table 10.1. Figures are given for a short-circuit duration of 7 = 5 s. It is assumed that
no heat transfer is taking place during the short-circuit duration (adiabatic heating).
Skin- and proximity-effects are neglected, the specific caloric heat of the conductor
and insulation is constant and the relation resistance-to-temperature is linear. Special
consideration is to be taken for conductors in a.c. installations with cross-section
above 600 mm?, as the skin-effect has to be taken into account. Additional require-
ments according to IEC 60986:1989 and IEC 60949:1988 for cables and isolated
conductors are to be met.

10.2.1.1 Conductors and equipment
The analysis is based on the calculation of the thermal equivalent short-time current Iy,

Tk )
0 o k() de
I, = = 10.1
"TVR«T V RxTi (10.1)
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Table 10.1 Maximal permissible conductor temperature and rated short-time
current density; 1) — Normal operating condition; 2) — Short-circuit
condition

Type of cable Maximum Temperature at beginning of short-circuit (°C)
permissible

temperature 99 g0 70 65 60 50 40 30 20

©0) Rated short-time current density in A/mm?; tr=1s
) 2
Copper conductor
Cables with — 160 100 108 115 119 122 129 136 143 150
soft-soldering
XPE-cables 90 250 143 149 154 157 159 165 170 176 181
PVC-cables (mmz)
<300 70 160 — — 115 119 122 129 136 143 150
>300 70 140 — — 103 107 111 118 126 133 140
Mass-impregnated
cables (kV)
0.6/1 80 250 — 149 154 157 159 165 170 176 181
3.6/6 80 170 — 113 120 124 127 134 141 147 154
6/10 70 170 —  — 120 124 127 134 141 147 154
12/20 65 170 — —  — 124 127 134 141 147 154
18/30 60 150 — — — — 117 124 131 138 145
Radial-screen 65 170 — —  — 124 127 134 141 147 154
cable 12/20
Aluminium conductor
XPE-cables 90 250 94 98 102 104 105 109 113 116 120
PVC-cables (mmz)
<300 70 160 — — 76 78 81 8 90 95 99
>300 70 140 — — 68 71 73 78 83 88 93
Mass-impregnated
cables (kV)
0.6/1 80 250 — 98 102 104 105 109 113 116 120
3.6/6 80 170 — 75 80 82 84 89 93 97 102
6/10 70 170 — — 80 82 84 89 93 97 102
12/20 65 170 —_ = = 82 84 89 93 97 102
18/30 60 150 — — — — 77 8 8 91 96
Radial-screen 65 170 —_ = — 82 84 89 93 97 102

cable 12/20

where Q is the thermal heat produced by the short-circuit current, R the resistance
of the equipment, 7 the short-circuit duration and iy () the time course of short-
circuit current which produces the same thermal heat Q within the conductor as the
short-circuit current i (¢) during the short-circuit duration 7. The thermal equivalent
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short-time current is calculated from the initial short-circuit current 1’ by using

In =1 x/m+n (10.2)

The factors m and n represent the heat dissipation of the d.c. component and the
a.c. component of the short-circuit current [38]. Suitable ranges of values for m and
n are outlined in Figures 10.1 and 10.2. If an interrupting short-circuit is present or if
multiple short-circuits (number n) occur with different duration 7i; and current Iyp;
the resulting thermal equivalent rated short-time current is

(10.3)

where

n
Tk = Z Ty

i=1
IEC 60909-0 includes calculation equations for the factors m and n.

11
1
0.9 f===-s Suul
0.8 > 2.3

0.7 > I/ I
0.6 10
0.5 X S
0.4 >
0.3 S
0.2 > h
0.1 S

0
0.01 0.1 1 Ty 10

Figure 10.1  Factor n for the calculation of thermal short-time current (heat dissipa-
tion of a.c. component) (according to Figure 22 of IEC 60909-0:2001)

According to IEC 60865-1 separate considerations have to be taken concerning the
thermal strength of equipment, i.e., transformers, transducers, etc., and conductors,
i.e., busbars, cables, etc.

Equipment have a suitable thermal short-circuit strength if the rated short-time
short-circuit current Iy, (as per manufacturer’s data) for the short-circuit duration
Tk < Ty (e.g., Tir = 1 s) is above the thermal equivalent short-circuit current Iy, .

Iih < Ity for T < Ty (10.4a)
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Figure 10.2  Factor m for the calculation of thermal short-time current (heat dissipa-
tion of d.c. component) (according to Figure 21 of IEC 60909-0:2001)

In case the short-circuit duration 7 is longer than the rated short-circuit duration Ty,
the thermal short-circuit strength is fulfilled if

T;
Iih < Ity * % for Ty > Ty (10.4b)
\ Tk

The maximal permissible values for conductor material can be obtained from
Figure 10.3.

In the case of bare conductors the thermal short-time current density Jy, is cal-
culated on the basis of the thermal equivalent short-time current and the conductor
cross-section ¢gp.

I
Jp = 2 (10.5)

4n
where ¢, is the nominal cross-section of conductor and Iy, is the equivalent
short-circuit current.
In the case of overhead line conductors of the Al/St-type, only the cross-section
of the aluminium part is considered. Conductors have sufficient thermal short-circuit
strength if

T
Iy < ek [ (10.6)
Tx

Values for the rated short-time current density are included in Table 10.1 and
Figure 10.3. In IEC 60865 equations for the calculation of rated short-time current
density are included.
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Figure 10.3  Rated short-time current density of conductors. & is the temperature
at beginning of short-circuit and 8 is the temperature at end of short-
circuit [1]. (@) ——: Copper; ----: unalloyed steel and steel cables
and (b) Al, aluminium alloy, ACSR

Regarding non-insulated conductors, e.g., bare conductors and busbars, the
thermal equivalent short-time current density is allowed to exceed the rated short-time
current density in the case Ty < Ti;.

Manufacturer’s cable lists usually include data on the maximal permissible
thermal short-circuit currents Iiy,,. An example is outlined in Figure 10.4. The rated
short-time current is given for a short-circuit duration of 7T = 1 s.

10.2.1.2 Cable screening, armouring and sheath

Sheaths, screening and armouring of cables carry parts of the short-circuit current in
the case of asymmetrical short-circuits. Depending on the type of the short-circuit
and the method of cable-laying, this current can be in the range of the short-circuit
current itself, e.g., when the cables are laid in air or on wall-racks. In case cables are
laid in earth the part of the short-circuit current through the sheaths, armouring and
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Figure 10.4 Maximal permissible thermal short-circuit current for impregnated
paper-insulated cables Uy up to 10 kV

Source: KABELRHEYDT

screening is lower than the short-circuit current, as one part is flowing through earth
as well. Due to the comparatively high specific resistance of lead (used for sheaths)
and steel (used for armouring), the short-circuit current preferably flows through
the screening made from copper or aluminium. Data of the different materials are
outlined in Table 10.2. Due to different production processes and degree of purity of
the material, data obtained from other tables can be slightly different.

The maximal permissible temperature 8o or screening and sheaths of cables are
to be observed in the case of short-circuits. It is assumed for the analysis that the heat
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Table 10.2  Data of materials for screening, armouring and sheaths

of cables
Material Specific Specific Temperature
caloric heat resistance coefficient of
(J/K % mm?) (Q * mm?2/m) resistance (Kil)
Copper 3.48 %1073 17.28 % 1076 3.8% 1073
Aluminium 239 % 103 28.6 %1070 4.0%1073
Lead 1.45 %1073 214 %107° 435%1073
Steel 3.56 %1073 143 %1076 495%1073

production within the cable during the short-circuit duration is an adiabatic process.
The heat is dissipated to the surroundings only after the short-circuit is switched-off.
The maximal permissible short-circuit current density Jy,,, respectively the maximal
permissible short-circuit current Iy, for the given cross-section ¢y, is calculated by

oy = | L BF20°0) (51 + ﬁ) . (10.72)
020 S+ B Ty
Q¢ * (B +20°C) (51 +,3> gn
Ly, = | ————— %1 10.7b
. \/ 020 o 80 + B * VT« ( )

where Q. is the specific caloric heat, o is the thermal coefficient of resistance,
B is the parameter: 8 = 1/ag — 20°C, §; is the maximal permissible temperature
at end of short-circuit, §p is the maximal permissible temperature at beginning of
short-circuit, pyq is the specific resistance at 20°C, g, the nominal cross-section of
screening or sheath and T, is the rated short-circuit duration.

The calculation for short-circuit duration different from the rated short-circuit
duration is performed using

Ti
I < I x| = for Tic 2 Tig (10.4b)
k

10.2.2  Mechanical short-circuit strength of rigid conductors

10.2.2.1 General

Currents in conductors induce electromagnetic forces into other conductors. The
arrangement of parallel conductors, such as busbars and conductors of overhead
lines, is of special interest as the electromagnetic forces will be maximal as compared
with transversal arrangements. Three-phase and double-phase short-circuits without
earth connection normally cause the highest forces. The currents inducing the elec-
tromagnetic forces are a function of time; therefore the forces are also a function of
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time. Electromagnetic forces lead to stresses in rigid conductors, to forces (bending,
compression and tensile stress) on support structures and to tensile forces in slack
conductors. Within this section, only stresses on rigid conductors are explained.

10.2.2.2 Electromagnetic forces

Figure 10.5 shows the arrangement of parallel conductors as can be found in busbar
arrangements. In the case of a double-phase short-circuit without earth connection
the forces on the conductors Y and B are

!
Fo=2 s Zsiyxip (10.8)
2r  a

where g is the permeability, a is the spacing of conductors, / is the length of
conductors and iy; i are the peak values of short-circuit current in phases Y and B.

ld)=2r
'T_b T I B

%8 3Y

EERpIN
~
> J

Figure 10.5 Arrangement of parallel conductors

Assuming that the distance between the support structures is large as compared
with the spacing between the conductors [13], which on the other hand is assumed
to be large as compared with the conductor radius r (I/a > 10; a/r > 10), typical
in high-voltage installations, the Skin- and Proximity-effects can be neglected. The
amplitude of the force Fy, is acting always in the same direction.

In the case of a three-phase short-circuit, the central conductor is exposed to the
maximal force, as the magnetic fields caused by the outer conductors R and B are
superimposed. The force Fi3 on the central conductor acting in the opposite direction
is

I
Fa = 22 4 D sy % (ir —ip) (10.9)
27 a

Due to the decaying d.c. component, the maximal forces act immediately after the
initiation of the short-circuit. With the peak short-circuit current i, respectively
ip3, being the maximal value of the short-circuit current the maximal forces are

mo L.
Foma = 5% — zgz (10.10)
m
po 1 N3
kang*a—*T*lé (10.11)
m

In the case the conductors are arranged at the edges of an isosceles triangle, the
calculation of the forces is identical to that mentioned above.
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The assumptions made above for the spacing and lengths (//a > 10; a/r > 10),
are normally not fulfilled in low-voltage and medium-voltage installations. The
Skin- and Proximity-effects cannot be neglected and the influence on the elec-
tromagnetic forces is considered by the effective distance ay, using a correction
factor k1

a

ki

A suitable range of values of the correction factor k5 for conductors with rectangular
cross-section is given in Figure 10.6. The electromagnetic force is increased in the
case of flat conductor arrangement and reduced in the case of standing arrangement
as compared with circular cross-section.

am

(10.12)

13
AN

<0.1

1.1 7
k2 1

0.9 : — =
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0.2
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Figure 10.6  Correction factor ki» for the calculation of effective distance
(according to Figure 1 of IEC 61660-2:1997)

If the main conductor is composed of several sub-conductors (number 7), each
sub-conductor carries only the nth part of total current and the maximal force Fgpmax
on the sub-conductors is

S\ 2
Fsmax = &*l_s*<l—p> (10.13)
2w ag n
where [ is the length of sub-conductor, 7 is the number of sub-conductors, aj is the
spacing between sub-conductors and i, is the peak short-circuit current.

The three-phase short-circuit in three-phase systems, respectively the two-phase
short-circuit in two-phase systems, will cause the maximal force. The effective
distance of the sub-conductors ag in the case of circular cross-section is

1 n
LoSa (10.14a)
ds ;

i=2
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and for rectangular cross-section

1 " ki
L\ M (10.14b)
dag i aii

whereas the factor k1; (named k1ss) can be taken from Figure 10.6.

10.2.2.3 Calculation of stresses in rigid conductors

The forces on the support structures of conductors and the stresses in the conductors
themselves depend on the type of mechanical fixing and the elasticity. The mechanical
system composed of conductor, fixing and supporting structure has a mechanical
natural frequency, which can be actuated by the frequency of the current (50 Hz or
60 Hz), thus increasing the mechanical forces. As axial forces in rigid conductors can
be neglected, the bending stress oy, for the main conductor, respectively oy for the
sub-conductors, are calculated using

Fo %1
om = Vo x Vi x % (10.15a)
8xZ
Fyxl
05 = Vs * Vig % 85* z: (10.15b)

where [; [ are the lengths of conductor, respectively sub-conductor, Fy,; Fs are the
forces on main conductor respectively on sub-conductor, V is the factor as explained
below and Zj is the section moduli depending on the shape of conductor. Whereas Fy,
respectively Fj is the force Fiy3 in the case of three-phase short-circuits in three-phase
systems. In two-phase systems the force Fyyy in the case of two-phase short-circuits
has to be used. Typical ranges of values of the factors V,, V; (respectively Vi, Vis)
are shown in Figures 10.7 and 10.8. The factor 8 takes account of type and number
of supports and can be obtained from Table 10.3.

Table 10.3 Factors «, B and y for different arrangement of supports
(according to Table 3 of IEC 60865-1:1993)

Type of bar and fixing of support Factor « Factor 8 Factor y

Support A Support B

Single-span bar Both simple 0.5 0.5 1 1.57
A: fixed 0.625 0.375 0.73 245
B: simple
Both fixed 0.5 0.5 0.5 3.56
Multiple-span bar 2 spans 0.375 1.25 0.73 245
with equidistant A:fixed
simple supports B: simple
3 and more bars 0.4 1.1 0.73 3.56
A: fixed

B: simple
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Figure 10.7  Factors Vy and Vs for the calculation of bending stress (according to
Figure 4 of IEC 60865-1:1993)
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Figure 10.8  Factors Vy and Vi for the calculation of bending stress (according to
Figure 5 of IEC 60865-1:1993)

Ifthe busbar consists of multiple bars supported in unequal distances, the maximal
supporting distance is regarded. If the supporting distance is less than 20 per cent of
the distance of neighbouring bars, the bars have to be coupled by joints. Joints between
two supports are permitted, if the distance between the supporting points is less than
70 per cent of the supporting distances of neighbouring bars.

The values of section moduli Z, respectively Zg, for typical arrangements
of rectangular cross-sections with stiffening elements are outlined in Table 5 of
IEC 60865-1:1993. Values for Z are between 0.867 d*b and 3.48 d>b, with b being
the height of the conductor and d the thickness of the conductor, respectively the
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stiffening element. Furthermore, the factor of plasticity ¢ has to be considered.
Values of g are given for typical arrangements in Table 4 of IEC EN 60865-
1:1993. Values for g are between 1.19 and 1.83 for rectangular cross-section and for
U-, H- and I-shape profiles. In the case of circular ring section type conductors, the
factor of plasticity depends on the diameter and the thickness of the wall. Reference
is made to IEC 61865-1:1993.

The conductor has sufficient electromagnetic strength with respect to bending
stress, if the bending stress value oy, is below the product of factor of plasticity and
the stress corresponding to the yield point.

Om < g * Rpo2 (10.16)

When the distance between the conductors is affected significantly by the short-
circuit, the value of the plasticity factor shall be set to ¢ = 1. If the conductor is
composed of sub-conductors the total bending stress, i.e., the sum of oy, and oy as
per above has to be considered. The short-circuit strength is given, if

Otot = Om + 05 < g * Rpo.2 (10.17)

If only limit values of the stress corresponding to the yield point rather than readings
are available, the minimal values should be used.
Quantities as per Equations (10.16) and (10.17) are

q Factor of plasticity
Rpo2  Stress corresponding to the yield point

More information on mechanical short-circuit stress on rigid conductors is included
in [47].

10.2.2.4 Forces on supports

The relevant force to be considered for short-circuit strength is the dynamic force Fy
to be calculated by

Fo=VexVixax Fy (10.18)

The three-phase short-circuit in three-phase systems, respectively the two-phase
short-circuit in two-phase systems, will cause the maximal force to be used for the
force Fiy. Typical values for the factors V; and Vr are shown in Figures 10.8 and 10.9.
The factor o depends on the type and the number of supports and can be obtained
from Table 10.3.

The short-circuit strength of supports and fixing material is sufficient, if the
dynamic force Fy is below the rated force Fip as per manufacturer’s data.

Fqy < FB (10.19)

Standards for the short-circuit stress on foundations are actually under discussion.
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Figure 10.9  Factor VF for the calculation of bending stress (according to Figure 4
of IEC 60865-1:1993)

10.2.2.5 Influence of conductor oscillation
In Sections 10.2.2.3 and 10.2.2.4, factors are explained which take account
of the function of time of the bending stress and forces. Deviations from values
for V., Vi, Vys, Vis and Vp are permitted, if the mechanical natural frequency of the
arrangement is taken into account. It should be noted in this respect that the required
data are difficult to obtain.

The mechanical natural frequency f; of a conductor, either main or sub-conductor

is calculated by

1% ExJ

(10.20)

The mechanical natural frequency of main conductors, composed of several
sub-conductors with rectangular cross-sections, can be calculated by

E x J,
ﬁ:c*%* ;S (10.21a)
S
and for sub-conductors by
3.56 E x J
foo= o w [EE5 (10.21b)

2 /
l m}
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Quantities as per Equations (10.20) and (10.21) are:

y Factor taking account of type and number of supports (Table 10.3)

E Young’s modulus

J; Js Second mechanical moment of the conductor, respectively sub-

conductor

Specific mass (mass per length), respectively sub-conductor

;1 Conductor length, respectively sub-conductor length

c Factor as per Equation (10.21c¢) taking account of stiffening elements
(Figure 10.10).

Cc
T T T EnGy(n % L mD)

where c. is the factor as per Table 10.4, &y, is the factor as per Table 10.4, m, the
specific mass of stiffening elements and n is the number of sub-conductors.

