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SUMMARY

In this thesis a thorough investigation of 4-reactor shunt compensated
systems under unbalanced fault-transient conditions has been carried

out. Mathematical models for incorporating 4-reactor compensators into
single and multi-section feeder systems, together with the technique used
to simulate reactor saturation, are developed. The techniques are very
general, are applicable to transposed and untransposed multi-conductor
lines of any configuration, and can take into account the frequency
dependence of system parameters. Using these techniques computer

programs are developed to study :

a - Effect of shunt-compensation on primary system response.
b - System and reactor overvoltages.
c - The probability of reactor saturation and its effect on primary
system wave forms and hence on the performance of distance protection.
d - Effect of shunt-compensation on the performance of distance protection.
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CHAPTER 1 INTRODUCTION

1.1 Literature Review and State of Knowledge

Due to the enormous growth of electrical power systems in both size
and complexity, much effort has been made to enable an accurate
simulation of power system transients and hence proper system design

and development of system protective schemes to be achieved.

The response of a transmission system following any sudden change
in operating conditions such as fault initiation or switching

operation may generally be classified as follows:(l’s)

1 - An initial surge-period in which travelling wave effects
predominate.

2 - A final steady-state period during which system voltages and
currents are periodic.

3 - A dynamic or temporary period - a transient period linking (1)
and (2).

On modern EHV systems, control of surge-period overvoltages allows
relatively low insulation levels to be adopted. It is therefore
important to predict the temporary-period overvoltages so that the
probability of insulation failure can be maintained at an acceptably
low value. This is usually done through the study of transient
phenomena using a realistic model for a typical power system where

some form of simulation is to be adopted.



For many years investigations have been made using analogue models
of the actual systems. These models called ''simulators' or
"Transient Network Analysers' (T.N.A.s), usually consist of a

scaled down analogue in which transmission lines are represented

by a large number of lumped-parameter I or T sections(z’s).

Although it has always been a powerful tool for transient simulation,
the T.N.A. is not convenient to simulate the distributed nature of
line parameters(z’s). Besides, in a line model with a finite number
of sections, it is not possible to cover the infinite frequency
response bandwidth and hence a rather approximate response is

@)

unavoidable

An obvious alternative to study power system transients is the use
of digital techniques. Based on travelling wave phenomena, a number

of methods are available to solve the system equations (1.1) and (1.2):

dV/dx

-z.1 ... 1.1

dI
! ax

The equations may be solved using the laplace transform(6’7’11).

Applied to system equations for the phase voltages the method
produces a number of interdependent second order differential
equations for voltage in terms of distance. These are separated by
transforming the voltages into independent modes which travel on the
line without interaction. Once the modal waves are known, the phase
voltages are evaluated By adding the forward and backward modal waves

and using the inverse of the modal transformation.



An alternative form of the laplace method was employed by Dommel(s)

and assumes lossless or distortionless propagation.

A third method is based on the well known lattice-diagram technique
described by Bewley(g) and was used in much of the earlier work(lo)
for computer simulation of travelling waves in power systems. Again,
the method is based on the assumption of lossless or distortionless
propagation. The calculations are performed in terms of the voltage
wave increments which travel on the line and the behaviour of these
travelling waves at points of discontinuities is determined by
reflection and refraction coefficients. Whereas for single phase
calculations these coefficients are calculated from the individual
line surge impedances, for 3-phase studies they are replaced by
surge impedance matrices and in this way the mutual effects between
phases are taken into account. Line surge impedance matrix is
evaluated at the transient predominant frequency or if this is not
known, at a frequency based on the travel time of the line being

subjected to transient.

Most power lines have small losses, and for transmission involving
only the lines themselves, the line distributed parameters can be
considered nearly constént over a wide range of frequency. In such

a case, the digital simulation techniques just mentioned, among others,

may give results in close agreement with actual system response.

For transmission involving the earth, however, line resistance and
inductance vary significantly with frequency, and therefore it follows

that a lossless or distortionless model is not a satisfactory



representation of this type of propagation if extreme accuracy is

required.

In such cases, Fourier transform (FT) techniques have been very
effectively utilised. Fundamentally, the method requires the
calculation of system response to be performed over a wide range

of frequency and the inverse Fourier transform is used to obtain

the response in the time domain. The theory of natural modes in
multi-conductor power lines was formulated by Wedephol(lz)and then
effectively used in conjunction with the Fourier transform techniques
for predicting the behaviour of such lines under energisation and

(13)

de-energisation conditions . Similar work has been done by HEdman(14)

and a theory of modal analysis used in a frequency-domain program was
presented. The study of transients due to switching operations(ls)
and the effects of frequency dependence of transmission line para-

meters have also been reported(lé).

Again, it has to be emphasised that accurately simulating power

system transients can serve two main purposes:

1 - To examine the effect of primary system wave forms on protective
relays and the possibility of improving them if they prove inadequate.
2 - To predict system overvoltages according to which economical

insulation levels are determined.

