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1. Introduction

1.1. Nature and causes of faults

The power system items are designed to perform continuously a required function,
except when undergo preventive maintenance or other planned actions, or due to lack
of external resources. However, inability to perform this function appears due to
faults, which are of random character. Faults can occur at any time and at any location
of power system items. This is so since all fault causes are random in nature [BS].

In a power system consisting of generators, switchgear, transformers transmission
and distribution circuits sooner or later in such a large network some failure will
occur somewhere in the system.

A fault implies any abnormal condition which causes a reduction in the basic
insulation strength between:

e phase conductors or
e phase conductors and earth, or any earthed screens surrounding the conductors.

Such reduction of the insulation is not considered as a fault until it produces some
effect on the system, i.e. until it results either in an excess current or in the reduction
of the impedance between conductors and earth to a value below that of the lowest
load impedance to the circuit.

There are varies faults causes. Break-down of the insulation can be caused by
lightning strokes on overhead lines. As a result, the connection with earth via an earth
wire is established. Also such earth connection occurs when a tree or a man-made
object is providing the connecting path. Main causes of failures:

e Dbreakdown at normal voltage on account of:

— deterioration of insulation,

— damage due to unpredictable causes such as the perching of birds, accidental

short circuiting by snakes, kite strings, tree branches, etc.

e Dbreakdown at abnormal voltages (when insulation is healthy to withstand normal
voltage; note that usually a high insulation level of the order of 3 to 5 times the
nominal value of the voltage is provided) on account of:

— switching surges,

— surges caused by lightning (lightning produces a very high voltage surge in



the power system of the order of millions of volts, travelling with the velocity
of light (¢=299 792 458 m/s), and thus it is feasible to provide an insulation
which can withstand this abnormality).

Some faults are also caused by switching mistakes of the station personnel.

1.2. Consequences of faults

Fire is a serious result of a major un-cleared faults, may destroy the equipment of
its origin, but also may spread in the system causing total failure.

The short circuit (the most common type of fault) may have any of the following
consequences:

e a great reduction of the line voltage over a major part of the power system, leading
to the breakdown of the electrical supply to the consumer and may produce
wastage in production,

e an electrical arc — often accompanying a short circuit may damage the other
apparatus in the system,

e damage to the other apparatus in the system due to overheating and mechanical
forces,

e disturbances to the stability of the electrical system and this may even lead to a
complete blackout of a given power system,

e considerable reduction of voltage on healthy feeders connected to the system
having fault, which can cause abnormal currents drawn by motors or the motors
will be stopped (causing loss of industrial production) and then will have to be
restarted.

1.3. Fault statistics for different items of equipment
in a power system

In fault analysis it is very important how faults are distributed in the various
sections of a power system. There are many statistics on that which are available in
the literature and internet as well. However, typically, the distribution is as follows:

e overhead lines: 50% (thus these faults account for a half of the total number of
faults or even more in the other statistics),

cables: 10%,

switchgear: 15%,

transformers: 12%,

current and voltage transformers (CTs and VT)s: 2%,

control equipment: 3%,



e miscellaneous: 8%.

The probability of the failure or occurrence of abnormal condition is more on
overhead power lines. This is so due to their:
e greater length,
e exposure to the atmosphere.

Most of power system faults occur on transmission networks, especially on
overhead lines. Lines are those elements in the system in charge of transporting
important bulks of energy from generator plants to load centres. Due to their inherent
characteristic of being exposed to atmospheric conditions, transmission lines have the
highest fault rate in the system.

There are known varies fault statistics, which are related to different voltage levels,
technical and weather conditions. All of them unambiguously indicate that more than
75% of total number of power system faults occur on transmission networks. This fact
reveals very high importance of fault analysis for transmission networks.

Typical statistics concerning faults occurring on overhead lines are shown in
Table 1.1 and 1.2 [B8].

Table 1.1. Statistics of faults on overhead lines at different voltage levels (fault/year/100 km)

AREA (RESOURCE) VOLTGE: VOLTGE:
200-250 kV 300 kV< V<500 kV

Poland 3-5 1-3
CIGRE 0.4-10.4 0.4-4.68
IEEE 1.24 0.83
NORDEL 1.0 0.3
(Denmark, Finland, Norway, Sweden)
Former Soviet Union 1.5 1

Table 1. 2. Statistics of faults on overhead lines at different voltage levels (fault/year/100 km)

VOLTAGE: VOLTAGE:
FAULTTYPE 200-250 kV 300 kV < V<500 kV
Phase-to-earth 2.64 2.2
Phase-to-phase-to-earth 0.56 0.16
Faults involving more than one circuit 0.11 0.06
Faults between systems of different voltages 0.005 0.004

In turn, in medium voltage distribution networks 70% of all faults are the earth
faults. In one year per 100 km of the distribution line one can expect even up to
several tens of the earth faults [B11].
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1.4. Fault types

Faults on overhead transmission and distribution lines are the most frequent (see
Section 1.3 — Fault statistics for different items of equipment in a power system).
Therefore the considerations are limited here basically to such faults.

For the other power system components only the basic faults are illustrated in
Figs. 1.1 and 1.2 [B19]. Namely, in Fig. 1.1 the faults in stators of the rotating
machines (synchronous generators, electric motors, synchronous compensators) are
shown. In turn, the types of faults in power transformers are presented in Fig. 1.2.

Note: Synchronous compensator (also called as synchronous condenser) is a
specialized synchronous motor whose shaft is not attached to anything, but revolves
freely. It does not produce mechanical power, as other motors do, but adjusts electrical
conditions on the local electric power distribution grid (to support the grid's voltage or
to maintain the grid's power factor at a specified level).

a) a b) a c) a
b | b | b
C C C

Fig. 1.1. Types of faults in stators of rotating electrical machines: a) inter-phase fault, b) earth fault (with
the machine frame), c) inter-turn fault

a) A a b) A a
B b B b
C C C c
N N
©) d) A LYY,
B L~V YYD,
C i C
L N
L

Fig. 1.2. Types of faults in power transformers: a) fault between turns of particular phase, b) fault
between windings of two phases, c) fault between two windings, d) earth fault

Faults on overhead lines are in majority single-phase-to-ground arcing faults and
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are temporary in most cases. Therefore, protective relays are provided with the
automatic reclosing function [1, 18]. This function allows the line to be reclosed and
kept in operation after the fault has disappeared because the arc can self-extinguish.
The circuit breakers can operate on a single phase (single pole) or on all three phases.
For applying a proper autoreclosing option the fault type is required to be correctly
recognized by special techniques.

The main characteristic of faults on overhead lines is related to the fault impedance
involved, which can basically be considered as fault resistance. In this respect, the
faults are categorized as:

e solid (bolted) faults which involve negligible fault resistance and
e resistive faults.

Usually, for inter-phase faults, fault resistances are small and in general do not
exceed 0.5 Q. They may, however, become much higher during earth faults, because
tower footing resistance may be as high as 10 Q [20].

If there is a flashover of an insulator, the connection of towers with earth wires
makes the resulting fault resistance smaller. In practice, it seldom exceeds 3 Q. For
some earth faults the fault resistances may become much higher, which happens in
cases of fallen trees, or if a broken conductor lays on the high-resistive soil.

Mainly basic linear fault models, i.e. with linear fault resistances are taken into
account in various studies. However, there are also some cases with treating faults as
of non-linear character, i.e. considering the electric arc phenomenon [1, 2, 15]. Also,
this phenomenon is widely used in digital simulations [B3] aimed at evaluating
accuracy of the calculations performed with the linear fault models. Fault location on
power lines is such an example.

1.4.1. Linear models of faults

For majority of fault calculations mostly the basic linear models of faults [B8, B14],
such as presented in Fig. 1.3, are taken into account. Such basic fault models are
considered for both the symmetrical components approach (Chapter 3) and the phase co-
ordinates approach (Chapter 4) as well.

In the linear models presented in Fig. 1.1 a fault resistance involved is denoted by Ry
while a resistance connected to an earth in the case of inter-phase faults involving earth
(Fig. 1.3c, e) by Rg. Note that it is assumed here that the fault resistance Ry for inter-phase
faults (Fig. 1.3.b—e) is identical in all faulted phases.
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a) b | b)

Fig. 1.3. Typical shunt faults: a) phase-to-earth, b) phase-to-phase,
c) phase-to-phase-to-earth, d) three-phase, ¢) three-phase-to-earth

Broken conductor or open conductor failure in one phase (phase a) is shown in
Fig. 1.4a. However, such failure may also happen in two phases or even in three phases.
Broken conductor failure may also occur as coupled with this phase-to-earth fault
(Fig. 1.4b, c). For such combined faults, different sequences, as seen from the measuring
point (M in Fig. 1.4b, c) can be considered. For a fault from Fig. 1.4b, an open conductor
failure is located outside the fault loop seen from the measuring point, while inside it for
the case of Fig. 1.4c. Such two combined faults (Fig. 1.4b, ¢) impose different conditions
for example on fault location on overhead line.
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a) b
C
b) . a c) N
b b
——> ——>
C C
F F

Fig. 1.4. Broken conductor faults: a) broken conductor failure alone,
b) phase-to-earth fault with broken conductor, ¢) broken conductor with phase-to-earth fault

Sometimes more than one fault can occur simultaneously. For example, these may
all be shunt faults, as shown in Fig. 1.5, where phase-to-earth fault occurs in
combination with phase-to-phase fault for the remaining phases. In general, different
fault resistances (Rf;, Rr;) can be involved in these faults.

Fig. 1.5. Phase-to-earth fault combined with phase-to-phase fault

Double faults [B2] are considered as faults to earth, occurring simultaneously at
two different locations in one or several circuits. In Fig. 1.6a, such a fault, also called
a cross-country fault is shown as occurring on double-circuit line. Flashover faults on
double-circuit line (Fig. 1.6b) are usually caused by lightning stroke to an earth wire
or tower, or due to a direct lightning stroke to a phase conductor [B.2].
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SI Line II / RIT
a) _EFII
Line I ,
SI _fFI RI
SI Line IT RIT
b) Ho
Line |
SI RI

Fig. 1.6. Faults on double-circuit lines:
a) cross-country earth fault, b) flashover fault to earth

A fault involving two different nominal power system voltages is called an
intersystem fault. Such faults can occur on transmission lines hanged on the same
tower and rated at different voltages.

Besides the faults described, there are also multiple faults, as for example, faults to
earth occurring simultaneously at more than two different locations in one or several
circuits originated from a common source.

1.4.2 Arcing faults

According to the fault current state, the fault arc [2, 15, 18] is classified as:

e primary arc,
e secondary arc.

Primary arc occurs during flash-over of the line insulator string, caused by
lightning stroke or other reasons. Secondary arc follows the primary one when the
faulted phase circuit breaker trips, as is sustained by mutual coupling between the
healthy and faulted phases.

Primary arc appears after fault inception and lasts until single-phase tripping of the
faulted phase. It shows generally a deterministic behaviour as observed in the field
and laboratory arc tests [15, 18]. After isolating the fault (by single-phase tripping)
there is a secondary arc, which is sustained by the capacitive and inductive coupling to
the sound phases. The secondary arc usually self-extinguishes. The secondary arc has
extremely random characteristics affected by the external conditions around the arc
channel.

A vast majority of algorithms for locating faults on overhead lines process current
and voltage signals of the fault interval (starting from the fault inception until the
circuit breaker operation) and in some cases of the pre-fault interval (just before the
fault inception). For these algorithms the primary arc is of interest. However, it mainly
concerns simulations performed for evaluating the fault location algorithms under



15

study. This is so since vast majority of fault location algorithms apply linear model of
the fault path for their formulation. Only few fault location algorithms take into
account the primary arc model.

By measuring voltage on the line-side of a circuit breaker, the location of a
permanent fault can be calculated using the transient caused by the fault clearing
operation of the circuit breaker. Due to the fault clearing operation of the circuit
breaker, a surge is initiated and travels between the opened circuit breaker and the
fault, if the latter is still present. The distance to fault is determined by measuring the
propagation time of the surge from the opened circuit breaker to the fault. In this
relation, modelling the secondary arc is important.

Dynamic model of arc

The dynamic voltage-current characteristics of the electric arc have features of
hysteresis. Extensive studies in [2, 15, 18] have shown that the dynamic volt-ampere
characteristics of the electric arc can be exactly simulated by the empirical differential
equation:

dg, 1

dt _Tk (Ge — &) (1.1)
where:
the subscript & indicates the kind of arc (k = p for primary arc while &k = s for
secondary arc),
g — dynamic arc conductance,
G\ — stationary arc conductance,
T — time constant.

The stationary arc conductance G, can be physically interpreted as the arc
conductance value when the arc current is maintained for a sufficiently long time
under constant external conditions. So, Gy is the static characteristic of the arc, which
can be evaluated from:

|7

e 1.2
(Vor + RI1 ]I, (12

k
where:

i — instantaneous arc current,

vor — arc voltage drop per unit length along the main arc column,
R — characteristic arc resistance per unit length,

I — arc length.

For the primary arc v, is constant and equal to about 15 V/cm for the range of
current 1.3+24.0 kA [2] and /, may be assumed constant and somehow wider than the
length of the line insulator string. The value of the constant voltage parameter of the
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secondary arc vy is evaluated empirically on the basis of numerous investigation
results in the range of low values of current, collected in [18]. For the range of peak
currents I, from approximately 1+55 A it can be roughly defined as v,, = 751"
V/em.

The arc length of the secondary current /; changes with time, and for relatively low
wind velocities (up to 1 m/s), it can be approximated as /; =10/ for 7, >0.1s but
when the secondary arc re-ignition time #, <0.1s: [, =/ .

The secondary arc re-ignition voltage (in V/cm) can be calculated using the
empirical formula [18]:

v = 5+16207, (1.3)
215+1,)(¢, - T,)
where:
T. — secondary arc extinguishing time (when #,< T, v, = 0),
I — peak value of current on the volt-ampere arc characteristic.
Time constants are determined as follows [18]:
T, = a;_Ik (1.4)
k

where oy — empirical coefficients.

The empirical coefficients ¢ can be obtained by fitting equation (1.1) with
equations (1.2) and (1.4) to match the experimental dynamic volt-ampere
characteristics of the heavy- and low-current arcs, accordingly.

The model (1.1) allows the arc conductance g(t) to be determined, from which the
arc resistance r,.(f) = 1/g(t) is calculated.

Fig. 1.7 presents the principle of using the ATP-EMTP simulation program [B.3]
for arc fault simulation. According to this principle, an arc is reflected with the non-
linear resistor — defined in the ELECTRICAL NETWORK unit of the ATP-EMTP,
while the arc model — in the MODELS (Fig. 1.7). The arc current as the input quantity
is measured on-line and the non-linear differential equation (1.1) is being solved. As a
result, the arc resistance is determined and transferred for fixing the resistance of the
resistor modelling the arc.
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Arc voltage (kV)
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Fig. 1.7. Modelling of primary arc with ATP-EMTP — interaction between
the program units (Electrical Network, Models)
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(Fig. 1.8 to be continued)
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Arc voltage (kV)
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Arc current (kA)

d

Arc resistance (1/g), (Q)

N N A Y LW AN

é N

0 10 20 30 40 50
Time (ms)

Fig. 1.8. Modelling of primary arc with ATP-EMTP:
a) arc voltage, b) arc current, ¢) arc voltage vs. arc current (for a single cycle), d) arc resistance
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Static model of primary arc

For many applications a simpler static model of the primary arc is utilised [1].
Figures 1.9a and b present typical shapes of the arc voltage and current, and the arc
voltage versus arc current, respectively, when the static model of the primary arc is
applied.

a) 6 rar >

S 6
’ \ . 4 \
Il \\l l’ \l
/ \ arc ) \
1} |‘ 1 I‘
4 ik ety o I
e / 4 { \
! \ / \
<) 2 :‘ II l‘ ‘I 2 —
) / \ yoE
o \ \ =
2o ! 0 2
) [ \ H =
> 0 H \ ' 3]
g N ; \ / 2
< H , \ ' <
-2 \ T ] 7 -2
1 [ \ 1
\ ' \ 1]
‘| ’, || 'l
\ ! A\ /
4 P wvv&w.‘,.‘ﬁ 4
\\\ 'lll “\ I'l
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b) 5 T T
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Arc current (kA)

Fig. 1.9. Static model of primary arc:
a) arc current and voltage, b) arc voltage versus arc current

Voltage drop across an arc for its static model is determined as:
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V(1) =V, signum[i(£)]+ E(1)], (1.5)
where:
V, =V, —magnitude of rectangular wave (V,, [, —as in (1.2)),

£(t) — Gaussian noise with zero average value.
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2. BASICS OF FAULT CALCULATIONS

2.1. Aim of fault calculations

There are the following terms in common use for fault analysis [B9]:
e fault current calculations,
e fault calculations.

The latter term: “fault calculations™ appears as more general and is recommended
for use. This is so, since besides the need for calculating faults in different points of a
power system (for example at fault or at the measuring point), also one can require to
calculate voltages at the specific nodes or impedances and other parameters.

Important feature of fault calculations is related to time, i.e. when they are
performed:

e at the design stage or
e for systems in operation.

Faults influence both the power system devices (primary devices) operating at
different voltage levels and the measuring, control and protection devices (secondary
devices). Therefore, the fault calculations can be related to a primary or secondary
device.

Basically, steady state fault calculations are performed, however, sometimes a
need for determining transient calculations appears. For example, how transient
components contained in the input signals of the protective device influence its
performance. Dynamic behaviour of instrument transformers (both current and voltage
transformers) could be of our interest. Due to complexity of calculations aimed at
determining transients, usually they are replaced by dynamic simulation performed
with use of the available software or the programs developed by the user.

The fault calculations results are aimed for diverse use [B9], as for example for:

e design of power system apparatus with respect to thermal and mechanical
endurance,

e design of configurations of the network with taking into account the expected
levels of fault currents,

e design of busbars,
determination of the cross-section area of conductors and cables,
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e selecting the methods for limiting the fault currents and design of the respective
devices,

e analysis of performance of protective relays and their setting for proper their
coordination,

e analysis of electrical safety conditions,

e determination of influence of fault currents on electric and electronic devices.

When performing fault calculations it is important to distinguish the term “fault
current” from “total fault current” [B8, B14]. The term “fault current” is used for
current flowing through a particular power system component, i.e. at the specific
point, as for example at the point where a measuring, control or protective equipment
is installed. In contrast to “fault current”, the term “total fault current” is used for the
current which results from the inflow of currents from at least two sides. This is
shown in Fig. 2.1, where a circuit diagram of a faulted two-machine system is
presented. The fault involving fault resistance Ry is on a line S—R. The vicinity of this
line is represented by two equivalent sources containing e.m.fs (Es, Er) and internal
impedances (Zs, Zr). The total fault current /r flowing through a fault-path resistance
consists of currents /s, I inflowing from both line ends. Thus, there is a two-end
supply of a fault in this case.

Es gz, 8 dz e Uz R oz L
Ut T ] Iy | >

REL —
Zs R

IS

F

Fig. 2.1. Equivalent circuit diagram of faulted two-machine system with two-end supply of fault

2.2. Pre-fault, fault and post-fault quantities

Example waveforms of three-phase voltage recorded under the sample single
phase-to-earth fault are presented in Fig. 2.2. Concerning the position of time intervals
with respect to the fault incipience and its clearance (achieved as a result of the
protective relay operation and switching off the line by the associated circuit breaker)
one can distinguish the following time intervals [B8, B14]:
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e pre-fault interval: lasting from the beginning of the registration up to the
detected fault-incipience instant
e fault interval: lasting from the fault incipience instant up to the detected fault-
clearance instant
e post-fault interval: lasting from the fault-clearance instant up to the end of the
recorded event.
According to the kind of time interval, one can distinguish:
e pre-fault quantities — signals recorded within the pre-fault interval;
e fault quantities — signals recorded within the fault interval; and
[ ]

post-fault quantities — signals recorded within the post-fault interval.

However, there is no uniform usage of this nomenclature within the open literature
of the fault-location issue. Sometimes, instead of using: ‘fault interval’ and ‘fault
quantities’, the terms: ‘post-fault interval’, ‘post-fault quantities’ are utilized. This can

be explained in such a case, the prefix ‘post-> has a meaning ‘after the fault
(incipience)’ and not ‘after the fault (clearance)’.
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9 v \ vy W Iy ! " \ 1o \ |
2 05 4 ! L { { beeedoee
= O TR R A b o
oyl gl N L L O |
g 1 ' H \ vt b (A ] H 1 \
(X R A B AR \ ! \ A O R
S R A i Pyl oyt n
ER EAN AR EAN AL A YRS (-
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2 ;‘ W ".I il 'l' i\ "', | ':l :" v
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é Vv
POST-
PRE-FAULT FAULT FAULT |Time (ms)>

Fault incipience Fault clearance

Fig. 2.2. Specification of time intervals (pre-fault, fault, post-fault) according to position with respect to
instances of fault incipience and its clearance

Mostly, the fault quantities (voltage and current) are utilized for fault location.
However, there are also many fault location approaches, in which the pre-fault
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quantities are additionally included as the fault-locator input signals. However,
sometimes, usage of the pre-fault measurements is treated as the drawback of the
fault-location method. This is so, since in some cases the pre-fault quantities could be
not recorded or they do not exist, as for example in the case of the current during some
intervals of the automatic reclosure process. Also, the pre-fault quantities can be not of
pure sinusoidal shape, due to the appearance of the fault symptoms just before its
occurrence. Also, in some hardware solutions, measurement of pre-fault (load)
currents is accomplished with lower accuracy than for much higher fault currents.
Therefore, if it is possible, usually the usage of pre-fault measurements is avoided.

Rather rare usage of the post-fault quantities for the fault location purpose is
observed.

2.3. Per-unit system of fault calculations

Power-system quantities such as voltage, current, power, and impedance are often
expressed in per-unit or percent of specified base values. Usually, it is more
convenient to perform calculations with per-unit quantities than with the actual
quantities. Avoiding of many different voltage levels in fault calculations is the main
reason of using the per-unit system. So, use of the per-unit system facilitates
calculations for multi-level electric networks. The per-unit quantities can be compared
more easily since some parameters expressed in per units are from the same range.
This also allows finding the calculation errors.

Per unit quantity is calculated as follows:

) . actual quantity
per unit quantity = ——

2.1
base quantity
where actual quantity is the value of the quantity in the actual units. The base value
has the same units as the actual quantity, thus making the per unit quantity
dimensionless.
For example, the per unit voltage (denoted with the subscript [p.u.] or also in many
publications with omitting this subscript — for the sake of the simplification):

VIV]

V[pu] = m (223)
or:
My [V]

From (2.1) we obtain that:
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actual quantity = per unit quantity - base quantity (2.3)
and thus:
VIVI=Vu s [V] (2.42)
or:
VIV]=VV,[V] (2.4.b)

Different base quantities can be used for three-phase power system elements, but
with strict consequence. As for example:

I SYSTEM:
Let us select as the base value: phase voltage (/4 ,n) and magnitude of a single
phase complex power (S, ,n). Then we obtain for:

S
current: [, = bph (2.52)
prh
. Voo~ (M h)2
impedance: Z, = —2+ =2~ (2.5b)
bph prh
. 1
admittance: ¥, =— (2.5¢)
Zy,

Note: The base value is always a real number and thus the angle of the per unit
quantity is the same as the angle of the actual quantity. So: Sy, ;, =[S}, ,, | — magnitude

of a complex number. Similarly for a current and voltage base quantities.

Per units for the other quantities, as for example for a complex power (also
impedance or admittance) are calculated by dividing the real and imaginary part by the
base power, which is a real number:

S[VA] _P+jQ_P . Q

+j= (2.6)

S: =
S [VAL S S, TS,
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II SYSTEM (preferred):
Let us select as the base value: line-to-line voltage (¥, = ¥, 1.1) and magnitude of a
three-phase complex power (S, = Sy 3pn). Then we obtain for:

S

current: [, = ——=> 2.7a
A (2.7a)

: Ve _(h)’
impedance: Z, = b _ (2.7b)

N
admittance: Y, :L (2.7¢)

Zy,

Usually, for generators, transformers and motors, the rated voltage and rated power
are assumed as the base quantities.

In order to prepare the common network containing power lines, transformers and
generators, the parameters of all items have to be recalculated to the common base
quantities. For example the base quantities assumed for the power line can be utilized
for the common base. Let us assume the selected new base system (for example:
SYSTEM I or II — defined above) for that, and let us denote this new base with use of
the square bracket and the subscript ‘new’:

L4 [Vb]newa
b [Sb]new-

Using this common base quantities we can recalculate the per unit quantity
obtained for the other base quantities, denoted as the ‘old’:
*  [Volows
b [Sb]old-

For example we have the transformer impedance (Zi[p.u.] = [Z].4), Which was
obtained in relation to the ‘old’ base impedance [Zy]oq4, resulting from [Vy]oage and
[Sbloa- There is a question how to recalculate the ‘old’ per unit impedance [Z],4 to the
‘new’ per unit impedance [Z],.? This recalculation is as follows:

[Z]pe = Z[Q] _[Zloa [Zplowa [ 2] [Z1]oa
[Zb]new [Z?]new [Zb]new
(Mloa)” .
=[Z] 1dM:[Z] u (Vo loia)” [Shlnew (2.8)
ol P laew)” ISl
[Sb]new

If we calculate fault currents without use of a computer we need to perform
comparatively simple calculations, therefore, for a common base power we assume
usually S,=100 MVA or S,=1000 MVA. However, if we use a computer this is not



27

obligatory.

In some simplified calculations as the base voltage we do not assume the nominal
voltage of the network but this value increased by 5%: V;, = 1.05V,. This is so since
the nominal voltage of the transformers are usually higher than the nominal voltage of
the network (by 5%) [B13].

Example 2.1. Recalculation of per unit reactance data from their own ratings to
the common base

Two generators rated at 10 MVA, 11 kV and 15 MVA, 11 kV, respectively, supply
two motors rated 7.5 MVA and 10 MVA, respectively. The generators are connected
in parallel to a common bus supplying the motors also connected in parallel. The rated
voltage of motors is 9 kV. The reactance of each generator is 0.12 p.u. and that of each
motor is 0.15 p.u. on their own ratings. Assume 50 MVA, 10 kV common base for
recalculation of the per unit reactances.

Applying (2.8) we get:

2

Reactance of generator 1: X, =0. IZG—(I)) (%) =0.726 p.u.
11} 50

Reactance of generator 2: X, = 0.12(5] (Ej =0.484p.u.

9 \( 50
Reactance of motor 1: Xy, = O.lS[Ej (ﬁj =0.81p.u

2
Reactance of motor 2: Xy, = 0.15[%) [%) =0.6075p.u.

Example 2.2. Proof that per unit impedances of transformers do not change when
they are referred from one side of transformer to the other side

Consider a single-phase transformer with HIGH and LOW voltages and currents
denoted by Vy, V1 and Iy, I, respectively.

We have: &:I—L
L Iy

Base impedance for high voltage side= Ty

H
Base impedance for low voltage side = n
L
. . . . ZH ZH]H
Per unit impedance referred to high voltage sidle=———=—"-"+
Vi /Iy Vu
Zy _Zj 1

Per unit impedance referred to low voltage side=
Wi, n
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2
Actual impedance referred to secondary = Zy [II:—L]
H
Per unit impedance referred to low voltage side =
2
"
Zyl == ,
W), WL ZyOid)  Zuly) _ Zul
s W W % Va
Iy

Thus: the per unit impedance referred to low voltage side = per unit
impedance referred to high voltage side. This means that the per unit impedance
referred remains the same for a transformer on either side.
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3. METHOD OF SYMMETRICAL COMPONENTS

3.1. Basics of the method

The method of symmetrical components, developed by C. L. FORTESCUE in
1918, is a powerful technique for analyzing three-phase systems [BS5]. Although
Fortescue’s original work is valid for poly-phase systems with n phases, only three-
phase systems will be considered here.

