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Preface

This book is the result of many years of professional activity in the area of power
supply, teaching at the VDE, as well as at the Technical Academy in Esslingen.
Every planner of electrical systems is obligated today to calculate the single-pole
or three-pole short-circuit current before and after the project management
phase. IEC 60909-0 is internationally recognized and used. This standard will
be discussed in this book on the basis of fundamental principles and technical
references, thus permitting a summary of the standard in the simplest and most
understandable way possible. The rapid development in all areas of technology is
also reflected in the improvement and elaboration of the regulations, in particu-
lar in regard to IEC 60909-0. Every system installed must not only be suitable for
normal operation, but must also be designed in consideration of fault conditions
and must remain undamaged following operation under normal conditions and
also following a fault condition. Electrical systems must therefore be designed
so that neither persons nor equipment are endangered. The dimensioning, cost
effectiveness, and safety of these systems depend to a great extent on being able
to control short-circuit currents. With increasing power of the installation, the
importance of calculating short-circuit currents has also increased accordingly.
Short-circuit current calculation is a prerequisite for the correct dimensioning of
operational electrical equipment, controlling protective measures and stability
against short circuits in the selection of equipment. Solutions to the problems
of selectivity, back-up protection, protective equipment, and voltage drops in
electrical systems will not be dealt with in this book. The reduction factors, such
as frequency, temperatures other than the normal operating temperature, type
of wiring, and the resulting current carrying capacity of conductors and cables
will also not be dealt with here.

This book comprises the following sections:
Chapter 1 describes the most important terms and definitions, together with

relevant processes and types of short circuits.
Chapter 2 is an overview of the fault current analysis.
Chapter 3 explains the significance, purpose, and creation of IEC 60909-0.
Chapter 4 deals with the network design of supply networks.
Chapter 5 gives an overview of the network types for low, medium and high-

voltage network.
Chapter 6 describes the systems (network types) in the low-voltage network

(IEC 60364) with the cut-off conditions.
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Chapter 7 illustrates the types of neutral point treatment in three-phase net-
works.

Chapter 8 discusses the impedances of the three-phase operational equipment
along with relevant data, tables, diagrams, and characteristic curves.

Chapter 9 presents the impedance corrections for generators, power substation
transformers, and distribution transformers.

Chapter 10 is concerned with the power system analysis and the method of
symmetrical components. With the exception of the three-pole short-circuit cur-
rent, all other fault currents are unsymmetrical. The calculation of these currents
is not possible in the positive-sequence system. The method of symmetrical com-
ponents is therefore described here.

Chapter 11 is devoted to the calculation of short-circuit types.
Chapter 12 discusses the contribution of high-voltage and low-voltage motors

to the short-circuit current.
Chapter 13 deals with the subject of mechanical and thermal stresses in oper-

ational equipment as a result of short-circuit currents.
Chapter 14 gives an overview of the design values for short-circuit current

strength.
Chapter 15 is devoted to the most important overcurrent protection devices,

with time–current characteristics.
Chapter 16 gives a brief overview of the procedure for calculating short-circuit

currents in DC systems.
Chapter 17 gives an introduction into power flow analysis.
Chapter 18 represents a large number of examples taken from practice which

enhance the understanding of the theoretical foundations. A large number of
diagrams and tables that are required for the calculation simplify the applica-
tion of the IEC 60909 standard as well as the calculation of short-circuit currents
and therefore shorten the time necessary to carry out the planning of electrical
systems.

I am especially indebted to Dr.-Ing. Waltraud Wüst, Dr. Martin Preuss from
Wiley-VCH and Kishore Sivakolundu from SPI for critically reviewing the
manuscript and for valuable suggestions.

At this point, I would also like to express my gratitude to all those colleagues
who supported me with their ideas, criticism, suggestions, and corrections. My
heartiest appreciation is due to Wiley Press for the excellent cooperation and their
support in the publication of this book.

Furthermore, I welcome every suggestion, criticism, and idea regarding the use
of this book from those who read the book.

Finally, without the support of my family this book could never have been writ-
ten. In recognition of all the weekends and evenings I sat at the computer, I ded-
icate this book to my family.

Weinheim
21.07.2017

Ismail Kasikci
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1

1

Definitions: Methods of Calculations

The following terms and definitions correspond largely to those defined in IEC
60909-0. Refer to this standard for all the terms not used in this book.

The terms short circuit and ground fault describe faults in the isolation of oper-
ational equipment, which occur when live parts are shunted out as a result.

1) Causes:
• Overtemperatures due to excessively high overcurrents;
• Disruptive discharges due to overvoltages; and
• Arcing due to moisture together with impure air, especially on insulators.

2) Effects:
• Interruption of power supply;
• Destruction of system components; and
• Development of unacceptable mechanical and thermal stresses in electri-

cal operational equipment.
3) Short circuit: According to IEC 60909-0, a short circuit is the accidental or

intentional conductive connection through a relatively low resistance or
impedance between two or more points of a circuit that are normally at
different potentials.

4) Short-circuit current: According to IEC 60909-0, a short-circuit current
results from a short circuit in an electrical network.
It is necessary to differentiate between the short-circuit current at the posi-
tion of the short circuit and the transferred short-circuit currents in the net-
work branches.

5) Initial symmetrical short-circuit current: The effective value of the symmet-
rical short-circuit current at the moment at which the short circuit arises,
when the short-circuit impedance has its value from the time zero.

6) Initial symmetrical short-circuit apparent power: The short-circuit power
represents a fictitious parameter. During the planning of networks, the
short-circuit power is a suitable characteristic number.

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.



2 1 Definitions: Methods of Calculations

7) Peak short-circuit current: The largest possible momentary value of the short
circuit occurring.

8) Steady-state short-circuit current: Effective value of the initial symmetrical
short-circuit current remaining after the decay of all transient phenomena.

9) Direct current (d.c.) aperiodic component: Average value of the upper and
lower envelope curve of the short-circuit current, which slowly decays
to zero.

10) Symmetrical breaking current: The effective value of the short-circuit cur-
rent that flows through the contact switch at the time of the first contact
separation.

11) Equivalent voltage source: The voltage at the position of the short circuit,
which is transferred to the positive-sequence system as the only effective
voltage and is used for the calculation of the short-circuit currents.

12) Superposition method: Considers the previous load of the network before the
occurrence of the short circuit. It is necessary to know the load flow and the
setting of the transformer step switch.

13) Voltage factor: Ratio between the equivalent voltage source and the network
voltage, Un, divided by

√
3.

14) Equivalent electrical circuit: Model for the description of the network by an
equivalent circuit.

15) Far-from-generator short circuit: The value of the symmetrical alternating
current (a.c.) periodic component remains essentially constant.

16) Near-to-generator short circuit: The value of the symmetrical a.c. periodic
component does not remain constant. The synchronous machine first deliv-
ers an initial symmetrical short-circuit current, which is more than twice the
rated current of the synchronous machine.

17) Positive-sequence short-circuit impedance: The impedance of the positive-
sequence system as seen from the position of the short circuit.

18) Negative-sequence short-circuit impedance: The impedance of the negative-
sequence system as seen from the position of the short circuit.

19) Zero-sequence short-circuit impedance: The impedance of the zero-sequence
system as seen from the position of the short circuit. Three times the value
of the neutral point to ground impedance occurs.

20) Short-circuit impedance: Impedance required for the calculation of the
short-circuit currents at the position of the short circuit.

1.1 Time Behavior of the Short-Circuit Current

Figure 1.1 shows the time behavior of the short-circuit current for the occurrence
of far-from-generator and near-to-generator short circuits.

The d.c. aperiodic component depends on the point in time at which the short
circuit occurs. For a near-to-generator short circuit, the subtransient and the
transient behaviors of the synchronous machines are important. Following the
decay of all transient phenomena, the steady state sets in.



1.2 Short-Circuit Path in the Positive-Sequence System 3

Current

Current
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(b)

Top envelope

Top envelope

Bottom envelope

Bottom envelope
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Figure 1.1 Time behavior of the short-circuit current (see Ref. [1]). (a) Far-from-generator short
circuit and (b) near-to-generator short circuit. I′′k : initial symmetrical short-circuit current; ip:
peak short-circuit current; id.c.: decaying d.c. aperiodic component; and A: initial value of d.c.
aperiodic component.

1.2 Short-Circuit Path in the Positive-Sequence System

For the same external conductor voltages, a three-phase short circuit allows
three currents of the same magnitude to develop among the three conductors.
Therefore, it is only necessary to consider one conductor in further calculations.
Depending on the distance from the position of the short circuit from the
generator, it is necessary to consider near-to-generator and far-from-generator
short circuits separately. For far-from-generator and near-to-generator short
circuits, the short-circuit path can be represented by a mesh diagram with an
a.c. voltage source, reactances X, and resistances R (Figure 1.2). Here, X and R
replace all components such as cables, conductors, transformers, generators,
and motors.
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X

Rk

R

Xk ib

ik

~ u(t) = u sin ωtˆ

Figure 1.2 Equivalent circuit of the
short-circuit current path in the
positive-sequence system.

The following differential equation can be used to describe the short-circuit
process:

ik ⋅ Rk + Lk
dik

dt
= û ⋅ sin(𝜔t + 𝜓) (1.1)

where 𝜓 is the phase angle at the point in time of the short circuit. The inho-
mogeneous first-order differential equation can be solved by determining the
homogeneous solution ik and a particular solution I′′k .

ik = i′′k∼ + ik− (1.2)

The homogeneous solution, with the time constant 𝜏g = L/R, yields the
following:

ik = −û√
(R2 + X2)

et∕𝜏g sin(𝜓 − 𝜑k) (1.3)

For the particular solution, we obtain the following:

i′′k = −û√
(R2 + X2)

sin(𝜔t + 𝜓 − 𝜑k) (1.4)

The total short-circuit current is composed of both the components:

ik = −û√
(R2 + X2)

[sin(𝜔t + 𝜓 − 𝜑k) − et∕𝜏g sin(𝜓 − 𝜑k)] (1.5)

The phase angle of the short-circuit current (short-circuit angle) is then, in
accordance with the above equation,

𝜑k = 𝜓 − 𝜈 = arctan X
R

(1.6)

Figure 1.3 shows the switching processes of the short circuit.
For the far-from-generator short circuit, the short-circuit current is, therefore,

made up of a constant a.c. periodic component and the decaying d.c. aperiodic
component. From the simplified calculations, we can now reach the following
conclusions:

1) The short-circuit current always has a decaying d.c. aperiodic component in
addition to the stationary a.c. periodic component.

2) The magnitude of the short-circuit current depends on the operating angle of
the current. It reaches a maximum at 𝛾 = 90∘ (purely inductive load). This case
serves as the basis for further calculations.

3) The short-circuit current is always inductive.
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id.c.

0 90 180 270 360 450 540 630 720

ik

ikd

2 I″kκ

2 I″k

Figure 1.3 Switching processes of the short circuit.

1.3 Classification of Short-Circuit Types

For a three-phase short circuit, three voltages at the position of the short circuit
are zero. The conductors are loaded symmetrically. Therefore, it is sufficient
to calculate only in the positive-sequence system. The two-phase short-circuit
current is less than that of the three-phase short circuit, but largely close to
synchronous machines. The single-phase short-circuit current occurs most
frequently in low-voltage (LV) networks with solid grounding. The double
ground connection occurs in networks with a free neutral point or with a ground
fault neutralizer grounded system.

For the calculation of short-circuit currents, it is necessary to differentiate
between the far-from-generator and the near-to-generator cases.
1) Far-from-generator short circuit

When double the rated current is not exceeded in any machine, we speak of a
far-from-generator short circuit.

I′′k < 2 ⋅ IrG (1.7)
or when

I′′k = Ia = Ik (1.8)

2) Near-to-generator short circuit
When the value of the initial symmetrical short-circuit current I′′k exceeds
double the rated current in at least one synchronous or asynchronous machine
at the time the short circuit occurs, we speak of a near-to-generator short
circuit.

I′′k 2 > IrG (1.9)
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or when

I′′k > Ia > Ik (1.10)

Figure 1.4 schematically illustrates the most important types of short circuits
in three-phase networks.

1) Three-phase short circuits:
• connection of all conductors with or without simultaneous contact to

ground;
• symmetrical loading of the three external conductors;
• calculation only according to single phase.

2) Two-phase short circuits:
• unsymmetrical loading;
• all voltages are nonzero;
• coupling between external conductors;
• for a near-to-generator short circuit I′′k2 > I′′k3

3) Single-phase short circuits between phase and PE:
• very frequent occurrence in LV networks.

4) Single-phase short circuits between phase and N:
• very frequent occurrence in LV networks.

5) Two-phase short circuits with ground:
• in networks with an insulated neutral point or with a suppression coil

grounded system I′′kEE < I′′k2E.

L3

L2

L1

(a) (b)

(c) (d)

L3

L2

L1

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

L3

L2

L1

L3

L2

L1

I″k3 I″k2

I″k1I″kE2E

I″k2EL2I″k2EL3

Figure 1.4 Types of short-circuit currents in three-phase networks [1].



1.4 Methods of Short-Circuit Calculation 7

With a suppression coil grounded system, a residual ground fault current IRest
occurs. IC and IRest are special cases of I′′k .

1.4 Methods of Short-Circuit Calculation

The measurement or calculation of short-circuit current in LV networks on final
circuits is very simple. In meshed and extensive power plants, the calculation is
more difficult because of the short-circuit current of several partial short-circuit
currents in conductors and earth return.

The short-circuit currents in three-phase systems can be determined by three
different calculation procedures:

1) superposition method for a defined load flow case;
2) calculating with the equivalent voltage source c⋅Un√

3
at the fault location; and

3) transient calculation.

1.4.1 Superposition Method

The superposition method is an exact method for the calculation of the short-
circuit currents. The method consists of three steps. The voltage ratios and
the loading condition of the network must be known before the occurrence of
the short circuit. In the first step, the currents, voltages, and internal voltages
for steady-state operation before onset of the short circuit are calculated
(Figure 1.5b). The calculation considers the impedances, power supply feeders,
and node loads of the active elements. In the second step, the voltage applied to
the fault location before the occurrence of the short circuit and the current dis-
tribution at the fault location are determined with a negative sign (Figure 1.5b).
This is the only voltage source in the network. The internal voltages are short-
circuited. In the third step, both the conditions are superimposed. We then
obtain a zero voltage at the fault location. The superposition of the currents also
leads to the value zero. The disadvantage of this method is that the steady-state
condition must be specified. The data for the network (effective and reactive
power, node voltages, and the step settings of the transformers) are often
difficult to determine. The question also arises: Which operating state leads to
the greatest short-circuit current?

The superposition method assumes that the power flow is known of the net-
work before the fault inception and the setting of the tap changer of the trans-
former and the voltage set points of the generators.

By the superposition method, the power state is superimposed with an amend-
ments state before the short circuit occurs. For this condition, the consideration
of positive sequence is sufficient.

The network consists of i= 1,…,n load nodes and j= 1,…,m generators and
power supply applications. With a suitable program, the load flow can be cal-
culated for a network condition. After the changes in the network through the
short circuit, there are other values at each node. For a three-phase short circuit,
the voltage at the fault point equals zero. This condition is also fulfilled when the



1

F

n

G
3~

Positive-sequence

1

F

n

~

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

(d)

(a)

~

1

F

n~

~

~ +

.

.

.

.

.

.

.

.

.

(b)

1

F

n~

~

~ +

.

.

.

.

.

.

.

.

.

(c)

XQ

XQ XQ

U(1)Q

U(1)Q

U(1)f

U(1)f

– U(1)f

– U(1)f

X″d

X″d X″d

E″

E″

+

1

m
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same voltage is given at the fault location but with an opposite voltage sign. All
network feeders, synchronous, and asynchronous machines are replaced by their
internal impedances (Figure 1.5d).

The calculation of a short-circuit current is a linear problem that can be solved
easily with linear equations. There is a linear relationship between the node volt-
ages and node currents.

With the help of nodal admittance matrix systems, linear equations can be
solved. All impedances are converted to the LV side of the transformers. In con-
trast to the load flow calculation, an iteration is not required. The equations are
obtained at the short-circuit location i in matrix notation.

i = Y ⋅ u (1.11)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

0
0
⋮

I′′ki

⋮

0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

Y 11 Y 1n

Y 21 Y 2n

⋮ ⋮

Y i1 Y in

⋮ ⋮

Y n1 Y nn

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

⋅

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

U1

U2

⋮

−c Un√
3

⋮

Un

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(1.12)

After inversion, we obtain the following:

u = Y−1 ⋅ i (1.13)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

U1

U2

⋮

−c Un√
3

⋮

Un

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

Z11 Z1n

Z21 Z2n

⋮ ⋮

Zi1 Zin

⋮ ⋮

Zn1 Znn

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

⋅

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

0
0
⋮

I′′ki

⋮

0n

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

(1.14)

From the ith row of the equation results

−c
Un√

3
= Zii ⋅ I′′ki (1.15)

The initial short-circuit a.c. can be calculated by redirecting the above equation:

I′′ki = −
c ⋅ Un√
3 ⋅ Zii

(1.16)

For the node voltages, follow:

Uk = Zki ⋅ I′′ki (1.16a)
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Since the operating voltage U(1)f = Un√
3

is not known at the fault location, for the
equivalent voltage source at the fault point can be introduced.

−U (1)f =
c ⋅ Un√

3
(1.17)

At the short-circuit point, the only active voltage is the Thevenin equivalent
voltage source of the system.

1.4.2 Equivalent Voltage Source

Figure 1.6 shows an example of the equivalent voltage source at the short-circuit
location F as the only active voltage of the system fed by a transformer with
or without an on-load tap changer. All other active voltages in the system
are short-circuited. Thus, the network feeder is represented by its internal
impedance, ZQt, transferred to the LV side of the transformer and the trans-
former by its impedance referred to the LV side. The shunt admittances of the line,
the transformer, and the nonrotating loads are not considered. The impedances
of the network feeder and the transformer are converted to the LV side.

The transformer is corrected with KT, which will be explained later.
The voltage factor c (Table 1.1) will be described briefly as follows:
If there are no national standards, it seems adequate to choose a voltage fac-

tor c, according to Table 1.1, considering that the highest voltage in a normal

jXQ jXT jXL

HV           LVT

t : 1

01

(a)

Cable line

Q

UQ

Load
P, Q

Load
P, Q

RQ

jXQt jXTLVK jXLQRQt RTLVK RL

RT RLA F

Q FA
Fault location

01

(b)

A F

UnQ

UqQ
3

c.Un

3

I″kQ

I″k

I″k

Figure 1.6 Network circuit with equivalent voltage source [2]. (a) System diagram and
(b) equivalent circuit diagram of the positive-sequence system.
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Table 1.1 Voltage factor c, according to IEC 60909-0: 2016-10 [1].

Nominal voltage, Un Voltage factor c for calculation of

Maximum short-circuit
currents (cmax)a)

Minimum short-circuit
currents (cmin)

Low voltage

100–1000 V

(IEC 38, Table I)

1.05b)

1.10c)

0.95b)

0.9c)

High voltaged)

>1–35 kV

(IEC 38, Tables III and IV)

1.10 1.00

a) cmax Un should not exceed the highest voltage Um for equipment of power systems.
b) For LV systems with a tolerance of ±6%, for example, systems renamed from 380 to

400 V.
c) For LV systems with a tolerance of ±10%.
d) If no nominal voltage is defined, cmax Un =Um or cmin Un = 0.90 Um should be applied.

(undisturbed) system does not differ, on average, by more than approximately
+5% (some LV systems) or+10% (some high-voltage, HV, systems) from the nom-
inal system voltage Un [3].

1) The different voltage values depending on time and position
2) The step changes of the transformer switch
3) The loads and capacitances in the calculation of the equivalent voltage source

can be neglected
4) The subtransient behavior of generators and motors must be considered.

This method assumes the following conditions:

1) The passive loads and conductor capacitances can be neglected
2) The step setting of the transformers need not be considered
3) The excitation of the generators need not be considered
4) The time and position dependence of the previous load (loading state) of the

network need not be considered.

1.4.3 Transient Calculation

With the transient method, the individual operating equipment and, as a result,
the entire network are represented by a system of differential equations. The
calculation is very tedious. The method with the equivalent voltage source is a
simplification relative to the other methods. Since 1988, it has been standard-
ized internationally in IEC 60909-0. The calculation is independent of a current
operational state. Therefore, in this book, the method with the equivalent voltage
source will be dealt with and discussed.
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1.4.4 Calculating with Reference Variables

There are several methods for performing short-circuit calculations with abso-
lute and reference impedance values. A few methods are summarized here, and
examples are calculated for comparison. To define the relative values, there are
two possible reference variables.

For the characterization of electrotechnical relationships, we require the four
parameters:
1) voltage U in V;
2) current I in A;
3) impedance Z in Ω; and
4) apparent power S in VA.

Three methods can be used to calculate the short-circuit current:
1) The Ohm system: units – kV, kA, V, and MVA.
2) The per-unit (pu) system: this method is used predominantly for electrical

machines; all four parameters u, i, z, and s are given as per unit (unit= 1). The
reference value is 100 MVA. The two reference variables for this system are
UB and SB. Example: The reactances of a synchronous machine Xd, X′

d, and
X′′

d are given in pu or in %pu, multiplied by 100%.
3) The %/MVA system: this system is especially well suited for the quick deter-

mination of short-circuit impedances. As a formal unit, only the % symbol is
added.

1.4.4.1 The Per-Unit Analysis
Today, the power system consists of complex and complicated mesh, ring, and
radial networks with many transformers, generators, and cables. The calcula-
tion of such a circuit can be very tedious and incorrect. The use of sophisticated
computer programs is a big help for engineers. On the other hand, for a quick
calculation a simple method, per unit system also can be used. However, this
method is not accepted worldwide and is not standardized by IEC, EN, or IEEE
committees.

The pu method uses the electrical variables U, I,Z, and S. They are based on a
dimensionless same references, namely, Ubase, Ibase, Zbase, or Sbase. The resulting
dimensionless quantities are described with the lowercase u, i, z, or s.

A pu system is defined as follows:

Per unit value (pu) =
the actual value (in any unit)

the base or reference value (in the same unit)

upu =
U

Ubase

A reference voltage and a reference apparent power are selected and then ref-
erence current and impedance are calculated as follows:

Zbase =
U2

base

Sbase

Ibase =
Sbase

Ubase
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Only a single global base value is selected in the short-circuit current
calculation. This reference value is then used for all other networks. The choice
of reference values can be carried out arbitrarily in principle. However, it is
appropriate to select the rated voltage at the short-circuit location as a reference
voltage. For example, as reference apparent power is the rated apparent power
of the largest transformer in the network or a power of the same selected
magnitude (e.g., 100 MVA). The best choice of base can be achieved when the
impedances and currents in easily handled orders of magnitude.

It should be noted that related parameters’ individual resources, such as the rel-
ative short-circuit voltage of a transformer ukr or related subtransient reactance
x′′

d of the generator, are always relative to a base, which consists of the design
parameters of the particular equipment. In a short-circuit current calculation as
per pu method, these parameters must first be converted to the selected global
basis. If we give an example for voltage and current, the expression is as follows:

Upu =
Uactual

Ubase

Ipu =
Iactual

Ibase

Note that the voltage according to the international system of units (SI) is not
V , but U . The letter V is a unit in this case. V is used especially in Anglo-Saxon
countries.

For other values, we can write for 1 pu impedance (Ω):

Zbase =
Ubase

Ibase
=

Ubase

Ibase
or in pu Zpu =

Upu

Ipu

Ibase =
Sbase

Ubase

We convert the values to pu:

Rpu = R
Zbase

Xpu = X
Zbase

Remember that a symmetrical three-phase system has two voltages, line–line
voltage UL (Un) and ULN (U0). By definition:

ULN =
UL√

3
Now consider:

ULNpu =
ULN

ULNbase

It follows that:

ULNpu =
ULN

ULNbase
=

UL∕
√

3

ULbase∕
√

3
=

UL

ULbase
= ULpu

Consider that the factor
√

3 disappears in the pu equation.
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1.4.4.2 The %/MVA Method
The %/MVA method can be considered as a modification of the pu method and
designed specifically for the HV network calculation. The impedances of the
electrical equipment can be determined easily in %/MVA from the synchronous
machine and transformer characteristics. It utilizes the fact that for the pu
calculation, apparent power Sbase is completely arbitrary. Consequently, instead
of Sbase, the dimensionless value 1 is inserted. This has the result that the related
sizes of the pu are no longer dimensionless.

The related impedances can be represented in %/MVA. The %/MVA method
has the advantage that a conversion with t2 or 1/t2 eliminates the transforma-
tion of impedances in the voltage level on the transformers. Furthermore, all
impedances of resources and the dimensioning data can be obtained from the
nameplate.

z = Z
U2

base

× 100%

u = Z
Ubase

× 100%

i = I ⋅ Ubase

1.4.5 Examples

1.4.5.1 Characteristics of the Short-Circuit Current
The short-circuit current is composed of two parts. The first term describes the
a.c. (continuous current) and the second term the compensation process.

ik(t) = îk ⋅ sin(𝜔t − Ψ + 𝜑u) − îk ⋅ sin(Ψ − 𝜑) ⋅ e−(t∕𝜏)

The size of the short-circuit current is therefore dependent on the phase angle
𝜑 = arc tan X

R
, the time constant 𝜏 = L

R
, the time t, and the switching angle Ψ.

Thus we can obtain many shifts by changing the sizes (Figure 1.7).
Example: RQ∕XQ = 0.176, 𝜑 = −0∘, 𝜑u = −90∘, 𝜏 = ∞ms, 3 ⋅ 𝜏 = ∞ms,

𝜅 = 1.02.
For further considerations, one can write

sin(𝜔t − 𝜑) = 1, R
X

= 1
tan 𝜑

, Ψ = 0

1.4.5.2 Calculation of Switching Processes
Given are the following sizes of short-circuit current (Figure 1.8):

RQ

XQ
= 0.176, 𝜑 = −80∘, 𝜑u = −170∘, 𝜏 = 0.018 ms,

3 ⋅ 𝜏 = 0.054 ms, 𝜅 = 1.597

Draw the switching process of the short circuit.

1.4.5.3 Calculation with pu System
Given is a system with 20/6 kV network (Figure 1.9).
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–90 0 90 180 270 360 450 540 630 720

ik

id.c.

ikd

–1

0

1

2

Figure 1.7 Short-circuit current components – switch on.

–180 –90 0 90 180 270 370

0

t = 0

1

1

Short circuit

A

–A

φu

φ

ik

id.c.

ia.c.

Figure 1.8 Switching process.

Transformer:

SrT = 25 MVA, ukrT = 13%, 20∕6.3 kV

Motors 1 and 2:

2 × PrM = 2.3 MW, UrM = 6 kV, cos𝜑rM = 0.86
p = 2, Ia∕IrM = 5, 𝜂 = 0.97
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Network 2000 MVA

20 kV

6 kV

T

Q

Motor 3 + 4

M
3~

M
3~

Motor 1 + 2

Figure 1.9 Impact of engines
on the current.

Motors 3 and 4:

2 × PrM = 0.36 MW, UrM = 6 kV, cos 𝜑rM = 0.87
p = 1, Ia∕IrM = 5.5, 𝜂 = 0.98

1.4.5.4 Calculation with pu Magnitudes
Given: UB = Un = 6 kV bzw. 20 kV, SB = 100 MVA. Calculate example 1.4.5.3
using pu magnitude.

U∗ =
U
UB

I∗ =
I ⋅ UB

SB
Z∗ =

Z ⋅ SB

U2
B

S∗ =
S
SB

Transformer translation in pu system:

t∗r =
UrTOS

UrTUS
⋅

UB,6 kV

UB,20 kV
= 20 kV

6.3 kV
⋅

6 kV
20 kV

= 0.9524

Power supply:

Z∗
Qt =

c ⋅ U2∗
nQ

S′′∗
kQ

⋅
1

t2∗
r

=
1.1 ⋅ (1 ⋅ pu)2

10 pu
⋅

1
0.95242 = 0.1212 pu

Transformer:

Z∗
T =

ukrT

100%
⋅

U2
rTUS

SrT
⋅

SB

U2
B,6 kV

= 13%
100%

⋅
(6.3 kV)2

25 MVA
⋅

100 MVA
(6 kV)2 = 0.5733 pu

Impedance:

Z∗
k = Z∗

Qt + Z∗
T = 0.6945 pu

I′′∗k without motors.

I′′∗k =
c ⋅ U∗

n√
3 ⋅ Z∗

k

=
1.1 ⋅ 1 pu√

3 ⋅ 0.6945 pu
= 0.9144 pu

Current in kA:

I′′k = I∗k ⋅
SB

UB,6 kV
= 0.9144 pu ⋅

100 MVA
6 kV

= 15.24 kA
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Impedances of motors in pu systems:

Z∗
m1 = 1

2
𝜂 ⋅ cos𝜑
Ian∕IrM

⋅
U2

rM

PrM
⋅

SB

U2
B,6 kV

= 1
2
𝜂 ⋅ cos 𝜑
Ian∕IrM

⋅
SB

PrM

= 1
2
⋅

0.86 ⋅ 0.97
5

⋅
100 MVA
2.3 MVA

= 3.63 pu

Zm2 = 1
2
⋅

0.87 ⋅ 0.98
5.5

⋅
100 MVA
0.36 MVA

= 21.5 pu

Partly current:

I′′∗km1 =
c ⋅ U∗

n√
3 ⋅ Z∗

m1

=
1.1 ⋅ 1 pu√
3 ⋅ 3.63 pu

= 0.175 pu

I′′km1 = 2.92 kA

I′′∗km2 = 0.0295 pu

I′′km2 = 0.492 kA

1.4.5.5 Calculation with pu System for an Industrial System
Given is Figure 1.10. Calculate the short circuit power and short-circuit currents
of an industrial power plant with the pu method.

First, the equivalent circuit diagram is drawn (Figure 1.11).

154.5 kV

Q

31.5 kV

1600 kVA
6%

50 MVA
11.94%

3 × 477 MCM

l2 = 4.1 km

4×(1 × 240) XLPE

l3 = 0.045 km

4×(1 × 240) XLPE

l1 = 0.165 km

T1

T2
Cable                    Overhead line             Cable

50 MVA
11.94%

0.4 kV

31.5 kV

l″k1  = 5.73 kA
l″k3  = 7.75 kA

Figure 1.10 Supply for an industrial company.

~
cUn

3

XQ

XT1

XL1 XL2 XL3 XT3

XT2

I″k3

Figure 1.11 Equivalent circuit diagram in positive sequence.
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Impedance of the power supply:

ZQ =
Un√
3 ⋅ I′′k3

= 154 kV√
3 ⋅ 7.75 kA

= 11.486Ω

Short-circuit power of the supply:

S′′
kQ =

√
3 ⋅ Un ⋅ I′′k3 =

√
3 ⋅ 154 kV ⋅ 7.75 kA = 2064.75 MVA

Reactance of the feed:

XQ = 1 ⋅ 100
S′′

kQ
= 1 ⋅ 100

2064.75 MVA
= 0.0484 pu

Reactance of transformers:

XT =
XT1 ⋅ XT2

XT1 + XT2
= 5.97%

XT = 100
50 MVA + 50 MVA

⋅ 5.97% = 0.0597 pu

Total reactance:

XG = XQ + XT = 0.0484 pu + 0.0597 pu = 0.10813 pu

Ipu = U
XG

= 1
0.10813 pu

= 9.248 pu

Short-circuit power:

XkQ = 1 pu ⋅ 100 = 9.248 ⋅ 100 = 924.8 MVA

XHpu =
XH

XB
=

XFL
XB

XB = U2

100
= 31.5 kV2

100
= 9.922Ω

XH = XH1 + XH1

XT = 0.0161 + 1.5088 = 1.528 pu
XH1 = l1 ⋅ XH1 = 0.21 km ⋅ 0.0754Ω∕km = 0.0161Ω
XH2 = l2 ⋅ XH2 = 4.1 km ⋅ 0.368Ω∕km = 1.5088Ω

XHpu = 1.526
9.922

= 0.154 pu

XG2 = XG1 + XH = 0.10813 + 0.154 = 0.26213 pu

IB = S√
3 ⋅ U

= 100 ⋅ 103
√

3 ⋅ 31.5 kV
= 1835 A

Ipu = 1
XG2

= 1
0.26213 pu

= 3.8 pu

On distribution transformer:

I′′k = Ipu ⋅ IB = 3.8 pu ⋅ 1835 A = 6.973 kA
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Short-circuit power on the primary side of the transformer:

S′′
k =

√
3 ⋅ U ⋅ I′′k =

√
3 ⋅ 31.5 kV ⋅ 6.973 kA = 380 MVA

Short-circuit power on the secondary side of the transformer:

XTR = 100
1.6

⋅ 0.06 = 3.75 pu

XG3 = XG2 + XG1 = 0.26213 + 3.75 = 4.10213 pu

Ipu = 1
XG3

= 1
4.10213 pu

= 0.24924 pu

I′′k(0.4 kV) = Ipu ⋅ IB = 0.24924 pu ⋅ 1.835 kA = 0.457 kA

1.4.5.6 Calculation with MVA System
Figure 1.12 shows a power plant with auxiliary power system and power sup-
ply. Calculate using the %/MVA system at the busbar SS circuit power, the peak
short-circuit current and the breaking current.

The total reactance at the fault is calculated with the aid of the equivalent circuit
shown in Figure 1.13 by gradual power conversion.

1) Calculation of the reactance of the individual resources
Network reactance:

XQ = 1.1 ⋅ 100
S′′

kQ
= 1.1 ⋅ 100

8000 MVA
= 0.0138%∕MVA

Transformer 1:

XT1 =
ukr

SrT1
= 13

100 MVA
= 0.1300%∕MVA

Generator:

XG =
x′′

d

SrG
= 11.5

93.7 MVA
= 0.1227%∕MVA

M
3~

93.7 MVA
11.5%

8 MVA
7%

100 MVA
13%

220 kV

SS
8 x 0.46 MVA
IA = 5 IrM

G
3~

M
3~

2.69 MVA
IA = 5 IrM

Q

8000 MVA 6 kV

Figure 1.12 Power plant with auxiliary power system.
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Figure 1.13 Equivalent circuit diagram in positive sequence.

Transformer 2:

XT2 =
ukr

SrT2
= 7

8 MVA
= 0.8750%∕MVA

Asynchronous motor:

XM1 =
IrM∕IA

SrM
⋅ 100 = 1

5 ⋅ 2.69 MVA
⋅ 100 = 7.439%∕MVA

Asynchronous motor group:

XM2 =
IrM∕IA

SrM
⋅ 100 = 1

5 ⋅ 8 ⋅ 0.46 MVA
⋅ 100 = 5.4348%∕MVA

Total reactance at the fault point:

S′′
k = 1.1 ⋅ 100%

Xk
= 1.1 ⋅ 100%

0.7225%∕MVA
= 152 MVA

2) Parts of each feed on the short-circuit power.
With the total reactance, we can determine the circuit power.

S′′
k = 1.1 ⋅ 100%

XG
= 1.1 ⋅ 100%

0.7241
= 152 MVA

Thus, the proportions of the individual feeds to the short-circuit power:
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Part of each motor gives:

S′′
kM1 = 0.1345

1.381
⋅ 152 MVA = 14.8 MVA

Parts of the motor group is then:

S′′
kM1 = 0.184

1.381
⋅ 152 MVA = 20.3 MVA

Part of transformer 2:

S′′
kM1 = 1.0625

1.381
⋅ 152 MVA = 116.9 MVA

3) For the 220-kV grid:
Part of the generator:

S′′
kG = 8.150

15.104
⋅ 116.9 MVA = 63.1 MVA

Part of the 220-kV network

S′′
kQ = 6.954

15.104
⋅ 116.9 MVA = 53.8 MVA

4) Determining the 𝜇 and q factors
From Figure 13.3, we get the 𝜇 factors for tv = 0.1 s.
For each motor:

S′′
kM1

SrM1
= 14.8

2.69
= 5.50 ⇒ 𝜇 = 0.77

For motor groups:
S′′

kM2

SrM2
= 20.3

8 ⋅ 0.46
= 5.52 ⇒ 𝜇 = 0.76

For the generator:
S′′

kG

SrG
= 63.1

93.7
= 0.67 ⇒ 𝜇 = 1

The q factors are determined from the engine power/phase pair, according to
Figure 13.3 for tv = 0.1 s.
For each motor:

Rated power
Pol-pair

= 2.3
2

= 1.15 ⇒ q = 0.55

For motor groups:
Rated power

Pol-pair
= 0.36

3
= 0.12 ⇒ q = 0.3

5) Determination of the individual feeds to the switching capacity
For each motor:

SaM1 = 𝜇 ⋅ q ⋅ S′′
kM1 = 0.77 ⋅ 0.55 ⋅ 14.8 MVA = 6.3 MVA

For motor groups:

SaM2 = 𝜇 ⋅ q ⋅ S′′
kM2 = 0.76 ⋅ 0.3 ⋅ 20.3 MVA = 64.6 MVA
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For the generator:

SaG = 𝜇 ⋅ S′′
kG = 1 ⋅ 63.1 MVA = 63.1 MVA

220-kV network:

SaQ = 𝜇 ⋅ S′′
kQ = 1 ⋅ 53.8 MVA = 53.8 MVA

6) Calculation of short-circuit currents
Initial short-circuit a.c.:

I′′k =
S′′

k√
3 ⋅ Un

= 152 MVA√
3 ⋅ 6 kV

= 14.63 kA

Peak short-circuit current:

ip = 𝜅 ⋅
√

3 ⋅ I′′k = 1.8 ⋅
√

3 ⋅ 14.63 kA = 37.2 kA

Breaking current:

Ia =
Sa√

3 ⋅ Un

= 127.8 MVA√
3 ⋅ 6 kV

= 12.3 kA

The sample was calculated for comparison with NEPLAN. As we can see, the
results are the same (Figure 1.14).

N1229757155
220 kV

lk″(L1) = 22.155 kA
Sk″(L1) = 8442.219 MVA

F-1229757152
lk″(L1) = 20.995 kA

Sk″(L1) = 8000.000 MVA

lk″(L1) = 1.161 kA
Sk″(L1) = 442.286 MVA

lk″(L1) = 21.631 kA
Sk″(L1) = 786.788 MVA

TR2-1229757171

TR2-1229757207

lk″(L1) = 0.767 kA
Sk″(L1) = 27.912 MVA

lk″(L1) = 11.213 kA
Sk″(L1) = 116.531 MVA

ASM-1229757223
lk″(L1) = 1.473 kA

Sk″(L1) = 15.306 MVA

SM-1229757187
lk″(L1) = 23.888 kA

Sk″(L1) = 868.876 MVA

ASM-1229757232
lk″(L1) = 1.981 kA

Sk″(L1) = 20.585 MVA

N1229757174
21 kV

lk″(L1) = 46.283 kA
Sk″(L1) = 1683.453 MVA

N1229757193
6 kV

lk″(L1) = 14.657 kA
Sk″(L1) = 152.318 MVA

Figure 1.14 Result with NEPLAN.
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Fault Current Analysis

Every electrical engineer and designer is committed to perform before and after
the project is constructed, especially the calculation of the single- or three-phase
short-circuit current in electric power systems to check the protection and
short-circuit strength of the electrical systems for the selection of equipment
and to adjust the protective devices.

This book deals with the calculation of short circuits in electrical installations
and the load flow in low-voltage and high-voltage networks to the highest indus-
try standards and regulations (IEC 60909-0). The purpose of the review of funda-
mentals of power systems and short-circuit calculation by using the standards is
to obtain a better understanding of the basic complexities involved in a.c. systems.

The presentation of the regulation is maintained and summarized in a simple
and understandable way, so that the reader can do his or her job without much
trouble.

Each electrical system must be designed not only for the normal operation, but
also for abnormal conditions such as short circuits. Therefore, electrical systems
are to be dimensioned, so that neither people nor property values are jeopardized.
The design for economy and safety is strongly dependent on the calculation of
short circuits.

The knowledge of the magnitude of the short-circuit currents occurring is a
decisive factor in the design and selection of system components in electrical
power grids. The three-phase short-circuit currents cause a few exceptions to
the strongest mechanical and thermal stresses of the equipment.

The initial short-circuit current of the three-phase short circuit, I′′k3, is the
central value of any other relevant information for the design characteristic
short-circuit current. All other short circuits can be calculated based on the
standardized factors.

For the calculation of the initial short-circuit a.c. in three-phase power systems,
there is an exact calculation using the superposition method and the other stan-
dardized method according to IEC 60909-0, the equivalent voltage source to the
short circuit at the fault location in the system.

It is assumed that there is always a perfect short circuit in both the calculation
methods (e.g., no arcing or contact resistances provided).

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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According to IEC 60909-0, the standardized short-circuit calculation is a
very simple method, which has the advantage of minimum data and equipment
parameters to get sufficiently precise results.

The method calculates the maximum and minimum short-circuit currents,
irrespective of the load flow condition based on standardized correction factors
for generators and transformers. On the other hand, the superposition method
requires the complete data of the system.

The load flow, the voltages at all the feeds, the transformer tap positions, the
consumer loads, and so on, must be taken into consideration. However, all of
these do not necessarily lead to the maximum short-circuit current.

For the calculation of the short-circuit current, the voltage at the short-circuit
node before the occurrence of a short circuit is required. By replacing this value
with an equivalent voltage source, the short-circuit current can be determined
approximately without taking into account the power flow calculation only with
the condition of reverse feed.

A reasonable assumption for the voltage source in the “reverse feed” gives the
equivalent voltage at the short-circuit location, c⋅Un√

3
, where c is the voltage factor

and Un is the network nominal system voltage. The equivalent voltage source is
the only active voltage of the system. All network feeders and synchronous and
asynchronous motors are replaced by their internal impedances. Whereas the
network’s generators are simplified or replaced by their subtransient X′′

d that can
be found or obtained from the data sheet of the generators.

Wind turbines with a full converter (a full-scale power converter) are limited
to the rated current and do not contribute, or only marginally contribute, to the
short-circuit current. According to IEC 60909-0, asynchronous generators are
modeled by the equivalent impedance ZM.

The increasing amount of installed capacity in the high-voltage level increases
the short-circuit power in the networks, whereby higher fault currents arise. Even
the choice of neutral point treatment, as well as the network, forms a massive
influence on the protection concept.

Networks with isolated neutral or resonant-grounded phase faults in overhead
networks are usually self-extinguishing. The protection relays should not inter-
vene in this case, but only when standing shorts, as they occur in cable networks
or overhead line conductors. For these special arrangements, earth fault relays or
watt-metric relays are required.

Low-impedance grounded systems and single-phase and multiphase short
circuits are detected by the same electric protective device. Each short circuit
causes a high-fault current, which is detectable and switched off selectively by
the protective device. Typically, a multiphase reclosure tries to give the chance of
self-healing and, on the other side, the network users are affected by the disorder.
If it fails, short interruption is switched off three-phase.

For the protection of medium-voltage networks, which are not usually designed
as a mesh system, an independent maximum time overcurrent protection is used.
The setting of the overcurrent relay of trip factor k must be known, which links
the breaking current and the current setting. For all of these, the short-circuit
current calculation is essential.
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A three-phase system can be temporarily or permanently disturbed by errors,
especially short-circuit measures or consumers. To calculate, the operating
variable computational models and algorithms are needed for solving systems
of power generation, transmission, and distribution of a comprehensive tool for
planning, design, analysis, optimization, and management of any network of
energy supply.

Due to the liberalization of energy markets and, in particular, the rapid expan-
sion of renewable energy, the demands on the network planning and management
processes are becoming increasingly complex. Complex network technologies
and network topologies are impossible today without calculation programs.

The scope of power calculations and system planning may be as follows:

• balanced and unbalanced load flow calculations in coupled and meshed a.c./
d.c. systems, including any power plant and network control functions;

• short-circuit current calculation, according to IEC 60909-0, IEEE 41, ANSI
C37, G74, and IEC 61363, as well as the complete overlay method taking into
account the voltage support of inverters and multiple-error-calculating any
fault;

• fast power failure calculation with the support of parallel computing struc-
tures;

• network state estimation (as for supervisory control and data acquisition,
SCADA, applications);

• protection coordination and distance protection devices, including protection
simulation;

• arc fault calculation, according to IEEE 1584-2002 and NFPA 70E-2012;
• calculation of power quality, including harmonic load flow (IEC 61000-3-6);

flicker calculation, according to IEC 61400-21 and IEC 61000-4-15; and filter
sizing;

• separation points optimization in medium-voltage systems and optimization
of compensation devices;

• optimization of transformer tap changers in directional power flow;
• reliability calculations, including optimal restocking strategies;
• optimal load flow calculation for active and reactive power optimizations (opti-

mal power flow, OPF);
• stability calculations (root mean squares (RMS)), which include power plants,

consumers, and protection devices;
• calculation of electromagnetic transient (EMT) phenomena (e.g., overvoltages

and ferroresonances by transformer saturation);
• computing eigenvalues, eigenvectors, and participation factors; and
• modeling virtual power plants.

Appropriate programs can provide the assessment and selection of electri-
cal equipment, the calculation of the mechanical and thermal short-circuit
strengths, the calculation of short-circuit currents, selectivity, and backup
protection for the selection of overcurrent protective devices, as well as the
calculation of the temperature that increases in the control cabinets.

Transformers with or without medium voltage, generators, and neutral mains
can supply the networks. A neutral power supply can be displayed by setting
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the impedances of the loop impedance or short-circuit currents. Circuits can be
optionally charged to the hedging of parallel cables through a protective device,
a single hedge parallel cable with several protective devices, and dimensioned.
The chosen feeds can be connected to each other through directed or undirected
couplings. Thus, it can be explained by the resulting possibility of defining the
various required operating modes (e.g., normal operation and emergency opera-
tion), represent the main supply practical and be included in the calculation.

A parallel network operation can be displayed by combining two nonsimilar
feeds via a nondirectional clutch. Feeds on the subdistribution level can also be
included in the calculation, and a presentation of separate networks is possible.

In the case of selecting a transformer with medium voltage, a medium-voltage
switchgear is required and is an important factor to size the transformer’s feeder
elements.

Transformer, generator, or neutral network in feed according to the selection
of feeder types, switchgear to the transformer or generator or neutral network
supply, which consists of a switching device, a circuit breaker, disconnector with
fuse, fuse switch disconnectors or fuse with base, cable or busbar connection
with switching device before the feed point, which stands as a type of the circuit
breaker, a circuit breaker, air circuit breakers, switch disconnectors with fuse, fuse
switch disconnectors or fuse with base to choose from.

The distributors are subdistribution, group switch, busway, busway center feed,
or distribution with equivalent impedances for selection. Concerning selecting
these elements, there are specific requirements to meet the design again (e.g.,
whether the connection line is to be performed as a busbar or as a cable and
which and how many switching devices are to be used). A cable selection section
is also provided for laying so that the influenced values of the current-carrying
capacity are taken into account in the dimensioning. The distributors are always
inserted on a busbar in the graphic. This can be the busbar, which symbolizes the
entry point, the busbar of an already connected distributor, or the representa-
tion of a current rail track so that, in this way, the network can be branched as a
radial network.

Final circuits are available as elements consumers with fixed connection, socket
circuits, motors, loading units, capacitors, and dummy loads as items to choose
from. These, in turn, are connected to the busbar of existing subdistributors or the
representation of a current rail track, or directly to the entry point symbolizing
busbar. There are also various options in the placement of these elements in the
network diagram.

In practice, a selectivity detection is often required (e.g., the equipment of
emergency power supply). The switching device selection and possibly backup
protection are taken into account (e.g., the switching capacity of a downstream
switch can be increased as the upstream circuit breaker trips simultaneously
and, thereby, limits the current).

IEC 60909-0 includes a standard procedure for the calculation of short-circuit
currents in low-voltage and high-voltage networks up to 550 kV at 50 or 60 Hz [1].
The purpose of this procedure is to define a brief, general, and easy-to-handle cal-
culation procedure, which is intended to lead with sufficient accuracy to results
on the safe side. For this purpose, we calculate with an equivalent voltage source
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at the position of the short circuit. It is also possible to use the superposition
method here.

A complete calculation of the time behavior for far-from-generator and near-
to-generator short circuits is not required here. In most cases, it is sufficient to
calculate the three-phase and the single-phase short-circuit currents, assuming
that for the duration of the short circuit no change takes place in the type of short
circuit, the step switch of the variable-ratio transformers is set to the principal
tapping and arc resistances can be neglected.

The short-circuit currents and short-circuit impedances can always be deter-
mined by the following methods:
• calculation by hand,
• calculation using a PC,
• using field tests, and
• measurements on network models.

The short-circuit currents and short-circuit impedances can be measured in
low-voltage networks by measuring instruments directly at the assumed position
of the short circuit.

For the dimensioning and the choice of operational equipment and overcurrent
protective equipment, the calculation of short-circuit currents in three-phase
networks is of great importance, since the electrical systems must be designed
not only for the normal operational state, but also to withstand fault situations.

IEC 60909-0 describes the basis for calculation, which consists of the following
parts:
1) Main Part I describes the application areas and the definitions.
2) Main Part II explains the characteristics of short circuits and their currents

and the calculation method of equivalent voltage source.
3) Main Section III deals with the short-circuit impedances of electrical equip-

ment, the impedance correction factors of generators, power transformers,
and power stations.

4) Main Section IV provides the calculation of the individual short-circuit cur-
rents.

Summary of IEC 60909-0:
• Restructuring of calculations.
• The supplementary pages with examples and conversion factors supplement

the theoretical part.
• The high-voltage and low-voltage networks are treated in the same way.
• The rules for calculating the smallest and largest short circuits are equally valid

for high-voltage and low-voltage networks.
• The corrections to the impedances of generators and power plant blocks do

not depend on the time behavior of the short-circuit current.
• In low-voltage networks, a temperature rise of 20–80 ∘C is assumed for the

single-phase short circuit. This increases the resistance of the cable or con-
ductor by a factor of 1.24.

• The indices for symmetrical components (0, 1, 2) are internationally
standardized.
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• The short-circuit currents are determined with the equivalent voltage source
method, in accordance with IEC 60909-0. For this, the internal voltages in the
network are short-circuited. The only effective voltage at the position of the
short circuit is then c⋅Un√

3
, where c is the voltage factor.

• The superposition method is the more accurate method. However, this
requires the knowledge of the network conditions before the occurrence of
the short circuit.
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The Significance of IEC 60909-0

The short circuit is an undesired network operating state. This state can cause
overloading of the operational equipment (transformers, transmission lines,
cables, and generators) as well as damage to the insulation. The transition
from normal operation to operation under fault conditions takes place through
electromagnetic and electromechanical transient phenomena, which influence
the magnitude and temporal behavior of the short-circuit currents. These
processes depend on the current sources, the position of the short circuit, and
the time from the onset of the short circuit until it decays.