It has always been known that the main switching overvoltages are due
to line energisation and de-energisation. In practice, however, it

has been found possible to restrict these overvoltages to below 1.5pu,



especially in EHV systems. This reduction has been achieved by
various control methods such as single or multiple pre-insertion
resistors, opening resistors, synchronised circuit breaker pole
closure etc.. When switching overvoltages are so reduced, over-
voltages due to fault initiation may become the limiting factor.
Because(l7)90% or more of the faults that occur in a practical

system are single-line-to-ground faults, transient overvoltages of

the order of 2 pu may be experienced'by the sound phases and it
follows that accurate simulation of system transients due to initiation
of such faults, becomes of considerable importance. The problem of
fault surges was broughf into sharper focus when Kimbark(lg)and Legate
used the T.N.A. to study the phenomena on a single circuit line. In
addition, they presented a lattice diagram approach for a theoretical
study of the problem with certain approximations. Later, analogue

(19’22). In their

computer studies of the problem have been made
study, however, Clericic et al(zz)have emphasised the importance of
overvoltages due to fault initiation and'fault clearing in determining
system insulation level when switching overvoltages are controlled by
using modern circuit breakers. They have given consideration to the
sequence of events when a line-earth fault occurs, i.e. fault initia-
tion, fault clearing, and reclosing operation. In such a case, the
overvoltages generated on the sound phasés of the same line can cause
the fault to develop from a single-phase into a multi-phase or even
can cause faults on other lines on the system. During fault clearing,
the risks have been shown as the loss of another line in the network

in addition to the faulted line. For the reclosing'operation, the

risk has been defined as the possibility of insulation failure of the



line being switched due to overvoltages. The authors have concluded
emphasising the importance of choosing the best accurate simulation

technique suitable for fault-surge predictions.

In the above reviewed studies, so far, lines were assumed to be

ideally transposed, uncompensated, with frequency invarient parameters.
Boonyubol et 31(20)’ however, have made use of the laplace transform
method to evaluate fault-transient overvoltages. Furthermore, a more
accurate and realistic simulation of fault-surges on single and double-
circuit uncompensated lines, using the modified Fourier transform

technique has been presented(17’21).

The continuous increase in transmission voltages over long distances
has emphasised the importance in EHV systems of the excessive line
reactive power and the associated means to control them so that a
reasonably constant voltage along the line can be maintained.
Especially in the case of initial systems or long a.c. lines energised
through relatively weak sources, the adoption of shunt reactors to
compensate a portion of the line charging MVAR is an indispensable
method for excessive voltage and reactive power control. Reactive
VARs are both generated and absorbed throughout a power system.
Lightly loaded lines or cables are net generators of VARs owing to
their shunt capacitances, whereas, loads, transformers or heavily
loaded lines and cables are major consumers of VARs through their
series inductive reactances. Uncontrolled flow of VARs in a system
can produce unacceptable voltage levels and the advantages of control-
ling VAR flow for increased transmission capability and utilisation of

equipment has always been appreciated.



EHV reactors have been widely used for reactive power control on
long transmission lines. Ferranti-effect is well known and shunt
reactors are used to counteract this phenomena, especially at the

far end of unloaded or lightly loaded lines(5’23-27).

Following load rejection, power frequency overvoltages that occur on
long lines may.be aggravated by low system short-circuit level, high
excitation when transmitting full load and by the absence of loads
along the line. The simultaneous occurrence of single-line-to-earth
fault can increase the overvoltage still further(26). Again, these
overvoltages can be effectively counteracted by permanently connected
EHV reactors. Results of a series of field tests compared to predic-
tions obtained by T.N.A. and digital studies for EHV systems, have
also shown the increasing effectiveness of EHV reactors in reducing

(28_30). The reason for surge-reduction is primarily

switching surges
the lower power frequency overvoltage at the far end of a line owing
to the use of shunt reactors. The reactor at the far end of a line
offers a finite impedance which tends to reduce the reflection coef-
ficient, thus contributing to surge reduction. However, this effect
has been reported to be very small. In addition, some researchers
have found that in some cases, shunt reactors are effective in
controlling transient component of switching overvoltages(31_33).
It is a normal practice to use both permanent reactors and switched
reactors connected to fhe tertiaries of step-down transformers(34).
The former control the reactive power flow under nommal operating
conditions, while the latter are switched on to the system to

compensate for the excessive capacitive currents in conditions such

as lightly loaded or unloaded long lines.



An alternative way of doing this is to use non-linear reactors which
provide less inductive compensation during normal operating conditions
and still provide the required compensation during steady-state open-
ended line conditions(s). These reactors, among other reactor

arrangements are dealt with in more detail in Chapter 2.

A transmission system comprising short lines, especially encountered
in the U.K., is often very stiff at the generator ends (busbars)
because there are a number of infeeding lines from other sources
connected to the busbar. Because transmission is usually over short
distances, both line reactance and capacitance are relatively small
(in fact line capacitance can often be neglected) so that a generator
can operate at a reasonably low load angle in order to push appropriate
amounts of power over the line. This means that the problem of
generator instability due to disturbances is reduced. Due to the
stiffness of the busbar, even if a line goes out due to a fault,
successful autoreclosure of the three circuit-breakers is accomplished
without loss of stability or any serious disruption (also the presence

of a second circuit helps to maintain stability).

On long lines, however, where sources of generation are often remotely
located from the load (especially in case of hydro-power stations), the
system at the generation end is very weak. In fact, in most cases,
there are just one or two machines connected to the bquar and the
feeder is of radial type. In such cases, the problem of maintaining
stability becomes that much greater. Double circuit lines are not
very economical to use because of the very long transmission distances

involved. Thus, because there is only a single-circuit line, 3-phase



autoreclosure schemes are not very practical because in the majority
of cases the closing of the breakers is not fast enough to maintain
system transient stability. Due to the fact that the majority of
faults on EHV a.c. systems are single-line-to-earth faults (mainly
due to lightning) and of transitory nature, single-pole autoreclosure

(35-47)

was found to greatly improve system transient stability provided

that such faults could be successfully cleared.