The concept of symmetrical components is introduced here to lay a foundation and
provide a framework for further considerations, especially for fault calculations [B5].

Fortescue defined a linear transformation from phase components to a new set of
components called symmetrical components.

The advantages of this transformation:

e for balanced three-phase networks = the sequence networks (the circuits obtained
for the symmetrical components) are separated into three uncoupled networks,

e for unbalanced three-phase networks (under faults) - the three sequence
networks are connected only at points of unbalance.

Decoupling a detailed three-phase network into three simpler networks reveals
complicated phenomena in more simplistic terms.

Definition of symmetrical components

Positive sequence components — three phasors with equal magnitudes, + 120°
phase displacement, (Fig. 3.1a).

Negative sequence components — three phasors with equal magnitudes, + 120°
phase displacement (Fig. 3.1b).

Zero sequence components — three phasors with equal magnitudes, 0° phase
displacement (Fig. 3.1c);

In Fig. 3.2 voltages from phases a, b and c are obtained by superposing the
respective sequence components.
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a) b)
YV,
v _
b2 . r,=Y
N v -y /
\ —al 1 H
}—> E
Y,
Y v,
Yo Yo Yo=X
©) v v

Fig. 3.1. Resolving phase voltages into sets of the respective kinds of sequence components:
a) positive-sequence, b) negative-sequence, ) zero-sequence

We will work only with the zero-, positive-, and negative-sequence components of
phase ‘a’ (denoted in Fig. 3.1 with use of solid line vectors, while the remaining
components are drawn using dotted lines). For a sake of simplicity, the subscript ‘a’
will be further omitted.

Phase ‘a’ Phase ‘b’

Phase ‘¢’

~

3

=
LN 4

Fig. 3.2. Voltages from phases a, b and ¢ obtained by superposing the sequence components
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Symmetrical components transformation, which allows calculating phase
quantities from the symmetrical components is defined as follows:

% I S B R
Vol=|1 a° a ||V, 3.1)
Zc 1 g 22 K2

where:

a=exp(j2n/3)=-0.5+ j73 — a complex number with unit magnitude and 120°

phase angle, i.e. the operator which rotates by 120° (anticlockwise direction).

The transformation (3.1) can be written down in matrix notation:

Vo =A-V (3.2)
where:
v, Vo b
Von =V |» Vo=V |, A=]1 a’ a | —3x3 transformation matrix.
v, v, I a a’

2 (3.3)

19 e

where the superscript (—1) denotes the matrix inversion. Note: in Matlab programme
the function ‘inv’ is used for making matrix inverse.

Between the transformation matrix (3.1) and its inverse (3.3) satisfies:
AATT =1 (3.4)

Inverse transformation, which allows calculating symmetrical components when
phase quantities are given, is stated as follows:

ZO 1 1 1 Za
v, =§1 a a’ ||V, (3.5)
v, 1 a’ a|l|l,
or in matrix notation:
V,=A""V, (3.6)

Symmetrical components transformation and its inverse transformation applied to
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currents are as follows:

I, =A-I (3.7)
IL=A""1, (3.8)

Besides the presented transformations (phase quantities into symmetrical
components and symmetrical components into phase quantities) also it is important
how to represent power system components in symmetrical components. Such
representations for three-phase balanced Y and D loads are derived in Section 3.2. In
turn, Chapters 5 through 7 deal with representations of power generators, power
transformers, overhead and cable lines in symmetrical components.

3.2. Representation of three-phase balanced Y and A loads in
symmetrical components

Fig. 3.3 presents a circuit diagram for a balanced Y impedance load [BS5].

Fig. 3.3. Balanced Y impedance load
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Particular phase—to—earth voltages are determined as follows:
. (39)

KaE :ZYla +Zn£n :ZYla +Zn(£a +£b +lc):(ZY +Zn)£a +Zn!b +Zn£
(3.10)

Vie=Z L, +(Zy +2£), +Z,1,
V=2 L, +Z,1,+(Zy+Z,)L, (3.11)
Writing down (3.9)—(3.11) in matrix notation one obtains:
Ve | |Ey+Zy) Z, Z, I,
Ve |=|  Za (Zy+Z,) Zy || Ly (3.12)
Ver Z, Z, (Zy+Z,)] | L.
or in shorter form:
Vo =Z,lL, (3.13)
Substituting (3.2) and (3.7) into both sides of (3.13) yields:
AV, =7, Al (3.14)
Pre-multiplying both sides of (3.14) by A™' (inverse of matrix A) leads to:
V, =(ATZ, AL (3.15)
or:
V.=Z]1, (3.16)
where:
Z,=A"Z,A.
Determining the impedance matrix Z one gets:
11 1] [@Ev+z)  z, z, [t 11
23l a @) 2z, Z+Z) oz, |12 a| @)
I a’ a z, Z, (Zy+Z)]|1l a @

After performing the relevant multiplications, and using the identity (1+a+a”)=0

one obtains:
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LT 11 Ey+3Z2) Zy Zy
=3l s 8@z 22y az,
I a” a||(Zy+3Z,) aZy a'Zy
(Zy+3Z,) 0 0 G19)
= 0 Zy 0
0 0 Z
Taking (3.18), the symmetrical components of voltages are as follows:
Vo=(Zy+3Z)1, = Zy, (3.19)
Vi=2y1,=2,1, (3.20)
Vo=2y1,=2,1, (3.21)

The obtained equations (3.19)—(3.21) allow to draw the sequence networks as
presented in Fig. 3.4.

L
A
z,
V.
- Zy=Zy+3Z,
32,
Zero-sequence network
L
; >
Z =7
v, Z, L) T Ly
Positive-sequence network
A
v Z,=2,=Z,
2 Z,

Negative-sequence network

Fig. 3.4. Sequence networks of a balanced Y load
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In Fig. 3.5 a balanced A load circuit and the obtained

after applying A/Y
transformation [B5] are presented.

a)

Fig. 3.5. Balanced A load: a) original circuit, b) after A/Y transformation

The circuit from Fig. 3.5b is obtained from the original circuit of Fig. 3.5a as a
result of applying very well known A/Y transformation. Taking into account how the
circuit of Fig. 3.3 was transformed to the circuit from Fig. 3.4, one can resolve the
circuit from Fig. 3.5b into the sequence networks as presented in Fig. 3.6.

[,=0

v,
Z/3 Z,=inf
Zero-sequence
network

A Al

L

Z3  Z,<L3

Positive-sequence
network

L

)

A

v,

Negative-sequence Z)3 Z,=2,=1,3
network

Fig. 3.6. Sequence networks for an equivalent Y representation of a balanced A load
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Note that in the circuit of Fig. 5b the point N is isolated from earth. Therefore, the
sum of phase currents equals zero: [,+1,+1.=0, which results in:

10=§(za+zb+zc)=o (3.22)

According to (3.22) there is no flow of the zero-sequence current and this is
reflected in the zero-sequence network from Fig. 3.5b by inserting a discontinuity into
the circuit. This results in getting infinite impedance: Zy=inf.

3.3. Fault models in terms of symmetrical components of
currents

For deriving of many algorithms for power system protection, the total fault
current is being resolved into a linear combination of symmetrical components. This
requires taking into account the boundary conditions (the constrains) for the
considered faults [B8, B14].

Also in some power system protection applications, the relation between
symmetrical components of total fault current is utilized. This is applied especially
when considering the earth faults (Section 3.4).

Returning to the total fault current, it can be expressed as the following weighted
sum of its symmetrical components:

Ip=apolpy+ap Iy +aplp (3.23)

where:
aro, ar1, ap; — Weighting coefficients (complex numbers), dependent on fault type and
the assumed priority for using particular symmetrical components,
Iro, Ir1, Ir» — zero-, positive- and negative-sequence components of total fault current,
which are to be calculated or estimated.

Determination of the total fault current (3.23) is required for reflecting the voltage
drop across the fault path (Jf) in the fault loops considered in distance protection or
the fault locator algorithms:

Ve=Rpl; (3.24)

It appears that there is some freedom in setting the weighting coefficients in (3.23).
Example 3.1 illustrates this for a phase ‘a’ to earth fault.
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Example 3.1. Determination of the weighting coefficients from (3.23) for a-E
fault
In Fig. 3.7 the model of a—E fault is presented.

Fig. 3.7. Model of a—E fault

At the fault place in the phase ‘a’ there is a flow of a total fault current: /=Ir,,
while in the remaining phases we have: /p,=0, Ir.=0.

Calculating the symmetrical components of the total fault current, with taking the
constrains for the considered fault, one obtains:

ZFO 1 1 1 £Fa IFa
1 5 1

Iy =31 2 2"} 0 =21,

/ 1 32 al| o /

—Fa
which results in:

1
Ipg=1Ip =1y, :§£Fa'

This imposes that the total fault current (/r=Ir,) can be expressed as for example in
the following alternative ways:

Ip=Ipy+1g +1p,,

Iy =31,
Ip =31,
Iy =31,

I, =151, +151,
and the others not listed here.

It is seen that the total fault current can be expressed in different way, depending
on which symmetrical component one prefers in the considered application.
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Analogously, determination of the total fault current can be considered for the other
fault types.

Tables 3.1-3.4 [BS, B14] gather alternative sets of the weighting coefficients for
different faults, depending on the assumed priority for using respective sequences. In
Tables 3.1-3.3 the zero-sequence components are avoided (ap=0) and different
priority for using particular sequences is applied:

e Table 3.1 — the priority for using the negative-sequence quantities,
e Table 3.2 — the priority for using the positive-sequence quantities,
e Table 3.3 —the positive- and negative-sequence components are uniformly used.

Avoiding of zero-sequence components appears advantageous in some calculations
since the zero-sequence line impedance parameters is unreliable data.

In turn, in Table 3.4 the positive-sequence components are avoided (ar;=0) for all
faults, except three-phase balanced faults. This appears advantageous when
minimising the line shunt capacitances effect.

Table 3.1. Set of weighting coefficients from (3.23) with eliminating zero-sequence
and giving priority to using negative- over positive-sequence

Fault type Total fault current apy ap) dro
ag Ly, 0 3 0
b—g Iy 0 1541503 0
g L. 0 “15-j1.543 0
ab - 0 1.5-j0.5¢3 0
b—c Irv—1r. 0 J\/g 0
ca Ire1Ira 0 ~1.5-j0.5y3 0

a-b—g eI 1.5+j0.5v3 1.5-70.5v3 0
b—c-g Irv—1ke - J\E J\/g 0
ca-g L Ir, 1.5-j0.5v3 1.5+j0.5v3 0
a-b—c . .
(abcg)* LIy, 15+j0.5v3 | (1.5-j05v3 )% | 0
* — inter-phase fault loop (a-b) is considered, however, the other fault
loops (b—c), (c—a) can be taken as well,
** — this coefficient is different from zero; however, the negative-
sequence is not present in signals.
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Table 3.2. Set of weighting coefficients from (3.23) with eliminating zero-sequence

and giving priority to using positive- over negative-sequence

Fault type Total fault current dr| dp> arg
ag Iy, 3 0 0
b—g Iro 15153 0 0
g Irc 1541543 0 0
a-b eI 1.5+ 0543 0 0
b—c Tey—Ikc - J\/g 0 0
c-a IreIra ~1.5+j0.5/3 0 0

a-b-g eIy 1.5+70.5v3 1570573 0

b—c—g IeyIse —i3 W3 0

ca-g IrTr, 1.5-j0.543 1.5+j0.543 0

(aiib;fg)* A 154j05V3 | (15-josy3 )y | 0
* and ** — remarks as in Table 3.1.

Table 3.3. Set of weighting coefficients from (3.23) with eliminating zero-sequence
and using both positive- and negative-sequence

Fault type Total fault current ar ap dro
a-g Ir, 1.5 1.5 0
b—g Iy —0.75-§0.75v3 | —0.75+j0.75y3 0
c-g I —0.75+§0.75v3 | —0.75-§0.75V3 0
a-b LIy 0.75+0.25¢3 0.75-j0.254/3 0
b—c TeIre —j0.5¢3 j0.543 0
c-a L Ir, ~0.75+j0.25y3 | —0.75-j0.253 0

a-b-g eI 1.5+70.53 1.5-j0.53 0
b—c—g Tpy—Ire - j\/g jx/g 0
c-a—g I Ir 1.5-j0.5y3 1.5+0.5V3 0
(a_a;_bc__cg)* J 1.5+70.543 (1.5-j0.53 )** 0

* and ** — remarks as in Table 3.1.
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Table 3.4. Set of weighting coefficients from (3.23) with possible elimination of using positive-sequence

Fault type Total fault current ary ar) aro
a-g Ira 0 3 0
b-g I, 0 S15+j15(3 0
g L 0 C15-i15V3 0
a-b Lri—Iry 0 1.5-30. 5\/5 0
b—c Trv—1Ire 0 j\/g 0
c-a L1y, 0 ~1.5-j0.5V3 0

a-b-g Ie—Iry 0 3-i3 W3
be-g Il 0 B W
c-a-g Ir—1p, 0 3+ jﬁ j\/g
(a_i__bc__cg)* LIy 154j0.53 | (15-j0.5/3 ) | 0
* and ** — remarks as in Table 3.1.

3.4. Earth faults — relation between symmetrical components of
total fault current

In some algorithms the following relation between the zero-sequence component
of the total fault current and the remaining components for faults involving earth is
utilised [B8, B14]:

Irg =bplp +bpylpy (3.25)

where: b, b., — coefficients dependent on fault type. They are derived taking into

=F1> ZF2
account the constrains of the particular fault (Example 3.2 for b—c—E fault).

Example 3.2. Determination of the coefficients involved in (3.25) for b—c—E fault

In Fig. 3.8 the model of b—c—FE fault is presented. At the fault place in the healthy
phase ‘a’ there is no current: /z,=0. Taking this, the symmetrical components of the
total fault current are as follows:

Iro ! 11 0 Tpp + Ly,
Ip |= 3 1 a 22 | Lpy |=5| alpy +§2£Fc
lFZ 1 92 a ch §2£Fb +§£Fc



Fig. 3.8. Model of b—c—E fault

lFa:AO

!

The zero-sequence component of the total fault current equals:

1
Igy = g(ZFb + ch)

The sum of positive- and negative-sequence currents equals:

1 2 2
Lo+ 1 =5 (@)l + @2 4oty

Taking into account the identity: 1+a+a” =0 one obtains:

1
Ipy+1py =—(-Ip —1Iy,)

3

Finally, one obtains for b—c—E fault:

Analogously one can derive the coefficients for the other fault types. There are two

ITyg=—Ip—1p;
The coefficients for the considered b—c—E fault are thus: by, =-1, by, =-1.

alternative sets (SET I and SET II in Table 3.5).
Table 3.5. Coefficients used in relation (3.25)

o SET I SET I
ault type
bFl bFZ bFl éFZ
a—g 0 1 1 0
b-g 0 ~05+0.53 ~05-j0.53 0
g 0 ~05-j0.543 ~05+j0.53 0
a-b—g 0.5-70.5/3 0.5+]0.5/3
b—c—g -1 -1 asin SET I
cag 0.5+j0.53 0.5-70.5V3
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4. MODAL TRANSFORMATION AND PHASE
CO-ORDINATES APPROACHES

4.1. Modal transformation

Modal transformation method [BS8, B14] is known from application to representing
three-phase overhead lines. Applying this method, the line impedance matrix Z; and
admittance matrix Y (see the line models presented in Chapter 7) are transformed
into the matrices Ziode, Y mode:

Zmode = T\TIZLTi (4'1)
Ymode = TiﬁlYLTv 4.2)

where the superscript (—1) denotes the matrix inversion (note that the matrix inverse
function in Matlab programme [B12] is denoted as: ‘inv’).

The transformation (4.1)—(4.2) is performed in such a way that the matrices Zoqe,
Yiode are diagonal, what means that the three-phase coupled network becomes
decoupled into three decoupled single-phase networks.

Three-phase voltage V and current I matrices are transformed into the modal
matrices Vmode, Imode:

V,

mode

=T,'V (4.3)

I T (4.4)

mode —

For balanced (equally transposed) three-phase lines, both matrices T;, T, can be
easily chosen to one matrix of the different real value elements [B14], such as:
e Clarke transformation (also called as the 0—o—f} transform):

1 1

(4.5)
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1 1 1
T,'=T'= L I T (4.6)
0 3 -3

Premerlani W.J., Kasztenny B.Z. and Adamiak M.B. [16] introduced for fault
location purposes the modification of (4.6). Their innovation is for phasor values,
however, it is valid for instantaneous values as well. This modification for example in
relation to voltages relies on that, instead of using:

1
V=" ;" = (4.6a)

which has weakness of zeroing out the total fault current for b—c fault, the following
generalization of (4.6a) is applied:

Vgeneralised _ 2Za —sz _QKC

(4.6.b)

where:
b=1+ jtan(y),
v — arbitrary angle (note: for y=0 one has traditional Clarke transformation (4.6a)).

In [16] use of y=45° is reported, however, it is stated there that many values of y
meet the requirements of representing any type of fault and being not sensitive to the
earth current coupling.

e Karrenbauer transformation:

1 11
T,=T =1 -2 1
1 -2 4.7
1 11
T,'=T'=—| 1 -1 0
1 0 -l (4.8)

e  Wedepohl transformation:

1
T,=T =[1 0 -2 (4.9)
1
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AT
T;‘:T;‘:l 39 3 (4.10)
32 2
1
- —
L2 2]

In case of untransposed lines, there is also a possibility for determining the
transformation matrices Ty, T;, which are not identical as in (4.5)—(4.10). They can be
applied for transforming the coupled phase quantities to decoupled modal quantities
with eigenvalue/eigenvector theory.

The modal transformation is applied for example for making fault location on
overhead lines. This can be considered for transposed lines as the alternative to the
symmetrical components method or for the untransposed lines, for which use of
symmetrical components requires making certain simplifying assumptions.

The other application of the modal transformation is presented in Chapter 15,
where use of Clarke a—f—0 transformation (4.6) is used for detecting current
transformer saturation.

4.2. Phase co-ordinates approach

4.2.1. Introduction

In case when a considered line is untransposed or if there are devices switched into
the line which during faults introduce additional asymmetry, the need for using the
phase co-ordinates approach to description of the faulted network appears [B8, B14].

Voltage drop across a three phase element (as for example the element from the
transmission network presented in Figs. 4.2 and 4.3), represented by a column matrix
of three-phase voltage V, can be expressed as a product of an impedance matrix (Z.)
and a column matrix of three-phase current (I):

V=71 (4.11)
where:
v, I, Za Za ZLa
V=1V, I=\1,], =Ly Zy Zu
v, I, Zoe Zn Ze

a, b, ¢ — subscripts used for denoting the phases.

Applying (4.11) for expressing voltage drops across different elements of the
considered network, together with the fault model — presented in Section 4.2.2, allows
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us to get complete description of the faulted network

4.2.2. Fault model

Fig. 4.1 presents a general fault model [B8, B14]. It allows to represent different
faults by assuming for the resistors R:
®  R=Ry, if the particular connection exists due to the fault (Rr denotes the fault
resistance),
e normally-open switch, if there is no such connection.

a
b
c
R R
g I B
R
H— 1
R R R
R

Fig. 4.1. General fault model

Using the phase co-ordinates approach, a fault current can be expressed with the
following matrix formula:

1
I =—KqV; (4.12)
Ry
where:
I Fa VFa
It =|Ip, |, Vp=|Vp, | — total fault current and voltage drop at fault column
I Fc VFC
matrices,

kaa kab k

ac

Ky =|ky, ky, k. | — fault matrix, which elements are dependent on fault type,
kca kcb k

cc
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Ry — fault resistance (Fig. 4.1).
Fault matrix Kr for different fault types is build in the following two-step
procedure:

I-Step — calculate the diagonal and off-diagonal elements of the auxiliary matrix (Kg):

i,j=ab,c. (4.13)

B {—1 ...if phases i, j are involved in fault
.

0 ...otherwise

Note that the diagonal elements of the auxiliary matrix, which is to be recalculated
in the II Step, are marked with parentheses (...).

I1-Step — substitute the result of summing of absolute values in the respective column
for each diagonal element of the auxiliary matrix obtained in I-Step:

J=¢

ki = Z

J=a

k.

!/|

i=a,b,c. (4.14)

Use of this two-step procedure is explained in details in the Example 4.1.

Example 4.1. Calculation of the fault matrix Kg for b—c—E fault
Phases ‘b’ and ‘C’ are involved in this fault and thus the following settings in the
auxiliary matrix (Kg) are made:
(ky)=(0), (k) =(=1), (k) =(-1) (phases ‘b’ and ‘c’ connected to earth),
ky. =k, =—1 (since there is an interconnection between phases ‘b’ and ‘c’),

while the remaining elements are set to zero (without parentheses).
As a result, one obtains the auxiliary matrix in the form:

© 0 0
Kp=| 0 (=) -1
0 -1 (1)

The sums of absolute values of the elements in the respective columns are
substituted for the respective diagonal elements of the auxiliary matrix:
e 1% column: (0)+ 0+ 0=0=k,,
o 2" column: 0+ |(=1)| + |-1| = 2 = ki,
e 3"column: 0+ |-1|+ |(=1)] =2 = k..

Making these substitutions, one obtains the final form of the fault matrix for b—c—E
fault in the following form:



K; =

0
0
0

Table. 4.1. Steps I and II of determining fault matrix Ky for different faults

FAULT I-STEP (4.13) II-STEP (4.14)
TYPE
(-1 0 0] i ]
a-E (Kg)=| 0 (0 0 K;=|0
| 0 0 (0] 10 |
[ (0) 0 0] [0 0 0]
b-E Kp)=| 0 (=1 0 K;=[0 1 0
L 0 0 (@] 0 0 0]
© 0 0] ) ]
c-E (Kp)=| 0 (0) 0 K;=|0
| 0 0 (-] 10 0 1]
[(0) -1 0] 1 -1 0]
a-b (Kp)=|-1 (00 0 Ky=|-1 1 0
L 0 0 (0)] | 0 0 0]
[©0) 0 0] i 0 O]
b—c Kp=| 0 (0) -1 Ky = 1 -1
| 0 -1 (0)] | -1 1]
[0y 0 -1] 1 0 -1
c-a (Kg)=| 0 (00 0 Kr=| 0 0 0
-1 0 (0)] -1 0 1
(<) -1 0] [ 2 -1 0]
a-b-E Kp)=| -1 (=) 0 Ky=|-1 2 0
| 0 0 (0)] | 0 0 0]
[ (0) 0 0] [ 0]
b—c-E Kp)=| 0 (=) -1 K; = 2 -1
| 0 -1 (-] | -1 2]
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- 0 -1 2 0 —1]
c-a-E Kp)= 0 (0) 0 K; =

-1 0 (- -1 0 2]

0 -1 -1 [ 2 -1 1]
a-b—c Kp=|-1 (0) -1 Kp=|-1 2 -1

-1 -1 (0 -1 -1 2|

- -1 -1 3 -1 1]
a-b—c-E Kp)=| -1 (=) -1 Kp=|-1 3 -1

-1 -1 (=D -1 -1 3]

4.2.3. Example usage of phase co-ordinates approach

Use of phase co-ordinates approach to fault location on a transmission line [B14]
is presented in this section. Models of a transmission network with a single-circuit
line, for pre-fault and fault conditions, respectively, are presented in Figs. 4.2 and 4.3.
In those models only the longitudinal line parameters are taken into account, while the
shunt line parameters are neglected. Such simplification is applied with the aim of
obtaining compact formulae for the distance to fault. However, in order to improve
fault location accuracy, as required for the lines stretching over long distances, the
compensation for the shunt line capacitances can be introduced. However, this is not
considered here.

Z, ? zZ, lf Z
R R
| e — I
Es ER

Fig. 4.2. Model of three-phase transmission network with single-circuit line for pre-fault conditions
(Es, Eg, I§® — column 3x1 matrices; Zg, Zg, Z; — 3x3 matrices)
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Fig. 4.3. Model of three-phase transmission network with single-circuit line for fault conditions
(Es, Eg, Ig, Iy, I, Vg, Vi — column 3x1 matrices; Zs, Zg, Z;, K — 3x3 matrices)

Location is considered as performed on a faulted line S-R, which is divided by a
fault into two sections having impedances: dZ;, (1-d)Z; (where d is a per unit
distance to fault from the bus S). The vicinity of the line is presented by the equivalent
sources consisting of three-phase e.m.fs (Es, Er) and equivalent impedances (Zs, Zg).

It is assumed that the one-end fault locator is installed at the terminal S. Three-
phase currents: If, I and three-phase voltage Vs (Figs. 4.2 and 4. 3) are the fault
locator input signals. Besides these input signals of the fault locator, also the total
fault current Ir and the current Iz from the remote line end R are marked in Fig. 4.3.
These currents are immeasurable for the one-end fault locator considered as installed
at the bus S. However, they will be involved in the fault location algorithm derivation.
During the derivation they will be eliminated as a result of being expressed by means
of the measurable quantities and the network impedances.

Considering the path formed by e.m.fs: Es, Er, and impedances: Zs, dZ,,
(1-d)Z; , Zy in the circuit of Fig. 4.3, one obtains the following matrix formula:

AE=Eg —Ep =(Zs+dZ,)Ig—((1-d)Z; +Zy)Ix (4.15)
where impedance matrix for the line (see for the details in Chapter 7) is:

ZLﬁaa ZLﬁab ZLﬁac
Zy=\Ziaw Ziww Zibe
Z L_ac Z L_bc Z L_cc
Assuming that e.m.fs of the sources do not change due to a fault, the column

matrix AE determined in (4.15) can be expressed based on the pre-fault model
(Fig. 4.2) as [B14]:

AE=Eg—Ep = (Zg+Zp +Z I (4.16)

The current at the remote substation R flowing in the line (Iz), which is
immeasurable, can be determined from (4.15) as:
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Iz =((1-d)Z; +Zy) ' ((Zs +dZ;)Ig - AE) (4.17)

Column matrices of the voltage across a fault path and total fault current (Fig. 4.3) are
determined accordingly:

Vi = Vs —dZ,1 (4.18)
=1 +1, (4.19)

A general fault model with use of the matrix notation was described in Section
4.2.2: formula (4.12) and Table 4.1. Taking into account the general fault model (4.12)
and equations (4.18)—(4.19) one obtains:

RLKF(VS —dZ, 1) =T +14 (4.20)

F

Combining (4.17) and (4.20), yields after the arrangements the following matrix
equation:

Ad>~Bd+C—-DR, =0 4.21)
where:
A=7Z,K:Z, ]I,
B=Z K (Vg +Z 1)+ Z ;K Z, I,
C=(Z, +Zx)K:V,
D=(Zs+Z; +Zy)(Ig—15°).

Transforming (4.21) into the scalar form [B14] one obtains the following quadratic
formula for complex numbers:

A,d*—Ad+A4,-R. =0 (4.22)
where:
A, =PA,
A4, =PB,
4,="PC,
DT
" p'D’

Superscript T denotes transposition of the matrix (exchange between the rows and
columns).

Note that in Matlab [B12], the matrix D transposition is performed by using the
transpose operator: D'. At the same time one has to take into account that if the
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elements of the matrix D are complex numbers, this operation also additionally
calculates conjugates for those elements.