(10.21c)

N . A

wJ

; TN
k=1 (—) | [

§ ! !
k:4\ (—)— I B BN BN

Figure 10.10  Calculation of mechanical natural frequency (Factor c). Arrangement
of distance elements and calculation equation (according to Figure 3
of IEC 60865-1:1993)

Number k and type of distance of stiffening elements, the ratio of the mass of
stiffening (distance) elements m, to the specific mass of the conductor m/! separately
for the two swing directions in parallel or rectangular to the side with largest cross-
section and the second moments J and Js of the conductor, respectively the sub-
conductor area, are duly considered. The Young’s modulus E and the specific mass m’
depend on the construction and on the type of material. The remarks as per Annex A.3
of IEC 60865:1993 shall be observed.

The bending stress and the dynamic force on supports are calculated taking
account of the mechanical natural frequency f; and the factors V,, V;, Vs, Visand V¢
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Table 10.4  Factors for the calculation of
mechanical natural frequency.
Swing is at right angle to the area
of sub-conductor

Stiffening or distance elements Is/l  &m

Number & Stiffening Distance
element ¢ element ¢

0 1.0 1.0 — 00
1 1.0 1.0 05 25
2 1.48 1.0 033 3.0
3 1.75 1.0 025 4.0
4 2.14 1.0 02 5.0

obtained from Figures 10.7 to 10.9. Parameters are the factor « as per Chapter 4 and
the ratio of mechanical natural frequency f; to power frequency f (50 or 60 Hz).
Calculation equations are included in the Annex of IEC 60865-1:1993.

More information on the electromechanical effects and conductor oscillations can
be found in [46,49,51,53,55].

10.3 d.c. auxiliary installations

10.3.1 Substitute rectangular function

The calculation of thermal and electromagnetic effects of short-circuit currents in
d.c. auxiliary installations is carried out similar to the analysis in a.c. systems.
In general, two alternatives for the calculation are possible. The simplified approach
(first alternative) is based on the standard approximation function [41] of the
short-circuit current

. . l—e/m

l](t) = lp * m for 0 <t < tp (10223)
I I

i(1) = ip <(1 - ,—k> R A ,—k> fort, <t < Ty (10.22b)
Ip Ip

The electromagnetic effects are calculated using the peak short-circuit current i, of
the standard approximation function. The second alternative is based on the substitute
rectangular function, which achieves the same effects as the standard approximation
function [40,41]. Quantities as per Equations (10.22) are explained in Figure 10.11.
The substitute rectangular function is defined by 11% and fg according to Figure 10.11
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Figure 10.11  Standard approximation function (a) and substitute rectangular
function (b) (according to Figure 4 of IEC 60660-2:1997). Not to scale

and calculated by

3
2 Ai
If = 02887 x [ ~F (10.23a)
g
Ig
R = 3464 % |25 (10.23b)
i

whereas A; and I, are calculated by factors mg1, me2, mg1, mg, myg1 and myg),
depending on the peak short-circuit current iy, the short-circuit duration 7j and the
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time to peak f,

Aj = i} * (ty * mgy + (T — tp) % ma2) (10.24a)
3 3
! (Tx — tp)
2| Ip p 2
Iy = i [Emlgl + Tmlgz + mo1 * tp * (Ig — mg) * Ip)
+me2 * (T — tp) * (tp + mg * (T — tp) — tg)z} (10.24b)

where

2
mg1 * Mgy *x t5 +mgp * (Tx — ty) * (ty + mg * (Tx — 1))
tg = £ Ui P (10.24c)
mg1 * ty +mgp * (Tx — 1p)

or can be taken from diagrams in [IEC 60865, which include calculation equations for
the factors mg1, mgo, Mgl, Mg2, Mgl and Mmig2.

The mechanical natural frequency of either main or sub-conductors are to be taken
into account for the calculation of the substitute rectangular function. The mechanical
natural frequency is calculated by

y ExJ

(10.25a)

The factor y takes account of the type and number of supports and can be
obtained from Table 10.3. For main conductors composed of several sub-conductors,
the mechanical natural frequency is to be calculated by

(10.25b)

For the calculation of the bending stress of sub-conductors, the mechanical natural
frequency [43,44] is calculated by

(10.25¢)

Quantities as per Equations (10.25) are:

y Factor taking account of the type and number of supports (Table 10.3)
E Young’s modulus

J; Js Second mechanical moment of the conductor, respectively sub-
conductor

Specific mass (mass per length), respectively sub-conductor

;1 Conductor length, respectively sub-conductor length

c Factor taking account of stiffening elements (Equation 10.21c).
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The vibration period Ty of the main conductor, respectively Tines of the sub-
conductor is calculated by

1

Tme = - (10.26a)
1

Tnes = — (10.26b)
Jes

where f.; fcs are the natural mechanical frequency of the conductor, respectively
sub-conductors.

The parameters fg and 11% of the substitute rectangular function are calculated
for the short-circuit duration Ty, in the case Tx < 0.5Tye. In the case Tx > 0.5T e
the parameters are calculated for the equivalent short-circuit duration being Ty, =
MAX{0.5Te; 1.5¢,}. In the case Ty, = t, i.e., the short-circuit current has a decreas-
ing function only, the substitute rectangular function is calculated, independently
from the vibration period Ty for the total short-circuit duration 7.

The calculation of the force for the main conductor is done by

I
FRmax = 5—72 * — % If (10.27a)

am

respectively, in the case of sub-conductors (number n) by

I Irs \ 2
Frsmax = g—; * (%) (10.27b)
S

where Iy ; Irs are the current of the substitute rectangular function, /; [ is the length
of conductor, respectively sub-conductor, an; as is the effective distance between
conductor, respectively sub-conductor, and n is the number of sub-conductors.

10.3.2 Mechanical short-circuit strength of rigid conductors

10.3.2.1 Forces

The calculation of electromagnetic effects on rigid conductors is based on the sub-
stitute rectangular function as per Figure 10.11 and described in Section 10.3.1.
The substitute rectangular function leads to identical bending stress and forces
as the standard approximation function. The forces between main conductors are
calculated by

1<) l 2

Fr=—xx—x1I 10.28
R zn*am*R ( 2)

and between sub-conductors (number #) by using

wo s Irs 2
Frs = — % — % (-) (10.28b)
2w ag n
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Quantities as per Equations (10.28) are:

Ir; IRs Current of the substitute rectangular function

;1 Length of conductor, respectively sub-conductor

A A Effective distance between conductor, respectively sub-conductor
n Number of sub-conductors

The bending stress and forces on supports for both main and sub-conductors are
calculated similar to a.c. installations as described in Sections 10.2.2.2 to 10.2.2 4.
The effective distance of main conductors ay, is calculated from the distance a by

a

ki

with the correction factor k17 according to Figure 10.6.
The effective distance of sub-conductors ag in the case of circular conductors is
calculated by

(10.29)

am

1 n
i Zali (10.30a)
4 i3

respectively, in the case of rectangular cross-sections
1 &k
— =y (10.30b)
dg i aiti

with the factor k1; according to Figure 10.6.

10.3.2.2 Bending stress

The bending stress on main conductors op,, respectively on sub-conductors oy,
resulting from the bending forces is calculated using

Fr *1
om = Vo % B % S Z (10.31a)
FR * [
05 = Vg * 165* z: (10.31b)

where Z; Z are the section moduli of the main, respectively sub-conductors, V is the
factor as explained below, [; [ is the length of conductor, respectively sub-conductor,
and B is the factor taking account of the type and number of supports (Table 10.3).

The forces Fr and FRg are the forces as calculated for the substitute rectangular
function. Typical values of V,; and V¢ are outlined in Figure 10.12. IEC 61660-2:1997
indicates in Table 2 that V,; and V¢ should be lower than 1.

If the busbar consists of multiple bars supported in unequal distances, the maximal
supporting distance is to be considered. If a supporting distance is less than 20 per cent
of the distance of neighbouring bars, the bars have to be coupled by joints. Joints
between two supports are permitted, if the distance between the supporting points is
less than 70 per cent of the supporting distances of neighbouring bars.



214  Short-circuit currents

1.2
1 J
Y
Vs 0.6 //
0.4 / /
0.2 /
0 0 0.1 0.2 0.3 te/Tne 0.4 0.5

Figure 10.12  Factors Vy and Vg for the calculation of bending stress on conductors
(according to Figure 9 of IEC 61660-2:1997)

The conductor has sufficient electromagnetic strength with respect to bending
stress, if the bending stress oy, is below the product of factor of plasticity and stress
corresponding to the yield point

Om < g * Ryo.2 (10.32a)

In the case of several sub-conductors the total bending stress, i.e., the sum of the
stresses oy, and oy is to be considered

Otot = Om + 05 < ¢ * Rp0,2 (1032]3)

where ¢ is the factor of plasticity and Ry is the stress corresponding to the yield
point.

Values for the factor of plasticity ¢ for typical arrangements are included in
Table 4 of IEC 60660-2:1997. Values are between ¢ = 1.19-1.83 for rectangular
cross-sections, U-, H- and I-shape profiles. For circular ring section type conductors
the factor of plasticity depends on the diameter and wall thickness. Reference is made
to IEC 61660-2:1997.

10.3.2.3 Forces on supports

The dynamical force Fy is the dominating parameter for the short-circuit strength of
supports to be calculated by

Fy= VesaxFr (10.33)

whereas the force FR is the force calculated on the basis of the substitute rectangular
function. Typical values of Vf are outlined in Figure 10.13. The factor « takes account
of the type and number of supports and can be obtained from Table 10.3.

The requirements regarding the short-circuit strength of supports and fixing
material are fulfilled if the dynamical force Fyq remains below the rated value Fip
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Figure 10.13  Factor VF for the calculation of forces on supports (according to
Figure 9 of IEC 61660-2:1997)

as per manufacturer’s data
Fs < FB (10.34)

Standardisation of stresses on foundations is actually under consideration. More
information on the theoretical background can be found in [43—45,48].

10.3.3  Thermal short-circuit strength

The thermal short-circuit strength is analysed using the thermal equivalent short-time
current Iy, and the short-circuit duration 7.

Iy = | A (10.35)
th = Tk .

with A;j as per Equation (10.24a). The upper limit of the thermal equivalent short-time
current is defined as Iy, = ip,. IEC 61660-2 indicates that separate considerations for
equipment (e.g., transformers, transducers) and conductors (e.g., busbars, cables)
have to be taken.

The thermal short-circuit strength of equipment is fulfilled if the thermal
equivalent short-time current Iy, is below the rated thermal equivalent short-time
current Iy,

Iy < Iy for Ty < Ty (10.36a)

with the rated short-circuit duration Ty, assumed equal to 1 s. If the short-circuit
duration T is longer than the rated short-circuit duration 7., the thermal short-circuit
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strength is given if

Ti
It < It * % for Ty > Tiy (10.36b)
\V Tk

Permissible values for conductor material of cables are outlined in Table 10.1 and in
Figure 10.3.

In order to analyse the short-circuit strength of bare conductors, the thermal
equivalent short-time current density Jy, is calculated using the thermal equivalent
current and the cross-section gp

I
Jp = -2 (10.37)

gdn
where Iy, is the thermal equivalent current and ¢, the cross-section of the con-
ductor. The steel part of Al/St-conductors is not taken into account for the
cross-section.

Conductors have sufficient thermal strength if the thermal equivalent short-time
density Jy, is below the rated thermal equivalent short-time density Jip,,, whereas
short-circuit durations different from the rated short-circuit duration have to be
considered.

Tir
Jin < Jr x| 7 (10.38)
Ti
Data on the rated short-time current density of conductor material are given in
Table 10.1 and Figure 10.3. In non-insulated conductors, i.e., bare conductors and
busbars, the thermal equivalent short-time current density is allowed to be above the
rated short-time current density in the case Ty < Ti;.

10.4 Calculation examples (a.c. system)

10.4.1 Calculation of thermal effects

The thermal short-circuit strength of a cable N2XS2Y 240 6/10 kV is to be analysed.
Figure 10.14 indicates the equivalent circuit diagram of a power system. In the case
of near-to-generator short-circuit (three-phase) the maximal short-circuit current at
the busbars Q, respectively A, and the thermal equivalent short-circuit current Iy, for
the short-circuit duration 0.1 s; 1.2 s; 2 s and 4 s are to be calculated as well as the

A

Q
N

N2XS2Y240 6/10 kV

Figure 10.14  Equivalent circuit diagram, data of equipment, resistance at 20°C
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short-circuit current density Ji,, permitted for a cable sheath of copper (initial tem-
perature 80°C; temperature at the end of short-circuit 350°C; short-circuit duration
0.2s;1.2;25).

Data of equipment are given below:

Ung = 10kV; S{(/Q = 520 MVA

Ry = 0.0754 Q/km; Xi = 0.11 Q/km; [ =2 km
The maximal short-circuit current is given for short-circuits at the sending-end of
the cable (approximately identical to location Q) 112,30 = 30.03 kA. The maximal
short-circuit current at location A is 1,5, = 13.28 kA. Table 10.1 indicates a value

of Jyr = 143 A/mm?. The thermal equivalent rated current is Iy, = 34.32 kA.
The calculation results are outlined in Table 10.5.

Table 10.5 Results of calculation of thermal
equivalent currents

Ik Tthy I Tina Jihz
(s) (kA) (kA) (kA) (A/mm?)

0.2 76.26 14.12 31.92 689
1.2 31.33 11.73 26.52 285
2 24.27 9.62 21.86 221
4 17.16 8.81 19.92 —

The short-circuit strength is sufficient if Iy, < Iy,,. This is fulfilled if fx, < 2 s for
short-circuits near busbar A and f, < 4 s for short-circuits near busbar Q.

10.4.2 Electromagnetic effect

A wind power plant is connected to the public supply system by four cables in parallel
laid on racks as indicated in Figure 10.15. The relevant parameters of the short-circuit
current and the maximal forces on the cables, respectively on the fixing material, are
to be calculated. The permissible distance of the fixing clamps is to be determined.
The maximal permissible force on the clamps is F,; = 40 kN.

Q F2 F1 G
| | 4x 3 Single-core cables | =
- aaC -©

Figure 10.15  Equivalent circuit diagram of a power system with wind power plant

The data of equipment are given below:

i = 1000 MVA; Unq = 110kV

Sit = 2.5 MVA; uyt = 6%; urt = 0.8%; t,r = 20kV/0.66 kV
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Sig = 2.5 MVA; U,g = 0.66 kV; cos grg = 0.85; x(’i/G = 18 per cent
Each cable: X; = 9.84 m; Ry = 10.82 mQ

Short-circuits are fed from the generator as well as from the power system feeder.
Short-circuit currents are given in Table 10.6.

Table 10.6  Results of short-circuit current
calculation

Parameter Short-circuit location

F1 (kA) F2 (kA)

" "
Generator =133 5 =1217
ip=32.05 ip=27.07
Power system feeder /|y =34.48 I, =36.43
ip=6559 ip=86.66

The maximal short-circuit current (peak short-circuit current) i, = 86.66 kA is
given for a short-circuit at location F2 and is taken as the basis for the analysis. The
force on the fixing material is F{ = 51.79 N/m. The distance of the fixing clamps
shall be below d < 0.77 m.

10.5 Calculation examples (d.c. system)

10.5.1 Thermal effect

The thermal effect of the short-circuit current is to be calculated. The conductor of the

main busbar has a cross section g, = 2 x 400 mm?*(d x b = 10 mm x 40 mm; Cu),

p = 0.0173 Qmm?/m, see Figure 10.16. The short-circuit duration is 7 = 100 ms.

Temperature at beginning of short-circuit is 9 = 20°C and at the end §; = 250°C.
The short-circuit parameters are summarised below:

Peak short-circuit current ip =50.5kA
Quasi steady-state short-circuit current [y = 46.6 kA
Time-to-peak fp =12.1ms
Rise-time constant 71 = 4.03 ms
Decay-time constant 7 = 17.3 ms

The time course of the short-circuit current is given by

i1(t) = 47.99 kA x (1 — e~ 1/403) for0 <r < 12.1 ms
ir(1) = 50.5kA % (0.077 % e~ ~12D/173 1. 0.923) for 12.1ms < < Ty
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Figure 10.16  Arrangement of busbar conductor (data, see text)

The thermal equivalent short-time current Iy, as per Equation (10.35)

A; 206.11 kA2
Ih= | — =, ———— =454kA
Tx 0.1s

with A;j as per Equation (10.24a)
Aj =il * (ty * mg1 + (T — tp) % may) = 50.5” KA
%(0.0121 s % 0.65 + (0.1 s — 0.0121 s) % 0.83) = 206.11 kA?
Factors mg; and my; are calculated as per IEC 61660-2

mg1 = 0.65
mey = 0.83

The thermal equivalent short-time current density Jy, according to Equation (10.37)
is calculated as
In  45(4) kA

Jin = —

= 5675 A/mm?
a0 2(400) mm> /mm

Conductors have sufficient thermal strength if the thermal equivalent short-time
density Jy, is below the rated thermal equivalent short-time density Jy,, taken from
Figure 10.3 (Jgr = 190 A/mm?).

Ty
Jih < Jir * | —
th = Jthr Tk

I
56.75 A/mm?2 < 190 A/mm? # ,/ OTS — 600 A/mm?
1S

The busbar-conductor has sufficient thermal short-circuit strength.
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10.5.2  Electromagnetic effect

The configuration as per Sections 9.7 and 10.5.1 is regarded. The conductor arrange-
ment is outlined in Figure 10.16. The distances are: a, = 75 mm; b = 40 mm;
as = 10 mm; [ = 1050 mm; /; = 35 mm. The mechanical constants of the busbar are:

Stress corresponding to the yield point Ry = 340 N/ mm?
Specific mass of subconductor m} = 3.5kg/m
Young’s modulus E = 106 kN/mm?

Stiffening elements have dimension 40/40/10 mm.

10.5.2.1 Calculation of forces with simplified approach
Peak force between main conductors

! 47 %1077 % (Vs/A 1.05
FRm:@*_izz il * (Vs/ m)* m % 50.5% « kA2
27 am P 2 0.0765 m
= 7000.7 N

Effective distance of main conductors ay, according to Equation (10.29)

a 0.075 m

=— = =0.0765 m
k12 0.98

am

with the correction factor k1 = 0.98 according to Figure 10.6.
Peak force between sub-conductors

mo s (ip\* 4m %1077 % (Vs/Am) 035m  [50.5%kA\?
FRs=——*—|—) = * *
2w ag 2 0.028 m 2

=15939N

n

Effective distance of sub-conductors ag

_app_ 0.02m

= = = =0.028 m
k12 0.72

as
with the correction factor k15 = 0.72 according to Figure 10.6.