However, opening the circuit breakers on the ends of the faulted line
conductor does not assume fault clearing. The isolated conductor is
still capacitively and inductively coupled to the other healthy
conductors which are still energised at normal voltage and carry a

load current. This coupling has two main effects(36’37):

1 - Before fault arc extinction, it feeds current to the fault and
maintains the arc.
2 - After the fault current becomes zero (as it does twice/tycle),

the coupling causes a recovery voltage across the arc path.

Extinction of the secondary arc depends on many factors, the most

important of which are(36’37):

a - Magnitude of the secondary arc current.
b - The magnitude of and the rate of rise of steady-state recovery

voltage.

On long lines, however, because of the high system voltage and the
(37)
high capacitive coupling (which is considered to be the most important),
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both secondary arc current and recovery voltage are that much higher
so that some means of neutralising the capacitive coupling has to be
employed.

(36)and Kimbark(37)have developed a method to help secondary

Knudson
arc extinction by using a 4-legged reactor scheme. Economically

the scheme is highly justified since EHV reactors have to be used
for reactive power control and the cost of the additional neutral-

reactor required for secondary arc suppression is a small fraction

of the cost of the main reactors.

The introduction of the 4-reactor scheme has paved the way for many

(35,38-44)

researchers for further investigations and is used by the

author throughout the present investigation.

Neutralisation of capacitive coupling has been suggested by the
addition of a capacitor, connected across the terminals of each
breaker pole, proportional to the particular line being switched(Sg).
Field tests and hybrid computer programs using lumped parameter,

500 kV line model, have been performed to simulate single-pole

switching and to evaluate the dead time required for arc extinction(48).

Relating both the residual arc current and the steady-state recovery

voltage to the positive and zero degrees of shunt compensation (hl,ho),
Kimbark(49)has produced very useful sets of families of curves that can
be suited to any line construction. Residual arc current, steady-state

recovery voltage and natural frequency of transient recovery voltage
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have been considered and the loci of each of them has been plotted
in a rectangular coordinates hgy versus h;. The charts help the
researcher to know the correct degree of shunt compensation (hg)
that corresponds to the desired degree of compensation (hy) for
corresponding values of secondary arc current and steady-state

recovery voltage.

Kimbark has extended his work by developing the reactor arrangement
necessary to neutralise capacitive coupling in a double-circuit

(50)

line . Furthermore, he has considered the elimination of the

effect of inductive coupling which was neglected in his previous

analysis(37).

Recently, some papers concerning the use of shunt reactors for the
purpose of secondary arc extinction have been presented. The first,

(36)and Kimbark(37),

based on earlier concepts developed by Knudson
examines the influence of single-phase switching on long EHV lines
and system design(51). The authors examine the effect of various
factors such as the ohmic value of the neutral reactor, pre-fault
loading, source reactance, fault location and line transposition,
on the secondary arc using mainly the T.N.A.. It has been shown
that leaving inductive coupling uncompensated can generate a sub-

stantial voltage on the isolated phase which sufficiently contributes

to secondary arc current and transient and sustained overvoltages.

The second paper, also based on the same concepts(36’37), has pre-

sented a modified 4-reactor scheme for secondary arc suppression(sz).



12

Simply, the scheme provides four switches, two between the outer
phase reactors and the neutral and two between the same reactors

and the ground. When a single-line-to-ground fault occurs on one

of the line conductors, two of these switches are closed yielding

a different 4-reactor arrangement. The authors used a simple
computer program, in which the line is represented by a number of
cascaded N-sections, to compute secondary arc current and both
steady-state and transient recovery voltages for different 4-reactor

arrangements.

As mentioned previously, when EHV long lines are subjected to internal

or external disturbances (such as switching operations, lightning

surges and faults) abnormal voltages and currents of different frequen-
cies are produced. It is not of course directly possible to prevent

the occurrence of these disturbances, but their subsequent effects can

be limited with proper system design and adequate protective devices.

For a design engineer to achieve this, a realistic and accurate knowledge
of the transient behaviour of the system under consideration is therefore
essential.

Faults on modern EHV transmissibn systems have to be cleared as soon

as possible to avoid excessive damage. Furthermore, fast fault clear-
ance is essential to maintain system stability, to prevent any possible
hazard to people and to prevent the escalation of single-line-to-ground
faults to multi-phase-to-ground faults. For these reasons many studies
currently focus on very high speed distance protection utilising mini-

computers or microprocessors operated on the on-line mode. Extensive
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work in this field, however, does not give a clear indication of the
true viability of many digital protective schemes from a practical
point of view(53). From a measurement point of view, the nature of
the problem is completely different when making the transition from
the conventional protective schemes to those in which measurements
are to be made from signals derived from a power system during a
relatively short period of time following fault inception. With
many conventional relays, the very noisy periodyfollowing a fault

is effectively ignored, and measurements commence after a delay

without any loss of accuracy(53’54).

Here it is unnecessary to have
a very precise knowledge of the response derived from faulted systems
and a simulation based on lumped line parameters will often yield an

adequate indication of performance in power systems.