The scalar quadratic equation (4.22) can be resolved into the real and imaginary
parts, from which one can calculate the unknown distance to fault (d) and fault
resistance (Ry).
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5. MODELS OF ROTATING MACHINES

5.1. Introduction

Rotating machines, such as synchronous generators, synchronous motors and
induction motors are complex power system items. This concerns:
e Their behaviour during faults,
e design of protection and control systems.

Detailed models of those devices are known from the wide literature of the subject.
However, the simplified sequence networks for rotating machines are commonly used
in many power-system studies and considered as accurate enough for that. Such
simplified models are derived without taking into account such phenomena as
machine saliency, saturation effects, and more complicated transient effects [B5].

5.2. Model of synchronous generator

The simplest model of a generator [B4], which can be applied for determining the
instantaneous current i(f) under balanced three-phase fault placed at =0 on the
unloaded generator terminals is presented in Fig. 5.1.

R L i)

e(?)
(=0)

Fig. 5.1. The simplest generator model

The model from Fig. 5.1 consists of resistance R and inductance L connected in
series with e.m.f.:



53

e(t) = E,, sin(of + o) 6.
The transient current i(t) is given by:
E,| . . 2
i(2) :7‘“ sin(wz + oo — @) —sin(a.— @) -e £ (5.2)
where:
Z=yR*+(ol)*,
= tan "' (m_Lj
¢ R )
There two characteristic cases:
e maximum contents of d.c. component in fault current
This case occurs for the value of the angle a:
tan(a) = _ R (5.3)

ol

The waveform of the fault current for this case is presented in Fig. 5.2. One can
observe that when the time constant (7=L/R) of decaying d.c. component is high, the
current magnitude will approach almost twice the steady-state maximum value
immediately after the short circuit:

imax ~— (54)

2
i(t) [p-u.]
1.5

1

osl 1111 l 1]
0 : : :
AR
TR
) 005 01 013 0.2
Time [s]

Fig. 5.2. The case of maximal contents of d.c. component in fault current
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e 1o d.c. component in fault current
This case is when:

ol
tan(a) = — 5.5
(a) 2 (5.5)
Taking into account (5.5), the formula (5.2) takes the form:
i(t)= E7m sin(mt) (5.6)

The waveform described by (5.6) is shown in Fig. 5.3.

0 0.05 0.15 0.2

0.1
Time [s]
Fig. 5.3. The case of no d.c. component in fault current

The generator model from Fig. 5.1 and the formula for the fault current (5.2) can
be considered only faults far from the generator. In the case of close-up faults the
waveform of the fault current differs from that described by (5.2). Namely, the
magnitude of the a.c. component of the fault current decays with time up to achieving
the certain steady state value (Fig. 5.4).

Therefore, for obtaining more adequate representation of the generator its
operation is considered in: d— and q—axes (d — direct axis, q — quadrature axis). At the
same time only reactances are taken into account since resistances of the generator are
much smaller than the reactances.

The following characteristic states for the generator, appearing consecutively after
the fault incipience, are considered:

e subtransient state (lasting some 20 ms) — used for short circuit studies,

e transient state (lasting next 500 ms) — used for stability studies,

e synchronous or steady state (after completing the transient state) — used in
power-flow studies.
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Current
Top envelope
Ay
.
. / d.c. component i, __of the short-circuit current
,
1 e
ol =
o =~ AN
~

| ﬂMﬂ‘ T o e
YT A

Bottom envelope

Fig. 5.4. Short-circuit current of a near-to-generator short circuit with decaying a.c. component

The e.m.f. and reactance of the generator in the d—axis for particular states are
denoted as (Fig. 5.5):

e subtransient state: E , X ;,
e transientstate: £, X :i,

e synchronous or steady state: £, X, .

a) Xy b) X;l ©) X4

Fig. 5.5. Schemes of synchronous generator for particular states:
a) subtransient, b) transient, ¢) synchronous

Since usually our interest is in calculation of the initial short-circuit current, we
take the subtransient reactance X, (; as the positive-sequence reactance of the

generator. Therefore, after neglecting the resistance, the positive-sequence impedance
of the generator is:

Z, =X, (5.7)

Negative-sequence impedance of the synchronous generator [B9, B10] is assumed
as the arithmetic average from X and X, (; :
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X+ X,
Zgz =.] 2 1

Zp =i Xq X, (5.9)

Since the reactances X and X (; (see Table 5.1) differ each other not to much,

(5.8)

or as the geometric average:

usually it is assumed that:

Z Z

Zyp=Z, (5.10)

In turn, the zero-sequence impedance of the synchronous generator [B10] is
assumed as:

Zy=04Z,, (5.11)

Table 5.1. Typical values of synchronous-machine reactances (per unit) — adopted from [B5]

TYPE SYMBOL | TURBOGENERATOR | WATER WHEEL | SYNCHRONOUS [SYNCHRONOUS
(SOLID ROTOR) GENERATOR CONDENSER MOTOR
(WITH DAMPERS)
1.1 1.15 1.80 1.20
Synchronous X4
(steady state) Xq 1.08 0.75 1.15 0.90
. ' 0.23 0.37 0.40 0.35
Transient Xy
X 0.23 0.75 1.15 0.90
q
. " 0.12 0.24 0.25 0.30
Subtransient Xy
X 0.15 0.34 0.30 0.40
q
Negative- X, 0.13 0.29 0.27 0.35
sequence
Zero- X, 0.05 0.11 0.09 0.16
sequence

Fig. 5.6 presents sequence networks of a Y—connected synchronous generator
earthed through a neutral impedance Z,. If there is no such earthing (which is a
common practice) then Z,=> inf. and there is no flow for the zero-sequence current. In
turn, if such earthing is yet applied, then the generator is usually separated from the
fault place by the transformer with the delta connected winding from the generator
side. As a result of that the zero-sequence network of the generator becomes out of our
interest.
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Zero-sequence network

Zy 1,

Jo
=
2

I~

Positive-sequence network

Zp A
A ey S

=

Negative-sequence network

Fig. 5.6. Sequence networks of Y-connected synchronous generator
Impedances of the generator are marked with letter ‘g’ in subscripts. E.m.f. (Ey) is

present only in the positive-sequence network. This is since the synchronous
generators are designed to generate balanced three-phase voltages at the terminals.

5.3. Model of synchronous motor

Synchronous motors have the same sequence networks as synchronous generators,
except that the sequence currents are referenced into rather than out of the sequence
networks (Fig. 5.7a) [B5].

5.4. Model of induction motor

Induction motors have the same sequence networks as synchronous motors, except
that the positive-sequence voltage is removed (Fig. 5.7b) [B5].
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ZmO

a)

A

3Z,

Zero-sequence network

I Z

=ml

v,

Negative-sequence network

ZmO

A

3Z,

Zero-sequence network

I Z

=ml

Positive-sequence network

L,
_— /YY1

Z

=m2

v,

Negative-sequence network

Fig. 5.7. Sequence networks of three-phase: a) synchronous motor, b) induction motor
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6. MODELS OF POWER TRANSFORMERS

6.1. Introduction

In this Chapter the basics for representing power transformers in fault calculations
are introduced. First, equivalent circuit diagrams, together with calculation of the
parameters involved in these circuits, are presented. Then, transformer windings
connections are considered. Finally, equivalent circuit diagrams of power transformers
for symmetrical components are taken into consideration.

6.2. Equivalent circuit diagrams of two-winding transformer

The basic models of two-windings transformers for a symmetrical steady state are
presented in Fig. 6.1 (H — high voltage side, L — low voltage side).

In the circuit diagram of Fig. 6.1a the longitudinal branches represent the windings
resistances (Ry, Ry ) and leakage reactances (Xy, Xp). In turn, the shunt branch
represents iron losses (Rr.) and magnetizing reactance (X,). The ideal transformer with
the specified induced voltages at its both sides (Ey and E1/3,, where 9,=Ny/N, is the
nominal transformer ratio; Ny, N — numbers of the turns of the H and L side
windings) completes the circuit diagram of Fig. 6.1a.

After recalculation of the current, voltage, winding resistance and leakage
reactance from the L side to the H side we obtain the circuit diagram as shown in
Fig. 6.1b.

Further simplification can be obtained by neglecting the shunt branch, also named
as the excitation branch — Fig. 6.1c. Such simplification is commonly assumed for
fault currents calculation.

Taking into account that there is a symmetry in transformer construction and that a
transformer is a static (non-rotating) power system element, the schemes from Fig. 6.1
can be also utilized for representing transformers for the positive- and negative-
sequences. Their adaptation to three-phase transformers requires only to include
additionally the phase shift resulting from the three phases windings connection (the
transformer vector group). Special considerations for representation of three-phase
transformers for the zero-sequence are required.
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b)

-]

Ry =Ry +9,°R.  X;=Xy+9,°X,

I~

O

Fig. 6.1. Basic equivalent circuit diagrams of two windings transformer: a) with ideal transformer, b) after

recalculation of L side current, voltage, winding resistance and leakage reactance to the H side,
c) as in b) but with additional neglecting the shunt branch (Rp., X,)

Manufactures of transformers provide usually the following data:

S, — nominal power (in MVA or in kVA — for small units),

9, — nominal ratio (in kV/kV),

vsc — short circuit voltage (in %); also frequently (for example in the IEC standard)
marked as ux, where the subscript ‘K’ comes from German ‘Kurzschluss’ which
means ‘short circuit’,

APc, — active losses in copper windings (in kW),

i, — open circuit current (in %),

APk, — iron losses (in kW),

vector group for connection of windings.

Short circuit voltage v,. (also known as ‘the impedance voltage’) is the voltage

that has to be applied to the primary winding of the tested transformer, so that the
nominal current flows through the short-circuited secondary winding.

Open circuit current i, is obtained from the open circuit test, or "no-load test".

Such the test allows to determine the impedance in the excitation branch of the tested
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transformer. The secondary winding of the transformer is left opened while a nominal
voltage is applied to the primary winding. Since the impedance of the series winding
of the transformer is very small, when compared to that of the excitation branch, all of
the input voltage is dropped across the excitation branch.

The calculation of the parameters related to the H side of the transformer can be
performed as follows:

ApCu[%]:%-IO_z' -100% (6.1
Apr.[%] = % 107 -100% (6.2)
2. (0= Y28 VK] 64)

100 S,[MVA]

Xy =473 - R} (6.5)

Appe [%] S, IMVA] |6

1
—JuS1=G S1= 6.6
R, [uS] = G, [pS] 100 (7 [kV]) (6.6)
i.[%] = (G, [%])° — (Apre[%])’ 6.7)
L fus)= B, lus) = LU0 Sa[MVA] (68)

X, 100 (V,u[kV])?
One has to observe that in those calculations the total resistance Ry = Ry + SHZRL

and reactance Xp = Xy + 8n2XL are determined. In some special calculations a need
for dividing them into the parts relevant to the values of the H side (Ry and X}) and to
the values of the L side — recalculated to the H side (SHZRL and San L), appears.
Usually it is assumed that:

Ry =9,°R, =0.5R; (6.9)
Xy =9,2X, =05X, (6.10)

Taking into account (6.9)—(6.10) and representing the shunt branches (Rg., X,) by
one element Z, we get yet the another scheme (Fig. 6.2) commonly used.
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R/2 X2 X2 R.2

Fig. 6.2. Equivalent scheme of transformer after taking uniform division of the resistance (Rr) and
leakage reactance (Xt) for both sides

6.3. Vector groups of three-phase transformers

For three-phase power system applications it is possible to install three-phase
transformer units or banks made of three single-phase transformers connected in the
desired three-phase configurations.

A Y-connection (WYE-connection or STAR-connection) and A-connection
(DELTA-connection or Triangle-connection) are the main possible three-phase
connections for power transformers. Besides those connections additionally a zigzag
connection is also applied.

Marking of winding connections:

e HV (high voltage) windings are marked: Y, D or Z (upper case),

e LV (low voltage) windings are marked: y, d or z (lower case),

where:

e Y ory indicates a star connection,

D or d indicates a delta connection,

Z or z indicates a zigzag connection,

N or n indicates that the neutral point is brought out.

Besides marking the way of windings connection also information on phase

displacement is provided in a transformer nameplate. This is given by a digit

following information on the winding connections. The digits (0, 1, ..., 11) relate to

the HV and LV windings using a clock face notation. The phasor representing the HV

winding is assumed as reference and set at 12 o’clock. The notation is as follows:

e digit ‘0’ indicates that the LV phasor is in phase with the HV phasor,

e digit ‘1’ indicates that the L'V phasor lags the HV phasor by 30° (angle=—30°),

e digit ‘11" indicates that the LV phasor leads the HV phasor by 30° (angle=+30°),
etc. (Fig. 6.3 — the notation for lead and lag phase displacement).
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Lead (anticlockwise)

—W Lag (clockwise)

Fig. 6.3. Notation for lead and lag phase displacement

Therefore a vector group reference such as Yy0, YdI, Dynl1 etc. are given in the
transformer nameplate. When two transformers are designated to operate in parallel,
then it is required to have transformers having identical phase displacement.

The transformer vector group is determined by taking references from phase-to-
neutral and assuming a counter-clockwise phase rotation (anticlockwise (counter-
clockwise) sequence of phases). One may observe that the neutral point may be real
existing (as for the star connection) or imaginary (not existing in reality) — as in a delta
connection. In addition the Y-connected windings may or may not be earthed.

Different vectors groups of transformers are specified in Table 6.1.

Table 6.1. Vector groups of transformers

Phase shift (°) Connections
0 YyO0 Ddo Dz0
30 lag Ydl Dyl Yzl
60 lag Dd2 Dz2
120 lag Dd4 Dz4
150 lag YdS Dy5 Yz5
180 lag Yy6 Dd6 Dz6
150 lead Yd7 Dy7 Yz7
120 lead Dd8 Dz8
60 lead Dd10 Dz10
30 lead Ydll Dyl1 YzI11

The Y/A configuration is used for stepping down from a high voltage to a medium
or low voltage. This provides a neutral earthing on the high-voltage side. Conversely,
the A/Y configuration is used in stepping up to a high voltage. In turn, the D/D
connection enables one to remove one transformer for maintenance while the other
two continue to function as a three-phase bank (with reduced rating) in an open-delta
or V-connection. The difficulties arising from the harmonic contents of the existing
current associated with the Y/Y connection cause it seldom used [B4].

The transformer windings are connected into zigzag when it is essential to obtain
low value of a zero-sequence impedance [B9].
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Example 6.1. Transformer Dyn11

This transformer has a delta connected primary winding (D), a star connected
secondary (y) with the star point brought out (n) and a phase shift of 30° leading
(vector group 11) — Fig. 6.4. Connections and vector diagrams are as presented in
Fig. 6.5.

H L
Dynll

Fig. 6.4. Example 6.1 — transformer Dyn11

A B C

¢
Imaginary HV
neutral point

neutral point n

Fig. 6.5. Example 6.1 — transformer Dyn11: a) interconnection of windings, b) vector diagram for H side,
¢) vector diagram for L side
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6.4. Models of transformers for symmetrical components

For determining models of three-phase transformers for the positive- and
negative-sequences one can take the models from Fig. 6.1 and additionally inserting
into them the ideal transformer with the ratio reflecting the phase shift relevant for a
particular vector group of the considered transformer. For example, taking the model
from Fig. 6.1b, one gets the models for the positive-sequence (Fig. 6.6) and the
negative-sequence (Fig. 6.7) of the transformer Dynll from Example 6.1,
respectively. In Figs. 6.6 and 6.7 the phase for the H side are denoted as A, B, C,
while for the L side as a, b, c.

1
_ |
2 b V=V, \ 30%;
— 1
Vinr=ly ) !
1
| Viwi
:/'
»/ ~ :/
—VHCI/»/ - \‘\ Yo /
g Vg ~a »
)
Vi

Fig. 6.6. Example 6.1 — model of transformer Dyn11 for positive-sequence: a) vector diagram for H side,
b) vector diagram for L side, c) resultant circuit diagram

1
1=30°/ ¥, =V,
a) v _y b) L La2 12
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(Fig. 6.7 to be continued)
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X, =92X, R =9,R

T

—_130

Fig. 6.7. Example 6.1 — model of transformer Dyn11 for negative-sequence: a) vector diagram for H side,
b) vector diagram for L side, c) resultant circuit diagram

Models of three-phase transformers for the zero-sequence are determined not so
easy as for the positive- and negative-sequence. This requires taking into account the
windings connection and type of the transformer magnetic core [B9].

Equivalent circuit diagrams of vector group transformers for the zero-sequence are
presented in Figs. 6.8 through 6.11. Depending on the vector group of the transformer
there is a possibility for the zero-sequence current to:

o flow at both ends (flow into and flow out of the transformer) — Fig. 6.8,
e flow at one end (flow into the transformer) — Figs. 6.9 and 6.10,
¢ no flow at both ends (no flow into and no flow out of the transformer) — Fig. 6.11.

H L
zZ2 3z, 32 Z2
Zoy,
Zy Z,

Fig. 6.8. Equivalent circuit diagram of transformer YNyn for zero-sequence

H L
zZ2 3z, Z2
“‘@ — 3 —
Lo,
ZN I o

Fig. 6.9. Equivalent circuit diagram of transformer YNd for zero-sequence
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H L
zZ2 3z, Z,2
S o — — —o
Zy,
Zy

Fig. 6.10. Equivalent circuit diagram of transformer YNy for zero-sequence

z2 Z2
o— | — | — —0

=
=

@‘@ -

Fig. 6.11. Equivalent circuit diagram of transformer Dd for zero-sequence

In Figs. 6.8 through 6.11 the following impedances are involved:

e Z=RrtjX7 — impedance of transformer which can be determined from the short
circuit test,

® 7\, Z,— earthing impedances (at the H and L sides, respectively),

e Z,, — magnetizing branch impedance.

With respect to the magnetizing branch impedance there are two cases [B9]:
e three-phase transformers with four- and five-column cores or mounted from three
single-phase units — it can be assumed that: Z,, =oc, what justifies the possibility

of neglecting the excitation branch,
e three-phase transformer with three-column magnetic core — the magnetizing
impedance is Z,, <<« (is few hundred times lower than the magnetizing

impedance for the positive- or negative-sequence and only several times higher
than the short circuit impedance Zr) and thus has to be taken into account and
rather not to be neglected.

Special treatment for the zero-sequence model of the star—zigzag transformer is
required [B9]. In Fig. 6.11 the connection of windings and the zero-sequence model
for such transformer are presented.
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Zy,

Fig. 6.12. Star—zigzag transformer: a) connection of windings, b) zero-sequence model

As it is seen in Fig. 6.12b, the star—zigzag transformer has low zero-sequence
impedance. Therefore, it is applied when there is a need for assuring low zero-
sequence impedance.
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7. MODELS OF OVERHEAD AND CABLE LINES

7.1. Single-circuit overhead lines

Schematic diagram of a power network with a single-circuit overhead line is
presented in Fig. 7.1a. The whole vicinity of the line S-R is represented by the
external network. Assuming linearity of the whole circuit, the external network can be
equivalented [B1] as shown in Fig. 7.1b.

If the considered line (Z;) constitutes the only connection between the buses S, R,
then the extra link (Zg) does not exist, and there are only equivalent sources, as shown
in Fig. 7.1c. This is the well-known double-machine network

S F R
[ 1

I External I
Network

b) E

2]
IN

[ty

c) 2 S £R
@4 H— ]

N
wn
55
=
N
[
~

L

Fig. 7.1. Power network with single-circuit overhead line: a) generic scheme,
b) general equivalent scheme, ¢) simplified equivalent scheme of network
with the line constituting the only connection between buses S, R
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7.2. Double-circuit lines

Double-circuit lines (or parallel lines) are basically constructed due to constraints
in obtaining new right-of-ways and are very common in power networks. For such
lines the two three-phase transmission circuits are arranged on the same tower or
follow on adjacent towers the same right-of-way. The circuits may be the same
voltage level or of the different voltage levels. Also more than two three-phase circuits
(so called multi-circuit lines) can be arranged in such a way.

Due to nearness of both circuits of a double-circuit line, they are magnetically
mutually coupled. The magnetic coupling is related to the effect of a current flowing
in one circuit, that influences the voltage profile in the other circuit, and vice versa.
This means that the voltage profile of a given circuit is not being entirely dependent
only on the current flowing in it.

The mutual coupling effect can be expressed in terms of various inter-circuit
mutual impedances. Using the symmetrical components approach to the line
description, the positive-, negative- and zero-sequence mutual impedances are
considered. The positive- and negative-sequence mutual impedances are usually a
small fraction of the positive-, negative-sequence self impedances and therefore are
usually neglected in the analysis. In contrast, the zero-sequence mutual impedance
(Zow) 1s of relatively high value and thus cannot be ignored, especially for precise fault
location [B8, B14].

Different configurations of double-circuit lines are met in power networks [B1,
B8, B14]. Fig. 7.2. presents a general configuration of a power network with a double-
circuit overhead line terminated at both sides at the separate buses. The line circuits
are denoted as: Zi;, Z1; and their mutual coupling for the zero-sequence by Zy,. The
vicinity of the line circuits is represented with:

e equivalent source behind the line terminal SI (emf: Eg;, impedance: Zg;)

equivalent source behind the line terminal SII (emf: Egy, impedance: Zsy)
equivalent source behind the line terminal RI (emf: Ey;, impedance: Zg;)
equivalent source behind the line terminal RII (emf: Egy, impedance: Zgry)

links between the line terminals SI, SII, RI, RII in the form of a complete
tetragonal of impedances: ZSI_SH, ZSI_RI, ZSI_RH, ZSII_RIa ZSII_RIIa ZRI_RH-

Fig. 7.3 presents the classical case of the network with two line circuits connected
at both ends to the common buses. The extra link shown in the network of Fig. 7.3 is
not always present, especially in high voltage networks which are not highly
interconnected.
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Fig. 7.2. Schematic diagram of power network with double-circuit overhead line terminated
at both ends at separate buses

SI U RI

Fig. 7.3. Schematic diagram of power network with double-circuit overhead line
terminated at both ends at common buses

Operating conditions of a double circuit line could change due to different reasons,
such as load dispatch, forced outage, scheduled maintenance and the others. The
mutual coupling of double-circuit lines depends on the mode of operation of the
healthy circuit (Z.y;), which is in parallel to the considered faulted line circuit (Zy;). In
order to present these modes, the status of circuit breakers and earthing connectors of
the healthy parallel line has to be considered [B1, B8, B14].
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Fig. 7.4 presents two modes, for which the mutual coupling of parallel lines has to
be taken into account. In case of the network from Fig. 7.4a the parallel line is in
operation, which is the normal operating mode. The mutual coupling of parallel lines
also exists, if the parallel line is switched-off and earthed at both ends (Fig. 7.4b).

SII

) T
\

:
)

RII

CZS

ZL[
S| RI
b)
SII RII
|~ ZLH ~
E E
=  Z Z =R
£s £R
O Zon, H— )
7
Z

SI

RI

Fig. 7.4. Double-circuit overhead line modes, for which there is mutual coupling of parallel lines:
a) both lines in operation, b) parallel line is switched-off and earthed at both ends

Fig. 7.5 presents three cases, for which there is a discontinuity for the current flow
in the healthy parallel line, and therefore there is no mutual coupling between the

lines.
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ZLH
Lo 1 O~
E

RI

SI
Fig. 7.5. Double-circuit overhead line modes, for which there is no mutual coupling of parallel lines:

a) parallel line is switched-off at one end (RII) and not earthed, b) parallel line is switched-off at both
ends and not earthed, c) parallel line is switched-off at both ends and earthed only at one end

In some cases the line circuits may run in parallel only for a part of the route, as
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for example for which the double-circuit support towers are used. As a result, the
circuits for this part of parallel run are mutually coupled, while for the other part of the
route, the line circuits are hanged on different towers and are going to the distant
substations, and thus are not mutually coupled for this part. Fig. 7.6 presents two
examples of power networks with partially parallel circuits.

£ R
SI

b)

| I |
MII NII
¥ (Zon
| S

Fig. 7.6. Examples of power networks containing partially parallel line circuits
with mutual coupling for: a) Zi1 s, Zin ss b) Zi1 mns Zii MN
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7.3. Multi-terminal and tapped lines

Economical or environmental protection reasons stay behind of using multi-
terminal and tapped lines [B8, B14, B17]. Lines having three or more terminals with
substantial generation behind each are called multi-terminal lines. Depending on the
number of terminals we can distinguish respectively: three-terminal lines having three
terminals, four-terminal lines having four terminals, and so on.

Tapped lines are lines having three or more terminals with substantial generation
behind at maximum two of them. The number of taps per line varies between one and
even more than ten. The taps themselves feed only loads, which means that the taps
are terminated by the passive networks, while at the remaining terminals there are
active networks (with generation) [B17].

Example configurations of power networks with single-circuit three-terminal line
are shown in Fig. 7.7. In case of using double-circuit lines the typical configurations
are as shown in Fig. 7.8.
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Fig. 7.7. Example configurations of power networks with single-circuit three-terminal line:
a) basic teed network, b) teed network with extra link between two substations
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Fig. 7.8. Example configurations of power networks with parallel three-terminal line:
a) two line sections are of double-circuit type, b) all three line sections are double-circuits

Fig. 7.9 presents typical configurations of power networks with tapped line
supplying load in two different ways: via a transformer connected to the tap point
through a circuit breaker (Fig. 7.9a) and additionally with overhead line section (Zc),

Fig. 7.9.b.
C
a) loa

S PN N o

@':| 7
b)

EA ZA 1? éFA

O Zi

Fig. 7.9. Typical configurations of power networks with tapped line supplying load through:
a) transformer, b) overhead line (Z;¢) and transformer
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7.4. Overhead line and cable composite networks

In Figs. 7.10 and 7.11 example configurations of overhead line and cable
composite networks are presented. Protection and fault location in such networks is
considered as difficult task due to large differences in parameters of the line and cable.
Moreover, the problem of cable changing parameters, especially the change of the
relative permittivity over its age, has to be solved.

S8 S S P
II I ZL I T ’ ZCABLE

Fig. 7.10. Overhead line in series connection with cable

£ 128
ZCABLE
Sl A | Fas
' Z, T Zp

Fig. 7.11. Overhead line tapped with cable

7.5. Networks with series-compensated lines

Power (P) transfer capability of a traditional uncompensated transmission line
(Fig. 7.1) is determined by the well-known formula (derived under reasonable
simplification assumption that the line resistance and capacitance are being
neglected):

p sVl o o
L
where:
Vs, v — sending and receiving terminal voltage phasors, respectively,
XL — line reactance,
) — electric angle between the terminal voltage phasors.

The maximum value of § is limited by the stability constraints, and thus an increase
in the power transfer capability can be obtained by reducing the line reactance. This
can be done by adding series capacitors to counteract series inductance. As a result,
the total reactance of the series compensated line (Xiory) is equal to:
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Xtotal = XL _XC (72)
where X¢ is the capacitor reactance.
The compensation degree is expressed by the following ratio:

_ X C 0
ks X, 100% (7.3)
and usually falls within the range of 50 up to 90%.

The capacitor compensation in high voltage transmission networks is performed by
adding series capacitors of the fixed value or of the value controlled with the thyristor
circuits.

Use of the series capacitors besides increasing the power transfer capability brings
about several advantages to power system operation [B18], such as:

e improving power system stability,
e reduced transmission losses,

e enhanced voltage control,

o flexible power flow control.

The environmental concerns are also of importance here since instead of
constructing a new line, the power transfer capability of the existing line is increased.
The cost of introducing the series capacitor compensation is much lower than that of
constructing a new equivalent overhead power line [B18].