10.5.2.2 Calculation of forces with substitute rectangular function

Parameters of short-circuit current remain identical to those mentioned above.
ip = 50.5 kA; tp = 12.1 ms; T = 100 ms
Mechanical natural frequency of main conductor as per Equation (10.25)

y E x Jg
fC:C*l_z* —

U
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with ¢ &~ 1.44 as per Figure 10.10, factor y as per Table 10.3 and the second
mechanical moment J of the conductor, respectively sub-conductor

d*xb  0.01°%0.04
2 12

J=J = m*=333%x10" m*

fo =144

3.56 106 kN/mm? % 3.33 % 10~9 m*
=46.7 Hz

*
1.052 m? 3.5 kg/m
Vibration period Ty, as per Equation (10.26)
1
The=—=-—=5s=214ms
T T 467

Mechanical natural frequency of sub-conductors

p 356 [ExJs 3.56 106 kKN/mm? s 3.33 % 10~2 m*
= —_— = b3
e m, 0.352 m2 3.5 kg/m

=291.8 Hz

Vibration period Tes
1 1
Tines = —

fo 2918

Substitute rectangular function to be calculated for the equivalent short-circuit
duration Ty, as Ty, > 0.5Te.

Tie = MAX{0.5 % Tpe; 1.5 % 1} = MAX{0.5%21.4 ms; 1.5 % 12.1 ms}
=182 ms

s =3.43 ms

Parameters of the substitute rectangular function (in this case identical for the
main conductor and for the sub-conductors) as per Equations (10.23) and (10.24)

A3
I3 = 02887 % | —-
Ig

Ig
R =3.464 % | —
Aj

3 3
K (Tx — 1p)
I; = l;l:%mlgl + Tpmlgz + mg1 * tpy * (Ig — mgy * tp)2

+mgy x (Tic — 1) * (tp + mg * (T — 1) — fg)z}

Ai = i * (tp ¥ moy + (Ti — 1p) % mg2)

_ Mgl ¥ mg) ¥ tg +mgp x (T — tp) * (tp +mg2 * (Tx — 1))

tg =

me1 * ty + mez * (T — tp)
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Factors mg1, mg2, mg1, mg2, mig1 and myg) are calculated according to IEC 61660-2

mep1 = 0.65; mey = 0.83
mgy = 0.63; mg = 0.47
migl = 0.42;  myg = 0.86

A; = (50.5 kA)? % (0.0121 s % 0.65 + (0.0182 — 0.0121 s) * 0.83)
=32.97 kA%s

tg = [0.65 % 0.63 % (0.0121 5)? + 0.83 % (0.0182 — 0.0121 s)
% (0.0121 + 0.47 % (0.0182 — 0.0121 5))]

#0.65 % 0.0121 s + 0.83 % (0.0182 — 0.0121 5)] !

tg = 0.0105 s

3

t Ty — tp)3
Iy = (505 kA)|:l—pzm1g1 4 Tkt

2
B migy + mgy * Iy * (Ig — mgl * tp)

+ mgp * (T — l‘p) * (l‘p + mgy * (Tx — tp) - tg)z]

r(0.0121 s)3
Q012157 4

(0.0182 — 0.0121 s)3 g
2+
12 12

%0.86 + - - -

Iy = (50.5kA)? | -+ 0.65%0.0121 s % (0.0105 s — 0.63 % 0.0121 5)° + - --
-++0.83 % (0.0182 — 0.0121 s) * (0.0121 s + 0.47
%(0.0182 — 0.0121 s) — 0.0105 s)2

Iy = 457.2 A”S}
The parameters of the substitute rectangular function

32.97 % 106 A25)3
2 =0.2887*\/( F L0 AT 2556% 10° A2
457.2 A2

4572 A2
IR=3464% —" " " _ _129ms
32.97 % 106 AZs

The standardised rectangular function and the approximated total short-circuit current
(see e.g., Section 9.7) are outlined in Figure 10.17.
Peak force between main conductors as per Equation (10.27)

! 4 % 1077 % (Vs/A 1.05
rm = 20y Ly A 10 (VS/Am) OO M s 100 A2
2 am 2w 0.0765 m
=7016.5N

Effective distance of main conductors a,, = 0.0765 m as per above.
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Figure 10.17  Standardised rectangular function and approximated total short-
circuit current

Peak force between sub-conductors

wo s <1Rs>2 _ 4m %1077 % (Vs/Am)  0.35m

Fre = — * — *
2 as \ n 2 0.028 m
(2556 % 10° A2
* —

=1597.5N
)

10.5.2.3 Bending stress
Bending stresses oy, ; 05 on main, respectively, sub-conductors (Equation (10.31)) are
calculated for the forces obtained by the substitute rectangular function only.

Frn * 1 7016.5N % 1.05m

Om = Vg * B * =1.0 % 0.73 %
m="Voxp 8 % 3.47 % 10-6 N/mm?>

= 193.7 N/mm?
Frs * I 1597.5 N % 0.35 m 5
05 = Vyg % =10x% 3 =49.9 N/mm
16 % Zg 16 % 0.667 * 10-6 N/mm

with V,; and Vs equal One as per Figure 10.12 and the factor § = 0.73 as per
Table 10.3.

Total bending stress

Otot = Om + 05 = (193.7 +49.9) N/mm? = 243.6 N/mm? < ¢ * Ry2
= 1.5 % 340 N/mm?



224 Short-circuit currents

Conductors have sufficient electromagnetic strength as

Otot < ¢ * Rpo2 = 1.5 % 340 N/mm? = 510 N/mm?
and if

0s < Rpo2 = 340 N/mm?
10.5.2.4 Forces on supports
Forces on outer supports

Fg=Vr*xax Frm =2.0%0.4%7016.5N = 5.61 kN
Forces on inner supports

Fg=Vr*a* Frm =2.0%1.1%7016.5N = 154 kN



Chapter 11

Limitation of short-circuit currents

11.1 General

The expansion of electrical power systems by new power stations and new lines
(overhead transmission lines and cable circuits) results in an increase of short-circuit
currents due to an increase in sources feeding the short-circuit and due to a reduction
of system impedance. The improvement of existing installations and the replace-
ment of equipment are necessary, in case the permissible short-circuit current will be
exceeded. Measures to limit the short-circuit currents can also be realised which might
be more economic than the replacement of equipment and installations. Different
measures have to be taken into account such as measures affecting the whole system
(higher voltage level), measures concerning installations and substations (separate
operation of busbars) and measures related to equipment (Ip-limiter).

All measures have an influence on the system reliability as well, which must be
guaranteed under outage conditions of equipment after the measures for limitation of
short-circuit currents are in operation. Measures for short-circuit current limitation
decrease the voltage stability, increase the reactive power requirement, reduce the
dynamic stability and increase the complexity of operation. Furthermore some mea-
sures to limit short-circuit currents will contradict requirements for a high short-circuit
level, e.g., to reduce flicker in the case of connection of arc-furnace.

The decision on location of power stations is determined beside other criteria
by the availability of primary energy (lignite coal fired power stations are build nearby
the coal mine), requirement of cooling water (thermal power stations are placed near
the sea or at large rivers), geological conditions (hydro power stations can only
be build if water reservoirs are available), requirements of the power system (each
power station requires a system connection at suitable voltage level) and the vicinity
to consumers (combined heat and energy stations need heat consumers nearby).

The connection of large power stations is determined by the branch short-circuit
current from the generators. Figure 11.1 outlines considerations to select the suitable
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Figure 11.1  Selection of suitable voltage level for the connection of power stations

voltage level for the connection of power stations to the power system. It is assumed
that more than one power station is connected to the system.

As generation of electrical energy without consumers is without any sense, a
suitable power system has to be planned and constructed accordingly. An increased
amount of small combined heat and power stations (distributed generation) with
connection to the medium-voltage and even to the low-voltage system requires addi-
tional considerations with respect to protection, operation and short-circuit level in
the different voltage levels [25].

11.2 Measures

11.2.1 Measures in power systems

11.2.1.1 Selection of nominal system voltage

A higher nominal system voltage by constant rated power of feeding transformers will
reduce the short-circuit level proportionally. The selection of nominal system voltage
must take into account the recommended voltages as per IEC 60038:1987 and the
common practice in the utility itself and maybe in the whole country. Table 11.1 lists
a selection of recommended voltages. The table also includes information on typical
applications in Europe.

The short-circuit current is directly proportional to the voltage level, respectively
to the voltage ratio of feeding transformers, if all other parameters are constant.
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Table 11.1  Selection of recommended voltage as per I[EC 60038:1987
Nominal voltage Application Remarks
Low voltage (V) 400-230 Private consumers According to
Small industrial consumers IEC Table I
500 Motor connection in industry Not listed in IEC
Medium voltage (kV) 6 HV-motors in industry, According to
auxiliary supply in power IEC Table III
stations
10 Urban distribution systems,  According to
industrial systems IEC Table III
20 Industrial systems, According to
rural distribution systems 1IEC Table IIT
30 Electrolysis, arc furnace, Not listed in IEC
rectifiers
High voltage (kV) 110 Urban transport systems According to
IEC Table IV
220 Transport system with According to
regional task IEC Table IV
380 Transmission system According to
country-wide IEC Table V the
highest voltage
of equipment
Upmax = 420 kV
is defined

The selection of a new nominal system voltage normally is only possible when new
electrification projects are considered. As the impedance voltage of transformers
increases with increasing voltage an additional positive effect on the reduction of
short-circuit currents is seen. As a by-effect it should be noted that the transmittable
power of overhead lines and cables is increased with increasing voltage without
increasing the cross-section of the conductor. On the other hand, the voltage drop of
the transformer is increased in the case of increase of impedance voltage.

11.2.1.2 Operation as separate subsystems

The power system is operated as several subsystems, which are connected at higher
voltage level. Figure 11.2 outlines the general structure of a 132-kV-cable system (total
load approximately 1500 MW). The system is supplied from the 400-kV-system and
by a power station connected to the 132-kV-level. Assuming a meshed system oper-
ation, i.e., the 132-kV-system is operated as one system with all breakers closed, the
short-circuit currents in the case of three-phase and single-phase short-circuits are
Iy = 26.0-37.4 kA and I}, = 37.3-45.7 kA. Operating the 132-kV-system as two
separate subsystems coupled only on the 400 kV-level, the short-circuit currents will
be reduced to the values as outlined in Figure 11.2.
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Figure 11.2  Schematic diagram of a 400/132-kV-system for urban load; values of
short-circuit currents in case of operation as two subsystems

Operating the 132-kV-system as two separate subsystems will require additional
cable circuits and an extension of the switchgear to fulfil the (n — 1)-criteria for a
reliable power supply.

11.2.1.3 Distribution of feeding locations

Power stations and system feeders from higher voltage levels are to be connected
to several busbars in the system. This measure was realised in the power system
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as per Figure 11.2, which is a by-effect to the system separation. A further example is
outlined in Figure 11.3. A power station of 395 MW is connected to a 132-kV-system,
which has a second supply from the 220-kV-system. The 132-kV-system is a pure
cable network and the shortest cable length between any two substations is 11.2 km.
In the case when the busbar-coupler K in the power station is closed, the three-phase
short-circuit current at the busbar is I,; =37.6 kA; the short-circuit currents at the
busbars in the 132-kV-system remain below I,; =33.5 kA. If the busbar-coupler K
is operated opened, the short-circuit currents at the busbar in the power station are
I, =28.0 kA and I;; =29.3 kA. For short-circuits at the busbars in the system itself
the short-circuit currents are reduced up to 4.1 kA.

220-kV-system

132-kV-system

Figure 11.3  Schematic diagram of a 132-kV-system with power station

The generators and the 132-kV-cables in the power stations need to be switched-
on to the busbars in such a way that the generated power can be transferred to the
power system without overloading any of the cable even under outage conditions.
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11.2.1.4 Coupling of power system at busbars with low short-circuit level

Different parts of the power system shall be connected only at busbars with low short-
circuit level. Figure 11.4 outlines a 30-kV-system with overhead lines, which is fed
from the 110-kV-system by two transformers operated in parallel. The three-phase
short-circuit current is 1y = 10.09 kA. If the transformers are not operated in parallel
and the system is coupled at busbar K7 the short-circuit current at the feeding busbar
is [,; =5.94 kKA.

(a)

/

K1

K8

U,=30.000kV

I} (L1)=10.091 kA

Sy (L1)=524.341 MVA

K7

U,=30.000kV

11 (L1)=2.199kA

Sy (L1)=114.241 MVA

/

K3

K;—ELS -'+

]

3200MVA K4 K5 K6
_‘_‘#’—EL9 —'*,_.
f@
U,=30.000kV
I{(L1)=10.091 kA
S{(L1)=524.341 MVA
(b K8 K7
él{’n=30-000 kv U,=30.000kV
Ix(L1)=5.935kA I{ (L1)=2.193kA
Si(L1)=308.375MVA Sy (L1)=113.929 MVA
X2 K3
Kl
{-—ELS —4
T T
3200MVA ::| K4 K5 K6
‘_‘*'—EL9 —+_.

K9
U,=30.000kV

11 (L1)=5.935kA
S7(L1)=308.375 MVA

!

Figure 11.4  Equivalent circuit diagram of a 30-kV-system with feeding 132-
kV-system: (a) Operation with transformers in parallel and (b) lim-
itation of short-circuit current. Result of three-phase short-circuit
current: Sl’(/Q = 3.2 GVA; Sit = 40 MVA; uyer = 12%, t,r = 110/32;
OHTL 95A1; liot = 56 km

It should be noted that the short-circuit level at busbar K7 is affected only to a
minor extent. If the transformers are loaded only up to 50 per cent of their rated power
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and if the lines have sufficient thermal rating, both system configurations have the
same supply reliability.

11.2.1.5 Restructuring of the power system

Restructuring of power systems is comparatively costly and complicated. In medium
voltage systems restructuring is in most cases only possible together with the commis-
sioning of new primaries, loop-in and loop-out of cable (overhead line) circuits and
the operation of the system as a radial system. In a high voltage system, restructuring
requires a total different system topology. Figure 11.5 outlines the comparison of two
system topologies, i.e., ring fed system and radial fed system.

(a) Each system
IY(L1)=12.155kA
S (L1)=8000.000 MVA

K12

é U, =380.000kV
I1(L1)=17.575kA
Sy(L1)=11567.2MVA

K13 K14 K15 K16

Kl

? U,=380.000kV
17(L1)=23.517kA
S7(L1)=15478.5MVA

(b) K17 o K18

EL166 EL173
EL167

EL169
EL178 EL179

Eaeh system K19
I{(L1)=12.155kA EL177
S{(L1)=8000.000MVA  [EL170

K20

é U, =380.000kA
I{(L1)=22.668kA -5 K21
S7(L1)=14919.6 MVA

Figure 11.5 Equivalent circuit diagram of a 380-kV-system and results of three-
phase short-circuit current calculation: (a) Radial fed system and
(b) ring fed system. Sl’(’Q = 8 GVA; OHTL ACSR/AW 4 x 282/46,

l; =120 km

As can be seen from Figure 11.5 the short-circuit currents are reduced from 1|/, =
23.6 kA to I,’; =22.7 kA (3.8 per cent) with the new topology. The reduction of
the short-circuit currents is comparatively small, but will be more significant, if an
increased number of feeders (or generators) shall be connected [2].
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11.2.2 Measures in installations and switchgear arrangement

11.2.2.1 Multiple busbar operation

The connection of lines and feeders to more than one busbar per substation is
advantageous as compared with the operation of the substation with single busbar or
with busbar coupler closed. Figure 11.6 outlines the schematic diagram of a 110-kV

(2)

D

U,=110.000kV

nan-1300ka 7 F
Y(L1)=2478.597 MVA U 110,000k

I}(L1)=15.435kA
SY(L1)=2940.679 MVA

Spare busbar

Ss1
f U,=110.000kV o B
IL(L1)=16.330kA :
Sp(L1)=3111.364 MVA

SS2 / -

é U,=110.000kV Ag B
[(L1)=16.330kA

SU(L1)=3111.371 MVA

(b)

D
éUHZIIO.OOOkV

IY(L1)=12.779kA —%

Sy (L1)=2434.703 MVA

C
é U,=110.000kV
I}(L1)=15.434KkA

Spare busbar Sy(L1)=2940.645 MVA
ss1
U,=110.000kV s %
I}(L1)=14.932kA :
Sy (L1)=2844.867 MVA i

Lt L

sS2
é U,=110.000kV Al B

I{(L1)=15.282KA

S{(L1)=2911.615MVA

Figure 11.6  Schematic diagram of a 110-kV-substation fed from the 220-kV-system.
(a) Operation with buscoupler closed and (b) operation with buscoupler
open. Result of three-phase short-circuit current calculation
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system. The 110-kV-substation is equipped with a double busbar and one additional
spare busbar. The substation is fed from the 220-kV-system; outgoing 110-kV-cables
are connected to each of the two busbars in operation.

The operation with two busbars reduces the three-phase short-circuit current from
I;=16.3kAto I,; =14.9 kA (8.6 per cent ) at SS1 and I; = 15.3 kA (6.1 per cent)
at SS2. Each of the two busbars SS1 and SS2 can be switched-on to the spare busbar
without coupling the busbars.

11.2.2.2 Busbar sectionaliser in single busbar switchgear

Single busbars can be equipped with busbar sectionaliser, so that an operation mode
similar to double busbar operation is possible. The outgoing cables and the feeding
transformers need to be connected to the busbar section in such a way that the loading
of feeders is approximately equal. Figure 11.7 indicates an industrial system with
nominal voltage of 6 kV, which is fed from the 30-kV-system.