However, the same is not true when very high speed measurements are
considered because the waveforms from which measurements must be made
can include very significant travelling wave components in both faulted
and healthy phases. The design, testing and development of protective
schemes therefore requires the knowledge of the precise nature of

primary system wave forms immediately derived after fault initiation.

Precise primary system response is very difficult to achieve by field
tests or analogue techniques and hence the recent trend is to use

modern digital techniques.

On this respect, Benarjee(56)has digitally simulated power system
transients due to both shunt and series faults on uncompensated 3-phase

transmission line using the fast Fourier transform technique.
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Digital simulation of EHV short power lines under unbalanced fault
conditions for protection purposes has also been presented by Johns
and Aggarwal(54’57). Methods have also been developed to give a
more accurate model of synchronous sources to be combined with
generator/transformer and distributed-frequency variant transmission

line interconnection(sg).

1.2 Outline of the Present Investigation

In this thesis frequency-domain methods of fault-transient analysis
for shunt-compensated systems, using 4-reactor schemes, are developed.
The methods are suitable for studying practical shunt-compensated
systems subjected to single-line-to-ground, 2 line-to-ground and line-

to-line faults.
The main objectives behind the present work are:-

1 - To develop mathematical and digital modelling techniques suitable
for simulating practical 4-reactor shunt compensated systems.
2 - To develop mathematical and digital techniques suitable for

modelling shunt reactor saturation.

In this respect, it has to be emphasised that saturation of the neutral
reactor is particularly critical. This is due to the fact that due to
saturation, neutral reactance is effectively reduced and its tuning
with line capacitance is no longer maintained. Therefore it follows

that due to saturation, secondary arc suppression becomes more difficult.
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3 - To use these techniques in the study of:

a - The effects of shunt compensation on primary system wave forms.

b - Fault induced system and reactor overvoltages.

Again, neutral-reactor overvoltages are particularly important. If,
due to severe overvoltages, the surge diverter protecting it is short-
circuited, the neutral reactor is effectively eliminated. Hence
single-pole autoreclosure may not be successful.

c - The effects of reactor saturation on primary system wave forms.

4 - To use the techniques to study the performance of modern high speed

distance protective relays.

The methods developed to incorporate 4-reactor schemes into simple
single-section feeder systems are presented in Chapter 2. In the

same chapter, a brief review of shunt compensation schemes is presented.

In Chapter 3, simulation techniques for studying practical multi-section
feeder systems are developed. Also the analysis of the main source
network models and the transposition scheme developed by the author

are described.

The techniques developed to simulate reactor saturation in a frequency-

domain program are presented in Chapter 4.

In Chapter 5, the configuration of systems studied is detailed. This
covers line construction, line parameters, source parameters, line

charts and the 4-reactor scheme parameters.
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Digital computer results are presented in Chapters 6-9. In Chapter 6
digital examination of the difference of primary system responses
for both compensated and uncompensated (single and multi-section

feeder) systems is presented.

The problem of system and reactor overvoltages is studied in
Chapter 7. Findings in relation to reactor saturation and its
likely effects on system response are presented in Chapter 8. In
Chapter 9, digital studies of the performance of cross-polarised
mho-relay applied to compensated and uncompensated (single and

3-section feeder) systems is prescribed.

General conclusions and suggestions for future work are presented

in Chapter 10.
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CHAPTER 2 DEVELOPMENT OF METHODS TO SIMULATE SHUNT
COMPENSATED SINGLE-SECTION FEEDER SYSTEMS

2.1 Introduction

For the purpose of reactive power compensation in EHV long transmission
systems, one or two banks of Y-connected shunt reactors with solidly
earthed neutral are commonly employed. The size of the reactors is
expressed in terms of their MVAR at rated voltage, their per-phase

reactance, or their degree of shunt compensation(so).

In single-circuit transmission lines, however, where single-pole
autoreclosure is desirable, shunt reactors have been used to serve
a second purpose, i.e. the suppression of secondary arc. Neutrali-
sation of shunt capacitive coupling between phases makes single-pole

(SO). By proper connection of EHV

switching feasible on longer lines
reactors used to wholly or partially compensate the normal line
charging current, these reactors can be made to serve the additional

purpose of ground fault suppression at a moderate additional cost(36’37).

A brief review of the existing shunt compensation schemes is presented
in section 2.2. Possible reactor arrangements to serve the above

mentioned purposes are examined in section 2.3.1.

The 4-legged reactor scheme is dealt with in more detail and its
parameters, i.e. the phase reactance, the neutral reactance and each

reactor rating are evaluated in section 2.3.2.
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Developed mathematical techniques to incorporate the 4-reactor scheme
under steady-state and transient-fault conditions are presented in

section 2.4.

2.2 Review of The Existing Shunt Compensation Schemes

Beside forming a vital link between remote generating units and load

centres, EHV lines have the advantages of large load capacity, reduced
transmission losses (better efficiency) and better voltage regulation.
There are two main problems, however, in transmitting large amounts cf

power over long a.c. lines; system instability and overvoltages.

The problem of overvoltages becomes particularly evident at EHV and
UHV levels(59’6o)due to the fact that capacitive charging mvaRs of
lines and cables is approximately proportional to the square of system
voltage and directly proportional to line length. Capacitive current

of EHV systems is mainly compensated for a number of reasons(5’24’30'31’

33, 61, 62, 77, 79),

1 - To improve stability of transmission.
2 - To reduce power frequency and transient system overvoltages.
3 - To prevent self excitation of generators when connecting open-

circuited lines.