Usually, only one three-phase capacitor bank is installed on a power transmission
line [B18, 13, 17]. As far as a single line is concerned, the one line circuit diagram of
the series-compensated line is as presented in Fig. 7.12. Series capacitors (SCs) are
installed on the line at a distance dsc (p.u.) from the bus S. In order to protect SCs
against over-voltages they are equipped with Metal Oxide Varistors (MOVs). The SC
and its MOV are the main components of the compensating bank installed in each
phase of the line. Therefore, for the sake of simplifying the series-compensated
transmission networks presented, only these components are indicated in the schemes
(Fig. 7.12 and the following ones which show configurations of series-compensated
networks).

SCs
E S F2 I F1 R E
sz, 4 I 4 z, K
1 MOvVs 1 ’—l* H’ :)
dSCZL _¢'_ ( 1 7dSC)ZL

Fig. 7.12. Single transmission line compensated with SCs&MOVs installed at midpoint
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Fig. 7.13. Series capacitor bank: a) scheme of bank with fixed capacitor,
b) scheme of bank with thyristor controlled capacitor, c) typical voltage—current characteristic of MOV

Fig. 7.13a presents a scheme of the compensating bank from one phase of a line,
which contains a fixed series capacitor [B14, B18, 13, 17]. Besides the SC and MOV
there is a protection of MOV against overheating. This thermal (overload) protection
(OP) measures the current conducted by the MOV. If the energy absorbed by the
MOV exceeds its pre-defined limit the MOV becomes shunted by firing the air-gap.
In turn, Fig. 7.13b presents a compensating bank with a thyristor controlled
capacitor [B18].

MOVs are non-linear resistors commonly approximated by the standard
exponential formula [B8, B14, 6, 13, 17]:

. q
'Mov :[ Vx j (7.4)
p Vrer

Figure 7.13c shows the voltage-current characteristic for the following parameters
of the approximation (7.4): ¢ =23, p =1 kA, Vger= 150 kV.
Series capacitors equipped with MOVs, when set on a transmission line, create
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certain problems for its protective relays and fault locators [B8, B14, 13, 17]. Under
faults behind the SCs&MOVs (fault F1 in Fig. 7.12), a fault loop seen from the bus S
becomes strongly non-linear, and as a consequence, the nature of transients as well as
the steady state situation are entirely different, compared with traditional uncompensated
lines. In the case of faults in front of the SCs&MOVs (fault F2 in Fig. 7.12) the
SCs&MOVs are outside the fault loop seen from the bus S, however they influence the
infeed of the fault from the remote substation R.

Adequate representation of the SCs&MOVs has to be applied for both protective
relays and fault location. Form of this representation depends on the type of protection
and fault location algorithms. If these algorithms are based on phasor technique, then the
SC&MOV from a particular phase can be represented with the fundamental frequency
equivalent [6] in the form of resistance-capacitive reactance series branch with
parameters dependent on an amplitude of the current (fundamental frequency
component) measured in the phase of interest. When considering protection and fault
location algorithms based on a differential equation approach, the SC&MOV from a
particular phase is represented with use of the estimated instantaneous voltage drop
across the compensating bank [17].

Fig. 7.14 shows operation of SCs&MOVs under the sample fault on a 400 kV,
300 km transmission line compensated at ksc = 80% [B8]. The parameters of the
approximation (7.4) are as taken for plotting the voltage-current characteristic from
Fig. 7.13c. A single phase-to-earth fault (a—E fault) with fault resistance of 10 Q was
applied just behind SCs&MOVs. In Fig. 7.14a, the three-phase currents entering the
SCs&MOVs are shown. The voltage drops across the SCs&MOVs are shown in
Fig. 7.14b. It can be observed that the voltage drop in the faulted phase ‘a’ is limited
to around £150 kV, which results from applying the MOVs with the reference voltage:
Vrer = 150 kV. The waveforms of the voltage drop from the healthy phases (b, c) are
distorted by sub-synchronous resonance oscillations. Such oscillations appear since
MOVs from these phases operate at the linear range, conducting low current. The sub-
synchronous resonance oscillations are also visible in currents entering the
SCs&MOVs from the healthy phases (Fig. 7.14a). Fig. 7.14c shows division of the
fault current from the faulted phase (a) into the parallel branches of the SC and its
MOV. The SC and MOV conduct the fault current alternately, around for the quarter
of the fundamental period.



81

4000

3000

2000

(V) siuownd aseyq

—-2000

-3000

—4000

100

80

60

40

20

Time (ms)

b)

2 -2 2 50
- s b 2
(A 01) SAOINSDS ssooe sdoip a3ejjop

100

80

60

40

20

Time (ms)

4000

<)

3000

2000

(V) AOW Pue DS ut sjuaimny)

=)
3
<3
G

-3000

—4000

100

80

60

40

20

Time (ms)

Fig. 7.14. Operation of SCS&MOVs under the sample a—E fault:
a) phase currents entering SCs&MOVs, b) voltage drops across SCs&MOVs,

¢) currents flowing in SC (ic) and MOV (iyoy) from the faulted phase
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Fig. 7.15 depicts series capacitors compensation of the transmission line using the
compensation banks installed at both ends [B17]. In the case of such compensation,
the placement of current and voltage instrument transformers (CTs — current
transformers, CVTs — capacitive voltage transformers) at the line ends is important for
considering fault location. The instrument transformers can be placed on the bus side
(Fig. 7.16a) or on the line side (Fig. 7.16b) [B17].

Fig. 7.16. Placement of instrument transformers in the case of double-end series compensation:
a) on the bus side, b) on the line side

Similarly, double-circuit transmission lines, analogously to the single line, can be
compensated using the capacitor compensating banks installed at the midpoint
(Fig. 7.17) or at the line ends (Fig. 7.18).
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Fig. 7.17. Double-circuit transmission lines with capacitor compensating banks
installed at the midpoint in both circuits
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Fig. 7.18. Double-circuit transmission lines with capacitor compensating banks
installed at two ends in both circuits

7.6. Models of overhead lines

Overhead line parameters are calculated using supporting routines available in
simulation programs. Also, an on-line measurement of transmission line impedance
measuring impedance either during normal operation or during faults is used in
practice.

In general, there are two-types of line models:

e lumped-parameter models,
o distributed-parameter models.
Lumped-parameter models represent a line by lumped elements, whose parameters

are calculated at a single frequency (considered predominantly as at the fundamental
power frequency). Using these models, steady-state calculations for fault location or
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transient simulations in the neighbourhood of the considered frequency can be
performed.

As opposed to the lumped-parameter, the distributed-parameter line models are
used for more accurate representation of the lines. Two categories of distributed-
parameter line models can be distinguished:

e constant-parameter model,
e frequency-dependent parameter model.

Series parameters: resistance (R), inductance (L), and shunt parameters:
capacitance (C) and conductance (G) characterize the line. Usually, line conductance,
which accounts for the leakage currents along the insulators and in the air, can be
neglected, except at very low frequencies. Shunt capacitance can usually be assumed
as frequency-independent. In turn, series resistance and inductance can be considered
as frequency-dependent.

7.6.1. Lumped-parameter models

In the simplest lumped-parameter model of an overhead line, only the series
resistance (R) and reactance (X1) are included (Fig. 7.19). Such model is considered
as adequate for representing a short line, usually less than 80 km long [B5].

I Ru=Ri( Xy ;jyoilL’Lz Iy

O

| S

Vs Vr

o 0
Fig. 7.19. Model of short un-faulted overhead line

In Fig. 7.19 the following signals and parameters are involved:

Vs, Vi — sending (S) and receiving (R) end voltage,

Is, Ix — sending (S) and receiving (R) end current,

Ry, L, — line resistance and inductance per unit length,
¢ — line length,

®, — angular fundamental frequency.

The circuit of Fig. 7.19 applies either to single-phase or completely transposed
three-phase lines operating under balanced conditions. For a completely transposed
three-phase line and balanced conditions, a line resistance and inductance are
considered for the positive-sequence.

In case of unbalanced conditions, as for example mainly under faults, a three-phase
line representation has to be considered. Fig. 7.20 presents a faulted line together with
the equivalent sources behind the line terminals S, R. In this network, a fault
(appearing at point marked by F) divides the line into two segments:
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e S-F of the relative length d (p.u.),
o F-R of the relative length (1-d) (p.u.).

All signals (voltages and currents) in the circuit of Fig. 7.20 are three-phase (note
that particular phases are marked with using letters: a, b, ¢ in subscripts), and thus are
represented by 3x1 column matrices, as for example the sending end voltage V:

KSa
Vs=|Vg (7.5)
KSC

All impedances are described by 3x3 matrices, as for example the line impedance:

Z V4 V4

ZLlaa =Lab *lLac

Z, = ZLba ZLbb ZLbc (7.6)

ZLca Zch ZLCC

where:
e diagonal elements present the self-impedances of the phase conductors,
e off-diagonal elements present the mutual impedances between two phase

conductors, for which it is satisfied: Z;,, =Z; 1+ Z1ca =Z1ac> Zicb =Z1pe-

Note that the line in Fig. 7.20 is represented with only series parameters, while
shunt parameters are here neglected.

At the fault point there is a three-phase fault model marked by Zg, while If, Vg
denote the total fault current and voltage at the fault, respectively.

S
b ozo §1, a7, o Uz Rz, K

Fig. 7.20. Single-line circuit diagram of three-phase faulted line

The self and mutual impedances and admittances of each phase of overhead lines
are determined by line geometry and they are not identical for all phases. In general,
the line impedance matrix Z; is not a symmetrical impedance matrix. For a
symmetrical impedance matrix the diagonal elements are equal and the off-diagonal
elements are also equal. This is satisfied if the line is completely transposed. The
complete transposition (Fig. 7.21) is achieved by exchanging the conductor positions
along the line in such a way that each phase (a, b and c) occupies each position for
one-third of the line length.
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a C b
e, O
o C b a__

Fig. 7.21. Completely transposed section of three-phase line

For a completely transposed three-phase line the impedance matrix is a
symmetrical impedance matrix:

ZLS ZLm ZLm
Z, =2, Zis Zim (7.7)
ZLm ZLm ZLS

where at the last position of the subscript for the matrix impedance elements it is
denoted the character of the impedance, i.e. by: s — self impedance of the phase
conductor and by: m — mutual impedance between phase conductors, respectively.

In case the transposition technique is not applied, the impedance matrix is no
longer a symmetrical impedance matrix, however an application of the following
simplification, which relies on using the averaged for the diagonal and the average for
the off-diagonal elements of the unsymmetrical matrix, is sometimes used. In this
case, additional ramifications with respect to accuracy of the calculation results
appear. Applying this simplification one gets:

1
ZLS = 5 (.ZLaa + ZLbb + ZLcc) (78)

1
ZLm = g(ZLab + ZLbc + ZLca) (79)

As a result, one obtains the symmetrical impedance matrix (7.7). This allows to
take the advantage related to the symmetry of the impedance matrix, however with
being consent to certain deterioration of accuracy.

The advantage related to the symmetry of the impedance matrix relies on
possibility of applying the method of symmetrical components, developed by C.L.
Fortescue in 1918.
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In the sequence networks, the line is represented by its respective sequence
impedances:

e positive- and negative-sequence impedance: Z,, =Z, =Z, . —Z,,,

(7.10)
(7.11)

Note that the positive- and negative-sequence impedances, as stated in (7.10) are
equal. This is so for linear, symmetric impedances representing non-rotating power
system items such as overhead lines and transformers.

Fig. 7.22 present models of a faulted single-circuit overhead line, together with the
equivalent sources behind the line terminals, for the respective sequences.

Fig. 7.23 shows the connection of the sequence networks for a phase-to-earth fault:
a-E fault. The sequence networks are connected in series and the triple fault resistance
(3Rg) is included in series as well.

e zero-sequence impedance: Z, =Z; +2Z,,

E. S R E.
=SL Zg Iy 0 E I, (Il_d)leL L, IZIR R
a)
Vs, Ve i
I,
S
Zys I, dZy, /I (1-d)Z,, Iy, Ly
| - L
b)
Vs Ve, L%
I,
S R
Z %s() ,ﬁ‘ E lFO (,%‘L !RO ZOR
| I | | I |
©)
Yo Vo Vro
yi

Fig. 7.22. Equivalent networks of single-circuit faulted line for:
a) positive-sequence, b) negative-sequence, ¢) zero-sequence
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yé
E S o R E
=S Zis 1, dz,, U=DZ 1, | Zr "R
Vs V) Ve
L,
Zys L, dZy -z, [, Ly
I | S
Vs, L LS
I
S R
Zys I, dZy, (L-d)Zy, Lpg Zr
7
Vs Yo Wro

L=l =l,=ly,

Fig. 7.23. Connection of sequence networks for single phase-to-earth fault (a-E fault)
involving fault resistance Ry

In Fig. 7.24 equivalent circuit diagrams of double-circuit line for the positive- and

negative-sequence are shown.

- SIT l§111 ,ﬂ‘ ey 1 s
S Zyg Zig M
Ly, Ay, E Iy (,—|1_d)ZlLl Ly
S| t — IRI
Y Ve Vi

yé

=F1

Fig. 7.24 (to be continued)
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b)

SII| “si2 —Lti “RI2 |RIT
ZZS ZZR
Iy, Ay, E Iy (,—|l_d)z2LI Ly
SI ) RI
I—/SZ ZFZ —VR2
Y

iR2
Fig. 7.24. Equivalent networks of double-circuit faulted line for:
a) positive-sequence, b) negative-sequence

In Fig. 7.25, equivalent circuits of double-circuit line, with both line circuits in

operation, for the zero-sequence are presented. It is considered that as a result of
mutual coupling of the line circuits, the current flowing in the faulted line SI-RI
influences the voltage profile in the healthy parallel line SII-RII, and vice versa. In
particular, in the faulted line (SI-RI) one can distinguish the following voltage drops

(Fig. 7.25a):
the voltage drops resulting from the flow of the own current:
K(? =dZoLgy (7.12)
KOB =(I=d)Zo (Lso — Lgo) (7.13)
the voltage drops resulting from the flow of the current in the healthy parallel line:
Zg =dZom Lo (7.14)
Vo =(1=d)Zy Lo (7.15)

In the healthy line (SII-RII) there are the following voltage drops (Fig. 7.25a):
the voltage drops resulting from the flow of the own current:

Z(];: =dZonlsmo (7.16)
Kg =(l=d)Zulsno (7.17)
the voltage drops resulting from the flow of the current in the faulted line:
Vy =dZow Lo (7.18)
Vo =(=d)Zow Lsio ~Lro) (7.19)

The circuit of Fig. 7.25a can be transformed to the form shown in Fig. 7.25b,

which is more convenient for use. For this purpose the voltage drop between the bus
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SI and fault point F is determined, with taking into account (7.12), (7.14):
SI-
Kﬁ)l "= dZoiiLsio +dZom Lsio (7.20)

Adding and subtracting the term: dZ I, to the right-hand side of (7.20) leads
to the following alternative form of (7.20):

SI-F
KE) )= dZ i Usto + Lsng) +d(Zor; — Zom) 1o (7.21)

Analogously, after taking (7.13) and (7.15), one obtains for the voltage drop
between the fault point F and the bus RI:

VEERY = (1= d)(Zoyy = Zom ) sio — Iro) + (1= @) Zog (Lsio + Iso — o) (7.22)
Similarly, for the healthy line path (between buses SII, RII) one obtains:
VoY = dZ, (Tsto + Lsiio) + (Zot = ZowMsio + (1= d) Zow Usio + Iso = Iro)  (7.23)

Taking (7.21)—(7.23), the circuit of Fig. 7.25b is obtained.

G
I S
Z, Lo dZy (1-d)Z Ze
vp M e y? L
S Ly dz,, Usy L) (1=d)Z,,, RI

b)

d(;)LFZOm) (lid)(ZOLlizOm)

ﬁFO

Fig. 7.25. Equivalent networks of double-circuit faulted line
with both lines in operation for zero-sequence: a) general circuit, b) alternative circuit

In Fig. 7.26 the mutual coupling effect is depicted for a double circuit line with the
healthy parallel line switched-off and earthed at both ends. The particular voltage
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drops for both lines are expressed in the same way as for the case of both lines in
operation: (7.12)—(7.19). Usual unavailability of the zero sequence current from the
healthy parallel line: Isy causes a difficulty in reflecting the mutual coupling effect in
the fault location algorithms for this mode of operation. Therefore, it remains to
estimate this current, with use of the other available measurements.

UsigLo) (1-a)

//ZFO

Fig. 7.26. Zero-sequence equivalent network for double-circuit line with faulted line in operation and
parallel healthy line switched-off and earthed at both ends

In the presented so far models (Figs. 7.19 and 7.20 and also Figs. 7.22— through
7.26), only the series parameters of the line have been accounted for. These models
can be used for short lines. For medium-length lines, typically ranging from 80 to
250 km it is common to incorporate the shunt admittance to the line model. Shunt
conductance is usually neglected and only shunt capacitances of the line are
considered for that. It is common to lump the total shunt capacitance and insert half at
each of the line section. In this way the nominal 7 circuit is obtained [B5].

Fig. 7.27 shows the positive-sequence circuit of the faulted line, for which both the
sections (S—F and F-R) are represented using the nominal &t circuits. The parameter
Y11 used in describing admittances of shunt branches denotes:

Y :J'031C1'L€ (7.24)
where:
C,. — line capacitance for the positive-sequence per unit length,
¢ — line length,
o, — angular fundamental frequency.

The equivalent circuit diagrams for the remaining sequences are obtained
analogously.
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=81 Z S_

/éFl

Fig. 7.27. Equivalent circuit diagram of the network for the positive-sequence
with using nominal 7 circuit for faulted line

7.6.2. Distributed-parameter models

A distributed-parameter model of an overhead line can be also applied for phasors.
In this case, the so called equivalent &t circuit is utilized. In Fig. 7.28 such two circuits
are used for representing both line sections S—F and F-R. The model of Fig. 7.28 is for
the general case, i.e. for the i-th symmetrical component, where the index i denotes:
i=1 — positive-sequence, i=2 — negative-sequence, i=0 — zero-sequence.

Zysinh(y dt) I Zsinh(y, (1-d)0) |

§ il  — > | — o l}
T F“ | S|
—Si A ~ ZFi NNNNNNNNNNNNNNNNNNNNNNNNNNNN v ZRI'
tanh(O.SLdf) tanh(O.SXi(l —d)0)
Zci Zci

L

LFi
Fig. 7.28. Distributed-parameter model of faulted line for the i-th symmetrical component

In Fig. 7.28 both the series and shunt parameters of the line are
distributed-parameter and are expressed using:
e surge impedance of the line for the i-th sequence:

Zy=~Zy /Yy (7.21)

e propagation constant of the line for the i-th sequence:

Y, =VZy Yy (7.22)
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Using the equivalent & circuit model, the voltage and current from the sending end
S can be analytically transferred to the fault point F (Fig. 7.28) according to:

Vg =cosh(y d0)V g, — Z,; sinh(y di)Ig; (7.23)

Iy = _ZLsinh(Ldf) Ve, +Is; cosh(y df) (7.24)

Zci

Note that the unknown distance to fault (to be determined when performing fault
location) is involved in hyperbolic functions. This imposes that the fault location
calculations have to be performed in iterative way. Numerical iterative procedures, as
for example the well-known Newton-Raphson algorithm [BS, B14, 17] can be applied
for this purpose.

7.7. Cables

Equivalent circuit diagrams of cables (usually applied as underground cables) for
the symmetrical components are basically identical with those for overhead lines.
However, the cable parameters (per unit length) differ substantially from the
respective parameters of overhead lines. This is so since the distances between
conductors are much shorter. Calculation of the cable impedance and admittance
parameters appears much more difficult than for overhead lines. This is so especially
with respect to the zero-sequence parameters, which are highly dependent on the cable
type. From this reason it remains mainly to relay on the parameters delivered by the
manufacturer or obtained from measurement.

Typical parameters (impedance and admittance) for overhead lines and cables are
given in Table 7.1. This allows to realize that the positive-sequence reactance of the
cable is around four times smaller than this reactance for the overhead line. In turn, the
positive-sequence susceptance of the cable is almost 100 times higher than that for the
overhead line. The ratio of the zero-sequence and positive-sequence values is similar
for both the overhead line and cable.

Table 7.1. Typical impedance and admittance parameters of three-phase overhead lines and cables
for positive- and zero-sequence

Overhead line Cable
Xiontine = 0.4 Q/km KXicaple = 0.1 Q/km
Xo ontine =3 X1 oHline Xocavle = 4 Xicable
B oniine =3 uS/km Bicaple = 250 puS/km
By omtine = 0.6 By oniine Bocavle = 0.6 Bcapie
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In case of the conductance G; for any of the sequences, it can be definitely
neglected for both the overhead line and underground cable, when performing fault
current calculations. As concerns the susceptance (B;), its omitting in case of cables
may lead to unacceptable errors.
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8. ANALYSIS OF THREE-PHASE SYMMETRICAL

FAULTS

8.1. Simplification assumptions

Three-phase fault calculations (presented in this chapter) as well as unsymmetrical

faults calculations (to be presented in Chapter 9) will be performed using sequence
networks of the considered example faulted power system. To construct zero-,
positive- and negative-sequence networks for a given power system the following
assumptions [B5] are made:

1.

&

The power system operates under balanced steady-state conditions before the fault
occurrence. This makes that sequence networks are uncoupled before the fault
occurs. During unsymmetrical faults they are interconnected only at the fault
location.

Pre-fault load current is neglected. As a result of that the positive-sequence
internal voltages of all machines are equal to the pre-fault voltage V. Under
neglecting pre-fault load currents we have no voltage drops in the pre-fault circuit
and thus pre-fault voltage at each bus in the positive-sequence network equals V.
Transformer winding resistances, shunt admittances and A-Y phase shifts are
neglected.

Overhead line series resistances and shunt admittances are neglected.

Synchronous machine is simply represented (armature resistance, saliency and
saturation are neglected).

All non-rotating impedance loads are neglected.

Induction motors are represented as synchronous machines.

The aim of making the above listed assumptions is to get simplicity of calculations

without considerable deteriorating accuracy of calculations. As a result of that the
calculations can be performed even without computer.
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8.2. Three-phase fault model

Model of three-phase fault [B5] is presented in Fig. 8.1. It is assumed that three
phases a, b, ¢ become short-circuited with involving fault impedance Zr in all phases.
There is no connection to earth; however making this connection does not influence
fault currents.

Fig. 8.1. Model of three-phase fault

The considered fault is symmetrical and fault currents in three phases can be
expressed as follows:

I,=1 (8.1a)
I,=a’l (8.1b)
I, =al (8.1c)

Calculating symmetrical components of three-phase currents (8.1a)—(8.1c) one
obtains:
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Thus:

Voltage drops across fault impedances Zr can be determined as:

I, 11 177727 Jo
I _11 2 2,
Li|=3|1 a a ||a’L|=|1
L] “[1 a® a]lal| |0
1,=1+0
I,=1,=0

Za = zFia = ZF!

Ve=2Zply= ZFQZI

Ve=Zgl =Zgal

(8.2)

(8.3)
(8.4)

(8.5a)

(8.5b)
(8.5¢)

Calculating symmetrical components of three-phase voltages (8.5a)—(8.5¢)

one obtains:

Vol ([0 ][ 2L 0 0
Vi|=51 2 2’| Zed’L|=| 2ol |=| Zel,
Vo] "2 allZpar] [0 ] | 0
This yields:
Vi=Zgl;#0
Vy=V,=0

(8.6)

(8.7)
(8.8)

From (8.3)—(8.4) and (8.7)—(8.8) results that only positive-sequence network
(Fig. 8.2) is involved in fault current calculations under three-phase symmetrical fault,

while the zero- and negative-sequence networks are off our interest.

VA

a)

Positive-
sequence
network

1
—»——o0 b)

IZF

Fig. 8.2. Positive-sequence network: a) general network,
b) Thevenin equivalent as viewed from fault terminals
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The equivalent positive-sequence network (Fig. 8.2b) has a Thevenin equivalent
impedance and also a Thevenin equivalent voltage source, which equals the pre-fault
voltage Vr. Applying this network and the derived formulae one can calculate fault
current under three-phase symmetrical fault (Example 8.1).

Example 8.1. Three-phase fault current calculations

Fig. 8.3 presents a single-line diagram of a faulted power system under
considerations (adopted from [B5]).

A —— D F
Ing A oA

Fig. 8.3. Single-line diagram of faulted power system

The parameters of the power system elements are as follows:
Generator (G): 100 MVA, 13.8 kV — but operated at
5% above the rated voltage, Xs"=0.15 p.u., X5,=0.17 p.u.,
X0=0.05 p.u., neutral solidly earthed
Transformer (T,): 100 MVA, 13.8-kV A/ 138-kV Y, X12=0.10 p.u.,
neutral of Y side solidly earthed
Overhead line (L): X;1=X1=24 Q, X;1=72 Q
Transformer (Tg): 100 MVA, 138-kV Y / 13.8-kV A, X1p=0.10 p.u.,
neutral of Y side solidly earthed
Motor (M): 100 MV A, 13.8 kV, X)"=0.20 p.u., Xpp=0.21 p.u.,
Xmo=0.10 p.u., reactance of neutral earthing: Xj,=0.05 p.u.

Consider a three-phase solid (bolted) fault F at bus B. In order to calculate a three-
phase fault current:

e draw the positive-, negative- and zero-sequence networks (note: for three-phase
fault current calculation only positive-sequence network will be utilised here,
while the remaining networks will be used in analysis of unsymmetrical faults
— performed in Chapter 9),

e apply a common base (100-MVA, 13.8-kV) for all data and reduce the networks
to their Thevenin equivalents, as viewed from bus B, where a three-phase fault is
applied,

e calculate a fault current in per units and amperes.

Figure 8.4 presents the obtained sequence networks.
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b)

e Jvoror
S . . B
[N |
| | Ny
XG=iXG X=Xy
—VFZEG" TEM"
e | Jvorora
. S . . B
DRI R |
| | Ny
jXGZ X
I
Svororo
) S )
O N
|
-XGO

Fig. 8.4. Example 8.1 — sequence networks for:

a) positive-sequence, b) negative-sequence, ¢) zero-sequence
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All impedances (in fact: reactances since resistances are being neglected) except
for overhead line are expressed in per units on 100-MVA, 13.8-kV base. The line is

2
operated at 138-kV and thus using 100-MVA base: Zbase’line=%=l90.44§2.

24 72
Therefore: X;; =X, =——=0.126p.u., X, =——=0.378 p.u.
=2 700,44 P S0 219042 P

This is known (see the Example 2.2 in Chapter 2) that the per unit impedance does
not change when it is referred from one side of transformer (138-kV side) to the other
side (13.8-kV side).

Fig. 8.5 presents sequence networks with per unit data.

1‘* §0.10 p.u. ? §0.126 p.u. II‘ §0.10 p.u. ‘|3
! | i i
§0.15 p.u. I\ 10.20 p.u.
1.05 p.u.T Positive-sequence network TI'OS p-u.
b) A j010pu § jo126pu. R joropu B
j0.17 p.u. j0.21 p.u.
Negative-sequence network
°) A jo10pu § j0378pu. R joropu B
| YA |
I I
j0.05 p.u. j0.25 p.u.
Zero-sequence network

Fig. 8.5. Example 8.1 — sequence networks (with per unit data) for:
a) positive-sequence, b) negative-sequence, ) zero-sequence
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Reducing the networks from Fig. 8.5 to their Thevenin equivalents, as viewed
from bus B, one applies the rules for calculating the resultant impedance for both the
series and parallel connections of impedances. As a result of such calculations one
obtains the equivalents as in Fig. 8.6.