The most common type of short circuit is the “dead” short circuit, that is, the
impedance at the faulty location is negligibly small. Short-circuit currents are as a
rule much larger than the load currents. The thermal and dynamic stresses result-
ing from these short circuits can destroy the operational equipment and endanger
persons. During the planning and project management of electrical systems, the
smallest short-circuit current I′′k1min must therefore be determined and taken into
account for configuring the overcurrent protection equipment and the largest
short-circuit current I′′k3max for dimensioning the operational equipment. Only in
this way can electrical systems be correctly dimensioned and protected, allowing
their safe and economic operation. Otherwise, unpleasant consequences can be
expected. A few of these are listed below:

• impairment of safety and reliability of the power supply
• interruption of the power supply
• destruction of system components
• emergence of mechanical and thermal stresses in the operational electrical

equipment
• emergence of overvoltages.

Until 1962, VDE 0670 switchgear regulations were the standard for short-
circuit calculations. VDE 0102 was released in 1971 and revised in 1975, so
that in Germany the calculations for low-voltage and high-voltage networks
were made uniform. In the meantime, further developments in electrical power
systems have taken place and various software has appeared on the market.
In order to meet the requirements and developments, in 1985 both parts,

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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“Calculation of Three-Phase Networks” in accordance with DIN VDE 0102,
were extended to include the newly summarized information about operational
equipment.

In 1988, based on this draft version, the IEC publication “Short Circuit Current
Calculation in Three-Phase AC Systems” appeared. In 1990, the present standard
IEC 60909-0 “Calculation of Short Circuit Currents in Three-Phase Networks”
was released.

The method of symmetrical components is used for both symmetrical and
asymmetrical short circuits. The capacitances of conductors and the shunt
admittances of passive loads are neglected here. In this method, motors are
treated as generators in high-voltage networks and are neglected in low-voltage
networks. For a double ground connection, only the voltage of the short-circuit
current source is used as the effective voltage.

For the assessment of electrical systems, such as breaking conditions, protec-
tive measures, thermal and mechanical short-circuit strengths, selectivity, and
voltage drop, comprehensive calculations are performed.

For the calculation of short circuits, the following are important:

• power draw and documentation of result
• short-circuit currents
• transferred short-circuit currents
• impedance protection, maximum current-dependent time relays, and

current-independent time relays
• examination of breaking conditions
• proof of stability of switchgear, switching devices, cables, and conductors

against short circuits.

Figure 3.1 makes clear the importance and the range of applicability of
short-circuit current calculations and additional calculations relating to other
regulations.

In medium-voltage networks, the type of the smallest fault current that must
be considered depends on the type of neutral point design. This is decisive for the
type of network protection required.

The maximum calculated short-circuit current (I′′k3) is responsible for the selec-
tion and rating of equipment regarding the mechanical and thermal stresses and
the determination of the time–current coordination of protective relays. The sys-
tem remains symmetrical. The balanced three-phase short-circuit current can be
performed using a single-phase equivalent voltage source method that has only
line-to-neutral voltage and impedance in positive-sequence components.

The minimum short-circuit current (I′′k1) has to be calculated for the selection
of the system protection. According to the IEC 60364-4-41, a protective device
interrupts the supply to the line conductor in the event of a fault between the
line conductor and an exposed-conductive-part or a protective conductor in the
circuit within the disconnection time required.

Table 3.1 provides an overview of the design criteria and short-circuit current
according to IEC 60909-0, which are considered for the planning and design of
electrical power systems.
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Rated short circuit breaking
capacity of overvoltage
protection equipment
Selection of overvoltage
protection equipment

Rated short circuit
making capacity

Dynamic stress of
operational
equipment

Thermic stress of
operational
equipment

Protection by
cutt-off
IEC 60364-4-41

Touch voltage and step voltage
Selection of arrester
Inductive coupling
Transient and power-frequency overvoltage
EN 50522 and IEEE Std 80

Neutral point grounding
in three-phase power
systems
IEC 60364, EN 50522
and IEEE Std 80

ICE

IRest

Icm

μ, q m, n

ip = κ   2 I″k

F ~ ip
2

κ λmin, λmax

I″k

I″k3, I″k2, I″k1

I″kEE, I″2E
I″k1  >  Ia

Icn  >  I″k3

IbG  =  μ I″kG

IbM  =  m q I″kM I″kG = λ IrG

m = f (κ, Tk)

n = f (I″k /Ik, Tk)

m + nIth = I″k

Figure 3.1 Range of applicability of short-circuit calculations [1, 2].

Table 3.1 Selection of short-circuit currents.

Design criteria Physical effects Short circuit Limitation

Dynamic stress for
components

Forces, F Peak short-circuit current, ip Instantaneous
value

Thermal stress for
components and lines

Temperature increase Steady-state short-circuit
current

RMS value

Short-circuit breaking
capacity for switching
devices

Thermal equivalent
short-circuit current, Ith

Breaking current, Ib RMS value

Switching devices
Protection setting
Tripping of relays

Protective measures Initial symmetrical
short-circuit current
Steady-state short-circuit
current, Ik

Single-phase
short-circuit
current, I′′k1
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Supply Networks

All electrical appliances that are used in household and commercial and
industrial applications work with low voltage. High voltage is used not only
for the transmission of electrical energy over very large distances, but also for
regional distribution to the load centers. According to international rules, there
are only two voltage levels:

• Low voltage: up to and including 1 kV a.c. (or 1500 V d.c.)
• High voltage: >1 kV a.c. (or 1500 V d.c.).

However, as different high-voltage levels are used for transmission and
regional distribution and because the tasks and requirements of the switchgear
and substations are also very different, the term medium voltage has come to
be used for the voltages required for regional power distribution that are part
of the high-voltage range from 1 kV a.c. up to and including 52 kV a.c. Most
operating voltages in medium-voltage systems are in the 3–40.5 kV a.c. range.
The electrical transmission and distribution systems connect power plants and
electricity consumer and consist of (Figure 4.1) the following:

• Power plants, for generators and station supply systems.
• Transformer substations of the primary distribution level (public supply sys-

tems or systems of large industrial companies), in which power supplied from
the high-voltage system is transformed to medium voltage.

• Local supply, transformer, or customer transfer substations for large con-
sumers (secondary distribution level), in which the power is transformed from
medium to low voltage and distributed to the consumer.

The following stages of calculating and dimensioning circuits and equip-
ment are of a great interest. They can be worked out efficiently using modern
dimensioning tools, so that there is more freedom left for the creative planning
stage of finding conceptual solutions.

Concept finding:

• analysis of the supply task
• selection of the network configuration

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Tu: Turbine
G :   Generator
T: Transformer
M:    Motor
DR:  Drives
FC:  Frequency converter
PV:  Photovoltaic system
WP: Wind plant
Bio:  Bio plant

M

Building and
industry

Rail

Building

Trade

Bio

Tu
T

FC

G

3~

T

T

T

M

Power plant

T

M
3~

WP

DR

PV

PV

Industry M
3~

FU

WP

WKA

G
3~

UPS-consumer

UPS

Safety power supply
(SPS)

Uninterruptible power
supply (UPS)

Normal power supply
(NPS)

Figure 4.1 Overview of a power transmission and distribution system.

• selection of the type of power supply system
• definition of the technical features.

Calculation:
• energy balance
• load flow (normal/fault)
• short-circuit currents (uncontrolled/controlled).

Dimensioning:
• selection of equipment, transformers, cables, protective and switching devices,

and so on
• requirements according to selectivity and back-up protection.

Electrical supply system configurations that can be found in practice will be
briefly explained here.

4.1 Calculation Variables for Supply Networks

• Short-circuit currents in accordance with IEC 60909-0
• Ground loop impedance
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Figure 4.2 Line supplied
from a single source.

P, U, cos φ

TQ l, S, R′L , X′L

• Peak short-circuit current
• Initial symmetrical short-circuit power
• Load flow
• Load distribution for the network.

4.2 Lines Supplied from a Single Source

All consumers are centrally supplied from one power source. Each connecting
line has an unambiguous direction of energy flow. A feed-in supplies any number
of distributed loads along the line (e.g., bus distributor, Figure 4.2).

Characteristics of this input:
• No security of supply
• High network losses.

4.3 Radial Networks

All consumers are centrally supplied from two to n power sources. They are rated
as such that each of it is capable of supplying all consumers directly connected
to the main power distribution system (stand-alone operation with open cou-
plings). If one power source fails, the remaining sources of supply can also supply
some consumers connected to the other power source. In this case, any other con-
sumer must be disconnected (load shedding). A feed-in supplies a large number
of branched lines (e.g., industrial network, Figure 4.3). As with the simple line-fed,
all consumers are switched off after the fault.

Characteristics of this input:
1) Advantages

• Very clearly arranged
• Simple network protection
• Easily calculated.

2) Disadvantages
• Single source supply
• Low security of supply
• Poor voltage stabilization
• High voltage drop.

4.4 Ring Networks

The ring network is usually fed from two sources (e.g., industrial network,
Figure 4.4). After shutdown of the error, the network can be put back into
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P, U, cos φ P, U, cos φ

P, U, cos φP, U, cos φ

P, U, cos φ P, U, cos φ P, U, cos φ

Loads

Loads

l, S, R′L , X ′L

l, S, R′L , X′L l, S, R′L , X ′L

Figure 4.3 Radial network.

Figure 4.4 Ring network.
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operation. The ring networks are usually open-operated networks. When a short
circuit occurs, the power may be fed from both sides while the affected line on
both sides will be unlocked.

Ring system in an interconnected network individual radial systems, in
which the connected consumers are centrally supplied by one power source, is
additionally coupled electrically with other radial systems by means of coupling
connections. All couplings are normally closed.

Characteristics of this input:

1) Advantages
• Increased voltage security
• Better load balancing
• Better voltage stability
• Very high voltage quality.

2) Disadvantages
• Network protection difficult.

4.5 Meshed Networks

Radial system with power distribution via busbars. In this special case of radial
systems that can be operated in an interconnected network, busbar trunking sys-
tems are used instead of cables. The supply of each load is ensured by the linking
of several supply lines and in part by several feed-ins. The failure of one line or
one feed-in can normally be compensated by the remaining part of the network
(e.g., computer centers and chemical industry, Figure 4.5).

LV

LV

HV

HV

Figure 4.5 Meshed network.
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Characteristics of this input:

1) Advantages
• High security of supply
• Good voltage stability
• Good load balancing
• Low network losses.

2) Disadvantages
• Selectivity is very poor
• Impedance protection is complicated
• High short-circuit currents in the system
• Extensive short-circuit and load flow calculations needed.
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Network Types for the Calculation of Short-Circuit Currents

5.1 Low-Voltage Network Types

In this section other types of networks are shown, which are sometimes
encountered in practice and in which the short-circuit currents are fed from
different sources. The most frequently found network types in the public and
the industrial sectors are radial networks. For these networks, the calculation of
short-circuit currents is very simple. The medium-voltage and low-voltage sides
can be configured arbitrarily, according to the requirements for supplying power
(Figure 5.1).

In industrial networks, power supply to the systems must not fail. In the
event of a malfunction, switchover can take place from another transformer
(Figure 5.2). Radial networks with redundant inputs have a higher security
of supply and a high voltage quality (Figure 5.3). The transformers can be
loaded uniformly. The meshed network with different inputs is the most widely
used network type for electrical distribution in the industry (Figure 5.4). The
disadvantages of such networks are high costs of investment and an arrangement
that is difficult to oversee.

5.2 Medium-Voltage Network Types

For optimum design of medium-voltage systems, the following points that are
not explained in further detail are of great importance:

• Network losses
• Complexity of maintenance
• Investment costs
• Power requirement coverage
• Security of supply
• Ease of operation
• Environmental compatibility.

Figure 5.5 illustrates an industrial load center network that supplies individual
large-scale loads and Figure 5.6 a ring network, in which the supply of power is
ensured.

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
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LV

HV

LV

HV
Q

T T

TLV

HV

Outgoing circuits

Cable or
line

Cable

Cable or
line

Figure 5.1 Simple radial networks
with different centers of load
distribution.

T1 T1 T2

HV-T1 HV-T1 HV-T2

NC

ΣPmax HV-T1 ΣPmax HV-T1 ΣPmax HV-T2

QT1

NC
QT1

NC
QT2

NO
QK1-2

Figure 5.2 Simple radial networks with individual load circuits.
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Figure 5.3 Simple radial networks with redundant inputs.
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Figure 5.4 Meshed network with different inputs and network nodes with fuses.
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Figure 5.5 Industrial load center network.
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High-voltage distribution fields

Power plant
inputs

Transformer stations

Figure 5.6 Industrial ring network.

Figures 5.5–5.9 depict medium-voltage network types with different possible
structures. The network with open rings (Figure 5.5) is connected through circuit
breakers to the busbar. The ring can be opened and closed by the load switch
disconnector. The network with remote station (Figures 5.6 and 5.7) with network
supporting structure is connected through several input cables to the busbar of
the transformer substation. An industrial area can also be supplied from several
transformer stations (Figure 5.8). The short-circuit current can also be fed from
different sources, as shown in Figure 5.9.

(a) (b)

(c)

Detail A

A

3

Fuse

Circuit breaker

Figure 5.7 (a) Ring network, (b) network with remote station, and (c) network supporting
structure.
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Figure 5.8 Network configuration for medium-voltage systems.
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5.3 High-Voltage Network Types

High-voltage substations are points in the power system where power can be
pooled from generating sources, distributed and transformed, and delivered to
the load points. Substations are interconnected with each other, so that the power
system becomes a meshed network. This increases the reliability of the power
supply system by providing alternate paths for flow of power to take care of any
contingency, so that power delivery to the loads is maintained and the generators
do not face any outage.

The high-voltage substation is a critical component in the power system, and
the reliability of the power system depends upon the substation. Therefore, the
circuit configuration of the high-voltage substation has to be selected carefully
and designed. Busbars are that part of the substation where all the power is con-
centrated from the incoming feeders and distributed to the outgoing feeders.

110 kV

380 kV

Figure 5.10 380/110 kV-substation.
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110 kV

H-switching

110 kV

10(20) kV

Ynd5 oderYnd11
20.....63 MVA

Figure 5.11 High-voltage transmission line.

That means that the reliability of any high-voltage substation depends on the
reliability of the busbars present in the power system. An outage of any busbar
can have dramatic effects on the power system. An outage of a busbar leads to
the outage of the transmission lines connected to it.

As a result, the power flow shifts to the surviving healthy lines that are now
carrying more power than they are capable of. This leads to tripping of these lines,
and the cascading effect goes on until there is a blackout or similar situation. The
importance of busbar reliability should be kept in mind when taking a look at the
different busbar systems that are prevalent.

The three-phase high-voltage systems are found in the combined operation,
in cities and in industrial centers. The voltage level is determined by the trans-
mission and short-circuit power. The switchgear is designed as interior room or
outdoor switchyard. For the configuration and calculation of switchgear of the
scope of the system and the number of the busbars and their equipment is very
important.

Figures 5.10–5.12 show different types of high-voltage power systems such as
generation, transmission, and distribution.
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Figure 5.12 Generation, transmission, and distribution system.
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6

Systems up to 1 kV

In low-voltage power system, the power supply systems according to the type
of connection to earth are described in IEC 60364-1 and NEC 250. The type of
connection to earth must be selected carefully for the low-voltage network, as
it has a major impact on the expense required for protective measures. Earthing
(grounding) influences the system’s electromagnetic compatibility (EMC).

In a TN system, in the event of a short circuit to an exposed conductive part,
a considerable part of the single-phase short-circuit current is not fed back to
the power source via a connection to earth but via the protective conductor (PE).
The comparatively high single-phase short-circuit current allows for the use of
simple protective devices such as fuses or miniature circuit breakers, which trip
in the event of a fault within the permissible tripping time.

TN systems are preferably used today in low-voltage networks. When using
a TN-S system, residual currents in the building and thus an electromagnetic
interference by galvanic coupling can be prevented in normal operation because
the operating currents flow back exclusively via the separately laid isolated N
conductor. In the case of a central arrangement of the power sources, we always
recommend the TN system as a rule. In that, the system earthing is implemented
at one central earthing point (CEP), for example, in the low-voltage main dis-
tribution system, for all sources. If a PEN conductor is used, it is to be insulated
over its entire course – this includes the distribution system.

The magnitude of the single-phase short-circuit current directly depends
on the position of the CEP. Four-phase switches must be used if two TN-S
subsystems are connected to each other. In TN-S systems, only one earthing
bridge may be active. Therefore, it is not permitted that two earthing bridges be
interconnected via two conductors.

Today, networks with Terra–Terra (TT) systems are only used in rural supply
areas and in a few countries. In this context, the stipulated independence of the
earthing systems must be observed. Networks with an IT system are preferably
used for rooms with medical applications in accordance with IEC 60364-7-710
in hospitals and in production, where no supply interruption is to take place
upon the first fault, for example, in the cable and optical waveguide production.

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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The TT system as well as the IT system requires the use of residual current
protective devices (RCDs) for almost all circuits [4].

Earthing systems are classified according to the type of ground connection of
the power source (input type) and the type of exposed conductive parts of the
electrical system (IEC 60364 part 41). In this chapter, the three different types of
systems and protective measures are briefly described.

6.1 TN Systems

According to IEC 60364, the TN system is preferred not only in the area of
public low-voltage networks but also in the industrial sector. In TN systems, the
grounding of the operational equipment is implemented by connection to the
PEN conductor or for small cross-sections to the protective ground conductor
(PE) (Figure 6.1).

6.1.1 Description of the System is Carried Out by Two Letters

First letter: describes the grounding conditions of the power source
T: direct grounding of a point
I: isolated to the earth.
Second letter: describes the grounding conditions of the exposed conductive
parts of the electrical system
N: direct connection of exposed conductive parts through PEN or PE to system

grounding, continuing in TN system
S: neutral conductor (N) and protective ground conductor (PE), as separate and

separated conductors
C: neutral conductor and protective ground conductor combined in a single con-

ductor (PEN).

L2

L3

L1

N

PE

Distribution
system

Installation

Dyn5

Supply

Exposed conductive parts
Earthing at
the source

Earthing in the
distribution

Figure 6.1 Circuitry of the TN–C–S system.



6.2 Calculation of Fault Currents 49

Requirements on fault protection in case of short circuit:

• All equipment must be connected to a PE.
• For distribution circuits, a turn-off time not longer than 5 s is allowed.
• For final circuits, an RCD/30 mA must be provided.

Permissible overcurrent protective equipment for TN systems are as follows:

• Fuses
• Line protection circuit breakers (B or C type)
• Circuit breakers
• RCDs
• Arc fault circuit interrupter.

The following conditions must be satisfied for the ground loop impedance:

ZS ≤
U0

Ia
(6.1)

where ZS is the sum of impedances of network feed-ins and power source (loop
resistance), U0 is the conductor-to-ground voltage, and Ia is the breaking current
of the overcurrent protective equipment.

The loop impedance of the TN system is required in order to calculate the min-
imum required fault current at the position of the short circuit (Figure 6.2).

6.2 Calculation of Fault Currents

This section presents and explains the simple fundamental considerations for the
calculation of the fault current.

In TN systems, the fault current is calculated in order to ensure protection in
case of indirect contact and to guarantee that the protective equipment switches
off within the specified time. Figure 6.3 gives an overview of the calculations car-
ried out here.

Q T

t: 1

Cable

HV LV
L1

L2

L3

PE

N

(a)

(c)

Line 1 Line 2

(b)

ZS

Figure 6.2 Circuitry of the TN system. (a) Distribution systems, (b) loop impedance, and (c)
fault location.
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Figure 6.3 Overview of the
power supply.

The impedance upstream from the power source is given by:

ZQt =
√

R2
Qt + X2

Qt (6.2)

and with the short-circuit power of the high-voltage network:

ZQ =
c ⋅ U2

n

S′′
kQ

(6.3)

If exact data are not available for the reactance and resistance, we can then use
the following values [5]:

RQ = 0.100 ⋅ XQ (6.4)
XQ = 0.995 ⋅ ZQ (6.5)

Impedance of the transformer:

ZT =
(Un)2

SrT
⋅

ukr%
100

(6.6)

If exact data are not available for the reactance and resistance, we can then use
the following values [5]:

RT = 0.31 ⋅ ZT (6.7)
XT = 0.95 ⋅ ZT (6.8)

ZT =
√

R2
T + X2

T (6.9)

Impedance of the power source:
ZS = ZQ + ZT (6.10)

6.2.1 System Power Supplied from Generators:

Transient reactance of generator:

X′
d =

U2
n

SrG
⋅

x′
d

100
(6.11)

Zero-sequence reactance:

X0 =
U2

n

SrG
⋅

x0

100
(6.12)
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If exact data are not available for the reactance and resistance, we can then use
the following values [5]:

X′
d = 30% ⋅ x′

d (6.13)
X′

d = 6% ⋅ x0 (6.14)

Calculation of the fault current I′′k1min (external conductor− protective ground
conductor):

In accordance with IEC 60364, protection for indirect contact is ensured if the
following equation is satisfied:

I′′k1min =
√

3 ⋅ cmin ⋅ Un

3 ⋅
√

(2 ⋅ lL + Rv)2 + (2 ⋅ l ⋅ X′
L + Xv)2

(6.15)

For cables and conductors with reduced PEN or protective ground conductor
cross-sections, Equation (6.15) can be used if we substitute

R′
L =

R′
L1 + R′

L2

2
(6.16)

This protective measure requires coordinating the type of ground connection
and the characteristics of the protective ground conductors and protective equip-
ment. An immediate and automatic cut off of the faulty circuit is ensured when
the following condition is met:

I′′k1min ≥ Ia (6.17)

Calculation of the resistance at a temperature of 80 ∘C in accordance with IEC
60909 for a minimum single-phase short-circuit current:

RL80∘ = RL20∘ ⋅
[
1 + 0.004 1

∘C
(𝜃e − 20 ∘C)

]
(6.18)

The meanings of the symbols are as follows:
c voltage factor
S′′

kQ short-circuit power of the high-voltage network
XQ reactance upstream from power source
XT reactance of power source
ZQ impedance upstream from power source
RQ resistance upstream from power source
RT resistance of power source
ZT impedance of power source
I′′k1min smallest single-phase short-circuit current
Ia breaking current of overcurrent protective equipment
l length of the conductor (half the loop length)
R′

L resistance per unit length of cable or conductor
X′

L reactance per unit length of cable or conductor
Rv ground loop resistance of main network
Xv ground loop reactance of main network
R′

L1 resistance per unit length of external conductor
R′

L2 resistance per unit length of PEN or protective ground conductor
ZS sum of impedances of network feed-ins and power source.
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6.3 TT systems

In TT systems, the neutral conductor does not serve a protective ground
conductor function. The connection of the operational equipment takes place
through the protective ground conductor to a common grounding system
(Figure 6.4). TT systems are of no importance in the industrial sector.

6.3.1 Description of the System

First letter: describes the grounding conditions of the power source
T: direct grounding of a point
I: isolated to the earth.
Second letter: describes the grounding conditions of the exposed conductive
parts of the electrical system
T: exposed conductive parts, grounded directly and independently of power

source
Permissible overcurrent protective equipments for TT systems are as follows:

• RCDs
• Line protection circuit breakers, for example, with A, B, C, and D characteristic
• Circuit breakers
• Arc fault circuit interrupter
• Fuses.

The following condition must be satisfied for the ground resistance of the
exposed conductive parts:

RA ≤
UT

IΔn
(6.19)

ZS ≤
U0

Ia
(6.20)

Dyn5

L2

L3

L1

N

PE

Distribution
system

InstallationSupply

Exposed conductive parts
Earthing at
the source

At this point
a connection is
not allowed

Earthing in the
distribution Additional connection of the PE

may be needed in the installation
ZS

Ground loop
impedance

Figure 6.4 Circuitry of the TT system.
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where RA is the sum of the resistances of the ground electrode and the protective
ground conductor, UT is the touch voltage, IΔn is the rated differential current of
the RCD, and ZS is the ground loop impedance (consisting of source resistance,
protection resistance in the installation, and internal resistance).

6.4 IT Systems

The power source for IT systems is isolated. Its application is primarily in the
industrial sector and in the operation rooms of hospitals (Figure 6.5). The source
may be connected to earth through very high impedance. The neutral conductor
may or may not be distributed in the installation.

6.4.1 Description of the System

First letter: describes the grounding conditions of the power source
I: isolation of active parts from ground or connection of active parts to ground

through an impedance (indirect grounding).
Second letter: describes the grounding conditions of the exposed conductive
parts of the electrical system
T: exposed conductive parts, grounded directly and independently of power

source.
The protection for indirect contact is implemented by messages generated in

the isolation monitoring, with equipotential bonding or cut off in addition in case
of a double fault.

Permissible overcurrent protective equipment for IT systems are as follows:
• Insulation monitoring
• RCDs
• Line protection circuit breakers
• Circuit breakers
• Fuses.

Dyn5

L2

L3

L1

N

PE

Distribution
system

InstallationSupply

Exposed conductive parts

Impedance

Earthing in the
distribution

Earthing at
the source

Figure 6.5 Circuitry of the IT system.
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The ground resistance of the exposed conductive parts must be sufficiently low
to allow the following condition to be satisfied:

RA ≤
UT

Id
(6.21)

where RA is the sum of the resistances of the earth electrode and the PE for
each appliances, UT is the touch voltage, and Id is the fault current at the
first error with a very low impedance between a conductor and an exposed
conductive part.

The value of Id takes into account the leakage currents and the total impedance
of the electrical system and ground.

6.5 Transformation of the Network Types Described
to Equivalent Circuit Diagrams

There are many possible arrangements of networks. In order to calculate the total
impedance at the position of the short circuit, the network topologies in multiple
and meshed networks are simplified and transformed in a star–delta or delta–star
transformation (Figure 6.6).

With this approach, the network is reduced to a network with simple inputs.
The entire short-circuit path is represented by resistances and reactances and the
impedance at the position of the short circuit calculated from these. The following
relationships then apply:

The impedance is generally:

Z = R + jX (6.22)

The magnitude of the impedance is given by:

Z =
√

R2 + X2 (6.23)

Series circuit (Figure 6.6a):

Ztotal = Z1 + Z2 (6.24)

Parallel circuit (Figure 6.6b):

Ztotal =
Z1 ⋅ Z2

Z1 + Z2
(6.25)

Delta–star transformation (Figure 6.6c):

Z1 =
Za ⋅ Zc

Za + Zb + Zc
(6.26)

Z2 =
Za ⋅ Zb

Za + Zb + Zc

Z3 =
Zb ⋅ Zc

Za + Zb + Zc
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Figure 6.6 Network transformations. (a) Series circuit, (b) parallel circuit, (c) delta–star
transformation, and (d) star–delta transformation.

Star–delta transformation (Figure 6.6d):

Za =
Z1 ⋅ Z2 + Z1 ⋅ Z3 + Z2 ⋅ Z3

Z3
(6.27)

Zb =
Z1 ⋅ Z2 + Z1 ⋅ Z3 + Z2 ⋅ Z3

Z1

Zc =
Z1 ⋅ Z2 + Z1 ⋅ Z3 + Z2 ⋅ Z3

Z2
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6.6 Examples

6.6.1 Example 1: Automatic Disconnection for a TN System

In a subdistribution panel (Figure 6.7), a circuit for a heater and the wall recepta-
cle will be calculated in order to prove the automatic disconnection. At the panel,
the impedance is given with RP = 0.6Ω.

6.6.1.1 Calculation for a Receptacle
The loop resistance is as follows:

RS = RP + RL = 0.6Ω + 1.56 2 ⋅ 60 m
56 m

Ωmm2 ⋅ 2.5 mm2
= 1.93Ω

For a miniature circuit breaker, the disconnection current is 5 ⋅ 16 A = 80 A.
The disconnection time is 0.4 s. The fault current is as follows :

IF = 230 V
1.93Ω

= 119.17 A

Fault current must be greater than the disconnection current which is
IF > Ia → 119.17 A > 80 A

With this current, the shutdown condition is satisfied.

6.6.1.2 For the Heater

ta ≤ 0.4 s

RS = Rp + RL = 0.6Ω + 1.56 2 ⋅ 50 m
56 m

Ωmm2 ⋅ 2.5 mm2
= 1.71Ω

The disconnection current is for a fuse of gG/16 A 70 A, as shown for the recep-
tacle. It gives

IF = 230 V
1.71Ω

= 134.5 A

IF > Ia → 134.5 A > 70 A
The shutdown condition is satisfied.

Fuse
16 A
Ia = 70 A

MCB
B16 A
Ia = 80 A

Cable
50 m
5 x 2.5 mm2

Cable
60 m
3 x 2.5 mm2

RP = 0.6 Ω Figure 6.7 Automatic
disconnection for a TN
system.
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6.6.2 Example 2: Automatic Disconnection for a TT System

Given is the equipment grounding resistance: RA = 5Ω. In TT system, fault
protection can be provided either by overcurrent device or by RCD. The ground-
ing resistance at the consumer must satisfy the disconnection requirements.

We can calculate the disconnection current for this circuit.

Ia ≤
U0

ZS
= 230 V

5Ω
= 46 A

It is difficult to fulfill the safety requirements for this circuit. Therefore, an RCD
must be installed with 30 mA:

RA ≤
UT

IΔn
= 50 V

0.03 A
= 1666Ω



59
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Neutral Point Treatment in Three-Phase Networks

The main faults are the single-phase short circuit and the short circuit to ground.
The short circuit to ground is a conductive connection between a point in the
network belonging to the operational circuit and ground. Between 80% and 90%
of all faults in grounded networks are short circuits to ground. If the short-circuit
currents are identical in all three conductors with a three-phase short circuit,
then the fault is symmetrical. In all other cases, the fault currents in the three
conductors are different and these faults are then asymmetrical. In addition, in
three-phase networks various so-called transverse faults are possible. Along with
these transverse faults, line interruptions can also occur.

This results in longitudinal faults, which are, however, of no importance for
short-circuit current calculations. For ground faults and short circuits to ground,
the magnitude of the short-circuit current depends primarily on how the neutral
point of the network (transformer) is connected to the ground [2]. Figure 7.1
shows an example of earthing (grounding) of possible transformer at the star
point in electrical power systems.

The short-circuit currents are determined by the voltage sources present in the
network (generators and motors) and by the network impedances. The require-
ment of an optimum and inexpensive network can lead to different neutral point
treatments. The expense for grounding systems, network protection, network
design, operating mode, and size of the network is the determining factor in the
choice of neutral point treatment. The neutral point treatment also affects the
following parameters (Figure 7.2):

• Touch, step, and grounding electrode voltages
• Single-phase short-circuit currents
• Voltage stress.

For the construction and operation of electrical systems, a knowledge of the
grounding measures is indispensable. The most important measure is protec-
tion in the event of indirect touching, that is, the safety of human beings and of
objects must be ensured. For this, the calculation of the ground potential rise is
important. This value characterizes the maximum touch voltage. Thus, in terms
of danger to human beings, the touch voltage at which a fault current can flow

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 7.1 Neutral point treatment of transformers.
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Figure 7.2 Surface potential profile and voltages in case of current-carrying earth electrodes
(see also Ref. [2]).

through the body and the heart is especially critical. The touch voltage is part of
the ground potential rise in the event of a fault, which can be picked up by human
beings. The highest touch voltage that may remain without any limit in time in
low-voltage systems is 50 V for a.c. voltages and 120 V for d.c. voltages. As stated
in EN 50522, the highest touch voltage for times greater than 5 s in high-voltage
systems is 75 V. The magnitude of the permissible touch voltage depends on the
duration of the fault and is given in Figure 4 of EN 50522. If the ground potential
rise remains less than 150 V, then the condition is satisfied and no further mea-
sures are required. Otherwise, additional measures have to be undertaken. For
a fault with contact to ground, the type of neutral point grounding determines
the magnitude of the line-to-ground voltage and the magnitude of the currents
flowing to ground. This section will briefly discuss the principles of grounding
systems and then deal with the different methods of neutral point grounding in
high-voltage networks.



Neutral Point Treatment in Three-Phase Networks 61

The project planner has to determine and observe the following parameters for
the dimensioning of grounding systems:

1) Magnitude of the fault current (this parameter depends on the neutral point
grounding of the high-voltage network. See Table 7.1).

2) Duration of the fault (this parameter depends on the neutral point grounding
of the high-voltage network).

3) Characteristics of ground (measurement of the ground resistivity).
4) Ground resistance.
5) Correct choice and dimensioning of materials.

The design of grounding systems must satisfy four requirements:

1) The mechanical strength and resistance to corrosion of the grounding elec-
trode and protective conductor, as well as their connections, must be ensured.
These determine the minimum dimensions for the grounding electrodes.

2) The greatest fault current must be calculated and held under control from the
thermal point of view.

3) Damage to objects and operational equipment (especially information tech-
nology) must be avoided.

4) The safety of persons with respect to voltages on grounding systems (touch
voltages and parasitic voltages), which occur at the time of the greatest ground
fault current, must be ensured.

The ground potential rises and touch voltages of a grounding system can be
calculated from known data. The fault current frequently divides in the system.
For the calculation of the grounding system parameters, it is necessary to consider
all grounding electrodes and other grounding systems. In accordance with EN
50522, for step voltages, it is not necessary to define permissible values. If a system
satisfies the requirements with regard to the touch voltages, then no dangerous
step voltages can occur.

Overhead ground wires from overhead lines and metal shielding of ground-
ing cables are involved in leading away fault currents that flow to ground. They
assume a part of the ground fault current from the particular circuit. This effect
gives rise to the effective relieving of a high-voltage grounding system that is
affected by a ground fault. The extent of this relief is described by the reduction
factor.

The reduction factor r for an overhead ground wire in a three-phase current
conductor is as follows:

r =
I0

3I0
=

3I0 − IEW

3I0

The ground potential rise is

UE = ZE
•IE

In the event of a fault, the ground potential rise is

IE = r•
∑

3•I0
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Table 7.1 Decisive currents for the dimensioning of grounding systems [2].

Type of high-voltage network Decisive for thermal loading Decisive for
ground potential
rise and touch
voltage

Ground
electrodes

Ground
conductor

Networks with isolated
neutral point

– I′′kEE IE = r–IC

Networks
with ground
fault
neutralizer
grounded
system

In systems
with ground
fault
neutralizer
grounded
system

– I′′kEE IE = r•
√

I2
L + I2

Res

In systems
without
ground fault
neutralizer
grounded
system

IE = r–IRes

Networks with low-resistance
neutral point grounding

I′′k1 I′′k1 IE

Networks
with ground
fault
neutralizer
grounded
system and
temporary
low-
resistance
neutral point
grounding

In systems in
which
temporary
grounding
takes place

I′′k1 I′′k1 IE

In all other
systems

With ground
fault coil

— I′′kEE IE = r•
√

I2
L + I2

Res

Without ground
fault coil

IE = r–IRes

IC, calculated or measured capacitive ground fault current; IRes, residual ground fault current. When the
exact value is not known, we can assume 10% of IC; IL, sum of the rated currents of parallel ground fault
coils for the system under discussion; I′′k1, initial symmetrical short-circuit current for a single-phase
ground fault, calculated in accordance with IEC 60909; I′′kEE, double line to ground fault, calculated in
accordance with IEC 60909 or HD533 (for I′′kEE 85% of the three-phase initial symmetrical short-circuit
current can be used as the greatest value); IE, grounding current; r, reduction factor.
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The meanings of the symbols are as follows:
IEW current in the overhead ground wire in A
UE ground potential rise in V
IE grounding current in A
3I0 sum of the zero-sequence currents in A
ZE grounding impedance in Ω.

We can differentiate between the three types of neutral point treatment.

7.1 Networks with Isolated Free Neutral Point

The short-circuit current to ground flows through the capacitances to ground
CE of the uninterrupted conductors (Figure 7.3). The short-circuit currents to
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Figure 7.3 Isolated network and equivalent circuit diagram.
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Table 7.2 Summary of the isolated network.

Advantages Disadvantages

No supply interruption Voltage increase in healthy conductors
Automatic deletion of fault Stronger current arc
Grid operation of ground fault possible Limitation to small networks
Low demands on grounding systems Full isolation in the network
Voltage delta on the primary side Risk of subsequent errors
Fault location difficulty maintaining

ground are small in this case and in small networks are usually self-quenching,
although large transient overvoltages can occur. The potential of the neutral point
relative to ground is determined by the capacitances CE. The short-circuit current
to ground ICE at the position of the short circuit is given by:

ICE = 3•𝜔•CE
c•Un√

3
(7.1)

The short-circuit current to ground increases with the length of the conductor,
so that the operation of this type of network is restricted to smaller networks
(up to 30 kV). The limiting value of the short-circuit current to ground is around
35 A, since otherwise the arcing is no longer self-quenching.

Table 7.2 summarizes the advantages and disadvantages of isolated networks.

7.2 Networks with Grounding Compensation

A network with grounding compensation is present when the neutral point
is grounded through ground fault coils in such a way that their inductance is
matched to the capacitance to ground (Figure 7.4). For the matching condition
IC = IL:

IC = 3•𝜔•CE
c•Un√

3
and IL =

c•Un√
3•𝜔•L

(7.2)

Here, we refer to the ground fault current IF as the unbalanced residual cur-
rent. The capacitive short circuit to ground IC is compensated by the inductive
coil current IL of the ground fault quenching coils apart from a residual current. If
the short-circuit current to ground exceeds 35 A, then the network must be oper-
ated with grounding compensation. The residual current should not exceed 60 A
for medium-voltage networks and 130 A for high-voltage networks, in order to
ensure the self-quenching of the arcing and to keep the thermal stress under con-
trol. If this is not the case, then low-impedance neutral point grounding must be
used. Here too, overvoltages occur as for networks with an isolated free neutral
point.
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Figure 7.4 Network with earth fault compensation.

After the compensation, a residual fault current flows through the fault earth
location. These results are found to be

Ir = ICE•
√

d2 + v2 (7.3)

Table 7.3 summarizes the advantages and disadvantages of networks with earth
fault compensation.
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Table 7.3 Summary of the compensated network.

Advantages Disadvantages

No supply interruption Voltage increase in healthy conductors
Automatic deletion of fault Stronger current arc
Grid operation of ground fault possible Limitation to small networks
Low demands on grounding systems Full isolation in the network
Voltage delta on the primary side Risk of subsequent errors
Fault location difficulty maintaining Resonance danger
Residual ground fault Risk of multiple errors
Extinction if current and voltage in phase Cost increases in insulation

Investment for coil

7.3 Networks with Low-Impedance Neutral Point
Treatment

In accordance with HD 63751, a network with low-impedance neutral point
grounding (Figure 7.5) is present only when the neutral point of one or more
transformers is directly grounded and the network protection is designed so that
in the event of a short circuit to ground at any arbitrary fault position automatic
cut off must take place (protection by cut off).

The fault to ground is described as a short circuit to ground and the fault
current as short-circuit current to ground or single-phase short-circuit current.
The short-circuit currents to ground are, however, limited by the neutral point
impedance (ZS = 20,…, 60Ω) to values less than 5 kA. The ground fault factor
𝛿 = ULE

U∕
√

3
will be introduced here to describe the voltage conditions for the

neutral point treatment, where ULE is the conductor-to-ground voltage for a
fault and U is the operating voltage before the fault occurs. For a single-phase
short-circuit current, then

I′′k1 =
√

3•cmin•Un

Z1 + Z2 + Z0
(7.4)

Table 7.4 summarizes the advantages and disadvantages of low-resistance
grounded network.

Table 7.5 gives an overview of the neutral point arrangement on fault behavior
in three-phase high-voltage networks.

Table 7.6 summarizes an overview of the application of neutral point arrange-
ments.
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Figure 7.5 Low-resistance grounded network and equivalent diagram.

Table 7.4 Summary of the low-resistance grounded network.

Advantages Disadvantages

Supply interruption Every short circuit must be shut down
Selective disconnection Fault currents over earth
Small overvoltages Ground fault is short circuit
Low level of isolation High breaking capacity
No traveling wave hazards High demands on earthing systems
No limitation on network expansion A three-phase power protection needed
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Table 7.5 Arrangement of neutral point.

Arrangement of
neutral point (only
one phase is shown)

Isolated With arc
suppression coil

Current limiting Low-resistance
ground

Examples of use Power plant
auxiliaries

Overhead line Cable network High voltage

Fault current IE < 40 A IRest < 60–120 A For example,
I′′k1 = 2 kA

High

Fault duration t> 2 h t< 2–3 h t ≤ 1–3 s t ≤ 1–3 s

Ground fault factor
𝛿 =ULE/(ULL/

√
3)

𝛿 ∼
√

3 𝛿 ∼
√

3 𝛿 ∼ 1.4–1.8 𝛿 ≤ 1.4

Overvoltage k ∼ 2.5 k ∼ 3.0 k < 2.5 k < 2.5

Voltage rise Yes Yes No No

Ground fault arc Self-quenching
up to several A

Self-quenching Usually
sustained

Sustained

Detection of fault Location by
disconnection

Location by
disconnection

Selective
disconnection

Short-circuit
protection

𝛿, ground fault factor; I′′kEE: double ground fault; ULE, conductor to ground voltage at fault occurrence;
I′′kEE, two phase to ground fault; ULL, operating voltage before fault occurrence; I′′kEE, phase to ground
fault; IE, ground fault current; IRest, residual current; CE, ground capacitance.

Table 7.6 Application of neutral point arrangements.

Neutral point selection Ground fault factor (𝜹) Application Results

Direct grounding ≤1.4 In low-voltage power
systems < 1 kV
In high-voltage power
systems >110 kV

Short-circuit
protection selective
disconnection
Saving of insulation

Low-resistance
ground

0.87–1.4 Medium-voltage power
systems for cable
networks 10–30 kV

Short-circuit
protection Selective
disconnection

With arc suppression
coil

>1.4 Overhead and cable
networks up to 110 kV

Location by
disconnection

Short circuited with
suppression coil

First >1.4 after short
grounding < 1.4

Cable network
10–110 kV

First location by
disconnection then
disconnection
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7.4 Examples

7.4.1 Neutral Grounding

Calculate the earth fault in a 110-kV insulated power at 70 km line length and
conductor earth capacitance C′

E = 5 nF∕km.

CE = C′
E

•l = 5 nF∕km•70 km = 0.350μF

This gives the earth fault current:

IE = 3•𝜔•CE•U0 = 3•𝜔•0.350μF•110 km∕
√

3 = 20.9 A

The network will be operated with arc suppression coil. Determine in this case
the values of the coil.

QrD =
Un√

3
•IrD = 110 kV√

3
× 20.9 A = 1.32 Mvar
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8

Impedances of Three-Phase Operational Equipment

For the calculation of short-circuit currents, it is necessary to know conductor-
specific equivalent data and impedances of electrical operational equipment,
which are usually given by the respective manufacturer. The calculation of
short-circuit currents is based on the use of equivalent circuits for the oper-
ational equipment. In principle, the equivalent resistances and reactances
must be determined for all equipment. The impedances of generators, network
transformers, and power plant blocks should take account of the impedance cor-
rections for calculating the short-circuit currents. For generators, transformers,
and choke coils, the impedances and reactances are given in the per unit (pu) or
in the %/MVA system. Cables and lines are, however, assigned Ω/km values. The
impedances of operational equipment are described in detail in the following
section [1].

8.1 Network Feed-Ins, Primary Service Feeder

The input is from a network, usually designated “Q” for source, and not from a
generator. The calculation of this network is performed with the initial symmet-
rical short-circuit power, S′′

kQ, or the initial symmetrical short-circuit current,
I′′kQ, at the feeder connection point Q should be determined without transformer
(Figure 8.1a) and with transformer on the low-voltage (LV) side (Figure 8.1b).

The internal impedance of a high-voltage (HV) network or a medium-voltage
(MV) network can then be determined according to the following equation:

ZQ = RQ + jXQ

ZQ =
c ⋅ UnQ√

3 ⋅ I′′kQ

(8.1)

If the short circuit is fed through transformers, it is possible to further extend
the above relationships:

ZQt =
c ⋅ UnQ√

3 ⋅ I′′kQ

⋅
1
t2

r

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 8.1 Network feed-in and equivalent circuit. (a) System diagram and equivalent circuit
diagram without transformer and (b) system diagram and equivalent circuit diagram with
transformer.

ZQt =
c ⋅ U2

nQ

S′′
kQ

⋅
1
t2

r
(8.2)

I′′kQ =
c ⋅ UnQt√

3 ⋅ ZQt

(8.3)

It is sufficient to calculate only with reactances in HV networks with a volt-
age of greater than 35 kV, that is, Z = 0 + jXQ. In all other cases, the calculation
proceeds as follows:

XQ = 0.995 ⋅ ZQ

RQ = 0.1 ⋅ XQ

S′′
kQ =

√
3 ⋅ UnQ ⋅ I′′kQ (8.4)

The meaning of the symbols is as follows:
UnQ nominal voltage of the network at the interface Q
S′′

kQ initial symmetrical short-circuit power
I′′kQ initial symmetrical short-circuit current at the feeder connection point
c voltage factor for the nominal voltage
tr rated transformation ratio at which the on-load tap changer is in the main

position
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ZQ positive-sequence impedance of short circuit
ZQt positive-sequence impedance relative to LV side of transformer
RQ resistance of power supply feeder
XQ reactance of power supply feeder.

8.2 Synchronous Machines

A synchronous machine is the main power generator in the electric power sys-
tem and, therefore, is mainly used as a generator. After a winding arrangement,
one differentiates between equipment inner-phase and outer-phase machines. In
the outer phase, the armature winding is in the rotor, wherein the inner machines
are located in the stator.

Outer-phase machines can only be operated with small power, because with
them the net power must be removed via slip rings. Inner-phase machines need
much smaller excitation power to be transferred to the rotor. Finally, there are
slip-ring inner-phase machines in which the magnetic excitation power is trans-
mitted to the rotor. The exciter field winding is a d.c. coil. The armature winding
is performed in one or three phases. The damper windings are short-circuit
windings that are intended to calm the nonstationary processes. After the
execution of the rotor, one distinguishes further between turbo generators and
salient-phase generators.

The rotor of a turbo generator is also referred to as an inducer and is designed
cylindrically. The excitation winding will be introduced into the grooves, which
are distributed over almost the entire circumference. The rotor of a salient-phase
generator consists of individual phases and is, therefore, also called magnet
wheel.

Figure 8.2 shows a turbo generator and a salient-phase generator.

d

q

Stator

Rotor

B

Air gap

d

q

Turbogenerator

N N

N N

τ τ

S S

S S

Salient-phase generator

Figure 8.2 Synchronous machine.
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Figure 8.3 Synchronous machine in different operative conditions.

The knowledge of the short-circuit operation is important for the under-
standing of the generator behavior at all sudden disturbances of the stationary
operation (Figure 8.3).

During the nonstationary operation, the stator winding reacts on the exciter
and damper winding. In this case, a wide variety of operations occur. Before
fault inception, only the excitation field is present. This field forms a constant
flux linkage for the excitation and damper winding and for the stator coil, a
sinusoidal alternating ux linkage, which induces the rotor voltage.

No voltage arises in the exciter and damper winding during stationary
operation. In dynamic processes, such as short circuits, the behavior of the
generator is determined by the transition reactance. Sudden short circuits
have an equalization process result in which the magnetic ux, which is caused
by the ow of the armature reaction, largely closes via magnetic stray paths in
the air. The magnetic flux is distributed in different time intervals to different
dispersions. In A compensating current occurs in the excitation field coil, which
also temporarily urges the stator flux. The magnetic resistance is large at the
beginning of this process, which is called the transient process, but decreases
continuously until a stationary state occurs again. A similar behavior is also
exhibited by a transient reactance X′

d. It is at the beginning of the equalization
process and is much smaller than the synchronous reactance Xd. The reactance
Xd occurs continually greater during the transient event, and if it is a stationary
state, Xd becomes effective again. The reactance X′

d substantially includes the
leakage reactance of the stator and rotor windings. The synchronous machine
is the main power generator in the electric power generation and is, therefore,
mainly used as a generator. Figure 8.4 shows an equivalent circuit and phasor
diagram of the synchronous machine in the positive sequence in the longitudinal
direction (d-direction) with reactances and their effective internal voltages.
For three-phase short circuit, only the two inductive reactances Xh and X𝜎
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Figure 8.4 Equivalent circuit and phasor diagram of the synchronous machine in the positive
sequence.

occur. The amount of short-circuit current, therefore, depends only on this
reactance. At first, the largest peak short-circuits current, which then decays to
a steady-state short-circuit current. The d.c. component occurs unchanged and
decays with constant time. The altered magnetic conditions in various parts of
the rotor voltages are induced, which in turn react on the stator. The currents in
the damper winding subside quickly, as the effective resistances are very large.
These operations are called subtransient (fast transient).

Figure 8.5 shows the maximum d.c. shift of full-time course of the short-circuit
current. For the fault inception, the following expression can be stated mathe-
matically:

ik =
√

2 ⋅
[
(I′′k − I′k) ⋅ e

− t
T′′

d ⋅ sin(𝜔t − 𝛼) + (I′k − Ik) ⋅ e−(t∕T ′
d) ⋅ sin(𝜔t − 𝛼)

+ Ik ⋅ sin(𝜔t − 𝛼) + I′′
k
⋅ e−(t∕Tdc) ⋅ sin 𝛼

]
(8.5)
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Figure 8.5 Generator near the short-circuit current.

This relationship describes the subtransient part, the transient part, the
short-circuit current, and the d.c. link.

The course of time can be calculated for the dimensioning of the generator and
all devices located in the short circuit and the peak short-circuit current ip, which
is important for the dynamic stress, the breaking current ia, which is decisive for
the dimensioning of the switch, and the short-circuit current Ik, the basis, for the
thermal stress of resources.

The graph of the generator near the initial short-circuit current is determined
by the beginning of the reactance:

I′′k =
UE

X′′
d

(8.6)

The currents in the rotor winding decay slower because of the small ohmic
resistance. This process is called transient (temporarily) and appointed to the
transition reactance (transient reactance):

I′k =
UE

X′
d

Lastly, there are steady-state parts still in the time domain, which is condition-
ally indicated by the following equation:

Ik =
UE

Xd

The initial reactance (subreactance) X′′
d of the synchronous machine deter-

mines the size of the initial short-circuit alternating current. Figure 8.6 shows
the equivalent circuit diagram of a synchronous machine.

For LV generators, the following can be given:
Zk = RG + jX′′

d , RG ≈ 0.15 ⋅ X′′
d
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Figure 8.6 Synchronous machine and the equivalent circuit diagram.

For HV generators, UrG > 1 kV and SrG ≥ 100 MVA, the following can be given:

RG ≈ 0.05 ⋅ X′′
d for SrG < 100 MVA RG ≈ 0.07 ⋅ X′′

d

The subtransient reactance of the generator is

X′′
d =

x′′
d ⋅ U2

rG

SrG

The factors 0.05, 0.07, and 0.15 consider the decay of the short-circuit current
during the first half period. If the manufacturer indicated otherwise, the following
can be assumed.

For the single-phase short-circuit current:

I′′k1 ≈ 5 ⋅ IrG

For the three-phase short-circuit current:

I′′k3 ≈ 3 ⋅ IrG

In the following section, a generator near a short circuit will be described. These
currents are mainly caused by the reactance of the synchronous generators (SGs).