A variety of shunt-reactor schemes exist which may be classified as

follows:
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a - Linear reactors(63’77).

b - Externally controlled reactors(62’66’67).

c - Self-saturated reactors(64’65’68’69’73_75’76).

Each of the above schemes has its own particular characteristics
and none of them is usually a 'best buy' for a specific problem on
technical grounds alone. EHV reactors are connected to systems
either directly or via the secondary or the tertiary windings of
intermediate transformers. Although EHV reactors may be either
3-phase or single-phase units, so far only single-phase units have

been used at 500 kV level and above(62).

In case of very long lines, the above mentioned schemes may be used
in conjunction with series capacitance. The former compensates for
part of line capacitance while the latter compensates for part of
its series reactance. In such a case, total reactive and capacitive
power compensation has to be avoided for stability considerations(63).
A 60% inductance and capacitance compensation may be the best compro-
mise although under light load conditions 100% shunt compensation is
required.-

Externally controlled reactors may include:(62’66_68’69)

1 - D.C. controlled reactors (transductors).

2 - Thyristor-controlled shunt reactors(67).

The first transductor introduced on the British grid system was in
1967(66)and comprised a 30 MVAR transductor and three 20 MVAR capacitor

banks. The device enabled reactive power variation from 30 MVAR
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lagging to 60 MVAR leading, since the transductor reactive power was
continuously variable and capacitor banks were switched in and out
automatically as required. A major advantage is, due to its static
nature, transductors cannot 1ose synchronism with the system even
under fault conditions. They can maintain a good average level of
voltage but not suitable to deal with fast fluctﬁating loads due to
their relatively slow response. Another disadvantage of transductors
is, as with any saturable reactor, the generation of harmonics.
Thyristor-controlled reactors can also achieve a continuous,

relatively fast (0.0l s)(68)

control of reactive power generation
on a large scale. Such schemes are particularly applicable for
suppression of voltage fluctuations caused by severe loads and are

commercially associated with ASEA(67).

Harmonic generation in system voltage is possible (in the event of
incorrect point-on-wave switching relative to system fundamental)
and therefore their compensation is required.

Self-saturated reactors were developed by the late E. Friedlander(70),
first for suppressing voltage fluctuations due to disturbing loads
(arc furnaces in particular) and then for reactive power control on

EHV transmission systems.

In these.reactors, lower order harmonic currents are internally
eliminated so that only harmonics of the order 4n ¥ 1 can appear
under steady-state conditions (n = number of limbs). Ideal reactive
power control is achieved by using the reactor together with a series
(70,71)

slope correcting capacitance and a parallel capacitor (to provide

the leading VAR range).
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Static compensators are commercially associated with the G.E.C. and
may use one of the following saturable reactors:

1 - The Quin reactor (04:70,72)

2 - The Twin-Tripler reactor(64’65’7o’73).

3 - The Treble-Tripler reactor(04:69,73,74)

A detailed study of the twin and treble-tripler arrangements is pre-

sented in references (68) and (75) respectively.

2.3 Choice of shunt Reactors For Secondary Arc Suppression

2.3.1 Possible reactor arrangements

Secondary arcs are maintained by two types of coupling, namely, the
shunt capacitive coupling and the longitudinal coupling from mutual
inductance and resistance, between the disconnected, faulted conductor
and the energised, unfaulted conductors. In his analysis, Kimbark(37’50)
however, assumes that capacitive coupling is more important and has
neglected the longitudinai coupling. According to such assumption,
possible reactor schemes used for reactive power compensation and
ground fault suppression are given in Fig. 2.1. Before comparing
these arrangements, it is useful if the shunt capacitances of fhe
line are considered. Their equivalent circuits are shown in Fig.2.Z.
The interphase capacitances of Fig.2.2a are designated (Bcqy-Bcp)/3

while the capacitances between each phase and ground is Bcp. These

values can be evaluated as follows:
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Replacing (Bc; - Bco)/S and Bcy respectively by B4 and Bcg,to get
the PPS impedance 'Xeg! of Fig. 2.2a , apply a set of PPS voltages

to the 3-phases. The current at point 'a' is given by:

Ia1 = I1 + I2 + 13

=(Vay - Veg)/Xep +(Vap Vby/Xep + Va;/Xeq

1 1
where Xeg = — » Xch = —
g
Bcg Beh
1 1-h+1-h?
Ia1 = val( + )
Xcg Xch
1 3
Ia =Va,( — + —)
1 1
Xcg Xch
or Xc1 = 1/(1/Xcg+ 3/Xch)
. X
or X, - Xg X L 2.1
Xch + SXCg

From equation 2.1 the PPS susceptance can be obtained as :

1
— = B__+3B

cg
Xc1

Bc1 = ch e

In a similar way, the ZPS impedance and susceptance of Fig. 2.2a

can be obtained by applying a set of ZPS voltages to the 3-phases.

Xo = X L 2.3
BCO BCg
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From equations 2.1 - 2.3 it follows that;

BC1 = BC0 + SBCh

=1/3 (Bcy - Be

ch O) ..... 2.4

and BCg Bco

Equation 2.4 proves the correctness of the susceptances shown in

Fig. 2.2a.

The most common equivalent circuit of Fig. 2.2a can always be replaced
by Fig. 2.2b, by transforming the A-connected capacitances (B.p) into

their Y equivalent.