Recall that for the considered here three-phase fault, the fault currents are balanced
and have only positive-sequence component (f;#0, [,=0, [;=0). Therefore, we will
work here only with the positive-sequence network (Fig. 8.6a). The networks for the
remaining sequences (Fig. 8.6b and c¢) will be utilised in analysis of unsymmetrical
faults (Chapter 9).

) j0.1408 pu. I, b) j0.1475pu. I, 9 j0250pu. [,
4 v, v,
O O O
Fig. 8.6. Example 8.1 — Thevenin equivalents of networks for:
a) positive-sequence, b) negative-sequence, ¢) zero-sequence
According to Fig. 8.6a we have:
|4 1.05 .
I ==F=- =—j7.457 p.u.
Z, j0.1408
Fault currents in particular phases are determined using:
1, 1 1 1|1, I 1 1 0 7.457 2/ -90°
I |=|1 a* a||I,|=|1 a*® a||-j7.457|=| 7.457£150° | pu.
I |1 a a*||L,] |1 a a’ 0 7.457/30°

The base current equals:

:w:4.1337m

bwse  [3.13.8kV
Finally:

I 31.1994-90°

a

I, |=] 31.1992150° | kKA.
1 31.199.£30°

C
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9. ANALYSIS OF UNSYMMETRICAL FAULTS

9.1. Introduction

In this Chapter the following unsymmetrical shunt faults are considered:
e phase-to-earth fault
e phase-to-phase fault
e phase-to-phase-to-earth fault.

After deriving the equations relevant for the considered particular fault the
interconnected sequence networks are drawn. Then, the fault currents in the faulted
system from Example 8.1 are calculated. The calculated fault currents for the above
stated unsymmetrical fault types are compared with the three-phase fault currents
obtained in Example 8.1.

Analysis of unsymmetrical faults is carried out under assuming such phases
involved in a fault that the obtained equations allow for their simple interpretation, i.e.
leading to relatively simple interconnected sequence networks. In particular:

e phase-to-earth fault: a—E fault
e phase-to-phase fault: b—c fault
e phase-to-phase-to-earth fault: b—c—E fault.

The introduced examples explain how to deal when the phases other than the
above specified are involved in a fault. It is shown how to get simple form of
interconnected sequence networks for such faults. Fault currents calculations are also
included.

9.2. Phase-to-earth fault

Let us consider a phase-to-phase fault: a—E fault, as shown in Fig. 9.1 [B5]. It is
assumed for generality that a fault impedance Z is involved in this fault.
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Fig. 9.1. Phase-to-earth fault: a—E fault

Fault conditions in phase domain:

1,=1,=0 (9.1)

KaE = ZFla 9.2)

Transforming (9.1)—(9.2) to the sequence domain one obtains:

!0 1 1 1 1 la
Ii|=3|1 a a’||o 9.3)
L "1 a* ajlo

Vi =Wo+V +V)=ZpUy+1+1,) 94

where: a = 1/120° = 0.5 + j 0543 —a complex number with unit magnitude and

120° phase angle, i.e. rotates by 120° (anticlockwise).
As a result of (9.3)~(9.4) one gets:

Iy=1,=1,==~1 9.5)
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Vo+V1+V,)=0BZp)ly=0CZp)l, =(3Zp)1,

(9.6)

Equations (9.5)—(9.6) can be interpreted with the sequence networks (for positive-,
negative- and zero-sequence) interconnected in series with the triple fault impedance

3Zr, as in Fig. 9.2.

I=

Fig. 9.2. Interconnected sequence networks for a—E fault

From the circuit of Fig. 9.2 we have:
Ve

s Zy+Z+Z,+3Zg

Transferring (9.7) to the phase domain:

3V
L=ly+1+1, =30 =——— ;; Y
~0 =3 =) ~ZF

I,=I,+a’l +al, =(1+a’ +a)I, =0

I =ly+al,+a’l,=(1+a+a’)[,=0

(9.7)

(9.8)

(9.9)
(9.10)

The sequence components of the phase-to-earth voltages at the fault are

determined from:
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Vo 0] [z, 0o 0]]J
Vil=|Ye|-| 0 2 0L (9-11)
V, 0 0 0 Z,|[L

This allows determining the phase-to-earth voltages at the fault, by applying (3.1):

Ve 1 1 1 V,
Ve |=|1 a° a [, 9.12)
V| [1 a a’] v,

Example 9.1. Consider b-E fault and state how to get simple form of
interconnected sequence networks
In this case fault conditions in phase domain are as follows:

1,=1.=0 (9.13)
Ve =Zgly (9.14)

Transforming (9.13)—(9.14) to the sequence domain one obtains:

L [t 1 ][0
Lij=5|1 a a’|L, (9.15)
L] |1 2> a]|o
Vig =W +a’V, +aVy)=Zp(Iy+a’ I, +aly) (9.16)
As aresult of (9.3)~(9.4) one gets:
1 1 1 5
I,=—1,, I, =—al,, I,=—a"1 9.17
L0=34b L1738 L2738 5 9.17)
or:
1, =al,, I, =al, (9.18)
Voltage drop a fault path impedance:
Ve =g +a’V, +al,)=Zp(Iy +a’ I, +aly) =3Z¢ 1, (9.19)

Conclusion: the relations between symmetrical components of fault currents (9.18) do
not allow to get such simple do not allow to get the interconnected sequence networks
such as in the case of a—E fault (Fig. 9.2). Utilisation of (9.18) for drawing the
interconnected sequence networks requires applying the ideal transformers of the
ratios being a complex number (a).

In order to get the interconnected sequence networks such as in the case of a—E
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fault (Fig. 9.2 — the sequence networks connected in series) one has to change the
sequence of phases.

Considering names of phases as: first, second, third, the transformation from phase
to symmetrical components, and inversely, is in the case of currents (analogously for
voltages):

I, . 1 1 1 L
Li|=5|1 a a” || Lcona (9.20a)
I, 1a® a] |l
lﬁrst 1 1 1 10
lsecond =1 22 a 11 (920b)
1 ihirg 1 a 22 I,

The results for simple interpretation (Fig. 9.2 — the sequence networks connected
in series) for a—E fault have been obtained assuming the following assignments:

a— E fault : first —» a, second — b, third - ¢ (9.21a)
Therefore, it is advantageous if for b—E fault one applies:

b — E fault : first —> b, second — c, third —> a (9.21b)
Analogously, it is advantageous if for c—E fault one applies:

¢ —E fault : first - ¢, second — a, third > b (9.21¢)

So, we change the order of phases (in a sense which is considered as the first,
second and third phase, respectively) keeping the clockwise direction of their rotation.

Applying consequently (9.20a)(9.20b) and analogous for voltages, together with
the assignments (9.21b)—(9.21c) one can utilise the series connection of sequence
networks (Fig. 9.2), also for b—E and c—E faults, respectively.

9.3. Phase-to-phase fault

Let us consider a phase-to-phase fault: b—c fault, as shown in Fig. 9.3 [B5]. It is
assumed for generality that a fault impedance Zg is involved in this fault.
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=

Fig. 9.3. Phase-to-phase fault from phase ‘b’ to ‘c’ (b—c fault).

Fault conditions in phase domain:
1,=0
lc = _lb
Ve =V =251,

Transforming (9.22)—(9.24) to the sequence domain one obtains:

I, 1 1 1 0
1 2
Ii|=7|1 a a I
3
I 1 a* al|-1,
From (9.25) one gets:
I, = 0

1 1
I, = g(ﬂlb _Qzlb) = 5(@ _Q)zlb

I,= %(Qzlb —aly) :%(92 —a)l, =-I,

We can determine the voltage drop across the fault path impedance:

(9.22)
(9.23)

(9.24)

(9.25)

(9.26)

(9.27)

(9.28)
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ZaE 1 1 1 ZO
Ve |=|1 2° a ||V, (9.29)
Ve 1 a 3_12 v,

Vg ~Vep =Ze(Iy+2° 1, +al,) (9.30)

Left-hand side of (9.30) equals:
Ve =V =Wo+a'Vi+aly) -, +al, +a’V,) =@ ~a)l, —@ -, (931
Right-hand side of (9.30) equals:

Ze(ly+a’l +al)=Z(0+a’ [, -al) = Zy@ ~a)],  (9.32)
Comparing (9.31) and (9.32) one gets:
@ -, —@ -a)l,=Z@a -a)l, (9.33)
or after simplification:

Vi=V,=2¢l, (9.34)

Conclusion: The obtained fault conditions in sequence domain:
1,=0 (9.26)
I,=-1, (9.28)
Vi=V,=2¢l, (9.34)

allow for simple interpretation, i.e. to draw the interconnected sequence networks as
presented in Fig. 9.4. In fact the zero-sequence network can be omitted since there is
no flow of current in it (/;=0).

Fig. 9.4. Interconnected sequence networks for phase-to-phase fault from phase ‘b’ to ‘c’ (b—c fault)



109

From Fig. 9.4 results:

V
L=—l,=—=F—— (9.35)
(Z,+Z,+Zp)

Transforming (9.35) to the phase domain and taking into account that:

gz —a=- j\/§ , the fault current in phase b is equal:

-3V,

I, =1,+a’[, +al,=(a’ —a)l, =—j\3], =—————=F 9.36
Iy=Iy+a’l,+al,=(a"-a)l, =-j31, (Z,+Z,+Z7) ( )

Note that fault currents in the remaining phases are:
I,=1,+1,+1,=0 (9.37)
I =Iy+al +a’l,=(a-a")l, =-1I, (9.38)

The obtained formulas (9.37)—(9.38) verify the constrains of the b—c fault: (9.22)—
(9.23).

The sequence components of the phase-to-earth voltages at the fault are given by
(9.11):

Vo 0 Zy, 0 0|1,
Vil=\Ve|-| 0 Z, 0 |1 (9.11)
v, 0 0 0 Z,||L

Example 9.2. Consider a-b and c-a faults and state how to get simple form of
interconnected sequence networks

It is left for the reader of this textbook that taking the standard order of phases: a,
b, c does not lead to simple interpretation of the results, as it was obtained for b—c
fault (Fig. 9.4). How to achieve this goal follows.

The results for simple interpretation for b—c fault (Fig. 9.4 — the positive- and
negative-sequence networks connected in parallel at the fault terminals through the
fault impedance Zr) have been obtained assuming the following assignments:

b —c fault : first — a, second — b, third — ¢ (9.39a)
Therefore, it is advantageous if for a—b fault one applies:

a—b fault : first > ¢, second — a, third > b (9.39b)
Analogously, it is advantageous if for c—a fault one applies:

c¢—afault : first - b, second — ¢, third > a (9.39¢)
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9.4. Phase-to-phase-to-earth fault

Let us consider a phase-to-phase-to-earth fault: b—c—E fault, as shown in Fig. 9.5
[B5]. A fault impedance Zg is involved in this fault.

+

Fig. 9.5. Phase-to-phase-to-earth fault from phase ‘b’ to ‘c’ and to earth (b—c—E fault)

Fault conditions in phase domain:

I,=0 (9.40)
Ve =V (9-41)
Vie=Z:(L,+1.) (9.42)
Transforming (9.40) to the sequence domain we obtain:
L +1,+1,=0 (9.43)
Taking (9.43) we obtain:
@ -al,=@" -a),or V,=V, (9.44)
Now using (9.42):
Vota'V,+aV,=Zy(ly+a' i +al, +I,+al,+a’L,) (945

After taking into account (9.44) and that: gz +a=-1 equation (9.45) can be
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written down as:
Zo -V,=4; (210 -1, - lz) (9.46)

From (9.43) we get that /, = —(/, + ,) and finally:

VoV, =3Z1, (9.47)
Conclusion: The obtained fault conditions in sequence domain:
Ii+1,+1,=0 (9.43)
V.=V, (9.44)
Vo-V,=3Z¢1, (9.47)

allow for simple interpretation, i.e. to draw the interconnected sequence networks as in
Fig. 9.6.

4 o
A A 5 ‘ L +
¥ Zl Z _V2 Z| |1V,

0

Fig. 9.6. Interconnected sequence networks for phase-to-phase-to-earth fault
from phase ‘b’ to ‘c’ and to earth (b—c—E fault).

Example 9.3. Consider a—b—E and c—a—E faults and state how to get simple form
of interconnected sequence networks

It is left for the reader of this textbook that taking the standard order of phases: a,
b, ¢ does not lead to simple interpretation of the results, as it was obtained for b—c—E
fault (Fig. 9.6). How to achieve this goal follows.

The results for simple interpretation for b—c—E fault (Fig. 9.6) have been obtained
assuming the following assignments:

b —c - E fault : first —» a, second — b, third »> ¢ (9.39a)
Therefore, it is advantageous if for a—b—E fault one applies:

a—b —E fault : first — ¢, second — a, third > b (9.39b)
Analogously, it is advantageous if for c—a—E fault one applies:

c¢—a — E fault : first — b, second — c, third > a (9.39¢)
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Example 9.4. Calculation of fault currents under unsymmetrical faults in the

system from example 8.1.
The faulted power system was described in example 8.1. The Thevenin equivalents

of the sequence networks were presented in Fig. 8.6. Taking those equivalents, the
derived interconnected sequence networks for unsymmetrical faults: a—E, b—c, b—c—E

are as presented in Fig. 9.7.
j0.1408 p.u. [,

a) A

O =105pu. |1,

j0.1475pu. L

j0.250pu. [,

b) j0.1408 pu. 1, L j0.1475pu.

V.=1.05p.u.

j0.1408 pu. 1, 32,
) "X fFs £ —— If 1
z 1 Hha Ll 51
! v i
V.=1.05 p.uI _Vlé Z, E EZZ Z, q —Vo
L To 2
— "1’

Fig. 9.7. Example 9.4 — interconnected sequence networks for: a) a—E fault, b) b—c fault, ¢) b—c—E fault
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Taking the interconnected sequence networks and the derived formulae, the fault
currents (in per units) under different unsymmetrical faults have been calculated.
Then, using the base current (calculated in Example 8.1 and also repeated in
Table 9.1) the fault currents in kA were calculated. For the comparison purpose, in
Table 9.1 also the fault currents under three-phase symmetrical fault (calculated in
Example 8.1) are also included. In all calculation the fault impedance was assumed as:
Z7=0 (thus solid (or bolted) faults were considered).

Table 9.1. Fault currents under different fault types

Fault type Phase ‘a’ Phase ‘b’ Phase ‘¢’

a-b—c 31.1992-90° kKA 31.199/150° kA 31.199.230° kA
a-E 24.482 £ -90° kA 0 0

b—c 0 26.392/180° kKA 26.39220° kA
b—c-E 0 28.523/158.47° kA 28.523/21.53° kA

Base current: 4.1837 kA

The highest fault currents were obtained under three-phase balanced fault. This
why such faults, even the less probable to occur, they are often taken into

considerations.
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10. ANALYSIS OF OPEN-CONDUCTOR
CONDITIONS

10.1. Introduction

In this Chapter the faults involving open-conductor conditions are considered.
Such conditions may be caused by broken conductor failure, but also due to an
intentional single-phase switching operation. Such faults may involve the opening of
one or two phases of a three-phase circuit. The case of opening of all three phases has
no practical meaning since in this case there is no flow of currents in all three phases.
Open-conductor can happen also in combination with single phase to earth fault.

10.2. One opened conductor

Let us consider a balanced three-phase network with an overhead power line in
which the pre-fault current /M = /" flows and the conductor from the phase ‘a’

undergoes opened [B9, B19] (Fig. 10.1).
The open-conductor condition can be reflected by inserting the voltage source
AV, in the phase ‘a’ which is affected by the broken conductor failure (Fig. 10.2):

AV, #0 (10.1)
The direction of the voltage source AV is in opposite side with respect to the pre-

fault current /. The value of this voltage source is set at such value that the flowing

current decreases to zero (since there is a break).
In the remaining healthy phases (b and c) the inserted voltage sources (Fig. 10.2)
are equal to zero:
AV, =0 (10.2)

AV, =0 (10.3)
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a) vicinity of overhead line
pre
!1 _ !Ere
a — 2y
b
c
b) vicinity of overhead line
m n
a 0o o
b
c

Fig. 10.1. Scheme of overhead line: a) before failure, b) after braking of phase ‘a’ conductor

vicinity of overhead line

a m—~

n
—)

A

& &

>
<
-

o

>
IS

o

Fig. 10.2. Scheme of overhead line with a broken conductor failure reflected
with inserted voltage sources

Resolving the inserted voltage sources into their symmetrical components one
gets:

1 1

AV, =8V +alV, +a’AV,) =347, (10.4)

AV, :%(Aza +a’AV, +aAV) :%Aza (10.5)
1 1

AV, =§(AKa +AV +AV) =§AKa (10.6)

Thus:
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1
AV =AY, =AY, =AY, (10.7)

This results in that the circuits of particular sequences are connected in parallel, as
in Fig. 10.3. This can be also presented as in Fig. 10.4. According to Fig. 10.4 one can
write down:

E,—F
L= AP (10.8
- 7 vz CatZp)ZagtZy) )
VANRAN
Zay+Zpy+Zag+Zpo
Zin+Z
I,=-1, =A0—_=B0 (10.9)
Lyt Zp+Zpg+Zp
iy +Z
I,=-1, =42 =B (10.10)
Zpy+Zpy+Zag+Zp
Instead of the difference ( £ 4, — £, ) one can substitute (Fig. 10.5):
Epn—Eg =(Zy+Zg)IT (10.11)
| »- O —
ZAO lo AKO ZB()
-1,
| > O 1
ZAZ 12 AKZ ZBZ
_12
Zn Lo Ay, Zm

EA]C) CDEBI

Fig. 10.3. Open phase ‘a’ failure — interconnection of circuit diagrams
of different symmetrical components.
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EAIC) Z o Zy C)EB‘

Fig. 10.4. Open phase ‘a’ failure — alternative form of interconnection of circuit diagrams
of different symmetrical components

o
S
~l
Il
o
a—
~l
—{ +—{ +—
ZAI ZBI

Ea(D (D

Fig. 10.5. Equivalent scheme for pre-fault positive-sequence

Assuming also that:

Zan=2Z,, (10.12)
Zpy =Zp (10.13)
one gets:
11 _ ]{)re ZAI +ZBI +ZA0 +ZBO (1014)
AN R AR VAR A
12 :_I{Jre ZA0+ZB0 (1015)
- T Zpg+Zp 2L g+ Zeo)
IO :_[{)re ZA1+ZB1 (10.16)
- T ZgaHZg 2L g+ Ly)

From the symmetrical components of the currents one can calculate the phase
currents:

I,=1+1,+1, (10.17)

Iy=a’l +al,+1, (10.18)
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I =al,+a’l,+I, (10.19)

If a neutral point at any side is not earthed, then the zero sequence current is equal
to zero (Fig. 10.4) and:

I, =~1I, (10.20)
Example 10.1. Calculation of phase currents under one phase conductor opened

This example is adopted from [B19].
Determine the flow of currents in the overhead 220 kV line loaded by 120 MW
power with cos(¢)=0.8 for the case when a broken conductor failure happens in

phase ‘a’.
Short-circuit powers at both sides of the break are as follows:

S =630 MVA, S =270 MVA .

The ratios of the zero- and positive-sequence impedances are equal, respectively:

Z

=A0-1.1
Za
Zno _ 375
ZBI

Note: a break in a phase has no considerable influence on voltages therefore only
the flow of currents is determined here.

Solution:

Positive-sequence impedances (and also negative-sequence impedances) are
calculated from the given short-circuit powers (in MVA) and the nominal line-to-line
voltage (in kV):

2207

2
= —i76.83Q, _ 220
630

ZBI = —0 = _]17926Q

£ Al
Zero-sequence impedances are:
Zpao=1.1Z,,=i84.51Q
Zpo=215Z5,=j492.97Q

Then, one gets:
Zpa+Zg =]3256.09Q

Zpo+Zpo = 577480
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Pre-fault positive-sequence current equals:

e P 120000 00 s o

V3 cos(p)  +/3-220000-0.8

The symmetrical components of currents according to (10.14)—(10.16):

pre ZaitZpitZ gt Ly

I=1 =232.64A
Za+Zp+2UZpg+Zp)

I,=-1I7" Z o+ Zpo =-161.00 A

- T Zp+Zp +2Z g+ Lp)

Iy=-1" ZaitZp =—71.64A

Zp+Zpi +2(Z o+ Zpo)
Therefore, the phase currents according to (10.17)—(10.19) are:
I,=1+1,+1,=0

Ly=a’l,+al,+1,= 357517174

1 0
I =al, +a’ L, + 1, = 357516104
Conclusion: the broken conductor failure in phase ‘a’ causes a decrease of currents

in the remaining healthy phases by around 10%:

357.51
393.65

=0.908 .

10.3. Two opened conductors

Let us consider the conditions for two opened conductors in phases b and ¢
(Fig. 10.6). The pre-fault positive-sequence current is as in the previous Section 10.2
(Fig. 10.5).

In this case the constrains are as follows:

1,=1,=0,1,=1#0 (10.21)
AV, =0 (10.22)

From (10.21) one gets:
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L =1,=1,==I (10.23)

AV, =AV, + AV, + AV, =0 (10.24)

From (10.23)—(10.24) results that the symmetrical components circuits have to be
interconnected as Fig. 10.6b.

a)

vicinity of overhead line

B0 ¢
j=e)

Fig. 10.6. Two opened conductors: a) scheme of overhead line after braking conductors in phases b and c,
b) interconnection of circuit diagrams for different symmetrical components

Basing on the pre-fault circuit (Fig. 10.5) and the interconnection of the circuit
diagrams for different symmetrical components (Fig. 10.6b) one can get the solution,
similarly as for the case of one opened conductor. This is left for the reader of this
textbook.
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10.4. Open conductor failure combined with
single phase-to-earth fault

Two characteristic cases of open conductor failure combined with single phase-to-
earth fault are presented in Fig. 10.7. Different sequences of open conductor and
phase-to-earth failures are distinguished there (see the description of Figs. 1.4b and ¢
in Chapter 1).

- C
a) p—m b) b

a—o a o—
mn mn
RF RF

Fig. 10.7. Open conductor failure combined with single phase-to-earth fault

Basing on the separate models in symmetrical components for the open conductor
and phase-to-earth failures one can get the interconnection of the circuits for
respective symmetrical components as in Fig. 10.8.

N
~

)

IN

£ A2 - AV, B2

e

gEm

Fig. 10.8. Open phase ‘a’ failure combined with phase ‘a’-to-earth fault (Fig. 10.7a)
— interconnection of circuit diagrams of different symmetrical components

En(
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11. EARTH FAULTS IN MEDIUM VOLTAGE
NETWORKS

11.1. Introduction

Distribution systems operating at medium voltage (MV) deliver the electrical
energy to large customers at voltages below 132 kV via step-down HV/MV
transformers [B14]. The MV voltage level may be different in particular systems. As
for example, the Polish MV distribution networks operate at: 6 kV; 10 kV (urban
agglomerations); 15 and 20 kV (majority of networks); 30 kV (main networks in
industrial areas with factory objects of large power consumption). The vast majority
consumers are connected at low voltage via distribution transformers (MV/LV).

Example configuration of a distribution system [B14] is presented in Fig. 11.1. It
contains a series of overhead lines und underground cables for transporting electrical
energy to the customers. The length of the lines and cables differs from hundred
meters to some dozens of kilometres. Presently the dispersed generation (DQG)
undergoes rapid development and the sources of this type are commonly connected to
the MV network.

MV

Cable 11 Cable 12 8 Cable 13

Feeder 1

HV

Feeder 2
3{: Cable 31 Cable 32 Cable 33

Normally Open Switch

Feeder 3

—x————»
—x—@—x— Feeder 4

—%—»

Feeder 5
OH line 61 801—1 line 628 Cable 63 |

Feeder 6

Cable 348 Cable 35

Fig. 11.1. Example configuration of MV network [B14]
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11.2. Methods of neutral earthing

High voltage networks operate with the neutral point effectively earthed. Therefore
the fault currents under earth faults are high and comparable with the currents under
inter-phase faults not involving earth. In contrast, the Medium Voltage (MV) networks
do not operate with the neutral point directly earthed. In general, one can distinguish
the following kinds of MV networks:

e networks with the isolated neutral point,

e networks with the neutral point earthed through the compensating reactor,
e networks with the neutral point earthed through the resistor,

o networks with the neutral point earthed through the reactor and the resistor.

Fault currents and the transient phenomena in the MV networks are considerably
influenced by the way of the neutral point earthing [B9, B11]. Impedances in the zero-
sequence equivalent networks are high or take the infinity value (a break) and
therefore one has to take into account the shunt capacitances of the network.

Let us start our considerations with assuming that the neutral point is earthed
through the impedance Zy (Fig. 11.2).

In order to simplify the considerations related to the circuit from Fig. 11.2b, the
following assumptions are taken into account:

e series impedances of the equivalent system, line and transformer are much smaller
than the shunt impedances,

e the impedance earthing the neutral point (Zy) is high in comparison to the series
impedances of the equivalent system, line and transformer.

If the above simplification assumptions can be made, then we get the simplified
circuit as in Fig. 11.3 (small series impedances are omitted, what reveals making a
parallel connections for shunt branches).

Note that at this stage it is not considered that the line shunt capacitances are in
reality uniformly distributed along the line (the lumped model is utilised).

4F

HV MV
a)

HV Network

IN

(Fig. 11.2. to be continued)
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b)

|
|

||
Il
||
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<
Il
If
|
If

32,

i
i

3Z

=N

]
|
i

Fig. 11.2. Single phase-to-earth fault in the network with the neutral point earthed through impedance Zy:
a) considered network, b) interconnection of the circuits for different symmetrical components.

a) 4
A
ZF - CIL Zl _— CIR
1
A
T O v, =Cx H 3Z;
44,
3ZN T C()L —VO T C()R

(Fig. 11.3 to be continued)
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b) ;
L
e [k
!
T

Fig. 11.3. Simplified circuit from Fig. 11.1: a) omitting the series branches with negligible impedances,
b) introducing parallel connections of shunt capacitances.

Taking the simplified circuit from Fig. 11.3b [B9] the following equivalent zero-
sequence impedance is determined:

1z,

— ZCBZN _ JO)CO _ 3ZN (11 1)
Ly = = = . .
Zc+3Zy ;+3ZN 1+joCy3Zy
joC,
Symmetrical components of currents and voltages at the fault point are:
[y p— - (11.2)
Zy+3Z¢

V,=Vg (11.3)
V,=0 (11.4)
Vo=—zZoly=-—2 v (11.5)

Zo+3Zp "
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The following cases can be considered:
e Z, =oc —the isolated neutral (Fig. 11.4a),

e Z\ = ]joLy —the neutral earthed through the compensating reactor (Fig. 11.4b),
e Zy =Ry —network with the neutral earthed through the resistor (Fig. 11.4c),
o Zy=(oLy)| Ry — network with the neutral earthed through the compensating

reactor in parallel with the resistor.

Fig. 11.4. Simplified circuit for considering single phase-to-earth fault: a) network with the isolated
neutral, b) network with the neutral earthed through the compensating reactor, c) network with the neutral
earthed through the resistor.