@
BB_110

2 g

n
IY(L1)=11.353kA U 6.000kV
Sy(L1)=117.986 MVA 1;;(L1) 11.353kA
SY(L1)=117.985 MVA
BB 04 1 ; BB 6 2 é@ é@ é@

(b) BB 110 @
?U =6.000kV

I{(L1)=9.482kA
‘ U 6.000kV
S(L1)=98.537MVA 1;;(L1) 9.478 kA

SY(L1)=98.503 MVA

BB 04 1 BB 6 2 é@ é@ é@

Figure 11.7  Equivalent circuit diagram of a 6-kV-industrial system. Results of three-
phase short-circuit current calculation: (a) Busbar sectionaliser closed
and (b) busbar sectionaliser open
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The short-circuit current at the feeding busbar is reduced by 16.8 per cent from
I, =11.4kAto I]; =9.48 kA in the case when the busbar sectionaliser is kept open.
The outgoing feeders have to be arranged in such a way that the loading will be
approximately equal for both busbar sections K3 and K4.

11.2.2.3 Short-circuit current limiting equipment

Short-circuit current limiting equipment and fuses (medium voltage and low voltage
systems) can be installed to reduce the short-circuit level in parts of the installations.
In medium voltage installations, Ip-limiter can be installed. Figure 11.8 outlines the
schematic diagram of an industrial system. The existing switchgear A with low short-
circuit rating shall be extended with the busbar section B, which is fed by an additional
system feeder Q2. The maximal permissible short-circuit current 1/, of busbar
section A is exceeded by this extension.

Ql Q2
Tl 72
i i I,
A - 0 B
=it
L=1+1,

Figure 11.8  Equivalent circuit diagram of switchgear with single busbar

The total short-circuit current from both system feeders shall be limited to the
permissible short-circuit current 1/, of busbar section A in the case of a short-
circuit at busbar A. If the relation ]ﬁ/Ql / [ﬁ/Qz depends on the ratio Zq1/Zq> of the
feeders Q1 and Q2 it is sufficient to measure the partial short-circuit current through
the Ip-limiter. The current ratio is

Vi
h_ ha (11.1)
I IIQ/QZ

and the total short-circuit current

1
kQ1

=0+ (1 + I,—Q> <L (11.2)
kQ2
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40KkA -~

/it \ i+
/ With Ip-limiter \ Without Ip-limiter
20kA / \

Figure 11.9  Time course of short-circuit current in installations with and without
Ip-limiter

The threshold value Iy, of the Ip-limiter is
i

U

Dan = Iy (11.3)
max IlZQl +

When the permissible short-circuit currents 1/, . and I;  of both busbar sections

A and B are exceeded, the threshold value I1,, of the Ip-limiter for short-circuits at
busbar section B is needed as well

I//
kQl
Nan = Ko * 77— 77 (114)
Q2 T ko1
The threshold value I, of the Ip-limiter is set to the minimum of both values
Ian = MIN{{1an; D2an} (11.5)

The detailed design and determination of the settings are determined, besides other
factors, by different topologies of the power system, different phase angles of the
branch short-circuit currents and different rating of the switchgear in the system.
Figure 11.9 outlines the time curves of short-circuit currents at section A as per
Figure 11.8. The branch short-circuit current i, from system feeder Q2 is switched off
by the Ip-limiter within 7 ms, thus reducing the peak short-circuit current significantly.
The technical layout of one phase of an Ip-limiter is shown in Figure 11.10.
Inside an insulating tube (1) the main current conductor (3) with a breaking element,
blown by a triggerable explosive loading, (2) is located. When the threshold value
is exceeded, the tripping circuit triggers the explosive loading; the arc inside the
insulating tube cannot be quenched and is commutated to the fuse element (4), which
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DS
OO
DS
O

\\}—o o

Figure 11.10  Cutaway view of an Ip-limiter support: (1) insulating tube, (2) explo-
sive loading, (3) main conductor, (4) fuse element and (5) transducer

Source: ABB Calor Emag Schaltanlagen AG

is able to quench the short-circuit according to the fuse It-characteristic. The main
elements, i.e., the isolating tube with main conductor and fuse element, need to be
replaced after operation of the Ip-limiter. A measuring unit with tripping circuit is
needed to compare the actual current value with the threshold value.

Ip-limiters are nowadays available with thyristor technique. The short-circuit
current can be limited within 1-2 ms after initiation of the fault. The Ip-limiter is
back in operation after fault clearing; an exchange of main conductor and fuse is
not necessary. Additional operational functions, such as limitation of start-up current
of large motors can also be realised. Superconducting Ip-limiters are actually in
laboratory tests [7].

11.2.3 Measures concerning equipment

11.2.3.1 Impedance voltage of transformers

Transformers with high impedance voltage are reducing the short-circuit level,
however the reactive power losses are increased and the tap-changer needs to
be designed for higher voltage drops. Figure 11.11 indicates the equivalent cir-
cuit diagram of a 10-kV-system fed from a 110-kV-system by three transformers
Sit = 40 MVA. The system load is Sp =72 MVA, cos ¢ = 0.8. The short-circuit
power of the 110-kV-system is Sl’(’Q =2.2 GVA; the voltage at the 10-kV-busbar shall
be controlled within a bandwidth of £0.125 kV around U = 10.6 kV.
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Figure 11.11  Equivalent circuit diagram of a 10-kV-system with incoming

feeder. Results

of three-phase short-circuit current calculation:

(a) Impedance voltage 13% and (b) impedance voltage 17.5%

Table 11.2  Result of loadflow and short-circuit analysis
as per Figure 11.11

Ugetr I3 1)} Tap-changer Reactive power losses
(%) (kA) (kA) position of one transformer
(Mvar)
13 352 225 +6 2.61
17.5 292 20.7 48 3.58
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The relevant results of loadflow and short-circuit analysis are outlined in
Table 11.2. As can be seen the increase of the impedance voltage from
13 to 17.5 per cent reduces the short-circuit current, but increases the reactive power
losses and increases the number of steps at the tap-changer to control the voltage.

11.2.3.2  Short-circuit limiting reactor

The application of short-circuit limiting reactors can be defined as a measure related
to switchyards or a measure related to equipment. Figure 11.12 outlines the equiv-
alent circuit diagram of a 10-kV-system in industry with direct connection to an
urban 10-kV-system. Two reactors are installed to limit the short-circuit currents.
The three-phase short-circuit current without local generation in the industrial system
at the coupling busbar between industry and utility is 7, =20.43 kA.

f[g(Ll):21.z9kA
I{;(Ll)%@ KA

éli(’(Ll)ZZI.OékA — I3 f]g(Ll):zl,oﬁkA
4T =19.28 kA — 4 yL)=1928kA 1

[I(L1)=1.60kA [LD=1.75kA

flﬂ(Ll)19<24kA£/D ééé% ;g;lig(Ll)w.MkA

IYL1)=132kA[(L1)=1.80kA IYL1)=1.46kA

Figure 11.12  Equivalent circuit diagram of a 10-kV-system with short-circuit
limiting reactors. Results of three-phase short-circuit current
calculation

The industrial system is connected to a heat and power plant with four generators
6.25 MVA each, three out of four are allowed to be in operation at the same time.
The short-circuit current is increased by this to 25.6 kA. To limit the short-circuit
current to Iy <21.5 kA reactors with I, = 1600 A; u =20% were installed. The
short-circuit current is reduced to I]; =21.3 KA.

11.2.3.3 Earthing impedances

Single-phase short-circuit currents can be reduced significantly by the installation
of earthing impedances in the neutral of transformers or at artificial neutrals
without affecting the three-phase short-circuit currents. Figure 11.13 represents
an 11.5-kV-system fed from the 132-kV-system. Each substation is equipped with
four transformers (S; =40 MVA, uy = 14%). The 132-kV-system has direct neutral
earthing, the short-circuit currents are 1, ~29.3 kA and I/, ~37.3 kA.
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BEON=0

Sto=6.7GVA a
Zy/Z,=0.454 ﬁl
i
4
g

Upo=132kV " Up=115kV

Figure 11.13  Equivalent circuit diagram of 11.5-kV-system fed from the 132-
kV-system

The permissible short-circuit current in the 11.5-kV-system is 25 kA. The
single-phase short-circuit currents at 11.5-kV-busbar are I/, =15.04 kA when one
transformer is in operation and /;/; =29.27 kA when two transformers are operated
in parallel.

In order to limit the single-phase short-circuit current on the 11.5-kV-side to
I}/, <25 KA (two transformers in parallel), an earthing resistance of Rg =0.31 Q or
an earthing reactor of Xg = 0.1 2 need to be installed in the 11.5-kV-neutral of each
of the transformers [3].

11.2.3.4 Increased subtransient reactance of generators

Generators are the direct sources for short-circuit currents; the contribution of one
generator to the short-circuit current is inversely proportional to the subtransient
reactance X when the voltage is not changed, see Chapters 3 and 4. An increased
subtransient reactance reduces the branch short-circuit current and by this the
total short-circuit current. Figure 11.14 indicates the results of short-circuit current
calculation of a power station. Generators of different make but identical rating
Syg = 150 MVA are installed. The three-phase branch short-circuit currents are in
the range of 1,; =2.32-2.75 kA depending on the subtransient reactance.
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EL144
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Figure 11.14  Equivalent circuit diagram of a power station with 132-kV-busbar.
Results of three-phase short-circuit current calculation: Sig =
150 MVA; x| = 12-17.8%

High subtransient reactance of generators has a negative impact on the dynamic
stability performance of the generators. In the case of short-circuits on the transmis-
sion line with subsequent fault clearing the transmittable power from a power station
is reduced if the fault clearing time of the protection is kept constant, respectively, the
fault clearing time must be reduced to keep the transmittable power constant. Details
can be obtained from [2, 26].

11.3 Structures of power systems

11.3.1 General

It should be noted that some of the measures as per Section 11.2 to reduce short-circuit
currents can only be applied in certain power systems. Ip-limiters are only available
in low voltage and medium voltage systems. When only a single busbar is installed,
the operation with two busbars is not possible and in a radial fed system, no additional
feeding point is normally available. Within this section, the main structures of power
systems are introduced:

e Radial system
e Ring-main system
e Meshed system

More details can be obtained from [26].
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11.3.2 Radial system

Radial systems represent the simplest topology of a power system and can usually
be found in low voltage systems. Figure 11.15 outlines the general structure, with
one feeding point and distributing of the lines in several branches. This structure is
suitable in the case of low load density but also for the connection of high bulk-supply
loads. The calculation of short-circuit currents is comparatively easy, as there are no
meshed lines in the system and only one topology has to be analysed.

R

® MV/LV-transformer

Figure 11.15  General structure of a radial system with one incoming feeder

11.3.3 Ring-main system

In a ring-main system the receiving end of each line of a radial system is to be
connected either back to the feeding busbar or to an additional feeding busbar. Ring-
main systems are most often planned for medium voltage systems, and in rare cases
for low voltage systems as well. Normally ring-main systems are operated with open
breaker or isolator in one primary as indicated in Figure 11.16(a). This enables an
operation similar to radial systems but with a switchable reserve for all consumers.
Feeding busbars can be planned at several locations of the system as indicated in
Figure 11.16(b). Short-circuit current calculation is more complicated than in radial
systems as several operating conditions, i.e., system topologies, are to be taken into
account to determine the minimal and the maximal short-circuit current.

11.3.4 Meshed systems

Meshed systems are normally applied only for high voltage systems or in industrial
supply systems for MV-level as well. With the consideration of consumer load and
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(a)

(b

*—©
@
L
@

/' Switch (normally open) @ MV/LV-transformer

Figure 11.16  General structures of ring-main systems: (a) Simple structure with one
feeding busbar and (b) structure with two feeding busbars (feeding
from opposite sides)
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capability of power stations, the system is planned, constructed and operated in such
away as to allow the supply of consumers without overloading of any equipment and
without violating the permissible voltage profile even under outage of one ((n — 1)-
criteria) or more equipment at the same time. The calculation of maximal short-circuit
currents seems relatively simple, if all equipment are assumed to be in operation. As
far as different operation schedules of the power stations are considered, different
system topologies need to be considered. The calculation of the minimal short-circuit
current, however, is much more difficult, as a close cooperation between planning
and operation is required. A large number of different topologies in the meshed power
system have to be analysed to ensure that the calculated short-circuit current is the
minimal current. The principal structure of a meshed high voltage system is outlined
in Figure 11.17.

A special type of meshed systems is applied to low voltage systems; the principal
structure is outlined in Figure 11.18. The reliability of supply is comparatively high,
asreserve in the case of outage of any line or infeed is provided through the remaining
lines.

(a) o MV-cable
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L L Mgg/r (Srlzlrtrflzlly open)
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5 .8 8
N A
g 1@ gﬂv
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VAL VAVA
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1; 2; 3 Connection to MV-cable No. 1; 2; 3

N

<D

Figure 11.18 Principal structure of meshed low voltage system: (a) Single-fed
meshed system and (b) meshed system with overlapping feeding



Chapter 12

Special problems related to
short-circuit currents

12.1 Interference of pipelines

12.1.1 Introduction

Interference between overhead lines, communication circuits and pipelines is caused
by asymmetrical currents, which may be due to short-circuits, asymmetrical operation
or asymmetrical design of equipment, especially asymmetrical outline of overhead
line towers with respect to pipelines and communication circuits. This interference
is based on inductive, ohmic and capacitive coupling between the short-circuit path
(e.g., overhead line) and the circuit affected by interference (e.g., pipeline). Normal
operating currents, respectively voltages, cause magnetic as well as electric fields
which are asymmetrical in the vicinity of overhead lines which may cause interference
problems in the long-time range.

Short-circuit currents on overhead transmission lines and cables and short-circuit
currents through earth cause interference in the short-time range only when the short-
circuit is switched off after some seconds by the power system protection. Interference
problems may arise in cable and overhead line systems to a different extent depending
on the handling of the system neutral. The induced voltage in pipelines and commu-
nication circuits may endanger technical installations and safety of workers when
defined limits will be exceeded. Within the context of this book, only the short-time
interference, in the following called interference, is dealt with. Table 12.1 outlines
the needs for the analysis of interference problems.

Interference problems may occur in most of the cases by inductive and ohmic cou-
pling in power systems with low-impedance earthing consisting mainly of overhead
lines, as can be seen from Table 12.1. In systems with isolated neutral or resonance
earthing interference problems have to be regarded only when the fault current is not
self-extinguishing (see Chapters 5 and 7). Capacitive coupling does not cause any



Q0UQIJIONT ON
s3I

QOUIJIIUT ON

QOUQIQJIAIUT ON

QOUQIJIAIUT ON
JU9SaI

Q0UQIQJIAIUT ON

90UQIRJISIUT ON 90UQISLIAIUT ON
90ULIJIANUT ON JuasaId
90UQIJIONT ON
JuasaIg QOUSISJIAIUT ON
Q0UQIJISNUT ON
JIoMO) SWIES UO SINOIID J1 ATUQ

QOUQIQJIIUI ON SOsBO [e100ads Ul JussaIg
QOUQIOJIIUI ON JuasaIg

swojqoid 9ousIayIoIUl ON
JOMO} SWES U0 S}NIIID JI A[UQ

SICLR)
1LHO
a1qed
1LHO
219w
TLHO

a1qed
1LHO

29w
TLHO

ney
[es s[qno
jnej grrey
INOI10-1107S

Jney oy

JINOIIO-}I0YS

Jney oy

SunyiIes 9ouBUOSOY

{[eINau pPaje[os]

Suryres
douepadwr-mo

Surdnoo sy

Surdnoo aanioede) Surdnoo aanonpuy

:Aq sourjodid pue s)MoIIO UOHLOTUNWIIOD JO JIUIIJINU]

uonrpuod Juneradp

srennau jo Surjpuey

WoISAS 10MO0J

soutjadid pup s71mo410 UODITUNUUIOD ‘WDISAS Lomod U2aMiaq 2oua4afiau]  [°7] 219V



Special problems related to short-circuit currents 247

severe problems in pipelines and communication circuits. It should be noted further-
more that interference of communication circuits is decreasing due to the decreasing
installations of overhead communication circuits, which are replaced by wireless
communication or by cable circuits, which can be protected easily against interfer-
ence. The explanations on interference are therefore concentrated within this section
to the interference of pipelines.

Regulations on the permissible values for voltages induced in pipelines and com-
munication circuits and/or for touch voltages exist in various countries. The main aim
is to protect any person likely to work on the pipeline or power circuit against elec-
trocution hazard. According to an international survey carried out by CIGRE [20],
the maximum permissible touch voltage is defined in different countries in different
ways, ranging from 200 V up to 1500 V depending on the maximal fault duration
time. In Germany, the maximal permissible touch voltage and the maximal permissi-
ble voltage pipeline-to-earth are both limited to 1000 V for a fault-duration of 0.5 s.
Higher values are applied only in Australia (1500 V) and in Brazil (1700 V), whereas
the Brazilian regulation defines the admissible value of a touch current, which is con-
verted for comparison into the voltage limit. Within this survey, only two US-utilities
have answered the questions on voltage limits. The limit for the touch voltage applied
there is given to be 500 V, whereas the voltage pipeline-to-earth should be less than
5 kV. It is unclear and could not be clarified in the CIGRE-survey, why low value for
touch voltage (500 V) as compared with other countries resulted in a comparatively
high value for the pipeline-to-earth voltage (5 kV).

According to [21] the maximal permissible voltage pipeline-to-earth for short-
time interference shall be below 1000 V. If ASME/IEEE-standard No. 80 is applied
a maximal permissible touch voltage is defined in relation to the fault duration time
for different body weight of the person involved. If the most severe restrictions
are applied, i.e., 50 kg body weight and fault duration (clearing time) of 150 ms, the
maximal permissible touch voltage Ussg is 350 V. This is the recommended limit as
per IEEE-standard No. 80 item 6, where it is mentioned that the actual transferred
voltage should be less than the maximum allowable touch voltage Eigych to ensure
safety.

12.1.2 Calculation of impedances for inductive interference

In order to calculate the interference of pipelines the loop-impedances, coupling
impedances and self-impedances of the line conductor, earth conductors and the
pipeline itself are required. The loop-impedance of the pipeline with earth return is

1)
ZE:R@—I—%*w—{—j(ﬂ*w*(ln——i—%)) (12.1)
b

where rp is the outer radius of the pipeline, 1 is the absolute permeability, up is the
fictitious relative permeability of the pipeline, § is the depth of earth return path and
w is the angular frequency.