The PPS and the ZPS impedances of Fig. 2.2c are Z1 and Zo»

Z = Xc1

ZO = Xc1 +3XXen Lde 2.5

From which the neutral reactance and susceptance are:

X_ = 1/3 (Zy - 7;)
and B =32y2, 2.6
11y

Now it is obvious that the shunt reactor schemes of Fig. 2.1, a-c
are analogous to the equivalent capacitance circuits of Fig. 2.2 a-c

respectively. Figs. 2.1c and 2.1d are similar and the analysis
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applied to one of them, applies to the other. For the schemes of
Figs. 2.la, b and d(1), the total MVAR rating of the group of

shunt reactors is the same, equals that required for shunt
compensation under normal conditions. For the 4-reactor scheme,
the phase reactors have the same total rating as that of Fig. 2.1a,
b, d(1). The neutral reactor carries no current under steady-state
conditions. It is energised only during a line-to-ground fault and
its rating is only a small fraction of the three main reactor ratinéé?’37)
According to Kimbark(37)and Knudson(36), from economical and technical
viewpoints, schemes of Figs. 2.1c, d, are the most economical. Since

the scheme of Fig. 2.lc is the one simulated throughout this work,

it will now be considered in detail.

2.3.2 The 4-legged reactor parameters

2.3.2.1 Reactor phase and neutral reactances

Referring to Fig. 2.1c, the pPS and 7zpS impedances are calculated as
mentioned previously by applying respectively a set of PPS and ZPS
voltages to the 3-phases. Therefore, it follows that:

For Fig. 2.1c

XP + 3Xn

=<
o
]

Similarly for Fig. 2.1la

Xp = Xy Xn/Xpn + Xy 2.8
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For the two circuits of Fig (2.1.a) and (2.1.c) to be equal,
the corresponding quantities of equations 2-7 and 2-8 should

be equal, i.e Xl + 3Xn = Xyg ..... 2.9.a

and X1 = (ng. th )/(th +3ng
Now, for reactive power compensation,
BL, = hye Bey ... 2.10
and for total elimination of interphase capaci tive coupling;
BLy = hO- Bc, ceee2.11
using equations 2.9 - 2.11, it is shown in Appendix (Al.2)
that the phase and neutral reactances of the 4-reactor

scheme are given by;

Xn = h1 Bcl - hO B%)...a
..... 2.1
3.h; Bc; hy Be, 2.12
X_ = 1 b
P hy By

Therefore equation 2.12 gives the phase and neutral reactances
of the 4-legged reactor scheme of Fig. (2.1.c) in terms of the
line 'PPS' and 'ZPS' susceptances Bcg and Bc, respectively and
the 'PPS' and 'ZPS' degrees of shunt compensation (hl) and (hO).
It has to be emphasized here that the neutral reactance of the
4-legged reactor scheme derived in Appendix Al (equation Al-23)
is oply true if By =By or if:

hg =1+ K -1y .. 2.13
However equation (2,12.a) is a more general form which has been
used throughout the present work. The shunt capacitances of a
transmission line are usually described as shown above by the
equivalent circuits of Fig (2.2) and in particular by the more
common circuit of Fig (2.2.a). An alternative way is to

describe line capacitances by its shunt admittance matrix given
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by equation (5.2). For a balanced line (as the transposed
line simulated here), there are only two different values of
capacitances (or admittances). As clearly seen from equation
5.2 the elements in the main diagonal have one value and the
off-diagonal elements have another value.
Therefore, it now remains to relate the line admittance
matrix (equation 5.2) to the line capacitances mesh circuit
of Fig (2.2.a).
Calling the diagonal terms of a balanced line shunt admittance
matrix 'Yf' and the off-diagonal terms 'Y%‘, it can be proved
by applying a set of balanced voltages and currents to the
circuit of Fig (2.2.a) that:

Ys = Yeg * Hen | e..2.14

Yn = “Yen
From which

Y
cg s

Ych B -Ym - o

«..2.15

Therefore, in a digital computer program, ch and Ych are
calculated from the line shunt admittance matrix, the 'PPS '
and the 'IPS' susceptances Bcl and BC0 are evaluated from
equations 2.2 and 2.3 respectively, and then equations 2.12
are used with the desired degrees of shunt compensation
(hl,ho) to determine the phase and neutral reactances of the
4-reactor scheme.

A quality factor 'Q ' has to be chosen for both phaée and

neutral reactor banks.

2.3.2.2 Reactor Rating

From the basic line parameters evaluated in Appendix Al.1, YS
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and Ym can be used to solve equation 2.15 and hence Bc1 and

Bcy can be known from equations 2.2 and 2.3,

Assuming that two 4-reactor schemes are to be used for
reactive power compensation over the whole line length, one
at each end, the MVAR rating of each reactor is:
_ 2
Qg = V7/Xy

2

or Q$1= % .hchl.ﬁ/z veees2.16

Totally compensating line charging current, equation 2.16
becomes;

_ 2
QSR "‘V QBCI-R‘/Z .-ao.2.17

2.4 Mathematical Treatment of 4-reactor Compensated Systems

In this section, methods suitable for simulating 4-reactor
shunt compensated single-feeder systems under steady-state

and fault-transient conditions are developed. The system
examined comprises a single-circuit, 3-phase, 500 kV
transmission line of the horizontal construction detailed

in Chapter (5) (together with other line data). The method

of calculating the basic parameters of multi-conductor lines,
i.e. the (Z) and (Y) matrics, has been developed for the
purpose of digital simulation by Galloway etal(%SIt takes into
account conductor geometry, conductor self parameters and earth

return path. An outline of the method is presented in Appendix

(Al.1).