11.2.1. MV network with isolated neutral

In relation to Fig. 11.4a one can determine:

1
Z,= 11.6
L0 500 (11.6)
=1,=1, =325 e (1.7)
1+ joCy3Z;
Vo= ! I,= ! |4 (11.8)

CjoCy Y 1+jwCy3Zy T
If the solid (bolted) fault is considered, i.e. if Z, =0, then:

I=1,=1,=joCVg (11.9)
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Vi =V; (11.10)
V,=0 (11.11)
Vo=-Vg (11.12)

Transferring from the symmetrical components domain to the phase domain one
gets:

I,=31,=i30C,V; (11.13)
V,=Vo+V,+V,=0 (11.14)
Vy=Vy+a’V,+al, =@’ -1V, (11.15)
Ve=Vo+al +a’V,=@-1V; (11.16)

Assuming: V' =+ jE one gets:
I, =-3wC,E (11.17)
V,=0 (11.18)
V, =+3Ee 1%’ (11.19)

—j120°

Vv, =3Ee (11.20)

Phasors (11.17)—(11.20) of the quantities at the fault point are shown in Fig 11.5b.
Additionally the phasors of currents [, /. are shown in Fig. 11.5b, but one has to
realize that they are the line currents, while at the fault point these currents are equal
to zero (since this is a single phase-to-earth fault).

The fault current flows through the faulted phase towards the fault point and

returns through the healthy phases through the shunt capacitances of the phases.

Conclusions:

e In the network with isolated neutral the earth fault current has a nature of the
capacitive current. The value of this current at the fault point depends on the
resultant capacitance of the network and thus does not depend on the fault
position.

e Phase voltages of the healthy phases take the phase-to-phase value (\/EE ) with
the phase displacement of 60° between the phases.
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a) I b)
C & < < I
- x360°
N < < > o
A A J:'v l A A i
= - V_a i — Ni
E T T 1T y /) .
il 3 =
A ;

Fig. 11.5. Single phase-to-earth fault in network with isolated neutral point:
a) faulted circuit, b) phasor diagram

In reality the shunt capacitances of the line are distributed along it and the current
in the earth would be the highest at the fault point and the lowest close to the source.
In turn, the current of the healthy phase is the highest at the source. This is shown in

Fig. 11.6 [BY].

Fig. 11.6. Distribution of earth current and healthy phase current along the line when the line shunt
capacitances are considered as distributed along the line

In turn, Fig. 11.7 shows how the earth current changes along the line if the fault
position undergoes changing. Also, it shows how it is if there are two healthy lines and
one faulted (the lines are of different length) [B9].
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a) b)

e L“%\mwm\ L, [T T rrrrepeee
® Wmﬂm\
S T Wﬂﬂﬂﬂﬂm\ ke

=

Fig. 11.7. Change of earth current along the line: a) for two fault positions for a single line, b) for a
network containing three lines (L, Lg — healthy lines, Lc — faulted line).

When considering transients associated with the fault one has to take into account
that the capacitances of the faulted phase undergo discharging, while the capacitances

of the healthy phases (their voltage value undergoes increasing by \/5 , what means
that the accumulated energy (CU?/2) is increased). During this change of the
accumulated energy the oscillations are generated (the circuit comprising the

transformer inductance and the line capacitances). In practice the faults are of the
intermittent arc. During such arcing faults the overvoltage level can be above 3.

11.2.2. MV network with neutral earthed through compensating reactor

For compensating the capacitive fault current (total fault current considered at the
fault point) the following means are used [B9]:
e Petersen coil (P C) — Fig. 11.8,
e Bauch or Reithoffer transformer.

A S Tr

B
HV Network I
k

Fig. 11.8. Earthing of neutral via Petersen coil:
S Tr — supplying transformer, E Tr — earthing transformer, P C — Petersen coil
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One has to observe that, in the circuit from Fig. 11.8 there is no access to the
neutral point at the lower side of the supplying transformer (S Tr). Therefore, the
earthing transformer (E Tr) is installed, which allows to connect the Petersen coil. The
earthing transformer ZNyn is applied (for example: ZNyn5). Self compensating of the
Z (zigzag) winding for the zero sequence is the reason for applying such earthing
transformer. Zero-sequence impedance of such transformer is the lowest in
comparison to the transformers of the other vector groups [B9, B11].

In the following considerations we will neglect the coil resistance, thus
considering:

Z\ = joL 11.21
ZN N

For the simplified circuit of Fig. 11.4b we have:

L=1,=I,=—F— (11.22)
Zo+3Zg
where for parallel connection of Cy and 3Ly we get:
Zy= —“’;“N (11.23)
1-0"Cy3Ly
If it is satisfied:
°Cy3Ly =1 (11.24)
ie. Ly = ! (11.24a)
. .o N 3(DZCO .
then:
Z, =x (11.25)
and as a result of that there is a break for a current flow:
I, =1,=1,=0 (11.26)

and there is a zero current at the fault point (the compensating coil compensates the
fault current to zero):

I,=1,=1=0 (11.27)
Fig. 11.9 presents the circuit diagram and change of currents under single

phase-to-earth fault in the network with the neutral earthed through the compensating
coil [B9].
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Fig. 11.9. Single phase-to-earth fault in the network with the neutral earthed through the compensating
coil: a) faulted network with marking the flow of currents, b) current coming from the capacitances of

healthy phases, c) current forced by the coil, d) resultant current in earth

Considering ideal compensation we get that the total fault current is equal to zero:

I=1,=1,=0
and
V,=0
Regardless of fault impedance (Zr) we get:

Z
ZOZ_Z =y, =- 1
Zy+3Zp

1+ 22F

(11.26)

(11.28)

(11.29)
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Conclusions:

e Symmetrical components of voltages at the fault point are identical as for the solid
faults (Zz=0) in the network with isolated neutral point.

e Voltage of faulted phase at the fault point is equal to zero, while voltages of
healthy phases take the phase-to-phase value.

Considering ideal compensation we get that the total fault current is equal to zero
and voltage of faulted phase at the fault point is equal to zero. As a result of that
favourable conditions for arc extinction appear causing the followings:

o faulted phase voltage increases from 0 to £,
e healthy phases voltage decreases from \3E to E.

Such changes of voltages are not abrupt (take some time: below 1 s). Therefore the
increase of the magnitude of faulted phase basically does not cause the arc persistence.
Increase of the air strength due to the deionisation of the air undergoes faster. Due to
fast arc extinction there are rare cases of evolving of a single phase fault to the poly-
phase fault (the arc does not go to the other phases) [B9].

From electrical point of view the network with the neutral earthed through the
compensating coil can be in operation for a long time until the fault is found by the
maintenance crew. This is for the wooden towers but not for steel-concrete towers
[BI].

In general, use of the compensating coils is effective for not too large networks.

Ideal compensation is not possible since the compensation is adjusted only to the
fundamental frequency and not for the higher harmonics appearing during fault. The
quality of compensation depends on the design of the compensating reactor, which
reactance is set in some steps, as for example the compensating reactor 90-180 A can
be set to one of five values differing by 22.5 A [B11]). Also one can realize that our
analysis is simplified (we neglect series impedances and resistance of the
compensating coil). Moreover, the zero-sequence capacitance of the MV network
undergoes changes due to switching operations in the network. Therefore, special
means for controlling the network compensation degree is applied in real grids [B11].

Ideal compensation is not advantageous (the highest overvoltage appear) therefore
in practice overcompensation is applied:

1
Ly<—— 11.30
N 3(DZCO ( )
causing that for the parallel connection of C, and 3Ly we get the impedance:
Z =—]033LN (11.31)
1-0°Cy3Ly

which is of inductive nature.
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11.2.3. MV network with neutral earthed through resistor and with
forcing active component of fault current

If there is a difficulty with applying the compensating coil, then the earthing

through the resistor (Fig. 11.10a) or the coil in parallel with the resistor (Fig. 11.10b)
can be applied.

b)

Fig. 11.10. Earthing of the neutral point of the transformer through:
a) resistor, b) resistor in parallel with coil

This is the method (Fig. 11.10b) which is between the isolated neutral and the
neutral effectively earthed. The main reason for applying this method relies in a need
for increasing a fault current for assuring sensitive operation of protective relays and
also for decreasing the overvoltages [B9, B11].

Selection of the resistance value is a compromise between:

e selective operation of protective relays,
e decreasing the overvoltages
e proper safety level against electric shock hazard.

For the MV network in Poland it is recommended to apply resistors, which limit
the fault currents [B9]:
e in MV cable networks below 500 A,
e in OH networks below 120 A.

Having such level of fault current and adequately low footing resistance of the
towers and the substations, proper safety level against electric shock hazard is assured.

In general it is difficult (from both technical and economical point of view) to
assure adequately low footing resistance of the towers and the substations and from
this reason the neutral earthing through the coil with a resistor in parallel is used
(Fig. 11.11. Normally the network operates as the compensated. After detecting a fault
(based on measurement of zero-sequence current and voltage) automatically the
resistor is switched on for a few seconds. The active component in the fault current is
forced, assuring advantageous conditions for operation of protective relays.
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In Poland there are the solutions for forcing the active component of the fault
current from the range 15 A up to 40 A or in some rare cases around 100 A. Also in
the other European countries (Austria, Czech Republic, Slovakian Republic, Hungary,
Germany) the forcing of the active component of the fault current is commonly
applied. In particular, in Germany the forcing of the active component current at the
level around 1000 A or even higher is applied. In turn, in some countries the solution
with complete shortening of the compensating reactor for a short time interval is
applied, which results in getting solidly earthed network (for this interval) [B11].

In Fig. 11.11 different ways of connection of the resistor forcing the active
component of the fault current are shown.

a) MV

C
]
Ly R, ,
LV gl

I
Ly
LV
A Yo
Control
Ry "1 Circuit
A

' o

I\

(Fig. 11.11 to be continued)
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Fig. 11.11. Different ways of connection of resistor forcing the active component of the fault current:
a) resistor connected directly in parallel to Petersen coil, b) resistor connected to secondary side of
additional transformer — operating as a single phase unit, c¢) resistor connected to additional winding of
Petersen coil

The resistor used for forcing the active component of the fault current is being
switched on after some 2— seconds since earth fault inception. Such delay allows for
extinguishing the arc due to presence of the compensating coil. The resistor remains
switched on for 5 seconds [B11].

Except forcing the active component of the fault current (Fig. 11.11) also forcing
the reactive component of the fault current can be applied. Instead of the additional
resistor (for forcing the active component — Fig. 11.11) the reactor having the
specified reactance is applied. However, forcing the active component is rather seldom
presently used in Polish medium voltage networks. According to [B11], an interest in
applying the forcing of the active component of the fault current will increase in near
future.

Forcing of the active or reactive components of the fault current is applied for the
networks with compensated capacitive earth current. For the networks with isolated
neutral the similar effect can be obtained by switching off one of the lines for short
time. In turn, in the network which is earthed by a resistor this effect can be obtained
by short disconnection of the resistor — for example by switching off the auxiliary
supply bay (the bay with the earthing transformer).
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12. STANDARDS FOR FAULT CURRENTS
CALCULATION

12.1. Introduction

The standards related to calculation of fault currents are introduced from many

reasons and this a long history for that. The main reasons can be listed as follows:

limiting the freedom in introducing the simplifying assumptions and
diversification of such assumptions taken for performing the calculations,
introducing uniform interpretation of the calculation results,

introducing simplified calculations for making them simple in application.

There are different standards around the world, however, from our perspective the

European standards and Polish standards, for which high fidelity in following the
European ones is lately observed, are the most important.

The main institutions and committees related with standardisation for electrical

engineering are:

IEC — International Electrotechnical Commission: http://www.iec.ch/,

CENELEC - European Committee for Electrotechnical Standardization / Comité
Européen de Normalisation Electrotechnique / Europdisches Komitee fiir
elektrotechnische Normung: http://www.cenelec.org/,

Polish Standards Committee: http://www.pkn.pl/.

The International Standard IEC 60909 is the main source for fault calculations.

The text of this standard was approved by CENELEC as a European Standard without
any modifications. Also Polish Standards Committee approved the European Standard
EN 60909 as the Polish Standard PN-EN 60909.

In particular, at present (note that: “at present” is understood here as in time of

writing this textbook, however, in the case of using a particular standard one has to
check whether it is still valid or was cancelled or replaced by its new version) the
following standards are valid:

PN-EN 60909-0:2002 Short-circuit currents in three-phase a.c. systems — Part 0:
Calculation of currents [S1].
This standard is completely compatible with IEC 60909-0:2001. It is applicable to
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the calculation of short-circuit currents:- in low-voltage three-phase a.c. systems, -
in high-voltage three-phase a.c. systems, operating at nominal frequency of 50 Hz
or 60 Hz. This standard establishes a general, practicable and concise procedure
leading to result, which are generally of acceptable accuracy. For this calculation
method, an equivalent voltage source at the short-circuit location is introduced.

e PN-EN 60909-3:2010 Short-circuit currents in three-phase a.c systems - Part 3:

Currents during two separate simultaneous line-to-earth short-circuits and partial
short-circuit currents flowing through earth [S2].
This standard is completely compatible with IEC 60909-3:2009. It specifies
procedures for calculation of the prospective short-circuit currents with an
unbalanced short circuit in high-voltage three-phase a.c. systems operating at
nominal frequency 50 Hz or 60 Hz.

12.2. General characteristic of IEC 60909 standard

The standard is applicable to the calculation of short-circuit currents in low-
voltage and high-voltage a.c. systems operating at a nominal frequency of 50 Hz or
60 Hz. 500 kV and above systems with long transmission lines need special
consideration. Single line-to-earth fault in isolated neutral system or a resonance
earthed neutral system is beyond the scope of this standard.

There are two characteristic cases (Figs. 12.1 and 12.2) when considering the
waveform of a short-circuit. This depends whether it is a far-from-generator short
circuit or a near-to-generator short circuit.

Current

Top envelope
R / d.c. component i, . of the short-circuit current

‘ﬂﬂﬂﬂﬂﬂ ****** Lo
LU

Bottom envelope

W
fl(
’

~

a
s
s

Fig. 12.1 Short-circuit current of a near-to-generator short circuit with decaying a.c. component
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3 Top envelope
AN /
s d.c. component i, . of the short-circuit current
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Bottom envelope
Fig. 12.2. Short-circuit current of a far-from-generator short circuit with constant a.c. component

The following quantities are involved in Figs. 12.1 and 12.2:
o Iy —initial symmetrical short-circuit current,
e i, — peak short-circuit current,
e [ — steady-state short-circuit current,

igc. — d.c. component of short-circuit current,
A — initial value of the d.c. component i

12.3. Method of calculation

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

e the maximum short-circuit current which determines the capacity or rating of
electrical equipment,

e the minimum short-circuit current which can be a basis, for example, for selection
of fuses, for the setting of protective devices, and for checking the run-up of
motors.

An equivalent voltage source (this is according to the Thevenin theorem: voltage
which is present at the fault node during the pre-fault period) at the short-circuit
location is introduced. This equivalent voltage source is the only active voltage of the
system. The standard defines this voltage with use of the nominal voltage and the
voltage factor ¢ (Table 12.1):

Ve =cV, (12.1)
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Table 12.1. Voltage factor ¢ for determining of the equivalent voltage source

Voltage factor ¢

Nominal voltage: V;, Calculation of  maximum | Calculation of minimum
short-circuit currents short-circuit currents

Low-voltage

(100 V to 1000 V) 1.00 0.95
a) 230/400 V 1.05 1.00
b) the other
Medium-voltage 1.10 1.00
(>1kV to 35kV)
High-voltage (>35 kV) 1.10 1.00
D 2)
— adequate configuration — adequate configuration chosen
chosen (details in the standard) | (details in the standard)
— resistances of lines and cables |~  resistances of line sections

determined for temperature which is
at the end of the fault (higher
resistance)

determined for 20°C

The initial symmetrical short-circuit current (under three-phase fault)
This current is calculated as follows:

J cl, _chy
= =
SR+ x 2 V3%

(12.2)

where:
N

Zx — equivalent impedance (here understood as for the positive-sequence).

— voltage of equivalent voltage source,

Initial symmetrical short-circuit power SI';
This is fictitious (immeasurable) value defined as follows:

Sk =3V, Iy (12.3)

where: V;, — nominal system voltage.
The initial symmetrical short-circuit power Sy is not used for the calculation
procedure in the standard. However, it can be used for calculating the internal

impedance of a network feeder at the connection point Q:

cVnQ2
Zo=—"% (12.4)

SKQ
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Peak short-circuit current (i)
This current important for selection of electrical apparatus. This is assumed that
there is a linear dependence between the peak short-circuit current and the initial
symmetrical short-circuit current

i) =21 (12.5)
where the peak coefficient:
y =1.02+0.98e 8/ X (12.5a)
2.0 2.0 =
1.8 1.8 <
1.6 \ 1.6 /
PN ! /
%14 < x 1.4 /
12 ~ 12—
\...,,_‘_‘
1.0 I — 1.0 =
0 02 04 0.6 08 1.0 12 05 1 2 51020 50100200
RIX— XR —

Fig. 12.3. Dependence of the peak coefficient on the circuit R/X and X/R ratio

Symmetrical short-circuit breaking current (1)
I, =ulg (12.6)

where: p<1 (the coefficient defined in the standard). This coefficient is dependent
on:
e ratio: [ K / 1. , where I, — nominal (rated) current of the generator,

e time #y;,, which is a sum of minimal time delay of instantaneous overcurrent relay
and minimal time of opening the circuit breaker.

Steady-state short circuit current (Ix)
Maximum and minimum current are determined:

IKmax =7\’maxInG (127)

]Kmin :}\’minInG (128)

where: A Amin — the coefficients determined accordingly to the standard.

max >
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d.c. component of short-circuit current (iy.)
The d.c. component is one of the components of the fault current. If there is a need
for determining the value of the d.c. component at time f¢, then according to the
standard the following calculation has to be performed:

igo = 2I e 2 KR (12.9)

Thermal equivalent short-circuit current (Z;;,)
Definition: the sinusoidal current of r.m.s value 7, which during time # causes the
same thermal effect as the actual fault current:

Iy =Ig~Nm+n (12.10)

m, n — coefficients defined in the standard.

Example 12.1 Calculation of three-phase fault current
This example is adopted from [B9].
Fig. 13.4. shows the scheme of the faulted system. Calculate the initial fault

current / K for a three-phase fault in a 110 kV network, applied at the node S. The
parameters of the particular components of the system are as follows:
Generator G: S,6=55 MVA, V,c=11.5kV, X(‘; =12.2%, cos(p,;5)=0.85.

Transformer T: S,7=63 MVA, $,=115/10.5 kV, vw=11%.
Line S-R: =47 km, x,;=0.41 Q/km, thus X;=19.3 Q.
System Q: Sk =1000 MVA .

a) G T S _~3ph R
122" L e
O—CD [ [\ System Q

X X X, X

b) ’4 H 3 |—|Q>—‘

Fig. 13.4. Example 12.1: a) scheme of faulted power system, b) positive-sequence equivalent circuit

When calculating the fault current apply the correction according to the IEC 60909
standard. This correction is for generator—transformer units and if the transformer is
equipped with the on load transformer tap changer the correction is as follows:

Zs =KS(Z£} +Zr)
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2 12
— VHQ VnTLV Cmax
2 2 " :
VnG VnTHV 1+ ‘ Xd - XT pu ‘ SIH((pnG)

S

where in the subscripts the following indications are applied: n — nominal (rated),
G — generator, T — transformer, LV — low voltage, HV — high voltage.

Solution:
Neglecting resistances one calculates the reactances for the generator, transformer

and system Q:
Xy Vs 1221157

G = = =0.293Q
100S,; 100 55
& 11 1152
= Sy LI 530
100 S; 100 63
2 2
clV .
_ Vg _ L1110 1330

XQ - "

Skq 1000

The generator reactance has to recalculated to the level of point at which there is a
fault:
Ve | 115
Xg = XG(ﬂJ = 0.293(—} =35.1Q

Equivalent Thevenin reactance for the fault at the bus S (S: second subscript in the
reactance Xxs):

Xys =(Xg +Xp) | (Xg +X1)=(35.1+23.1)[|(13.3+19.3) =20.9Q

The initial symmetrical short-circuit current (under the considered three-phase
fault):

" CVH _ 1.1‘110 _

Iy = = =33kA
ST X 3209
The correction according to the IEC 60909:
Vo Vi Conae 110% 10.52 1.1 0834

S Vi Xy = Xy [sin(eng) 1157 1157 1+]0.122-0.11]0.526

The corrected reactance of the generator—transformer unit equals:
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X = Kg(Xg + X7)=0.834(35.1+23.1) = 48.5Q
The corrected equivalent Thevenin reactance for the fault at the bus S:

X5 = X || (X + X1 ) =48.5)(13.3+19.3)=19.5Q

The corrected initial short-circuit current:

_ - =3.6kA
BxEr 33.19.5

As a result of the correction we obtained the initial symmetrical short-circuit
current higher by around 10% (in comparison to the case with no correction).

(e Pa__LL110
KS
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13. IDENTIFICATION OF FAULTS ON OVERHEAD
LINES FOR PROTECTION

13.1. Introduction

Both, protective relays and fault locators for overhead lines are dependent on the
results of the auxiliary algorithms, which are applied for identifying fault features,
such as:

e fault detection,
e fault direction discrimination,
e phase selection.

Fault detection is required to activate the measurement process of protective
relays. In relation to specification of time intervals of the signals — introduced in
Chapter 2, fault detection can be treated as distinguishing the fault interval from the
pre-fault interval.

Fault direction is understood as the calculations aimed at answering a question
whether a considered fault is forward or backward with respect to the direction at
which the protective relay is design to respond. For example, a distance relay
protecting a transmission line is designed to operate under forward faults appearing
within 85% of the line length (typical first zone setting) or faults overreaching the
protected line (the next protective zones). On the other hand, it is expected not to
respond for backward faults, i.e. faults occurring back to the relaying point.

Phase selection is aimed at identifying the fault type, i.e. which phases are
involved in a considered fault and whether it is an earthed fault or isolated one.

13.2. Fault detection

A number of approaches to fault detection are proposed in the literature. The
abnormal conditions (not necessarily faults) are detected by watching the phase
impedances and/or phase-current amplitudes and/or phase-voltage amplitudes and/or
zero-sequence current amplitude. Depending on a particular application, different
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activation criteria are combined in a different way. To speed up the fault detection,

one may also apply derivatives of the relevant signals. It is quite easy to introduce the

adaptivity to such approaches. Knowing the breaker positions, monitoring the average
load of a line, etc., the thresholds may be self-adjusted to improve the sensitivity and
reliability of fault detection.

Much easier methods refer directly to samples of current and/or voltage
waveforms. Disregarding a particular solution, two approaches (Fig. 13.1) are
commonly applied in contemporary digital protective relays:

o A sample-by-sample method computing numerically the first derivative of a
watched signal. If this derivative overruns a pre-set value, an auxiliary counter
starts to count up. This counter is incremented by the absolute value of the
derivative. When it reaches another pre-set threshold, a fault is confirmed.
Certainly, the first threshold must be set above the maximum value of the scaled
derivative under normal conditions.

e A cycle-by-cycle algorithm compares a present sample with the sample one cycle
back. The threshold for such a difference may be set much lower than in the
sample-by-sample method. An auxiliary counter may be used to initiate when the
absolute value of the defined difference overruns its threshold. The detection is
when the counter increased by the successive differences overreaches the second
threshold.

a) b)

sample-by-sample

cycle-by-cycle
difference

difference

]
L . L .
fault inception fault inception

Fig. 13.1. Fault detection — illustration of differentiation methods: a) sample-by-sample, b) cycle-by-cycle

Certainly, setting of the sample-by-sample fault detection algorithm can be done in
relation to Fig. 13.2. In Fig. 13.2 the waveform of pre-fault (load) current is presented
(in per units of its pre-fault magnitude), together with the marked regions:

e MIN: the difference of the two consecutive samples is minimal (equal to zero)
since the considered samples lie symmetrical to the maximum current

— Fig. 13.2b,

e MAX: the difference of the two consecutive samples is maximal due to the
highest slope of the waveform (the samples are located symmetrically with respect
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to the point of the current zero crossing) — Fig. 13.2c.

In order to prevent activation of the sample-by-sample algorithm under load
conditions, the determined sample-by-sample difference (its absolute value) has to be
higher than the threshold set as in right-hand side of the following inequality:

| Aspys [=i(n) —i(n =1) [> k21 sin(0.50,T;)

where:

(13.1)

ks — safety factor (set at the value higher than unity: k1), which accounts for possible
increase of the load current above the rated value,
I, — magnitude of pre-fault (load) current (A),

o, =27f, — fundamental frequency pulsation (1/s),

T, — sampling period.

1
a) 0.8F - N\obs
3 04k Qi
2 0.4 MAX
= o——
=
g
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Time (s)
b) 0
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0.3 R R
- ] \Asby‘s |= max
3 02 B e
A= 2
= & 0 dp
= = 0
£ £
O b
3 ;5- 0.1
I
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0.010 0.011 0.002 0.004 0.006
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Fig. 13.2. Sample-by-sample method: a) waveform of load current with marked characteristic regions for
the sample-by-sample differences, b) the difference is minimal (zero), ¢) the difference is maximal
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Another method relies on the absolute difference between the MEAN and
MEDIAN filters outputs:

e; (k) =] median(x(k), L) — mean(x(k),L) | (13.2)

where:
x — considered relaying signal (voltage or current),

k — present sampling instant,

L —length of the data window.

The length of the data window, L, may be either fixed or adaptable. On-line data
window adjustment can be applied for improving the fault detection.

There is a group of methods specially intended for the high-impedance fault
detection. One of the known methods is based on harmonic spectrum analysis. The
algorithm detects high-impedance faults on an overhead line based upon the harmonic
spectrum of the relaying signals. The algorithm utilizes the NEPM and NERM
measures. Normalized even-order power measure (NEPM) is computed once a cycle
according to:

NEPM = ¥ —zl’g(i’ ity

(13.3)
k=6 1},

-0/ T

where:

1;, I — fundamental frequency and &-th harmonic amplitudes, i — number of a cycle.
The other measure, proposed to avoid fault detection under some normal switching

events, relates the NEPM from (13.3) to the normalized odd-order power measure

(NOPM) — defined analogously to (13.3), but for odd harmonics from the range 7-33:

NEPM
NOPM

In order to gain sensitivity to ground faults with very low fault currents the most
advanced measure (even-order incremental variance measure — EIVM) can be used:

NERM =

(13.4)

EIVM(1) = 5 (NERM(n — i) - NERM(7 — i — 1))? (13.5)
k=0

where n is a number of the considered cycles.

If the defined measures (13.3)—(13.5) overreach their pre-defined threshold a fault
is being confirmed.

When considering a fault-detection issue it is worth listing travelling-wave
approaches too. Correct classification of all types of faults from the information
available at the local bus appears difficult, therefore a communication channel is
required. However, significant improvement has been made by utilizing some extra
information present at the local bus and related to the subsequent wave reflections.
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13.3. Fault direction discrimination

A directional element becomes essential for a complete distance relay when a fault
to be cleared occurs very close to a relaying point. The traditional approach to mitigate
the problem of the voltage fall in distance relays is to apply an additional polarization
voltage. It may be done by:

e cross-polarization of a voltage signal,
e memory polarization of a voltage signal.

An interesting concept is based on computing the increments in positive-sequence
voltage and current (by subtracting the pre-fault positive sequence quantities from the
fault ones). The pre-fault values are usually recommended to be understood as delayed
by 5 cycles. The impedance resulting from the increments of positive-sequence
current and voltage (Fig. 13.3 — measurements at the bus S) is calculated as follows:

AV, V¥, -1

AZ] =AR1 +JAX1 = pre
Al I -1,

(13.6)

where V", V, are positive-sequence voltages from pre- and fault intervals, and

analogously for currents.