The impedance of the SG is compared with the relatively large line impedance
so that the severity of the current is heavily influenced by the generator. The
reactance is described by different phases and is discussed in more detail later.
The reactance increases with each phase so that very high short-circuit currents
occur, but it will soon disappear.

The impedances are dependent on the machine’s operating conditions and are
based on evaluating the envelope of the maximum values of the generator’s actual
time-dependent short circuit. This envelope is a function of power, impedances
and voltages.

For normal operations, three functions will be calculated from this envelope.
The subtransient reactance, X′′

d , determines the level of the short-circuit current
I′′kd and the transient reactance, X′

d, determines the level of the short-circuit cur-
rent I′kd and is called a breaking current.

Finally, the compensation process proceeds in the short-circuit current Ikd. The
more distant a short circuit occurs from the generator, the less pronounced the
three stages are.

As described below, the short-circuit current contains both a.c. and d.c.
components.

ik(t) =
√

2 ⋅ Ia.c.(t) + id.c.(t)
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8.2.1 a.c. Component

The a.c. component time function is characterized by the subtransient I′′kd,
transient I′kd, and steady-state currents Ikd during the time periods T ′′

d and T ′
d.

Ia.c.(t) = (I′′kd − I′kd) ⋅ e−(t∕T ′′
d ) + (I′kd − Ikd) ⋅ e−(t∕T ′

d) + Ikd

I′′kd =
E′′

q

Z′′
d
=

E′′
q√

R2
a + X′′2

d

I′kd =
E′

q

Z′
d
=

E′
q√

R2
a + X′2

d

Ikd =
Eq

Zd
=

Eq√
R2

a + X2
d

The active subtransient voltage can be evaluated using the following equation:

E′′
q =

√√√√√
(

UrG√
3
⋅ cos𝜑 + Ra ⋅ IrG

)2

+

(
UrG√

3
⋅ sin𝜑 + X′′

d ⋅ IrG

)2

And transient voltage:

E′
q =

√√√√√
(

UrG√
3
⋅ cos𝜑 + Ra ⋅ IrG

)2

+

(
UrG√

3
⋅ sin𝜑 + X′

d ⋅ IrG

)2

where
Z′′

d = Ra + jX′′2
d

Z′
d = Ra + jX′2

d

8.2.2 d.c. Component

The d.c. component can be calculated from the following equation:

id.c.(t) =
√

2 ⋅ (I′kd − IrG ⋅ sin𝜑) ⋅ e−
t

Td.c.

8.2.3 Peak Value

The peak value is calculated at the half cycle of the short-circuit condition. The
exact time depends on the preload conditions, the generator impedance, and the
time constants.

ip(t) =
√

2 ⋅ Ia.c.(t) + id.c.(t)
The practical short-circuit current calculation in networks, which is ultimately

based on the behavior of SGs when the short circuit occurs, does not deal with
mathematical functions and their instantaneous values, but only with effective
values, the specific be assigned to typical time ranges of the short-circuit current.

The following assumptions can be made to simplify the system calculations that
lead to conservative results. These assumptions are as follows:
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1) Stator resistance is ignored. The error is negligible.
2) Preload conditions are ignored. This gives a lower value of 10%.
3) Subtransient and transient decays are ignored.
4) Time constants can be calculated from the machine open-circuit time con-

stants and impedance.

All calculating formulae become

Ia.c.(t) = (I′′kd − I′kd) ⋅ e−(t∕T ′′
d ) + I′kd

Ia.c.(t) =
Un√

3 ⋅ X′′
kd

id.c. =
√

2 ⋅ Ia.c.

ip =
√

2 ⋅ Ia.c. + id.c. = 2 ⋅
√

2 ⋅ Ia.c.

where X′′
d is the subtransient reactance, X′

d is transient reactance, Xd is synchron
reactance, X0 is zero reactance, ZG is impedance of the generator, SrG is rated
power of the generator, RG is resistance of the generator, UrG is the rated voltage
of the generator, T is the time constant.

Table 8.1 shows the various characteristics (subtransient, transient, and syn-
chronous longitudinal reactances) for calculating the reactances in synchronous
machines. They are effective in short entry X′′

d for I′′k3, during the decay of the
short-circuit current X′

d and the synchronous operation of the generator Xd for
the continuous short-circuit current.

Table 8.1 Reactances of a synchronous machine [6].

Generator type Turbo
generators

Salient-phase generators

With damper
windinga)

Without damper
winding

Subtransient reactance, X′′
d (%) 9…22b) 12…30c) 20…40c)

Transient reactance, X′
d (%) 14…35d) 20…45 20…40

Synchronous reactance,e) Xd (%) 140…300 80…180 80…180
Negative-sequence reactance,f ) X2 (%) 9…22 10…25 30…50
Zero-sequence reactance,g) X0 (%) 3…10 5…20 5…25
Subtransient time constant, T ′′

d (s) 0.06…0.10 0.04…0.08 —
Transient time constant, T ′

d (s) 0.5…1.8 0.9…2.5 0.7…2.5
d.c. time constant, Tdc (s) 0.05…0.3 0.1…0.3 0.15…0.5

a) Valid for laminated-phase shoes and complete damper winding; also for solid-phase shoes with
strap connections.

b) Values increase with machine rating; low values for LV generators.
c) Higher values are for low-speed rotors (n< 375 min−1).
d) For very large machines (>1000 MVA) as much as 40–45%.
e) Saturated values are 5–20% lower.
f ) x2 = 0.5 (x′′d + x′′q); also valid for transients.
g) Depends on winding pitch.
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8.3 Transformers

To transport the electrical energy from the generator (power plant) to the end
user (households, industry, and public institutions), a chain of different electrical
installations is needed. The last element before the consumer is usually the dis-
tribution transformer. A transformer is an alternator – an alternating voltage and
current, electromagnetic by induction, that is between two or more windings at
the same frequency. It transmits different values of voltage and current. Thus, it
is a device for the transmission and transport of electrical energy (Figure 8.7).

At this point, it is useful to explain the transformer and its equivalent circuit
for the case of a short circuit (Figure 8.8).

The short-circuit voltage, Uk, is the primary voltage at which a transformer
with short-circuited secondary winding already takes up its primary rated cur-
rent. Uk is usually expressed as a relative short-circuit voltage in percent of the
primary voltage. It is a measure for the loading of the voltage change occurring.
The following condition applies

uk =
Uk ⋅ 100%

UnHV
(8.7)

When a short circuit occurs during the operation of a transformer on the sec-
ondary side, the peak short-circuit current, ip, flows first, which then gradually
decays to the steady-state short-circuit current. The magnitude of ip depends on
the momentary value of the voltage and the magnetic state of the iron core. The

Figure 8.7 Overview of a transformer.

HV
T
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t : 1 01
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c ·Un
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Figure 8.8 Transformer and equivalent circuit.
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value of the steady-state short-circuit current, Ik, depends on the short-circuit
voltage, Uk, and the internal resistance, Z.

Ikd =
UnHV

Z
(8.8)

Z =
Uk

InLV
(8.9)

UnHV =
Uk ⋅ 100%

uk
(8.10)

Ik =
InLV ⋅ 100%

uk
(8.11)

8.3.1 Short-Circuit Current on the Secondary Side

The equivalent circuit of the positive-sequence, negative-sequence, and zero-
sequence systems is given by the number and the circuitry of the windings.
Due to the phase angle, the negative-sequence impedance is identical to
the positive-sequence impedance. The positive-sequence impedance of the
transformer is calculated as follows:

ZT =
ukr

100%
U2

rT

SrT
(8.12)

RT =
uRr

100%
U2

rT

SrT
=

PkrT

3 ⋅ I2
rT

(8.13)

XT =
√

Z2
T − R2

t (8.14)

For LV transformers, the equivalent resistances and the inductive reactances in
the zero-sequence and positive-sequence systems are as follows (Figure 8.9):

For the connection symbol Dyn5:
Z2T = Z1T (8.15)
R0T = RT (8.16)
X0T = 0.95 ⋅ XT (8.17)

For the connection symbols Dzn0 and Yzn11:
R0T = 0.4 ⋅ RT (8.18)
X0T = 0.1 ⋅ XT (8.19)

For the connection symbol YYn6:
R0T = RT (8.20)
X0T = 7 · · · 100XT (8.21)

Transformers with three windings are employed in auxiliary service for the
internal requirements of power stations, in the industrial sector or as network
transformers. The short-circuit impedances of transformers with three windings
in the positive-sequence system can be calculated as follows (in accordance with
Figure 8.10):

ZAB =
ukrAB

100%
U2

rTA

SrTAB
(8.22)



82 8 Impedances of Three-Phase Operational Equipment

L1

L2

L3

L1

L2

L3

L1

L2

L3

L1

L2
L3

L1

L2

L3

L1

L2

L3

L1

L2

L3

L1

Dyn5

DZn0

YZn11

Yyn6

L2

L3

ZE

ZE

Z1T

Z2T

Z0 + 3ZE

I
F

IF

IF

IF

Figure 8.9 Equivalent resistances and reactances in the zero-sequence and positive-sequence
systems for LV transformers.
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Figure 8.10 (a) Circuit diagram for a transformer with three windings and (b) equivalent
circuit with side C open.
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With side B open:

ZAC =
ukrAC

100%
U2

rTA

SrTAC
(8.23)

With side A open:

ZBC =
ukrBC

100%
U2

rTA

SrTBC
(8.24)

With the positive-sequence short-circuit impedances:

ZA = 1
2
⋅ (ZAB + ZAC − ZBC) (8.25)

ZB = 1
2
⋅ (ZBC + ZAB − ZAC) (8.26)

ZC = 1
2
⋅ (ZAC + ZBC − ZAB) (8.27)

The meaning of the symbols is as follows:
UrT rated voltage of the transformer on HV or LV side
IrT rated current of the transformer on HV or LV side
UnHV nominal voltage on HV side
InLV nominal voltage on LV side
Uk short-circuit voltage
SrT rated apparent power of transformer
PkrT total winding losses of transformer at rated current
ukr rated value of short-circuit voltage in %
uRr rated value of resistive voltage drop in %
R0T zero-phase equivalent resistance of transformer
RT equivalent resistance of transformer
X0T inductive zero-sequence resistance of transformer
XT inductive resistance of transformer.

The equivalent resistances and reactances of transformers can also be obtained
from Figure 8.11.

8.3.2 Voltage-Regulating Transformers

For the compensation of voltage fluctuations in networks, the windings of
transformers are provided with a tap so that the transformation ratios can be
adjusted to keep the voltage for certain sections constant. Voltage-regulating
transformers can be divided into two groups: controllable power transformers
and series-regulating transformers. Controllable transformers have several taps
on the voltage side to be regulated with which the transformation ratio can be
increased or decreased in the same proportions, usually in steps of 1% or 2%.

This is also known as in-phase voltage control since only the magnitude of
the voltage is regulated. Voltage regulation takes place stepwise with a switching
device, which can be described as a stepping switch or stepping switch device.
Switchover between the steps must take place under load, since load-dependent
voltage fluctuations are regulated during operation.

The transformation ratio of the transformers is determined from the rated volt-
ages. With stepping switches, it is possible to match the transformation ratio to



84 8 Impedances of Three-Phase Operational Equipment

125 160 200 250 320 400 500 630 800 1000 1250 1600 2000

75

26
22
18
15

10

7

5

0.6

0.8

1.2
1.5

2.5

1

2

3

4

8

12

32
40
50 bei

= 6%
bei

= 4%

Un = 400 V f = 50 Hz SrT kVA

RT

XT

XT

XT

RT

mΩ

ukr

ukr

Figure 8.11 Equivalent resistances and reactances of transformers for LV and MV networks [7].

the load. The transformation ratio can be calculated by taking into account the
step setting:

t = (1 + pT) ⋅ tr

where, for tr:

tr =
UrTHV

UrTLV

Table 8.2 Characteristic values of high-voltage (HV) transformers.

Rated
voltage,
Ur (kV)

Rated
power,
SrT (MVA)

Short-circuit
voltage,
ukr (%)

Impedance
losses,
PkrT (%)

No-load
losses,
P0rT (%)

No-load
current,
i0rT (%)

≤30 2–4 6 0.9–0.8 0.17–0.14 1.3–1.1
5–10 7 0.8–0.7 0.13–0.11 1.0–0.8
12.5–40 10 0.6–0.4 0.08–0.06 0.8–0.5

30<UrTHV ≤ 110 6.3–10 10 0.9–0.8 0.18–0.14 0.9–0.8
12.5–40 12 0.8–0.5 0.10–0.07 0.8–0.5
50, 60 13 0.4 0.06 0.5–0.05
80 14 0.5 0.05 0.45–0.05

110 100–350 12–16 0.31–0.19 0.05–0.03 0.45–0.05
110<UrTHV ≤ 220 100–1000 10–20 0.32–0.19 0.065–0.035 0.47–0.04
220<UrTHV ≤ 380 100–1000 11–20 0.4–0.2 0.07–0.04 0.48–0.04
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In addition to maintaining constant voltage levels, regulating transformers are
used for controlling the load flow. They too can be switched under load. These can
be divided into quadrature control transformers and phase angle control trans-
formers. For quadrature control transformers, an additional voltage is generated,
which is phase-shifted by 90∘ from the voltage of a conductor. The additional
voltage is added to the side on which the voltage is regulated. Phase angle control
transformers are a combination of quadrature control transformers and in-phase
control transformers. Stepping regulators are implemented via power electronic
components, which are fast and require little maintenance. The most important
features of HV transformers are tabulated in Table 8.2.

8.4 Cables and Overhead Lines

When the cross-section is known, the short-circuit impedances for LV networks
can be obtained from the tables of IEC 60909-4.

For cables and lines (Figures 8.12 and 8.13), we can calculate the determining
values as follows:

ZL = RL + jXL (8.28)
RL = l ⋅ R′

L (8.29)
XL = l ⋅ X′

L (8.30)
Length-specific values for overhead lines:
Resistance in Ω/km:

RL = l
𝜅 ⋅ S

(8.31)

The zero-sequence resistances of lines can be calculated from:

R0L =
R0L

RL
⋅ RL (8.32)

X0L =
R0L

RL
⋅ XL (8.33)

Inductive load reactance in Ω/km:

XL = 𝜔 ⋅ Lb =
𝜔 ⋅ 𝜇0

2 ⋅ 𝜋

(
ln d

r
+ l

4 ⋅ n

)
(8.34)

Double line:

XL = 𝜔 ⋅ Lb =
𝜔 ⋅ 𝜇0

2 ⋅ 𝜋

(
ln d ⋅ d′

re ⋅ d′′ +
l

4 ⋅ n

)
(8.35)

Figure 8.12 Cables and lines in the positive-sequence system. Transmission line

or cable

RL BA

A B

01

jXL
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Figure 8.13 The basis of calculation for overhead lines: (a) equivalent circuit of an overhead
line; (b) 4× conductor bundle line; (c) 2× conductor bundle line; and (d) mast diagram.

Permeability:

𝜇0 = 4 ⋅ 𝜋 ⋅ 10−4 V s∕(A m) (8.36)

Equivalent radius:

re =
n
√

n ⋅ r ⋅ Rn−1 (8.37)

Average geometrical distance between conductors:

d = 3
√

d12 ⋅ d23 ⋅ d31 (8.38)

d′ = 3
√

d′
12 ⋅ d′

23 ⋅ d′
31 (8.39)

d′′ = 3
√

d′′
11 ⋅ d′′

22 ⋅ d′′
33 (8.40)

Equivalent capacitive reactance in Ω/km:

Cb =
2 ⋅ 𝜋 ⋅ ∫0

ln d⋅d′

r⋅d′′

(8.41)

Xb = 1
𝜔 ⋅ CB

(8.42)
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The meaning of the symbols is as follows:
aT distance of conductor elements
Cb load capacitance
d average geometrical distance between three conductors or between center

points of conductor bundles
Lb load inductance
n number of conductor elements
r conductor radius
re equivalent radius
R radius of conductor element
RL effective resistance of a conductor
S cross-section
XL inductive load reactance
𝜇0 permeability.

The impedance values for overhead lines, cables, and conductors are generally
available from the respective manufacturers. If no information is available, then
the following Tables 8.3–8.19 can be followed.

Table 8.3 Impedances for polyvinyl chloride (PVC)-insulated three-phase NYY cables [8].

Cross-section
of conductor,
S (mm2)

3.5- and
4.5-conductive
cable (m𝛀/m)

Four- and
five-conductive
cable (m𝛀/m)

One-conductive
cable with PE,
separated (m𝛀/m)

One-conductive
cable with PE,
bundled (m𝛀/m)

Cu conductor

0.5
0.75
1
1.5
2.5
4
6
10
16
25
35
50
70
95
120
150
185
240
300

—
—
—
—
—
—
—
—
—
3.11
2.23
1.56
1.12
0.84
0.67
0.55
0.45
0.37
0.31

107.2
71.5
53.6
35.7
21.44
13.4
8.93
5.36
3.35
2.15
1.54
1.08
0.78
0.59
0.47
0.39
0.33
0.27
0.24

—
—
—
—
—
—
—
—
—
3.13
2.25
1.60
1.17
0.89
0.74
0.63
0.56
0.49
0.45

—
—
—
—
—
—
—
—
—
3.12
2.24
1.59
1.16
0.88
0.72
0.61
0.53
0.46
0.42

(Continued)
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Table 8.3 (Continued)

Cross-section
of conductor,
S (mm2)

3.5- and
4.5-conductive
cable (m𝛀/m)

Four- and
five-conductive
cable (m𝛀/m)

One-conductive
cable with PE,
separated (m𝛀/m)

One-conductive
cable with PE,
bundled (m𝛀/m)

Al conductor

16
25
35
50
70
95
120
150
185
240
300

—
—
—
—
—
—
—
0.90
0.74
0.58
—

5.70
3.64
2.60
1.83
1.31
0.97
0.77
0.63
0.52
—
—

—
—
—
—
—
—
—
0.96
0.80
0.66
0.57

—
—
—
—
—
—
—
0.94
0.79
0.64
0.55

Table 8.4 Resistance values for PVC-insulated four- and
five-conductor cables with copper conductors at 55 ∘C
conductor temperature [8].

Cross-section of
conductor, S (mm2)

Resistance,
r (m𝛀/m)

Reactance,
x (m𝛀/m)

Impedance,
z (m𝛀/m)

4× 0.5
4× 0.75
4× 1
4× 1.5
4× 2.5
4× 4
4× 6
4× 10
4× 16
4× 25
4× 35
4× 50
4× 70
4× 95
4× 120
4× 150
4× 185
4× 240
4× 300

81.90
55.74
41.18
27.53
16.86
10.49

7.01
4.16
2.62
1.654
1.192
0.880
0.610
0.440
0.348
0.282
0.226
0.172
0.136

0.23
0.23
0.23
0.23
0.22
0.21
0.20
0.19
0.18
0.176
0.160
0.159
0.155
0.154
0.151
0.151
0.151
0.149
0.149

81.90
55.74
41.18
27.53
16.96
10.49

7.01
4.16
2.63
1.663
1.203
0.894
0.629
0.466
0.379
0.320
0.272
0.228
0.202

For PVC-insulated cables with aluminum conductors, multiply the
resistance value R′ by the factor 1.7.
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Table 8.5 Resistance values for PVC-insulated 3.5- and
4.5-conductor three-phase cables with copper conductors at
55 ∘C conductor temperature [8].

Cross-section of
conductor, q (mm2)

Resistance,
r (m𝛀/m)

Reactance,
x (m𝛀/m)

Impedance,
z (m𝛀/m)

3× 25/16
3× 35/16
3× 50/25
3× 70/35
3× 95/50
3× 120/70
3× 150/70
3× 185/95
3× 240/120
3× 300/150

2.135
1.904
1.267
0.901
0.660
0.479
0.446
0.333
0.260
0.209

0.182
0.183
0.179
0.174
0.168
0.160
0.167
0.163
0.164
0.162

2.143
1.913
1.279
0.918
0.681
0.505
0.476
0.371
0.307
0.264

For PVC-insulated cables with aluminum conductors, multiply the
resistance value R′ by the factor 1.7.

Table 8.6 Resistance values for PVC-insulated single-conductor
three-phase cables with PE or PEN next to each other, with
copper conductors at 55 ∘C conductor temperature [8].

Cross-section of
conductor, q (mm2)

Resistance,
r (m𝛀/m)

Reactance,
x (m𝛀/m)

Impedance,
z (m𝛀/m)

1× 25/16
1× 35/16
1× 50/25
1× 70/35
1× 95/50
1× 120/70
1× 150/70
1× 185/95
1× 240/120
1× 300/150

2.1350
1.904
1.267
0.901
0.660
0.479
0.446
0.333
0.260
0.209

0.390
0.377
0.373
0.366
0.333
0.330
0.327
0.326
0.320
0.328

2.170
1.941
1.321
0.973
0.739
0.582
0.553
0.466
0.412
0.381

For PVC-insulated cables with aluminum conductors, multiply the
resistance value R′ by the factor 1.7.
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Table 8.7 Resistance values for PVC-insulated single-conductor
three-phase cables with PE or PEN at a distance d from each other,
with copper conductors at 55 ∘C conductor temperature [8].

Cross-section of
conductor, q (mm2)

Resistance,
r (m𝛀/m)

Reactance,
x (m𝛀/m)

Impedance,
z (m𝛀/m)

1× 25/16
1× 35/16
1× 50/25
1× 70/35
1× 95/50
1× 120/70
1× 150/70
1× 185/95
1× 240/120
1× 300/150

2.135
1.904
1.267
0.901
0.660
0.479
0.446
0.333
0.260
0.209

0.390
0.377
0.373
0.366
0.362
0.359
0.356
0.354
0.349
0.347

2.170
1.941
1.321
0.973
0.753
0.599
0.571
0.486
0.435
0.405

For PVC-insulated cables with aluminum conductors, multiply the
resistance value R′ by the factor 1.7.

Table 8.8 Resistance values at 80 ∘C for copper cables and conductors [9].

Copper Aluminum

Cross-section of
conductor, q (mm2)

Resistance,
r (m𝛀/km)

Reactance,
x (m𝛀/km)

Impedance,
z (m𝛀/km)

Resistance,
r (m𝛀/km)

Reactance,
x (m𝛀/km)

Impedance,
z (m𝛀/km)

4× 1.5
4× 2.5
4× 4
4× 6
4× 10
4× 16
4× 25
4× 35
4× 50
4× 70
4× 95
4× 120
4× 150
4× 185
4× 240
4× 300

15
9.02
5.654
3.757
2.244
1.413
0.895
0.649
0.479
0.332
0.239
0.192
0.153
0.122
0.093
0.074

0.115
0.110
0.106
0.100
0.094
0.090
0.086
0.083
0.083
0.082
0.082
0.080
0.080
0.080
0.079
0.079

15
9.02
5.654
3.758
2.264
1.415
0.899
0.654
0.486
0.341
0.252
0.208
0.172
0.146
0.122
0.108

—
—
—
—
—
—
1.68
1.226
0.794
0.551
0.396
0.316
0.257
0.203
0.155
0.124

—
—
—
—
—
—
0.086
0.083
0.083
0.082
0.082
0.080
0.080
0.080
0.079
0.079

—
—
—
—
—
—
1.682
1.228
0.798
0.557
0.404
0.325
0.270
0.221
0.173
0.147
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Table 8.9 Resistance values at 20 ∘C for copper cables and conductors [9].

Copper Aluminum

Cross-section of
conductor, q (mm2)

Resistance,
r (m𝛀/km)

Reactance,
x (m𝛀/km)

Impedance,
z (m𝛀/km)

Resistance,
r (m𝛀/km)

Reactance,
x (m𝛀/km)

Impedance,
z (m𝛀/km)

4× 1.5
4× 2.5
4× 4
4× 6
4× 10
4× 16
4× 25
4× 35
4× 50
4× 70
4× 95
4× 120
4× 150
4× 185
4× 240
4× 300

12.1
7.28
4.56
3.03
1.81
1.14
0.722
0.524
0.387
0.268
0.193
0.155
0.124
0.0991
0.0754
0.0601

0.114
0.110
0.106
0.100
0.0945
0.0895
0.0879
0.0851
0.0848
0.0819
0.0819
0.0804
0.0804
0.0804
0.0797
0.0797

12.1
7.28
4.56
3.03
1.812
1.143
0.729
0.530
0.396
0.280
0.209
0.174
0.147
0.127
0.109
0.998

—
—
—
—
—
—
1.20
0.876
0.641
0.443
0.320
0.253
0.206
0.164
0.125
0.100

—
—
—
—
—
—
0.088
0.086
0.084
0.082
0.082
0.080
0.080
0.080
0.079
0.079

—
—
—
—
—
—
1.203
0.880
0.646
0.450
0.330
0.265
0.220
0.182
0.147
0.127

Table 8.10 Resistances per unit length r in a positive-sequence
system for overland line conductors manufactured in accordance
with DIN 48 201 and f = 50 Hz at 20 ∘C [9].

Cross-section of
conductor, q (mm2)

Nominal cross-
section, q (mm2)

Copper,
r (𝛀/km)

Aluminum,
r (𝛀/km)

10
16
25
35
50
70
95
120

10
15.9
24.2
34.4
49.5
65.8
93.2
117

1.804
1.134
0.745
0.524
0.364
0.276
0.195
0.155

2.855
1.795
1.18
0.83
0.577
0.436
0.308
0.246
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Table 8.11 Inductive reactances per unit length x in Ω/km in a
positive-sequence system for overland line conductors at f = 50 Hz [9].

Cross-section of
conductor, q (mm2)

Average distance d between conductors (cm)

50 60 70 80 90 100

10
16
25
35
50
70
95
120

0.37
0.36
0.34
0.33
0.32
0.31
0.29
0.29

0.38
0.37
0.35
0.33
0.32
0.32
0.31
0.30

0.40
0.38
0.37
0.35
0.34
0.33
0.32
0.31

0.40
0.38
0.37
0.36
0.35
0.34
0.33
0.32

0.41
0.40
0.38
0.37
0.36
0.35
0.34
0.33

0.42
0.40
0.39
0.38
0.37
0.35
0.34
0.34

Table 8.12 Quotients of effective resistances and inductive reactances in the
zero-sequence and positive-sequence systems for NAYY and NYY cables as a
function of the ground return system at f = 50 Hz [9].

q (mm2) ROL/RL XOL/XL

Copper Aluminum Copper Aluminum

a c a c a c a c

4× 1.5
4× 2.5
4× 4
4× 6
4× 10
4× 16
4× 25
4× 35
4× 50
4× 70
4× 95
4× 120
4× 150
4× 185
4× 240
4× 300

4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0

1.03
1.05
1.11
1.21
1.47
1.86
1.35
2.71
2.95
3.18
3.29
3.35
3.38
3.41
3.42
3.44

—
—
—
—
—
—
—
4.0
4.0
4.0
4.0
4.0
4.0
4.0
—
—

—
—
—
—
—
—
—
2.12
2.48
2.84
3.07
3.19
3.26
3.32
—
—

3.99
4.01
3.98
4.03
4.02
3.98
4.13
3.78
3.76
3.66
3.65
3.65
3.65
3.65
3.67
3.66

21.28
21.62
21.36
21.62
20.22
17.09
12.97
10.02
7.61
5.68
4.63
4.21
3.94
3.74
3.62
3.52

—
—
—
—
—
—
—
4.13
3.76
3.66
3.65
3.65
3.65
3.65
—
—

—
—
—
—
—
—
—
15.47
11.99
8.63
6.51
5.53
4.86
4.35
—
—

a, ground return system through fourth conductor.
c, ground return system through fourth conductor and ground.
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Table 8.13 Resistances r per unit length of conductors
for copper conductors.

Cross-section of
conductor, q (mm2)

20 ∘C (𝛀/km) 30 ∘C (𝛀/km)

1.5
2.5
4
6
10
16
25
35
50
70
95
120
150
185

12.1
7.41
4.61
3.08
1.83
1.15
0.727
0.524
0.387
0.268
0.193
0.153
0.124
0.0991

12.57
7.56
4.73
3.15
1.88
1.18
0.75
0.54
0.40
0.28
0.20
0.16
0.13
0.10

Table 8.14 Impedance z for main outgoing
and return lines of power supply companies.

Cross-section of conductor
(NYM or NYY), q (mm2)

Impedance,
z (m𝛀/m)

1.5
2.5
4
6
10
16
25
35
50
70
95

0.03001
0.01838
0.01131
0.00752
0.00449
0.00284
0.00180
0.00131
0.00098
0.00069
0.00052
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Table 8.15 Resistances of conductors in XLPE-insulated cables
(6–30 kV) at 20 ∘C [10].

Cross-section of
conductor, q (mm2)

Copper
conductor (𝛀/km)

Aluminum
conductor (𝛀/km)

25
35
50
70
95
120
150
185
240
300
400
500

0.727
0.524
0.387
0.268
0.193
0.153
0.124
0.0991
0.0754
0.0601
0.0470
0.0366

1.20
0.868
0.641
0.443
0.320
0.253
0.206
0.164
0.125
0.100
0.0778
0.0605

Table 8.16 Resistances per unit length of XLPE-insulated copper cables (6–20 kV) for
f = 50 Hz [10].

Cross-section
of conductor,
q (mm2)

6/10𝛀/km 12/20𝛀/km

Single
conductors on
top of each other

Single
conductors next
to each other

Single
conductors on
top of each other

Single
conductors next
to each other

35
50
70
95
120
150
185
240
300
400
500

0.671
0.497
0.345
0.249
0.198
0.163
0.132
0.102
0.082
0.068
0.055

0.673
0.498
0.346
0.251
0.200
0.165
0.134
0.104
0.085
0.071
0.058

0.671
0.496
0.345
0.249
0.198
0.163
0.131
0.101
0.082
0.067
0.055

0.672
0.498
0.346
0.250
0.200
0.165
0.133
0.103
0.084
0.070
0.058
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Table 8.17 Inductances of XLPE-insulated copper cables (6–30 kV) for
f = 50 Hz [10].

Cross-section
of conductor,
q (mm2)

6/10 kV 12/20 kV 18/30 kV

mH/km mH/km mH/km mH/km mH/km mH/km

35
50
70
95
120
150
185
240
300
400
500

0.45
0.42
0.39
0.38
0.36
0.35
0.34
0.32
0.31
0.30
0.29

0.76
0.73
0.70
0.67
0.65
0.63
0.61
0.59
0.57
0.55
0.53

0.48
0.45
0.43
0.41
0.39
0.38
0.36
0.35
0.33
0.33
0.31

0.76
0.74
0.70
0.68
0.65
0.63
0.62
0.59
0.58
0.55
0.53

—
0.48
0.45
0.43
0.42
0.41
0.39
0.37
0.36
0.34
0.33

—
0.75
0.71
0.68
0.66
0.64
0.63
0.60
0.59
0.56
0.54

Table 8.18 Effective capacitances of XLPE-insulated
copper cables [10].

Nominal voltage 6/10 kV 12/20 kV 18/30 kV

Cross-section of
conductor, q (mm2)

𝛍F/km 𝛍F/km 𝛍F/km

35
50
70
95
120
150
185
240
300
400
500

0.22
0.25
0.28
0.31
0.34
0.37
0.40
0.44
0.48
0.55
0.60

0.16
0.18
0.20
0.22
0.23
0.25
0.27
0.30
0.32
0.36
0.40

—
0.14
0.15
0.17
0.18
0.19
0.20
0.22
0.24
0.27
0.29
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Table 8.19 Ground fault currents of XLPE-insulated
copper cables [11].

Nominal voltage 6/10 kV 12/20 kV 18/30 kV

Cross-section of
conductor, q (mm2)

A/km A/km A/km

35
50
70
95
120
150
185
240
300
400
500

1.2
1.4
1.5
1.7
1.9
2.0
2.2
2.4
2.6
3.0
3.3

1.7
1.9
2.1
2.4
2.6
2.7
3.0
3.3
3.5
4.0
4.3

—
2.3
2.5
2.7
2.9
3.1
3.3
3.7
4.0
4.4
4.8

8.5 Short-Circuit Current-Limiting Choke Coils

The short-circuit current-limiting choke coils (Figure 8.14) are used to limit
the current flow as a result of a fault condition in series systems with insuf-
ficient stability against short circuits. They are used to reduce the breaking

01

(a)

(b)

R
R

X
R

~~

Choke coil Figure 8.14 (a) Short-circuit
current-limiting choke coil,
equivalent circuit; and (b)
application.
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capacity of the circuit breakers to a permissible value. The following conditions
apply:

XR =
ukR

100%
⋅

Un√
3 ⋅ IrR

(8.43)

RR ≪ XR (8.44)

The meaning of the symbols is as follows:
XR reactance of choke coil
Un nominal power line voltage
RR resistance of choke coil
ukR rated voltage drop of choke coil (given on nameplate)
IrR rated current of choke coil (given on nameplate).

8.6 Asynchronous Machines

Motors are energy converters, which convert the electric power into mechanical
energy in the form of linear or rotary movement. The asynchronous motor is the
most commonly used engine in plant engineering. It has a simple design and is
robust and economical (Figure 8.15).

Asynchronous motors (Figure 8.16) have filed conditions similar to those of
synchronous motors following a short circuit across the terminal.

Chassis

Cooling fins

Cooling air flow

Cooling fan

Stator with

stator windings

Terminal box

Motor shaft

Bearing

Squirrel-cage rotor

Figure 8.15 Overview of an asynchronous machine (ABB).
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ASM

M

3~

~

3

c.UrM

RM
XM

Figure 8.16 Asynchronous
machine and equivalent
circuit.

The equivalent circuit consists of an internal voltage source and an impedance.
The value of this impedance can be calculated as follows:

ZM = 1
ILR∕IrM

⋅
UrM√
3 ⋅ IrM

= 1
ILR∕IrM

⋅
U2

rM

SrM
(8.45)

SrM =
PrM

𝜂r ⋅ cos 𝜑r
(8.46)

The meaning of the symbols is as follows:
ZM impedance of motor
UrM rated voltage of motor
IrM rated current of motor
SrM rated apparent power of motor
PrM rated effective power of motor
ILR/IrM ratio of locked rotor current to rated current of motor.

8.7 Consideration of Capacitors and Nonrotating Loads

The short-circuit currents are determined with the aid of the equivalent volt-
age source. The load flow before the occurrence of the short circuit, the capac-
itances of the conductors, the passive loads, the position of the step switch of
transformers, and the state of the exciter of the generators are not considered.
Independently of the point in time at which the short circuit occurs, the discharge
current of the parallel capacitors can be neglected for the calculation of ip. The
influence of the series capacitors can also be neglected if these are provided with
voltage-limiting systems connected in parallel, which respond in the event of a
short circuit.

8.8 Static Converters

For the calculation of short-circuit currents, static converters are treated simi-
larly to asynchronous motors. Reversing mechanisms supplied from a static con-
verter contribute only to the initial symmetrical short-circuit current and the
peak short-circuit current.
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8.9 Wind Turbines

For mechanical to electrical energy conversion, SGs and AGs are used. Direct
current link and inverter are in common use.

The AG needs an inductive reactive power for magnetization. The reactive
power is drawn between different generator systems that reflect the excitation
power from the grid and provide such inductive reactive power. Wind turbines
can be connected individually or by multiple wind turbines in a wind farm via
underground cables.

The electric power is usually fed at the HV side. Figure 8.17 shows a wind farm
with three wind turbines.

For the calculation of short-circuit currents, the generators and transformers
for wind turbines are combined into one unit. The short-circuit current is calcu-
lated on the HV side of the unit transformer.

The AG supplies in the event of a short circuit to contribute to the short-circuit
current. This affects the thermal, electrical, and mechanical dimensioning of bus-
bars and protection devices. These shorts are as follows:
1) Three-phase short circuit with and without earth
2) Two-phase short circuit with and without earth
3) Single-phase short circuit (ground fault).

Wind turbines with AGs or SGs up to 1 MW are directly coupled to the net-
work. For higher ratings from 1.5 MW, particular SGs and AGs are used with
inverters. They are able to adjust the variable torque of the rotor and the varying
voltage to the requirements of the network.

1250 A

16 kA

630 A

3 – 24 (20) kV, 16 kA, 630 A

Q01

Q0

G

3T91

Q01

Q0

H01

G
2.3 MW, 0.4 kV

cos φ = 1.0

Ω/

Ω/

Ω/

2.5 MW

Dyn5

u
kr

 = 6 %

P0 = 2.5 kW

P
k
 = 19 kW

Cable:
NA2XS(F)2Y, 20 kV
3 x 1 x 150 mm  / RM 25

= 0.2060

2

R′1 km

X′1 km

C′
I
CE

 = 2.760 A/km
I
r
 = 320 A

3T91

630 A

630 A

Q01

Q0

H01

G

3T91

Q01

Q0

H01

110 kV

16 kA/1 s

1000/1–5 A

15–15 VA

5P10–5P20

50 MVA

12%,Ynyn0

1 2 n

= 0.1221

1= 0.2540 km

Figure 8.17 Connection to the HV power network.
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The gearless SGs with a full-power converter and double-fed AGs have a strong
presence in the market. However, the power converter feeds current harmonics
into the grid. Wind power plants are usually divided into four types, which are
used currently in the electricity networks. Using the IEEE definitions, the four
types have the following properties

8.9.1 Wind Power Plant with AG

A wind turbine with an AG (WA type one) is connected directly to the network
without a power converter. WA has a soft starter, which is only active during
startup. Figure 8.18 shows the main electrical and mechanical components of a
WA, which is connected to the wind turbine rotor and the induction generator via
a gearbox. The capacitor bank is used for reactive power compensation. This type
of wind turbine with ride-through capabilities typically uses a variable capacitor
bank that is dynamically controlled during and after errors. The power switch
simultaneously disconnects the generator and the capacitors. The wind turbine
terminals can be arranged on both sides of the transformer, as specified in IEC
61400-21.

Synchronous generators are modeled by an equivalent impedance ZG, which
can be calculated as follows:

ZG = 1
ILR

IrG

⋅
UrG√
3 ⋅ IrG

= 1
ILR

IrG

⋅
U2

rG

SrG
(8.47)

For calculating the short-circuit current on the HV power network, first the
short-circuit positive-sequence impedance of a wind power plant with a SG is
calculated:

ZW = t2
r ⋅ ZG + ZTHV (8.48)

where UrG is the rated voltage of the AG, IrG is the rated current of the AG, SrG
is the rated apparent power of the AG, ILR/IrG is the ratio of the symmetrical
locked rotor current to the rated current of the AG, ZG is the impedance of the
AG, ZTHV is the impedance of the unit transformer at the HV side, tr is the rated
transformation ratio of the unit transformer: tr =UrTHV/UrTLV.

Wind
Gear box AG

Fixed

speed

High-voltage

network
Substation

transformator
Distribution

transformar

Connection of further

wind turbines

Figure 8.18 Wind power plant with asynchronous generator.
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The type two wind turbine is constructed similarly to type one. The only
difference is that the turbine is equipped with a variable rotor resistance and,
therefore, uses a variable resistor and a rotor–blade–angle regulation.

8.9.2 Wind Power Plant with a Doubly Fed Asynchronous Generator

In a DFAG (type three), the stator is connected directly to the network. The rotor
is connected by a back-to-back power converter. Figure 8.19 shows the main elec-
trical and mechanical equipment.

The total positive-sequence short-circuit impedance ZWD of a wind power sta-
tion with a DFAG should be calculated as follows:

ZWD =

√
2 ⋅ 𝜅WD ⋅ UrTHV√

3 ⋅ iWD max

(8.49)

where UrTHV is the nominal system voltage, 𝜅WD is given by the manufacturer and
referred to the HV side. If 𝜅WD is not known, then 𝜅WD = 1.7 can be taken, iWDmax
is the highest instantaneous short-circuit value in the case of a three-phase short
circuit.

8.9.3 Wind Power with Full Converter

A wind turbine with a full converter, a full-scale power converter (type 4), is con-
nected directly to the network via a converter. Figure 8.20 shows the essential
electrical and mechanical components. Type 4 uses either SGs or AGs. Some of
these types are used without a transmission (gear box) with direct drive.

~

~

Wind

Converter

AGGear box
Fixed

speed

High-voltage

network

Substation

transformer

Distribution

transformer

Connection of further

wind turbines

Figure 8.19 Wind power plant with a doubly fed asynchronous generator.
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~
Wind
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Converter
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speed

Distribution

transformer

Connection of further
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High-voltage
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Figure 8.20 Wind power with full converter.
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Directly related to the network-connected generators are modeled simply by
their subtransient synchronous reactance. Short-circuit currents in generators
with inverters and PV systems are modeled as voltage-controlled current sources.
The currents injected in these investments are limited to the rated current and
do not contribute, or only marginally, for a short-circuit current that must be
specified by manufacturers.

8.10 Short-Circuit Calculation on Ship and Offshore
Installations

The standard IEC 61363-1 is used for the short-circuit calculation on ship and
offshore installations. The short-circuit current is considered to be close to
the generator because the connections between the components in the entire
network are very short.

The magnitude of the short-circuit current is caused by the reactance of gen-
erators, which are rapidly decayed by different preconditions. In the vicinity of
the generator, very high short-circuit currents are to be expected, which strongly
stresses the mechanical and thermal short-circuit strengths of the systems that
are of great importance for the design of switching and protective devices.

Generators normally feed the three-phase system from 11 kV to 690 V. Other
LV systems are supplied with 400 V levels, which have a radial-shaped design.

The MV main BB system provides essential loads of high power (e.g., the pro-
pellers or the engines for a transverse motion and large current motors for air
conditioning or typical functions in the service areas, small loads, or lighting).

The electrical network on ships is made up of different plants and contains,
for example, generators, synchronous and asynchronous motors, drives, and
transformers.

For the calculation of short-circuit currents, the maximum number of gener-
ators that can be operated simultaneously and the total number of motors con-
nected to the network at the same time should be taken into consideration. IEC
61363-1 describes the determination of the aperiodic component Iac (t), which is
characterized by the subtransient, transient, and synchronous or steady state.

For the determination of the characteristic parameters are the consideration of
the first 100 ms.

Therefore, there is a more stable time dependence of the short-circuit currents
through the small distances to the fault location.

The synchronous machines used on marine/offshore electrical installations
include SGs, motors, and capacitors. Knowledge about the short-circuit currents
of these machines is fundamental for calculating the short-circuit current of an
electrical system. During the first few cycles of a short circuit, all synchronous
machines react in a similar manner and according to the short-circuit current
have the same basic characteristics. For shunt energized machines, the exci-
tation current during the short-circuit condition can drop to close to zero by
discharging the short-circuit current. On connected machines, the short-circuit
current is controlled and the excitation current maintained. Compound excited
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machines produce higher values of short-circuit currents after the subtransients
effects have subsided.

In the case of a short circuit of generators, three different reactances are
produced that increase in the order indicated. The subtransient reactance
is smaller than the transient reactance and this is in turn smaller than the
stationary reactance. Thus, the short-circuit currents decrease. The reactance of
the generator decreases faster than the direct current component. This can lead
to switch off and saturation problems of the magnetic circuits. In this case, the
zero crossing of the current takes place after several periods.

The calculation of the short-circuit current of a synchronous machine is
based on the curve of the maximum values of the machine with the actual,
time-dependent short-circuit current.

The resultant envelope is a function of the basic machine parameters
(current, impedance, etc.) and the active voltages. The impedances are depen-
dent on the machine-operating conditions immediately before the occurrence of
the short-circuit condition.

The calculation of the short-circuit current is the highest value of the current,
which varies as a function of time along the upper envelope curve of the complex
time-dependent function. The current defined by this upper envelope curve is
calculated by the following equation:

ik(t) =
√

2 ⋅ Ia.c.(t) + id.c.(t) (8.50)

With the subtransient and transient periods, the ac component of the time
function is described by subtransient, transient, and continuous currents. These
periods are controlled by the subtransient time constant T ′′

d and the transient
time constant T ′

d.

Iac(t) = (I′′kd − I′kd) ⋅ e−(t∕T ′′
d ) + (I′kd − Ikd) ⋅ e−(t∕T ′

d) + Ikd (8.51)

The subtransient and transient initial values of the three-phase short-circuit
currents, I′′kd and I′kd, can be evaluated with the active voltages behind the respec-
tive impedance using the following equations:

I′′kd =
E′′

q

Z′′
d
=

E′′
q√

R2
a + X′′2

a

I′kd =
E′

q

Z′
d
=

E′
q√

R2
a + X′2

a

(8.52)

The continuous short-circuit current Ikd = Ik can be obtained from the data
sheet of the manufacturer. The active voltage currents E′′

q and E′
q are dependent

on the current and current can be evaluated using the following equations that
are obtained from the vector equations.

The subtransient voltage of the generator in the q-axis is

E′′
q =

√√√√√
(

UrG√
3
⋅ cos𝜑 + Ra ⋅ IrG

)2

+

(
UrG√

3
⋅ sin𝜑 + X′′

d ⋅ IrG

)2

(8.53)
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Transient voltage of the generator in the q-axis is

E′
q =

√√√√√
(

UrG√
3
⋅ cos𝜑 + Ra ⋅ IrG

)2

+

(
UrG√

3
⋅ sin𝜑 + X′

d ⋅ IrG

)2

E′′
q =

UrG√
3
𝜑 + IrG ⋅ Z′′

d

E′
q =

UnG√
3
𝜑 + IrG ⋅ Z′

d (8.54)

In which
Z′′

d = Ra + jX′′
d

Z′
d = Ra + jX′

d (8.55)
The d.c. component can be expressed with the equation

id.c.(t) =
√

2 ⋅ (I′′kd − IrG ⋅ sin𝜑) ⋅ e−(t∕Tdc) (8.56)
The peak short-circuit current occurs between the time t = 0 and t =T/2 of

the short-circuit condition. The exact time depends on the preload conditions,
the generator impedance, and the time constant. However, it is acceptable to cal-
culate ip at time T/2 in the first half-wave of the short-circuit state using the
equation:

ip(t) =
√

2 ⋅ Ia.c.(t) + id.c.(t) (8.57)

8.11 Examples

8.11.1 Example 1: Calculate the Impedance

Given: UnQ = 20 kV, I′′kQ = 10 kA, cmax = 1.1, RQ = 0.1 ⋅ XQ, XQ = 0.995 ⋅ ZQ

ZQt =
c ⋅ UnQ

I′′kQ

1
t2

r
= 1.1 ⋅ 110 kV

10 kA

(
20 kV

110 kV

)2

= 0.23 mΩ

XQt = 0.995 ⋅ ZQt = 0.228 mΩ
RQt = 0.1 ⋅ XQt = 0.0228 mΩ
ZQt = (0.0228 + j0.228)mΩ

8.11.2 Example 2: Calculation of a Transformer

Given: the nameplate of a transformer
SrT1 = 630 kVA, UrTHV = 20 kV, UrTLV = 420 V Dyn5, ukr = 4%, PkrT1 =

6.4 kW, R(0)T∕RT = 1.0, X(0)T∕XT = 0.95
a) Calculate the impedance:

ZT =
ukrT

100%
⋅

U2
rTLV

SrT
= 4%

100%
⋅
(420 V)2

630 kVA
= 11.2 mΩ



8.11 Examples 105

RT =
PkrT

3 ⋅ I2
rTLV

=
PkrT ⋅ U2

rTLV

S2
rT

= 6.4 kW ⋅ (420 V)2

(630 kVA)2 = 2.84 mΩ

uRr =
PkrT

SrTLV
⋅ 100% = 1.015%

uxr =
√

(u2
kr − u2

Rr) = 3.869%

XT =
√

(Z2
T − R2

T) = 10.83 mΩ

b) Calculate the correction factor:

KT = 0.95 ⋅
cmax

1 + 0.6 ⋅ xT
= 0.95 ⋅

1.05
1 + 0.6 ⋅ 0.03869

= 0.974

ZTK = ZT ⋅ KT = (2.76 + j10.54)mΩ

8.11.3 Example 3: Calculation of a Cable

For a distribution panel, the following data are given for a cable:

l1 = 55 m, S = 2 × 4 × 185 mm2, Cu, Z′
L = (0.101 + j0.080)Ω∕km,

R(0)L∕RL = 4, X(0)L∕XL = 3.65

a) Calculate the positive sequence:

ZL = 0.5 ⋅ (0.101 + j0.080) Ω
km

⋅ 0.055 km = (2.77 + j2.2)mΩ

b) Calculate the zero sequence:

R(0)L = 4.0 ⋅ RL = 4.0 ⋅ 2.77 = 11.08 mΩ
X(0)L = 3.61 ⋅ XL = 3.61 ⋅ 2.2 = 7.492 mΩ
Z(0)L = (11.08 + j7.492)mΩ

8.11.4 Example 4: Calculation of a Generator

The following data are given for a generator:

X′′
Gen = x′′

d ⋅
U2

rG

SrG
= 0.2 ⋅

10.5 kV
20 MVA

= 1.1Ω

RG = 0.07 ⋅ X′′
d = 0.0772Ω

a) Calculate the impedance of the generator:

ZG =
√

R2
G + X2

G =
√

0.0772Ω2 + 1.1Ω2 = 1.1Ω
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Correction factor:

KG = c
1 + x′′

d ⋅ sin𝜑rG
= 1.1

1 + 0.17 ⋅ 0.63
= 0.994

Impedance of the generator:

ZG = KG ⋅ ZG = 0.994 ⋅ 1.1Ω = 1.093Ω

8.11.5 Example 5: Calculation of a Motor

The following data are given for a motor:

PrM = 2.3 MW, UrM = 6 kV, cos𝜑rM = 0.86
p= 2, Ia∕IrM = 5, 𝜂 = 0.97.

a) Calculate the impedance of the motor:

ZM = 𝜂 ⋅ cos𝜑
Ian∕IrM

⋅
U2

rM

PrM
= 1

2
⋅

0.86 ⋅ 0.97
5

⋅
(6 kV)2

2.3 MW
= 2.611Ω

8.11.6 Example 6: Calculation of an LV motor

SrM =
PrM

𝜂rM ⋅ cosrM

ZM = 1
Ian∕IrM

⋅
U2

rM

PrM
= 1

5.5
⋅
(20 kV)2 ⋅ 0.9 ⋅ 0.973

6 MW
= 10.61Ω

XM =
ZrM√

1 + (RM∕XM)2
= 10.61Ω√

1 + (0.1)2
= 10.55Ω

RM = XM ⋅
(RM

XM

)
= 10.55Ω ⋅ 0.1 = 1.055Ω

8.11.7 Example 7: Design and Calculation of a Wind Farm

8.11.7.1 Description of the Wind Farm
The wind farm will be connected to the 154-kV network via a subdistribution
power network (Figure 8.21). During normal operation, the wind farm network
is designed as a radial distribution system with five branches.

G

3~

Ynyn-

transformer

Cable
Converter

154/34.5 kV

Network

0.4/34.5 kV

transformer, Dyn

Q2 Q1K1T2 T1

Fault location

G

Figure 8.21 Wind power with full converter.
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The following data are given for the design and calculation:
Network:

S′′
kQ = 280 MVA

XQ = 0.995 ⋅ ZQ

RQ = 0.1 ⋅ XQ

Z0Q = 3 ⋅ ZQ

X0Q = 0.995 ⋅ Z0Q

R0Q = 0.1 ⋅ X0Q

WP:
Number of WP: 15-voltage level
0.4 kV/34.5 kV
Rated power: SrG = 600 kVA.