The line model is fed from both ends from main source models
which are described in Chapter (3). Two 4-legged reactor

schemes are required, one situated at each line end. Each



28

scheme compensates for half of the positive phase sequence

charging current of the line. Methods of evaluating reactor
parameters were described in section (3) of this Chapter and
the parameters that have been used throughout this analysis

are presented in Chapter (5).

The analysis developed in this'section is based on the theory
of natural modes as developed by Wedephol(lz’ls) for application
to multi-conductor lines. A description of the theory is

presented in Appendix (A2).

At power frequency, line parameters are calculated by
considering each mode of propagation, the multi-port equations
representing each element in the system are formulated and

voltages and currents at points of interest are then evaluated.

Fault transient analysis is based on the -same theory. Line
parameters are calculated, and by considering each mode of
propagation at any given frequency, the multi-port equations
describing the part of the system before and beyond the fault
point are formulated. These equations are then combined with
the source-side network equations to yield a final two 2-port
equations and the fault is simulated(53’54’56) by a suddenly

applied voltage of appropriate magnitude and polarity.

The frequency spectrum of voltages and currents of interest
is converted to time domain using the inverse Fourier tra£§§82%2
and the overall system response is the sum of the prefault
(steady-state) response plus the response due to fault. This is

achieved by applying the principle of superposition.
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2.4.1 Steady-state Analysis

Under steady-state conditions, the system is represented by
the 3-wire diagram and its block equivalent of Fig (2.3).

From the Fig. we have:

Vs Vs1

- - SR -

IS 1_ | ISl ..... 2.18
Where

Vg, TS’ YS’ TS’ are the transforms of the respective voltages

and currents shown in Fig (2.3).

SR, = The two port matrix representing the near-sending end

1
shunt reactor. It is‘evaluated as follows:

From Fig (2.3.a) we have

o Vga t Iy gy * Iy + Iy) In
VSb and VSC are calculated in a similar way so that:
[ Vsa Vsa1 S Zn I Ta1
\% = |V ' I
= YA
Sb Sbl n Zl+zn Z, bl 2.19
| Vsl | Vsc1] | n Zn Z1*In]| Icq
) -[oa] [ [ ‘
or [ S} = _VSL_ =l ZSR Il ...2.19
Where Z1 and Zn are
Z1 = R1 + J Xy
Z = R +JX
n n n
X1 and Xn have been evaluated in section (3) and a quality

factor of 250 has been used to get both Z1 and Zn' From
equation 2.19 the currents through the phase reactors are:
I =[ZSR1]-1[VS] - [Zspl]_l[vsl]
and if YSRl = [ZsRIJ-l
Lo [Ysa] [Ys] = [Ysma] [Vsq]
e (1] <[] ¢ [

substituting I; in the above equation
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(Ig) = (Ygpy) (Vg + Igy
‘. voltage and current transforms input to the sending-end

reactor are related to the corresponding oJutput quantities by:

\ U ) \
~S| | e bmo -t | --31 ....2.21.a
Is Ysp1 | U Is
YSRl = sending-end reactor admittance matrix
_ -1
(Zggr1)
Also from Fig (2.3)
Vgq A B Vr1
] ISl C D IRl
and
Vr1 U 0 Vo
Tr1 Yspz U Ir |
where

A,B,C,D = transmission line constants€5¥%s<iescribed in Appendix
(A2).

= receiving-end shunt reactor admittance matrix
-1

(Ygr2)

(Zgr2)
Since each reactor compensates for half of line charging current

(Zgr1) = (Zgry)

(Ygr1) (Yaps)

It follows that equation 2.21.a becomes

U 10][ A B U 10 [7
—_—— - —---T ————— 1' ——————— T'-— -— .
|
Is Yspu U €1 D Ysrar U | | IR
p— — . -- — - B
S BT B 0 3 A N
= I == ! e ees e .
s CriPr) | IR
1
where
- _
apt Bl [u to][AtB u 'o
s R e I e L et s DR 2.21.c
p Cr Pr SR1! G | Ysro!
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The procedure followed to derive equation 2.21 above, assumes
that the 1ine'is homogeneous. However, due to transposition,
this is not the case but each transposed section is dealt with
separately as a homogeneous section and then the multi-port
equations for the 3-transposition sections are combined to

yield a single two-port equation for the whole line.

Under steady-state conditions, three quantities are required,
namely, sending end current, receiving end current and the
voltage at the point of fault (f) before the fault occurs.
These three quantities are obtained from equation. 2.21.b. (by .
adding the letter 'S' to the subscript of each variable to

distinguish them from fault quantities).