Relation (13.6) enables reliable direction discrimination since the incremental
positive-sequence impedance settles at the following values:
e forward faults (Fig. 13.3a and b): AZ, = —Z ¢ (third quadrant of complex plane),

e backward fault (Fig. 13.3¢): AZ, =Z, +Z,; (first quadrant).

Sign of the reactance AX,=imag(AZ,) can be applied for direction discrimination.

Zs 3 Al “n (1-d)z, R Zig
2) — H— } A 1L>—|-< —
— F
ZisAL,
AV
S
b) Zs Alg, n lf f'
ZisAl
AV Zg

—

(Fig. 13.3 to be continued)
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Fig. 13.3. Equivalent circuit diagrams for deriving the incremental positive-sequence impedance under:
a) forward fault on line S—R, b) forward fault within system R, ¢) backward fault within system S

Fig. 13.4 presents the performance of the positive-sequence directional element
under a sample forward fault close to the substation (Fig. 13.4a) and backward fault
(Fig. 13.4b) in a 400-kV transmission network [B14].

w0 by 200
5t 150
) <)
’N\T—IO-—— QTlOO
= 2
2151 g 50r-
E E
20+ 0
_ s s s Y I S S S
25—80 -60 —40 20 0 -100 0 100 200 300 400
Real(AZ)) (©) Real(AZ)) (©2)

Fig. 13.4. Examples of directional discrimination: a) forward fault, b) backward fault

Full-cycle Fourier filtration was used when determining the sequence components
for both the tests of Fig. 13.4. However, the other filtration — with shorter data window
— could be applied.

13.4. Phase selection

Changing of different electrical values during fault are utilized for type of fault
determination. The simplest method assumes that a phase impedance (resulting from a
phase voltage and current) for a phase involved in a fault is below a certain level —
correlated with the maximum load. In addition, the zero-sequence quantities (current
and/or voltage) are used as indicators of faults with the ground. Instead of processing
voltage and current samples directly, superimposed current and voltage samples can
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be used for fault classification too.

Another family of methods uses relationships between the symmetrical
components of the fault current and/or voltage. For speeding up of detection and to
obtain more reliable decision, information about phase angle is used. Two fault
signatures: negative-sequence vs. positive-sequence and negative-sequence vs. zero-
sequence current and/or voltage are used simultaneously. The criterion is based on
checking the relations between adequate angles of the signatures. change significantly
faster just after fault than do magnitudes. Let us present this method in more details.

This approach introduces three criteria spaces which allow identification of
different fault types [B14]:

e negative-sequence versus positive-sequence relation,

e negative-sequence versus zero-sequence relation,

e significant increase of the positive-sequence quantity with absence of the
negative- and zero-sequence components.

The first criterion is applicable for all fault types except three-phase balanced
faults for which negative-sequence components do not appear. For fault involving
earth, the zero-sequence components exist and thus the second criterion can be
applied. In turn, the third criterion is applicable in the case of the balanced three-phase
faults, for which only the positive-sequence current is present, however, with the
increased value after a fault occurrence.

Unfortunately, during faults there are transients in the measured currents and thus
the symmetrical components are determined with certain errors. Moreover, accuracy
and speed of operation are in opposition, so the developer should decide on some kind
of compromise.

Symmetrical components are defined for phasors of a three-phase system. In fast
procedures the current phasors should be calculated with use of an adequately simple
method. Such a method is proposed below.

Let the phasor of a current from phase a (similarly for the other phases) is defined:

L, (k) = Lg (k) + j 1 (k) (13.7)

Both orthogonal components in (13.7) can be obtained from two consecutive
samples:
Iy (k) +1, (k=1)

(13.8)
2cos(m,7,/2)

IaR (k) =
-, (k)+i, (k-1
2sin(w, 7, / 2)
where: i,(k), i,(k—1) are k—th and (k—1)-th samples of the input current (here from

Iy (k) = (13.9)

the phase a); o, — angular frequency of the fundamental component, 7, — sampling
period.
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The orthogonal components (13.8) and (13.9) are sinusoidal in the steady state.
Unfortunately, during faults the currents contain high-frequency noise and thus the
phasor estimates (13.7) are considerably deformed, which should be taken into
considerations in the following steps. Having the phasor estimates (13.7) for a three-
phase system it is possible to determine the symmetrical components of currents, as
for example in the following way [B13]:

3op =1g +1r +1g
3oy =1y + 1y +1

1 NCIE NG}

3 =1 _Ele -y~ Ix +7]cl

20

2 2
I (13.10)
! | 3 1. 3
My=Ily——ly+—hrp ~Zla——Ixr
2 2 2 2
Mg =L —~1 +£1 L —ﬁl
I 2R =har =R F e T e T

- 1. 3 1. 3

3y =1y _Elbl _TIbR _Elcl +710R

where the phasors of phase currents from (13.7) are determined as in (13.8)—(13.9).
The complex symmetrical components calculated as in (13.10) can then be
represented in an exponential form:

1 (k) =I5 (k) + jl,1 (k) = I, ) (13.11)

for m =0, 1, 2 — components, i.e. for the zero-, positive- and negative-sequences.

In the presented algorithm the criteria values are defined in a form of the phase
shift angles between the respective symmetrical components phasors, i.e., the angles
determined for the ratios of the symmetrical components phasors:

I
oczangle{;—szyz -1 (13.12)
4

B:angle[%jzyz—yo (13.13)
Lo

where the angle v,, is defined for m=0, 1, 2 — components as in (13.11).

Using in (13.12) the incremental positive-sequence current (Al;) instead of the
positive-sequence current (/;) is advantageous and assures better accuracy:

I
o, =angle| =2 |=v, — 13.14
A g (AZJ Y2 =Ta1 ( )

In Fig. 13.5 the processing of three-phase input currents for making phase
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selection is presented. Besides the required calculations also certain optional elements
(marked with the brackets {...}) are indicated. In particular, the pre-filtering, as for
example with using the filter (13.9), can be optionally performed. Of course, this
introduces additional delay, but more stable results will obtained. Also, additionally to
use of the positive-sequence current (/;), the incremental current (Al;) can be
determined for obtaining the criterion angle o, (13.14). Certainly, this can be
accomplished only if the pure sinusoidal pre-fault current is available.

o Jiw [iw

{Pre-filtering: (13.9)}

Orthogonal Components:
(13.8)~(13.9)

l[aR llaj ll"“ l]bl l[cR l{cl

Symmetrical Components: (13.10)

o ey L 4

Magnitudes of Symmetrical

Components
!
Y a-b-c
fault
N
ph—ph \ 'Y
fault?
N

Criteria Angles: (13.12)—(13.14) Criteria Angles: (13.12), (13.14)

F e T e

Decision Making

lType of Unsymmetrical Fault

Fig. 13.5. Block diagram of signal processing for making phase selection

This is worth noticing that a value of the criterion angle o, can be strictly
determined for different fault types (of course, except three-phase balanced faults,
what was stated earlier). On the contrary, this is not so for the criterion angle o.
However, the angle o is close to the value of a and therefore the threshold value for
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the criterion angle a is being set on a base of the values obtained for the angle a,. The
other simplifying assumption are taken when considering phase-to-phase-to earth
faults. It is assumed that for such faults the flow of fault currents are similar as for
phase-to-phase faults and as a result of that the angles o, are taken as identical with
those for phase-to-phase faults.

As concerns values for the criterion angle B, they can be determined for earth
faults under taking a simplifying assumption that the fault current distribution factors
for the positive- and zero-sequence have identical angles.

Example 13.1. Criteria angles o, and § for b—E fault
In order to determine the sought angles, the circuits of the faulted line for different
sequences (Fig.3.16) are considered.

Zs T Alg, “n ZV (-d)z,; ll1 Zg
a) : ] : }
F I
A
b) lfy (llid)Zl% lfl ZIR 1
i { } I }
ALy
C) ZOS N lso dZOL lFO (Il_d)Z(){d lf ZOR

Axo

Fig.13.6. Equivalent circuit diagrams of faulted line for: a) incremental positive-sequence,
b) negative-sequence, ¢) zero-sequence

Analysis of circuits from Fig. 13.6 yields:
_ZistZy tZpy
Dz vz Y
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_ZistZitZi
Dy + 2
_ZostZotZor
Dz Z
Note: the positive- and negative-sequence impedances were considered as identical.
The total fault current /i is determined as:

e according to Table 3.1: [ =(-1.5 —jl.S\/E)[FI,
e according to Table 3.2: [ =(-1.5 +j1.5\/§)[F2.

Comparing the above two forms for the total fault current, with taking the obtained
formulas for [, and Iy, one obtains:

Zi+Z, +2Z +Z, +Z
L1s T4 TR A1s1 (-1.5+]l. 5\/_) L1s T4 T4IR

(-1.5-jl.5¢y3) =
(I-d)Z,, +Z (1- d)ZlL+ZlR

This yields:

~15-j1.5V3

Ig
o, =angle 180/m = angle 180/m=120°.
A (ALSJ 1541543

On the other hand, the total fault current /r is determined as:
e according to Table 3.2: [ =(-1.5+ j1.5\/§)£Fz ,

¢ according to consideration of the constrains for b—E fault: 1 =31, .

Comparing the above two forms for the total fault current, with taking the obtained
formulas for Iz, and Iry one obtains:

+Z,, +2Z Lot Loy +72
(- 15+J15\/_)_1s ESa) 1R152_3 £0s TZ0L ORI
(I-d)Z) +Zx (I-d)Zy +Zog ~

After assuming that the involved fault current distribution factors have identical
angles, we get:

3
B =angle Is -180/m = angle]| —————— |-180/m=—-120°.
lso —15+]15\/§

Analogously one determines the criteria angles for the other fault types, as
presented in Fig. 13.7.



155

a A b A
" o, " ofp

180 b—c, b-—c-E

120 b-E 120 c-E, a—b-E
60 a—b, a—b-E

0 a—F R 0 a—E, b—c-E .

—60 a—c,acE

120 —E 120 b-E, a—c-E

Fig. 13.7. Values of criteria angles for signatures: a) negative- versus incremental positive-sequence, b)
negative- versus zero-sequence

From Fig. 13.7 one can conclude that the difference for the values for criteria
angles for different fault types are quite high: 60° for the angle o, and 120° for the
angle B. Therefore, the simplifying assumptions taken for calculation of the angles
appear as well justified. This allows to apply comparatively wide margins around the
determined values — presented in Fig. 13.7, when making a decision on fault type, as
for example using even: +20° margins.
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14. FAULT LOCATION ON OVERHEAD LINES

14.1. Aim of fault location and its importance

Fault location [B6] is a process aimed at locating faults with the possibly highest
accuracy. Fault locators are the supplementary protection equipment, which apply the
fault location algorithms for estimating the distance to fault. In case of locating
faults on the line consisting of more than one section (multi-terminal line), initially the
faulted section has to be identified and then a fault on this section has to be located.
Fault location function can be implemented in:
microprocessor-based relays
digital fault recorders (DFRs)
stand-alone fault locators
post-fault analysis programs.

Importance of fault locators is more obvious where foot patrols are relied upon,
particularly on long lines, in rough terrain. Also, can help where maintenance
jurisdiction is divided between different companies or divisions within a company.

14.2. Fault locators versus protective relays

Fault locators and protective relays are closely related, however, there are some
important differences between them [B8, B14]. These differences can be considered as
related to the following features:
accuracy of fault location
speed of determining the fault position
speed of transmitting data from remote site
used data window
digital filtering of input signals and complexity of calculations.

Nk W=
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1. Fault locators are used for pinpointing the fault position accurately and not only
for indication of the general area (defined by a protective zone) where a fault
occurred - which is provided by protective relays.

2. In case of protective relays, both the measurement and decision making are
performed in on-line. Requirement for fast clearing of faults demands that the
decision for tripping transmission lines has to be made in short time, even faster
than in one cycle of the fundamental frequency (20 ms for the systems operating
at 50 Hz). In contrast, the calculations of fault locators are performed off-line since
the results of these calculations (position of the fault and in case of some
algorithms also the involved fault resistance) are for human users. This implies
that the fault location speed of calculations can be measured in seconds or even
minutes.

3. Low-speed data communications or Supervisory Control And Data Acquisition
(SCADA) can be applied for fault location purpose, which differs from
communication used by protective relays.

4. Best data window segment from the whole available window can be selected for
fault location to reduce errors. This is so since the computations are performed in
an off-line regime and searching for the best data window can be easily applied.
The fault interval lasts from a fault incipience up to a fault clearing by a circuit
breaker, and usually this takes around three fundamental frequency cycles, which
is wider than required for fault location.

5. In case of the protective relays the required high speed imposes that the applied
calculations have not to be too complex and much time-consuming. In contrast,
fault location calculations do not have such limitations.

Depending on the currents at both line ends (s, I), the fault resistance Ry can be
seen as:
e pure resistance (Fig. 14.2a),
e resistance and capacitive reactance (Fig. 14.2b),
e resistance and inductive reactance (Fig. 14.2c).

In last two cases (Fig. 14.2b and Fig. 1.2¢) there is a contribution of the reactance
(capacitive or inductive) in the ‘seen’ resistance, and therefore this effect is called as
the “reactance effect”. This effect considerably influences the measurement of the
fault loop impedance Zg;.
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[ty

Fig. 14.1. Circuit diagram of transmission network with line S—R affected with fault (F)
involving fault resistance Ry

JX|R X R
a) c)

R R

Fig. 14.2. Influence of remote infeed on one-end fault-loop impedance measurement — fault resistance is
seen as: a) pure resistance, b) resistance and capacitive reactance, c) resistance and inductive reactance

14.3. General division of fault location techniques

Automatic fault location [B8, B14] can be classified under the following main

categories:

e technique based on fundamental frequency currents and voltages, mainly on
impedance measurement,

e technique based on travelling waves phenomenon,

e technique based on high frequency components of currents and voltages generated
by faults,

o knowledge-based approaches (neural networks or wavelets, with possible
inclusion of fuzzy logic).
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Except the automatic fault location, also some unconventional techniques are

applied for making fault location, such as:

e customer calls,

¢ line inspection,

e lightning detection system,

e terminal and tracer methods for cables,

e fault indicators — installed either in substations or on towers along the line,

e monitoring transients of induced radiation from power-system arcing faults
—using both VLF and VHF reception.

Benefits of fault location are as follows:
e fast repair to restore power system,

— improves system availability and performance and reduces operating costs,
e saves time and expense of crew searching in bad weather and tough terrain,
e aids crew in disturbance diagnostics,

— identifies temporary faults,

— detects weak spots.

Making use of the fundamental frequency voltages and currents at the line terminal
(or terminals), together with the line parameters, appears as the simplest automatic
fault location. It is mainly considered that the calculated impedance of the faulted line
segment is a measure of the distance to fault. The methods belonging to this category
are simple and economical for implementing.

As concerning the position of time intervals with respect to this fault incipience
and its clearance (achieved as a result of the protective relay operation and switching
off the line by the circuit breaker) one can distinguish the following time intervals:

e pre-fault interval: lasting from the beginning of the registration up to the detected
fault incipience instant (¢a incipience)s

e fault interval: lasting from the fault incipience instant (Zg incipience) UP to the
detected fault clearance instant (¢ ciearance)s

e post-fault interval: lasting from the fault clearance instant (fy cicarance) UP to the end
of the registered event.

Mostly, the fault quantities (voltage and current) are utilized for fault location.
However, there are also many fault location approaches, in which the pre-fault
quantities are additionally included as the fault locator input signals. However,
sometimes, usage of the pre-fault measurements is treated as the drawback of the fault
location method. This is so, since in some cases the pre-fault quantities could be not
registered or they do not exist, as for example in case of the current during some
intervals of the automatic reclosure process. Also, the pre-fault quantities can be not of
pure sinusoidal shape, due to appearance of the fault symptoms just before its
occurrence. Also, in some hardware solutions, measurement of pre-fault (load)
currents is accomplished with lower accuracy than for much higher fault currents.
Therefore, if it is possible, usually the usage of pre-fault measurements is avoided.
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Rather rare usage of the post-fault quantities for the fault location purpose is
observed.

Depending on the availability of the fault locator input signals they can be
categorized as:
e one-end algorithms,
e two-end algorithms,
e multi-end algorithms.

One-end impedance-based fault location algorithms estimate a distance to fault
with use of voltages and currents acquired at particular end of the line. Such technique
is simple and does not require communication means with the remote end. Therefore,
it is attractive and is commonly incorporated into the microprocessor-based protective
relays.

14.4. One-end impedance-based fault location algorithms

One-end fault location algorithms are designated for estimating the location of
transmission line faults with use of currents and voltages measured at one terminal of
a line. The one-end fault location algorithms are simple and economical compared to
two-end methods and those based on the travelling wave and high frequency
component techniques. Therefore they are still popular among electric power utilities.

Fault location based on impedance measurement

v
ZFL=7—S=dgL+RF (14.1)
=S

Taking the imaginary part of (6.1) one obtains the distance to fault as:

d= % (14.2)
imag(Z,)

The obtained formula for a distance to fault (14.2) is a predecessor of the one-end
impedance-based fault location algorithms. It allows accurate determination of
distance to fault in case of one-end supply of the fault (Fig. 14.3). This is so since the
fault resistance (Rr) is seen from the fault locator terminal as pure resistance, as shown
in Fig. 14.2a.
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=S ZS dZL F ( 1 _d)ZL I .
/'\/ 1 I ¥—i
Lo Ii=Iq
FL
% d
+s Ry Vr

Fig. 14.3. Fault location based on impedance measurement for faulted line connected to source at one end

However, if there is a two-end supply (Fig. 14.4) the current at the fault (Zf) is not
equal to the current at the fault locator (Is) since also the remote current ([y)
contributes to the total fault current (I= Is+ Iz). As a result, there is a contribution of
the reactance in the impedance seen from the fault locator terminal (the reactance
effect), as shown in Fig.14.2b, c.

E 7z 8 dz (1-d)z, R 7z £

Fig. 14.4. Fault location based on impedance measurement — the case of two-end supply

For the fault loop seen from the terminal S one obtains:
Ve—dZ Is—Rplp =0 (14.3)

This equation (14.3) can be resolved into the real and imaginary parts (two
equations), however, there are four unknowns: d, Ry, real(fr), imag(/r) and thus the
number of unknowns exceeds the number of equations. The superimposed circuit
(Fig. 14.5¢) is a current divider of the fault current and thus:

I = (A-d)Z +Zx Iy (14.4)
Zs+Z +Zy
where:

Alg=I4—I5° — superimposed current determined starting from the fault inception
(thus in fault interval) and obtained by taking the fault current and subtracting the pre-
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fault current (present before fault inception). Note: the recordings of the pre-fault
current must be available.
This allows determining the total fault current as:

=25 (14.5)
ky
where the fault current distribution factor (k¢) is determined as:
kgp=lkg|e” = A2 v 2 P2y (14.6)
Ls+Z +Zg
Substituting (14.5)—(14.6) into (14.3) results in:
Ve—dz I.——2 A7 =0 (14.7)
T gle ’

Multiplying (14.7) by the element (e”VA/ ;) and taking the imaginary part yields
the following formula for the unknown distance to fault:
_imag(Vg-Alg-e")
imag(Z, - Is-Alg-e)

(14.8)

where X denotes conjugate of x.

Takagi [19] assumed that the current distribution factor is a real number (y=0),
what facilitates calculations. This simplification comes from that all the impedances
involved in (14.6) have approximately the same phases.
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Fig. 14.5. Application of Thevenin theory to faulted network: a) faulted network,
b) pre-fault network, c) superimposed component network

The algorithm (14.8) has been derived for a single phase line. For three-phase lines
the symmetrical components or phase co-ordinates approaches have to be applied.

considering the fault loop model, in which the term (Rpl¢) represents the voltage
drop across the fault path resistance:

Vs —dZylgp —Relp=0 (14.9)
where:

Vg, I, —faultloop voltage and current, composed accordingly to the fault type,

i.e. identically as for distance protection [B15] (Table 14.1),
Z,, — line impedance for the positive- and negative-sequence.
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Table 14.1. Composition of fault loop voltage and current signals for single-circuit line

Fault type Fault loop voltage: Fault loop current: ;
—SP ~S P
a—E Vsa Is, +kolso
b-E Vs I, +koLso
c-E Vse Lgo +kols
a-b, a-b-E
> Vei =V Ig, —1
a—b—c*, a—b—c—E* Zsa " Lsb Lsa 7Lsp
b—c, b—c-E Yo Vs Lg, =L,
c-a, c-a—E Vse Vs Lg. —1Ig,
Where:
ko =(Zy -Z,)/Zy » Z;, — line impedance for positive-sequence, Z, - line impedance for zero-
sequence,
S — index denoting that fault locator is considered as installed at the bus S,
a, b, ¢ — marking of phases,
* — the fault loop (a—b) is considered, however, the other loops (b—c), (c—a) can be taken as well.

Before utilising (14.9) the total fault current /r has to be determined. In Chapter 3
this current was resolved into symmetrical components (3.23). There are alternative
sets of the weighting coefficients involved in (3.23) — Tables 3.1-3.4. Limiting only to
the sets from Tables 3.1-3.3, where the zero-sequence component is eliminated
(aro=0), one gets for those Tables:

Iy =ap lp +aply (14.10)

In Chapter 13, in relation to Fig. 13.6 the positive- and negative-sequence
components of the total fault current were determines as:

[oLst il gy My (14.11)
(I-d)Z, +Zx Kid+L,
Ziat+Zy +7Z M
o = Zis T 4L T4IR o =——1I (14.12)
- (I-d)Z, +Zx~ Kid+L,~
where:
M,=Zs+Z) +Z: Li=Z, +Z, Ki=—Zy-

Taking (14.11)—(14.12) the total fault current can be expressed as follows:
I Loy +ap e, =(apAlg +ap, 1) M, (14.13)
=a a =(a a — .
Lp =4pilp; T Apalp =1 ALs) Tdprls Kd+L,
Substituting (14.13) into the fault loop model (14.9) one gets:

Rp M,

V.o, —dZ; 1 —(apAlq +ap,lg)———=
Lsp ZiLlgp (ap AL, _F2_52)§1d+gl

(14.14)
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where:

Vg, Iy, —faultloop voltage and current, as in Table 14.1,

Z,, — line impedance for the positive- and negative-sequence,

ary, arp; — weighting coefficients from one of Tables 3.1-3.3,
Als,, Is, — superimposed positive-sequence and negative-sequence current from bus S,
K, Ly, M, — as defined in (14.12) for a single-circuit line.
Different ways of solving (14.14) in which the unknowns: d [p.u.] — distance to
fault and Ry — fault resistance are involved, have been proposed in literature.
Wiszniewski A. [20] proposed to use the simplifying assumption that the quantity
(M,/(K,d+L,)) is a real number. In this way there is no requirement for knowing

impedances of equivalent sources at both line ends. This is a great advantage for the
cases when the impedances of the sources are considered as uncertain parameters.
Eriksson L., Saha M.M. and Rockefeller G.D. [3] resolved (14.14) into the real and
imaginary parts for strict solution of it. Many years’ experience with the fault locator
implemented into the product has proved successfully the validity of their approach.

14.5. Two-end fault location

Two-end algorithms process signals from both terminals of the line and thus larger
amount of information is utilized. Therefore, performance of the two-end algorithms is
generally superior in comparison to the one-end approaches. Different input signals
are used for two-end fault locators, as for example: complete currents and voltages
from the line terminals or quantities from impedance relays at the line terminals.
Digital measurements at different line terminals can be performed synchronously if
the GPS (Global Positioning System) is available. A synchronised measurement
system requires that the measurements taken at different substations include, in
addition to magnitude, the phase angle data with respect to an arbitrary but common
reference. Phase information is obtained from knowledge of the absolute time at
which the measurements were obtained (time tagging). The ability of GPS to provide
a time reference signal, synchronised at widely separated locations has been widely
recognised as having great potential of power system applications [B7, 9, 10].

24 satellites of the GPS, which are owned and operated by the US Department of
Defence, maintain the so called Coordinated Universal Time with the accuracy of
At=%0.5ps. For the fundamental frequency equal to 50 Hz this corresponds to the

angle: 27-50-(£0.5-107%)-180/pi = £0.009° . Thus very high accuracy is assured.
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GPS
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17 Juy, 1]
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FL

d R,

Fig. 14.6. A schematic diagram for two-end synchronised fault location arrangement by using GPS

14.5.1. Fault location with use of two-end synchronised measurements

The distributed-parameter model of faulted line for the i-th symmetrical
component is taken for considerations. Voltage at fault point (F), viewed from the
terminals S and R, respectively are as follows:

V3 =V cosh(y dl) = Z ;I sinh(y d) (14.15)

Vi =V cosh(y (1-d)0) ~ Z; Ly, sinh(y (1-d)t) (14.16)
where:
Vs Isi» Vg;» Ig; — phasors of i-th symmetrical component of voltages and currents

obtained from synchronous measurements at the line terminals.
After taking into account the following trigonometric identities:

cosh(xi(l —-d)l)= cosh(ziﬁ) cosh(zidf) - sinh(zl[) sinh(zidﬁ) (14.17)

sinh(zi(l —-d)l)= sinh(zif) cosh(zidf) — cosh(zlﬁ) sinh(«_/idf) (14.18)
and performing the rearrangements, the formula (14.16) can be presented as:
Vy; = 4, cosh(y df)+ B, sinh(y d) (14.19)

where:
A; =Vyg;cosh(y,l) = Z Iy, sinh(y (),

B, =V, sinh(zl[) +Z 1, cosh(zif)
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The voltages (14.15) and (14.19), as present at the same point (F), are to be
compared:

S R
Vei =V (14.20)
As a result of this comparison one obtains:

(Vg;sinh(y () = Z; Iy; cosh(y £) = Z ;L;)sinh(y dl)

= (Vg;cosh(y £) = Z Iy, sinh(y () -V ;) cosh(y dl) (14.21)

From (14.21) one obtains the following formula for the distance to fault for two-
end synchronous measurements of voltages and currents [11]:

el Vi cosh(xif) —Z 1y sinh(zl[) -V
vl Vgisinh(y £) = Z ; Lg; cosh(y £) = Z ;L

(14.22)

The obtained fault location formula (14.22) can be applied for the modal quantities
(Chapter 4) as well. Thus, synchronised two-end measurements allow simple (14.22)
and accurate (due to considering the distributed-parameter line model) fault location.

14.5.2. Fault location with use of two-end unsynchronised measurements
— measurement of synchronisation angle

In case of loss of the signal from the GPS, the digital measurements from the line
terminals are acquired asynchronously and thus do not have common time reference,
as shown in Fig. 14.7.

S Lo

MU

FL

TR,
Fig. 14.7. A schematic diagram for two-end unsynchronised fault location arrangement

In case of two-end unsynchronised measurements the sampling instants at the S
and R ends (Fig. 14.7 ) do not coincide due to lack of the GPS control (marked in
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Fig. 14.8 by small circles).

In order to assure such common base, one has to take the measurements from the
particular terminal as the base (for example from the terminal R, as it will be assumed
in further considerations), while for the other terminal (the terminal S) to introduce the
respective alignment. In case of formulating the fault location algorithm in terms of
phasors of the measured quantities, such alignment is done by multiplying all the
phasors from the terminal S by the synchronisation operator exp(jd), as for example in

case of the positive-sequence voltage:
Ks] _ Zgrllsynchr.e jo
where: & — unknown synchronisation angle.
In general, this angle can be:
e climinated by mathematical manipulations,
e calculated from the pre-fault quantities,
e calculated with processing the fault quantities.