TR 1:
YNyn0 154/34.5 kV→ t = 4.46 : 1

SnT1 = 50 MVA
uk1 = 12%
XT1 = ZVT

RT1 = 0
X0

X1
= 3,… , 10

Grounding: star point
MV-site RE = 20Ω
HV-site direct.

TR 2:
Dyn11
SrT2 = 700 kVA
uk2 = 6%
XT2 =ZT2
RT2 = 0
t = 1 : 86.25.
Grounding: LV-site direct

Cable:
Resistance (at 20 ∘C):
196 mΩ/km
Reactance with:

L = 0.447 mH∕km 2 ⋅ 𝜋 ⋅ 50 Hz ⋅ 0.447 mH
km

= 140 mΩ

Zero sequence:
Resistance: 1.039Ω/km
Reactance: 0.563Ω/km
Length: l = 0.75 km



108 8 Impedances of Three-Phase Operational Equipment

The positive-sequence and negative-sequence impedances are as follows:

Z1Q = 1.1 ⋅
(34.5 kV)2

280 MVA
= 4.68Ω

X1Q = 0.995 ⋅ 4.68Ω = 4.66Ω
R1Q = 0.1 ⋅ 4.66Ω = 0.466Ω

The negative-sequence impedance is given by:

Z0Q = 14.04Ω
X0Q ≈ 14Ω
R0Q = 1.4Ω

Power transformer:
YNyn0 154/34.5 kV→ t = 4.46 : 1

SrT1 = 50 MVA
uk1 = 12%
XT1 = ZPT

RT1 = 0

Neutral-point connection:
MV RE = 20Ω, HV direct connected.
The resistance of the power transformer is negligible. The impedance Z

is calculated from the reactance and the resistance, which are geometrically
added.

Grounding arrangement:
The grounding arrangement in the transformer station is to be measured after

being installed. Its grounding resistance is expected with < 2Ω.
For three-phase, three-legged core transformers with star-to-star (Y–Y)

winding [6]:
X0

X1
= 3,… , 10

Thus, when the correct values are not known in every single calculation, the
worst-case values are taken. For the minimal short circuit, the biggest value and
for the maximum short circuit, the smallest value are taken.

With

ZT = XT =
ukr

100%
⋅

U2
rT

SrT

The positive and negative impedances are as follows:

X1T1 = X2T1 = 0.12 ⋅
(34.5 kV)2

50 MVA
= 2.86Ω

The negative impedance is as follows:

X0T1 = (3,… , 10) ⋅ 2.8566Ω = 8.58,… , 28.6Ω
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According to the IEC 60909-0 for short-circuit calculations, a correction factor
for the transformers is necessary. Therefore

KT1 = 0.95 ⋅
cmax

1 + 0.6 ⋅ xT1
(8.58)

xT1 =
XT1(

U2
n

SN

)

And ZT1 =XT1 follows that xT1 =uk1 = 0.12.
KT1 is calculated as:
KT1 = 0.975
With

XT1K = KT1 ⋅ XT1 (8.59)
It follows that

XT1K = 0.975 ⋅ 2.86Ω = 2.79Ω
The equivalent circuit diagram of a Y–Y transformer within the zero sequence

is as shown in Figure 8.22.
Transformer:

Dyn11 0.4/34.5 kV→ t = 1 : 86.25
SrT2 = 700 kVA
uk2 = 6%
XT2 =ZT2
RT2 = 0.

Neutral point connection:
Low voltage: direct
For three-phase, three-legged core transformers with delta-to-star (Δ–Y)

winding, it is obtained as:
X0

X1
≈ 1

The positive and negative impedances are calculated as follows:

X1T2 = X2T2 = 0.06 ⋅
(34.5 kV)2

700 kVA
= 102Ω

Then, the negative impedance is
X0T2 = X1∕2T2 = 102Ω and ZT2 =XT2, follows that xT2 =uk2 = 0.06.
KT2 is calculated as: KT2 ≈ 1.

Figure 8.22 Equivalent circuit
diagram of a star-to-star (Y–Y)
transformer in zero sequence.

HV LVX0h

Z 0T Z' 0T3Z EHT 3Z ELT

~ ~ ~ ~
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Each WEP consists of a permanently excited SG that produces two three-phase
systems. The energy is inverted and supplied in the network after being transmit-
ted via an intermediate direct currency link. The value of the supplied current
comes up to the power that is available. A special attribute of this principle is
that the generator increases the short-circuit current in the system by its rated
current. The increase in the short-circuit power of the system is negligible. While
normal generators would increase the current during a short circuit, this system
just supplies a current equal to the rated current. Consequently, the WEP acts
as a constant current generator, and it is essential that Z2 = Z1 is taken for the
whole wind farm. The evaluation of such a generator is difficult. On this account,
simplifications are made.

Wind energy plant data:
Number of plants: 70
Rated power: SrG = 600 kVA.

With

IrG =
SrG√

3 ⋅ UrG

(8.60)

The maximal rated current is as follows:

IrG = 600 kVA√
3 ⋅ 34.5 kV

= 10 A

Cable:
XLPE-insulated cables are installed. The indication of these cables is N2XS2Y.
Cable in the branches:
The cables are installed in earth as a bundle of three cables. The data of the

cables are as follows:
Cross-section: 95 mm2

Cross-section of shield: 16 mm2

Maximum current: 328 A
Resistance (20 ∘C): 196 mΩ/km.

Reactance 0.447 mH/km→ 2 ⋅ 𝜋 ⋅ 50 Hz ⋅ 0.447 mH∕km = 140 mΩ.
Zero sequence:

Resistance: 1.039Ω/km
Reactance: 0.563Ω/km.

Cable connected from 34.5-kV BB to power transformer:
Cross-section: 240 mm2

Cross-section of shield: 25 mm2

Maximum current: 540 A
Resistance (20 ∘C): 0.0808 mΩ/km.

Reactance: 0.384 mH/km→ 2 ⋅ 𝜋 ⋅ 50 Hz ⋅ 0.384 mH∕km = 120.6 mΩ.
Zero sequence:

Resistance: 0.712Ω/km
Reactance: 0.302Ω/km
Length: l = 25 m= 0.025 km
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Two parallel, three-phase bundles are installed:

R1K1 = R2K1 = R′
1K1 × l = 80.8 mΩ × 0.025 km

2
= 1.01 mΩ

X1K1 = X2K1 = X′
1K1 ⋅ l = 120.6 mΩ ⋅ 0.025 km

2
= 1.5 mΩ

R0K1 = R′
0K1 ⋅ l = 712 mΩ ⋅ 0.025 km

2
= 8.9 mΩ

X0K1 = X′
0K1 ⋅ l = 302 mΩ ⋅ 0.025 km

2
= 3.8 mΩ

8.11.7.2 Calculations of Impedances
The installed WEPs are to be considered as though there would not be rotating
elements because of their attitude. This means that Z2 = Z1 and

Z2

Z1
= 1

The calculated impedances prove that Z0 ≥ Z1, which means
Z0

Z1
> 1 and

Z1

Z0
< 1

From Table 8.20 and Figure 8.23, the maximal current results from a
three-phase short circuit and the minimal current results from a one-phase
short circuit may be inferred.

During a one-phase short circuit, the WEPs and their transformer affect the
impedances of the positive and negative sequences. The calculation of their
impedances shows that these values are very large when compared with values
of the network and power transformer. Also, the impedance of the inverter
is expected to be very large. As a result, the impedances are negligible, so
that the positive and negative impedances could be increased to downsize the
short-circuit current. It also would be possible, because of calm, that every single
WEP would not supply power. To calculate even the minimal short circuit, these
simplifications are acceptable.

The coupling impedance of the power transformer is also negligible. Further-
more, the real value of this impedance must be measured. All capacitances are
neglected because of the resulting big resistance.

In case of a maximal short circuit, the current of the WEP is just the rated cur-
rent and is to be added to the calculated current. All negligences are considered

Table 8.20 Rating of the ground
short-circuit current I′′k2E.

Z2/Z1 Z2/Z0 I′′k2E

1 0–1 <I′′k3 > I′′k1

1 1 =I′′k3 = I′′k1

1 1–4.4 >I′′k3 < I′′k1

1 >4.4 >I′′k3 > I′′k1
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Figure 8.23 Diagram to assign failure with maximal current [12].

within the computer-added calculations. Within NEPLAN, the value of the
abovementioned coupling impedance is equal to the impedance of the positive
sequence. In the following example (Figure 8.24), a short circuit at the end of
a 750-m cable is calculated (short circuit at the 34.5-kV BB is connected to
WEP 44).

Symmetrical components of a partial network for one-phase short-circuit are
shown in Figure 8.25.

According to the standards for short-circuit calculations, for the minimal
short-circuit calculations, an increased cable temperature and, therefore, an
increased resistance is necessary. The following results are based on an increased
cable temperature of 80 and 160 ∘C.

Temperature coefficient of copper:

𝛼 = 39 ⋅ 10−4 1
K
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Figure 8.24 Diagram of a one-phase short circuit in partial network.
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Figure 8.25 Symmetrical components of a partial network.

With

R80 = R20 ⋅ (1 + 𝛼 ⋅ Δ𝜗) (8.61)

as follows:
Cable 95 mm2:
Positive and negative sequence:

R1K2∕20 = R′ ⋅ 196 mΩ
km

⋅ 0.75 km = 147 mΩ

R1K2∕80 = 147 mΩ ⋅
(

1 + 39 ⋅ 10−4 1
K

⋅ 60 K
)
= 181 mΩ

R1K2∕160 = 147 mΩ ⋅
(

1 + 39 ⋅ 10−4 1
K

⋅ 140 K
)
= 227 mΩ
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Zero sequence:

R0K2∕20 = R′ ⋅ 1039 mΩ
km

⋅ 0.75 km = 779 mΩ

R0K2∕80 = 779 mΩ ⋅
(

1 + 39 ⋅ 10−4 1
K

⋅ 60 K
)
= 962 mΩ

R0K2∕160 = 779 mΩ ⋅
(

1 + 39 ⋅ 10−4 1
K

⋅ 140 K
)
= 1.2Ω

Cable 240 mm2:
Positive and negative sequence:

R1K1∕20 = 1.01 mΩ

R1K1∕80 = 1.01 mΩ ⋅
(

1 + 39 ⋅ 10−4 1
K

⋅ 60 K
)
= 1.25 mΩ

R1K1∕160 = 1.01 mΩ ⋅
(

1 + 39 ⋅ 10−4 1
K

⋅ 140 K
)
= 1.55 mΩ

Zero sequence:

R0K1∕20 = 8.9 mΩ

R0K2∕80 = 8.9 mΩ ⋅
(

1 + 39 ⋅ 10−4 1
K

⋅ 60 K
)
= 11 mΩ

R0K2∕160 = 8.9 mΩ ⋅
(

1 + 39 ⋅ 10−4 1
K

⋅ 140 K
)
= 13.75 mΩ

Note: These values are only given for the completeness. The impedance of the
240-mm2 cable is too small that it can be neglected. The minimal one-phase
short-circuit current is calculated as follows:

I′′k1min =
cmin ⋅

√
3 ⋅ Un

|2 ⋅ Z1 + Z0|
(8.62)

Analog to the minimal, the maximal one-phase short-circuit current is calcu-
lated as follows:

I′′k1max =
cmax ⋅

√
3 ⋅ Un

|2 ⋅ Z1 + Z0|
(8.63)

The total impedance of the positive sequence, Z1, is calculated with:

Z1 = Z1Q1 + X1T1 + Z1K1

as follows:

Z1 = 0.466Ω + j4.66Ω + j2.86Ω + 0.181Ω + j0.14Ω = 0.65Ω + j7.63Ω

The total impedance of the zero sequence, Z0, is calculated with:

Z0 = Z0Q1 + X0T1 + Z0K1

as follows:

Z0 = 1.4Ω + j13.97Ω + j28.6Ω + 0.962Ω + j0.563Ω = 2.36Ω + j43Ω
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The one-phase short-circuit is calculated with equation as follows:

I′′k1min =
0.95 ⋅

√
3 ⋅ 34.5 kV

|2 ⋅ (0.65Ω + j7.63Ω) + 2.36Ω + j43Ω + 3 ⋅ 20Ω|
= 56.76 kV

|63.66Ω + j58.48Ω| = 656.7 A

With an increase in cable temperature to 160 ∘C, the following occurs
Z1 = 0.466Ω + j4.66Ω + j2.86Ω + 0.227Ω + j0.14Ω = 0.7Ω + j7.63Ω
Z0 = 1.4Ω + j13.97Ω + j28.6Ω + 1.2Ω + j0.563Ω = 2.6Ω + j43Ω

The minimal one-phase short-circuit current is

I′′k1min =
0.95 ⋅

√
3 ⋅ 34.5 kV

|2 ⋅ (0.65Ω + j7.63Ω) + 2.36Ω + j43Ω + 3 ⋅ 20Ω|
= 56.76 kV

|63.95Ω + j58.48Ω| = 655 A

The maximal three-phase short-circuit current is calculated with (Figure 8.26)

I′′k3max =
cmax ⋅ Un√

3 ⋅ |Z1|
(8.64)

According to IEC 60909-0, a resistance with a smaller value of 0.3 ⋅ Xk is
negligible.

The impedances are calculated as follows:
Z1 = j4.66Ω + j2.86Ω + 0.147Ω + j0.14Ω = 0.147Ω + j7.63Ω

|Z1| = 7.63Ω
The short circuit is given as follows:

I′′k3max =
1.1 ⋅ 34.5 kV√

3 ⋅ 7.63Ω
= 2871 A

In this case, the influence of all WEPs is not included. With a total number of
70 WEPs with a maximum particular power of 600 kW, the additional current is
given as

Ik+ = 70 ⋅ 10 A = 700 A
The complete current is

I′′k3max = 2871 A + 700 A = 3571 A

Figure 8.26 Impedances for calculating a
three-phase short-circuit.

Z1T1
Z1K1Z1Q1

~ ~~

Eʺ Iʺk3max
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Table 8.21 Results of the minimal one-phase short-circuit calculation
in NEPLAN with a cable temperature of 80 ∘C.

Location I′′k1 min (kA) Location I′′k1 min (kA) Location I′′k1 min (kA)

BB 28 0.714 BB 01 0.668 BB 14 0.677

BB 32 0.719 BB 13 0.693 BB 25 0.704

BB 42 0.705

BB 44 0.706 BB 43 0.707

BB 70 0.681 BB 65 0.692

Table 8.22 Results of the minimal one-phase short-circuit calculation
in NEPLAN with a cable temperature of 160 ∘C.

Location I′′k1 min (kA) Location I′′k1 min/(kA) Location I′′k1 min (kA)

BB 28 0.713 BB 01 0.660 BB 14 0.671

BB 32 0.719 BB 13 0.689 BB 25 0.702

BB 42 0.703

BB 44 0.704 BB 43 0.705

BB 70 0.674 BB 65 0.688

The results of the computer-added calculations of the minimal one-phase short
circuit are shown as follows (the numbers of the BB are relative to the numbers
of the WEP) (Tables 8.21 and 8.22). It is not necessary to look on every node in
the wind farm – just the beginning and end of a branch line is considered.

8.11.7.3 Backup Protection and Protection Equipment
If a one-phase short circuit occurs between the transformer of a WEP and the
fuse next in line, a big current flows from the 154-kV network toward the failure
location. In this case, the fuse (40 A) is the protection system that needs to be
activated before the circuit breaker. The time–current characteristic gives us the
needed activation time (Figure 8.27). Concerning the worst case, the smallest and,
therefore, the longest activation times are to be observed.

For the minimal short-circuit current:

Branch of WEP 28–42: 705 A on BB 42
Branch of WEP 1–13: 668 A on BB 42
Branch of WEP 14–253: 691 A on BB 42
Branch of WEP 44–70: 681 A on BB 42
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Branch of WEP 43–65: 692 A on BB 42
Time before occurrence of the arc t (s)
Prospected current I (A).

The time–current characteristics for a 40-A fuse shows that the activation
time for all currents shown above is ts < 0.03 s. To have a full backup pro-
tection, the activation time of the independent-time-measuring relay is to be
set up with a delay of tv = 100 ms (Figure 8.28). The final activation time is
tv ≥ 30+ 100 ms= 130 ms.
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Figure 8.27 Characteristic diagram of high-voltage fuses.

Figure 8.28 Characterization
diagram of high-voltage fuse flow
operating to a circuit breaker.
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8.11.7.4 Thermal Stress of Cables
It shows that a short circuit on BB 32 affects the biggest current. This branch with
15 WEPs is connected via a 120-m cable to the main BB in the transformer station.
If this short circuit occurs, the whole current flow excluding the rated current of
15 WEPs is on that cable. The current is Idiff = 3661 A − 150 A = 3511 A.

To collect the thermal stress of cables, the thermal equivalent short-time cur-
rent is to be calculated first as follows:

Ith = I′′k ⋅
√
(m + n)

The coefficient m is reproducing the thermal effect of the direct current por-
tion of a three-phase and single-phase current. The coefficient n is reproducing
the thermal effect of the a.c. portion of a three-phase system. Both values are
explained in Chapter 11.

For electronic devices like cables and switches, the rated short-time current Ithr
for the rated short-circuit time Tkr (mostly ones) is given by the manufacturer. Ith
is the root mean square (RMS) current to be carried by the electrical device for
the duration Tk. Electrical devices are thermally stable if:

Ith ≤ Ithr if Tk ≤ Tkr

And

Ith ≤ Ithr ⋅

√
Tkr

Tk
if Tk ≥ Tkr

According to Ref. [1], n is a function of I′′k/Ik. In this case, I′′Ik = Ik means that
n= 1.2, and m is a function of R1/X1 in failure location. Z1 is as follows:

Z1 = j4.66Ω + j2.86Ω + 0.196 mΩ
km

⋅ 0.12 km + j0.14 mΩ
km

⋅ 0.12 km

= 0.023Ω + j7.54Ω

From this, the following occurs
R1

X1
= 0.023Ω

7.54Ω
= 0.03

The factor 𝜅 ≈ 1.95 can be read from the curves in Figure 8.29. Given the factor
𝜅 ≈ 1.95 and the permissible duration of the short circuit tLs = 130 ms, the ther-
mal effect of the d.c. component m =1.05 can also be obtained from Figure 8.30.

With the equation Ith = I′′k ⋅
√
(m + n) Ith, the following occurs

Ith = 3511 A ⋅
√
(1.05 + 1) = 3511 A ⋅ 1.43 = 5026 A

The rated short-time current for cables with a cross-section of q= 95 mm2 is
as follows:

Ithr = 13.6 kA

This is the specific value for a rated short-circuit time Tkr = 1 s. In this case, the
short-circuit time is Tk = 0.13 s. Thus, the condition Ith ≤ Ithr is fulfilled.

In the case of a short circuit, a high thermal load is not applied.
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8.11.7.5 Neutral Point Connection
Star-to-star (Y–Y) transformers are installed. The delivery of a WEP unit provides
a star-to-delta (Y–Δ) transformer, which can be grounded on the LV side but not
on the MV side. Thus, the conditions of a service company envision a neutral
point transformer (NPT) for the purpose of grounding the Y–Δ transformer. An
NPT is analyzed and its possible applications are discussed as follows.

8.11.7.6 Neutral Point Transformer (NPT)
In practice, two types of NPTs are used.

1) NPT with Y–Δ winding
2) NPT with zigzag–zigzag (Z–Z) winding.

NPTs with Y –Δ winding are to be handled as though they would be normal
Y–Δ transformers (Figure 8.31).

With equal conditions, an NPT with Z–Z winding (Figure 8.32) gives a mini-
mized need of material and a reduction in the nominal power by

√
3. However,
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Figure 8.31 Circuit diagram of NPT with Y–Δ winding.
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Figure 8.32 Circuit diagram of NPT with Z–Z winding.

these types require a galvanic connection of both windings, and if the rated
voltage is >1.15 kV, a large gap between the windings and the core is also
necessary.

Due to earlier cited reasons, only an NPT with Y–Δ winding is considered.
Furthermore, the different operational areas of the NPT are shown.

8.11.7.7 Network with Current-Limiting Resistor
In this example, the first cable with a length of 750 m of a branch is considered
and a one-phase short circuit is calculated. The following figures show the simple
diagram without (Figure 8.33) and with a connected NPT (Figure 8.34). Also,
the equivalent circuit diagrams are shown as follows (Figures 8.35 and 8.36). The
impedances of the WEP and its transformer are neglected.

First of all, the zero sequence is observed, because modifications only occur in
this sequence when connecting an NPT. As shown, the impedance of the NPT
is connected in parallel to one of the power transformers and the network. At
first, imaginary data are adopted to calculate the changed impedance as well as
the current. With this current, it is possible to find out the current I′′k02 in the

Q2
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Figure 8.33 Diagram of a branch without an NPT.
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Figure 8.34 Symmetrical components of branch without an NPT.
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Figure 8.35 Diagram of a branch with an NPT.

neutral point of the NPT. This, again, is a dimension for the rated power of the
NPT and vice versa.

The example shows the cycle of the calculation program by computing the max-
imal one-phase short circuit with an NPT connected to the network. In addition
to the named simplification, the reactances of all resources are neglected. The
data for the resources are as follows:

Network data:
X1Q = 4.66Ω
X0Q ≈ 14Ω

Data of power transformer:

X1T = 2.79Ω

With X0/X1 = 3 (minimal impedance for the biggest current) follows:

X0Q = 8.57Ω
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Figure 8.36 Symmetrical components of branch with an NPT.

Data of the 95-mm2 cable:

l = 0.75 km

X1K2 = 0.75 km ⋅ 0.14 Ω
km

= 0.105Ω

X0K2 = 0.75 km ⋅ 0.563 Ω
km

= 0.422Ω

The 240-mm2 cable is neglected.
The NPT is a common Y–Δ transformer with

SnPT = 300 kW
Un = 34.5 kV
ukr = 6%
X0/X1 = 1 (reference value, see Ref. [1])
R1NPT =R0NPT = 0.

And follows:

X1NPT = X0NPT = 6%
100%

⋅
(34.5 kV)2

300 kVA
= 238.1Ω

The impedance of the zero sequence is as follows:

Z0 = (X0Q1 + X0T1 + 3 ⋅ RE + X0K2)∕∕XSt0

=
(j14Ω + j8.57Ω + 3 ⋅ 20Ω + j0.422Ω) ⋅ j238.1Ω
j14Ω + j8.57Ω + 3 ⋅ 20Ω + j0.422Ω + j238.1Ω

= 47.36Ω + j31.86Ω
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The maximal one-phase short circuit is calculated as follows:

I′′k1max =
1.1 ×

√
3 × 34.5 kV

|2 × (j4.66Ω + j2.86Ω + j0.105Ω) + 47.36Ω + j31.86Ω|
= 65.73 kV

67Ω
= 981 A

This current is divided between the impedances X0Q + X0T1 + 3 ⋅ RE + X0K2 and
XSt0:

|X0Q + X0T + 3 ⋅ RE + X0K2| = |j14Ω + j8.57Ω + 3 ⋅ 20Ω + j0.422Ω|
= |60Ω + j23Ω| = 64.3Ω

|X0St| = 238.1Ω
With Ik01

Ik02
= 238.1 Ω

64.3 Ω
follows Ik01 ≈ 3.7 ⋅ Ik02, Ik02 ≈ 0.27 ⋅ Ik01.

We know that Ik01 + Ik02 = I′′k1max.
The currents are divided as shown in Figure 8.37. After dividing the currents,

the values are Ik02 = 209 A and Ik01 = 772 A.
The current Ik02 is the dimension for the required power of the NPT. If a failure

like this occurs, the disconnecting time from the wind farm will be tk < 10 s. Thus,
the power of the NPT could be reduced to about 8%.

SNPT = r ⋅
IrNPT ⋅ Ur√

3
(8.65)

The rated power is as follows:

SNPT = 0.08 ⋅
208 A ⋅ 34.5 kV√

3
= 331 kVA

As shown, the adopted power of the NPT increases. A downsized impedance
follows from an increased power, which does not make sense. The only way to
adapt the NPT is to increase the short-circuit voltage. With Microsoft Excel,
these calculations are very efficient and easy. Acceptable values for an NPT are as
follows:
SNPT = 300 kVA
Ur = 34.5 kV
ukr = 7%
X0/X1 = 1
R1St =R0St = 0.

~
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-
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Figure 8.37 Diagram of a short circuit divided.
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Table 8.23 Maximal one-phase short-circuit
currents with and without a connected NPT.

I′′k1 max with
NPT connected (A)

I′′k1max without
NPT connected (A)

981 821

As a result, the installation as previously shown would not give the desired
effects. The results are a parallel impedance and as a result of that an increased
short-circuit current.

The current with and without an NPT is compared and tabulated in Table 8.23.

8.11.7.8 Compensated Network
A compensated neutral point is another possibility to operate the network, which
means that a Peterson coil is to be installed into the neutral point. Note that a
Y–Y transformer is unserviceable for connecting a coil. The coupling impedance
transforms zero potential in case of an earth fault. That affects unsymmetrical
voltage measures even on the faultless side of the transformer. Thus, an NPT is
necessary.

If a one-phase earth fault occurs, the capacities of the cables provoke a capaci-
tive current. It is possible to compensate that current with an additional current
in opposite phase, which is supplied by a Peterson coil.

If the installed cables and their capacities are known, then it is possible to gen-
erate the awaiting current as follows:

IE = 3 ⋅ 𝜔 ⋅ CE ⋅
Ur√

3
(8.66)

CE is the capacity of all cables installed:

Total length of 95-mm2 cables: l = 11.47 km
Total length of 240-mm2 cables: l = 2× 0.025 km

The capacity is

CE = 11.47 km ⋅ 0.165
μF
km

+ 2 ⋅ 0.025 km ⋅ 0.227
μF
km

= 1.9μF

Earth current can be given as:

IE = 3 ⋅ 2 ⋅ 𝜋 ⋅ 50 Hz ⋅ 1.9μF ⋅
34.5 kV√

3
≈ 35.7 A

The needed inductivity of the coil is

XC ≈ 1
3 ⋅ 𝜔 ⋅ CE

(8.67)

The nominal power of the NPT infers from the calculated earth fault current.
When compensating a network, one-phase earth faults can occur without
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activating the circuit breaker. The outcome of this is a better reliability. Without
having a compensated network, every single connection between the earth and
a single phase would disconnect the wind farm from the network.

The needed nominal power of the NPT is to be calculated by referring to the
awaiting earth fault current:

SSt =
35.7 A ⋅ 34.5 kV√

3
= 711 kVA ≈ 750 kVA

When installing a coil, the current-limiting resistor is to be released.
In addition to a Peterson coil and an NPT, special instruments and the under-

standing of these instruments are necessary to permit operation while one-phase
earth faults.

Among the installation of a compensating coil, additional devices are to be
fitted. These are necessary to report an occurred earth fault or even to localize it.
Due to the occurrence of voltage rise during an earth fault, it is simple to realize
it. In compensated networks, not only the error recognition, but also the location
is desired. To that, the following devices are to be fitted:

• cable-type current transformer
• earth fault relay (i.e., 7SN93, 7TG207SA511, or 7SN73 of Siemens)
• voltage converter for the recording of the displacement voltage.

If the mentioned resources are fitted, it is possible to locate an earth fault
exactly. Once localized, the corresponding part of the cable can be disconnected
without disturbing the normal operation.

People working in the control room and people checking the wind farm must
be specially trained and developed to be able to act correctly in case of an earth
fault. Basic knowledge about the behavior during an earth fault is inevitable.

Among the additional installation of protection devices and earth fault relays,
the voltage jump is to be considered. All devices fitted in the network are to be
designed for such an increased voltage.

8.11.7.9 Insulated Network
Along with the previously mentioned possibilities, there is also the possibility of
operating the network with an insulated neutral point. In this case, the prescrip-
tions [13] are to be observed.

It shows that the permissible value for an earth fault current with a nominal
voltage of Un = 34.5 kV is about the value of IE = 35.7 A.

Resulting from that, the current-limiting resistor could be removed. However,
the risk of the intermittent earth fault is considered. From this point of view, this
kind of neutral point connection is not recommended.

8.11.7.10 Grounding System
Among the neutral point connection, the efficiency of the grounding system is of
primary interest according to the protection of human beings and animals. The
EN 50522 is recommended (e.g., the voltage rise while failure is dangerous). The
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dimensioning and the judgment of the grounding systems quality is divided in
four attributes:

• specification of the form and connection of the devices
• specification of the tolerable grounding voltage
• specification of the tolerable step and touch voltage
• specification of the maximal current permissible body current.

The regulation EN 50522 is based on the first three attributes.
Insulated and compensated networks are expressly attended because an earth

fault within these networks does not involve a fast disconnection, but a con-
tinuous operation, as [2] the maximal tolerable touch voltage is UT = 75 V a.c.
In addition, Ref. [2] provides the conditions for the maximal resistance of the
grounding system.

The following conditions are to be fulfilled:

ZE < 2 ⋅
UT

IE

For the whole network, the resistance of the grounding system is assumed with
ZE < 2 Ω.

The following is calculated:
2 ⋅ 75 V

35.7 A
= 4.2Ω > ZE. The conditions are then fulfilled.
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9

Impedance Corrections

The magnitude of the short-circuit currents in a network depends primarily on
the design of the network, the generators or power station blocks, and the motors
operating and secondarily on the operating state of the network before the occur-
rence of the short circuit. It is therefore difficult to find the loading state that leads
to either the greatest or the smallest short-circuit current at the different fault
locations of the network.

IEC 60909 thus recommends the method of calculation with the equivalent
voltage source c ⋅ Un∕

√
3 at the fault location. Investigations have shown that the

voltage factor c is no longer sufficient for calculating the maximum short-circuit
current when the subtransient behavior of the generators, power station blocks
with or without step switches, and network transformers is considered.

The factor c in Table 1.1 shows that on the average, the highest voltage in a
normal network does not deviate by more than about +5% for low voltage and
+10% for high voltage from the network voltage Un. In a common network with
50 or 60 Hz, the highest and lowest voltages do not differ by more than±10% from
the network voltage. In the North American countries, the highest voltage differs
by not more than +5% and the lowest voltage −10% from the network voltage [1].

The conditions of Section 1.4.2 apply only when the voltage differences in a
network are<10%. Special conditions can occur for generators and power station
blocks with high values of x′′

d and uk, causing voltage drops of more than +10%.
For this reason, the introduction of impedance correction factors is necessary,
above all in order to obtain reliable values for the determination of the greatest
short-circuit current.

For the dimensioning of electrical operational equipment, the calculation of
the greatest short-circuit current and the greatest partial short-circuit current is
necessary. In this section, we will discuss the required correction factors.

For the calculation of the largest short-circuit current and the transferred
short-circuit current, it is necessary to make corrections to the generator
impedances (KG) and the power plant block impedances (KKW) in addition to
the factor cmax, especially when the subtransient reactances x′′

d of the generators
are large and the transformation ratio of the block transformers differs from the
network voltages during the operation on both sides of the transformer [1].

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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The calculation of the smallest short-circuit current requires special consider-
ations, such as

• the smallest power supplied for thermal power stations
• the largest reactive power of machine units for pumping power stations
• special equipment for limiting the load angle
• loading state of power station units during low-load periods.

9.1 Correction Factor KG for Generators

The impedance correction factor KG is applied to the impedance of generators
connected directly to the network (Figure 9.1).

KG is derived from the overexcited generator, by taking account of the subtran-
sient reactance X′′

d and subtransient internal voltage E′′ [1]. The impedance of the
generator in the positive-phase system is as follows:

ZG = RG + jX′′
d (9.1)

Z(GK) = KG ⋅ ZG = KG(RG + jX′′
d ) (9.2)

With the correction factor:

KG =
Un

UrG
⋅

cmax

1 + x′′
d ⋅

√
1 − cos2𝜑rG

. (9.3)

In accordance with IEC 60909, for three-phase short-circuit currents with
direct connection to the network:

I′′k =
c ⋅ Un√

3 ⋅ (RG + jX′′
d ) ⋅ KG

(9.4)

Substituting the correction factor in the above equation yields

I′′k = c
cmax

⋅
UrG√

3 ⋅ RG + jX′′
d

⋅ (1 + x′′
d ⋅ sin𝜑rG) (9.5)

F

Fault
location

F

01

KG RG KG XG

G
3~

I″k

cUn

3
~

Figure 9.1 Connection and equivalent
circuit of a generator.
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For salient-phase machines with different values for X′′
d and X′′

q , we introduce

X(2)G = 1
2
(X′′

d + X′′
q ) (9.6)

Z(0)G = KG(R(0)G + jX(0)G) (9.7)

The meaning of the symbols is as follows:
cmax voltage factor
Un nominal voltage of the network
UrG rated voltage of the generator
ZGK corrected impedance of the generator
ZG impedance of the generator
x′′

d subtransient reactance of the generator
𝜑rG phase angle between UrG/

√
3 and IrG.

9.2 Correction Factor KKW for Power Plant Block

For the determination of the impedance correction factor KKW as in Figure 9.2,
the following considerations are necessary [1].

• Whether the block transformer is equipped with a step switch or with a higher
transformation ratio.

• Whether the rated voltages of the generator and the low-voltage side of the
block transformer are different.

• Whether the rated apparent powers of the generator and transformer are also
different.

The voltage control is implemented either on the high-voltage side of the trans-
former or via the inherent voltage regulation of the generator. Here, it is necessary
to distinguish between a transformer with and without tap changer.

Power station units with on-load tap changer:
ZSK = KS ⋅ (t2

r ⋅ ZG + ZTHV) (9.8)

KS =
U2

nQ

U2
rG

⋅
U2

rTLV

U2
rTHV

⋅
cmax

1 + |x′′
d − xT| ⋅

√
1 − cos2𝜑rG

(9.9)

Power station units without on-load tap changer:
ZSOK = KSO ⋅ (t2

r ⋅ ZG + ZTHV) (9.10)

KSO =
UnQ

UrG ⋅ (1 + pG)
⋅

UrTLV

UrTHV
⋅ (1 ± pT) ⋅

cmax

1 + x′′
d ⋅

√
1 − cos2𝜑rG

(9.11)

G
3~

LV

1: t

HV Line
TUrG Un

Figure 9.2 Impedance correction for power station.



130 9 Impedance Corrections

Where
ZG is the subtransient impedance of the generator,
ZTHV is the impedance of the unit transformer related to the high-voltage

side (without correction factor KT),
UnQ is the nominal system voltage at the feeder connection point Q of the

power station unit,
UrG is the rated voltage of the generator; UGmax =UrG (1+ pG), with, for

instance, pG = 0.05–0.10,
cos 𝜑rG is the power factor of the generator under rated conditions,
x′′

d is the relative saturated subtransient reactance of the generator related
to the rated impedance; where

tr is the rated transformation ratio of the unit transformer
1± pT is to be introduced if the unit transformer has off-load taps and if one

of these taps is permanently used, if not choose 1± pT = 1. If the
highest partial short-circuit current of the power station unit at the
high-voltage side of the unit transformer with off-load taps is searched
for, then choose 1− pT.

9.3 Correction Factor KT for Transformers with Two and
Three Windings

The correction factor KT for transformers with two and three windings in accor-
dance with IEC 60909-0 can be calculated as follows.

For transformers with two windings, with or without step switching:

ZT = RT + jXT (9.12)
ZTK = KT ⋅ ZT (9.13)

KT = 0.95
cmax

1 + 0.6xT
(9.14)

xT =
XT

U2
rT∕SrT

(9.15)

For transformers with three windings, with or without step switching:

KTAB = 0.95 ⋅
cmax

1 + 0.6xTAB
(9.16)

KTAC = 0.95 ⋅
cmax

1 + 0.6xTAC
(9.17)

KTBC = 0.95 ⋅
cmax

1 + 0.6xTBC
(9.18)

The meaning of the symbols is as follows:
ZKW corrected impedance of power plant block for high-voltage side
ZG impedance of the generator
ZTHV impedance of block transformer for high-voltage side
tr rated value of transformation ratio for transformer with step switch set

to principal tapping
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Table 9.1 Impedance corrections.

Appliances Impedance Corrections

Generator ZGK = ZG ⋅ KG KG =
Un

UrG
⋅

cmax

1 + x′′
d sin𝜑rG

Transformer ZTK = ZT ⋅ KT KT =
Un

UrT
⋅

cmax

1 + xT(Ib
T∕IrT) sin𝜑b

T

KT = 0.95 ⋅
cmax

1 + 0.6xT

Power plant with
tapping change (TC)

ZS = KSTC ⋅ (t2
r ZG + ZTHV) KSTC =

U2
nQ

U2
rG

⋅
U2

rTLV

U2
rTHV

⋅
cmax

1 + |x′′
d − xT| sin𝜑rG

Power plant without
tapping change
(WTC)

ZS = KSWTC(t2
r ZG + ZTHV) KSWTC =

UnQ

UrG(1 + pG)

⋅
UrTLV

UrTHV

(1 ± pT)cmax

1 + x′′
d sin𝜑rG

ZT,KW corrected impedance of the block transformer
ZG,KW corrected impedance of the generator
1 + pT this value is introduced when the block transformer has tappings and is

used continuously. Otherwise 1 + pT = 1
Kwith correction factor with tap changer
Kwithout correction factor without tap changer
xT relative reactance of transformer.

Table 9.1 summarizes impedance corrections.
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10

Power System Analysis

This chapter describes the mathematical basic circuit theory of the three-phase
system to be repeated. Figure 10.1 shows a delta and star connection with three-
phase voltages. Star point is connected to a neutral point (N).

In the single-phase load, the neutral conductor current IN is flowing back to
the source. The beginning and the end of the delta circuit are connected to one
another. The neutral conductor is not applicable for medium-voltage and high-
voltage networks. The symbols of the live conductors are given according to the
IEC 60027 or International System of Units (SI system). In the literature and in
some countries, the letters a, b, and c are also used.

The currents of the three conductors L1–L2–L3 (before R, S, and T) in three-
phase systems are of symmetrical construction (i.e., they have the same size and
each phase shifted by 120∘ and applies to impedances ZR = ZS = ZT = Z).

Therefore, voltages, currents, and powers are drawn as a single phase calculated
and simulated by a single-phase equivalent circuit diagram.

The symmetry of a three-phase system can be disturbed by ground fault, short
circuit, and multiple faults. In this case, the currents are not equal in size and
have different phase angles to each other. The single-phase diagram is no longer
sufficient.

Here and in other chapters, the calculation equations for three-phase systems
and the method of symmetrical components will be described.

The individual-phase voltages can be represented as follows:
u1(t) = û ⋅ sin(𝜔t)
u2(t) = û ⋅ sin(𝜔t − 120∘) (10.1)
u3(t) = û ⋅ sin(𝜔t − 240∘)

Another way to describe the phase voltages is

U1 = U1 ⋅ ej0∘

U2 = U1 ⋅ e−j120∘ (10.2)

U3 = U1 ⋅ e−j240∘

The sum of the three symmetrical voltages is always zero.

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 10.1 Delta and star (wye) connection with neutral point (N).

The line–neutral voltages are
U1 + U2 + U3 = 0

and the line–line voltages are
U12 + U23 + U31 = 0

U12 = U1 − U2 =
√

3 ⋅ U∠ − 30∘

U23 = U2 − U3 =
√

3 ⋅ U∠ − 90∘ (10.3)

U31 = U3 − U1 =
√

3 ⋅ U∠ − 210∘
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The relationship between phase and line voltages is

UL = Uph ⋅
√

3 (10.4)

Ohm’s law gives the currents for each phase:

I1 =
U1

Z1
, I2 =

U2

Z2
, I3 =

U3

Z3

The neutral current for a symmetric system can be given as:

IN = I1 + I2 + I3 = I1 ⋅ [1 + e−j120∘ + e−j240∘] = 0 (10.5)

For completing the proceeding equations for currents, we can summarize as:
Ohm’s law gives the currents for each phase:

I1 =
U1

Z
, I2 =

U2

Z
=

U1 ⋅ e−j120∘

Z
= I1 ⋅ e−j120∘ ,

I3 =
U3

Z
=

U1 ⋅ e−j240∘

Z
= I1 ⋅ e−j240∘

I1 = I1 ⋅ ej0∘

I2 = I1 ⋅ e−j120∘ (10.6)

I3 = I1 ⋅ e−j240∘

For unbalanced circuits and for the delta connection, the following equations
can be given:

Line currents: I1 + I2 + I3 = 0 and the phase currents between the two nodes
are I12 + I23 + I31 = 0.

I12 =
U12

Z12
, I23 =

U12

Z23
=

U12 ⋅ e−j120∘

Z23
, I3 =

U12

Z12
=

U12 ⋅ e−j240∘

Z12

I12 = I1 − I2 =
√

3 ⋅ I∠ − 30∘

I23 = I2 − I3 =
√

3 ⋅ I∠ − 90∘ (10.7)

I31 = I3 − I1 =
√

3 ⋅ I∠ − 210∘

The relationship between the phase and line currents is

IL = Iph ⋅
√

3 (10.8)

Electrical power systems operate normally in a balanced three-phase sinu-
soidal steady-state mode. In the case of an unbalanced operation, it is difficult
to describe the system. In 1918, C.L. Fortescue explained how unbalanced
three-phase voltages and currents could be transformed into balanced
three-phase components. He called it symmetrical components of the orig-
inal phasors. The theory of symmetrical components is of great importance to
the electrical power systems and is the subject of the next topic.
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10.1 The Method of Symmetrical Components

The method of symmetrical components is used for the calculation of asymmetri-
cal faults. This section discusses the fundamentals of this method. A characteris-
tic rotational operator is a complex number with the magnitude 1. Multiplication
with a rotational operator, therefore, describes the rotation of an arbitrary phasor
without changing its magnitude. From the set of complex numbers, we know the
rotational operator j=

√
−1, which gives rise to a rotation by 90∘. Accordingly,

j2 =−1 then gives rise to a rotation by 180∘, and j4 brings the phasor back to its
original position. In three-phase systems, the phase angles 𝜑= 120∘ and 240∘ are
of special importance.

Figure 10.2 shows a symmetrical system, which consists of three-unit phasors
separated by angles of 120∘.

The rotational operator for 𝜑= 120∘ is designated and for 240∘, it is designated
a2 so that:

a = ej120 = ej(2𝜋∕3) = 1
2
(1 − j

√
3) (10.9)

a2 = ej240 = ej(4𝜋∕3) = 1
2
(1 − j

√
3) (10.10)

a3 = 1 (10.11)
As can be easily seen from the above equations, their sum is equal to zero:

1 + a + a2 = 0 (10.12)
With the rotational operators a and a2, the symmetrical three-phase system

belongs to the set of complex numbers.
UR = UR (10.13)
US = a2 ⋅ UR (10.14)
UT = a ⋅ UR (10.15)

For the voltages in the external conductors:

URS = UR − US =
√

3 ⋅ UR ⋅ ej30 (10.16)

UST = US − UT =
√

3 ⋅ UR ⋅ ej270 (10.17)

UTR = UT − UR =
√

3 ⋅ UR ⋅ ej150 (10.18)

a2

a

a3

120°

120°

120°

Re

jIm
Figure 10.2 Phasor diagram for the
positive-sequence, negative-sequence, and
zero-sequence systems.
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10.2 Fundamentals of Symmetrical Components

Symmetrical faults are calculated from the equivalent circuit in the positive-
sequence system. The network is thereby reduced to a single conductor and
drawn as a single-phase system. Three-phase short circuits load the network
symmetrically. For the other types of short circuits, it is no longer possible to
use the positive-sequence system as the network is loaded asymmetrically. It is
here that the method of symmetrical components is well suited.

For each conductor of a three-phase system, the corresponding equations (cur-
rents or voltages in the conductors) are written. Asymmetrical operation, a short
circuit to ground, line interruptions, or switching mechanisms can be the result
of network loading. The voltages and currents at the position of the short cir-
cuit are determined by the geometrical addition of the symmetrical component
voltages and currents.

With this method, the three-phase network is resolved into three independent
single-phase systems, namely, the positive-sequence, negative-sequence, and
zero-sequence systems.

The impedances of these three systems can then be given for individual opera-
tional systems at a fault position. According to the position of the fault, unequal
currents can arise in the conductors. Then, the equivalent single-phase circuit
can no longer be used. The transformation of the original R (L1), S (L2), T (L3)
to a symmetrical image space with the coordinates 1, 2, 0 is, therefore, necessary
(method of symmetrical components).

The procedure that the method entails will now be discussed in detail [14,
15, 16]. In the case of an unsymmetrical three-phase system, the corresponding
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components
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Figure 10.3 Power transmission, three-phase system.
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equations (conductor currents or voltages) are set up for each conductor of the
three-phase system. Therefore, each unsymmetrical system can be clearly shown
in a partial three-symmetrical system (Figure 10.3).

A three-phase fault affects the three-phase network symmetrically. All three
conductors are equally involved and carry the same amount of short-circuit
current. Therefore, the calculation is performed for only one conductor. On the
other hand, all other short-circuit conditions incur asymmetrical loadings. A
suitable method for investigating such events is to split the asymmetrical system
into its symmetrical components (Figure 10.4). With a symmetrical voltage
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Figure 10.4 Schematic of a three-phase network and relationship between components of
positive-sequence, negative-sequence, and zero-sequence systems. (a) Unsymmetrical system,
(b) Symmetrical system, (c) equivalent one-line diagram of the components, and (d) graphical
addition of three components.
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system, the currents produced by an asymmetrical loading (I1, I2, and I3) can
be determined with the aid of the symmetrical components (positive-sequence,
negative-sequence, and zero-sequence systems).

The symmetrical components can be found with the aid of complex calculation
or by graphical means. If the current vector leading the current in the reference
conductor (L1) is rotated 120∘ backward, and the lagging current vector 120∘
forward, the resultant is equal to three times the vector Im in the reference con-
ductor. The negative-sequence components are apparent. If one turns in the other
direction, the positive-sequence system is evident, and the resultant is three times
the vector I2 in the reference conductor. Geometrical addition of all three current
vectors (I1, I2, and I3) yields three times the vector I0 in the reference conductor.
If the neutral conductor is unaffected, there is no zero-sequence system. Unsym-
metrical faults at one point in the network can be caused by unbalanced loads or
unbalanced short circuits through impedances or open conductors. Basically, a
procedure is followed that describes the unsymmetry in the three-phase mains,
and this description then transfers to the symmetrical components so as to deter-
mine in what way the positive-sequence, negative-sequence, and zero-sequence
systems must be connected together at the point of unsymmetry.

10.2.1 Derivation of the Transformation Equations

The decomposition presented in positive-sequence, negative-sequence, and
zero-sequence systems can be described by the following equations (using the
example of the currents; applies equivalently for voltages):

IR = I1R + I2R + I0R (10.19)
IS = I1S + I2S + I0S

IT = I1T + I2T + I0T (10.20)
I0R = I0S + I0T + I0

The system of equations can be further simplified by taking advantage of the
fact that the three phasors of the positive-sequence and negative-sequence sys-
tems are out of phase with each other with the same amount to 120∘, respectively,
and that the three phasors of the zero-sequence system are identical to each other.
These relationships can be taken into account when considering each case, a pha-
sor in the three systems as a reference. Usually, the components pointer I1R, I2R,
and I0R of the conductor R are chosen as a reference. The phase position can
thereby be expressed as follows:

1 = ej0∘ a = ej120 = ej(2𝜋∕3) a2 = e−j120 = e−j(2𝜋∕3)

Calculations in 120∘ space:
I1S = I1R ⋅ a2

I1T = I1R ⋅ a
I2S = I2R ⋅ a (10.21)
I2T = I2T ⋅ a2

I0R = I0S ⋅ I0T
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Fault currents in the original space:
IR = I1R + I2R + I0R (10.22)
IS = I1R ⋅ a2 + I2R ⋅ a + I0R

IT = I1T ⋅ a + I2R ⋅ a2 + I0R (10.23)
Then, in matrix notation, we have

⎡⎢⎢⎢⎣

IR

IS

IT

⎤⎥⎥⎥⎦
= 1

3

⎡⎢⎢⎢⎣

1 1 1
a2 a 1
a a2 1

⎤⎥⎥⎥⎦
⋅

⎡⎢⎢⎢⎣

I1R
I2R
I0R

⎤⎥⎥⎥⎦
(10.24)

Inverse transformation from the image space to the original space:
[IRST] = [T] ⋅ [I120] (10.25)

With this transformation, we can transform the unknown current components
with the matrix T to the actual currents in the components:

I1R = 1
3
⋅ (IR + IS ⋅ a + IT ⋅ a2) (10.26)

I2R = 1
3
⋅ (IR + IS ⋅ a2 + IT ⋅ a) (10.27)

In matrix notation, this yields
⎡⎢⎢⎢⎣

I1R

I2R

I0R

⎤⎥⎥⎥⎦
= 1

3

⎡⎢⎢⎢⎣

1 a a2

1 a2 a
1 1 1

⎤⎥⎥⎥⎦
⋅

⎡⎢⎢⎢⎣

IR
IS
IT

⎤⎥⎥⎥⎦
(10.28)

[I120] = [S] ⋅ [IRST] (10.29)
We are now in a position to calculate the asymmetrical currents and voltages,

where
[S] = [T−1] (10.30)

10.3 General Description of the Calculation Method

The method for calculating the short-circuit currents can be applied according
to the following general scheme to the different types of errors. The procedure of
symmetrical components will also be shown using the example of a single-phase
short-circuit current (Figure 10.5). The short circuits are for reference conductors
R symmetrically.

The following proceeding are considered in the calculation:
1) Set up the fault conditions in RST components.
2) Transformation of the fault conditions in symmetrical components (012).
3) Draw the circuit diagram in symmetrical components.
4) Set of the equations and calculation of short-circuit currents and voltages.
5) Transformation of the short-circuit currents and voltages in RST compo-

nents.
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Q T

Fault location

Figure 10.5 Circuit diagram of a one-phase short circuit.

Step 1: The fault conditions in RST components arising on the short-circuit
point as follows:

A short circuit with earth contact of the conductor R has the consequence that
the voltage of the conductor assumes the value zero.

UR = 0
IS = IR = 0

Step 2: With the transformation, the error conditions are detected in symmet-
rical components.

I120 = S ⋅ IRST

⎡⎢⎢⎢⎣
T
⎤⎥⎥⎥⎦
= 1

3

⎡⎢⎢⎢⎣

1 1 1
a2 a 1
a a2 1

⎤⎥⎥⎥⎦
U1 + U2 + U0 = UR = 0

I1 + I2 + I0 = IR = 1
3
⋅ IR

Step 3: The fault conditions can be realized only if all positive-sequence,
negative-sequence, and zero-sequence components are connected in series.
In this case, the zero system into the power grid is not included in the calcu-
lation of the single-phase short-circuit current because a decoupling of zero
systems enters through the transformer. The impedance of the network must be
converted with the square of the transmission ratio to the short side.