248  Short-circuit currents

Equation (12.1) is composed of

R} Resistance of the pipeline per unit length
Ko w Resistance of the earth return path per unit length
8
1o ) .
— xw*In— Outer reactance of the loop with earth return path per
2w rp .
unit length
Ko up . T
o * % T Internal (inner) reactance of the conductor (pipeline)
b4

per unit length

The depth § of the earth return path is given by Equation (12.2) with the resistivity
of soil p (specific soil resistance) according to Table 12.2.
1.85

§ = ——— 12.2
Vo *x (o/p) (122)

Table 12.2  Resistivity of soil p for different types of soil conditions

Parameters Type of soil

Alluvial Clay Limestone Wet  Wet Dry Stony

soil — clay — sand gravel sand soil
swamp farm soil Dray
soil gravel
Specific soil resistance 30 50 100 200 500 1000 3000
p (2m)
o=1/p (nS/cm) 333 20 10 5 2 1 0.33
Depth of earth return 510 660 930 1320 2080 2940 5100
8 at 50 Hz (m)
Depth of earth return 465 600 850 1205 1900 2684 4655

§ at 60 Hz (m)

The resistance R}, of the pipeline can be calculated from the conductivity xp and the
thickness d of the pipeline wall taking eddy currents and the dissipation of the current
into the outer level of the pipeline wall into account.

3
Ry, =R, 025+ — 12.3
P dc * (x + + 64 *X) ( )

The increase of the inner inductivity X is given by

3 3
X/ = R| - 12.4
i dC*(x 64*x+128*x2> (124
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with the parameter x = d/(2 * dp), the d.c. resistance of the pipeline wall Réc, the
depth of current in the pipeline wall §p and d being the thickness of the pipeline wall:

1
Vo 2% (kp * fp * (o)

Comparing the loop-impedance as per Equation (12.1) with the inner inductance
of'the pipeline as per Equation (12.4) the fictitious relative permeability of the pipeline
will be

3p (12.5)

_ . x —3/(64%x) +3/(128 % x?)
up =4 x Ry, * (@ 110)/ 27 (12.6)

Coupling impedances [2] need to be calculated for the analysis of the interference
problems. For the individual distances and impedances reference is made to Figure
12.1 indicating a typical interference problem between a 380-kV-line with two earth
wires, counterpoise and a pipeline.

The coupling impedance Z;  of the loop conductor and pipeline with earth return
is obtained from

Mo . [ o )
Zio = — — | 12.7
Zip 2 *w+]<2ﬂ*w*<ndunmin)> ( )

The coupling impedance Zgp of the loop earth conductor and pipeline with earth
return is obtained from

Ho . Mo 1)
Zip = — — | 12.8
Zgp 3 *a)+]<2n*a)*(ndEPmin>> ( )

Coupling impedance Z; i of the loop earth conductor and conductor with earth return
is given by

o . Ko )
Z == — In — 12.9
ZiE A *w—l—](zn*w*(ndLE)) ( )

In case a second earth conductor is installed, the coupling impedance Zyp, of the
loop second earth conductor and pipeline with earth return is calculated by

Mo . Mo 1)
Zhn, = — — 1 12.10
Zpp2 = g *o+ j (271 * @ % (ndEPZmin)) ( )

The coupling impedance Z; i, of the loop second earth conductor and conductor with
earth return is obtained from

/ 1240] . [ MO )
Z = — — In — 12.11
Zigs 2 *w+1<2n*w*<ndLE2>> ( )

The coupling impedance Zg;, of the loop first and second earth conductor and
conductor with earth return is obtained from

Mo . Ko )
Zhiy = — — In — 12.12
VA 2 *w+]<2n*w*<nd]512>) ( )
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dEPmin

dipmin
LTI e il iy [1]]
B F hp
dBP %

Figure 12.1

Outline and distances of a high-voltage transmission-line tower. B:
counterpoise; P: pipeline; L: conductor nearest to pipeline. E; first
earth conductor (nearest to pipeline), also named E1; E2: second earth
conductor
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Furthermore the loop-impedance Zy; of the earth conductor and earth return is given by

L g4 (o 8) f M
Zg =R + 2 *w+]<2n*w*<ln<r>+4>) (12.13)

Quantities as per Equations (12.7) to (12.13) are:

Al Pmin Minimal distance between the pipeline and the lowest conductor
nearest to the pipeline

dEPmin Minimal distance between the pipeline and the earth conductor

dig Distance between the earth conductor and the lowest conductor nearest
to the pipeline

AdEP2min Minimal distance between the pipeline and the second earth conductor

dr g2 Distance between the second earth conductor and the lowest conductor
nearest to the pipeline

de12 Distance between the first and second earth conductor

r Radius of earth conductor

R’ Resistance of earth wire per unit length.

Generally the minimal distances between the conductors and the pipeline have to
be considered. This includes considerations on the conductor sag and the conductor
swing under worst conditions. The mean effective height hg of the conductor may be
calculated from

hs = hy — 0.667 %5 (12.14)

where Ay, is the conductor height at the tower and § is the conductor sag.

In some cases a counterpoise parallel to the pipelines is used to reduce the induced
voltage into the pipeline. The coupling impedances with the conductor are needed in
these cases. The coupling impedance Zg of the loop counterpoise and earth return is
obtained from

o . 1o ) UB
7' = R, — — In{ — — 12.15
Zy B+ 2 *w+]<2ﬂ*w*<n(rB)+ 4)) ( )

The coupling impedance Z; i of the loop conductor and counterpoise with earth return
is obtained from

Mo . Mo )
7= = — 1 12.16
£18 = g *“’+’(2n *“’*(ndLBmm>> (1216

The coupling impedance Zgp of the loop pipeline and counterpoise with earth return
is calculated from

5
ngz%*w—kj(g—;;*w*(lnd—)) (12.17)

where rp is the radius of counterpoise, up is the fictitious relative permeability of
counterpoise, R{B the resistance of counterpoise per unit length, di gpin is the minimal
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distance between counterpoise and the lowest conductor nearest to the pipeline, dgp
is the distance between counterpoise and pipeline.

12.1.3  Calculation of induced voltage

Based on the impedance calculations as per Section 12.1.2 the induced voltage into
the pipeline can be calculated for any configuration as follows:

Up=—Zipxr' xLip*lppxw (12.18)

where Z| ; is the coupling impedance of the loop pipeline and conductor nearest
to earth with earth return, I}, is the initial short-circuit current (asymmetrical) of
the overhead line, Ipp is the length of parallel exposure between pipeline and over-
head line, r’ is the screening factor as per Equation (12.18) and w is a probability
factor taking into account that all worse conditions do not occur at the same time
instant [21].

The screening factor depends on the presence of earth wires, counterpoises and any
other compensation circuit capable to reduce the induced voltage into the pipeline.
If only one earth wire is present as compensation circuit the screening factor r’ is
calculated based on the coupling and loop-impedances by

Z - xZ"
r =1 2t Zep (12.19)
ZgxZip

If more than one earth conductor or additional compensation circuits are present,
additional considerations for the screening factor are required. The total screening
factor is then given by the difference of the individual factors of each earth conductor
and/or compensation circuit taking into account the correction factor which represents
the influence of each earth wire and compensation circuit on the current in the other
wire [22]. In the case of two earth conductors the total screening factor ry,, is given by

Z oxZ Z % Z
ra=1- 252wk = =22 sk (12.20)
Lp*Lpp Lpp*4yp

Correction factors k| and k; are calculated by

k. — 1- (ZLE *Z;;lz)/(Z;g *ZiEz) 1221
TNz w2V (2w Z) (12.21a)
ZE12 T =ZE12 ZE T ZE2

s — 1 - (Z/Lﬁz *ZiEIZ)/(Ziﬁ *ZLE) (12.21b)
2= (Zyy * Zp) /(Zg * Zhy)
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Correction factors for other arrangements and numbers of conductors can be obtained,
respectively calculated, as per [39]. Impedances as per Equations (12.19) to (12.21)
are calculated according to Section 12.1.2

Zip Coupling impedance of the loop conductor and pipeline with earth return
as per Equation (12.7)

Zgp Coupling impedance of the loop first earth conductor and pipeline with
earth return as per Equation (12.8)

Zig Coupling impedance of the loop first earth conductor and conductor with
earth return as per Equation (12.9)

Zgp, Coupling impedance of the loop second earth conductor and pipeline
with earth return as per Equation (12.10)

Zim Coupling impedance of the loop first earth conductor and conductor with
earth return as per Equation (12.11)

Zg1 Coupling impedance of the loop first and second earth conductor with
earth return as per Equation (12.12)

Zg Loop-impedance of earth conductor and earth return as per Equation
(12.13)

Zg> Loop-impedance of second earth conductor and earth return as per

Equation (12.13)

For three and more compensation circuits, e.g., two earth conductors and a coun-
terpoise, the screening factor needs to be calculated either from the individual
current distribution within the different compensation circuits or by means of the
multiplication method or other methods as outlined in [3].

12.1.4  Characteristic impedance of the pipeline

The induced voltage U;p is only an indication for the inductive interference but does
not take into account the earthing conditions and the conductivity of the pipeline
coating. In order to calculate step and touch voltages the voltage between pipeline
and earth is to be calculated taking account of the earthing and conductivity con-
ditions of the pipeline. Based on the analysis of the system equivalent, i.e., faulted
phase conductor, presence of earth conductors, counterpoise, pipeline and earthing
conditions, the pipeline must be represented by means of its characteristic impedance
and its conductivity.

The conductivity of the pipeline against the surrounding earth is determined by
the resistance R] of the pipeline coating and the resistance Ry of the bare (uncoated)
pipeline in earth (see Table 12.3). The total resistance is given by

Rtor = Ri+ Rpg (12.22)

The specific reactance due to the capacitance of the pipeline can be neglected for
interference analysis as it is much smaller than the resistance. The resistance Rpp of
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Table 12.3  Resistance of pipeline coatings [23]

Type of coating Thickness of Specific coating
coating (mm) resistance (k sz)

Bitumen 4-6 10

Polyethylene 2-3 100

Epoxy resin 0.3-0.6 10

the bare (uncoated) pipeline in earth is calculated by

2%l
R{,Ezﬁ*<2*ln<7*)+ln

where hp is the depth of pipeline under ground, / is the total length of pipeline, d is
the outer diameter of pipeline and p is the resistivity of the soil as per Table 12.2.

It should be noted that the influence of the earth resistivity is comparatively low
for high resistance of pipeline coating.

The characteristic impedance Zy, the propagation constant y and the charac-
teristic length Lk of the pipeline are required prior to the calculation of the voltage
pipeline-to-earth.

(12.23)

VQxhp)2 4 (1/2)2+1/2
V@ xhp)2 + (/22 —1/2

Zw =+/Zp * Rpg (12.24)
Zp
y == (12.25)
- Rf)E
1
Lx = (12.26)

Re{\/Zp/Ri )

where Zj, is the loop-impedance of pipeline and earth return per unit length as per
Equation (12.1) and Ry is the resistance of the bare (uncoated) pipeline as per
Equation (12.23).

12.1.5 Voltage pipeline-to-earth

The voltage pipeline-to-earth Upp (x) along the exposure length is calculated based
on the theory of line propagation for each individual location x of the pipeline. Using
the abbreviations

z
L = i+ L x =2 ww (12.27a)
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and

b=0.5%/Zp% Rpg %1 (12.27b)

where [ is the length of pipeline, Z}, is the loop-impedance of pipeline and earth
return per unit length as per Equation (12.1), Rpg is the resistance of the bare
(uncoated) pipeline as per Equation (12.23), r is the total reduction factor as per
Equation (12.20), Z; p the coupling impedance of the loop conductor and pipeline
with earth return as per Equation (12.7), I}/, is the short-circuit current through earth
and w the probability factor.

The voltage pipeline-to-earth along the exposure length (parameter x) is calculated
taking account of the earthing resistances R; and R, at the end of the pipeline,
respectively at the end of section, under investigation by

Upp(x) = Zy * I % {RU(Zy + R + Ry(Zyy — R)e 2
— R(Zy — R)e ™ 27" — Ry(Zy + Ry )2 1Y)
#{(Zw+R) * (Zy + R)E™® — (Zy — R1) * (Zy — Rp)e )
(12.28)

Outside the exposure length (parameter y) the voltage pipeline-to-earth decays for
each individual location y of the pipeline according to

« RA - ZW ezl
(Ra + Zw)e™ + (Ra — Zy)
(Ra + Zy)e™! .
(Ra + Zw)e™ + (Ra — Zy)

QPE(y) = Ql

! (12.29)

where U is the voltage at the end of exposure length, R4 is the far-end impedance
of the pipeline, [ is the total length of pipeline outside exposure length, y is the
propagation constant and Zy is the characteristic impedance.

The method described above assumes constant parameters /. and for the effec-
tive resistance Rp,, of the pipeline coating against earth and constant distance between
the pipeline and the overhead line. In other cases the analysis has to be carried out
for each individual section having constant or nearly constant parameters by separa-
tion of the exposure length into subdivisions for which constant parameters can be
assumed.

In case of oblique exposures or crossing between overhead line and pipeline the
exposure length has to be divided into different subsections having equal induced
voltages. An average distance a, between the overhead line and the pipeline has to
be calculated

a, = JJaj * a (12.30)
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Figure 12.2  Oblique exposure and crossing of pipeline and overhead line. (a) Plot
plan and (b) elevation plan (detail from crossing location)

The parameters a; and a; are the distances at the ends of the oblique exposure,
see Figure 12.2 for details. The ratio aj/ay should not exceed the value of three
otherwise further subdivisions have to be selected. Distances of more than 1000 m
between overhead line and pipeline can be neglected for short-time interference.
Crossings shall be handled similarly to oblique exposures with the restriction that
the subdivisions in the vicinity of the crossing shall be selected as short as possible.
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The distance between the overhead line and the pipeline at the location of crossing
shall be set equal to the minimal height of the overhead conductor above the pipeline
dppc, taking account of the average conductor sag, see Figure 12.2(b). The average
distance a. between the overhead line and the pipeline is given by

ac = v/ ap x dipe (12.31)

The results for each subdivision have to be superimposed for each location of the
pipeline.

12.2 Considerations on earthing

12.2.1 General

The influence of neutral handling and to some extent of the earthing was outlined
already in Chapters 5 and 7. The handling of neutrals, however, requires additionally
the analysis of the earth itself, of earthing grids and rods and on step and touch voltages
related to earthing. With respect to the main task of this book, i.e., calculation and
analysis of short-circuit currents and their effects, the earthing in power systems are
only dealt with in relation to the impact of short-circuit currents on earthing. Special
problems such as corrosion of earthing material, influence of earthing on lightning
and on fast-front overvoltages are not explained here. More details can be found in
[5, 26].

Equipment and installations in power systems have to be designed and operated
in such a way to avoid impermissible conditions with respect to the health of human
beings and animals also taking into account reliable and sufficient operation of the
technical installations. Earthing in power systems is one of the main items to ensure
this safe and secure operation. Asymmetrical operation and short-circuits cause cur-
rents flowing through earth which may flow as well through the human body in the
case of contact of the body with earth or with installations connected to earth. The
earthing problem is determined by

Resistance of human body
Electrical conditions of the earth
Current through earth

Fault duration

Earthing impedance

12.2.2  Resistance of human body

The impedance of the human body, which is mainly a resistance, is determined by the
location of contacts to the electrical installations and depends on the touch voltage
as well. Figure 12.3 indicates the resistance of the body if measured between the two
hands, valid approximately 10 ms after initiation of currents through the body. As
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Figure 12.3  Impedance of the human body (hand-to-hand) depending on the touch
voltage

can be seen the resistance is between 3.5 k2 and 1.1 k2 decreasing with increasing
touch voltage. For other contacts the resistance is reduced, e.g.,

One hand to breast ~ reduction to 45 per cent of resistance as per Figure 12.3
One hand to knee reduction to 70 per cent of resistance as per Figure 12.3
Two hands to breast  reduction to 23 per cent of resistance as per Figure 12.3
Two hands to knee ~ reduction to 45 per cent of resistance as per Figure 12.3

It should be noted in this respect that the current through the human body is the
critical physical phenomena causing uncontrolled operation of the heart (ventricle
flicker) or muscle convulsion. The critical current is a function of the exposure
time [24]. The duration of the permissible touch voltage Up therefore depends on
the exposure time as well (fault duration) and is outlined in Figure 12.4.

The permissible touch voltage is set in most of the standards to Ug = 65V, result-
ing in a negligible risk for ventricle flicker independent from the time of exposure.
If this voltage limit cannot be guaranteed the exposure time must be limited.

12.2.3  Soil conditions

The resistivity of the soil depends on the type of soil (swamp soil, stony soil) as
outlined in Table 12.2. The differences are determined by the humidity of the soil.
The value for swamp soil is between 10,000 Qm (humidity less than 10 per cent)
and 30 @m (humidity 90 per cent). It is obvious that the resistivity of the soil varies
in a wider range if surface electrodes will be used for earthing as the soil humidity
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Figure 12.4  Permissible touch voltage depending on the time of exposure

varies in a wider range throughout the year as compared with deep-ground earthing
by earthing rods. The resistivity for surface electrodes varies throughout the year in
a range of £30 per cent, in the case of deep-earthing only in a range of £8 per cent
of the average value, the highest value occurring in March and the lowest value in
August (European countries). It is therefore recommended to use surface electrodes
only in those installations where the soil humidity is nearly constant throughout the
year and to use deep-ground earthing for other conditions.

12.2.4 Relevant currents through earth

Currents through earth are only existing in the case of asymmetrical short-circuits with
earth connection. In most of the cases (X¢/X1 > 1), the single-phase short-circuit
current /\'} is greater than the current through earth I, in case of a double-phase
short-circuit. Only in case of power systems (e.g., 115 and 132 kV) having high
amount of cables, power stations with high rating closely connected to the sys-
tem under investigation and when all transformer neutrals are earthed through low
impedance, can the ratio Xo/X| be below One. In these cases the double-phase
short-circuit current may exceed the single-phase short-circuit current.