(14.23)

sampling
interval [/FAULT DETECTION AT "S"
h g
i s,
© © *~— >
| ! tS—O
AV ! i
b {\/FAULT DETECTION AT "R"
oo . R,
1 i 3 i tR:O
yo L
24 © & — »>
ferr | : L =1;=0 (0,2)
2
©)

Fig. 14.8. Need for phase alignment in case of using two-end unsynchronised measurements
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Fig. 14.9. Distributed-parameter model of line for the pre-fault positive-sequence

(the calculated signals are marked by dashed boxes)

Using the equivalent ©t circuit model (Fig. 14.9), the current [%] is obtained by

deducing the shunt current from the current at bus S:
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tanh(0.5y, £)

1% = I8Fe® — Vel (14.24)

Zcl

Analogously, the current /57 is calculated as:

tanh(0.5y,¢)
IV = IR ————=— R (14.25)

Zecl

The determined currents (14.10)—(14.11) satisfy:
1% =-1% (14.26)
From (14.26) one obtains the following formula for the synchronisation operator:

_ lgrlegcl + tanh(oszlg)Kpere
lps)rlezd _ tanh(o.szlg)zgrle

el =

(14.27)

14.5.3. Fault location with use of two-end unsynchronised measurements
— elimination of synchronisation angle

In Fig. 14.10 the circuit diagram of the faulted line for the i-th sequence is shown.

S 4z, W\ (-az, R

| =il |
I .ej5 F IR,'

=Si

js
Ve Ve, Vi

=Fi

Fig. 14.10. Equivalent diagram of two terminal transmission line for the i-th sequence

All phasors in Fig. 14.10 are considered as related to the time basis of the phasors
measurements performed at the substation R (V;, Iy;), which are taken here as the

reference. The measurements from the substations S and R are not synchronous and
thus the measurements performed at the substation S are synchronised
“mathematically” to the measurements performed at the substation R which are taken

here as the reference. For this purpose the synchronisation phase shift operator: (e'°),
where: 6 — unknown synchronisation angle, is introduced. The synchronisation phase
shift operator (the synchronisation operator) is included for both the voltage and the
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i s
current phasors (Vge”, I4e”).

The equivalent circuit diagram for the i-th sequence quantities (Fig. 14.10) can be
described with the following two equations:

Vel —dZy Ige® Ve, =0 (14.28)

Vii=(=d)Zy Ig; =V =0 (14.29)
where:
V> Vi — phasors of the i-th sequence voltages measured at the substations S and R,
respectively,
Ig;, Iy, —phasors of the i-th sequence currents measured at the substations S and R,
respectively,
V¢, — unknown phasor of the i-th sequence component of the voltage drop across the
fault path,
Z; —impedance of the whole line for the positive sequence,

d —unknown distance to fault [p.u.], counted from the substation S,
8 — unknown synchronisation angle.

By subtracting (14.28) and (14.29) one obtains the formula in which the unknown
quantity Vg, is eliminated and with the two unknowns — fault distance (d) and

synchronisation angle (J):
Ve =V + Zy Iy, _dZiLQSiejS +£Ri): 0 (14.30)

The obtained equation (14.16) is considered for the phasors and thus can be
resolved into its real and imaginary parts. In this way both the unknowns (d and ) can
be found. In order to avoid the Newton-Raphson iterative algorithm for solving
(14.30), it can be transferred into the quadratic algebraic equation for the unknown
fault distance (d). For this purpose one determines the term exp(jo) expressed by the
formula:

i Vri—Zolg+dZy L,

P = (14.31)
Vg—dZy I

Calculation of absolute values for both the sides of (14.31) gives:
1< \Vii=Zidgi+dZy L, |
| Vs _dZiLlsz' |

(14.324)

or:
Vi —ZalpitdZy L HVs—dZy L] (14.32b)
Left-hand side of equation (14.32b) can be written down as:
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L=V ~ZylgtdZyl,, |
:| (ZR;’)real + j(KRj)imag - (Z[LlRi)real - j(Z[L !R[)imagl + (dZ[LlRi )real + j(dZ[LlRi )imag |
(14.32¢)
Continuing determination of the left-hand side of (14.325) one obtains:

2 2
L= \/[(KRi)real - (ZiLlRi)real + (deLl Ri )real] + [(KRi)imag _(ZiL lRi)imag + (deLl Ri )imag]

(14.324d)
After rearrangements one obtains:

L=(Ly +LodY +(Ly+ Lyd) (1432¢)
where:
Ly =V r)reat =(ZiL Lri)reat »
Ly =(Z L) reas
Ly = (ZRi)imag -(Zy lRi)imag >
L4 = (ZiL Z Ri )imag .

Formula (14.32¢) can also be written down as:

L=+yLsd* +L¢d+L, (14.32f)

where:

Li=L +L.,

Ly =2LL, +2L,L,
L =L +L;.

Right-hand side of equation (14.32b) can be written down as:
R = Vi - dZiLlsl' =] Vsi)real + j(KSi)imag - (dZiL L) real — j(dZiL lsi)imag | (14.32g)

Continuing determination on the right-hand side of (14.32g) one obtains:

R= \/[(KSi)real _(dZiLLSi)real]2 + [(KSi)imag - (dZiL !Sz‘)imag]2 (14'32h)

After further rearrangements one obtains:

R=+(R, - Ry} +(Ry ~ R,d ) (14.32i)
where:
Ry =(Vsi)reat»
Ry =(ZirLs)real »

Ry = (KSi)imag >
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Ry =(Zi1 Lsi)imag -
Formula (14.32i) can also be written as:

R=+Ryd* +Ryd+R, (14.32))

where:
Ry=R,>+R,,
Ry =-2RR, —2R;R, ,

Taking the results of the above derivations (14.32b) can be written down as:

VLsd? + Lgd + Ly =+[Rd® + Red + R, (14.32k)
where:
Ls, Ly, L, —asin (14.32f),
Rs, Ry, R; —asin (14.32)).
The formula (14.32k) results in the quadratic algebraic equation for the unknown
fault distance (d):

Ayd* + Ad + 4, =0 (14.321)
where:
Ay =Rs—Ls,
4 =Rg— L,
Ay=R; - L;.

There are two solutions (d;, d>) of (14.32]) for the distance to fault. The solution
(d, or d,) that falls between zero and one is taken as the valid solution. For some
specific fault cases it may happen that both solutions of (14.32/) indicate the fault as
occurring within the line range (0 to 1 [p.u.]). In such rare cases one has to perform
additionally the fault location calculations, as in (14.32/) — where the i-th symmetrical
components are involved, but for the other kind of symmetrical components (say for
the j—th kind). This will allow for reliable selection of the valid solution from (d,, d,).
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15. TRANSFORMATION OF FAULT CURRENTS
AND VOLTAGES

15.1. Measurement chains of protective relays and fault locators

Current and voltage signals with the abrupt steady state level change, and being
contaminated with the transient components, are delivered to protective relay or fault
locator inputs via the measuring chains (Fig. 15.1). Three-phase voltage and current
from a power system are transformed with use of instrument voltage and current
transformers to the reduced level. The secondary signals of these transformers are rated
at around 100 V (voltage) and 1 A or 5 A (current). Next, matching transformers
provide adequate level of the signals to electronic devices. Prior to the analogue to
digital (A/D) conversion, analogue low-pass filters are used in both voltage and
current chains.

V VOLTAGE v MATCHING ’fg}&?gg AD 2w
TRANSFORMERS TRANSFORMERS FILTERS
POWER
SYSTEM
i CURRENT A MATCHING ig’;&gggg D |2
TRANSFORMERS TRANSFORMERS FILTERS

Fig. 15.1. Structure of voltage and current measurement chains

Classical electromagnetic current and voltage instrument transformers are still
predominant in transforming signals from a power system to protection, monitoring,
control and measuring devices. However, application of new unconventional
instrument transformers increases step by step.

Due to certain construction limitations both the instrument voltage (VTs) and
current (CTs) transformers exhibit undesired dynamic behaviour under short-circuits
in the power system. As a result, malfunction or substantial delay in the tripping of
protective relays may happen. Undesired steady state and dynamic behaviour of
instrument transformers influence a fault location as well.
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15.2. Current transformers

15.2.1. Basics of current transformers

The CT secondary current is substantially proportional to the primary current
under normal conditions of operation, and differs in phase from it by an angle which is
approximately zero for an appropriate direction of the connections. The steady state
error of a CT is classified into two: the current or ratio error, and the phase error. Both
steady state and transient performance of CTs is covered by IEC Standard, as well as
by national standards.

Figure 15.2 depicts a CT circuit model, with the marking:

i,, iy — primary (recalculated to secondary side) and secondary currents,

io, 1

R];, Ep — primary winding resistance and leakage inductance recalculated to the

., i, —exciting current and its active and reactive components,

secondary side,

R, , L, —secondary winding resistance and leakage inductance,

Ry, L, —iron loss equivalent resistance, magnetizing non-linear inductance,
R,, L, —load resistance and inductance.

Fig. 15.2. Generic CT circuit model

Steady state transformation behaviour of CTs with pure a.c. supplying current and no
d.c. component is defined by the standard PN-EN 60044-1:2000/A1:2003 Instrument
transformers — Part 1: Current transformers [S3]. This standard designates the following
classes for protection purposes as in Table 15.1.

In turn, transient performance requirements for CTs are defined in PN-EN 60044-
6:2000 Instrument transformers — Part 6: Requirements for protective current
transformers for transient performance [S4]. This standard distinguishes four classes
depending on the type of CT core [B18]:
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e C(Class TPS — closed iron core CTs with small leakage-flux (intended for differential

protection),

e (lass TPX — closed iron core CTs without limitation of the remanence,

e C(Class TPY — CTs with anti-remanence air gaps (usually two gaps), so the
remanence is < 10%,

e C(Class TPZ — CTs with linear core, i.e. with large air-gaps (remanence can be
neglected). The TPZ core is not used outside Europe [B18].

Table 15.1. CT classes for protection

Accuracy class

Current at nominal

Phase displacement at

Combined error at

current /,, nominal current 7, ALF*[,
5P +1% +60 minutes 5%
10 P +3% - 10%

ALF — accuracy limit factor of the CT: the multiple of the rated current, which can be transformed by
the CT burdened with the nominal burden of cos(¢)=1 with the defined accuracy class.

15.2.2. Saturation of current transformers

Current transformers are designed to operate under load conditions, i.e. on the
lower part of the linear region of the V—I characteristic of the magnetizing branch. For
high fault primary currents without the dc component, the operating point remains in
the linear range. However, if the fault conditions are such that the dc component is
present in the CT primary current, then a considerable increase of a flux in the CT
magnetic core can take place. As a consequence of such a flux increase, the CT
magnetic core gets saturated (Fig. 15.3).

Primary and recalculated secondary currents (10* A)
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-\‘-‘_“_:
Sty e
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0 20 40
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Time (ms)

80 100

Fig. 15.3. CT saturation — primary and secondary (re-calculated to primary side) waveforms of currents
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Also, CTs can retain the remanent flux that may be left on the core after the fault is
cleared. The remanent flux can either oppose or aid the build-up of the CT core flux,
depending on the remanent flux polarity.

When a CT gets saturated, its secondary signal becomes distorted. Besides
transient saturation CTs may suffer permanent saturation, under which there is no
linear transformation at all.

15.2.3. Remedies for current transformers saturation

The remedies for avoiding malfunctioning or operating delays of protection relays
and assuring adequately high accuracy of fault location due to possible CT saturation
can be categorized as follows [B14]:

e use of hardware means for preventing CT saturation,
e use of voltage signals alone,
e use of voltage signals and current signals, but excluding currents from saturated

CTs [8],

e minimizing fault location errors caused by CT saturation and application of digital
algorithms for reconstructing the CT primary current,
e allowing currents from saturated CTs to be used but only from intervals of linear

transformation (when there is no saturation) [14].

All the remedies listed, except intentional use of voltage signals alone, require
identifying the CT saturation. In general, the CT saturation identification is understood
as recognizing instants when the saturation starts and when it ends. For this purpose
saturation detectors are utilised. In general, one can distinguish two families of
methods for saturation detection:

e Hardware oriented methods based on superimposing an extra low power, and high
frequency signal to the secondary circuit of a CT and monitoring the core
inductance using the superimposed signal. The value of the inductance indicates
whether or not and to what degree the supervised CT is saturated.

e Waveform oriented methods based on analysing only the waveform of the
secondary current of a CT.

Besides digital algorithms, also analogue (hardware) and digital methods for
compensating the distortion in the secondary current have been developed.

15.2.4. Saturation detection — numerical algorithm
using second derivative

This algorithm combines the secondary current with its appropriately rescaled
second-order derivative and is based upon the fact that during linear operation of a CT
these two signals mutually compensate. The auxiliary error signal e; is used:



177

(2)

where x'” is a second-order derivative of the secondary current denoted here as i:

x @) = #(— ity + 161051y = 3003y + 1610 _3) ~i(y_s)) (152)
and where: Ty — sampling period, X — amplitude of signal x, p = 1/ (2ch1 )2 — scaling
factor, f; — fundamental frequency.

Since (15.2) gives the second-order derivative but for the time marker (n-2), the
signal x in (15.1) should be, thus, delayed by two samples as well:

X(n) = I(n-2) (15.3)

The error signal e; (15.1) displays clear peaks when the supervised CT both gets in
and out of saturation. Thus, the flag SAT (SAT=1: saturation; SAT=0: no saturation):

e > A & (SAT,_;y =0) > SAT,,,, =1

(el(n) > Bl) & (SAT(n_l) = 1) rd SAT(n) =0

where A; and B, are the thresholds optimized for a given CT.
Figure 15.4 illustrates example operation of the algorithm.

a) 50 .
2 JANWAN
Z 0 A W /\ _ ’
§ /IIS 4 /, ,I/ I/
=
O -50F lp
~100 1 1 1 1 1
0.02 0.04 0.06 0.08 0.1
b
F
< 4 €
S oot > 1
a Ak
ED 0 i\ ~—
» U vV \
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0 0.02 0.04 0.06 0.08 0.1

Time (s)
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g. 15.4. Example performance of a saturation-detection algorithm
based on a second-order derivative of current
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As is seen (Fig. 15.4), the beginnings of the saturated periods are easier to detect.
They reflect in higher values of the error signal (e;). This is the reason for using two
different thresholds in (15.4). The method provides very good saturation recognition,
but requires at least a 3-kHz sampling frequency.

15.2.5. Saturation detection — numerical algorithm
using mean and median filters

This algorithm combines the mean and the median digital filters applied to the
waveform of the secondary current, and is based on the ability of such a pair of filters
to detect changes in the shape of a signal. The auxiliary error signal e, for this
principle is defined as follows:

mean(i)(n) — median(i )(n)

ez(n) = (155)

L)

where [ is the amplitude of the secondary current, while ‘mean’ and ‘median’ are
mean and median functions — available for example in Matlab program. Those
functions are to be determined over a selected number of samples.

15.2.6. Saturation detection — numerical algorithm
based on modal transformation

Another interesting saturation detector (Fig. 15.5), presented by Hosemann et al.
[5], transforms modally the three-phase current vector (i) into the Oa3 components
(the Clarke transformation — see Chapter 4: formula (4.6)):

1 1 1

o =2 =1 —1 i (15.6)

0 3\

The o and B components are further processed with use of a pair of orthogonal
filters (Fy, F) for obtaining two pairs of orthogonal components: (4, iaq) and (igq, ipq)-
Then, these components are combined into the real and imaginary part of a blocked
backward-rotating space vector:

iq :i(xq +l|3d (158)

If none of the CTs from a three-phase bank is under saturation, then the trajectory
of the blocked backward-rotating space current (ig, i;) forms a circle (Fig. 15.6a). If
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the trajectory departs from the ideal circle shape, this means that at least one of CTs
gets saturated (Fig. 15.6b). This can be stated as follows:

id2 +iq2 =const. ->SAT=0 (15.9)
id2 +iq2 =var. = SAT=1 .

The saturation flag SAT is activated (SAT=1) if the trajectory departs from the
circle shape for a given number of consecutive samples.

i Trajectory
— by Analyzer

Iy Clarke Modal SAT

; »| Transformation iy

Fig. 15.5. Modal saturation detector

a) i b)

Fig. 15.6. Trajectories of the blocked backward-rotating space current in cases:
a) no CT saturation, b) CT saturation in at least one phase

15.2.7. Adaptive measuring technique

There is a chance that CT saturation, if it occurs, is a transient saturation only. In
such a situation, in every cycle of the fundamental frequency, the CTs show periods of
linear transformation. If a saturation detector is capable of indicating such periods,
information brought by the samples from the linear operation of CTs may be used for
determining criteria quantities, such as: amplitude of current, resistance, reactance,
more accurately than by use of the standard Fourier technique.

However, the periods of saturation-free CT transformation may be quite short.
Therefore, variable data window techniques can be applied. In a variable data window
algorithm, the data window extends after activation of the measurement and when it
reaches its pre-defined full length (N samples) it stops extending and starts to slide.
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This technique, which combines both detection of saturated/linear operation of a CT
and the variable data window measuring algorithm, is further named the adaptive
method [14] Figs. 15.7 and 15.8.

The presented adaptive method follows the orthogonal-component based approach.
The direct (iq) and quadrate (i;) orthogonal components of the secondary current (i)
are filtered out as follows:

fagey = 200 L) ige—n) (15.10)

n=0

Ligy-1

iy = 2501, L) Vij—n) (15.11)

n=0
were: Ly, — window length, which increases until reaching its rated length (usually a cycle or

half a cycle).
Data window coefficients are assumed to be located on the cos/sin functions:
yis
[

b(n, L(k)) :kq SIH[W(L(/() _271_1)) (1513)

A(L,) — the shift of the ‘cos’ function selected in such a way that the sum of the
coefficients a(n,L,,) within the present current window is equal to zero (this

guarantees perfect rejection of the constant component),
kq, kq — scaling coefficients, selected in such a way that unity gain at the fundamental
frequency is assured.

If the CT is not saturated, the variable data window algorithm is executed and
gives the estimate of the criteria quantity based first on initial window length Ly
(for example: Li,,=3 samples), next, on increased number of samples, until the
window length reaches its full length (L=N). If so, the window starts to slide instead of
extending. When saturation is detected (SAT=I), the amplitude is not measured, but
the previous amplitude estimate is frozen (Fig. 15.7). When the flag SAT is deleted
(the CT out of saturation), the algorithm reactivates and starts from L=L;,;, again.
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Fig. 15.7. Basic flow chart of the adaptive method for measuring criteria quantities (current magnitude,
resistance, reactance)

The impedance (R, X) is measured based upon orthogonal components of both
voltage (v) and current (i) signals. Voltage can be processed using a constant width
data window (for example the full-cycle Fourier), while current signal is split into its
orthogonal components using the adaptive algorithm (15.10)—(15.11). Since the
voltage data window slides, thus its midpoint moves by one sample. On the other
hand, the data window for a current extends, thus its midpoint moves by half a sample.
Therefore, an appropriate phase-compensating procedure must be applied. The group
delay assumes:

T
Ap="(N L) (15.14)

Therefore, the corrected orthogonal components of the current are:

s | _| cos(Ap)  sin(Agy)) |l (15.15)
iq(/() corr. _Sin(A¢(k)) COS(A¢(k)) iq(k) orig.

The phase-correcting algorithm (15.15) is non-stationary and for short windows
the correction is significant, while when the data window for the current reaches its
full length (L=N) the correction vanishes.

Fig. 15.8 presents an example performance of the adaptive algorithm for
measuring current magnitude [14]. In comparison to the full-cycle Fourier algorithm
the adaptive algorithm provides much better response, both faster time response and
better steady-state accuracy. Successful application of this method to overcurrent
relays and to distance relays is reported in literature.
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Fig. 15.8. Example performance of adaptive algorithm for measuring current magnitude, in comparison to
full-cycle Fourier algorithm: a) primary- and secondary-current waveforms, b) orthogonal component ig,
c) orthogonal component iy, d) current magnitude

15.3. Capacitive voltage transformers

15.3.1. Basics of capacitive voltage transformers

At transmission and sub-transmission voltage levels the instrument-level voltage
signals for protective, monitoring and measuring devices is provided by means of
capacitive voltage transformers (CVTs). A CVT provides a cost-effective way of
obtaining secondary voltage for HV and EHV systems [B16, B18, 7]. Its functional
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scheme is depicted in Fig. 15.9. Besides the primary (v,) and secondary (vs) voltages
one can also distinguish the intermediate voltage (v;), which is usually at the level of
around 20 kV.

CR
YA VT

5

ﬁ<
o
0
<
= »
I+
BURDEN

Fig. 15.9. Schematic diagram of CVT: C1, C2 — stack capacitors; CR — compensating reactor;
IVT — inductive step-down transformer; A-FSC — anti-ferroresonance suppressing circuit;
BURDEN — CVT burden imposed by connected protective and other devices

15.3.2. Transient performance of capacitive voltage transformers

The dynamics of a CVT is determined by two factors [7]:

e non-linear oscillations under saturation of magnetic core of the CVT step-down
inductive voltage transformer,

e discharging of the CVT internal energy during short circuits on the transmission
line.

Non-linear oscillations can appear when the operating point of the magnetizing
characteristic of the step-down transformer is shifted to the saturation region. CVTs
are therefore equipped with special anti-ferroresonance circuits (Fig. 15.10) for
avoiding stabilization of the sub-harmonics [B16, 7, 21].

a) l ’ b) c l L, ’

GAP

IVT secondary
=
=

IVT secondary

Fig. 15.10. Examples of anti-ferroresonance suppressing circuits: a) passive, b) active

Anti-ferroresonance circuits, however, affect the transients of the second kind.
Discharging the CVT internal energy (accumulated in the stack capacitors and the
compensating reactor of a CVT during the pre-fault state) — to the level determined by
the reduced post-fault primary voltage — results in considerable distortion of the
secondary wave [7]. The higher the reduction of the primary voltage, the more
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extensive transients induced by the CVT itself occur. Especially, faults at zero
crossing of the primary voltage result in substantial transient errors that, in turn, affect
the operation of supplied protective relays.

Among different CVT parameters, the stack capacitances influence the
CVT-generated transients. In reference [12], two types of a CVT are distinguished
(Figs. 15.11 and 15.12):

e  “high-C CVT” — the sum of stack capacitances below some 100 nF,
e “extra high-C CVT” — the sum of stack capacitances above some 100 nF.
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Fig. 15.11. Sample transients for high- and extra-high-C CVTs
when primary voltage drops to zero under zero crossing
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Fig. 15.12. Sample transients for high- and extra-high-C CVTs
when primary voltage drops to zero from the voltage peak
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The standard: PN-EN 60044-5:2007 Instrument transformers - Part 5: Capacitor
voltage transformers [S5] specifies the classes for protective CVTs (Table 15.2). A
number of transient response classes are standardised in this standard as well.

Table 15.2. CVT classes for protection

Percent voltage (ratio) error Phase displacement
Class %V, + in minutes
at 2%V, at 5%V, at 100%/V, at 2%V, at 5%V, at 100%/V,
3P 6.0 3.0 3.0 240 120 120
6P 12.0 6.0 6.0 480 240 240

15.3.3. Dynamic compensation of capacitive voltage transformers

It has been proposed in [7] to reject the CVT induced transients from the voltage
signal with the use of digital compensation algorithm based on inversion of the CVT
simplified transfer function. In Fig. 15.13 a simplified CVT equivalent circuit diagram
[7] is shown.

C,=C +G, R,=R,+R,
|| Y —
” | S
Lo=L.+L, ,
Ry
' ' ' 3 2
o v %Lf []Rf Vg Gevr(s)= Asys” +A,s
C+C, P . B,s* +Bys® +B,s? +Bys + B,
2

Fig. 15.13. Simplified circuit diagram of CVT equipped with passive anti-ferroresonance circuit

It was assumed in [7] that the transfer function between the primary voltage and
the secondary compensated voltage, being the result of compensation, is as follows:

2
s

A +AS T+ AS+HA,

Geyr(8)-Geomr (5) = (15.16)

where:
4 3 2
(B4S +B3S +B2S +B1S+B0)

(Ass+A,)(Ays® +Ass” + Ags+ A7)
compensator in which: By, B;, By, By, By, A;, A, — coefficients of the CVT simplified
transfer function (Fig. 15.13); Ay, As, A, A7 — coefficients to be determined.

Selection of the coefficients Ay, As, A, A; may be done in a number of ways with
the objective to obtain the desired dynamics of the compensated CVT. Different

numeric procedures can be applied for obtaining a discrete form of the compensator
involved in (15.16), as for example the following trapezoidal rule:

transfer function of the

Geomp(s) =
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-1
o Zfl) (15.17)

tan(0.50,7,) (1+z7)
where: ®, — fundamental radian frequency, 7, — sampling period, z' — operator

representing a time delay of a single sampling period.

The advantage of using (15.17) is that it gives the gain and the phase displacement
at the fundamental frequency exactly the same as under continuous differentiation.
After applying (15.17) to (15.16) and transforming to the time domain, the following
digital compensator COMP (Fig. 15.14) in the form of a recursive filter is obtained:

”i‘: N, i M,
Vaceny = _lvz( -~ _ZVch(n_i) (15.18)
i=0 MO ! i=l1 MO
where:

n — current sampling instant,

v, —uncompensated secondary voltage (as supplied by an A/D converter),

Vo — compensated secondary voltage — the output from the compensator in (15.6).

The filter (15.18) constitutes the simplest compensator (COMP) for a CVT. This
compensator may be even more optimised. The improved compensator COMP;y.
(Fig. 15.14) is a cascade of the original compensator COMP, given by (15.18), and a
short window non-recursive digital filter (F3) added to its output, as shown in
Fig. 15.14. The self-explanatory assumptions for such a filter (F3) are summarized as
follows:

e zero gain (perfect dumping) at half the sampling frequency,
e unity gain and zero phase displacement for the fundamental frequency,
e possibly the shortest data window.

VOLTAGE v y ,
MEASUREMENT [F2201p comp [0y 3 20
CHAIN
COMP,

impr.

Fig. 15.14. Generic scheme of digital series compensation of CVT (COMP — original compensator,
F3 — low-pass three-sample filter, COMP,,, — compensator with improved frequency response)

The output from the F3 filter (v,.) is computed as:

Vae(n) = A(VZCc(n) + BVyee(nony + CVch(nfz)) (15.19)

where:
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_ 2cos(wT}) _ -1 4 1
1+2cos(o,T,)’ 1+2cos(o,T,) 1+ Bcos(o,T,) + Ccos(2w,T,)

The cascade of the original compensator (15.18) and the low-pass F3 filter (15.19)
gives the resultant compensation algorithm (COMPjy ):

i=6 i=4
vzc(n) = ZPivz(n—i) - Z in2c(n7,') (1520)
i=0 i=1

where P;, Q; — resultant coefficients of the improved compensator, dependent on CVT
parameters and sampling period.

Both the original (15.18) and the improved (15.19) compensators, as the recursive
digital filters require a kind of a starting procedure. To initiate these filters one needs
the last four samples of the compensated voltage. For this purpose the pure
uncompensated secondary voltage may be used. The initiation is done once just after
fault detection with the use of the frozen pre-fault data. However, to its advantage, the
algorithm may be launched with the zero initial conditions, but necessarily at the
maximum of the voltage wave.

Fig. 15.15 presents example performance of the improved compensator (15.20) for
the simulated CVT transients appearing under a decrease of the primary voltage
during the transmission line fault. The applied compensation effectively removes the
CVT-generated transients.
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Fig. 15.15. Examples of voltage waveforms (staircase forms): v, — CVT secondary voltage,
v, — compensated secondary voltage
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