By combining the individual impedances, the relationships of equations can be
given as follows:

Z1 = Z1Qt + Z1T + Z1L

Z2 = Z2Qt + Z2T + Z2L

Z0 = Z0T + Z0L

Step 4: For the currents and voltages, the relationship will be

I1 = I2 = I0 =
E1

Z1 + Z2 + Z0

U1 = E − Z1 ⋅ I1

U2 = −Z2 ⋅ I2

U0 = −Z0 ⋅ I0
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Step 5: The transformation into the RST components is performed.
⎡⎢⎢⎢⎣
T−1

⎤⎥⎥⎥⎦
=
⎡⎢⎢⎢⎣

1 1 1
1 a2 a
1 a2 a

⎤⎥⎥⎥⎦
IR = I′′k1 = I0 + I1 + I2 = 3I0 =

3E1

Z1 + Z2 + Z0

Finally, we get with

E1 =
c ⋅ Un√

3
One-phase short-circuit current.

I′′k1 =
√

3 ⋅ c ⋅ Un

Z1 + Z2 + Z0

10.4 Impedances of Symmetrical Components

Only three-phase short circuits load the network symmetrically. It is sufficient
to calculate with the “positive-sequence system.” In all other cases, it is also
necessary to use the method of symmetrical components to consider the
negative-sequence and zero-sequence systems.

The method of symmetrical components is based on the principle of superpo-
sition. The determination of the voltage and current components requires equiv-
alent single-phase circuits, which, during symmetrical operation of the network,
are fully decoupled from each other.

The three impedances of the component systems are summarized briefly
(Figure 10.6) [1].
1) Positive-phase impedance Z1 (index m or 1): A symmetrical positive-sequence

system with a normal phase angle is present. The equivalent circuit and the
data for the operational equipment are identical with the data for the equiva-
lent single-phase circuit for the calculation of the three-phase short circuit.

2) Negative-sequence impedance Z2 (index i or 2): A symmetrical negative-
sequence system is present. The negative-sequence impedance is the same as
the positive-sequence impedance for operational equipment without load.
The impedances are different when the machines are operating.

Z(1)

3

I(1)

U(1) U(2) U(0)

Z(2) I(2)

I(0)

Z(0)

3~ 3~ 1~

Figure 10.6 Equivalent circuits for positive-sequence, negative-sequence, and zero-sequence
systems.
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3) Negative-sequence impedance Z0 (index 0): A system consisting of three cur-
rents of equal value and having the same phase angle is present if we take the
three main conductors connected in parallel for the outgoing line and a fourth
conductor as a common return line and apply an a.c. voltage. Three times the
zero-sequence current flows in this return line.

The circuitry of the N is considered in the zero-sequence impedance as follows:

• not grounded
• grounded through a ground fault neutralizer coil
• grounded through resistances or reactance
• direct grounding.

Under the assumption that the symmetrical components for the current and
voltage are physically real values, they must be related through general physi-
cal laws. Then, it must be possible to assign an impedance to each of the three
component systems according to Ohm’s law.

Positive-sequence impedance:

Z(1) =
U (1)

I(1)
(10.31)

Negative-sequence impedance:

Z(2) =
U (2)

I(2)
(10.32)

Zero-sequence impedance:

Z(0) =
U (0)

I(0)
(10.33)

Furthermore, it is possible to define equivalent circuits for the three compo-
nent systems. The positive-sequence, negative-sequence, and zero-sequence
impedances can be determined by applying the positive-sequence, negative-
sequence, and zero-sequence voltages to the circuit to be measured, mea-
suring the current and then calculating the impedance from Ohm’s law. The
positive-sequence impedance is identical with the impedance of a conductor
in the three-phase system and is, therefore, the same as the impedance of an
equivalent single-phase circuit in symmetrical operation. It is the sum total
of the impedances in the conductor from the overland lines, machines, and
other components. The negative-sequence impedance is determined as for the
positive-sequence impedance but with a negative-sequence system voltage. As
can be seen from the measurement circuit in Figure 10.7, the negative-sequence
impedance must be the same as the positive-sequence impedance for all passive
operational equipment such as overhead lines, cables, and transformers. For
rotating machines, on the other hand, the negative-sequence impedance can be
smaller than the positive-sequence impedance.

The zero-sequence impedance is, by definition (no phase shift of the individual
components), measured single phase, and the three conductors are connected in
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Figure 10.7 Measuring
circuits for determining the
positive-sequence,
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zero-sequence impedances
(see also Ref. [1]).
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Figure 10.9 Schematic diagram of three-phase delta, star source, and loads. (a) Source and
(b) load.

parallel. For imaging a symmetrical three-phase network, the positive-sequence,
negative-sequence, and zero-sequence systems must be linked, and linking
requires knowledge of the source voltage. This procedure is described in detail
in the following sections.

In three-phase networks, the source voltage is generated symmetrically with
synchronous generators. For this reason, the source voltage appears only in the
positive-sequence system and is set to the value c⋅Un√

3
for the calculations.

All three equivalent circuit components are connected to the fault position,
and for each type of fault, there is a different connection (Figure 10.8).

Figure 10.9 shows a schematic diagram of three-phase delta and star source,
and loads explaining SI and other symbols. The letters a, b, c, R, Y, B are not
internationally standardized and accepted.



147

11

Calculation of Short-Circuit Currents

In IEC 60909-0, the different types of short circuits are clearly defined. This
chapter deals with the short-circuit currents and sets up the equations required
to determine these currents. For the calculation, RST components are used
instead of L1–L2–L3 for reasons of simplification.

11.1 Three-Phase Short Circuits

For the dimensioning of electrical systems, it is necessary to consider three-phase
short circuits in order to guarantee the mechanical and thermal stabilities of the
systems and the rated making and breaking capabilities of the overcurrent pro-
tection equipment.

The requirements for calculating the largest three-phase short-circuit current
are as follows:
• The temperature of the conductor is 20 ∘C.
• The network circuitry is mostly responsible for this current.
• The network feeder delivers the maximum short-circuit power.
• The voltage factor is chosen in accordance with IEC 60909-0.

The three-phase short circuit is a symmetrical fault. The following fault condi-
tions apply for the equivalent circuit (Figure 11.1):

UR = US = UT = 0 (11.1)
IR + IS + IT = 0 (11.2)

It then follows that
⎡⎢⎢⎣
U0
U1
U2

⎤⎥⎥⎦
= 1

3
⋅
⎡⎢⎢⎣
1 1 1
1 a a2

1 a2 a

⎤⎥⎥⎦
⋅
⎡⎢⎢⎣
UR
US
UT

⎤⎥⎥⎦
(11.3)

U0 = U1 = U2 = 0 (11.4)
⎡⎢⎢⎣
I0
I1
I2

⎤⎥⎥⎦
= 1

3
⋅
⎡⎢⎢⎣
1 1 1
1 a a2

1 a2 a

⎤⎥⎥⎦
⋅
⎡⎢⎢⎣
IR
IS
IT

⎤⎥⎥⎦
(11.5)

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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L1
T

Z1 I1

Z

Q

L2
L3

01I″k3

3

c Un

Figure 11.1 Equivalent circuit for a three-phase short circuit with equivalent voltage source at
the position of the fault.

For three-phase short circuits:

I′′k3 =
c ⋅ Un√

3 ⋅ Z1

(11.6)

whereby for Z1:

Z1 =
√

(R1Q + R1T + R1L)2 + (X1Q + X1T + X1L)2 (11.7)

Or with the impedances of the individual operational equipment:
Z1 = Z1Q + Z1T + Z1L (11.8)

11.2 Two-Phase Short Circuits with Contact to Ground

This represents the general case of a two-phase short circuit. As can be seen from
Figure 11.2, for the two-phase short circuit the following boundary conditions
apply:

IR = 0, IS = IT, IkE2E = IS + IT, US = UT = 0

I′′kE2E =
√

3 ⋅ c ⋅ Un

|Z1 + 2Z0|
(11.9)

L1

T
Z1 I1
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L2
L3

01
3
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I″k2E
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Z0 I0

00
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cUn

Figure 11.2 Equivalent circuit of a two-phase short circuit with contact to ground.
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Figure 11.3 Vector diagram of the two-phase short circuit with earth contact.

Figure 11.3 shows the phasor diagrams of the corresponding positive, negative,
and zero systems and the resulting components.

11.3 Two-Phase Short Circuit Without Contact
to Ground

According to Figure 11.4, a two-phase fault without contact to ground should
occur between the two conductors.

For the equations giving the currents:

IS = −IT, IR = 0

The zero-sequence system current is zero, because no current flows through
ground, that is, I0 = 0, U0 = 0.

For a two-phase short-circuit current, this results in

I′′k2 =
c ⋅ Un

|Z1 + Z2|
(11.10)

I′′k2 =
√

3
2

I′′k3 (11.11)

The voltage system for a two-phase short circuit shifts in such a way that the
voltage on the third, fault-free conductor, in this case UR, remains unchanged.
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Figure 11.4 Equivalent circuit of a two-phase short circuit without contact to ground.
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Figure 11.5 Vector diagram of the two-phase short circuit without earth contact.

Two-phase short-circuit currents without contact to ground can be larger with
powerful asynchronous motors than for three-phase short circuits.

Figure 11.5 shows the phasor diagrams of the corresponding positive and neg-
ative systems and the resulting components.

11.4 Single-Phase Short Circuits to Ground

The single-phase short-circuit current occurs frequently in electrical networks
(Figure 11.6). Its calculation is necessary in order to ensure
• The maximum conductor lengths (IEC 60364 part 52)
• Protection against indirect contact (IEC 60364 part 41)
• Protection against thermal stress (IEC 60364 part 43).Calculating the smallest

short-circuit current requires that
• The voltage factor used is taken from IEC 60909-0
• Motors can be neglected
• In low-voltage networks, the temperature of the conductors is set to 80 ∘C
• Setting up the network so that the smallest I′′k1min flows. For the component

systems shown in Figure 11.7, we can then use the values: IS = IT = 0, I′′k1 =
IR, UR = 0.
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Figure 11.6 Equivalent circuit of single-phase short circuit to ground.
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Figure 11.7 Vector diagram of the one-phase short circuit.

Since the currents in the positive-sequence, negative-sequence, and zero-
sequence systems are identical, this means that the three systems must be
connected in series. For the current, then

3 ⋅ I0 = IR + IS + IT (11.12)
I1R = I2R = I0 (11.13)
IR = I1R + I2R + I0R = 3 ⋅ I1R (11.14)

I1R = E′′

Z1 + Z2 + Z0
(11.15)

IR = 3 ⋅ E′′

Z1 + Z2 + Z0
(11.16)
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Using the relationship

E′′ =
3 ⋅ Un√

3
(11.17)

It follows for a single-phase short circuit under the condition Z1 =Z2 that

I′′k1min =
√

3 ⋅ cmin ⋅ Un

|2Z1 + Z0|
(11.18)

For the loop impedance of the short circuit:

I′′k1min =
cmin ⋅ Un√

3 ⋅ Zs

(11.19)

Equating the right sides of Equations (11.18) and (11.19) yields

Zs =
2Z1 + Z0

3
(11.20)

According to IEC 60909-0,

I′′k1min =
√

3 ⋅ cmin ⋅ Un√
(2R1Q + 2R1T + 2R1L + R0T + R0L)2

+(2X1Q + 2X1T + 2X1L + X0T + X0L)2

(11.21)

Equations (11.18), (11.19), and (11.21) are identical and give the same result for
the calculation of I′′k1min.

Figure 11.7 shows the phasor diagrams of the corresponding positive, negative,
and zero systems and the resulting components.

For asymmetrical short circuits, the largest short-circuit current can be deter-
mined with the aid of Figure 11.8 and depends on the network design. The double
ground fault, I′′kEE, is not included in this figure, because it leads to smaller short
circuits than the two-phase short circuit. The ranges of the different types of short
circuits according to the neutral point treatment are indicated in this diagram.
The phase angles of the impedances Z1,Z2, and Z0 in this figure must not differ
by more than 15∘.

The symbols in Figure 11.8 have the meanings:
k2 two-phase short-circuit current
k3 three-phase short-circuit current
k2E two-phase short-circuit current without contact to ground
k1 single-phase ground fault current;
𝛿 ground fault factor

a =
Short circuit current for asymmetrical short circuit

Short circuit current for three-pole short circuit
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Figure 11.8 Largest short-circuit currents for asymmetrical short circuits (see also Ref. [1]).

11.5 Peak Short-Circuit Current, ip

The initial short-circuit current, I′′k , and the withstand ratio, 𝜅, determine the
peak short-circuit current, ip. The factor 𝜅 depends on the ratio R/X of the
short-circuit path and takes account of the decay of the d.c. aperiodic component
in the short circuit. The peak value of ip occurs during the period immediately
following the occurrence of the short circuit (transient period). If the ratio R/X
is known, the factor 𝜅 can be read from the curves in Figure 11.9.

The peak short-circuit current calculated determines the dynamic loading of
electrical systems.

The peak short-circuit current can be calculated in unmeshed networks from
the equation:

ip = 𝜅 ⋅
√

2I′′k (11.22)
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Figure 11.9 Factor 𝜅 for calculating the peak short-circuit current ip (see also Ref. [1]).

Standard values:
𝜅 < 1.4: in public networks
𝜅 ≤ 1.8–2.04: immediately downstream from transformer feeder.
𝜅 can also be calculated from the following equation:

𝜅 = 1.02 + 0.98 ⋅ e−3(R∕X) (11.23)
The peak short-circuit current, ip, can be calculated in all the networks using

the basic equation ip = 𝜅 ⋅
√

2 ⋅ I′′k . With the three following procedures, it is
possible to determine the factor 𝜅 in meshed networks [12].
1) Procedure A (𝜅 = 𝜅a): 𝜅 is determined from the smallest R/X ratio of all the

branches in the network. In low-voltage networks, 𝜅 ≤ 1.8.
2) Procedure B (𝜅 = 1.15𝜅b): 𝜅 is determined from the R/X ratio of the

short-circuit impedance at the position F of the short circuit and multiplied
by a safety factor of 1.15 in order to take account of different R/X ratios in
parallel branches.
• For low-voltage networks: 𝜅 ≤ 1.8.
• For medium-voltage and high-voltage networks: 𝜅 ≤ 2.0.

3) Procedure C (𝜅 = 𝜅c ): with procedure C, 𝜅 is determined with an equivalent
frequency, as below:
• Calculation of reactances for all network branches i for the equivalent fre-

quency f c in the positive-sequence system:

Xic =
fc

f
Xi

f : nominal frequency – 50, 60 Hz.
f c: equivalent frequency – 20, 24 Hz.

• Calculation of equivalent impedance at the position of the short circuit
from the resistances Ri and the reactances X i of the network branches in
the positive-sequence system: Zc = Rc + jXc

• Determination of the factor 𝜅c from the ratio:
R
X

=
fc

f
Rc

Xc
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11.6 Symmetrical Breaking Current, Ia

The symmetrical breaking current is the effective value of the short-circuit
current I′′k (t), which flows through the switch at the time of the first con-
tact separation and is used for near-to-generator short-circuit feeder. For
far-from-generator short circuits, the breaking currents are identical to the
initial short-circuit currents:

Ia = 𝜇 ⋅ I′′k (11.24)

Synchronous machines:

Ia = 𝜇I′′kG (11.25)

Ia depends on the duration of the short circuit and the installation position
of the switchgear at the position of the short circuit. 𝜇 characterizes the decay
behavior of the short-circuit current and is a function of the variables I′′kG∕I′′rG and
tmin (Figure 11.10).

The factor 𝜇 can be taken from Figure 11.10 or from the following equations:

𝜇 = 0.84 + 0.26e−0.26I′′kG∕IrG for tmin = 0.02 s
𝜇 = 0.71 + 0.51e−0.30I′′kG∕IrG for tmin = 0.05 s
𝜇 = 0.62 + 0.72e−0.32I′′kG∕IrG for tmin = 0.10 s
𝜇 = 0.56 + 0.94e−0.38I′′kG∕IrG for tmin = 0.25 s

𝜇max = 1

When Ia = I′′k , then 𝜇= 1, that is, a far-from-generator short circuit is present,
if for each synchronous machine the following condition is satisfied, then:

I′′k3

IrG
≤ 2 (11.26)

Minimum switching delay tmin

Near-to-generator

short circuit

Far-from-generator

short circuit

or

≥ 0.02 s

≥ 0.05 s

≥ 0.1 s

≥ 0.25 s

1.0

μ
0.9

0.8

0.7

0.6
0 1 2 3 4 5 6 7 8 9

I″kG / IrG I″kM / IrM 

Figure 11.10 Factor 𝜇 for calculating the symmetrical breaking current Ia (see also Ref. [1]).
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For Ia < I′′k , that is, a near-to-generator short circuit:

I′′k3

IrG
≥ 2 (11.27)

In practice: The minimum switching delay is 0.1 s.
Asynchronous machines:

Ia = 𝜇 ⋅ q ⋅ I′′kM (11.28)

The factor q depends on the power per phase pair.
Networks:

IaQ = I′′kQ (11.29)

More exact procedure for calculation of symmetrical breaking current in meshed
networks [1]:

Ia = I′′k −
∑

i

ΔU ′′
Gi

c⋅Un√
3

(1 − 𝜇i) ⋅ I′′kGi −
∑

i

ΔU ′′
Mj

c⋅Un√
3

(1 − 𝜇j ⋅ qj) ⋅ I′′kMj (11.30)

With

ΔU ′′
Gi = jX′′

di ⋅ I′′kGi (11.31)
ΔU ′′

Mj = jX′′
Mj ⋅ I′′kMj (11.32)

Figure 11.11 shows the dependence of the factor q on the effective power per
phase pair of the motor and the minimum switching delay tmin. For the equations
used in the calculation of q, see IEC 60909-0.

The factor q applies to the induction motors and takes account of the rapid
decay of the motor short circuit owing to the absence of an excitation field. It can
be obtained from Figure 11.11 or from the following equations:

q = 1.03 + 0.12 ln m for tmin = 0.02 s
q = 0.79 + 0.12 ln m for tmin = 0.05 s
q = 0.57 + 0.12 ln m for tmin = 0.10 s
q = 0.26 + 0.12 ln m for tmin = 0.25 s

qmax = 1

The meaning of the symbols is as follows:
i generator
j motor
ΔU ′′

Gi initial voltage difference at connection to synchronous machine i
ΔU ′′

Mj initial voltage difference at connection to asynchronous machine j
c⋅Un√

3
equivalent voltage source at the position of short circuit

IaI′′k symmetrical breaking current, initial symmetrical short-circuit current
considering all network inputs, synchronous machines, and
asynchronous machines

I′′kGi initial symmetrical short-circuit current of synchronous machine
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Figure 11.11 Factor q for calculation of the symmetrical breaking current for asynchronous
machines (see also Ref. [1]).

I′′kMj initial symmetrical short-circuit current of asynchronous machine
𝜇j factor j for asynchronous machines
𝜇i factor i for synchronous machines
qi factor j for asynchronous machines.

11.7 Steady-State Short-Circuit Current, Ik

The steady-state short-circuit current is the effective value of the short-circuit
current I′′k remaining after the decay of all transient processes. It depends
strongly on the excitation current, excitation system, and saturation of the
synchronous machine:

For near-to-generator short circuits: Ik < I′′k .
For far-from-generator short circuits: Ik = I′′k = Ia.

The following relationships show a dependence on the fault position:

Ik = 𝜆 ⋅ IrG (11.33)
Ik = I′′k2

Ik = 𝜆 ⋅
√

3 ⋅ IrG (11.34)

The factor A depends on I′′kG/IrG, the excitation, and the type of synchronous
machine.
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Figure 11.12 Factors 𝜆min and 𝜆max for calculating the steady-state short- circuit current Ik (see
also Ref. [1]).

For the steady-state short-circuit current, we distinguish between:

Ikmax =Amax⋅IrG (maximum excitation).
Ikmin =Amin⋅IrG (constant unregulated excitation).

The upper and lower limits of A can be taken from Figure 11.12. It should also
be pointed out that the A curves depend on the ratio of the maximum excitation
voltage to the excitation voltage under normal load conditions (Series 1and 2).
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The following statements can be made for Series 1and 2 [1]:

Series 1: The largest possible excitation voltage is 1.3 times the rated excitation
voltage for the rated apparent power factor for turbo generators or 1.6 times
the rated excitation voltage for salient-phase generators.

Series 2: The largest possible excitation voltage is 1.6 times the rated excitation
voltage for the rated apparent power factor for turbo generators or 1.3 times
the rated excitation voltage for salient-phase generators.
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12

Motors in Electrical Networks

Asynchronous motors are used mostly in industry and for the internal con-
sumption of power stations. For a short circuit, these deliver a part of the initial
short-circuit current, peak short-circuit current, and symmetrical breaking
current and for single-phase faults, part of the steady-state short-circuit current
as well.

The peak short-circuit part of the asynchronous motors must be considered.
For the calculation of squirrel-cage motors and wound rotor motors, there is no
difference, since the starting resistors of wound rotor motors are short-circuited
during operation. In the following cases, asynchronous motors can be neglected
for the calculation of short-circuit currents [1]:
• Asynchronous motors in public low-voltage networks.
• Contributions of asynchronous motors or motor groups, which are less than

5% of the initial symmetrical short-circuit current without motors.
• Asynchronous motors which due to interlocking or type of process control

cannot operate at the same time.
• Groups of low-voltage asynchronous motors that can be combined through

their connection cables to an equivalent motor with ILR
IrM

= 5 and RM
XM

= 0.42.
• Asynchronous motors can be neglected for single-phase short circuits.

Various connection variants for asynchronous motors in industrial networks
will be discussed in the following.

12.1 Short Circuits at the Terminals of Asynchronous
Motors

The contribution of an asynchronous machine (Figure 12.1) can, in accordance
with IEC 60909, be neglected provided that

I′′kM ≤ 0.05 ⋅ I′′kQ (12.1)

I′′kM =
c ⋅ Un√
3 ⋅ ZM

=
ILR

IrM

c ⋅ Un

U2
rM

⋅ IrM (12.2)

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 12.1 Short circuit at the terminals of an
asynchronous motor.

The impedance ZM of an asynchronous machine in the positive-sequence and
negative-sequence systems is calculated from the relationships:

ZM = 1
ILR

IrM

⋅
UrM√
3 ⋅ IrM

= 1
ILR

IrM

U2
rM

SrM
(12.3)

ZM =
𝜂rM ⋅ cos𝜑rM

ILR

IrM

UrM

PrM
(12.4)

Motor groups (Equation (12.1)) can be neglected with the assumptions
ILR/IrM = 5 and c ⋅Un/UrM ≈ 1:∑

IrM ≤ 0.01 ⋅ I′′k (12.5)

The reactances and resistances can be calculated from the following
equations [1]:

For medium voltages with effective power PrM per phase pair≥ 1 MW:
RM

Xm
= 0.10 mit XM = 0.995 ⋅ ZM (12.6)

For medium-voltage motors with effective power PrM per phase pair< 1 MW:
RM

Xm
= 0.15 mit XM = 0.989 ⋅ ZM (12.7)

For low-voltage motors, including motor connection cable:
RM

Xm
= 0.42 mit XM = 0.922 ⋅ ZM (12.8)
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Figure 12.2 Motor groups supplied from
transformers with two windings.
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12.2 Motor Groups Supplied from Transformers
with Two Windings

High-voltage and low-voltage motors that supply short-circuit currents to the
short-circuit location Q (Figure 12.2) can be neglected provided that∑

PrM∑
SrT

≤
0.8

c ⋅ 100
∑

SrT

S′′
kQ

− 0.3

(12.9)

When this condition is satisfied, asynchronous motors contribute less than 5%
to the short-circuit current without motors.

For Equation (12.9): ILR∕IrM = 5, cos𝜑 𝜂r = 0.8 and ukr = 6 %.

12.3 Motor Groups Supplied from Transformers
with Different Nominal Voltages

High-voltage and low-voltage motors supplied from transformers with different
nominal voltages must be considered (Figure 12.3).∑

I′′kM = I′′kM1 + I′′kM2 + I′′kMn (12.10)
∑

SrT = SrT1 + SrT2 + · · · + SrTn (12.11)
∑

PrM = PrM1 + PrM2 + · · · + PrMn (12.12)
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∑
RrM∑
SrT

≤
cos𝜑r ⋅ 𝜂r||||||

ILR

IrM

(
c ⋅

∑
SrT

0.05 ⋅ S′′
kQ

−
ukr

100%

)||||||

(12.13)

Equation (12.13) is true only when the conditions of Section 12.2 no longer
apply.

The meaning of the symbols is as follows:
ILR locked rotor current of motor
I′′k initial symmetrical short-circuit current without influence of motors
S′′

kQ initial symmetrical short-circuit power without influence of motors∑
IrM sum of rated currents of motors

UrM rated voltage of motor
IrM rated current of motor
ILR/IrM ratio of locked rotor current to rated current for motor∑

PrM sum of rated effective powers of motors∑
SrM sum of rated apparent powers of transformers is between 4 and 8
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Figure 12.3 Motor groups supplied from transformers with different nominal voltages.
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RM/XM 0.42 (when motor power is neglected)
ZM short-circuit reactance.

Table 12.1 gives a summary of short circuits at the terminals of induction
motors.

Table 12.1 Calculation of short circuits at the terminals of motors.

Short-circuit
type

Three-phase
short circuit

Line-to-line
short circuit

Line-to-earth
short circuit

Initial symmetrical
short-circuit current

I′′k3M =
c ⋅ Un√

3ZM

I′′k2M =
√

3
2

I′′k3M —

Peak short- circuit
current

ip3M = 𝜅M

√
2I′′k3M ip2M =

√
3

2
ip3M ip1M = 𝜅M ⋅

√
2 ⋅ I′′k1M

Symmetrical short-circuit
breaking current

Ib3M = 𝜇q ⋅ I′′k3M Ib2M ≈
√

3
2

I′′k3M Ib1M ≈ I′′k1M

Steady-state short-circuit
current

Ik3M ≈ 0 Ik2M ≈
√

3
2

I′′k3M Ik1M ≈ I′′k1M
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13

Mechanical and Thermal Short-Circuit Strength

The dimensioning of electrical power installations with respect to stability against
mechanical and thermal stresses is described exactly in EN 60865-1 [17]. This
chapter gives a brief account of this information.

Electrical systems are subjected to mechanical and thermal stresses because of
short circuits.

Busbars, switchgear, and contactors can be destroyed. Due to the evolution of
heat, the operational equipment and the insulation of conductors and cables are
affected. Furthermore, the potential hazards and injuries to the operating per-
sonnel must be considered.

In order to keep short circuits under control, these systems must be designed
and dimensioned so that the operational equipment is able to withstand short-
circuit conditions.

Here, the construction of the system components and the short-circuit current
strength are especially important. The short-circuit strength is the sum total of all
considerations for the prevention and control over the mechanical consequences
of short-circuit currents and the joule heating that results.

The amount of heat generated over the duration of the short circuit must not
exceed the permissible values for cables, conductors, and operational equipment.

13.1 Mechanical Short-Circuit Current Strength

Collecting bars, parallel conductors, switchgear, and fuses must be able to with-
stand the short circuit and the resulting peak short-circuit current occurring.

As a result of the magnetic field generated, parallel conductors that are
separated by a distance attract each other when their currents flow in the
same direction and repel each other when their currents flow in the opposite
directions, whereby these forces are distributed uniformly over the length of the
conductors l.

The manufacturers of operational equipment test their products for normal
load conditions and for stability under the faulty operating conditions caused by

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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a short circuit. At this point, it is useful to briefly discuss the individual circuit
breakers and devices used in electrical systems:
• Circuit breakers: The rated short-circuit making and breaking capacities are

normally given by the manufacturer for the better assessment of short-circuit
strength. These specified numerical values must be larger than the calculated
short-circuit value of the short-circuit current at the location of the fault. The
contacts and mechanical parts must be able to withstand the short-circuit cur-
rent. The circuit breakers are provided for breaking overload and short-circuit
currents, for which the numerical values can be set accordingly. EN 60947 (IEC
947) describes the characteristics of low-voltage switches and IEC 282-1 and
IEC 17A the characteristics of high-voltage switches.

• Fuses: Fusible links are the oldest forms of protective equipment and are of
great importance in certain cases. The principle of these protective devices
is based on a rupture joint, for example, a piece of wire, which melts with
the application of a certain amount of heat given by ∫ i2dt. The type of
time–current characteristic (function class) and the construction determine
the locations for use. They are often used as backup protection or as the main
protection in a system. The new version of IEC 269-1 describes the regulations
for all fuse types.

• Disconnectors, load interrupter switches, and load break switches: In the low-
voltage range, load interrupters are mostly used as disconnect switches for the
load circuits, which break only operating currents, that is, currents under nor-
mal load, with an inductive power factor of 0.7. These switches are not able
to break short-circuit currents and are, therefore, used together with fuses. In
contrast to load interrupter switches, load break switches, which produce a
visible isolating distance, are used in the medium-voltage range.
The operational equipment (busbars, insulators, wires, or cables) must be pro-

tected against the effects of short-circuit currents), that is, the systems must be
short-circuit proof. The effect of forces acting on conductors with current flowing
is of great interest here. Figure 13.1 depicts the effects of forces acting on busbars
and parallel conductors.

In the magnetic field, a force acts on the conductors while the current is flowing.
This force depends on the flux density B, the current intensity I, and the length
l of the conductor. Two parallel conductors in which current is flowing attract
each other when the currents are flowing in the same direction and repel each
other when the currents are flowing in the opposite directions.

F = B ⋅ l ⋅ I

This force is greatest for a double-phase short circuit without contact to
ground and for a three-phase short circuit. The maximum force occurring
between the two conductors is proportional to the square of the current, that
is, F ∼ i2. The greatest force acting on the conductors is calculated from the
equation. For the current, the effective peak short-circuit current ip is used.

The following will be obtained

FM =
𝜇0

2𝜋
i2
p

ls

am
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Figure 13.1 Effects of forces acting on busbars and parallel conductors (see also Ref. [6]).

or with the constant evaluated

FM = 0.2 i2
p2

ls

am
or FH = 0.17 i2

p3
l0

am

The force between the neighboring conductor elements is

FM =
𝜇0

2𝜋

( ip

n

)2 ls

as

The meaning of the symbols is as follows:
FM force for the main conductor in N
B magnetic induction in T
i peak short-circuit current in kA
am effective main conductor spacing in cm
𝜇0 permeability constant (4𝜋 10−7 V s∕A m)
n number of conductors
ls greatest center-to-center distance between the two neighboring conductor

elements in cm
as effective spacing between the conductor elements in cm.

The forces between the conductor elements in which a short-circuit current
flows depend on the geometrical arrangement and the profile of the conductors.
This is why effective spacings have been introduced in the equation (EN 61660-1).

The effective spacing am is determined from:

am = a
k12

The correction factor k12 is given in Figure 13.2.
As Figure 13.2 shows, the force is reduced because k12 < 1 for permanently

installed flat (b/d> 1). On the other hand, the effect of the force increases slightly
because k12 > 1 for neighboring bars.
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Figure 13.2 Correction factor k12 for the determination of the effective conductor spacing am
(see also Ref. [1]).

The force leads to bending stress in rigid conductors, to tensile stress and
deflection in conducting cables, and to transverse loading, compressive loading,
or tensile loading of the support points. The conductors can be clamped,
supported, or a combination of both and have several support points. The short-
circuit loading of the busbars with respect to bending is calculated according to
the laws of rigidity, so that

M =
FM ⋅ l

8
The meaning of the symbols is as follows:

FM force due to the short-circuit current in N
M bending moment in N cm
l support spacing in cm.

The bending stress can then be determined using the moment of resistance,
that is,

𝜎H =
𝜈𝜎 ⋅ 𝛽 ⋅ M

W
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The bending stress 𝜎 must always be less than the permissible bending stress
𝜎per.

𝜎H ≤ 𝜎per

The bending stress for several conductor elements can be calculated from

𝜎M =
𝜈𝜎 ⋅ 𝛽 ⋅ M

WT

The permissible total bending stress of the main (𝜎M) conductor and the con-
ductor elements (𝜎T) is then

𝜎G = 𝜎M + 𝜎T

The dynamic force acting at each support point of the rigid conductors is cal-
culated from

Fd = VFVr𝛼F
For d.c. systems:

VFVr = 2
For one-phase a.c. systems:

VFVr ≤ 2
For three-phase systems:

VFVr ≤ 2.7
The meaning of the symbols is as follows:

𝜎 bending stress in N/cm2

𝛾 frequency factor (Table 13.2)
𝛽 factor for loading of the main conductor (Table 13.2)
𝛼 depends on the type and number of support points (Table 13.2)
M bending moment in N cm
W moment of resistance in cm4.

The moments of resistance and moments of inertia of different tubular profiles
can be obtained from Table 13.1.

The busbar arrangement must be checked for mechanical resonance. The nat-
ural mechanical oscillating frequency must not be close to the simple, double, or
triple network frequency, since this would lead to damage as a result of resonance
(Table 13.2).

For the natural mechanical oscillating frequency, then

f0 = 112 ⋅

√
E ⋅ I
G ⋅ l4

The meaning of the symbols is as follows:
f 0 natural oscillating frequency in s−1

E modulus of elasticity of the busbar material for Cu: 1.1 \. 106 kg/cm2 and for
Al: 0.65 \. 106 kg/cm2

I moment of inertia in cm4 (Table 13.1)
G weight of bar in kg/cm.



172 13 Mechanical and Thermal Short-Circuit Strength

Table 13.1 Moments of resistance and moments of inertia.

Representation Moment of inertia (cm4) Flexural modulus (m3)

b

b

h h

I = b ⋅ h3

12
W = b ⋅ h2

6

d

I = 𝜋 ⋅ d4

64
W = 𝜋 ⋅ d3

32

Dd

I = 𝜋

64
(D4 − d4) W = 𝜋

32
(D4 − d4)

D

Table 13.2 Factors 𝛼 and 𝛽 for different support point arrangements (see also Ref. [6]).

Type of busbar and its clamping condition Force on

support

Factor βFactor α

Both sides
supported

Fixed and
supported

Single-span
beam

Both sides
fixed

Continuous beam
with multiple
supports and N
equal or
approximately
equal support
distances

A: 0.5
B: 0.5

1.0 1.57

A: 0.625
B: 0.375

0.73 2.45

A: 0.5
B: 0.5

0.50 3.56

A: 0.375
B: 1.25

A B B A

A B

A B

A B

A B

A

N ≧ 3

N = 2 0.73 2.45

A: 0.4
B: 1.1

0.73 3.56

Main conductor

stress

Relevant

characteristic

frequency

Factor γ
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13.2 Thermal Short-Circuit Current Strength

Switches, conductors, and transformers must as a result of short-circuit cur-
rents be dimensioned with regard to thermal effects as well. It must be checked
whether the thermal equilibrium short-time withstand current Ith is correctly
determined. The magnitude and the behavior in time of the short-circuit current
determine the effective short-time withstand current, the effective value of which
produces the same quantity of heat as the changing short-circuit current during
the duration of the short circuit TK in its d.c. aperiodic and a.c. periodic current
components.

The thermal short-circuit current can be calculated from the effective value of
the initial symmetrical short-circuit current and the m and n factors (Figure 13.3).

Here:

Ith = I′′k ⋅
√

m + n (13.1)

We can also determine the factor m using the relationship:

m = 1
2f tk ln(𝜅 − 1)

[e4 f Tk ln(𝜅−1) − 1] (13.2)

The factor m takes account of the thermal effect of the d.c. aperiodic component
for three-phase and polyphase currents and the factor n the thermal effect of the
a.c. periodic component for a three-phase short circuit.

Electrical operational equipment is dimensioned according to either the per-
missible short-time withstand current Ith or the permissible duration of the short
circuit TK.

The duration of the short circuit and the short-time withstand current are given
by the manufacturers of protective equipment.

Ith ≤ Ithz (13.3)

In accordance with IEC 76-1, Ith must not exceed 25 times the nominal cur-
rent for longer than 3 s with short-circuit current-limiting reactors. With current
transformers, this value is given on the nameplate. Here:

Ith ≤

√
Ikn

(TK + 0.05 s)
(13.4)

For short-circuit durations:

TK ≥ 0.1 s (13.5)

the following relationship holds true:

Ia = I′′k (13.6)

If the peak short-circuit current ip is not known and the initial symmetrical
short-circuit current I′′k is given, we can then calculate using the withstand ratio
𝜅 = 1.8.
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Figure 13.3 The factors m and n (see also Ref. [1]).

The thermal equivalent short-circuit current density Sth must be smaller
than the rated short-time current density Sthr. The following equation must be
satisfied:

Sth ≤ Sthr ⋅
1
𝜂
⋅

√
Tkr

Tk

The factor 𝜂 takes account of heat transfer for the insulation. The rated short-
time current density Sthr can be obtained from Figure 13.4. The initial tem-
perature 𝜈b of a conductor is the maximum permissible continuous operating
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Figure 13.4 Rated short-time current density Sthr for T kr = 1 s (a) for copper and steel (solid
line curves), (b) aluminum (broken line curves) Aldrey and Al/St (see also Ref. [17]).
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temperature. The ultimate temperature 𝜈e is the maximum permissible
temperature under short-circuit conditions for plastic-insulated cables.

13.3 Limitation of Short-Circuit Currents

It is necessary to control both the minimum and the maximum short-circuit
currents in low-voltage systems without impairing the selectivity. Investigations
have shown that the three-phase short-circuit currents are less than 9 kA, with
an average value of 2.8 kA [18]. However, this value only applies for low-voltage
networks. In low-voltage networks, the single-phase short circuits are generally
less than 1 kA. In order to limit the short-circuit currents (Figure 13.5), special
measures are possible in individual systems according to the various operational
equipment.

Fuses are unsuitable for smaller short-circuit currents. This is why many power
supply companies prescribe line protection circuit breakers in house installa-
tions. The short-circuit current limitation in high-voltage and medium-voltage
networks can be achieved through economical (e.g., the choice of nominal net-
work voltage or division of the network into individual groups) and technical (e.g.,
the use of ip limiters and fuses) means.

Figures 13.6–13.11 illustrate the short-circuit-carrying capacity of different
cables as a function of the break time.

13.4 Examples for Thermal Stress

13.4.1 Feeder of a Transformer

At the end of a cable, three-phase short circuit is calculated (Figure 13.12). Relay
total breaking time is Tk = 0.5 s. Check it to see if the cable is thermally adequate.

Factor m for the d.c. component m and factor n for the thermal effect of a.c.
component are given.
m= 0.09
n= 0.73

U UB

UN

I″k
Ik

10 20 tms

t

U

UB

UN

I″k

Ik

10
(a) (b)

20 tms

t

Figure 13.5 Current limitation through circuit breaker: (a) high power current limitation
through circuit breaker and (b) line protection circuit breaker with neutral point quencher,
without definite current limitation.
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Figure 13.6 Thermally permissible short-circuit current from paper-insulated cables at
1–10 kV (see also Ref. [10]).

Then, we can calculate the thermal equivalent short-circuit current:

Ith = I′′k ⋅
√

m + n

Ith = 21.5 kA ⋅
√

0.09 + 0.73 = 19.46 kA

The permissible rated short-time current density at the beginning of a short
circuit at a temperature 𝜗b = 70 ∘C and end temperature 𝜗e = 250 ∘C is shown in
Figure 13.4, Sthr = 143 A/mm2. Therefore, the current density is

Sth = Sthr ⋅

√
Tkr

Tk

Sth = 143 ⋅
A

mm2 ⋅

√
1 s

0.5 s
= 202.2 A∕mm2
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Figure 13.7 Thermally permissible short-circuit current from paper-insulated cables at
12/20 kV (see also Ref. [10]).

Minimum cross-section of cable can then be calculated as shown below:

A =
Ith

Sth
= 19.46 kA

202.2 A∕mm2 = 96.24 mm2

The feeder conductor cross-section is enough which is

120 > 96.24 mm2

13.4.2 Mechanical Short-Circuit Strength

The short-circuit current at the busbar of a transformer station is calculated with
Simaris, which gives I′′kmax ≈ 16 kA (Figure 13.13).
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Figure 13.8 Thermally permissible short-circuit current from paper-insulated cables at
18/30 kV (see also Ref. [10]).

Figure 13.14 shows the busbar configuration with three main conductors with
following data:

a = 10 cm, l = 100 cm, b = 10 cm, h = 50 cm

First, we calculate the peak current with

ip = 𝜅 ⋅
√

2 ⋅ I′′kmax = 1.8 ⋅
√

2 ⋅ 16 kA = 40.73 kA

The electrodynamic force between conductors

F = 0.2 ⋅ i2
p ⋅

l
a
= 0.2 ⋅ (40.73 kA)2 ⋅

100 cm
10 cm

= 3317.86 N



180 13 Mechanical and Thermal Short-Circuit Strength

100
90

80

70

60

50

40

30

25

20

15

10
9

8

7

6

5

4

3

2.5

2

1.5

Cu

S
th

z

S

K
A

m
m

2

AI

1
0.1 0.2 0.3 0.4 0.5 0.60.7 0.80.91 2 3 4 5

240

185

185
300

400
240

500
300

400

500

150

120

150
95

120

70
95

50
70

35
50

25
35

25

StK

Figure 13.9 Thermally permissible short-circuit current from PVC-insulated cables at 1–10 kV
(see also Ref. [10]).

Bending moment:

M = F ⋅ l
8

= 3317.86 N ⋅ 100 cm
8

= 41 473.25 N cm

Flexural modulus on the vertical track assembly (Table 13.1):

W = b ⋅ h2

6
= 10 cm ⋅ (50 cm)2

6
= 4166.6 cm3

Bending stress by the vertical track assembly:

𝜎 = M
W

= 41 473.25 N cm
4166.6 cm3 = 9.953 N∕cm2
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Figure 13.10 Thermally permissible short-circuit current from XLPE-insulated cables (see also
Ref. [10]).

Moment of inertia (Table 13.1):

I = b ⋅ h3

12
= 10 cm ⋅ (50 cm)3

12
= 104 166 cm4

System frequency of the main conductor:

f = 112 ⋅

√
E ⋅ I
G ⋅ l4 = 112 ⋅

√
1.1 ⋅ 106 ⋅ 10.4166
13.5 ⋅ 10−3 ⋅ 1004 s−1 = 250 s−1

There is no harm to be expected because 5× 50= 250 Hz.
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Figure 13.11 Thermally permissible short-circuit current of Cu screening (see also Ref. [10]).
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Figure 13.12 Feeder of a transformer.
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14

Calculations for Short-Circuit Strength

To determine the short-circuit strength for switchgear and control gear,
the magnitude of the prospective short-circuit current is decisive.

The choice of switchgear follows from:
• the short-circuit strength
• the rated breaking capacity.

14.1 Short-Circuit Strength for Medium-Voltage
Switchgear

The following selection criteria are important for the short-circuit strength of
medium-voltage switchgear (EN 61936-1:2011-11):
• The rated short-circuit breaking current Isc: this is the effective value of the

breaking current at the terminals of the switchgear. The following condition
must hold true:

Isc ≥ I′′k (14.1)
Standardized values for middle-voltage systems are as follows:

8, 12.5, 16, 20, 25, 31.5, 40, 50, and 63 kA
• The rated short-circuit making current Ima: this is the peak value of the making

current for a short circuit at the terminals of the switchgear. The following
condition must apply for circuit breakers, load (break) switches, and grounding
switches of medium-voltage switchgear:

Ima ≥ ip (14.2)
Standardized values for medium-voltage systems are as follows:

20, 25, 31.5, 40, 50, 63, 80, 100, 125, and 160 kA
• The rated short-time current Ith: this is the effective value of the short-circuit

current which the switchgear can carry in the closed state during the rated
short-circuit duration tth under the specified conditions for use and operation.

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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• The thermal short-circuit capacity Ithz:

Ithz ≥ Ithm (14.3)

Ithz = Ith

√
tth

tk
(14.4)

The symbols have the meaning:
Isc rated short-circuit breaking current
I′′k initial symmetrical short-circuit current
Ithz thermal short-circuit carrying capacity
Ithm thermal equivalent short-circuit current
Ima rated short-circuit making current
ip peak short-circuit current
Ith rated short-time current
tth rated short-circuit duration (1 and 3 s)
tk maximum short-circuit duration.

14.2 Short-Circuit Strength for Low-Voltage Switchgear

The following selection criteria must be considered for the short-circuit strength
of low-voltage systems (IEC 60947):

• The rated ultimate short-circuit breaking current (breaking capacity) Icn: this
is the largest current which a switchgear can break without incurring damage.
It is given as an effective value. Standardized values for low-voltage switchgear
are 18, 25, 40, 70, and 100 kA.

Icn ≥ I′′k (14.5)

• The rated short-circuit making current (making capacity) Icm: this is the largest
current which a switchgear can make without incurring damage. It is given as a
peak value. The power factor cos 𝜙 of the short-circuit path depends primarily
on the reactance of the input transformer. The greater its power, the smaller is
the power factor. For this relationship, IEC 60947-2 gives a minimum value for
circuit breakers:

Icm = n•Icn = 𝜅•
√

2•Icn (14.6)

According to the type, the circuit breakers must be able to interrupt the follow-
ing short circuit and operating currents:

1) Circuit breakers with cos 𝜙≥ 0.1: short-circuit currents
2) Circuit breakers with cos 𝜙≥ 0.7: load currents
3) Circuit breakers with cos 𝜙< 0.1: operating currents.
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• The rated short-time withstand current Icw: this is the permissible effective
value of the a.c. periodic component of the uninfluenced short-circuit current
which the switchgear can carry for a certain length of time without any notice-
able effect (e.g., due to excessive evolution of heat), for example, from 0.05 to
1 s.

In accordance with IEC 60947, circuit breakers are tested with two currents for
breaking the short-circuit current.

The Icu test sequence is 0–t–C0
The Ics test sequence is 0–t–C0–t–C0.

The current Ics represents the more severe condition for the circuit breakers,
because switching takes place one additional time and is stipulated as 25%, 50%,
75%, and 100% of Icu in order to distinguish the function of the switch following
a short-circuit break.

The symbols have the meaning:
Icu rated short-circuit breaking current
I′′k initial symmetrical short-circuit current
Icm rated short-circuit making current
ip peak short-circuit current.
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15

Equipment for Overcurrent Protection

Overcurrent protective devices are used in electrical power installations for the
control and protection of electrical equipment. The selection of these devices
is subject to the responsibilities and the processes in the plant. This chapter
describes the most important overcurrent short-circuit devices (Figure 15.1).

The time–current characteristics of limit switch fuses (Figure 15.2) are plotted
in logarithmic scale as a function of current. At higher short-circuit currents,
they break faster so that the peak short-circuit current ip can no longer occur.
The cut-off current is reached during the break process and can be obtained from
Figure 15.3.

The effective current limitation and the very high breaking capacity are the
good features of these fuses. The cut-off energy or I2t values of the fuses are
decisive for the selectivity, which is normally guaranteed to be 1.6 times the
rated current (better is two times). The high voltage–high power fuses protect
the equipment and system components from the dynamic and thermal effects
of short-circuit currents. The HH fuses are used in the distribution trans-
formers, high-voltage motors, capacitors, and middle-voltage transformers.
The combination of these fuses with load break switches, load switches, and
vacuum protectors is possible. Figures 15.4 and 15.5 show the time–current
characteristics and Figure 15.6 the cut-off characteristics.

The miniature circuit breakers according to IEC 60898 (Figures 15.7 and 15.8)
are used in house installations and systems against overloading and short circuits.
Internationally, the characteristics B, C, and D are standardized. The function
values in the overload region are the same for all miniature circuit breakers, but in
the range of short circuits, the breaking current is a multiple of the rated current
for the breaker.

The assessment of capacity is according to the following criteria:

1) Rated breaking capacity 3, 6, 10, or 25 kA
2) Short-circuit stress and selectivity
3) Limiting class 1, 2, or 3
4) Backup protection.

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 15.1 Overview of overcurrent protective devices. (With permission from ABB and
Siemens.)

The characteristics of circuit breakers are derived from IEC 60947 and are valid
for the cold state with a three-phase load for which in accordance with IEC 60898
the deviation from the release time from three times the current setting may be
a maximum of ±3%. In the warm operational state, the release times of the ther-
mal tripping devices are reduced by about 25%. The circuit breakers are compact
circuit breakers up to 63 A and function according to the principle of current
limitation. These devices are used for breaking and protecting motors, cables
and conductors, and other operational equipment with undelayed overcurrent
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Figure 15.6 Time–current characteristics of high voltage–high power (HH) fuses in
accordance with IEC 60282-1.

tripping devices and current-dependent overload tripping devices. The thermal
tripping device a is set to the rated current of the motor to be protected and the
magnetic tripping device n to 12 times the current (Figures 15.9 and 15.10).

For the protection of control transformers, the current is set 19 times. The
dependence of the rated short-circuit breaking capacity Icu and the rated service
short-circuit breaking capacity Icn on the rated current Ir and the rated normal
current Ir is taken from the respective manufacturer. Whether backup fuses
are required must be calculated from the prospective three-phase short-circuit
current.

The circuit breakers that protect the motors, cables and conductors, trans-
formers, and other system components satisfy the increased requirements for
overloading and short-circuit current protection. They are climatically stable and
suitable for operation in closed rooms in which no extreme operating condi-
tions (e.g., dust, caustic vapors, or aggressive gases) are present. Otherwise, metal
enclosing is required. Time–current characteristics of circuit breakers are shown
in Figure 15.11.

Protective functions and setting possibilities:

1) Current-dependent delayed overload tripping
The current setting Ie can be set to between 0.5 and 1 times the rated
switchgear current In in four steps.

2) Short-time delay release of short circuit
The pickup value Id can be set in seven steps between two and eight times the
value of Ir. The delay time can be selected between 0 and 500 ms and in some
cases higher. This allows a time selectivity.

3) Undelayed release of short circuit
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Figure 15.7 Application of fuses in power systems.

The pickup value I i for an undelayed short-circuit release is set to 15 or to
20 kA.

4) Ground fault tripping
The ground fault tripping device senses fault currents that flow to ground and
can cause fires in the system. The adjustable delay time allows the use of several
switching steps sequentially.
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Circuit breakers are used as:

1) Input and branch circuit breakers in three-phase distribution systems.
2) Main circuit breakers for machining and processing systems in accordance

with IEC 204-1.
3) Emergency Off circuit breakers in accordance with IEC 204-1 with undervolt-

age release and in conjunction with an Emergency Off control station.
4) Switching devices and protective equipment for motors, transformers, gener-

ators, and capacitors.
5) Meshed network circuit breakers in meshed low-voltage networks with sev-

eral high-voltage inputs.
6) Ground fault protection.