Current through earth causes voltage drops Ug at the impedance of the earth, at
the earthing itself and at the connection lines between the equipment (e.g., neutrals
of transformers, transformer tank, overhead line tower) and earth. The currents to be
taken into account as summarised in Table 12.4 depend on the type of neutral handling
in the system.
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Table 12.5 Reduction factor for typical power system installa-
tions, distance of earth conductor to phase conductor
D = 20m; p =100 Qm

Number of conductors ~ Type and cross-section Reduction
factor
1 Earth conductor St 50-90 0.98
Al/St 50/30 0.78
Al/St 120/70 0.7
Al/St 240/40 0.65
Al/St 120/70; counterpoise Cu 120 0.52
2 Earth conductors Al/St 95/55 0.5
Cable sheet NA2XS(2)Y; 150Al; 20 kV 0.5
Single-core cable; 110 kV 0.1
N2XS(SL)2Y; 240Cu; 110 kV 0.27
Cables in steel tube <0.05

As mentioned already in Section 7.3, a part of the single- or double-phase earth-
fault current is flowing through earth and the relevant impedances of the earthing
installations, depending on the reduction factor of the earth conductor and/or of
cable screens and sheets connected to earth. Detailed investigations are required to
determine the reduction factor. For rough estimates the reduction factors for typical
installations are given in Table 12.5.

12.2.5 Earthing impedance

The impedance, i.e., the resistance of the earthing installations is determined by the
material of the earthing grid, electrodes and rods and by the presence of any con-
nection of earth conductor, counterpoise, cable sheets and other earthed installations
in the vicinity of the earthing installation. The earthing resistance is proportional to
the resistivity of the soil and depends furthermore on the specific arrangements of
the earthing installations as outlined in Table 12.6.

The equations as per Table 12.6 for the calculation of the resistance of earthing
installation indicate that it is not recommendable to increase the number of meshes
in an earthing grid in order to reduce the earthing impedance, as the effect is only
marginal. Increasing the number of earthing rods on the same earthing installation is
highly recommendable as the total earthing impedance is approximately reciprocal to
the number of rods. Sufficient distance between the individual rods (at least more than
the rod-length) shall be provided in this case. Material, cross-sections and laying of the
earthing installations must comply with the relevant standards, e.g., ANSI C 33.8
(standard for safety grounding and bonding equipment).
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Table 12.6  Resistance of earthing installations Ry for different types and

arrangement
Type of earthing Earthing resistance
. P 4]
Single deep-ground rod Rpp= —— xIn —
2 x 1 d
J !
. 1 P 4]
Multiple d_ a>1 REl%k***z l*lng
deep-ground rod n@/‘e’“\é 7777777 k=12-15 nooLm
Ll on=sk~12
o G-t =10k~ 125
o
21
Surface electrode Rp1 = o * In 7
4
Crossed surface Rp1 = %254+ 1n—
* [ d
electrode
Earthing grid: uniform | _ [4bxl P 0
resistivity of soil T b= T Rer ~ 2% D + E
- ; ltot total length
of earthing grid
Earthing grid: two Earthing grid 4b x 1 02 p1* Dy
layers of resistivity b4 2% D bxl

p1: resistivity
of surface layer
Py resistivity of
deep layer

12.3 Examples

12.3.1 Interference of pipeline from 400-kV-line

The exposure of a 32”-pipeline with an overhead line (400 kV) as outlined in
Figure 12.5 is analysed. The nearest distance of the pipeline is 27 m at tower No. 3,
increasing to 160 m at tower No. 7 over a length of approximately 1600 m, decreasing
to 120 m over a length of 1450 m and then crossing the overhead line at an angle of
90° between towers Nos 10 and 11. The elevation plan of the tower and the pipeline
is given in Figure 12.6.



Special problems related to short-circuit currents 263
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Figure 12.5  Plot plan of the exposure length pipeline and transmission line

The pipeline parameters are outlined below. The pipeline is not buried into earth,
but laid directly on the surface. The total exposure length is 3074 m. At location
x = 0 at tower No. 2 the pipeline is equipped with an isolating flange. The average
sag of the line conductor and of the earth conductor is 10.2 m, the specific resistivity
of the soil is 4 Qm.

Type of pipeline 32" steel pipe
Diameter 1524 mm
Thickness of wall 22.2 mm
Conductivity 5.56 Sm/mm?
Relative permeability 200

Specific resistance of pipeline coating 20.3 Q/km

The induced voltage of the pipeline was calculated with the procedure explained in
the previous sections. The individual sections of the exposure length were chosen
according to the distances between the transmission towers. The specific field strength
and the specific induced voltage, both related to units of the short-circuit current, are
given in Figure 12.7.

The analysis of the voltage pipeline-to-earth indicated a maximum value of
Upg = 18.1 V/KA which was obtained by superposition of the result from each section.
The voltage Uy along the exposure length and a further 3 km outside the exposure
section is outlined in Figure 12.8.

Short-circuit current calculation for the 400-kV-system under investigation indi-
cated that the single-phase short-circuit current will always give the maximal
asymmetrical short-circuit current. In order to cover future increase of short-circuit
level, the maximal permissible short-circuit current in the system I,/ =40 kA
was taken as a basis for the assessment of interference problems. The voltage
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Figure 12.6  Elevation plan of the overhead transmission tower and the pipeline

pipeline-to-earth will reach Upg =724 V in this case. With respect to [21] the
voltage pipeline-to-earth will be below the maximal permissible voltage which is
Upgmax = 1000 V. If ASME/IEEE-standard No. 80 is applied (50 kg body weight
and fault duration 150 ms) the voltage pipeline-to-earth will be above the maximal
permissible voltage U5, &~ Upgmax = 350 V. Earthing at intermediate locations espe-
cially at the location where the voltage pipeline-to-earth is maximal must be done in
order to reduce the voltage. More details on this example can be found in [27].

12.3.2  Calculation of earthing resistances

The resistance of an earthing grid within a switchyard of 80 m x 110 m; grid width
10m x 10 m; p = 100 Qm is

o p 100 @m +1OOQm
2%«D I 2%1059m 1950 m

Rp1 =~ =0.532 Q
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Figure 12.7  Specific electric field strength (a) and specific induced voltage (b) of
the pipeline between towers 2 and 11

Effective length
4b x 1 4%80m=* 110 m
D = = =1059m
4 b4

Total length of the earthing grid /ot = 9% 110 m + 12 %« 80 m = 1950 m.

If the grid width is reduced to 5 m x 5 m, the total length of the earthing grid is
ltot = 3550 m. The resistance of the earthing grid is Rgy = 0.5 Qm.

The same earthing grid (80 m x 110 m; grid width 10 m x 10 m) is now examined,
except that the soil resistivity is assumed to be in two layers, the surface layer with
a thickness D1 = 4 m with p; = 400 Qm and the deeper layer with p; = 600 Qm.



266 Short-circuit currents

20

Voltage pipeline to earth (V/kA)
)

0

0 400 800 1200 1600 2000 2400 2800 3200 3600 4000 4400 4800 5200 5600 6000 6400
Exposure length (m)

Figure 12.8  Voltage pipeline-to-earth along the exposure length (0—6400 m)

The earthing resistance is

P2 p1 % Dy 400 2m 100 Qm x4 m
~2«D " bel T 2+1059m @ S0m#110m
The resistance of an earthing with five deep-ground rods of length / = 15 m; diameter
d = 20 mm; distance a = 30 m; p = 100 Qm is given by

p *lnﬂ = 1.2*1* 100 ©m *ln4*15m =2.04Q
2 * [ d 5 2m%15m 0.02 m

whereas the earthing impedance of one rod is

41 100 2m 4% 15m
xIn — = % In
2 x1 d 2mx15m 0.02 m
The earthing impedance of a surface electrode with length / = 60 m; diameter d =
4 mm; p = 100 Qm is

P 21 100 2m 2% 60m
Rgp=—*xIn— = * In
ml d 760 m 0.004

Rg; =193Q

1
Rpr ~ k % — %
n

=8.5Q

Rg1 =

=547 Q




Chapter 13

Data of equipment

13.1 Three-phase a.c. equipment

A summary of relevant data of equipment is given in IEC 60909-2:1992. The data
are based on a survey carried out by IEC TC 73. In some countries this document
does not have the character of a standard.

13.1.1 System feeders

Impedances of power system feeders, respectively, their initial short-circuit power
are difficult to determine as typical values, the structure of the power systems (cable
or overhead line system), the voltage levels or the application task, i.e., for rural,
urban or industrial power supply can vary in a wide range. Typical ranges of the
initial short-circuit power (three-phase short-circuit) are given in Figure 13.1 for a
power system with different voltage levels.

13.1.2  Transformers

Transformers are constructed with defined rated power with respect to their applica-
tion. In low-voltage and to a certain extent in medium-voltage systems, transformers
are build with standard rated power and standard impedance voltage. Transformers
in high-voltage systems, sometimes also in medium-voltage systems, have to meet
special application conditions, such as the internal standard of the utility with special
defined values for rated power, impedance voltage and ohmic losses. It should be
noted in this respect that the minimisation of the impedance voltage is limited by
the minimal insulation thickness of the windings. Typical values for the impedance
voltage of transformers are outlined in Figure 13.2. Figure 13.3 gives data for the
short-circuit losses (ohmic losses). The relation of the impedance voltage (%-value)
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250-1300 MVA

380 kV S1=20-50 GVA

5,=630-1000 MVA
1, =10-16%
220kV
and 110 kV =2-5GVA
=12.5-63 MVA
= 11-20%
10-30 kV S7=100-500 MVA

S,=50-630 kVA

50-600 MVA

DD

<60 MVA

<1MVA
uk:4%
S =630-2.5 MVA
k:6%
0.4kV Sx=2-5MVA

Figure 13.1 Principal structure of a power supply system and typical values of

initial short-circuit power of public supply system [7]

to the rated power (MVA-value) as per IEC 60909-2:1992 is given below:

U = 8+ 0.92 * In(S;1) (13.1)
Further data are included in Table 13.1.

The impedance voltage of auto-transformers is lower than that of full-winding
transformers.
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Uyos=110kV
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U,os>220kV

}J’ ///
6 _

Uos<30kV

Low-voltage transformers

0 1 10 100 1000 MVA
S —»

Figure 13.2  Typical values for the impedance voltage of two-winding transformers

300
250 P
200
2
=2
] 150 —— No-load losses type a
,_18 8- No-load losses type b
100 —— Short-circuit losses type a
—o— Short-circuit losses type b
50 “/
0 T T T T T T T T
0 10 20 30 40 50 60 70 80 90

Rated power (MVA)

Figure 13.3  Typical values for the ohmic losses, no-load losses and no-load current
of two-winding transformers
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Table 13.1  Data of transformers

Voltage levels S U  URr
(MVA) (%) (%)
MV/LV 0.05-0.63 4 1-2
Up < 1kV 0.63-2.5 6 1-1.5
MV/MV 2.5-25 69 0.7-1
Un = 1-66 kV
HV/MV 25-63 10-16 0.6-0.8
Uy > 66 kV

The ratio of positive to negative sequence impedance of transformers depends on
the vector group and is typically in the range of

Vector group YNd Xo/X1 ~ 0.8-1.0
Vector group Yzn Xo/X1 ~ 0.1
Vector group Yyn (three-limb core) Xo/X1 ~ 3.0-10.0
Vector group Yyn Xo/X1 =~ 10.0-100.0
(five limb core and three single-phase
transformers)
Vector group YNynd Xo/X1 ~ 1.5-3.2

13.1.3 Generators

The parameters such as rated power, rated voltage, power factor and subtransient
reactance and synchronous reactance are needed to calculate the impedance of
generators and by this the contribution to the short-circuit current.

Rated voltages within one power range may vary depending on the construction
type of the generator. The subtransient reactance of synchronous generators is typi-
cally in the range of 10-30 per cent depending on the rated power as mentioned in
IEC 60909-2. The synchronous reactance is between 100 and 300 per cent, whereas
salient pole generators normally have lower values than turbo generators. Typical
values are summarised in Table 13.2.

Power factor of generators with rated power below 20 MVA is approximately
cos ¢ = 0.8 and increases for high rated machines (>1000 MVA) to cos ¢ = 0.85 on
average. The ratio of saturated to unsaturated reactance xqg, /x4 is between 0.8 and
0.9, whereas in the case of rated power below 100 MVA, the ratio can be between 0.65
and 1.0. Zero-sequence reactance of synchronous generators are xo ~ (0.4—0.8)x(’1/
depending on the winding arrangement.
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Table 13.2  Typical data of synchronous generators (average values)

Rated power Rated voltage  Subtransient reactance ~ Synchronous reactance
Srg (MVA) U (kV) xj (%) xg (%)

Below 4 0.48-11.5 10-25 110-170-230

4-20 2.2-13.8 8-16 120-180-210

20-200 6-22 10-20 160-205-260

Above 200 20-27 18-30 220-230-240
Synchronous motors Upto11.5 12-25

13.1.4 Overhead lines

Impedances of overhead lines depend on the geometrical arrangement of phase
conductors, on the tower outline and on the number and type of conductors. The zero-
sequence impedance furthermore depends on the earth resistivity, on the arrangement
of earth conductors and on the design of the earthing system, including conductive
installations in earth, respectively, connected to earth, e.g., pipelines, counterpoise
and cable sheaths. The calculation of impedances of overhead lines in the positive-
sequence and the zero-sequence component are outlined below based on the tower
outline as per Figure 13.4. The equations are valid for overhead lines which are
symmetrically constructed and operated. All circuits are assumed to be in operation
except as noted.

System a

Figure 13.4  Tower outline of high-voltage transmission lines. (a) Single-circuit line
and (b) double-circuit line
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The distances between phase wires RYB are named dry, dyp and dpr for the
single-circuit line (and similar for the double-circuit line) and the average distances
for the calculation of impedances are

D=2 drydyBdBr (13.2a)
Dpry = v/drydybdp: (13.2b)
Dmprr = \3/ derdeBb (1320)

Dy = \/ Vdredyydpy * /drydrpdyn (13.2d)

D.g = drqdyqdpq (13.2e)

Bundle-conductors of n conductors with radius r in a circular arrangement on the
radius rT must be represented by an equivalent radius rg

rg = /nrxry ! (13.3)

The impedance in the positive-sequence component is calculated for a single-circuit
line (o = 47 10~* H/km)

VA R L ln b + ! (13.4)
= — (,()— —_— .

= 2w 4n

The impedance of the double-circuit line is

R, DD 1
Z, = —+1w@ In —— MRy (13.5)
2m IB * DmRr 4n

The calculation of the impedance of the zero-sequence component has to take
account of the earth conductor. The impedance of the zero-sequence component of a
single-circuit line without earth conductor is given by

R} 8 1
and for operation with one earth conductor (index E)

5 1) &’
o3 4m — ~Zabl 13.6b
8 +Jw2 ( N D2 +4n> 7z, 3D

The loop-impedance Zf of the arrangement earth conductor and earth return, see
Equation (12.13), is

(13.62)

R}
Zoyg=— +3a)

§
7' = R} — —(ln— + — 13.7
Zg E+w8 +J‘U2 (an+ 4) (13.7a)
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The coupling impedance Z' ;q of phase conductor and earth conductor (see
Equation (12.11), where Z . is named Z| ,)

(13.7b)

The distance D, is given by Equation (13.2¢) and the depth § of the earth return path
(see Equation (12.2)) is

1.85
§=—— 13.8
Vo(w/p) (13.8)

The resistivity of the soil p is between 30 Q2m (Swamp soil) and 3000 Q2m (Stony
soil) as outlined in Table 12.2.

The impedance of the zero-sequence component of a double-circuit overhead line
without earth conductor is given by

R
Zyy=— +3w§ +Ja)2— (3*ln

1
- E) +3Zl, (13.9a)

)

and in the case of operation with earth conductor

R] b 1 (Z')?
Zhie = — 4+ 30— 3%l — ) +3z, —6-=2E
Zyng = 2+ 30 + o) ( o 3rBDz+4n>+ Sab

(13.9b)

where Z_ is the coupling impedance of phase conductor and earth conductor accord-
ing to Equation (13.7b), Zj; is the impedance of the loop phase conductor and earth
return according to Equation (13.7a) and Z, is the coupling impedance between the
systems a and b according to Equation (13.10).

(13.10)

The relative permeability p, relevant for overhead lines is

Conductors from Cu or Al wr =1
Conductors from Al/St, cross-section ratio > 6 ur ~ 1
Conductors from Al/St, one layer of Al only ur ~ 5-10
Conductors from Steel (St) Ur ~ 25

Typical values for the impedances of MV-overhead lines are summarised in
Table 13.3. Table 13.4 shows the impedances of HV-overhead lines.
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Table 13.3  Typical values of impedance of

the positive-sequence component

of MV-overhead lines

Conductor Un Resistance Reactance
kv)  (©2/km) (€2/km)

50 Al 10-20 0.579 0.355
50 Cu 10-20 0.365 0.355
50 Cu 10-20 0.365 0.423
70 Cu 10-30 0.217 0.417
70 Al 10-20 0.439 0.345
95 Al 20-30 0.378 0.368
150/25 Al/St 110 0.192 0.398
2 % 240/40 Al/St 220 0.06 0.3
4 %240/40 Al/St 380 0.03 0.26

Table 13.4  Typical values of impedances of the positive- and zero-sequence com-
ponent of HV-overhead lines (pg = 100 Qm)

Conductor Earth wire Un Positive-sequence  Zero-sequence impedance
(kV) impedance (2/km)
(2/km)
One circuit Two circuits
AlSt 240/40 St 50 110 0.12+ 0.39 031+,138 054 ;22
Al/St 44/32 0324126 052+ j1.86
Al/St 240/40 022+ 1.1 033+ j1.64
Al/St44/32 220 0.12+4 j0.42 03+ ,1.19 0.49 4+ j1.78
Al/St 240/40 022+ 1.1 032+ j1.61
Al/St 2 % 240/40  Al/St 240/40 0.06 + j0.3 0.16 4+ j0.98 0.26+ j1.49
Al/St 4 % 240/40  Al/St 240/40 400  0.03 + j0.26 0.13+ ;0.091 0.24+ j1.39

A detailed list of impedances of overhead lines of different voltage levels is given

in IEC 60909-2:1992.