Applications of fuses in power systems are shown in Figure 15.7.
Cut off currents of miniature circuit breakers:
For the overloading range:

A: Ia = 1.45.In
B: Ia = 1.45.In
C: Ia = 1.45.In
D: Ia = 1.45.In

For the short-circuit range:

A: Ia = 3.In
B: Ia =5.In
C: Ia =10.In
D: Ia =20.In

The meaning of the symbols is as follows:
In nominal current
Ir rated current
Ie current setting
Id threshold current
td delay time
z short-time delay release
n undelayed electromagnetic tripping device
a current-dependent delayed overload tripping device
tvs virtual prearcing time
Ic maximum cut-off current
I2

ts I2t value of fuse
I2

ta I2t break value
Icn rated short-circuit breaking capacity
Ieff effective value of uninfluenced short-circuit current.
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Short-Circuit Currents in DC Systems

The most important power generator is the three-phase synchronous genera-
tor. Consequently, short-circuit currents in electrical networks are supplied from
the generator feed-ins. In power stations and in industry DC systems such as
DC motors, permanently installed lead batteries, smoothing capacitors, and con-
verter arms are frequently found. The short-circuit current calculation for these
systems is described in IEC 61660-1 and will be discussed briefly here. This stan-
dard contains a method for the calculation of short-circuit currents in these sys-
tems [18]. However, it is also possible to use another method.

The short-circuit currents, pure resistances, and inductances can be measured
or obtained from model experiments. In DC systems, it is also necessary to dis-
tinguish between short-circuit currents of different magnitudes:

1) The smallest short-circuit current is used as the basis for the selection of
overcurrent protection equipment. For the calculation of the smallest short-
circuit currents, we must consider under which circuit and operating condi-
tions the smallest short-circuit current flows:
• The resistances of the conductors must be considered in relation to the

maximum operating temperature.
• The transition resistances must be considered.
• The short-circuit current of the current converter is the rated value of the

current limiting.
• The batteries are discharged by up to the discharge voltage of 1.8 V/cell,

unless otherwise specified by the respective manufacturer.
• Diodes used to decouple power supply units must be considered.

2) The largest short-circuit current serves to dimension the electrical opera-
tional equipment. For the calculation of the largest short-circuit currents,
we must consider under which circuit and operating conditions the largest
short-circuit current flows:
• The resistances of the conductors must be considered in relation to a tem-

perature of 20 ∘C.
• The transition resistances of the busbars can be neglected.

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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• The regulation for limiting the current converter current is not
functioning.

• The batteries are fully charged.

Figure 16.1 illustrates the typical short-circuit currents for different sources.
Figure 16.2 shows the standardized approximation functions for all current paths.
Figure 16.3 represents a DC system with four sources.

The calculation procedure for this circuit (Figure 16.3) will now be briefly
explained in the following section (see IEC 61660-1 for more detailed
information).
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Figure 16.1 Typical paths for short-circuit currents. (See also Ref. [18].)
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16.1 Resistances of Line Sections

The pure resistance per unit length is

R′ = 2 ⋅ 𝜌
S

(16.1)

The touch resistance of screw connections for the smallest short-circuit cur-
rent is

R = 14 ⋅ 𝜌 ⋅ d
S

(16.2)
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where:
S cross-section in mm2

R′ resistance per unit length in Ω/m
𝜌 resistivity in Ω ⋅ mm2/m
d width of the rectangular conductor.

The inductance per unit length of the individual cable is calculated from

L′ =
𝜇0

𝜋

(
ln a

r
+ 1

4

)
(16.3)

The inductance per unit length of busbar is calculated, for a> b, from

L′ =
𝜇0

𝜋

(3
2
+ ln a

b + h

)
(16.4)

where
b width of the conductor in m,
h height of the conductor in m
r diameter in m
𝜇0 4𝜋 × 10−7 H/m permeability
a average distance between the conductors in m
L′ inductance per unit length in H/m.

16.2 Current Converters

The network impedances for the determination of the smallest short-circuit cur-
rent can be obtained from Chapter 8. The resistance and the inductance of the
current converter are as follows (Figure 16.4):

RDBr = RS + RDL + RY (16.5)
LDBr = LS + LDL + LY (16.6)

where
RS, LS resistance and inductance of the saturated choke coil
RY, LY resistance and inductance of the coupling branch
RDL, LDL resistance and inductance of the conductor in current converter.

RN LN RDBr LDBr iD F

a.c. side d.c. side

c Un

3

Figure 16.4 Equivalent circuit of a converter arm. (See also Ref. [18].)
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The peak short-circuit current is

ipD = 𝜅 ⋅ IkD with 𝜅 = f
[RN

XN

(
1 + 2

3
⋅

RDBr

RN

)
;

LDBr

LN

]
(16.7)

The steady-state short-circuit current is

IkD = 𝜆D ⋅
1√
3
⋅

√
2 ⋅ c ⋅ Un

ZN
with 𝜆D = f

[RN

XN
;

RDBr

RN

]
(16.8)

16.3 Batteries

The simplified equivalent circuit of a permanently installed lead battery for the
short-circuit current is shown in Figure 16.5.

For the nominal voltage Unb of a battery:

UnB = 2.0 V∕cell (16.9)

No-load voltage of the charged battery:

EB = 1.05 ⋅ UnB (16.10)

No-load voltage of the uncharged battery:

EB = 0.9 ⋅ UnB (16.11)

Resistance of the battery:

RBBr = 0.9 ⋅ RB + RBL + RY (16.12)

Inductance of the battery:

LBBr = LB + LBL + LY (16.13)

Peak short-circuit current of the battery:

IpB =
EB

RBBr
(16.14)

Steady-state short-circuit current of the battery:

IkB = 0.95 ⋅
EB

RBBr + 0.1 ⋅ RB
(16.15)

where
EB no-load voltage of the battery
LB inductance of the battery

Figure 16.5 Equivalent circuit of a battery.
(See also Ref. [18].)

RBBr LBBr iB

EB

F
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LBBr total inductance of the battery
RBL resistance of a battery conductor
LBL inductance of a battery conductor
RBY resistance of the battery coupling branch
LY inductance of the battery coupling branch
RB resistance of the battery
RBBr total resistance of the battery
UnB nominal voltage of the battery.

16.4 Capacitors

The equivalent circuit and the short-circuit parameters of a capacitor are shown
in Figure 16.6.

Here:

RCBr = RC + RCL + RY (16.16)
LCBr = LC + LCL + LY (16.17)

Peak short-circuit current of the capacitor:

ipC = 𝜅C ⋅
EC

RCBr
with RC = f

[
2 ⋅ LCB

RCB
; 1√

LCE ⋅ C

]
(16.18)

For LCBr = 0, RC = 1 and IkC = 0, where
EC voltage of capacitor before the occurrence of short circuit
LC inductance of the capacitor
LCBr total inductance of the capacitor
RCL resistance of a capacitor conductor
LCL inductance of a capacitor conductor
RCY resistance of the coupling branch for capacitor
LCY inductance of the coupling branch for capacitor
RC resistance of the capacitor
RCBr total resistance of the capacitor.

RCBr LCBr iC

EC

F Figure 16.6 Equivalent circuit of a capacitor. (See also
Ref. [18].)
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Figure 16.7 Equivalent circuit of an externally excited DC motor. (See also Ref. [18].)

16.5 Direct Current Motors

The equivalent circuit of an externally excited DC motor is shown in Figure 16.7.
For the resistances and inductances, the following hold true:

RMBr = RM + RML + RY (16.19)
LMBr = LM + LML + LY (16.20)

𝜏M =
LMBr

RMBr
(16.21)

DC motors can be neglected when∑
IrM < 0.01 ⋅ IkD (16.22)

Peak short-circuit current of the DC motor:

ipM = 𝜅M ⋅
UrM − IrM ⋅ RM

RMBr
(16.23)

Steady-state short-circuit current of the DC motor:

IkM =
LF

IOF
⋅

UrM − IrM ⋅ RM

RMBr
(16.24)

where
LM inductance of the DC motor
LMBr total inductance of the DC motor
RML resistance of the DC motor conductor
LML inductance of the DC motor conductor
RMY resistance of the coupling branch for DC motor
LY inductance of the coupling branch for DC motor
RM resistance of the DC motor
UrM rated voltage of the DC motor
RMBr total resistance of the DC motor.
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Power Flow Analysis

The calculation of networks is performed in stationary operations. The power
flow analysis considers the active and reactive power flows in a network of
predetermined infeed and loads. The power flow enables network planning,
optimal network design with respect to voltage drop, and selection of cable
cross-sections. Further, network operation allows the economic and technical
point of optimal network management in the system.

A simple power flow calculation specifically provides the following:

• node voltages and currents of the resources in terms of magnitude and phase
• active and reactive power flows on the lines
• transmission losses in cables and transformers.

Electric power systems are complex, multiphase networks in which the capac-
itive and magnetic coupling exist, and in equivalent circuits, they are considered
by capacitances and mutual inductances. Mathematical modeling results then
coupled linear equations. To simplify the calculations, the multiphase system
was initially decoupled by a similarity transformation, thereby the task in the bal-
anced operation of calculating a single-phase network was reduced. Based on the
two Kirchhoff’s laws, the mathematical models can be established in the form
of linear equations. They contain all known information on topology, branch
impedances, admittances, supply voltages, and loads. The solution delivers the
unknown branch currents and voltages. As a result, the current node process is
obtained, for example, the unknown node voltages, from their differences, the
branch voltages, and over the Ohm’s law, the branch currents. The mesh method
yields the mesh currents from which the branch current superimposes itself, and
through Ohm’s law, the branch voltages can be calculated. In weakly meshed net-
works, the mesh method has certain significance. It provides a lower number of
equations and allows manual calculation of small networks. The majority of the
calculations are performed using Kirchhoff’s current law (KCL) for networks on
the node process, which sets the predetermined or desired quantities in relation-
ship. Ohm’s current law leads to the so-called nodal admittance matrix, from
which the node hybrid matrix and the nodal impedance matrix can be derived.
According to the method, the analysis of a network node leads to a linear equation

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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system with the node voltages as unknown and the loads as input variables. The
elements of the associated node matrix are the admittances of the network.

The analytical calculation of the three-phase systems based on simplifications
leads to real solutions. This procedure is described in low-voltage power systems
and even in medium-power systems. However, high-voltage power systems and
a large part of medium-voltage networks are strongly intermeshed with very dif-
ferent line impedances between nodes. Therefore, complex calculations are per-
formed. An important characteristic of a meshed network with lines and nodes
(without the reference node) is the degree of meshing [14].

For the load flow calculation of the individual network nodes, specifications on
the type of loads need to be made. These nodes are divided into load or consumer
nodes and feed or generator nodes. At least one node, the slack node, is available
where the voltage magnitude and angle are set. At this node, active and reactive
power is set up so that a balance exists in all networks between the feed-in and
detached services. The slack node must be able to take over the allocated power
account. The system of equations is not linear because the power depends on the
square of the voltage. For load flow calculation, an iteration process can be used
for solving the nonlinear system of equations.

17.1 Systems of Linear Equations

For the solution of linear and nonlinear algebraic equations, a variety of different
methods are available, which differ by storage space, speed, accuracy, and pro-
gramming. We differentiate between the direct and iterative processes. Iterative
methods are used in solving the nonlinear equations [20, 21].

A distinction is made between the current iteration with the Gauss–Seidel
method and the Newton–Raphson method.

In the following description, an introductory overview of the methods
employed in the power calculation is introduced.

First, consider the following equation system:

a11x1 + a12x2 + a13x3 = y1

a21x1 + a22x2 + a23x3 = y2

a31x1 + a32x2 + a33x3 = y3

. . . . (17.1)

. . . .

am1x1 + am2x2 + amnx3 = ym

The variables include the designations:

x1, x2, x3: unknowns
a11, a12, a13,…, a33:coefficients of the variables
y1, y2, y3: known parameters.

We summarize the coefficients aij of the linear system to a coefficient matrix A,
the unknown variables x1, x2, x3 to a column vector x, and absolute variables y1,
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y2, y3 to a column vector y. Then, the system can be written in a matrix form.

A = [aij] =
⎡⎢⎢⎣
a11 a12 a13
a21 a22 a23
a31 a32 a33

⎤⎥⎥⎦
according to x

x =
⎡⎢⎢⎣
x1
x2
x3

⎤⎥⎥⎦
and y y =

⎡⎢⎢⎣
y1
y2
y3

⎤⎥⎥⎦
(17.2)

The m⋅n matrix describes a matrix with m rows (row vectors) and n columns
(column vectors).

Equation (17.1) can be written as:

A x = y (17.3)

Special cases to note:

For row matrix: m= 1 A [1,n] = A[n]
For column matrix: n= 1 A [m, 1] = A[m].

If m=n, A is an n×n square matrix.

A = A[m,m] =
⎡⎢⎢⎣

a11 a12 a1m
a21 a22 a2m
am1 am2 amm

⎤⎥⎥⎦
(17.4)

The matrix A is of the order m. The elements for which the matrix rows and
columns are identical, i= j, are called the main diagonal elements. All other ele-
ments for which the matrix rows and columns are not identical, i ≠ j, are called
non-diagonal elements or adjacent diagonal elements.

If we multiply square matrices A and B, a unit matrix E is obtained:

A ⋅ B = E (17.5)

Or, the inverse of the matrices A:

B = A−1 (17.6)

17.2 Determinants

A matrix can assign a certain number, namely, its determinant. For example, we
need it in the implementation of multidimensional extreme value tasks where
we have to look exactly like the one-dimensional case, if the calculated second
derivative is positive. The second derivative will be given in the form of a matrix,
and some kind of positivity matrices will be needed. This is not easy, and one can
use determinants to solve linear equations.

For the introduction of the concept of determinants, we consider a system of
linear equations with two equations and two unknowns as:

(1) a11x1 + a12x2 = b1

(2) a21x1 + a22x2 = b2
(17.7)
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It is to be examined under which preconditions this equation system has a
unique solution, exactly one solution.

Thus, Equation (17.1) is multiplied by a22 and Equation (17.2) by a12, and all
equations are added.

(1) a11x1 + a12x2 = b1 ⋅ a22

(2) a21x1 + a22x2 = b2 ⋅ a12
(17.8)

a11a22x1 + a12a22x2 = b1 ⋅ a22

a21a12x1 + a12a22x2 = b2 ⋅ a12
(17.9)

Now, subtract the second equation from the first. Then:

(a11a22 − a12a21)x1 = b1 ⋅ a22 − b2a12

(a11a22 − a12a21)x2 = b2 ⋅ a11 − b1a21
(17.10)

If the expression in brackets is not zero, it follows the solution:

x1 =
b1 ⋅ a22 − b2a12

a11a22 − a12a21

x2 =
b2 ⋅ a11 − b1a21

a11a22 − a12a21

(17.11)

If Equation (7) is written in a coefficient matrix, then:

A =
[

a11 a12
a21 a22

]
(17.12)

Thus, there is a denominator by “crossover multiplying” the matrix entries, and
it is called the determinant of A, and the second order is denoted and defined by
the following:

det A = det
[

a11 a12
a21 a22

]
= a11a22 − a12a21 (17.13)

D = a11a22 − a12a21 (17.14)

D1 =
|||||
b1 a12
b2 a22

|||||
= b1a22 − a22b2

D2 =
|||||
a11 b1
a21 b2

|||||
= a11b2 − b1a21 D ≠ 0 (17.15)

x1 =
D1

D
, x2 =

D2

D
(17.16)

x1 =
det

[
b1 a12
b2 a22

]

det A
(17.17)

and

x2 =
det

[
a11 b1
a21 b2

]

det A
(17.18)
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Where a11a22 is the main diagonal and a12a21 is the off-diagonal. Therefore, there
is a solution formula that allows a clear notation for systems of equations with two
equations and two unknowns. Each solution is the quotient of two determinants,
where the denominator is always the determinant of the coefficient matrix A is

in counter the jth solution, just xj is the jth column of A by the right side
(

b1
b2

)
is

replaced.
However, systems of equations have more than two unknowns, which is why

we determine for n×n matrices. Consequently, one should be able to solve linear
equations of third-order determinants, such as

a11x1 + a12x2 + a13x3 = b1

a21x1 + a22x2 + a23x3 = b2

a31x1 + a32x2 + a33x3 = b3

(17.19)

A =
⎡⎢⎢⎣
a11 a12 a13
a21 a22 a23
a31 a32 a33

⎤⎥⎥⎦
(17.20)

Then, the following solution results:

D = a11a22a33 + a12a23a31 + a13a21a32

− a13a22a31 − a11a23a32 − a12a21a33 (17.21)

x1 =

det

⎡⎢⎢⎢⎢⎣

b1 a12 · · · a1n
b2 a22 · · · a12
⋮ ⋮ ⋮
bn an2 · · · ann

⎤⎥⎥⎥⎥⎦
det A

(17.22)

and

x2 =

det

⎡⎢⎢⎢⎢⎣

a11 · · · a12 · · · b1
a21 · · · a22 · · · b2
⋮ ⋮ ⋮

an1 · · · an2 · · · bn

⎤⎥⎥⎥⎥⎦
det A

(17.23)

A system of linear equations can be solved with n equations and n unknowns
by dividing two determinants for each unknown. This formula is called Cramer’s
rule.

x1 =
D1

D
x2 =

D2

D
x3 =

D3

D
D ≠ 0 (17.24)

The determinants are given by

D1 =
⎡⎢⎢⎣
b1 a12 a13
b2 a22 a23
b3 a32 a33

⎤⎥⎥⎦
D2 =

⎡⎢⎢⎣
a12 b1 a13
a22 b2 a23
a32 b3 a33

⎤⎥⎥⎦
D3 =

⎡⎢⎢⎣
a11 a12 b1
a21 a22 b2
a31 a32 b3

⎤⎥⎥⎦
(17.25)
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In this section, the problem of linear and nonlinear equations in power systems
was discussed, and the calculation methods were introduced. Cramer’s rule is an
especially helpful application in the power systems to solve networks. The next
section deals with network matrices.

17.3 Network Matrices

In this section, the methods of admittance matrix, impedance matrix, and hybrid
matrix will be discussed [14, 22].

17.3.1 Admittance Matrix

Figure 17.1 shows a network section with the nodes i and k and the reference
point 0. Each node is associated with each node voltage. The load current in a
node is denoted by I ii.

We look at the nodal point i, which is connected with other nodes n of the
network. The node rule specifies that:

n∑
k=0

I ik = I i0 + I i1 + I i2 + · · · + I ii + · · · + I in = 0 (17.26)

The currents in the branches:

I ik = −Y ik ⋅ (U i − Uk)
Y i0 ⋅ (U i − U0) + Y i1 ⋅ (U i − U1) + · · · + I ii + · · · + Y in ⋅ (U i − Un) = 0

(17.27)

If multiplied and summarized, the equation is as follows:

U i(Y i0 + Y i1 + · · · + Y in) − Y i0U0 − Y i1U1 − · · · − Y in ⋅ Un = −I ii (17.28)

The equation is multiplied by (−1) and ordered by indices of voltages, which
are then given by nodes’ equation of the node i:

Y i0U0 + Y i1U1 + Y i2U2 + · · · + Y iiU i + · · · + Y inUn = I ii (17.29)

YikIik k
Uk

Y0k

U0

Uk
I1i

Iki
Yik

Yil

Un

U1

Ui

I0i

Iii
Ini

Yinn

k

i
Ui

Y0i

1

i

–
––

–

–

– ––

–

–
-

–

––
-

-

-
-

-

Figure 17.1 Network section with the nodes i and k and the reference point 0.
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If this process is repeated for all other nodes, the following linear algebraic
system of equations is used:

Y 00U0 + Y 01U1 + Y 02U2 + · · · + Y 0iU i + · · · + Y 0nUn = I00

Y 10U0 + Y 11U1 + Y 12U2 + · · · + Y 1iU i + · · · + Y 1nUn = I11

⋮

Y n0U0 + Y n1U1 + Y n2U2 + · · · + Y niU i + · · · + Y nnUn = Inn (17.30)

A matrix notation of the equation:

⎡⎢⎢⎢⎢⎣

Y 00 Y 01 Y 02 · · · Y 0i · · · Y 0n
Y 10 Y 11 Y 12 · · · Y 1i · · · Y 1n
⋮

Y n0 Y n1 Y n2 · · · Y ni · · · Y nn

⎤⎥⎥⎥⎥⎦
⋅

⎡⎢⎢⎢⎢⎣

U0
U1
⋮

Un

⎤⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎣

I00
I11
⋮

Inn

⎤⎥⎥⎥⎥⎦
(17.31)

In vector notation:

Y ⋅ U = I (17.32)

Y represents the square admittance matrix (coefficient matrix), U represents
the vector of node voltages, and I represents the vector of nodal currents.

17.3.2 Impedance Matrix

The impedance matrix provides the inverse matrix Z = Y−1 of the admittance
matrix and corresponds to a complete exchange of variables. Then, the matrix
equation of a network is

Z ⋅ I = U (17.33)

The impedance matrix allows the direct calculation of node voltages given by
multiplication node currents with the matrix elements. In a voltage vector, the
differences of the individual node voltages U i to node voltage U0 of the reference
node can be seen. The main application of the hybrid and the impedance matrices
is located in the short-circuit and power flow calculation. This method allows a
faster convergence of iterative solution but needs very large storage requirements
since all elements are different from zero.

The resolution of Equation (17.33) to the node voltages leads to the equation
system with the node impedance matrix Z, which is in matrix form:

⎡⎢⎢⎢⎢⎣

U0
U1
⋮

Un

⎤⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎣

Z00 Z01 Z02 · · · Z0i · · · Z0n
Z10 Z11 Z12 · · · Z1i · · · Z1n
⋮

Zn0 Zn1 Zn2 · · · Zni · · · Znn

⎤⎥⎥⎥⎥⎦
⋅

⎡⎢⎢⎢⎢⎣

I00
I11
⋮

Inn

⎤⎥⎥⎥⎥⎦
(17.34)

17.3.3 Hybrid Matrix

In the calculation of electrical networks at different nodes, different sizes are
often specified. In a part of the network nodes, the node voltages are given in
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other node currents. In these, the admittance matrix is reshaped so that all known
sizes in the column vector occur and that all required quantities to the right-hand
side of the equal sign form a column. This is reached by the partial inversion of
the matrix. The principles will be explained briefly.

The matrix form of[
i1

i2

]
=

[
A11 A12

A22 A22

]
⋅

[
u1

u2

]
(17.35)

A hybrid matrix can be written as follows:[
u1

i2

]
=

[
H11 H12

H22 H22

]
⋅

[
−i1

u2

]
(17.36)

By introduction of the negative sign for i1, the hybrid matrix becomes symmet-
rical. Submatrices are determined by

H11 = −A−1
11

H12 = −A−1
11 A12

H22 = −A21A−1
11

H22 = A22 − A21A−1
11 A12

(17.37)

The calculation of a hybrid matrix is tedious and time consuming. Therefore,
this method will not be explained further.

17.3.4 Calculation of Node Voltages and Line Currents at
Predetermined Load Currents

Figure 17.2 shows a single-line diagram for a simple case of the calculation of
node voltage and node currents by knowing the load current and node power.

We obtain the matrix equation by the node method for the mathematical model
of a network with given load currents, node voltages, and node currents.

⎡⎢⎢⎢⎢⎣

Y 11 Y 12 Y 1i · · · Y 1n
Y 21 Y 22 Y 2i · · · Y 2n
⋮

Y n1 Y n2 Y ni · · · Y ni

⎤⎥⎥⎥⎥⎦
⋅

⎡⎢⎢⎢⎢⎣

U1
U2
⋮

Un

⎤⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎣

I0
I1
⋮
In

⎤⎥⎥⎥⎥⎦
(17.38)

RL

Ui
Uk

cos φ
Sk(i)IL

Iiki
jXL

k
RLIiki

jXL
k

(a) (b)

–

– –

--

-

Figure 17.2 Calculation of the line currents between two nodes i, k from the node voltages Ui ,
Uk and the branch impedance Z ik with (a) a constant current and (b) constant power.
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Respectively,

Y ⋅ U = I (17.32)

We get voltage by inversion of Y:

U = Y−1 ⋅ I (17.39)

The outgoing line current from node i:

I ik = Y ik ⋅ (U i − Uk) + U i ⋅ Y i0(k) (17.40)

With this current, the power flow can be calculated from i to k:

Sik = U i ⋅ I∗ik (17.41)

17.3.5 Calculation of Node Voltages at Predetermined Node Power

The problem of a constant power is that it always leads to an iterative solution
of power flow equations. For first approximation, the current is calculated with a
voltage from the power relation:

I ii =
S∗

i

U∗
i
=

Pi − jQi

U∗
i

= Y i1U1 + Y i2U2 + · · · + Y inUn (17.42)

S∗
i = Pi − jQi = Y i1U1U∗

i + Y i2U2U∗
i · · · = U∗

i

∑
Y ikUk (17.43)

By the iteration, a start vector of nodal currents is calculated from an estimated
node voltage vector U(0) and the known node power S.

An improved voltage vector U (1) can be calculated accurately using an inverted
admittance matrix with the initial vector I(0).

U(1) = Y−1 ⋅ I(0) (17.44)

17.3.6 Calculation of Power Flow

The design of networks, both in normal operation and under fault conditions,
is of great interest. The dimensioning of the electrical equipment in considera-
tion of the transferred services, the cross-sections, the voltage differences, and
short-circuit currents is carried out with simpler equations by hand or with the
aid of computer programs. The magnitude of the networks and the large number
of systems of equations of the networks make it impossible to repeatedly set up
new programs. The power distribution is often unknown and must be determined
beforehand.

The load flow calculation is an important part of the electric power supply. The
objective is to determine the voltages and power at all nodes of magnitude and
phase as well as the utilization of all network elements in the system.

The power direction is chosen in the consumer system. Here, the inflowing in a
resource active power and inductive reactive power counted positively. The load
flow calculation is assumed that the system is constructed in a stationary and
symmetrical way. In this section, the basic designs of the load flow calculations
will be explained.
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17.3.6.1 Type of Nodes
In the load flow calculation, three different network nodes can be distinguished:

Slack node: At this node, only the voltage (amplitude and phase system) is spec-
ified. The slack node covers the power difference, after the current and voltage
distribution results.

Load nodes: The complex power is specified, which is constant during the cal-
culation (PQ-node). Moreover, the behavior of the consumers has to be observed
at a change of voltage (constant current and constant impedance).

Node generator: The amplitude of the voltage and the active power are fixed
(PU-node). In many cases, the boundaries of the reactive power must be taken
into consideration, arising from the operation diagram of the generator.

17.3.6.2 Type of Loads and Complex Power
At a certain load condition, the following questions must be answered:

1) Which loads are connected to the node?
2) What is the line and transformer load throughout the system?
3) What is the voltage stability in the whole system?

To answer these questions, the reproduction of loads will be considered
(Figure 17.3).

For each node, the complex power in sinusoidal steady-state circuits can be
defined as:

ik = Ak ⋅ uk (17.45)

The complex voltage vector uk can be split into a real and imaginary part:

uk = ek + jfk = uk ⋅ cos𝜑k + juk ⋅ sin𝜑k (17.46)

G T
SGi

Power plant

Node i

Transmission

T

Loads

Subdistribution

–

SLi–

STi–

Ui–

Figure 17.3 Representation of a power system.
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Correspondingly, we get the elements of a node admittance matrix:

aij = gij + jbij (17.47)

The apparent power can be given for each node:

Si = U i ⋅ I∗i = Pi + jQi (17.48)

For all other elements:

SGi = SLi + STi (17.49)
SGi = PGi + jQGi (17.50)
SLi = PLi + jQLi (17.51)
STi = PTi + jQTi (17.52)
U i = Ui ⋅ ej𝜑i (17.53)

The node types are as follows:

a) Load node (e.g., motors, loads, and pipes) (PQ-node)

Given ∶ P and Q; wanted ∶ U and 𝛿

b) Infeed node (e.g., mains’ supplies and generators) (PU-node)

Given ∶ P and U; wanted ∶ Q and 𝛿

c) Balance sheet or reference node (slack node)

Given ∶ U and 𝛿; wanted ∶ P and Q

The load modeling plays a very important role. Several consumers are grouped
into a load. They can be emulated by the following variables:

• constant impedances
• constant currents
• constant performance
• voltage-dependent services.

Measurements have shown the voltage dependence of the loads with the
equations:

Pi = Pi0 ⋅
( Ui

Ui0

)p

(17.54)

Qi = Qi0 ⋅
( Ui

Ui0

)q

(17.55)

Substituting p and q with the values 0, 1, and 2, the measured exponents are

p= q= 0: load with constant power
p= q= 1: load as a constant current
p= q= 2: load as a constant impedance.

Figure 17.4 shows the circuit diagrams for loads of power flow calculations.
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Network Network

Network Network

Node

Node

Node

Uv

Iv
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–
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Figure 17.4 Circuit diagrams for power flow calculations.

17.3.7 Linear Load Flow Equations

Figure 17.5 shows the one-line and equivalent circuit diagram for the network.
The relationship between the node currents and the node voltages can be set

up by the linear load flow equations, which is given by
⎡⎢⎢⎢⎢⎢⎢⎣

I1
I2
⋅
⋅

In

⎤⎥⎥⎥⎥⎥⎥⎦

=

⎡⎢⎢⎢⎢⎢⎢⎣

Y 11 ⋅ ⋅ Y 1n
Y 21 ⋅ ⋅ Y 2n
⋅ ⋅ ⋅ ⋅
⋅ ⋅ ⋅ ⋅

Y n1 ⋅ ⋅ Y nn

⎤⎥⎥⎥⎥⎥⎥⎦

⋅

⎡⎢⎢⎢⎢⎢⎢⎣

U1
U2
⋅
⋅

Un

⎤⎥⎥⎥⎥⎥⎥⎦

(17.56)

i = Y ⋅ u (17.57)
The elements of the node Y are obtained with the following rule:

• The diagonal item Y ii arises from the sum of all the nodes i and connected
admittances y

ik
:

Y ii =
n∑

k=0,i≠k
y

ik
(17.58)

• The off-diagonal element Y ik has the negative value of the nodes i and con-
nected k admittance y

ik
:

Y ik = −y
ik

(17.59)
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Figure 17.5 One-line diagram and equivalent circuit.

It is important to ensure that with Y ik, the elements of the node −Y and yik
admittances of the network elements are designated.

The equivalent power equation is

⎡⎢⎢⎢⎢⎢⎢⎣

S1
S2
⋅
⋅

Sn

⎤⎥⎥⎥⎥⎥⎥⎦

= 3 ⋅

⎡⎢⎢⎢⎢⎢⎢⎣

U1 ⋅ ⋅ 0
⋅ ⋅ ⋅ ⋅
⋅ U2 ⋅ ⋅
⋅ ⋅ ⋅ ⋅
0 ⋅ ⋅ Un

⎤⎥⎥⎥⎥⎥⎥⎦

⋅

⎡⎢⎢⎢⎢⎢⎢⎣

I∗1
I∗2
⋅
⋅

I∗n

⎤⎥⎥⎥⎥⎥⎥⎦

(17.60)

For the real power:

Pi + jQ
i
= 3 ⋅ U i ⋅ I∗i (17.61)

In matrix form:

p + jq = 3 ⋅ diag(u)Y ∗ ⋅ u∗ (17.62)

The method of the load modeling is based on the calculation of the correc-
tions for the node voltages. To solve the nonlinear equations, different iterations
are used.

The Newton–Raphson method has proven it in practice. Therefore, the math-
ematical formulation is discussed in more detail in the next section.

17.3.8 Load Flow Calculation by Newton–Raphson

The power equation is used by the Newton–Raphson method. This is obtained
from the current equation of the KCL node methods, in which first conjugated
this complex and then multiplied on the left by the factor 3 and a diagonal matrix
U multiplied by the node voltages as elements.
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3 ⋅ U ⋅ Y ⋅ u∗ = 3 ⋅ U ⋅ i∗ = s + jq (17.63)

The power is defined for each node i:

Si = Pi + jQi = U i ⋅ I i
∗ (17.64)

ik = Ak ⋅ uk (17.65)

And then:

sk = diag(uk) ⋅ i∗k and sk = diag(uk) ⋅ A∗
ku∗

k (17.66)

Substituting for the node voltages:

U i = Ei + jF (17.67)

And the elements of the node admittance matrix:

aik = gik − jbik (17.68)

for each node

Pi + jQi = (Ei + jFi) ⋅
n∑

k=1
(gik + jbik) ⋅ (Ek − jFk) (17.69)

The division into the real and imaginary parts results in the following:

Pi =
n∑

k=1
[Ei(Ekgik + Fkjbik) + Fi(Fkgik − Ekjbik)] (17.70)

Qi =
n∑

k=1
[Fi(Ekgik + Fkjbik) − Ei(Fkgik − Ekjbik)] (17.71)

Thus, the complex load flow equations have been split into two real systems.
For each node, there are two equations. At each node, the active and reactive
power are given. Calculation is performed for the real and imaginary parts of the
voltages at all nodes except for the slack nodes. There, the voltage is known and
held in its size and phase position. The equation system with 2(n−1) must be
solved to get the load flow in a network with n nodes.

The Newton–Raphson method requires the setting of a system equation that
changes sets in the active and reactive power in relation to changes in node volt-
ages. The following is applied:

⎡⎢⎢⎢⎢⎢⎢⎢⎣

ΔP1

⋮
ΔPn−1

ΔQ1

⋮
ΔQn−1

⎤⎥⎥⎥⎥⎥⎥⎥⎦

= −

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝜕P1

𝜕E1
· · ·

𝜕P1

𝜕En−1

𝜕P1

𝜕F1
· · ·

𝜕P1

𝜕Fn−1
𝜕Pn−1

𝜕E1
· · ·

𝜕Pn−1

𝜕En−1

𝜕Pn−1

𝜕F1
· · ·

𝜕Pn−1

𝜕Fn−1
𝜕Q1

𝜕E1
· · ·

𝜕Q1

𝜕En−1

𝜕Q1

𝜕F1
· · ·

𝜕Q1

𝜕Fn−1
𝜕Qn−1

𝜕E1
· · ·

𝜕Qn−1

𝜕En−1

𝜕Qn−1

𝜕F1
· · ·

𝜕Qn−1

𝜕Fn−1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⋅

⎡⎢⎢⎢⎢⎢⎢⎢⎣

ΔE1

⋮
ΔEn−1

ΔF1

⋮
ΔFn−1

⎤⎥⎥⎥⎥⎥⎥⎥⎦

(17.72)
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The coefficient matrix is called the Jacobian matrix, which is defined as a matrix
in which the elements are the partial representative derivatives of the indepen-
dent variable. The Jacobian matrix offers a breakdown into four partial matrices.[

Δp
Δq

]
= −

[
H N
J L

]
⋅
[
Δe
Δf

]
(17.73)

whereby:
ΔPi = Pi − Pig and ΔQi = Qi − Qig (17.74)

From the equation Pi =
∑n

k=1[Ei(Ekgik + Fkjbik) + Fi(Fkgik − Ekjbik)], the
elements of Jacobian matrix can be derived:

Pi = Ei(Eigii + Fibii) + Fi(Figii − Eibii)

+
n∑

k=1
k≠i

[Ei(Ekgik + Fkbik) + Fi(Fkgik − Ekbik)] (17.75)

For the calculation of the elements of the matrix H, the active power needs to be
differentiated according to the real part of voltages. One can distinguish between
main diagonal elements and off-diagonal elements. The main diagonal elements
are as follows:

ΔPi

𝜕Ei
= 2Eigii + Fibii − Fibii +

n∑
k=1
k≠i

(Ekgik + Fkbik) (17.76)

For the off-diagonal elements k ≠ 1:
ΔPi

𝜕Ek
= Eigik − Fibik (17.77)

Accordingly, the elements of the submatrix N can be obtained:
ΔPi

𝜕Fi
= Eibii + 2Figii − Eibii +

n∑
k=1
k≠i

(Fkgik − Fkbik) (17.78)

For the off-diagonal elements k ≠ 1:
ΔPi

𝜕Fk
= Eibik + Figik (17.79)

If the equation Qi =
∑n

k=1[Fi(Ekgik + Fkjbik) − Ei(Fkgik − Ekjbik)] is rewritten,
the following is obtained:

Qi = Fi(Eigii + Fibii) − Ei(Figii − Eibii)

+
n∑

k=1
k≠1

[Fi(Ekgik + Fkbik) − Ei(Fkgik − Ekbik)] (17.80)

Thus, the elements of the submatrices J and L can be determined. For the main
diagonal elements of J, the following is obtained:

ΔQi

𝜕Ei
= Figii − Figii − Eibii + 2Eibii −

n∑
k=1
k≠i

(Fkgik − Ekbik) (17.81)
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For the off-diagonal elements k ≠ 1:
ΔQi

𝜕Ek
= Eibik + Figik (17.82)

Accordingly, the elements of the main matrix L can be obtained:

ΔQi

𝜕Fi
= Eigii + 2Fibii − Eigii +

n∑
k=1
k≠i

(Ekgik + Fkbik) (17.83)

For the off-diagonal elements k ≠ 1:
ΔQi

𝜕Fk
= −Eigik + Fibik (17.84)

The following is obtained by simplifying the equations if the node currents are
used:

I i = Ci + jDi = (gii − jbii)(Ei + jFi) +
n∑

k=1
k≠1

(gik − jbik)(Ek + jFk) (17.85)

By separation of the real and imaginary parts, the following is obtained:

Ci = Eigii + Fibii +
n∑

k=1
k≠1

(Ekgik + Fkbik) (17.86)

Di = Figii − Eibii +
n∑

k=1
k≠1

(Fkgik − Ekbik) (17.87)

All equations for the calculation of Jacobi elements are summarized as follows:

Submatrix Main diagonal elements Off-diagonal elements

H
ΔPi

𝜕Ei
= Eigii − Fibii + Ci

ΔPi

𝜕Ei
= Eigik − Fibik

N
ΔPi

𝜕Fi
= Eibii + Figii + Di

ΔPi

𝜕Fk
= Eibik + Figik

J
ΔQi

𝜕Ei
= Eibii + Figii − Di

ΔQi

𝜕Ek
= Eibik + Figik

L
ΔQi

𝜕Fi
= −Eibii + Figii + Ci

ΔQi

𝜕Fk
= −Eigik + Fibik

(17.88)

The simplified mathematical description of the Newton–Raphson method is
shown in Figure 17.6. The complex system of equations can be split into two real
components (real and imaginary parts of the voltages at all nodes). The so-called
slack node or node compensation is not considered here, since the voltage is
known and held in its size and phase position. The nominal voltages at the nodes,
or the rated voltage of the generator nodes, are taken as initial values for the volt-
ages and determined.
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No

Start

Assumptions of node voltages:

Corrections of node voltages:

Calculation of node power:

Comparison with the power
pretending:

Pi – Ps < ε

Qi – Qs < ε

End

Calculation of
corrections
ΔUi and Δ∂i

Yes

Ui = Ui + ΔUi, ∂i = ∂i + Δ∂i

Ui = Un, ∂i = 0

p + jq = 3diag (u) · Y′ · u∗– –

Figure 17.6 Flow diagram.

The active and reactive power at the nodes are calculated and determined. If the
deviation is less than a predetermined threshold, then the iteration is terminated,
and the load flow can be calculated in the entire network. Otherwise, the node
currents are determined from the currently calculated performance that deter-
mines the Jacobian method, and a corrected voltage vector is formed so that new
values can be formed at the nodes. This is continued until the end of the iteration.

A second possibility is that the load flow equations can be set up as a function
of the voltage magnitude and angle magnitude.

17.3.9 Current Iteration

A distinction is made in the power flow calculation between the current itera-
tion and the Newton–Raphson method. The former is prepared from the given
node active power S1, S2, S3,… , Sn using an estimated starting vector for the node
voltages (U1,U2,U3,… ,Un and currents I1, I2, I3,… , In calculated), from which
finally by solving a linear system of equations for given load currents Y ⋅ U = I
iteratively improved node voltages are calculated. In the second calculation step,
replacing the initial vector of node voltages by the calculated, improved node volt-
ages and receives there again new, improved load currents and node voltages, and
so on. By the Newton–Raphson method, the node voltages are iteratively deter-
mined directly from the power of their first derivatives.

17.3.9.1 Jacobian Method
The Jacobian method for current iteration is called a total step process, where
the whole equation is determined in each step for a fixed node voltage vector.
The equation for the voltage U i can be solved for each node i, and the following
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can be written as follows:

Y i1 ⋅ U1 + Y i2 ⋅ U2 + Y ii ⋅ U i + · · · + Y in ⋅ Un = I ii (17.89)

Accordingly:

Y ii ⋅ U i = I ii −
n∑

k=1,k≠1
Y ik ⋅ Uk (17.90)

The following algorithm results from the recursion equation:

U𝜈+1
i = 1

Y ii

[
I ii −

n∑
k=1,k≠1

Y ik ⋅ Uv
k

]
(17.91)

Or

U𝜈+1
i = 1

Y ii

[
Pi − jQi

U (𝜈)∗
i

−
n∑

k=1,k≠1
Y ik ⋅ Uv

k

]
(17.92)

This equation can be calculated successively for the node voltages of all
equation rows.

17.3.10 Gauss–Seidel Method

The Gauss–Seidel method for current iteration is called a single-step process. The
already iterated equations obtained from the improved node voltages are consid-
ered in the iteration of the subsequent rows of equations, which result in faster
convergence leads. One divides the square parenthesized sum into two subtotals
and uses in the first, the already improved node voltages.

U𝜈+1
i = 1

Y ii

[
I ii −

i−1∑
k=1

Y ik ⋅ U (𝜈+1)
k −

i−1∑
k=i+1

Y ik ⋅ U (𝜈)
k

]
(17.93)

or

U𝜈+1
i = 1

Y ii

[
Pi − jQi

U (𝜈)∗
i

−
i−1∑
k=1

Y ik ⋅ U (𝜈+1)
k −

n∑
k=i+1

Y ik ⋅ U (𝜈)
k

]
(17.94)

The convergence of the Gauss–Seidel method can be improved by further
introducing an acceleration factor by operating at an iteration value is multiplied
by a factor 𝛼 from 1.5 to 1.7. The updated voltage value is then calculated as:

U (𝜈+1)′
i U (𝜈)

i + 𝛼[U (𝜈+1)
i − U (𝜈)

i ] (17.95)

17.3.11 Newton–Raphson Method

The Newton–Raphson method is used extensively in the electrical power systems
to solve power flows. It has a great assurance of convergence and speed. The idea
is that we approximate a graph of f by suitable tangents. Using an approximate
value x0 obtained from the graph of f , x1 is the point of intersection of the x-axis
and then the tangent to the curve of f at x0 (Figure 17.7).
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Figure 17.7 Illustration of the
Newton–Raphson algorithm.

x0x x1

f(x)

f(x)0 f(x)0

f(x)1 f(x1)
dx

dx

x

The Newton–Raphson method is an iteration algorithm for the solution of non-
linear equations of n equations with n unknowns. Consider the equation of a
function of one variable x expressed as follows:

f (x) = 0 (17.96)

The nonlinear equation is developed into a Taylor series and is then dissolved
by x. The following applies

f (x) = f (x0) + 1
1!

df (x0)
dx

(x − x0) + 1
2!

df (x1)
dx

(x − x0) + · · · = 0 (17.97)

f (x) = f (x0)+ 1
1!

f ′(x(0))(x − x0)+ · · · = f (x(0))+ f ′(x(0))Δx(0) + · · · (17.98)

Δx(0) = (x − x0) ≈ −
f (x(0))
f ′(x(0))

= −[ f ′(x(0))]−1 ⋅ f (x(0)) (17.99)

The solution of the linearized problem and iteration rule give

x ≈ x(0) + Δx(0) = x(0) − [ f ′(x(0))]−1 ⋅ f (x(0))
Δx(0) = −[ f ′(x(0))]−1 ⋅ f (x(0))

(17.100)

For any particular iteration, the following is obtained:

x(j+1) = x(j) + Δx(j) = x(j) − [ f ′(x(j))]−1 ⋅ f (x(j)) (17.101)

During an iteration, each value of Δx(x) will be determined and added to the
last approximation. The next question is how to apply this with n equations and
n unknowns. Again, the function f (x) is expanded in a Taylor series as follows:

f (x(0) + Δx(0)) = f (x(0)) + f ′(x(0))Δx(0) + 1
2

f ′′(x(0))(Δx(0))2 + · · · = 0

(17.102)

Taking the second term to the right-hand side, the following can be written as
follows:

f (x(0) + Δx(0)) = f (x(0)) + f ′(x(0))Δx(0) = 0 (17.103)
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To solve f ′(x(0)), the Jacobian matrix is used as

J =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝜕f1(x(0))
𝜕x1

𝜕f1(x(0))
𝜕x2

· · ·
𝜕f1(x(0))
𝜕xn

𝜕f2(x(0))
𝜕x1

𝜕f2(x(0))
𝜕x2

· · ·
𝜕f2(x(0))
𝜕xn

⋮ ⋮ ⋮ ⋮

𝜕fn(x(0))
𝜕x1

𝜕fn(x(0))
𝜕x2

· · ·
𝜕fn(x(0))
𝜕xn

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(17.104)

In Equation (17.103), taking f (x(0)) to the right-hand side, the following is
obtained:

f ′(x(0))Δx(0) = −f (x(0)) (17.105)

Or, in terms of the Jacobian matrix J, the following is obtained:

JΔx(0) = −f (x(0)) (17.106)

Finally, solving Equation (17.103) for Δx(0), the following is given:

Δx(0) = −[ f ′(x(0))]−1f (x(0)) = −J−1f (x(0)) (17.107)

Equation (17.55) provides the basis for the update formula to be used in the
first iteration of the multidimensional case. This update formula is

x(1) = x(0) + Δx(0) = x(0) − J−1f (x(0)) (17.108)

And, from Equation (17.107), the update formula for any particular iteration
can be inferred as:

x(i+1) = x(i) + Δx(i) = x(i) − J−1f (x(i)) (17.109)

Matrix inversion must be avoided because of high-dimensional problems and
large-scale power networks, and matrix inversion is very time consuming. To do
this, Equation (17.109) is written as:

x(i+1) = x(i) + Δx(i) (17.110)

Where Δx(i) is found from

−JΔx(i) = f (x(i)) (17.111)

Equation (17.111) is simply the linear matrix equation because Δx(i) is an n× 1
vector of unknowns and f (x(i)) is an n× 1 vector of knowns. J is just a constant
n×n matrix.

A ⋅ z = b (17.112)

17.3.12 Power Flow Analysis in Low-Voltage Power Systems

The calculation of a three-phase system with the aim of determining the
distribution of active and reactive power on the individual lines and nodes and
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determining the node voltages is called load flow calculation. This calculation
requires special considerations at different voltage levels. In low-voltage power
systems, many single-phase and three-phase consumers may occur, mostly with
an ohmic-inductive load. In industrial networks, however, the motor loads are
very common. A mixed load is available in public networks. The planning and
installation of an electrical system requires the precise calculation of the power
demands for which the system is to be designed. This is determined by the
equation:

Pm =
n∑

i=1
Pi (17.113)

where
Pi = n ⋅ gi ⋅ PL (17.114)

If a Gaussian (normal) distribution is assumed for the coincidence, then the
coincidence function can be calculated as:

gn = g∞ +
1 − g∞√

2
(17.115)

Often this value can be given approximately for flats by the context of [16]

g = 0.07 + 0.93
n

(17.116)

The coincidence factor or demand factor g i indicates how many consumers
are in operation at the same time. It is an important factor for determining the
feed-ins. n is the number of connections or residential units. When more motor
drives are connected in the system, it is also necessary to consider the utilization
factor ai and the efficiency 𝜂i in the calculation.

The main interest of load flow calculation in distribution is usually to determine
the maximum branch currents, power losses, and maximum voltage drop. In
low-voltage power systems, the R/X ratio is considerably greater than 1. The volt-
age drop, therefore, depends mainly on the active power flow. Reactive power flow
in low-voltage systems is of less interest. A realistic representation of the loads
results from modeling the problem. Temporal changes are usually simulated by
load curves, which represent the time course of a load in the course of a day. If the
load curves are entered only once, it is possible to perform a load flow calculation
for any point in time or even to start sequential load flow calculations in which any
size can be recorded as a function of time of day. This type of load flow calculation
allows for a very accurate estimation of line loads or voltage levels [11].

In low-voltage power systems, the calculation of power flows is not necessary in
many cases. In particular, the dimensioning of conductor sizes, voltage drop, and
single-phase and three-phase short-circuit calculations are most important for
the engineers. This entire topic is not the subject of this book, but it is presented
extensively in other literature [7].

17.3.13 Equivalent Circuits for Power Flow Calculations

In this section, equivalent circuits for power flow calculations in positive-
sequence components will be shown (Figure 17.8).
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SG = PG + jQG

i

jX1Q

Generator

Transformer

Transmission line
cable

E1Q

I′ikk

Uk

~

~~ (t2
2 – tr)YikUi

Iiki
Yiktr

(1 – tr)Yik

Primary circuit/
feed-in

1 2
jX1L

C1L

Iik
R1L

2

C1L

2

~

R1Q

1

0

Figure 17.8 Equivalent
circuits for power flow
calculations.

17.3.14 Examples

17.3.14.1 Calculation of Reactive Power
Calculate the voltage and reactive power at the end of the line.

Given: line impedance, zL = 0.148Ω; load impedance, zv = 2.2Ω; and
UL = 400 V.

UV =
zV

zV + zL
⋅ 100% = 84.94%

i =
UV√
3 × zV

= 339.76 V√
3 × 2.2Ω

= 89.16 A

Q =
U2

V

zV
= (339.76 V)2

2.2Ω
= 52.471 kvar

17.3.14.2 Application of Newton Method
Given is the following equation:

f (x) = x + sin x − 2 = 0
The derivation of this equation is

f (x) = 1 + cos x
Recursion is

xk+1 = xk −
f k

f k
x
= xk − xk + sin xk − 2

1 + cos xk
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The solution of this equation with x0 = 0 is to

Iteration xk

0 0
1 1
2 1.103
3 1.110606

17.3.14.3 Linear Equations
Solve the linear equation.

2x − 3y = 12
5x + 2y = 11

Solution:

2x − 3y = 12| ⋅ 2
5x + 2y = 11| ⋅ 3

4x − 6y = 24
15x + 6y = 33|+
19x = 57| ∶ 19
x = 4

The result used in the first equation to determine y:

2x − 3y = 12
2 ⋅ 3 − 3y = 12|

6 − 3y = 12| − 6
−3y = 6 |∶(−3)

y = −2

17.3.14.4 Application of Cramer’s Rule
Given is the following circuit (Figure 17.9). Calculate the currents.

KCL node rule specifies that

I1 − I2 − I3 = 0

And Kirchhoff’s voltage law (KVL) voltage rule specifies that

R1I1 + R2I2 = 0
R2I2 − R3I3 = 0
I1 − I2 − I3 = 0
R1I1 + R2I2 = 0
R2I2 − R3I3 = 0
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R1
I1

R3

R2

U = 12 V

R3 = 3 Ω

R2 = 2 Ω

R1 = 1 ΩI2U

I3

Figure 17.9 Application of Cramer’s rule.

Coefficients give

A =
⎛⎜⎜⎝

1 −1 −1
R1 R2 0
0 R2 −R3

⎞⎟⎟⎠
Or

⎛⎜⎜⎝

1 −1 −1
R1 R2 0
0 R2 −R3

⎞⎟⎟⎠
⎛⎜⎜⎝

I1
I2
I3

⎞⎟⎟⎠
=
⎛⎜⎜⎝

0
U
0

⎞⎟⎟⎠

D = det A =
|||||||

1 −1 −1
R1 R2 0
0 R2 −R3

|||||||
= −(R1R2 + R1R3 + R2R3) ≠ 0

D1 =
|||||||

0 −1 −1
U R2 0
0 R2 −R3

|||||||
= −R2U − R3U = −(R2 + R3)U

D2 =
|||||||

1 0 −1
R1 U 0
0 0 −R3

|||||||
= −R3U

D3 =
|||||||

1 −1 0
R1 R2 U
0 R2 0

|||||||
= −R2U

So that we can obtain the following currents:

I1 =
D1

D
=

(R2 + R3)U
R1R2+R1R3 + R2R3

= 6Ω ⋅ 12 V
11Ω

= 6.54 A

I2 =
D2

D
=

R3U
R1R2+R1R3 + R2R3

= 3Ω ⋅ 12 V
11Ω

= 3.27 A

I3 =
D3

D
=

R2U
R1R2+R1R3 + R2R3

= 2Ω ⋅ 12 V
14Ω

= 2.18 A

17.3.14.5 Power Flow Calculation with NEPLAN
Figure 17.10 shows a part of a project that was calculated with NEPLAN. All
possible information are given in the figure.



LIN 8- 7

S = 5.54 MVA
P = 3.97 MW

Q = 3.86 Mvar
I = 48.83 A

PF = 1
Ploss = 0.02 MW

Qloss = −0.17 Mvar
Ausl = 24.4%

Seven
U = 65.5 kV
u = 100.7%

Uang = 0.145°

Load seven
P = 2.00 MW
Q = 2.00 Mvar

LIN 7- 6

S = 8.37 MVA
P = −5.97 MW
Q = −5.86 Mvar

I = 73.77 A
PF = −1

Ploss = 0.00 MW
Qloss = −0.01 Mvar

Ausl = 18.4%

S = 8.36 MVA
P = 5.98 MW
Q = 5.85 Mvar

I = 73.64 A
PF = 1

Ploss = 0.00 MW
Qloss = −0.01 Mvar

Ausl = 18.4 %
Ik′′ (L1) = 2.852

Sk′′ (L1) = 321.070
ip (L1) = 6.525
Ith (L1) = 2.881

Figure 17.10 Power flow calculation with NEPLAN.
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18

Examples: Calculation of Short-Circuit Currents

This chapter presents a large number of examples taken from practice, worked by
hand through the corresponding equations and also an example calculated with
NEPLAN.

18.1 Example 1: Radial Network

Given a 400-V network, as shown in Figure 18.1.

1) Calculate the resistances and reactances.
2) Calculate the single-pole and three-pole short-circuit currents for the circuit

with residual current device (RCD)-operated circuit breaker.

Smallest short-circuit current:
Resistances and reactances of the transformer:

RT = 3.5 mΩ; XT = 13 mΩ

Resistances and reactances of the cable:

RKL1
= 1.24 ⋅

l
𝜅 ⋅ S

RKL1
= 1.24 ⋅

85 m
56 m

Ωmm2 ⋅ 120 mm2
= 15.68 mΩ

RKPEN
= 1.24 ⋅

85 m
56 m

Ωmm2 ⋅ 70 mm2
= 26.68 mΩ

XkL1
= x′

kL1
⋅ l = 0.08 mΩ

m
⋅ 85 m = 6.8 mΩ

XkPEN
= x′

kPE
⋅ l = 0.08 mΩ

m
⋅ 85 m = 6.8 mΩ

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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MDPT
Q

630 kVA
Dyn5
20/0.4 kV

3p

3p 1p

B16A
RCD 30 mA

x

x

Motor

Receptacle

M

3p 3p3 × 120/70 mm2

l = 85 m

3 × 120/70 mm2

l = 85 m

5 × 2.5 mm2

l = 25 m

3 × 2.5 mm2

l = 25 m

SDP

Figure 18.1 Example 1: network representation.

Resistances and reactances of the conductor:

RKL1
= 1.24 ⋅

l
𝜅 ⋅ SL1

= 1.24 ⋅
25 m

56 m
Ωmm2 ⋅ 2.5 mm2

= 221.4 mΩ

RKPE
= 1.24 ⋅

l
𝜅 ⋅ SPE

= 1.24 ⋅
25 m

56 m
Ωmm2 ⋅ 2.5 mm2

= 221.4 mΩ

XkL1
= x′

kL1
⋅ l = 0.08 mΩ

m
⋅ 25 m = 2 mΩ

XkPE
= x′

kPE
⋅ l = 0.08 mΩ

m
⋅ 25 m = 2 mΩ

Sum of the resistances and reactances:
∑

R = 488.86 mΩ;
∑

X = 30.6 mΩ

Calculation of short-circuit impedance:

Zk =
√

R2 + X2 = 489.8 mΩ

I′′k1 =
c ⋅ Un√

3 ⋅ Zk

= 0.95 ⋅ 400 V√
3 ⋅ 489.8 mΩ

= 448 A

Three-pole short-circuit current:
Resistances and reactances of the transformer:

RT = 3.5 mΩ, XT = 13 mΩ

Resistances and reactances of the cable:

Rk = l
𝜅 ⋅ S

mΩ = 85 m
56 m

Ωmm2 ⋅ 120 mm2
= 12.65 mΩ

Xk = x′
i l = 0.08 mΩ

m
⋅ 85 m = 6.8 mΩ
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Resistances and reactances of the conductor:

RL = 178.6 mΩ
XL = 2 mΩ∑

R = 204.25 mΩ∑
X = 21.8 mΩ

Zk =
√

(R2
k + X2

k ) =
√

(204.252 + 21.82)mΩ = 205.4 mΩ

I′′k3 =
c ⋅ Un√

3 ⋅ Zk

= 1.1 ⋅ 400 V√
3 ⋅ 205.4 mΩ

= 1.236 kA

18.2 Example 2: Proof of Protective Measures

Given a 230/400-V network, as shown in Figure 18.2, with a source impedance of
0.3Ω, the protective measures must be proven.

1) Calculate the resistances and reactances of the network at the fault locations.
2) Calculate the single-pole short-circuit current.
3) Are the cut-off conditions fulfilled?

Calculation of impedances for supply conductors:
Conductor for NYM-J 4× 25 mm2, l = 15 m.

R = 1.24 ⋅
2 ⋅ l
𝜅 ⋅ S

R = 1.24 2 ⋅ 15 m
56 m

Ωmm2 ⋅ 25 mm2
= 0.0265Ω

X = x′ ⋅ 2 ⋅ l ≈ 0.08 mΩ
m

⋅ 2 ⋅ 15 m = 0.0024Ω

Z1 =
√

R2 + X2 =
√

0.02652 + 0.000242 Ω = 0.0266Ω

Supply
impedance
0.3 Ω

Power feed
Cable NYCWY
4 × 120 mm2

400/230 V,
50 Hz

F1 F2 F3

F4

F5
D02 / 63 A

3

MDP SD

Cable NYY-J
4 × 25 mm2

l = 15 m

4 × 16 mm2

l = 22 m

5 × 2.5 mm2

l = 12 m

3 × 2.5 mm2

l = 18 m

25 A

Motor

M 2.2 kW

Receptacle

C 16 A

B 16 A

NH00

80 A

Figure 18.2 Example 2: calculation with source impedance.
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Conductor for NYM-J 4× 16 mm2, l = 22 m.

R = 1.24 ⋅
2 ⋅ l
𝜅 ⋅ S

R = 1.24 ⋅
2 ⋅ 22 m

56 m
Ωmm2 ⋅ 16 mm2

= 0.0608Ω

X = x′ ⋅ 2 ⋅ l ≈ 0.08 mΩ
m

⋅ 2 ⋅ 22 m = 0.00352Ω

Z2 =
√

R2 + X2 =
√

0.06082 + 0.003522 Ω = 0.0609Ω

Conductors for outlet NYM-J 3× 2.5 mm2, l = 18 m.

R = 1.24 ⋅
2 ⋅ l
𝜅 ⋅ S

= 1.24 ⋅
2 ⋅ 18 m

56 m
Ωmm2 ⋅ 2.5 mm2

= 0.318Ω

X = x′ ⋅ 2 ⋅ l ≈ 0.08 mΩ
m

⋅ 2 ⋅ 18 m = 0.00288Ω

Z3 =
√

R2 + X2 =
√

0.3182 + 0.002882 = 0.319Ω

Conductors for motor, l = 18 m

R = 1.24 ⋅
2 ⋅ l
𝜅 ⋅ S

= 1.24 ⋅
2 ⋅ 12 m

56 m
Ωmm2 ⋅ 2.5 mm2

= 0.212Ω

X = x′ ⋅ 2 ⋅ l ≈ 0.08 mΩ
m

⋅ 2 ⋅ 12 m = 0.00192Ω

Z4 =
√

R2 + X2 =
√

0.2122 + 0.001922 Ω = 0.212Ω

Impedance at fault location F1
With ZV = 0.3Ω
Single-pole short-circuit current:

I′′k1 =
c ⋅ Un√
3 ⋅ ZV

= 0.95 ⋅ 400 V√
3 ⋅ 0.3Ω

= 731.3 A

Impedance at fault location F2:
ZA = ZV + Z1 = 0.3Ω + 0.0266Ω = 0.3266Ω

I′′k1 = 0.95 ⋅ 400 V√
3 ⋅ 0.3266Ω

= 671.7 A

Impedance at fault location F3:
ZB = ZA + Z2 = 0.3266Ω + 0.0609Ω = 0.3875Ω

I′′k1 = 0.95 ⋅ 400 V√
3 ⋅ 0.3875Ω

= 566.17 A

Impedance at outlet F4:
ZC = ZB + Z3 = 0.3875Ω + 0.318Ω = 0.7055Ω

I′′k1 = 0.95 ⋅ 400 V√
3 ⋅ 0.7055Ω

= 310.97 A
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Table 18.1 Summary of results.

Fault location I′′
k1min

(A) Ia (A)

F1 731.3 450
F2 671.7 450
F3 566.17 310
F4 outlet 310.97 80
F5 motor 365.96 160

Impedance at motor F5:

Z = ZB + Z4 = 0.3875Ω + 0.212Ω = 0.5995Ω

I′′k1 = 0.95 ⋅ 400 V√
3 ⋅ 0.5995Ω

= 365.96 A

Protection by cut off is the most important condition for satisfying the pro-
tective measures up to 1000 V. In accordance with IEC 60364, Part 41, the faults
must be protected by cut off within 0.4 s for portable equipment of Protection
Class I and in 5 s for permanently installed operational equipment. The cut-off
currents of fuses and power breakers can be found in tables and diagrams (see
IEC 60364, Part 43 and Part 600).

In this example, the cut-off currents Ia have the values:

B16 A Ia = 5 ⋅ In = 5 ⋅ 16 A = 80 A
C16 A Ia = 10 ⋅ In = 10 ⋅ 16 A = 160 A

D02
63 A

Ia(0.4 s)
= 600 A

Ia(5s)
= 310 A

NH00
80 A

Ia(0.4 s)
= 800 A

Ia(5 s)
= 450 A

The condition I′k1min > Ia must always hold true.
Results from Table 18.1 show that the cut-off condition is satisfied.

18.3 Example 3: Connection Box to Service Panel

A power plant network as in Figure 18.3 supplies an on-site connection box. The
single-pole short-circuit current is 575 A.

1) Calculate the resistances and reactances.
2) Calculate the single-pole short-circuit current at the outlet and at the light.
3) Is protection by cut off guaranteed?
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Power
supply
company

Service panel

Subdistribution
panel

HV
B 16A

B 10A

Cablel NYY-J
4 × 35 mm2

l = 12 m

Cablel NYM-J
3 × 2.5 mm2

l = 35 m

Cable NYM-J
3 × 1.5 mm2

l = 15 m

Receptacle

Light
575 A

NH00

80 A

3

Figure 18.3 Example 3: power plant network with service panel.

The impedance of the connection box is

Z =
c ⋅ Un√

3 ⋅ I′′k1

= 0.95 ⋅ 400 V√
3 ⋅ 575 A

= 381.6 mΩ

Zl1 = 2 ⋅ z ⋅ l1 = 2 ⋅ 0.654Ω∕km ⋅ 0.012 km = 15.7 mΩ

The total impedance of the subdistributor is

Zk = Z + Zl1 = 397.3 mΩ

The single-pole short-circuit current is

I′′k1 =
c ⋅ Un√

3 ⋅ Zk

= 0.95 ⋅ 400 V√
3 ⋅ 397.3Ω

= 542 A

For the short circuit at the outlet:

z′ = 2 ⋅ z ⋅ l2 = 2 ⋅ 9.02Ω∕km ⋅ 0.035 km + 0.3973Ω = 1.0287Ω
I′′k1 = 213.27 A

The cut-off current of a 16-A circuit breaker is 80 A. Since the single-pole
short-circuit current is greater than the cut-off current, the cut-off condition is
satisfied.

Short circuit on light:

z′ = 2 ⋅ z ⋅ l3 = 2 ⋅ 15Ω∕km ⋅ 0.015 km + 0.3973Ω = 0.8473Ω
I′′k1 = 258.9 A

The cut-off current of a 10-A circuit breaker is 50 A. The cut-off condition is
therefore again satisfied.

18.4 Example 4: Transformers in Parallel

Two transformers are connected in parallel, as shown in Figure 18.4.

1) Draw the equivalent circuit.
2) Calculate the resistances and reactances.
3) Calculate the three-pole short-circuit current.
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Network
input

Q

T1

T2

20 kV

400 V
F1

630 kVA

400 kVA

Cable NYY-J
2 × 4 × 185 mm2

l = 50 m

ukr = 6%

ukr = 4%

Figure 18.4 Example 4: transformers in parallel.

Total transformer power:∑
SrT = 630 kVA + 400 kVA = 1030 kVA

uRr =
uR1 + uR2

2
= 1.125%

ZT =
ukr

100%
U2

nT

SrT
= 5%

100%
(400 V)2

1030 kVA
= 7.77 mΩ

RT =
uRr

100%
U2

nT

SrT
= 1.125

100%
(400 V)2

1030 kVA
= 1.75 mΩ

XT =
√

Z2
T − R2

T = 7.57 mΩ

Figure 18.5 shows equivalent circuit diagram.

RT1

RT1+T2 RK1+K2 XK1+K2XT1+T2

Rk1

ΣR ΣX

Xk1XT1

RT2

01 01

01

Rk2 Xk2XT2

c · Un

3√
c · Un

3√

c · Un

3√

I″k3 I″k3

I″k3

Figure 18.5 Equivalent circuit.
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Cables:

RL = l
𝜅 ⋅ S ⋅ n

= 50 m
56 m

Ω ⋅ mm2 ⋅ 185 mm2 ⋅ 2
= 2.4 mΩ

XL = x′
L ⋅

l
n
= 0.08 mΩ ⋅

50 m
2

= 2 mΩ

Zk =
√

R2
k + X2

k =
√

4.152 + 9.572 mΩ = 10.43 mΩ

I′′k3 =
c ⋅ UrT√

3 ⋅ Zk

= 1.1 ⋅ 400 V√
3 ⋅ 10.43 mΩ

= 24.35 kA

18.5 Example 5: Connection of a Motor

A transformer as shown in Figure 18.6 supplies a motor through an overhead line,
cables, and conductors.

1) Calculate the resistances and reactances.
2) Calculate the single-pole short-circuit current.

Transformer:

ZT = 15.238 mΩ
RT = 2.8 mΩ
XT = 15 mΩ

Overhead line:

RL1 = 1.24 ⋅
l

𝜅 ⋅ S
RL1 = 1.24 ⋅

50 m
56 m

Ω ⋅ mm2 ⋅ 50 mm2
= 22.1 mΩ

RPEN = 0.2 mΩ

XL1 = x′ ⋅ l = 0.33 Ω
km

⋅ 50 m = 16.5 mΩ

XPEN = 16.5 mΩ

S″kQ

20/0.4 kV
50 Hz
630 kVA

Overhead line
4 × 50 mm2

l = 50 m

Cable
3 × 35/16 mm2

l = 50 m

Cable
4 × 16 mm2

l = 35 m
M
3~

HV LV
MDP SD1

HV UV

SD2

Figure 18.6 Example 5: connection of a motor.
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Cables:

RL2 = 1.24 ⋅
50 m

56 m
Ω ⋅ mm2 ⋅ 35 mm2

= 31.6 mΩ

RPEN = 1.24 ⋅
50 m

56 m
Ω ⋅ mm2 ⋅ 16 mm2

= 69.2 mΩ

XL2 = x′ ⋅ l = 0.08 Ω
km

⋅ 50 m = 4 mΩ

XPEN = 4 mΩ

Conductors:

RL3 = 1.24 ⋅
35 m

56 m
Ω ⋅ mm2 ⋅ 16 mm2

= 48.4 mΩ

RPEN = 1.24 ⋅
35 m

56 m
Ω ⋅ mm2 ⋅ 16 mm2

= 48.4 mΩ

XL3 = x′ ⋅ l = 0.08 Ω
km

⋅ 35 m = 2.8 mΩ

XPEN = 2.8 mΩ∑
R = 222.7 mΩ∑
X = 61.6 mΩ

Zk =
√

R2
k + X2

k =
√

227.72 + 61.62 mΩ = 231.06 mΩ

I′′k1 =
c ⋅ UnT√

3 ⋅ Zk

= 0.95 ⋅ 400 V√
3 ⋅ 231.06 mΩ

= 949.5 A

18.6 Example 6: Calculation for a Load Circuit

A grounding cable is connected to a transformer (Figure 18.7). The data for the
cable are as follows: r′ = 0.482Ω∕km, x′ = 0.083Ω∕km, R0L

RL
= 4, and X0L

XL
= 3.76.

1) Calculate the resistances and reactances.
2) Calculate the three-pole and single-pole short-circuit currents.

Figure 18.7 Example 6: Calculation
for a load.

S″KQ
250 MVA

20/0.4 kV
630 kVA, 6%

Cable
4 × 50 mm2

l = 250 m

MDP

F
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Calculation of I′′k3:

ZQt =
c ⋅ U2

n

S′′
kQ

= 1.1 ⋅ (0.4 kV)2

250 MVA
= 0.704 mΩ

XQt = 0.995 ⋅ ZQt = 0.7 mΩ
RQt = 0.1 ⋅ XQt = 0.07 mΩ

RT =
uRr

100%
U2

rT

SrT
= 1.1%

100%
⋅
(400 V)2

630 kVA
= 2.8 mΩ

ZT =
ukr ⋅ U2

rT

100% ⋅ SrT
= 6%

100%
⋅
(400 V)2

630 kVA
= 15.2 mΩ

XT =
√

Z2 − R2
T =

√
15.22 − 2.82 mΩ = 14.9 mΩ

R0T = RT = 2.8 mΩ
X0T = 0.995 ⋅ XT = 0.995 ⋅ 14.9 mΩ = 14.83 mΩ

Rl = R′ ⋅ l = 0.482Ω∕km ⋅ 0.25 km = 120.5 mΩ
Xl = X′ ⋅ l = 0.083Ω∕km ⋅ 0.25 km = 20.75 mΩ

R0l = 4 ⋅ Rl = 482 mΩ
X0l = 3.76 ⋅ Xl = 78.02 mΩ
Rk = (RQt + RT + Rl) = 123.4 mΩ
Xk = (XQt + XT + Xl) = 36.35 mΩ

Zk =
√

R2
k + X2

k =
√

123.42 + 36.352 mΩ = 128.6 mΩ

I′′k3 =
c ⋅ Un√

3 ⋅ Zk

= 1.97 kA

Calculation of I′′k1 (Figure 18.8):

2Z1 + Z0 = 2 ⋅ (123.4 + j36.35)mΩ + (484.8 + j92.85)mΩ
2Z1 + Z0 = (731.6 + j165.6)mΩ = 750.1 mΩ

I′′k1 =
√

3 ⋅ c ⋅ Un

2 ⋅ Z1 + Z0
=

√
3 ⋅ 0.95 ⋅ 400 V

750.1 mΩ
= 877 A

Simplified method for calculating the single-pole short-circuit current:
Transformer impedance:

ZT =
ukr

100%
U2

rT

SrT
= 6% ⋅ (400 V)2

100% ⋅ 630 kVA
= 0.015Ω

Line impedance (outgoing and return lines):

Zl = 2 ⋅ z′ ⋅ l = 2 ⋅ 0.486Ω∕km ⋅ 0.250 km = 0.243Ω

Total impedance:

Ztotal = ZT + ZL = 0.258Ω
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01

Positive-sequence system Z1 = 123.4 + j36.35

120 + j20.75

Z0 = 484.8 + j92.85
Negative-sequence system

Zero-sequence system

0.07 + j0.7

2.8 + j14.9

2.8 + j14.83 482 + j78.02

00

Figure 18.8 Equivalent circuit for I′′k1.

Single-pole short-circuit current:

I′′k1 =
c ⋅ Un√
3 ⋅ ZTotal

= 0.95 ⋅ 400 V√
3 ⋅ 0.258Ω

= 850.36 A

The result is nearly the same by both methods.

18.7 Example 7: Calculation for an Industrial System

A transformer as shown in Figure 18.9 supplies the main distributor of an indus-
trial system.

250 MVA 630 kVA
Dyn5
20/0.4 kV

B16A
RCD 30 mA

B16A
RCD 30 mA

Receptacle

Light

Q T

3p

3p 1p

3p

4 × 50 mm2

l = 250 m

5 × 2.5 mm2

l = 35 m

5 × 2.5 mm2

l = 35 m

Figure 18.9 Example 7: network diagram.
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1) Calculate the resistances and reactances.
2) Calculate the three-pole short-circuit current at the main distributor.
3) Calculate the single-pole short-circuit current at the outlet and at the light

switch.

Determination of individual impedances:

ZQt =
c ⋅ U2

n

S′′
kQ

= 1.1 ⋅ (400 V)2

250 MVA
= 0.704 mΩ

XQt = 0.995 ⋅ ZQt = 0.7 mΩ
RQt = 0.1 ⋅ XQt = 0.07 mΩ

ZT =
ukr ⋅ U2

rT

100% ⋅ SrT
= 6% ⋅ (400 V)2

630 kVA
= 15.24 mΩ

ZL1 = 2 ⋅ z ⋅ l1 = 2 ⋅ 0.486Ω∕km ⋅ 0.25 km = 243 mΩ
ZL2 = 2 ⋅ z ⋅ l2 = 2 ⋅ 9.02Ω∕km ⋅ 0.035 km = 631.4 mΩ
ZL3 = 2 ⋅ z ⋅ l2 = 2 ⋅ 15Ω∕km ⋅ 0.015 km = 450 mΩ

I′′k1 at main distributor:

ZL1 = 2 ⋅ z ⋅ l1 = 2 ⋅ 0.396Ω∕km ⋅ 0.25 km = 99 mΩ
ZHV = ZQt + ZT + Zl1 = 115 mΩ

I′′k1 =
c ⋅ Un√
3 ⋅ ZHV

= 0.95 ⋅ 400 V√
3 ⋅ 115 mΩ

= 1.9 kA

I′′k1 at outlet:

Zout = ZQt + ZT + Zl1 + Zl2 = 890.344 mΩ

I′′k1 =
c ⋅ Un√
3 ⋅ Zout

= 0.95 ⋅ 400 V√
3 ⋅ 890.344 mΩ

= 246.4 A

I′′k1 at light switch:

Zli = ZQt + ZT + Zl1 + Zl2 = 708.944 mΩ

I′′k1 =
c ⋅ Un√
3 ⋅ ZLi

= 0.95 ⋅ 400 V√
3 ⋅ 708.944 mΩ

= 309.46 A

18.8 Example 8: Calculation of Three-Pole Short-Circuit
Current and Peak Short-Circuit Current

Given the network (Figure 18.10).

1) Calculate the resistances and reactances.
2) Calculate the three-pole short-circuit currents and the peak short-circuit cur-

rents at the fault locations.
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500 MVA 630 kVA
Dyn5
20/0.4 kV

Q

MDP SDP

Fault
location

Cable NYY-J
4 × 85 mm2

l = 45 m

Cable
3 × 50/35 mm2

l = 100 m

Cable
3 × 35/16 mm2

l = 30 m

T

Figure 18.10 Example 8: network diagram.

Medium voltage:

ZQt =
1.1 ⋅ U2

rT

S′′
Q

= 1.1 ⋅ (400 V)2

500 MVA
= 0.352 mΩ

RQ = 0.1 ⋅ XQ = 0.1 ⋅ 0.35 = 0.0352 mΩ

Transformer:

ux =
√

u2
kr − u2

Rr = 5.9%

RT =
uRr ⋅ U2

rT

100% ⋅ SrT
= 2.8 mΩ

XT =
uxr ⋅ U2

rT

100% ⋅ SrT
= 15 mΩ

Supply cables:

R′
1 = 0.101Ω∕km

X′
1 = 0.08Ω∕km

Rl1 = r′ ⋅ l = 4.545 mΩ
Xl1 = x′ ⋅ l = 3.6 mΩ

Main low-voltage distributor (three-pole short circuit):

Zk = RQt + RT + Rl1 + j(XQt + XT + Xl1)
Zk = (0.0352 + 2.8 + 4.545)mΩ + j(0.352 + 15 + 3.6)mΩ
Zk = (7.38 + j18.952)mΩ

Zk =
√

7.382 + 18.9522 mΩ = 20.34 mΩ

I′′k3 =
c ⋅ Un√

3 ⋅ Zk

= 1.1 ⋅ 400 V√
3 ⋅ 20.34 mΩ

= 12.48 kA

Rk

Xk
= 7.38 mΩ

18.952 mΩ
= 0.389 from Figure 11.6 we get 𝜅 = 1.32

ip = 𝜅 ⋅
√

2 ⋅ I′′k3 = 1.32 ⋅
√

2 ⋅ 12.48 kA = 23.29 kA
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Supply lines (cables and lines):

Rl2 = r ⋅ l = 35.71 mΩ
Xl2 = x ⋅ l = 0.08Ω∕km ⋅ 0.100 km = 8 mΩ

Zk =
√

35.712 + 82 mΩ = 36.6 mΩ

Subdistribution I (three-pole short circuit):

Zk = (20.34 + 36.6)mΩ = 57 mΩ

I′′k3 =
c ⋅ Un√

3 ⋅ Zk

I′′k3 = 1.1 ⋅ 400V√
3 ⋅ 57 mΩ

= 4.45 kA

ip = 𝜅 ⋅
√

2 ⋅ I′′k3 = 7.74 kA

Subdistribution II (three-pole short circuit):

Rl3 = l
𝜅 ⋅ S

Rl3 = 30 m
56 m

Ωmm2 ⋅ 35 mm2
= 15.3 mΩ

Xl3 = x ⋅ l = 0.08Ω∕km ⋅ 30 m = 2.4 mΩ
Zk = RQt + RT + Rl1 + Rl3 + j(XQt + XT + Xl1 + Xl3)

= (22.68 + j21.352)mΩ

Zk =
√

R2 + X2 = 31.15 mΩ

I′′k3 =
c ⋅ Un√

3 ⋅ Zk

I′′k3 = 1.1 ⋅ 400 V√
3 ⋅ 31.15 mΩ

= 8.15 kA

ip = 𝜅 ⋅
√

2 ⋅ I′′k3 = 12.67 kA

18.9 Example 9: Meshed Network

Given a meshed network, as shown in Figure 18.11.

1) Calculate the impedances.
2) Carry out the network transformations.
3) Calculate the three-pole short-circuit currents and the peak short-circuit cur-

rents at the fault location F.

The following data are given:
With SrT = 160 MVA, ukr = 12%, Un = 50 kV, and Z = 0.5Ω∕km for all lines.
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Figure 18.11 Meshed network.

E

F

D

25 km

220 kV

ukr = 12%
SrT = 160 MVA10 km

45 km
50 kVA

S″kQ→ ∞

15 km
15

 k
m

18 km

C

B

20 km

20 km

The impedance of the transformer:

ZT =
ukr ⋅ U2

rT

100 ⋅ SrT
= 12% ⋅ (50 kV)2

100% ⋅ 160 MVA
= 1.875Ω

The impedances of the individual conductors:

ZAE = 10 km ⋅ 0.5 Ω
km

= 5Ω

ZAD = 15 km ⋅ 0.5 Ω
km

= 7.5Ω

ZAB = 18 km ⋅ 0.5 Ω
km

= 9Ω

ZED = 45 km ⋅ 0.5 Ω
km

= 22.5Ω

ZEF = 20 km ⋅ 0.5 Ω
km

= 10Ω

ZBD = 40 km ⋅ 0.5 Ω
km

= 20Ω

ZBF = 20 km ⋅ 0.5 Ω
km

= 10Ω

Transformation of the delta star impedances (Figure 18.12b):

ZAG =
ZAE ⋅ ZAD

ZAD + ZAE + ZED
= 5 ⋅ 7.5

7.5 + 5 + 22.5
= 1.07Ω

ZEG =
ZAE ⋅ ZED

ZAD + ZAE + ZED
= 5 ⋅ 22.5

7.5 + 5 + 22.5
= 3.21Ω

ZDG = Z ⋅ Z
ZAD + ZAE + ZED

= 22.5 ⋅ 7.5
7.5 + 5 + 22.5

= 4.82Ω
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(a)

E

D D
B G

D
B

E

F

F

F

B

A

A

A A

ZT

ZT

A

H

G
B

G
H

F

B

F

ZT

A

H

F F

ZT

ZG

ZT ZT

E

(b) (c)

(d) (e)

(f) (g)

Figure 18.12 Delta star transformations.

Addition of series impedances (Figure 18.12c):

ZEG + ZEF = ZGEF = 13.21Ω
ZDG + ZBD = ZGDB = 24.82Ω

Transformation of the delta star impedances (Figure 18.12d):

ZAH =
ZAB ⋅ ZAG

ZAB + ZAG + ZGDB
= 9 ⋅ 1.07

9 + 1.07 + 24.82
= 0.276Ω

ZBH =
ZAB ⋅ ZGDB

ZAB + ZAG + ZGDB
= 9 ⋅ 24.82

9 + 1.07 + 29.82
= 6.397Ω

ZGH =
ZAG ⋅ ZGDB

ZAB + ZAG + ZGDB
= 1.07 ⋅ 29.8

9 + 1.07 + 24.82
= 0.76Ω

Addition of series impedances (Figure 18.12e):

ZGH + ZGEF = ZHGF = 0.76Ω + 13.21Ω = 13.97Ω
ZBH + ZBF = ZHBF = 6.7Ω + 10Ω = 16.7Ω

Calculation of parallel impedances (Figure 18.12f ):

ZHF =
ZHGF ⋅ ZHBF

ZHGF + ZHBF
= 7.54Ω
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Sum of all impedances (Figure 18.12g):

Zk = ZT + ZAH + ZHF = 9.69Ω

I′′k3 =
c ⋅ Un√

3 ⋅ Zk

= 1.1 ⋅ 50 kV√
3 ⋅ 9.69Ω

= 3.26 kA

S′′
k3 =

c ⋅ U2
n

Zk
= 1.1 ⋅ (50 kV)2

9.69Ω
= 282.5 MVA

ip = 1.8 ⋅
√

2 ⋅ I′′k3 = 1.8 ⋅
√

2 ⋅ 3.26 kA = 8.29 kA

18.10 Example 10: Supply to a Factory

A factory is supplied from an overhead line and cables with two transformers, as
shown in Figure 18.13.

1) Calculate the impedances at the fault locations.
2) Calculate I′′k3 at the fault locations.

Impedances at the fault locations:

ZQt =
c ⋅ U2

nQ

S′′
kQ

= 1.1 ⋅ (0.4 kV)2

500 MVA
= 0.352 mΩ

XQt = 0.995 ⋅ ZQt = 0.995 ⋅ 0.352 mΩ = 0.35 mΩ
RQt = 0.1 ⋅ XQt = 0.1 ⋅ 0.35 mΩ = 0.035 mΩ

ZT =
ukr

100%
⋅

U2
rT∑
SrT

= 6%
100%

⋅
(400 V)2

4 MVA
= 2.4 mΩ

RT =
uRr

100%
⋅

U2
rT

SrT
= 1.05%

100%
⋅
(400 V)2

4 MVA
= 0.42 mΩ

Cable NYY-J
4 × (4 × 185) mm2

l1 = 750 m
r = 0.299 Ω/km
x = 0.080 Ω/km

Fault
location C

Fault
location B

0.4 kV20 kV

T1, T2:
2000 kVA,
6%, 1.05%Network input

500 MVA T2

T1

Q

Overhead line
Al/St
95/55 mm2

l1 = 350 m
r = 0.299 Ω/km
x = 0.075 Ω/km

Fault
location A

Figure 18.13 Supply to a factory.



250 18 Examples: Calculation of Short-Circuit Currents

XT =
√

Z2
T − R2

T

XT =
√

2.42 − 0.422 mΩ = 2.363 mΩ

Overhead line:

RF = r′ ⋅ l = 0.299Ω∕km ⋅ 0.350 km = 104.7 mΩ
XF = x′ ⋅ l = 0.075Ω∕km ⋅ 0.350 km = 26.3 mΩ

ZF =
√

R2 + X2 =
√

104.72 + 26.32 mΩ = 107.95 mΩ

Cables:

Rk = r′ ⋅ l
n
= 0.101Ω∕km ⋅

0.750 km
4

= 18.94 mΩ

Xk = x′ ⋅
l
n
= 0.080Ω∕km ⋅

0.750 km
4

= 15 mΩ

Zk =
√

R2 + X2 =
√

18.942 + 152 mΩ
Zk = 24.16 mΩ

ZkA = ZQT + ZT = 2.75 mΩ

Short circuit at position A:

I′′k3 =
c ⋅ Un√
3 ⋅ ZkA

= 1.1 ⋅ 400 V√
3 ⋅ 2.75 mΩ

= 92.37 A

Three-pole short circuit at position B:

ZkB = ZkA + ZF = 2.75 mΩ + 107.95 mΩ = 110.7 mΩ

I′′k3 =
1.1 ⋅ 400 V√
3 ⋅ 110.7 mΩ

= 2.29 kA

Short circuit at position C:

ZkC = ZkB + ZK = 110.7 mΩ + 24.16 mΩ = 134.86 mΩ

I′′k3 =
1.1 ⋅ 400 V√
3 ⋅ 134.86 mΩ

= 1.88 kA

18.11 Example 11: Calculation with Impedance
Corrections

Given the network diagram (Figure 18.14):

1) Calculate the impedances at the fault locations.
2) Calculate the impedance corrections.
3) Calculate the transferred short-circuit currents.
4) Calculate I′′k3, ip3, and Ia.
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Cable K1, NYCWY
3 × 185 mm2

l = 8.5 km

Cable K2, NYY-J
4 × 300 mm2

l = 85 m

20 kV
400/230 V

T

G

F1

F2

Q

500 MVA

Figure 18.14 Calculation with impedance corrections.

The following data are known:
Transformer:
SrT = 1000 kVA, connection symbol: Dyn5, ukr = 6%, uRr = 1.05%
Generator:

SrG = 600 kVA, UrG = 0.4 kV, cos𝜑rG = 0.8, x′′
d = 12%, x′′

(0)G = 8%

Cable K1:

r′ = 0.105Ω∕km, x′ = 0.072Ω∕km

Cable K2:

r′ = 0.066Ω∕km, x′ = 0.079Ω∕km,
R0L

RL
= 4,

X0L

XL
= 3.66

Impedances of the network feed-in:

ZQ =
1.1 ⋅ U2

n

S′′
kQ

= 1.1 ⋅ (20 kV)2

500 MVA
= 0.88Ω

ZQ =
√

R2
Q + X2

Q

XQ =
ZQ

1.005
= 0.88Ω

1.005
= 0.8756Ω

RQ = 0.1 ⋅ 0.8756Ω = 0.08756Ω
ZQ = (0.08756 + j0.8756)Ω

Impedances of the supply cable:

ZK1 = l ⋅ (r′ + jx′) = 8.5 km(0.105 + j0.072)Ω∕km = (08925 + j0.612)Ω
ZG1 = ZQ + ZK = (0.98 + j1.4876)Ω

Z = ZG1

( UrTLV

UrTHV

)2

= (0.98 + j1.4876)
(

0.4 kV
20 kV

)2

= (0.000392 + j0.000595)Ω



252 18 Examples: Calculation of Short-Circuit Currents

uxrT =
√

u2
kr − u2

Rr =
√

(62 − 1.052)% = 5.9%

RT =
uRr

100%
U2

LVT

SrT
= 1.05%

100%
(0.4 kV)2

1000 kVA
= 0.00168Ω

XT =
ukr

100%
U2

LVT

SrT
= 5.9%

100%
(0.4 kV)2

1000 kVA
= 0.00944Ω

ZT = (0.00168 + j0.00944)Ω
ZG = Z + ZT = (0.002072 + j0.01)Ω
ZG = 0.01Ω

XGen = X′′
d =

x′′
d ⋅ U2

rG

100% ⋅ SrG
= 12%

100%
(0.4 kV)2

600 kVA
= 0.032Ω

RGen = 0.15 ⋅ X′′
d = 0.15 ⋅ 0.032Ω = 0.0048Ω

Correction for generator impedance:

KG =
Un

UrG
⋅

cmax

1 + X′′
d ⋅ sin𝜑rG

= 0.4 kV
0.4 kV

1
1 + 0.12 ⋅ 0.6

= 0.93

ZGK = KG ⋅ ZG = 0.93 ⋅ (0.048 + j0.0298)Ω

ZGK =
√

0.04452 + 0.02982 Ω = 0.0536Ω

Calculation of initial symmetrical short-circuit current:
Contribution of network feed-in:

I′′k3 =
c ⋅ Un√
3 ⋅ ZG

= 1.1 ⋅ 0.4 kV√
3 ⋅ 0.01Ω

= 25.403 kA

Contribution of generator:

I′′3 =
c ⋅ Un√
3 ⋅ ZGen

= 1.1 ⋅ 0.4 kV√
3 ⋅ 0.0536Ω

= 4.739 kA

Sum of transferred short-circuit currents:∑
I′′k3 = I′′k3Net + I′′k3Gen = 30.142 kA

Calculation of peak short-circuit currents:
Contribution of network feed-in:

ip3Net = 𝜅 ⋅
√

2 ⋅ I′′k3
R
X

= 0.002072
0.01

= 0.2 𝜅 = 1.58

ip3Net = 1.58 ⋅
√

2 ⋅ 30.142 kA = 67.35 kA

Contribution of generator:

ip3Gen = 𝜅 ⋅
√

2 ⋅ I′′k3Gen
R
X

= 0.15 𝜅 = 1.03

ip3Net = 1.03 ⋅
√

2 ⋅ 4.739 kA = 6.9 kA
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Sum of transferred short-circuit currents:∑
ip3 = ip3Net + ip3Gen = 74.25 kA

Calculation of symmetrical cut-off current:
Contribution of network feed-in:

IaNet = I′′k3Net = 23.09 kA (far from generator)

Contribution of generator:

IaGen = 𝜇 ⋅ I′′k3Gen = 0.755 ⋅ 4.31 kA = 3.25 kA

IrG =
SrG√

3 ⋅ UrG

= 600 kVA√
3 ⋅ 0.4 kV

= 866 A

I′′k3Gen
IrG

= 4.31 kA
0.866 kA

= 4.98

Sum:∑
Ia = Ia3Net + Ia3Gen = 26.34 kA

Total impedance at fault location F1:

Zp =
ZG ⋅ ZGK

ZG + ZGK
=

(0.00207 + j0.01) ⋅ (0.0445 + j0.0298)
(0.00207 + j0.01) + (0.0445 + j0.0298)

Ω

=
−0.000206 + j0.000507

0.0466 + j0.0398
Ω

= 0.00282 + j0.00847Ω

ZG =
√

0.002822 + 0.008472 Ω = 0.00893Ω

Impedances of cable K2:

Zk2 = l(r′ + jx′) = 0.085 km ⋅ (0.066 + j0.079)Ω∕km
= (0.00561 + j0.006715)Ω

Zk = Zp + Zk2

= (0.00282 + j0.00847)Ω + (0.00561 + j0.006715)Ω
= (0.00843 + j0.0152)Ω

Zk =
√
(0.00843 + 0.0152)2 Ω = 0.0174Ω

The initial symmetrical short-circuit current is then

I′′k3 =
c ⋅ Un√

3 ⋅ Zk

= 1.1 ⋅ 0.4 kV√
3 ⋅ 0.0174Ω

= 14.59 kA

18.12 Example 12: Connection of a Transformer
Through an External Network and a Generator

A transformer is connected through an external network and a generator as
shown in Figure 18.15.
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G
3~

Network input
Short-circuit
power 500 MVA

Q

T

125 MVA 125 MVA 110 kV

Figure 18.15 Example 12:
connection of a transformer through
an external network and a generator.

1) Calculate the impedances at the fault location.
2) Calculate I′′k3, I

′′
k2E, I

′′
k2, and I′′k1 at the fault location.

3) Which is the largest current?

Generator:

X′′
d = x′′

d ⋅
(1.05 ⋅ Un)2

SrG
= 0.12 ⋅

(1.05 ⋅ 110 kV)2

500 MVA
= 12.8Ω

Network:

ZQt =
1.1 ⋅ U2

n

S′′
kQ

= 1.1 ⋅ (110 kV)2

125 MVA
= 26.62Ω

Transformer:

ZT =
uRr

100%
⋅

U2
rT

SrT
= 0.15 ⋅

(110 kV)2

125 MVA
= 14.52Ω

Parallel impedance:

Zp =
ZGt ⋅ ZQt

ZGt + ZQt
= (12.8 ⋅ 26.62)Ω

(12.8 + 26.62)Ω
= 8.64Ω

Three-pole current:

I′′k3 =
c ⋅ Un√
3 ⋅ ZG

= 1.1 ⋅ 110 kV√
3 ⋅ 23.16Ω

= 3 kA

Single-pole short-circuit current:

I′′k1 =
√

3 ⋅ c ⋅ Un

Z1 + Z2 + Z0

Positive-sequence system: Z1 = 23.16Ω
Negative-sequence system: Z2 = Z1
Zero-sequence system: R0 = 0, X0 = 0.75 ⋅ X1 = 0.75 ⋅ 14.52Ω = 10.89Ω

I′′k1 =
√

3 ⋅ 1.1 ⋅ 110 kV
2 ⋅ 23.16Ω + 10.89Ω

= 3.66 kA
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Two-pole short-circuit current with contact to ground:

I′′k2E =
√

3 ⋅ c ⋅ Un

Z0 + Z1 + Z0 ⋅
Z1

Z2

=
√

3 ⋅ 1.1 ⋅ 110 kV(
10.89 + 23.16 + 10.89 ⋅

23.16
23.16

)
Ω

= 4.66 kA

Two-pole short-circuit current without contact to ground:

I′′k2 =
c ⋅ Un

Z1 + Z2
=

c ⋅ Un

2 ⋅ Z1
=

√
3√
2
⋅ I′′k3 = 3.67 kA

The two-pole short-circuit current with contact to ground is the largest.

18.13 Example 13: Motors in Parallel and their
Contributions to the Short-Circuit Current

In a 20/6-kV network, as in Figure 18.16, there are four motors connected with
the following data:

Transformer:

SrT = 25 MVA, ukr = 13%, 20∕6.3 kV

Motors 1 and 2:

2 × Prm = 2.3 MW, UrG = 6 kV, cos𝜑rG = 0.86,
p = 2, Ia∕Irm = 5, 𝜂 = 0.97

Motors 3 and 4:

2 × Prm = 0.36 MW, UrG = 6 kV, cos𝜑rG = 0.87,
p = 1, Ia∕Irm = 5.5, 𝜂 = 0.98

1) Calculate the reactances.
2) Calculate the currents at the motors.
3) Calculate the cut-off currents at the motors.

Network input:

ZQt =
c ⋅ U2

nQ

S′′
kQ

⋅
1
t2 = 1.1 ⋅ (20 kV)2

1000 MVA
⋅
(6.3 kV)2

(20 kV)2 = 0.044Ω

M
3~

Network input
Shortcircuit
power 2000 MVA

Q

T

Motor 3 + 4

25 MVA
13%

20 kV

M
3~ Motor 1 + 2

6 kV

Figure 18.16 Example 13: influence of motors on the current.
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Transformer:

ZT =
ukr

100%
⋅

U2
LVT

SrT
= 13%

100%
⋅
(6.3 kV)2

25 MVA
= 0.206Ω

Impedance:
Zk = ZQt + ZT = 0.25Ω

Initial current without motors:

I′′k3 =
c ⋅ Un√

3 ⋅ Zk

= 1.1 ⋅ 6 kV√
3 ⋅ 0.25Ω

Impedances for the asynchronous machines:

Zm1 =
1
2
⋅
𝜂 ⋅ cos𝜑
Ian∕Irm

⋅
U2

rm

Prm
= 1

2
⋅

0.86 ⋅ 0.97
5

⋅
(6 kV)2

2.3 MVA
= 1.305Ω

Zm2 =
1
2
⋅
𝜂 ⋅ cos𝜑
Ian∕Irm

⋅
U2

rm

Prm
= 1

2
⋅

0.87 ⋅ 0.98
5.5

⋅
(6 kV)2

0.36 MVA
= 7.75Ω

Transferred currents:

I′′km1 =
c ⋅ Un√
3 ⋅ Zm1

= 1.1 ⋅ 6 kV√
3 ⋅ 1.305Ω

= 2.92 kA

I′′km2 =
c ⋅ Un√
3 ⋅ Zm2

= 1.1 ⋅ 6 kV√
3 ⋅ 7.75Ω

= 0.492 kA

Initial symmetrical short-circuit current with influence of motors at the position:∑
I′′k = I′′k (without motors) + I′′km1 + I′′km2

= 15.24 kA + 2.92 kA + 0.492 kA = 18.65 kA
Short-circuit power:

S′′
k =

√
3 ⋅ Un ⋅ I′′k =

√
3 ⋅ 6 kV ⋅ 18.65 kA = 193.8 MVA

Calculation of 𝜇 factors, with t= 0.1 s:

Irm1 =
Srm1√

3 ⋅ Urm1

= 0.221 kA

Irm2 =
Srm2√

3 ⋅ Urm2

= 0.035 kA

I′′km1

Irm1
= 2.92 kA

0.221 kA
= 11.2TM 𝜇 = 0.64

I′′km2

Irm2
= 0.492 kA

0.035 kA
= 12.1TM 𝜇 = 0.634

Calculation of q factors:
Motor power

Pole pair number
= 2.3 MVA

2
= 1.15TM q = 0.587

Motor power
Pole pair number

= 0.36 MVA
1

= 0.36TM q = 0.447
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Cut-off current of motors:
Iam1 = 𝜇 ⋅ q ⋅ I′′km1 = 0.64 ⋅ 0.587 ⋅ 2.92 kA = 1.0997 kA
Iam2 = 𝜇 ⋅ q ⋅ I′′km2 = 0.634 ⋅ 0.447 ⋅ 0.492 kA = 0.139 kA∑

Ia = 16.4 kA

18.14 Example 14: Proof of the Stability of Low-Voltage
Systems

For the selection and project management of electrical systems, it is necessary
to check the short-current strength of the operational equipment against the
mechanical and thermal stresses resulting from short circuits. This assumes the
knowledge required for calculating short-circuit currents. In this section, the
short-circuit currents are calculated and the operational equipment is dimen-
sioned. After calculating the required short-circuit currents, it must be assessed
whether the protection during indirect contact and stability against short circuits
is ensured.

Tables 18.2–18.5 summarize the calculated short-circuit currents for Example
1 of this chapter.

Determination of the peak short-circuit current:
𝜅 = 1.02 + 0.98 ⋅ e−3(R∕X)

𝜅 = 1.02 + 0.98 ⋅ e−3(15.35∕21.8) = 1.138
ip = 𝜅 ⋅

√
2 ⋅ I′′k3 = 1.138 ⋅

√
2 ⋅ 9.14 kA = 14.7 kA

Determination of the thermal equivalent short-circuit current:

Ithm = I′′k ⋅
√

m + n
For far-from-generator short circuits we set n= 1.

m = 1
2 ⋅ f ⋅ tk ⋅ ln(𝜅 − 1)

[e4⋅f ⋅tk⋅ln(𝜅−1) − 1]

m = 1
2 ⋅ 50 Hz ⋅ 0.9 s ⋅ ln(1.138 − 1)

[e4⋅50 Hz⋅1 s⋅ln(1.138−1) − 1] = 0.005

Table 18.2 Summary of results for I′′k1min at subdistributor.

Operational
equipment

R (m𝛀,
180 mm2)

RPE (m𝛀,
70 mm2)

X (m𝛀) XPE (m𝛀)

Primary network — — — —

Transformer 3.5 13

Cable 15.68 26.88 6.8 6.8

Total resistance= 46.06 mΩ Total reactance= 26.6 mΩ

Short-circuit impedance is 53.18 mΩ.
Short-circuit current I′′k1min = 4.18 kA.
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Table 18.3 Summary of results for I′′k1min at load.

Operational
equipment

R (m𝛀,
180 mm2)

RPE (m𝛀,
70 mm2)

X (m𝛀) XPE (m𝛀)

Primary network — — — —

Transformer 3.5 13

Cable 15.68 26.88 6.8 6.8

Conductor 221.4 221.4 2 2

Sum of resistances 239.78 248.28 23.8 8.8

Total resistance= 488.86 mΩ Total reactance= 30.6 mΩ

Short-circuit impedance is 489.8 mΩ.
Short-circuit current I′′k1min = 448 A.

Table 18.4 Summary of results for I′′k3min
at distributor.

Operational equipment R (m𝛀) X (m𝛀)

Primary network —

Transformer 3.5 13

Cable 18.65 6.8

Total 16.15 19.8

Short-circuit impedance is 25.55 mΩ.
Short-circuit current I′′k3 = 9.14 kA.

Table 18.5 Summary of results for I′′k3min
at load.

Operational equipment R (m𝛀) X (m𝛀)

Primary network —

Transformer 3.5 13

Cable 18.65 6.8

Total 178.6 2

Short-circuit impedance is 204.25 mΩ.
Short-circuit current I′′k3 = 1.068 kA.
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Table 18.6 Checking the short-circuit strength.

400-V side Short-circuit
current calculation

Required short-circuit
current strength

I′′
k3

(kA) ip (kA) Ithm (kA) Isc (kA) Ima (kA) Ith (kA) Ithz (kA)

Main distribution 17.15 33.95 20 40 21.08
Subdistribution 8.58 13.8 18.5 20 8.6 17.17
Load 1 6 6

so that the thermal equivalent short-circuit current is then

Ithm = 9.14 kA ⋅
√

0.005 + 1 = 9.16 kA

Thermal short-circuit strength of subdistributor:

Ithz = 12.5 kA ⋅

√
s

0.9 s
= 17.17 kA

Thermal short-circuit strength of main distributor:

Ithz = 20 kA ⋅

√
s

0.9 s
= 21.8 kA

for tth = 1 s and tk = 0.9 s.
The stability of the main and subdistributors against short circuits is ensured

by means of the stress parameters (Table 18.6),

18.15 Example 15: Proof of the Stability of
Medium-Voltage and High-Voltage Systems

The basic network design is shown in a single-phase representation with fault
locations and with a 110-kV network input, supply lines, transformers, and bus-
bars (Figure 18.17). Figure 18.18 illustrates the single-phase equivalent circuit,
consisting of resistances and reactances, required for the calculation.