The capacitances of overhead lines are only needed for special problems,
i.e., in case of isolated neutral or if the system is operated with resonance earthing
(see Chapter 5), or in case of double-circuit faults. The capacitance of the positive-
sequence component for single-circuit line is given by (g9 = 8.854 % 10~!2 F/m)

, 2meg
Ch=1"m7
ln(D/rB)

(13.11a)
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The capacitance of the positive-sequence component for a double-circuit line is
given by

, 2meg
Cin=
ln(DDmRy/VBDmRI)

(13.11b)

Similar to the calculation of the impedance of the zero-sequence component, the
earth conductor has to be considered for the calculation of capacitances of the zero-
sequence component. In the case of operation without earth conductor the capacitance
of the single-circuit line is calculated by

cl = 270 (13.12a)

0 3 In@h/rgD?) '
2meg

Che = (13.12b)

M7 3% (In@h/YrpD?) — (n((h + hq)/ Dag)?/ In(2hg/rg))
The capacitances of the double-circuit line are calculated by
2
Con = e (13.13)

3 In ((2h % \J4h2 + Dlp )/ (VrBD? %  Dure Dig, )

2h \/m (0 (1 + he)/Dar))? }
oD m In(2hg/rE)

Cong = 27‘[8()/{3 * In

(13.13b)

To take account of the conductor sag, the average height 4 of the conductor is used

h = yhrhyhg = J/hehyhy (13.14)

The influence of the tower on the capacitance in the zero-sequence component is
considered by an increase of 6 per cent (overhead lines with nominal voltage 400 kV),
up to 10 per cent (overhead lines with nominal voltage 60 kV).

It should be observed that the capacitance in the positive-sequence component is
given by

Cy =3CL + Ck (13.15a)
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and the capacitance in the zero-sequence component is identical to the line-to-earth
capacitance (see Section 13.2)

Co = Cg (13.15b)

13.1.5 Cables

Impedances of cables differ very much depending on the type and thickness of insu-
lation, the cable construction, cross-section of conductor, screening, sheaths and
armouring and on the type of cable laying, i.e., flat formation or triangle formation.
Sheaths and armouring have especially in low voltage cables a strong influence on
the impedance. The installation of other conductive installations, e.g., pipelines and
screening, armouring and sheaths of other cables have a strong influence on the zero-
sequence impedance, which therefore can only be given for simple arrangements.
Reference is made to [1], [2], [8], [9] and to data-sheets of manufacturers.

Due to the high permittivity &, of the insulation and the small distance between
phase conductor and sheeth, identical to earth potential, the capacitances of cables
are significantly higher as compared with overhead lines. Figures 13.5 and 13.6
indicate values for the capacitances and the capacitive loading currents of MV- and
HV-cables.

Figure 13.7 indicates typical values of reactances (positive-sequence system) of
cables of different construction.

p.F/km
1.0

v
0:7 / 3 %

T06 ] —

cy 05

\

0.4

Zd
1
rad P

=
0.3 - —

02 ]

0.1

10 15 25 35 50 70 95120 185 300 500 mm?
q9—>»

Figure 13.5 Capacitances MV-cables (U, < 20kV)
1) Mass-impregnated cable NKBA 1kV  2) Mass-impregnated cable
NKBA 6/10kV
3) Three-core cable NEKEBY 10 kV 4) PVC-cable NYSEY 10kV

5) VPE-cable N2XSEY 10 kV 6) VPE-cable N2XSEYBY 20 kV
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(a) wF/km (b) A/km
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Figure 13.6  Capacitances C| (a) and capacitive loading current I (b) of HV-cables
1) Single-core oil-filled  2) single-core oil-filled
cable 110kV cable 220 kV
3) VPE-cable 110 kV 4) VPE-cable 220 kV
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Figure 13.7 Reactance (positive-sequence system) of three-phase cables
(U, <110KkV)
1) 0,6/1 kV, 4-conductor, NKBA
2) 0,6/1 kV, 4-conductor, NA2XY
3) Three-core cable with armouring 10 kV
4) PVC-cable NYFGby, 10kV
5) VPE-cable NA2XSEY, 10 kV
6) Single-core oil-filled cable (triangle formation) 110 kV
7) Single-core oil-filled cable (flat formation) 110 kV
8) VPE-cable (triangle formation) 110 kV
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13.1.6 Reactors and resistors

Short-circuit limiting reactors are constructed for all voltage levels, from low voltage
up to 750 kV. The reactors are manufactured with oil-insulated windings and as
air-insulated core-type reactors. Figure 13.8 shows a short-circuit limiting reactor
(air-insulated core-type; 10 kV; 630 A; 6 per cent).

Petersen-coils are constructed as reactor with fixed reactance, with tap-changer
and with continuous controllable reactors. The control range normally is limited to
1:2.5 for tap-changer control and 1:10 for continuous control. Standards as per

Figure 13.8 Arrangement of a short-circuit limiting reactor

Source: Mohndruck
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IEC 60289:1998 are applicable. The values as per below need to be specified:

Rated voltage U; (phase voltage) or U;/+/3 depending on application
Rated current I; (fixed reactance) or maximal current to be controlled
Rated frequency 50 or 60 Hz; for traction systems other

frequencies are used
Operating method Continuous operation or short-time operation

(e.g., 2 h or some minutes)
Control range Minimal and maximal adjustable current

Figure 13.9 shows a Petersen-coil adjustable in steps by tap-changer (oil-
insulated).

Earthing resistors are designed individually for the special applications. They
are typically made from stainless steel, cast steel, NiO—Cr- or CuO—Ni-alloy. The
maximal permissible temperature, the temperature coefficient and the assumed cost
determine the selection of material. Stainless steel is an advantage compared with
cast steel due to low temperature coefficient. Low-impedance resistors are mainly
arranged from meandered wire elements, high-impedance resistors are arranged from

Figure 13.9  Adjustable Petersen-coil 21 kV/\/3; 4 MVAr; I.=70.1-330 A;
adjustable in 64 steps, 4.13 A each

Source: SGB Starkstromgeritebau
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steel plate grid or steel fabrics. Some characteristic parameters of resistor elements
are given in Table 13.5.

Rating and design of resistors are based on ANSI/IEEE 32:1972 and EN 60529,
creeping distances are determined in accordance to IEC 60815, insulation must
comply with IEC 60071 and high-voltage testing shall be carried out based on

Table 13.5  Characteristic parameters of resistor elements

Material CuNi 44 or Cast steel CrNi-alloy steel
NiCr 8020

Arrangement Wire elements ~ Castelement  Steel grid and fabric

Resistance at 20°C () 1500-0.5 0.2-0.01 0.75-0.04

Rated current (A) <20 25-125 25-250

Thermal time constant (s) 20-90 240-600 120

Temperature coefficient (K~!)  0.004 0.075 0.05

Maximal temperature (°C) 400 760

Figure 13.10  Earthing resistor made from CrNi-alloy steel fabric for indoor
installation 3810 Q, 5 A for 10 s, 170 kV BIL, IP 00

Source: Schniewindt KG
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Figure 13.11  Earthing resistor made from meandering wire for outdoor installation
16 2, 400 A for 10s, 75 kV BIL, IP 20

Source: Schniewindt KG

IEC 60060. Earthing resistors can be suitably designed for indoor and outdoor
installations. Figures 13.10 and 13.11 show two different types of resistors.

13.1.7 Asynchronous motors

Data of asynchronous motors are included in IEC 60781:1989 (mentioned as A in
Table 13.6) , IEC 60909-2:1992, in [10] (mentioned as B in Table 13.6) and in IEC
60909-1:1991 (mentioned as C in Table 13.6). Table 13.6 outlines the relevant data
of asynchronous motors for LV- and MV-application.

13.2 d.c. equipment

Data of d.c. equipment are not documented in a similar way as for a.c. equipment.
Literature also presents less information. All data listed hereafter are based on
manufacturers’ data, information from calculation examples and incomplete data
from literature. They should be used for preliminary information only.

13.2.1 Conductors

Resistance of conductors in d.c. auxiliary installations is calculated from the cross-
section of the cable or busbar and the material constant. The specific resistance of



282 Short-circuit currents

Table 13.6  Data of asynchronous motors

Srtm Pm Um I M cosom Lanm/IiM Rs Iy Pair of Ref.
(kVA) (kW) (kV) (A) (m€) (A) poles
14.9 11 0.38 22.5 0.89 0.83 8.5 370 9 2 B
24 18.5 0.38 36.6 6.0 41002 2 C
24 18.5 0.38 36.5 0.89 0.85 6 236.7 13 2 B
20 0.4 0.93 0.85 6 A
29.5 22 0.38 45 4813 3 C
29.5 22 0.38 45 0.9 0.83 6 160 16 3 B
40 30 0.38 60.8 0.9 0.84 6.5 91.67 22,6 2 B
40 04 0.93 0.85 6 A
57.8 45 0.38 88 0.92 0.85 6.7 5034 310 2 B
50 0.41 0.94 0.84 6 B
69.6 55 0.38 106 0.92 0.86 1.3 36.67 38 2 B
90 75 0.38 137 0.94 0.88 6.8 2297 43 2 B
191.5 160 0.38 291 0.95 0.88 6.3 7 74 2 B
StM P Um Im M cosomm  Tanm/  Rs Iy Pair of Ref.
MVA) (MW)  (kV) (A) Im () (A) poles
0.197 0.16 6 19 430.39 1 C
0.259 0.175 6 25 4322 6 C
0.218 0.18 6 21 5.7 428.94 2 C
0.27 0.225 6 19 422.97 2 C
0.281 023 6 27 421.38 1 C
0.299 025 6 29 094 0.89 5.3 1830 6.6 1 B
0.353 0.3 6 34 416.43 1 C
0.374 032 6 36 416.04 1 C
0.467 04 6 45 0.955 0.89 5.33 720 11.8 2 B
0.54 046 6 52 49,52 1 C
0.685 055 6 66 0.95 0.85 53 0340 215 3 B
0.837 063 6 80.5 094 0.8 5.2 806.1 274 6 B
0.842 0.7 6 81 a47.13 3 C
1.697 1.4 6 163 0.948 0.87 5 169 44 2 B
2.09 1.8 6 201 0.968 0.89 5.2 98 50 3 B
2.4 2.1 6 231 0971 0.9 5.1 100 586 2 B
3.07 265 6 296 096 0.9 5 73.26 60 1 B
5.245 4.5 6 504 0.975 0.88 4.7 27.3 94 2 B
6.85 6 6 659 0.973 0.9 5.5 11 138 2 B
11.64 10 6 1120 0.977 0.88 4 9 154 2 B

@ Motor impedance instead of resistance.
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materials at temperature of 20°C shall be used in accordance with IEC 61660-3:2000
as given below:

C 1 Qmm?
opper = —
pPp o 2 m
o 1 Qmm?
Aluminium p = —
34 m

Resistance for other temperatures has to be calculated as given in Table 3.12.
Inductance of d.c. conductors installations depends on the arrangement of the
conductors and can only be calculated for simple layout as mentioned in Table 3.12.

13.2.2  Capacitors

Capacitors in d.c. auxiliary installations are installed up to some 10 mF for smooth-
ing of the d.c. voltage. Typical values of the d.c. resistance and the a.c. resistance,
respectively, are summarised together with other relevant data in Tables 13.7 and 13.8.

According to information received from manufacturers, the inductance of capac-
itors is in the range of nano-Henry and can be neglected as compared with the
inductance of the connecting cables.

13.2.3 Batteries

The detailed data of batteries as requested in IEC 61660-1:1997 are not available from
data sheets of manufacturers, as some data, such as voltage of loaded and unloaded

Table 13.7  Typical values of MKP-capacitors; self-
healing dry insulation, different make of
capacitor can and fuse

Capacitor can  Capacity Nominal voltage Resistance

(uF) V) (mg2)
Rectangular 12.000 900 0.8
9.000 1000 0.5
4.000 1900 0.5
Round 500 900 2.5
200 1100 3
Prismatic 1250 440 <2
(Internal fuse) 1.600 690 <2
Prismatic 490 440 <17.5

(External fuse) 250 250 <3
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Table 13.8 Typical values of MKP-
capacitors, resin insula-
tion; round can

Capacity Nominal voltage Resistance

(1F) V) (m$2)
500 420 0.6
1100 420 0.5
2000 420 0.5
500 500 0.8
750 500 0.6
1500 500 0.5
500 640 0.6
1000 640 0.6
1800 640 0.5

Table 13.9  Resistance of loaded batteries (data from several manufacturers)

2-V-batteries

Capacity Ah 100 200 300 400 500 600 800 1000 2000 3000

Rp; manufacturer | m 09 0.8 0.75 0.7 0.65 0.63 0.6 0.55 05 045

Rp; manufacturer2 m2 — 04 035 032 03 — 0.2 0.15 0.08 0.05
12-V-batteries

Capacity Ah 40 55 65 75 80 90 100 150 200

Rp; manufacturer3 m 9.5 58 58 55 55 52 43 40 38 —

Rp; manufacturer4 m 9.7 85 — 63 63 — 5 40 36 —

battery, depend on the layout and the operational requirements, e.g., required voltage
tolerance and voltage drops of connecting cables, of the whole battery plant.

A battery cell with Upp = 2.0 V is taken as an example. The voltage of the
loaded battery is 2.23 V/cell, which is contrary to IEC 61660-1:1997 stating a value
of Egge = 1.115 * Uyp instead of Epge = 1.05 * Upg. When the minimal voltage
at the consumer inside a 220-V-installation shall be not less than Uy, = 0.9 x Uy,
the minimal permissible voltage at the battery plant is Epmin, = 191.4 V taking
account of a voltage drop of 3 per cent at the connecting circuits. It is therefore
necessary to install 108 battery cells with a minimal voltage of Egy, = 1.772 V/cell.
If the minimal voltage shall be set to Epyn, = 1.833 V/cell as recommended by some
manufacturers, only 105 cells need to be installed. The maximal voltage at the battery
plant is Egge = 240.8 V (108 cells) and Egge = 234.2 V (105 cells), respectively.
The number of cells and the minimal permissible voltage depend on the loading time
of the battery, the required capacity and the discharge time and vice versa.
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Values of the inductance of 12-V-batteries are in the range of Ly = 1-10 «H and
Lpz = 0.17-1.7 uH/cell, respectively [11]. These values are in the same range as
inductances of conductors and cannot be neglected.

Values of the internal resistance of batteries are in the range of Rg = 0.05-
70 mS/cell. Batteries with high capacity have small value of resistance and batteries
with low capacity have high value of resistance. Typical values are outlined in
Table 13.9. The values of the resistance differ very much especially for 2-V-batteries.

It should be noted, that batteries with very low internal resistance are made from
lead-grid cathode and grid-anodes, and batteries with high internal resistance are made
from grid-anodes and lead-sheaths cathode sometimes also with additional stretched
copper grid.






Symbols, superscripts and subscripts

A detailed explanation of the quantities and symbols is included in the text for each
equation, table and figure. It cannot be avoided that some symbols and subscripts are
used for different physical quantities. It should be noted that e.g., using the symbol
J’ for the current density cannot be mixed up with the symbol ‘J’ for the second
mechanical moment, as both symbols will not occur in the same equations and even
not in a similar context.

Symbols for quantities

Aperiodic current
Capacitance
Geometric mean distance, geometric factor
Young’s modulus
Matrix of unity
Voltage
Mechanical force
Conductance
Current

Current density
Factor

Inductance
Mutual impedance
Active power
Reactive power
Thermal heat
Resistance
Apparent power
Total time, time constant
Voltage

Reactance
Admittance

NNCSHYYZORUURNXRSTQOTMEEDTD O™
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Impedance

Section moduli

Distance

Complex operational phasor
Voltage factor

Distance, diameter

Damping factor

Frequency

Conductor height

Factor

Length

Mass

Number

Control range

Cross-section

Factor of plasticity

Factor

Radius

Reduction factor

Conductor sag

Time instant

Transformation ratio

Detuning factor

Probability factor
Temperature & permittivity coefficient
Permittivity

Time constant

Angular frequency

Phase angle

Resistivity

Factor according to IEC 60909
Permeability

Factor according to IEC 60909
Factor according to IEC 60909
Earth-fault factor (a.c.)

Decay coefficient (d.c.)