The short-circuit impedance of the network relative to the 110-kV side is

ZQ =
c(UnQ)2

S′′
kQ

= 1.1 ⋅ (110 kV)2

5000 MVA
= 2.662Ω

XQ = ZQ = 2.662Ω

The impedance is converted using the square of the transformation ratio t2
max

to give the value relative to the 20-kV side:

ZQt = 2.662Ω ⋅
1

t2
max

= 72.1 mΩ

XQt = 72.1 mΩ

Checking for far-from-generator short circuits:
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Network
input Q

F1
F2 F3

20 kV

T2

T1

110 kV

Overhead line
Al/St 537/53 mm2

31.5/40 MVA
YNyn0(d)
12.6
110/21 kV

31.5/40 MVA
YNyn0(d)
12.6
110/21 kV

Three parallel cable

Three parallel cable

Shortcircuit
power
5 GVA

Al/St 537/53 mm2

Overhead line

l = 30 m

N2XS(F)2Y
3 × 1 × 300RM/25, 12/20 kV

l = 30 m

N2XS(F)2Y
3 × 1 × 300RM/25, 12/20 kV

Figure 18.17 Network design – single-phase representation with network input and
transformers.

c · UnQY

RQ

RF1

RK1 XK1

RK2 XK2

RK3 XK3

RK4 XK4

RK5 XK5

RK5 XK5

XF1 RT1 XT1

RF2 XF2 RT2 XT2

XQ

Figure 18.18 Operational equipment with equivalent circuit.

In accordance with IEC 60909:

XTSV ≥ 2XQt = 1.265Ω ≥ 2 ⋅ 71.74 mΩ

The requirement is therefore satisfied.
Calculation of positive-sequence short-circuit impedances for the transformer:
The following data can be taken from the nameplate of the transformer:
11 000 V± 16% in 13 steps (27 settings), 21, 31.5/110 kV.
Maximum setting (step 1):

Zk = 68.8Ω, ITpV = 124.5∕181 A, UTpV = 127.6 kV
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Middle setting (step 14 m):

Zk = 46.7Ω, ITpV = 165.3∕209.9 A, UTpV = 110 kV

Minimum setting (step 27):

Zk = 30.7Ω, ITpV = 196.8∕249.9 A, UTpV = 92.4 kV

Here, it is necessary to clarify whether, in accordance with IEC 60909, the calcu-
lation can be performed only with the middle position. The following relationship
holds true:

UTpV = UnTpV(1 ± pT)

pT is obtained from the relationship:

pT = 0.16 > 0.05

The step incrementation must be chosen so that the largest short-circuit cur-
rent occurs. The transformation ratio is

tmax =
UTpV

UTSV
= 127.6 kV

21 kV
= 6.08

The transformer resistance is found from

RT =
PkrT

3IrTpV
= 136 kW

3 ⋅ (209.9 A)2 = 1.03Ω

The impedances are converted to the values relative to the 20-kV side:

ZT = XT = 46.7Ω ⋅
1

t2
max

= 1.265Ω

RT = 1.03Ω ⋅
1

t2
max

= 27.84 mΩ

Calculation of cable impedances:
The following cable data [8] are given: N2XS(F)2Y 1× 300 Rm/25, 18/20 kV:
From the resistance per unit length of the cable, we can calculate the resistance

of the cable:
R′ = 0.0601Ω∕km ⋅ 30 m ⋅ km

1000 m
= 1.8 mΩ and with the inductance per unit

length of the cable L′ = 0.347 mH∕km, we can calculate the inductance of the
cable:

X′ = 2𝜋 ⋅ 50 Hz ⋅ 0.347 mH∕km = 109 mΩ∕km 30 m = 3.27 mΩ

Overland lines:
The overland lines are of type Al/St 537/53 mm2. Due to the large cross-section,

the resistances expected can be neglected.
Calculation of short-circuit currents for different fault locations:
For the dimensioning of the operational equipment, the short-circuit currents

are calculated according to Figure 18.19. First, a three-pole short circuit with sim-
ple input through parallel current paths is calculated.
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I″k3

c · Un

3√

RQ XQ Figure 18.19 Equivalent circuit in the
positive-sequence system at fault location
F1.

The data for the resistance values in the short-circuit current path are

ZQ = 2.662Ω
XQ = 2.662Ω
RQ = 0

The calculation of the initial symmetrical short-circuit current results from

I′′k =
c(UnQ)√

3Zk

= 1.1 ⋅ 110 kV√
3 ⋅ 2.662Ω

= 26.24 kA

I′′k = Ik = Ia = 26.24 kA
Rk

Xk
=

RQ

XQ
= 0

2.662
= 0

𝜅 is obtained from the relationship:

𝜅 = 1.02 + 0.98e0 = 2

We can then determine the peak short-circuit current with

ip = 2 ⋅
√

2 ⋅ 26.24 kA = 74.23 kA

Three-pole short circuit on transformer busbar:
The three-pole short circuit on the transformer busbar (Figure 18.20) is made

up of the transferred short-circuit currents, which can be calculated as in the
following.

The data for the operational equipment in the short-circuit current path are
(the same values are used for transformers and cables)

RT1

RT2 RK2/3 RK1/3 XK1/3XK2/3

RQt

XT1

XT2

XQt

c · Un

3√
I″k3

Figure 18.20 Equivalent circuit in the positive-sequence system at fault location F2.
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Network feed-in transformer cable

ZQ = 2.662Ω ZT = 1265 mΩ XK = 1.09 mΩ
XQ = 2.662Ω XT = 1265 mΩ RK = 0.601 mΩ
RQ = 0 RT = 27.87 mΩ

Branch 1:
Rk

Xk
= 27.87 mΩ

1265 mΩ
= 0.02203

Rk = 0.02203 ⋅ Xk < 0.3Xk1

Here, we can neglect Rk.
Branch 2:

Rk

Xk
= 27.87 mΩ + 0.601 mΩ + 0.601 mΩ

1265 mΩ + 1.09 mΩ + 1.09 mΩ
= 0.02294

Rk = 0.02294 ⋅ Xk < 0.3Xk

Here again, we can neglect Rkk. For the calculation of the initial symmetrical
short-circuit current, we use the reactances.

Short-circuit reactance:

Xk = XQt +
XT1

(
XT2 +

Xk1

2
+

Xk2

3

)

XT1 +
(

XT2 +
Xk1

3
+

Xk2

3

)

Xk = 72.1 mΩ + 0 1265 mΩ ⋅ (1265 mΩ + 1.09 mΩ + 1.09 mΩ)
1265 mΩ + (1265 mΩ + 1.09 mΩ + 1.09 mΩ)

= 705.1 mΩ

The initial symmetrical short-circuit current is then:

I′′k =
c ⋅ UnTSV√

3Zk

= 1.1 ⋅ 20 kV√
3 ⋅ 705.1 mΩ

= 18.014 kA

I′′k = Ik = Ia = 18.014 kA

The fictitious magnitude of the initial symmetrical short-circuit current is

S′′
k =

√
3 ⋅ 20 kA ⋅ 18.014 kA = 624 MVA

Calculation of the transferred short-circuit currents:

I′′k-branch2

I′′k-branch1
=

XT

XT + Xk∕3 + Xk∕3
=

XT

XT + 2∕3 ⋅ Xk
= 1

1 + 2∕3 ⋅
XK

XT

I′′k-branch2 = I′′k-branch1 ⋅
1

1 + 2∕3 ⋅
XK

XT
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The initial symmetrical short-circuit current results from the parallel current
branches as follows:

I′′k = I′′k-branch1 + I′′k-branch2 + · · · + I′′k-branchn

The same conditions, therefore, apply for the peak short-circuit, cut-off, and
steady-state short-circuit currents. We can then determine the transferred
short-circuit current for the first branch by rewriting the equations:

I′′k-branch1 = I′′k ⋅

⎡⎢⎢⎢⎢⎢⎢⎣

1

1 + 1

1 + 2
3
⋅

XK

XT

⎤⎥⎥⎥⎥⎥⎥⎦

I′′k-branch1 = 18.014 kA ⋅

⎡⎢⎢⎢⎢⎢⎣

1

1 + 1

1 + 2
3
⋅

1.09 mΩ
1265 mΩ

⎤⎥⎥⎥⎥⎥⎦

= 9.0095 kA

For branch 2:

I′′k-branch2 = I′′k − I′′k-branch1 = 18.014 kA − 9.015 kA = 8.999 kA

Determination of the peak short-circuit current for branch 1:

𝜅1 = 1.02 + 0.98 ⋅ e−3(R∕X) = 1.02 + 0.98 ⋅ e−3⋅0.02203 = 1.937
ip-branch1 = 1.937 ⋅

√
2 ⋅ I′′k-branch1 = 1.937 ⋅

√
2 ⋅ 9.015 kA = 24.7 kA

Determination of the peak short-circuit current for branch 2:

𝜅2 = 1.02 + 0.98 ⋅ e−3(R∕X) = 1.02 + 0.98 ⋅ e−3⋅0.02294 = 1.935
ip-branch1 = 1.935 ⋅

√
2 ⋅ I′′k-branch1 = 1.937 ⋅

√
2 ⋅ 8.999 kA = 24.6 kA

The total peak short-circuit current is the sum of the currents in branches 1
and 2:

ip = ip-branch1 + ip-branch2 = 49.32 kA

Here, it must be noted that the transferred short-circuit current per cable
branch is only one-third of the calculated current.
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RF2 RT2 RK2/3 XK2/3XT2

RQt

XF2

XQt

c · Un

3√
I″k3

RF1 RT1 RK1/3 XK1/3XT1XF1

Figure 18.21 Equivalent circuit in the positive-sequence system at fault location F3.

Three-pole short circuit on the 20-kV busbar (Figure 18.21):
Only the reactances are used here.

Xk = XQt +

(
XT1 +

Xk1

3

)(
XT2 +

Xk2

3

)

XT1 +
Xk1

3
+ XT2 +

Xk2

3

Xk = 72.1 mΩ + (1265 mΩ + 1.09mΩ) ⋅ (1265 mΩ + 1.09 mΩ)
(1265 mΩ + 1.09 mΩ) + (1265 mΩ + 1.09 mΩ)

= 705.1 mΩ

I′′k =
c ⋅ ULVT√

3Zk

= 1.1 ⋅ 20 kV√
3 ⋅ 705.1 mΩ

= 18.014 kA

I′′k = Ik = Ia = 18.014 kA
The fictitious magnitude of the initial symmetrical short-circuit current is

S′′
k =

√
3 ⋅ 20 kA ⋅ 18.014 kA = 624 MVA

For the peak short-circuit current:
Rk

Xk
= 14.24 mΩ

705.1 mΩ
= 0.02019

𝜅 = 1.02 + 0.98e−3⋅0.02019 = 1.94
Ip = 1.94 ⋅

√
2 ⋅ 18.04 kA = 49.5 kA

Stability of operational equipment against short circuits:
For the short-circuit strength of operational equipment, we must calculate the

dynamic (ip) and the thermal (Ith) stresses.
For far-from-generator short circuits:

I′′k

Ik
= 1 and therefore n = 1

In accordance with IEC 60909, we obtain for the thermal effect of the direct
current (d.c.) aperiodic component m:

m = 1
2f Tk ln(𝜅 − 1)

[e4f Tk ln(𝜅−1) − 1]
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For fault location F3, we calculate m with Tk = 1 s:

m = 1
2 ⋅ 50 Hz ⋅ 1 s ⋅ ln(1.94 − 1)

[e4⋅50 Hz⋅Tk⋅ln(1.94−1) − 1] = 0.162

This yields the thermal short-time current:

Ith = I′′k

√
m + 1 = 18 kA ⋅

√
0.162 + 1 = 19.4 kA

For fault location F1, we calculate m with Tk = 1 s:

Ith = I′′k

√
m + 1 = 27 kA ⋅

√
0.195 + 1 = 29.5 kA

Dimensioning of the operational equipment:
The calculations (Table 18.7) are summarized in this section in order to make

these available for dimensioning. For the dimensioning, the following operat-
ing conditions are assumed (Table 18.8). The standard value of the network fre-
quency is 50 Hz, and the rated short-circuit duration Tk is assumed to be 1 s.
The protection technology must be designed and set up in accordance with this.
The dimensioning of the circuit breaker is taken from IEC 282 (Table 18.9). The
rated short-circuit making current of the circuit breaker must be 2.5 times as
large as the effective value of the rated short-circuit breaking current. If the peak
short-circuit current is above 2.5 times this value, then the rated making current
must have at least the value of the peak short-circuit current.

Table 18.10 gives the rated currents of the load interrupter switches. The rated
steady-state current of the load interrupter switch is dimensioned according to
the steady-state operating current.

The dimensioning of the disconnect switch and the grounding switch follows
IEC 282 (Table 18.11).

Table 18.7 Current carrying capacities for the 110/20-kV level.

Rated
voltage,
Ur (kV)

Rated
steady-state
current, Ir (A)

Initial symmetrical
short-circuit
current, I′′k (kA)

Steady-state
short-circuit
current, Ik (kA)

Peak
short-circuit
current, ip (kA)

Thermal
short-time
current, Ith (kA)

123 420 27 27 75 30
24 2 200 18 18 50 20

Table 18.8 Rated voltages for the 110/20-kV level.

Highest voltage
for operational
equipment, Um (kV)

Rated short-duration
a.c. voltage, UrW (kV)

Rated lightning
impulse voltage,
UrB (kV)

24 50 95
123 230 550

a.c., alternating current.
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Table 18.9 Selection values and rated values for load interrupter
switches in accordance with IEC 282.

Rated
voltage (kV)

Rated short-circuit
breaking current (kA)

Rated operating current (A)

800 1250 1600 2000

123 12.5

20

25

40

x x

x

x

x

x

x

x

x

Table 18.10 Selection values and rated values for load
interrupter switches in accordance with IEC 282.

Rated steady-state
current (A)

Rated short-time
current (kA)

Rated peak
current (kA)

630 31.5 78.75

Table 18.11 Selection values and rated values for disconnect switches and grounding
switches in accordance with IEC 282.

Rated
voltage (kV)

Rated initial symmetrical
short-circuit current (kA)

Rated peak short-
circuit current (kA)

Rated steady-state current (A)

800 1250 1600 2000

123 12.5

20

25

40

32

50

63

100

x x

x

x

x

x

x

x

x

x

Dimensioning of the overvoltage surge arrester:
The dimensioning of the overvoltage surge arrester is accomplished with the

help of IEC 60099-5 (1996). The use of a silicon carbide surge arrester is preferred
in ground fault neutralizer grounded systems and is connected to the transformer
between the conductors and ground. The required quenching voltage and its
rated discharge current must be considered during dimensioning. With the load
rejection factor 𝛿L = 1.1, the quenching voltage is

UL ≥ 𝛿L𝛿
Um√

3
= 1.1 ⋅

√
3 ⋅

123 kV√
3

= 135.3 kV
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In accordance with IEC 60099-5 (1996), the quenching voltage of 138 kV is cho-
sen. A 10-kA arrester is recommended for the choice of arresters in accordance
with the rated discharge current for networks with >60 kV. The stability against
short circuits must be dimensioned, so that the short-circuit strength remains
ensured at currents higher than the expected initial symmetrical short-circuit
current.

Dimensioning of the current inverter:
The dimensioning of the current inverter follows from the short-circuit cur-

rent to be expected, in order to ensure that the transformer does not become
quickly saturated and the protection relays are no longer able to correctly sense
the short-circuit current. The standard values in accordance with IEC 44-1 are as
follows: 10, 15, 20, 30, 50, 75, and their decimal multiples or divisions. Here, the
standard value 30 is chosen.

Dimensioning of the voltage transformer:
The standard values are provided in IEC 44-2. The information applies to

inductive and capacitive transformers. The rated network voltage is the essential
parameter for dimensioning. For conductor–conductor voltage transformers,
110 kV and a conductor–ground voltage transformer 110 kV√

3
must be selected.

The rated voltage factors are obtained from IEC 44-2.
Dimensioning of the 20-kV switchgear:

1) Dimensioning of the supply line:
• For the dimensioning of the conductors, the three-pole short circuit is used

as the basis.
• For the loading of the shielding, the neutral point connection and the asym-

metrical short-circuit currents are of greatest importance. The maximum
short-circuit current is calculated as the double ground fault.

2) Dimensioning of the circuit breakers:
The electrical data for the circuit breakers from the manufacturers’ catalogs are

compared with the data measured (Table 18.12). At this point an example will

Table 18.12 Dimensioning of the circuit breakers.

Values from
data sheet (kA)

Measured
values (kA)

Rated short-duration power frequency withstand voltage 50 50
Rated lightning impulse withstand voltage 125 125
Rated short-circuit breaking voltage 25 18
Rated short-time current, 1 s 25 —
Thermal short-time current, 1 s — 18
Rated short-circuit making current 63 —
Rated short-time current 25 —
Rated current of busbar 2500 A 2200 A
Rated current of branches 2000 A —
Rated peak current — 50
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Table 18.13 Dimensioning the circuit breakers at different connection points on the
busbar.

Input
field (kA)

Coupling
field (kA)

Load
field (kA)

Rated short-duration power frequency withstand voltage 50 50 50

Rated lightning impulse withstand voltage 125 125 125

Rated short-circuit breaking voltage 16 20 20

Rated duration of short circuit 3 s 3 s 3 s

Rated short-circuit making current 40 50 40

Rated current 1250 A 2000 A 1250 A

Rated current of transformer is 1000 A.
Rated current of vacuum circuit breaker is 1250 A.

Figure 18.22 Dimensioning of the
circuit breakers ; (1) input field, (2)
load field, and (3) coupling field.

BB1

BB2

1

2

3

2

1

be given for the dimensioning of the circuit breakers (Table 18.13) at different
connection points to the busbar (Figure 18.22).

The dimensioning parameters are the:

• rated short-circuit breaking capacity,
• rated operating current, and
• short-circuit current determined by measurement.

18.16 Example 16: Calculation for Short-Circuit
Currents with Impedance Corrections

Given a 220-kV network with the data for the operational equipment as in
Figure 18.23.

Calculate the short-circuit currents and the impedance corrections.
Network:

ZQ =
c ⋅ U2

nQ

S′′
kQ

= 1.1 ⋅ (220 kV)2

8000 MVA
= 6.65Ω
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Network input
Shortcircuit power
8000 MVA

220 kV

250 MVA
21 kV

G
T

A

250 MVA
240 kV / 21 kV

Q

3~

Figure 18.23 Example 16: Calculation of short-circuit currents with impedance corrections.

Generator:

ZG =
x′′

d ⋅ U2
rG

100% ⋅ SrG
= 17 ⋅ (21 kV)2

250 MVA
= 0.30Ω

Correction factor:

KG,KW = c
1 + x′′

d ⋅ sin𝜑rG
= 1.1

1 + 0.17 ⋅ 0.63
= 0.994

Corrected generator impedance:

ZG,KW = KG,KW ⋅ ZG = 0.994 ⋅ 0.30Ω = 0.298Ω

Block transformer:

ZTHV =
ukr

100%
U2

rTHV

SrT

ZTHV = 15%
100%

(240 kV)2

250 MVA
= 34.56Ω

ZTLV =
ukr

100%
U2

rTLV

SrT

ZTLV = 15%
100%

(21 kV)2

250 MVA
= 0.26Ω

ZT,KW = c ⋅ ZTLV = 1.1 ⋅ 0.26Ω = 0.286Ω

Calculation of currents in Q:

I′′k = I′′kQ + I′′kKW

I′′kQ =
c ⋅ UnQ√

3 ⋅ ZQ

= 1.1 ⋅ 220 kV√
3 ⋅ 6.65Ω

= 21 kA

ZKW = KKW ⋅ (t2
r ⋅ ZG + ZTHV)

KKW =
( tf

tr

)2

⋅
c

1 + (x′′
d − xT) ⋅ sin𝜑rG

KKW =
(

220 kV
21 kV

)2( 21 kV
240 kV

)2

⋅
1.1

1 + (0.17 − 0.15) ⋅ 0.63
= 0.913
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ZKW = 0.913 ⋅

[(
240 kV
21 kV

)2

⋅ 0.30 + 34.56Ω

]
= 67.32Ω

I′′kKW = 1.1 ⋅ 220 kV√
3 ⋅ 67.32Ω

= 2.07 kA

I′′k = 21 kA + 2.07 kA = 23.07 kA

Calculation of currents in A:

I′′k = I′′kG + I′′kT

I′′kG =
c ⋅ UrG√
3 ⋅ ZG,KW

= 1.1 ⋅ 21 kV√
3 ⋅ 0.298Ω

= 44.75 kA

I′′kT =
c ⋅ UrG√

3 ⋅ (ZT,KW + 1
t2

f
⋅ ZQ

I′′kT = 1.1 ⋅ 21 kV
√

3 ⋅
(

0.286Ω +
(

21 kV
220 kV

)2
⋅ 6.65Ω

) = 38.48 kA

I′′k = 44.75 kA + 38.48 kA = 83.23 kA
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Standards

The following referenced documents are indispensable for the application of this
document. For dated references, only the edition cited applies. For undated refer-
ences, the latest edition of the referenced document (including any amendments)
applies.

IEEE C 37.04 Standard Rating Structure for AC
High-Voltage Circuit Breakers Rated on a
Symmetrical Current including Supplements.

IEEE C 37.010 Standard Application Guide for AC
High-Voltage Circuit Breakers Rated on a
Symmetrical Current.

IEEE C 37.013 Standard for AC High-Voltage Generator
Circuit Breakers Rated on a Symmetrical
Current Basis.

IEEE 399 Power System Analysis – The Brown Book.
IEEE 141 Electric Power Distribution for Industrial

Plants – The Red Book.
IEC 60027-7: 2010 Letter Symbols to be Used in Electrical

Technology – Part 7: Power Generation,
Transmission, and Distribution.

IEC 60038:2009 IEC Standard Voltages.
IEC 60050-131:2002 International Electrotechnical

Vocabulary – Part 131: Circuit Theory.
IEC 60050-131:2002/A1:2002 International Electrotechnical

Vocabulary – Part 131: Circuit Theory
(Amendment 1).

IEC 60050-151:2001 International Electrotechnical
Vocabulary – Part 151: Electric and Magnetic
Devices.

IEC 60050-195:1998 International Electrotechnical
Vocabulary – Part 195: Earthing and
Protection Against Electric Shock.

IEC 60050-195:1998/A1.2001 International Electrotechnical
Vocabulary – Part 195: Earthing and
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Protection Against Electric Shock
(Amendment 1).

IEC 60071-1:2006 Insulation Co-ordination – Part 1: Definitions,
Principles and Rules.

IEC 60071-1:2006/A.1:2010 Insulation Co-ordination – Part 1: Definitions,
Principles and Rules.

IEC 60865-1:2011 Short-Circuit Currents – Calculation of
Effects – Part 1: Definitions and Calculation
Methods.

IEC 60909-0:2016-12 Short-circuit currents in three-phase a.c.
systems – Part 0: Calculation of currents.

IEC TR 60909-1:2002-07 Short-circuit currents in three-phase a.c.
systems – Part 1: Factors for the calculation of
short-circuit currents according to IEC
60909-0.

IEC TR 60909-2:2008-11 Short-circuit currents in three-phase a.c.
systems – Part 2: Data of electrical equipment
for short-circuit current calculations.

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

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

IEC 62271-100:2008 High-Voltage Switchgear and
Controlgear – Part 100: Alternating-Current
Circuit-Breakers.

IEC 62428:2008 Electric Power Engineering – Modal
Components in Three-Phase AC
Systems – Quantities and Transformations.

IEC 60949:1988 Calculation of Thermally Permissible
Short-Circuit Currents, Taking into Account
Non-adiabatic Heating Effects.

IEC 60949:1988/A.1:2008 Calculation of Thermally Permissible
Short-Circuit Currents, Taking into Account
Non-adiabatic Heating Effects
(Amendment 1).

IEC 60986:2000 Short-Circuit Temperature Limits of Electrical
Cables with Rated Voltages from 6 kV
(Um = 7.2 kV) up to 30 kV (Um = 36 kV).

IEC 60986:2000/A.1:2008 Short-Circuit Temperature Limits of Electrical
Cables with Rated Voltages from 6 kV
(Um = 7.2 kV) up to 30 kV (Um = 36 kV)
(Amendment 1).
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IEC 62271-100 High-Voltage Switchgear and Controlgear,
Part 100: High-Voltage Alternating-Current
Circuit Breakers.

IEC 62271-200 High-Voltage Switchgear and Controlgear,
Part 200: AC Metal-Enclosed Switchgear and
Controlgear for Rated Voltages above 1 kV and
up to and including 52 kV.

IEC 62271-203 High-Voltage Switchgear and Controlgear,
Part 203: Gas-Insulated Metal-Enclosed
Switchgear for Rated Voltages above 52 kV.

IEC 60282-2 High-Voltage Fuses, Part 2: Expulsion Fuses.
IEC 60947-1 Low Voltage Switchgear and Controlgear, Part

1: General Rules.
IEC 60947-2 Low Voltage Switchgear and Controlgear, Part

2: Circuit Breakers.
IEC 61363-1 Electrical Installations of Ships and Mobile

and Fixed Offshore Units, Part 1: Procedures
for Calculating Short Circuit Currents in
Three-Phase AC.
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Explanations of Symbols

Supply

Supply with
a generator

Q

Power plant

Q

G
3~

Generator

Transformer

Transformer with
tap changing

Three winding
transformer

Current
transformer

Coil winding

Voltage
transformer

Motor

Cable

Disconnector

Load switch

Load break switches

Miniature circuit
breaker (MCB)

Fuse

Voltage source

Pi-equivalence diagram

Q

G
3~

G
3~

G
3~

3~
M

Star-triangle starter

Circuit breaker

Main circuit breaker, type E

Ground fault interrupter-residual
current device (GFI-RCD)

E

R X

~
c Un

3I k
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Double line

Cable

Impedance

Resistance and
reaktance

Capacity

~
Z

R X

Star point treatment

Overvoltage surge
protector

Diode

Thyristor
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Symbols and Indices

A, Initial value of DC aperiodic component
A, Cross-section of conductor
a, Center-to-center distance between conductors
a, a2, Rotational operators
b, Width of rectangular conductor
c, Voltage factor
C, Capacitance
CE, Ground capacitance
E, Internal voltage of voltage source; source voltage
EB, No-load voltage of battery
E′′, Subtransient voltage of synchronous machine
f , Frequency
h, Height of conductor
L′, Distributed inductance
Ia, Cut-off current
Ian, Starting current
IB, Operating current
IE, Grounding current
Ik, Steady-state short-circuit current
I′′k, Initial symmetrical short-circuit current
I′′k1, Single-pole short-circuit current
I′′k2, Two-pole short-circuit current
I′′k3, Three-pole short-circuit current
I′′k2E, Two-pole short circuit with contact to ground
I′′kEE, Double ground fault
Ima, Rated short-circuit making current
In, Nominal current of protective equipment
ip, Peak short-circuit current
Ir, Rated current
IrM, Magnetic setting current
ILR/IrM, Ratio of locked rotor current to rated current of motor
Isc, Rated short-circuit breaking current
Icm, Rated short-circuit making current
Icu, Rated ultimate short-circuit breaking

Short Circuits in Power Systems: A Practical Guide to IEC 60909-0, Second Edition. Ismail Kasikci.
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IrT, Rated current of transformer on higher-voltage or lower-voltage side
Ith, Rated short-time current
K , Correction factor
LB, Inductance of battery
LBBr, Total inductance of battery
LBL, Inductance of a battery conductor
LC, Inductance of capacitor
LCBr, Total inductance of capacitor
LCL, Inductance of a capacitor conductor
LCY, Inductance of coupling branch for capacitor
LDL, Inductance of conductor in converter arm
LM, Inductance of DC motor
LMBr, Total inductance of DC motor
LML, Inductance of a DC motor conductor
IrG, is the rated current of the asynchronous generator
Ith, Thermal equivalent short-circuit current
Ls, Inductance of saturated choke coil
LY, Inductance of coupling branch
m, Factor for the heat effect of the d.c. component
Mr, Rated load torque of motor
n, Factor for the heat effect of the a.c. component
p, Pole pair of asynchronous motor
p, Ratio Ik/Ip
P, Effective power
pG, Range of generator voltage regulation
pT, Range of transformer voltage adjustment
PkrT, Total winding losses of transformer at rated current
PrM, Rated effective power of motor
rT, Transformation ratio of transformer
Q, Idle power
q, Factor for the calculation of breaking current of asynchronous motors
r, Resistance, conductor radius, absolute, or relative value
R, Resistance
Rl, Resistance of conductor
R′, Resistance per unit length
RBL, Resistance of battery conductor
Rs, Resistance of saturated choke coil
RY, Resistance of coupling branch
RBY, Resistance of battery coupling branch
RC, Resistance of capacitor
RCBr, Total resistance of capacitor
RCL, Resistance of a capacitor conductor
RDL, Resistance of conductor in converter arm
RL, Resistance referred to the line
RM, Resistance of DC motor
RML, Resistance of DC motor conductor
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RMY, Resistance of DC motor coupling branch
RQt, Resistance referred to the low-voltage side of the transformer
RR, Resistance of choke coil
S, Apparent power, cross-section
SrG, Rated apparent power of the asynchronous generator
SrT, Rated apparent power of the transformer
S′′

k, Initial symmetrical short-circuit power
t, Time
Tk, Duration of short circuit
tp, Time until onset of peak short-circuit current
Um, Highest voltage for equipment, line-to-line (root mean square, RMS)
UNB, Nominal voltage of battery
UnQ, Nominal voltage of the network
Ur, Rated voltage, line-to-line (RMS)
UrG, Rated voltage of the asynchronous generator
UrM, Rated voltage of motor
uRr, Rated value for resistive voltage drop in %
ukr, Rated value for short-circuit voltage in %
UrT, Rated voltage of transformer on higher-voltage or lower-voltage side
Un, Nominal system voltage
UnHV, Nominal voltage on higher-voltage side
Zk, Short-circuit impedance of network
X, Reactance
x′′

d, Subtransient reactance of synchronous motor
XQt, Reactance referred to the low-voltage side of the transformer
XR, Reactance of choke coil
Z, Impedance
ZE, Grounding impedance
Z(1), Positive-sequence impedance
Z(2), Negative-sequence impedance
Z(0), Zero-sequence impedance
Z(G), Impedance of the asynchronous generator
ZM, Impedance of motor
ZQt, Short-circuit impedance referred to the low-voltage side of the transformer
ZT, Positive-sequence short-circuit impedances of two-winding transformers
XT, Inductive resistance of transformer
X′′

d, Subtransient reactance
X′

d, Transient reactance
Xd, Synchron reactance
X0, Zero reactance
𝜑, Phase angle
𝜀, Coefficient of grounding
𝜅, Factor for the calculation of the peak short-circuit current
𝜆, Factor for the calculation of steady-state short-circuit current
𝜇0, Absolute permeability in vacuum; 𝜇0 = 4𝜋⋅10–4 H/km
𝜂, Efficiency of AC motor
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𝜇, Factor for the calculation of the symmetrical short-circuit breaking current
𝜇WA, Factor for the calculation of the symmetrical short-circuit breaking current

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

of a wind power station unit with doubly fed asynchronous generator
𝜌, Specific resistance
𝛿, Decay coefficient, ground fault factor
𝜓 , Angular velocity
01, Positive-sequence neutral reference
02, Negative-sequence neutral reference
00, Zero-sequence neutral reference.

Indices

a, Cut off
A, B, C, Description of position, e.g., busbar
B, Battery
Br, Battery branch
a.c., AC current
AMZ, Maximum current-dependent time relay
ASM, Asynchronous machine
C, Capacitor
D, Converter
d.c., DC current
E, Ground
F, Short-circuit position
G, Generator
HV, High voltage
i, Internal
K, Cable
k, Short circuit
k1, Single-pole short-circuit current
k2, Two-pole short-circuit current
k2E, Two-pole short-circuit with contact to ground
k3, Three-pole short-circuit current
kEE, Double ground fault
l, Length
L, Conductor
L1, L2, L3, Life (Line) conductor
LV, Low voltage
M, Motor
max, Maximum
min, Minimum
MV, Medium voltage
n, Nominal value
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N, Neutral conductor, network
OPE, Overcurrent protective equipment
OV, Overvoltage
PE, Protective Earth (ground) conductor
pS, Limiting dynamic value
PV, Photovoltaic power station unit
Q, Network connection point
R, Short-circuit limiting reactor
s, Source current
S, Power station unit (generator and unit transformer with on-load tap changer)
SO, Power station unit (generator and unit transformer with constant transfor-

mation ratio or off-load taps)
r, Rated value
S, Smoothing choke
SP, Connection box to on-site power
T, Transformer
UMZ, Maximum current-independent time relay
WA, Wind power station unit with asynchronous generator
WD, Wind power station unit with doubly fed asynchronous generator
WF, Wind power station unit with full-size converter

Secondary Symbols, Upper Right, Left

′′, Subtransient value
′, Transient value
′, Resistance or reactance per unit length
*, Relative magnitude.

American Cable Assembly (AWG)

American cable assembly “American Wire Gauge (AWG)” is given for bigger cable
cross-sections.

AWG in mm2 conversion table:

1CM= 1 Circ. mil= 0.0005067 mm2

1MCM= 1000 Circ. mils= 0.5067 mm2.
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Index

a
admittance matrix 212–213
asymmetrical short circuits 152, 153
asynchronous generators (AG) 99–101
asynchronous machine 71, 101, 105

impedance 106
asynchronous motors

equivalent circuit 98
overview of 97
in plant engineering 97
short circuit currents 161–163

automatic disconnection
TN system 56
TT systems 57

b
batteries 147
Bending moment 180
breaking current 127
busbar configuration 183
busbar systems 45

c
cables and overhead lines 58

average geometrical distance between
conductors 86

calculation of 105
copper cables and conductors

resistances per unit length 93
resistance values at 20∘C 91
resistance values at 80∘C 90

double line 85
equivalent capacitive reactance 86
equivalent circuit 86

equivalent radius 86
4x conductor bundle line 86
inductive load reactance 85
length-specific values 85
mast diagram 86
NAYY and NYY cables, resistances

and inductive reactances 92
outgoing and return lines, impedance

for 93
permeability 86
positive-sequence system 85

inductive reactances per unit
length 92

resistances per unit length 91
PVC-insulated cables

impedance 87
resistance values 88–90

2x conductor bundle line 86
XLPE-insulated cables

effective capacitances of 95
ground fault currents of 96
inductances of 95
resistances of conductors 94
resistances per unit length 94

zero-sequence resistances 85
calculation tools 197
capacitors 98, 148
central earthing point (CEP) 47
choke coils 96–97
circuit breakers 112, 132, 186, 187
computer programs 151
controllable-power transformers 83
Cramer’s rule, application of 229–230
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current converters 146
current limiting 70
cut-off energy 131

d
DC aperiodic component 2, 3, 49
DC motors 149
DC systems 143
DC systems, short circuit currents

batteries 203–4
calculation procedure 200
capacitors 204–205
current converters 202
DC motors 205
equivalent circuit 201
IEC 61660–1, 199
largest short circuit current 199
resistances of line sections 201
smallest short circuit current 199
standardized approximation

functions 200
three-phase synchronous generator

199
typical paths 200

delta-star transformation 54
determinants 209–212
disconnectors 112
doubly fed asynchronous generator

(DFAG) 101

e
earth fault compensation 64–66
earth-fault relays 24
earthing systems 48
electrical system, short circuits 23
electromagnetic compatibility (EMC)

47
EN 50522 60, 125, 126
equivalent circuit diagrams 36
equivalent circuits, for power flow

calculations 227, 228
equivalent electrical circuit 2
equivalent voltage source 2, 7, 10–11

f
far-from-generator short circuits 5,

155, 157

fault current(s) 49–51, 56
calculation 31

fault current analysis
cable selection 26
distributors 26
equivalent voltage source 24
final circuits 26
high-fault current 24
IEC 60909-0 23
load flow condition 24
medium-voltage networks 24
multi-phase reclosure 24
network planning and management

processes 25
network’s generators 24
power calculations and system

planning 25
reverse feed 24
selectivity detection 26
short circuit currents and short

circuit impedances 27
three-phase system 25
transformer

medium-voltage switchgear 26
parallel network operation 26

fuses 112

g
Gauss–Seidel method 224
generators

correction factor 106
impedance correction factor KG for

127–129, 131
impedance of 105
transient reactance of 50

ground fault 1
ground fault tripping 132
ground loop impedance 30

h
HH fuses 131
high and low voltage motors

transformers, with different nominal
voltages 163–165

transformers, with two windings
163
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high voltage power systems
generation, transmission and

distribution 46
high-voltage substation 44
380 kV/110 kV substation 44
three-phase high-voltage systems 45
transmission line 45

high-voltage transformers,
characteristic values of 85

hybrid matrix 213, 214

i
IEC 60 909 51, 127, 152
IEC 60 909–4 85
IEC 60027 133
IEC 60364-1 47
IEC 60364-4-41 30
IEC 60364-7-710 47
IEC 60909 11, 12
IEC 60909-0 1, 23, 27, 109, 130

“dead” short circuit 29
effective voltage 30
medium voltage networks 30
neutral point design 30
short circuit calculation, range of

applicability 31
short-circuit current selection 31
single-phase equivalent voltage

source method 30
symmetrical and asymmetrical short

circuits 30
VDE 0102 29
VDE 0670 switchgear regulations 29

IEC 60947 187
IEC 61363-1 102
impedance(s) 54, 235–237

asynchronous machines 71
capacitors 72
network feed-ins 47
non-rotating loads 72
static converters 73
symmetrical components 142,

144–145
synchronous machines 49
transformers 51

impedance corrections 75, 193
generators 76, 128–129, 131

power station 77, 127, 129–130
transformers 79, 130–131

impedance matrix 213
induction motors 165
industrial load center network 39, 41
industrial system, short circuit current

243–244
in-phase voltage control 83
insulation, heat transfer 119
isolated network

advantages and disadvantages 64
equivalent circuit 63

IT system
circuitry of 53
exposed conductive parts, ground

resistance of 54
hospitals and production, applications

in 47
indirect contact, protection for 53
in industrial sector 53
overcurrent protective equipment

53
power source, grounding conditions

of 53
RCDs, use of 48

j
Jacobian method 223–224

l
linear equations 229
linear equations systems 208–209
linear load flow equations 218–219
load-break switches 112
load circuit 241–243
load interrupter switches 112
load nodes 216
load types and complex power

216–218
loop impedance 49
low-resistance grounded network

66–67
low voltage network

radial networks
disadvantages 39
individual load circuits 40
load distribution 40
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low voltage network (contd.)
meshed network 39, 41
with redundant inputs 39, 40

TN system 47, 48
transformers, equivalent resistances

and reactances 84
type of connection to earth 47

low voltage switchgear 186–187
low-voltage transformers 81, 82

m
magnet wheel 73
making current 127
mechanical short circuit strength

bending stress 170
busbar arrangement 171
busbars and parallel conductors, force

effects 169
circuit breakers 168
conductor elements 169
correction factor k12 170
disconnectors 168
effective spacings 169
fuses 168
laws of rigidity 170
load-break switches 168
load interrupter switches 168
moments of resistance and moments

of inertia 171
natural mechanical oscillating

frequency 171
operational equipment 168
parallel conductors 167

medium voltage network
configuration 43
industrial load center network 39,

41
with remote station 42
ring network 39, 42
short circuit current 42, 43
supporting structure 42
transformers, equivalent resistances

and reactances 84
medium voltage switchgear 185
mesh diagram 4
meshed network 19, 37–39, 41, 246
moments of inertia 171, 181

moments of resistance 171
motors

asynchronous motor
equivalent circuit 98
overview of 97
in plant engineering 97
short circuit currents 161–163

energy converters 97
high and low voltage motors

transformers, with different
nominal voltages 163–165

transformers, with two windings
163

impedance of 106
induction motors, short circuits 165
LV motor, calculation of 106

%/MVA method 14
MVA system calculation 19–22

n
near-to-generator short circuits 2, 5, 6,

155–157
NEC 250 47
negative-sequence short circuit

impedance 2
NEPLAN 22, 230, 231
network(s)

grounding compensation 43
isolated free neutral point 42
low impedance neutral point 44

network feed-in 71–73
network matrices 212–231

admittance matrix 212–213
current iteration 223–224
equivalent circuits for power flow

calculations 227–228
examples 228–231
Gauss–Seidel method 224
hybrid matrix 213–214
impedance matrix 213
linear load flow equations 218–219
Newton–Raphson, load flow

calculation by 219–223
Newton–Raphson method 224–226
node voltages and line currents

calculation 214–215
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node voltages calculation, at
predetermined node power 215

power flow analysis, in low voltage
power system 226–227

power flow calculation 215–218
network transformations 54–55
network types 21

low voltage 21
medium voltage 23

neutral conductor 30
neutral point, arrangement 45
neutral-point transformer (NPT)

branch with 121, 122
branch without 120, 121
compensated network 124–125
grounding systems 126–127
insulated network 125
maximal one-phase short circuit

currents 121–124
Y-Δ winding 120
Z-Z winding 119, 120

neutral point treatment 39
Newton method, application of 228,

229
Newton–Raphson, load flow calculation

by 219–223
Newton–Raphson method 224–226
node generator 216
nodes, types of 216
node voltages and line currents

calculation 214–215
node voltages calculation, at

predetermined node power
215

o
Ohm’s law 135
operational equipment 189
overcurrent protection 131
overcurrent protective devices

assessment of capacity 189
circuit breakers

characteristics of 190
overloading and short circuit

current protection 193
uses 197

control transformers 193

cut-off current 189
fuses applications, power systems

194, 197
high voltage – high power fuses 189
limit switch fuses, time-current

characteristics of 189
miniature circuit breakers 189
motor protection device, tripping

curves 196
overview of 190
principle of current limitation 190
protective functions and setting

possibilities 193
thermal relays, tripping curves 195
time-current characteristics

circuit breakers 196
HH fuses 193
limit switch fuses 191, 192
miniature circuit breakers 195

overcurrent protective equipment 34
overhead lines, see cables and overhead

lines 86
overloading 131
overload tripping 132

p
parallel circuit 54, 55
peak short circuit current 104,

153–155, 244–246
peak value 78
PE-insulated cables 181
PEN conductor 29
per unit analysis 12–13
phase-angle control transformers 85
positive-sequence short circuit

impedance 2
power flow analysis 207–231

determinants 209–212
linear equations systems 208–209
in low voltage power system

226–227
network matrices 212–231

power generator 143
power plant network, service panel

238
protective conductor (PE) 47, 48
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protective functions 132
protective ground conductor 30
p.u. system 14–19

q
quadrature-control transformers 85

r
radial networks 18, 36, 153, 233–235

disadvantages 39
individual load circuits 40
load distribution 40
meshed network 39, 41
with redundant inputs 39, 40

reactive power, calculation of 228
reference variables 10

calculation with 12
residual current devices (RCDs) 34,

48, 53, 57
ring networks 18, 35, 39, 42

s
salient-phase generator 73
series circuit 54, 55
series-regulating transformers 83
short circuit 1, 19

asynchronous motors 105
calculation 7, 127
far-from-generator 5
impedance 2
low voltage switchgear 128
mechanical 111
near-to-generator 2, 3, 6
negative-sequence impedance 2
positive-sequence impedance 2
positive-sequence system 4
single-pole 6, 7, 94
symmetrical breaking current 99
thermal 111, 112
three-phase networks 6
three-pole 4, 6, 7, 91
two-pole 6, 7, 93
types 5
zero-sequence impedance 2

short-circuit calculation methods
7–22

equivalent voltage source 10–11

%/MVA method 14
MVA system calculation 19–22
per unit analysis 12–13
p.u. system 14–19
reference variables, calculation with

12
short-circuit current characteristics

14
superposition method 7–10
switching process calculation 14–15
transient calculation 11

short circuit current(s) 1
asymmetrical short circuits 152, 153
calculation 21, 151, 153
capacitors 98
choke coils 96–97
initial symmetrical 1, 3
limitation 120
nonrotating loads 98
peak 2, 3, 97
peak short circuit current 153–154
power grid 104
self-quenching 42
ship and offshore installations

102–104
single-phase short circuit

equivalent circuit 151
positive, negative and

zero-sequence systems
151–152

static converters 98
steady state 2, 102
steady state short circuit current

157–159
symmetrical breaking current 2,

155–157
three-phase short circuit

equivalent circuit 148
fault conditions 147–148
requirements 147

time behavior of 2–3
two-phase short circuit

with earth contact 148–149
without earth contact 149–150

short circuit current calculation
connection of a motor 240–241
factory, supply to 249–250
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impedance corrections 250–253,
269–271

industrial system 243–244
load circuit calculation 241–243
low voltage systems, proof of stability

257–259
medium and high voltage systems

current inverter, dimensioning
268

different fault locations 261–262
network design – single-phase

representation 260
operational equipment,

dimensioning 266–267
operational equipment, equivalent

circuit 260
overvoltage surge arrester,

dimensioning 267
peak short circuit current 264
positive-sequence short circuit

impedances for transformer
260

three-pole short circuit, 20 kV bus
bar 265

three-pole short circuit on
transformer bus bar 262–263

transferred short circuit currents
263

voltage transformer, dimensioning
268

vs. operational equipment stability
265

meshed network 246–249
motors in parallel and contributions

255–257
power plant network, on-site

connection box 237–238
protective measures proof 235–237
radial network 233–235
three-pole short circuit current and

peak short circuit current 244
transformer connection, external

network and generator 253
transformers in parallel 238

short-circuit impedance 2
short-circuit path, positive-sequence

system 3–5
short circuit strength

choice of switchgear 185
low voltage switchgear 186–187
medium voltage switchgear 185

short-circuit types, classification of
5–7

short-time current 127
short-time delay release 132
single-phase short circuit

equivalent circuit 151
positive, negative and zero-sequence

systems 151–152
single-phase short circuit current 51,

77
symmetrical components 140–142
TN system 47

single-phase short circuits between
phase and N 6

single-phase short circuits between
phase and PE 6

single source 17
slack node 216, 217
squirrel-cage motors 161
star-delta transformation 55
static converters 98
steady-state condition 9
steady state short circuit current

157–159
step voltages 40
superposition method 2, 7–10
supply networks 17

calculation 34
calculation variables 34–35
concept finding 33
dimensioning 34
high-voltage levels 33
lines supplied from a single source

35
low-voltage levels 33
medium-voltage systems 33
meshed network 37–38
modern dimensioning tools 33
power plants and electricity consumer

33
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supply networks (contd.)
radial network 36
ring network 35

surge arrester 191
switching process calculation 14–15
symmetrical breaking current

155–157
symmetrical components 81, 82

impedances 85
synchronous generators (SG) 99–101
synchronous machine 49, 99

generator 73, 74
inner-and outer-phase machines 73
nonstationary operation 74
positive sequence, equivalent circuit

and phasor diagram 74, 75
reactances 74–79
salient-phase generator 73
stationary operation 74
turbo generator 73

systems
IT 35
TN 29
TT 34

t
Terra–Terra (TT) systems

automatic disconnection 57
circuitry of 52
exposed conductive parts, ground

resistance of 52
overcurrent protective equipment

52
RCDs, use of 48
in rural supply areas 47

thermal short circuit strength 181
current limitation 176
Cu screening 182
electrical operational equipment

173
high and medium voltage networks

176
IEC 76–1 173
initial symmetrical short circuit

current 173
line-protection circuit breakers,

house installations 176

low voltage systems 176
m and n factors 173
mechanical short-circuit strength

178–183
paper-insulated cables

1–10 kV 177
12/20 kV 178
18/30 kV 179

PVC-insulated cables at 1–10 kV
180

rated short time current density
174, 175

transformer, feeder of 176
three-phase networks 39

short-circuit types in 6–7
three-phase networks, neutral point

treatment
earth fault compensation 64–66
grounding systems 61
isolated network 63–64
line interruptions 59
low-resistance grounded network

66–68
neutral grounding 69
neutral point arrangement

application of 66
high-voltage networks 66

surface potential profile 60
touch voltage 59, 60
transformers 60
transverse faults 59

three-phase power systems
standardized method 23
superposition method 23

three-phase short circuit(s) 6, 74
current 77
equivalent circuit 148
fault conditions 147–148
requirements 147

three-phase synchronous generator
143

three-phase system
delta and star connection, neutral

point 133, 134
symmetrical components

asymmetrical faults, calculation of
136
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impedances 142–145
line-line voltages 134
line-neutral voltages 134
one-phase short circuit 140–142
phase and line currents 135
phase voltages 133
positive-, negative-and

zero-sequence systems
137–140

rotational operators 136
superposition, principle of 142

three-phase Delta, star source and
loads 145

three-pole short circuit current,
244–246

TN system
automatic disconnection 56
circuitry of 49
fault current, calculation of 49–51
fault protection, requirements on 49
in industrial sector 48
loop impedance 49
low voltage networks 47, 48
overcurrent protective equipment

49
PEN conductor 48
protective ground conductor 48
single-phase short-circuit current

47
TN-C-S system, circuitry of 48

touch voltage 39
transformation ratio 57
transformers

correction factor, calculation of 105
correction factor KT for 130, 131
equivalent circuit 80, 82
equivalent resistances and reactances

81, 82, 84
external network and a generator

253–255
high and low voltage motors

163–164
impedance calculation 104
neutral point treatment 60
overview of 80
in parallel 238–239

positive-sequence impedance
81, 83

short-circuit voltage 80–81
with three windings 81, 82
voltage regulation 83, 85

transient calculation 11
transient method 10
turbo generator 73
two-phase short circuit(s) 6–7

with earth contact 148–149
with ground 6
without earth contact 149–150

u
undelayed release 132

v
voltage factor 2, 8
voltage-regulating transformers 57, 83,

85

w
watt-metric relays 24
wind farm

data 107–111
grounding arrangement 108
negative-sequence impedance 108
positive-sequence impedance 108
power transformer 108
three-legged core transformers 109
transformers, correction factor for

109
wind energy plant

backup protection 116–117
data 110–111
generator 110
maximal three-phase short circuit

111, 115
minimal one-phase short circuit

111, 112, 115–116
NPT, see neutral-point transformer

(NPT) 119
partial network, one-phase short

circuit 113
thermal stress of cables 118–119

wind power with full converter 106
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Y-Y transformer, equivalent circuit
109

wind turbines
asynchronous generator 99, 100
DFAG 101
full converter 101
high-voltage power network 99

synchronous generators 99, 100
wind farm, see wind farm 99

wound rotor motors 161

z
zero-sequence short circuit impedance

2
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