Depth of earth return path
Impedance angle

Propagation constant
Mechanical stress

N}
[S)
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Quantities (Example U)

U Capital letter used for r.m.s-value

U Underlined capital letter indicates phasor (vector)
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Peak value

Complex value

%/ MVA-value
Instantaneous value
Time course

Average value

Vector (matrix)
Complex vector (matrix)

s

[SESESES I

Superscripts (Example U)

U* Conjugate—complex value
u'  p.u.-value
U’ Transient value

U” Subtransient value

Order of subscripts (Example U)

First order Component (R, Y,Bor0, 1,2) Uy

Next order Type of operation (n; 1; b) Uvyy
Next order Indication of equipment UvybT
Next order Number of equipment Uvybta
Next order Special condition UybTmax
Next order Index UYbTmaxi

Uvbtmaxi  Indicates voltage of phase Y before short-circuit, equipment is
Transformer number 4 maximal value for alternative i
In most of the cases, positive-sequence system is used without subscript ‘1’

Subscripts, components, systems

0;1;2  Zero-, positive-, negative-sequence systems
ac a.c. system

dc d.c. system

R; Y; B Phases of three-phase a.c. system

Subscripts, type of operation

0  No-load value, eigenvalue

an Locked rotor, starting

b  Before (prior to) fault, beginning
Breaking

e End
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k Short-circuit value

kl Single-phase short-circuit
k2 Double-phase short-circuit
k3 Three-phase short-circuit
m Highest value (IEC 60038)

n Nominal value

r Rated value

s; sat  Saturated value
8 At temperature &

Subscripts, indication of equipment

Battery

Counterpoise

Branch

Capacitor

Reactor, rectifier
Earth, earth wire
Field

Generator

Joint for connection
Power station

Line; load

Motor

Mutual value
Network (a.c. system)
Pipeline

System feeder
Resistance

Special earthing impedance
Transformer
Overhead-line tower
Reactance

Common branch (d.c. system)
Battery cell

-
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Subscripts, special conditions

20 Value at 20°C
f Fictitious

ge  Loaded

max Maximal value
min  Minimal value
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o  Without tap-changer

res Residual

s With tap-changer

th  Thermal

tot Total

un Unloaded

Other subscripts

0; 1 Condition at beginning or ending respectively
1;2;3 Different sides of a transformer

a; b;c Index

B Base or reference

c Equivalent

d Direct axis

HV; MV; LV High-, medium-, low-voltage side of a transformer
I Current

i;] Index

Mec Mechanical

m Main conductor

P Pole pair

q Quadrature axis

res Equivalent resistance

S Subconductor

U Voltage

w Characteristic impedance

I One circuit in operation

II Two circuits in operation
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%/MVA system semirelative units 33—4
conversion of quantities with p.u. and
ohm systems 35
example 40
correction factor 34
HV three-phase examples 93
impedance based on measurement
example 41-2
impedance calculations for a
three-winding transformer 3740
impedance results of various
equipment 91
impedances calculation HV three-phase
example 92
a.c. systems, impedance: see impedance
calculations for a.c. equipment
a.c. systems, mechanical effects: see
conductors, a.c., mechanical effects
of short circuits
a.c. systems, thermal effects
about thermal effects 195
see also conductors, a.c., thermal effects
admittance/reactance/impedance 12
American National Standards Institute,
web address 4
asynchronous motors
data of 281-2
factor g for short-circuit breaking
current 162-3
impedance calculations 55, 634
auxiliary installations
supply of a power station calculations
example 94-6
see also batteries in d.c. auxiliary
installations; d.c. auxiliary
installations, effects of short circuits;
d.c. auxiliary installations,

short-circuit current calculations; d.c.
motors in auxiliary installations

batteries in d.c. auxiliary installations
example data 283-5
impedance calculations 60, 64, 65
short-circuit currents 170-2
breaking current with short-circuits: see
short-circuit breaking current
British Standards Institute, web address 4
busbar/switchgear short-circuit current
limitation measures
busbar sectionaliser in single busbar
switchgear 2334
Ip-limiter usage 234-6
medium and low voltage limiting
equipment 2346
multiple busbar operation 232-6
time curves of short-circuit currents 235

cables
capacitances 276-7
impedances 276
reactances 276—7
see also conductors
capacitors in auxiliary installations
factor k 169-71
impedance calculations 59, 64, 65
short-circuit currents 169-70
typical values of capacity and resistance
2834
causes of short circuit currents 1-3
communication circuit interference: see
pipelines/communication circuits,
interference with
complex calculations 11-14
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conductors, a.c., mechanical effects
of short circuits
about mechanical effects 201-2
conductor oscillation influence 207-9
bending stress and dynamic force on
supports 208-9
mechanical natural frequency 207-8
electromagnetic forces 2024
fixing clamps calculations example
217-18
forces and stresses in rigid conductor
support calculations 204—7
conductors, a.c., thermal effects of short
circuits
bare conductors 198-9
cable calculation example 216-17
cable screening, armouring and sheath
199-201
maximal permissible short-circuit
current density 201
maximal permissible temperature
200-1
heat dissipation considerations,
factors m and n 197-8
IEC 60865-1 197
IEC 60909-0 197
impregnated paper-insulated cables
199-200
maximum permissible temperature and
current density table 196
overhead line conductors type Al/St 198
rated short-time current density 199
thermal equivalent short-time current
195-7
conductors, d.c. equipment,
impedance/resistance calculations
58, 64, 65,281-3
converter fed drive, impedance calculations
56
correction factors
d.c. auxiliary installations, short-circuit
current calculations, o 179
example 190-1
with HV three-phase systems examples
76,914
impedance correction factor Kg 154-6
examples 914
impedances of equipment and
short-circuit current example 154
%/MVA- or p.u.-system 34, 1524
current limitation earthing power system
102-5
earth-fault factor § 103, 104

d.c. auxiliary installations, effects of short

circuits
bending stress on conductors 213—-14
bending stress of sub-conductors 211
calculation example 2234
equivalent circuit diagrams and
short-circuit current time course 166
force calculation for main- and
sub-conductors 21215
calculation example 222-3
forces on supports 214-15
mechanical natural frequency of main and
sub-conductors 211
standard approximation function
(simplified approach) 209
electromagnetic effect example 220
substitute rectangular function approach
209-16
calculation example 220-3
thermal effects calculation example
218-19
thermal short circuit strength 215-16
vibration period and natural mechanical
frequency of conductors 212
calculation example 220-1

d.c. auxiliary installations, short-circuit

current calculations
about auxiliary installations 165-8
correction factor o 179
equivalent circuit diagram 180
example
battery short-circuit current 186
capacitor short-circuit current 185-6
correction factors and corrected
parameters 190-1
data and parameters 1834
equivalent diagram 182
impedances of cable and busbar
conductors 184-5
partial short-circuit currents 191-3
rectifier short-circuit current 1868
total short-circuit current 1934
maximal short-circuit current calculations
168
minimal short-circuit current calculations
168
time function calculations 167
total short-circuit current 178-82
typical time curves 181
see also batteries in d.c. auxiliary
installations; capacitors in auxiliary
installations; d.c. motors in auxiliary
installations; impedance calculations



for d.c. equipment; rectifiers in
auxiliary installations
d.c. motors in auxiliary installations
factor « 175-8
IEC 61000-1:1997 175
IEC 61660-1:1997 175,178
impedance calculations 62, 65, 66
with independent excitation, short-circuit
currents 174-8
factors k 175-8
short-circuit current calculations,
example 188-9
definitions and terms 30-2
Deutsches Institute fiir Normung,
web address 4
double earth-faults
about double-earth faults 139
fault in a 20-kV-system example 146-8
impedances 13940
peak short-circuit current 143
power system configurations 140-2
steady-state short-circuit current 143
symmetrical short-circuit breaking
current 143
symmetrical short-circuit current 13940
see also earth currents from short circuits

earth currents from short circuits
about short-circuits through earth 143-5
short-circuit at overhead-line tower
145-6
short-circuit inside a switchyard 144-5
single-phase short-circuit in a
110-kV-system example 148-9
earth faults: see double earth-faults; earth
currents from short circuits
earth-fault factor 8
and current limitation earthing 103, 104
and low impedance neutral earthing
effects 102
carthing considerations
about earthing 257
earthing grid resistance calculation
example 264-6
earthing impedance 261-2
resistance of different types of
earthing 262
human body resistance 257-9
relevant currents through earth 259-61
design information 260
soil conditions and resistivity 258-9
earthing rods 259
see also neutral earthing

Index 301

earthing resistors
about earthing resistors 279-81
characteristic parameters 280—1
electromagnetic forces, on a.c. conductors
2024
equivalent circuit diagrams for short circuits
24-9, 43

factors
about factors 151
factor k for d.c. motor short-circuit
currents 175-8
factor x for peak short-circuit current
77-80, 156-8
with d.c. motors 175-8
factor g for short-circuit breaking current
of asynchronous motors 162-3
factor A for steady-state short-circuit
current 82-3, 160-2
factor u for symmetrical short-circuit
breaking current 81-2, 15860
factors m and n, heat dissipation 197
IEC 60909-1:1991-10 151, 162
impedances of equipment and
short-circuit current example 152-3
induced voltage calculation, screening
factor 252
isolated neutral power system,
overvoltage factor 108
see also correction factors
faults, as causes of short circuit currents 1-3
fuses, and short circuit currents 2

generators

power factor data 270

rated voltage data 270-1

short circuit current limitation,
subtransient reactance influence
239-40

sutransient reactance data 270-1

synchronous reactance data 2701

zero-sequence reactance data 270

human body resistance 257-9
HV a.c. three-phase system short circuit
current calculations
about HV short circuits 67—-8
about parameter calculations 70-2
assumptions and methods 68-71
auxiliary supply of a power station
calculations example 94-6
decaying (aperiodic) component 80-1
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HV a.c. three-phase system short circuit
current calculations (continued)
far-from generator short-circuit 67-9
IEC 60909-0 71, 72-83
impedance correction factor examples
914
initial symmetrical short-circuit current
724
double-phase 73
far-from-generator 73
line-to-earth 73
three-phase 73
inside power plant short-circuit
currents 72—-6
correction factors 76, 91-4
equivalent circuit diagrams 74-5
locations around transformers 74—6
line-to-earth (single-phase) short-circuit
example 87-8
maximal and minimal short-circuit
currents 71-2
meshed 110-kV-system example 89-91
minimal short-circuit currents 85-6
motor influences 84-5
near-to-generator short-circuit example
86-7
peak short-circuit currents 77-80
calculation example 88-9
equivalent frequency method 80
factor k 77-80
meshed networks 79-80
non-meshed fed 77-8
ratio R/X method 80
single-fed 77
steady-state short-circuit current 82—3
factor A 82-3
subtransient reactance 67

symmetrical short-circuit breaking current

802
factor pu 81-2
types of short circuit 67-9

IEC 60038 6, 2267

IEC 60050 6, 7

IEC 60071 7

IEC 60265 7

IEC 60282 7

IEC 60479 7

IEC 60781 2,5,9, 131, 132

IEC 60865 2,5,9, 197

IEC 60896 7

IEC 60909 5, 6,9, 71, 72-83, 131, 132,
139, 151, 162, 197

IEC 60949 7
IEC 60986 7, 8
IEC 61000 175
IEC 61071 7
IEC 61660 5,9, 175,178
IEC document list 5-9
impedance
impedance/admittance/reactance 12
impedances of a three-winding
transformer in MVA example 37—40
measurement for symmetrical components
204
in %/MVA-system for auxiliary supply 96
in %/MVA-system based on measurement
example 41-2
impedance calculations for a.c. equipment
about impedance for a.c. systems 45
asynchronous motors 55, 63—4
calculation examples 63—4
converter fed drive 56
for HV a.c. three-phase equipment under
short circuit examples 91
overhead transmission lines 53, 63—4
power-station unit 52, 63—4
short-circuit limiting reactor 54, 63—4
synchronous generators 51, 63—4
system feeder 46, 63
system loads 57, 63—4
three-winding transformer 48-50, 63—4
two-winding transformer 47, 63
impedance calculations for d.c. equipment
about impedance for d.c. systems 50
batteries 60, 64
calculation examples 64—6
capacitors 59, 64, 65
conductors 58, 64, 65
motors, d.c. 62,65, 66
rectifiers 61, 63—4, 656
impedance correction factor Kg 154-6
examples 914
impedance matrix, transformation of 19-20
inductive interference calculations 247-52
interference: see pipelines/communication
circuits, interference with
International Electrotechnical Commission,
web address 4
Ip-limiters 234-6
isolated neutral power system 105-8
capacitive earth-fault current 106—7
earth faults 105-8
earth-fault arcs 107-8
overvoltage factor 108



limitation of short-circuit currents
about limitation measures 225-6
coupling of power system at busbars with
low short-circuit level 230-1
distribution of feeding locations 228-9
earthing impedances in neutral of
transformers 238
and generator subtransient reactance
239-40
meshed systems 2414
nominal system voltage selection 2267
IEC 60038:1987 recommended
voltages 226-7
operating subsystems separately 227—-8
radial systems 241
restructuring power systems 231
ring-main systems 241-2
short-circuit limiting reactors 238
see also busbar/switchgear short-circuit
current limitation measures;
transformers
limiting value, definition 31
low-impedance neutral earthing power
system 98-102
earth-fault factor § 102, 103, 104
single-phase short-circuit current 98—100
single/three-phase short circuit relation
100-1
low-voltage (LV) systems, short circuit
current calculations
about short-circuit currents in LV
systems 131
calculation methods 132
IEC 60781 131, 132
IEC 60909-0 131, 132
impedance calculations 132-3
approximations for generators and
rectifiers 133
initial symmetrical short-circuit current
133
maximal short-circuit current calculation
example 135-6
minimal short-circuit currents 134-5
calculation example 135, 137
motor influences 134
peak short-circuit current 133
steady-state short-circuit current 134
symmetrical short-circuit breaking current
133
types of faults 131

matrix equations 14—17
cyclic-symmetrical matrix 15-16

Index 303

see also transformations/transformation

matrix

maximal and minmal short-circuit currents 3

meshed systems, limitation of short-circuit
currents 241-4

motors, influence for HV a.c. three-phase
systems 84-5

motors, d.c.: see d.c. motors

neutral earthing
about neutral earthing 97-8
characteristics of different fault types
summary 99
design of an earthing resistor connected to
an artificial neutral example 124
limitation of single-phase short-circuit
current by earthing through
impedance example 123—4
transformer HV-side and LV-side
considerations 116-19
compensation windings 11618
voltages at neutral of a unit transformer
example 126-9
see also current limitation earthing power
system; isolated neutral power
system; low-impedance neutral
earthing power system; resonance
earthing power systems
(Peterson-coil)
nominal value, definition 31
norms
about technical standards and norms 4-5
international documents and norms 5-6
norms as referred in standards 6-9

ohm-system physical quantities
voltage/current/impedance 32
conversion of quantities with p.u. and
%/MVA systems 35
example 40
HV three-phase correction factor
examples 94
overhead transmission lines
capacitances 2746
conductor sag considerations 275
coupling impedance 273
distance between phase wires 272
impedance calculations/data 53, 634,
271-6
impedance in the positive-sequence
component for a single and double
circuit line 272
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overhead transmission lines (continued)

impedance of the zero-sequence
component 272

loop impedance 272
relative permeability for 273
resistivity of soil 273
thermal effects 198
typical impedance values 274

parallel and series connection 27, 30
peak short-circuit currents 2—-3
double earth faults 143
factor k 77-80, 156-8, 175-8
low-voltage (LV) systems 133
see also HV a.c. three-phase system short
circuit current calculations
Peterson-coil: see resonance earthing power
systems (Peterson-coil)
phasor diagrams 11-14
pipelines/communication circuits,
interference with
about pipeline interference 245-7
characteristic impedance of the pipeline
2534
pipeline coating resistance 254
coupling types summary table 246
induced voltage calculation 252-3
coupling impedances 253
screening factor 252
inductive interference calculations
247-52
coupling impedances 249-51
earth return path considerations 248-9
interference of pipeline from 400-kV-line
example 262-6
pipeline-to-earth voltage 254—7
oblique exposure 255-6
safety aspects 247
Potier’s reactance 160-1
power system short-circuit current
limitation: see limitation of
short-circuit currents
power-station unit, impedance calculation
52,634
p-u.-system relative units 33—4
conversion of quantities with ohm and
MVA systems 35
example 40
correction factor 34

radial systems, limitation of short-circuit
currents 241
rated data, definition 32

rated value, definition 31
reactance/admittance/impedance 12
reactors, short-circuit current limiting: see
resonance earthing power systems
(Peterson-coil)
rectifiers in auxiliary installations
impedance calculations 61, 63—4, 65-6
short-circuit currents 1724
relative quantities/p.u.-system 334
resonance earthing power systems
(Peterson-coil) 108-16, 278-9
20-kV-system example 124-5
about resonance earthing 108-11
alternate earthing of parallel transformer
neutrals 118, 121
basic principles 109-11
capacitive earth-fault current and residual
current calculation example 125-6
current limits 111
displacement voltage calculations 112-15
fault currents in MV-system from fault in
HV-system 118, 121
impedance calculations 54, 63—4
increase of displacement voltage example
119-23
capacitive asymmetry in a
20-kV-system 120, 122
resonance curve for detuning factors in
a 20-kV-system 122
Peterson-coils 278-9
tuning 115-16
resonance frequency/tuning 110-11
usage worldwide 108-9
see also neutral earthing
ring-main systems, limitation of short-circuit
currents 241-2
r.m.s. value of short-circuit currents 2—3
RYB-system
representation of a line example 424
see also symmetrical components

safety, interference with pipelines and
communication circuits 247
screening factor, pipelines/communication
circuits 252
semirelative quantities and %/MVA system:
see %/MVA system semirelative
units
series and parallel connection 27, 30
short-circuit breaking current
about breaking current value 2-3
double earth faults 143



factor u for symmetrical breaking 81-2,
158-60
low-voltage (LV) systems current
calculations 133
three-phase systems calculations 80-2
short-circuit current limitation: see
limitation of short-circuit currents
short-circuit currents
about short circuit currents 1-3
equivalent circuit diagrams 24-9
importance of 1-3
maximal and minimal 3
typical time course 2-3
see also busbar/switchgear short-circuit
current limitation measures; d.c.
auxiliary installations, short-circuit
current calculations; earth currents
from short circuits; HV a.c.
three-phase system short circuit
current calculations; limitation of
short-circuit currents; low-voltage
(LV) systems, short circuit current
calculations
short-circuit limiting reactors: see resonance
earthing power systems
(Peterson-coil)
soil conditions and resistivity 248, 2589
standards
about technical standards and norms 4-5
American National Standards Institute 4
British Standards Institute 4
definitions and terms 30-2
Deutsches Institute fiir Normung 4
international documents and norms 5-6
International Electrotechnical
Commission 4
norms as referred in standards 6-9
VDE-Verlag 4
see also IEC
substitute rectangular function approach: see
d.c. auxiliary installations, effects of
short circuits
subtransient reactance of generators 67,
239-40
switchgear
and short circuit currents 2
see also busbar/switchgear short-circuit
current limitation measures
symmetrical components
example 34-7
impedance measurement of 20—4
interpretation of the system of 18-19
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and representation of a line in the
RYB-system example 42—4
transformation of impedances 19-20
transformation matrix 14-17
see also ohm-system physical quantities
voltage/current/impedance; %/MVA
system semirelative units;
p-u.-system relative units
synchronous generators, impedance
calculation 51, 634
system feeders
impedance calculations 46, 63
ranges of initial short-circuit power 267,
268
system loads, impedance calculations 57,
634

terms and definitions 30-2
thermal effects of short circuits: see
conductors, a.c., thermal effects of
short circuits
thermal equivalent short-time current for
conductors 195-7
three-phase systems: see HV a.c. three-phase
system short circuit current
calculations
time course of short circuit currents 2
transformations/transformation matrix
14-17
complex rotational phasors 17
cyclic-symmetrical matrix 15-16
delta-star-transformation 31
reverse transformation 17
star-delta-transformation 30
transformation of impedances 19-20
transformers
impedance calculations in %/MVA 3740
and impedance measurement for
symmetrical components 20-3
ratio of positive to negative sequence
impedance 270
short-circuit current limitation measures
236-8
earthing impedances in the neutrals
238-9
impedance voltage considerations
236-8
loadflow and short-circuit analysis
results 237
three-winding, impedance calculations
21-4, 48-50, 634
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transformers (continued) VDE documents 5-9
two-winding, impedance calculations 47,  VDE-Verlag, web address 4
63

vectors/vector diagrams 11-15

typical values two-winding transformer example 34-7

impedance voltage 267-70
ohmic losses, no-load losses and
no-load current 267, 269
see also neutral earthing

transmission lines: see overhead o
transmission lines web addresses, standards institutions 4
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