Iss Cr-Vps * Drlgg
Vgg = Ap-Vpg * Bpelpg
and it follows that:
I _ ) -1 = -1 ¢
SS = (Cp - Dp.By t.Ap T + DBIl.V .
- _ _1\./ _B-lA \-[ ..... . a
Ins = By Vgg = By = Ap . Vpg

Assuming that the fault will occur at a distance 'X' from the
sending end, the line constant matrix given by equation 2.21l.c
can be split into two matrices. These matrices correspond to

line lengths (X) and (g- X) respectively so that:

steady state voltages and currents at the point of fault are

related to voltages and currents at the receiving-end as

follows:
el f12d Pra | | ks
Its 121 Pr2 Igs
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Using the above equation in conjunction with equation 2.22.a,

we get:

-~ _ _ -1 - -1 =

Veg = (Aqy = BryeBr A Voo + BpoBp Voo .nnn. 2.22.b
where

VfS = steady-state voltage transform at the point

of fault before the fault occurs.
] ] 1
and A2 B | AAJHEL }L_-Lg ...2.22.c
Cra ! Dy C 1 Dy Ysr2! U
)

In actual fact the steady state quantities ISS’ IRS and st
may be considered in phasor form and converted directly to the
time domain without the need to go through the inverse fourier

transform.

2.4.2 Fault-Transient Analysis

Fig (2.4) shows the faulted compensated system in which the
fault is simulated by a suddenly applied voltage source at the
point of fault. It has been shown in reference (54), that this
voltage source is equal in magnitude and opposite in polarity to

the prefault voltage of the faulted phase, at the point of fault.

Methods of simulating unsymmetrical shunt faults, i.e. single-
phase-earth, phase-to-phase, and double-phase-to-earth faults
are dealt with in detail in Appendix (A3).

From Fig. (2.4) two main equations exist:
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where, Eff, Tfo’ st, Ioes va’ and I . are the transforms

of the respective voltages and currents shown in Fig (2.4).

[ Arp i Bpgl [Ar Bl (YU 1O
————— + - - - - ———:———-— ——--—-:-—— e o 000 00
| Cria P [ C1y P | Ysmu U
2.23.c
[ A2 i Brg] A1 B2 g ;0
______ :———— - -—-:-—D—- -—Y-_—-‘l—-i]_ * o 00 000
‘12 1P12] | C21P2 ]| Ysrar V|

The before-fault matrices A Bl’ Cl’ Dl’ and the beyond-fault

1’
po int matrices Ay, By, CZ’ D2’ are evaluated by substituting

'X'" and (g - x) respectively; instead of 't ' in equation A2.37.

Line transposition is taken into account by using the matrices
described in Chapter (3).
Applying the superposition principle, fo is the only voltage

source in the circuit of Fig (2.4).

S (Zee) 1
Sf ss’ st 2.23.d

RE = (Zps) Ins

< <

where ZSS and ZRS are the sending-and receiving-ends source
impedance matrices respectively.

From equation 2.23.b, we have:

Eeg = Arg-Vre * Bro Ips

substituting the value of TRf = Zié‘VRf from equation 2.23.d
- _ -1 -
Eff = (ATZ + BTZ.ZRS] VRf ..... 2.24.a

similarly from 2.23.b

Iepe = Cpo-Vre * Dpo-Igs

substituting for I from equation 2.23.d

Rf

(C D

- _ -1, =
Tepe = (Cpg 4 DpoeZpgd Voe 0 eeee
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From equation 2.24.a
-1

T -1 = . . )

Veg = (App * BryeZpg) Ege , substituting in 2.24.b

I = (Co * DosiZlly(A B z'l_lﬁ 2. 25
o fRf T2 T2*"RS T2 + °T2° RS)‘ £F = .25.a

similarly; if the same proceedure is followed using equations

2.23.a,d, we get:

-1
- - _1 _1 -
Ifo = (CT1 + DT1 ZSS)(ATI + BTl.ZSS).Eff ee.2.25.b
subtracting 2.25.a from 2.25.b we get:
_1 .
- - . -1 -1 -1
(Tege = Tgpg) == [(Cpyp * Dpp Zgg) (Aqp + By Zgg)#(Cpy + Doy Zpg)X
-1
-1
(Arz * Bpp-Zpg)  |Egs
...... 2.26.a
For a general earth fault:
Eff = fo + Zf (Ifsf - IfRf) ...... 2 260b
From equation 2.26.a, we have:
E..=-[(C., + Doy 225y (An, + B z'l_i(c + Doy 224y (AL, + B
£f [(Cp1 * Dpp Zgs) (Apy * Bpy Zgg)*(Cpp + Dpp Zpg) (Aq, * By,
-1 -1
-1 - =
Zps) XU gge = Tepey
....... 2.26.c

and from 2.26.b, we have:

\' YA

ef = Ege ~ Zg Ugge = lgpg)

substituting the value of Eff from 2.26.c: -1

-1 -
_ -1 -1 _ -1 -1
Vee = [ [(Cpp + DppeZgg) (Aqq * Bpp-Zgg)+(Cpyp + DTZ'ZRS)(AT2+BT2'ZRSJ

+ Lg| (Tgge=Tepg)

Equation 2.27 relates the superimposed voltages fo to the

fault current (Ifsf-IfRf)' In the case of faulted phase (s), no
difficulty(54)exists in evaluating fo.

Assuming a single-line-to earth fault on phase 'a', foa is the

Fourier transform of a suddenly applied voltage of the form:
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foa = - sta.sin(wot + g).h(t) ceereens 2.28
Where:
sta = peak of the fault point prefault voltage
B = phase dispiacement between the prefault voltage of
phase 'a' and thé reference voltage.
h(t) = a unit-step function.
Equation 2.27 may be rewritten in the form:
Vifa Ze1 o Ee1z Pras Ita
Veeh |= | Ze21 g2z Ee2s Ten .2.29
Vege Ze31 lgzz lgsy T
where Ie =Tesea~TepeasTen=Teaen Terens Tec™Tesec™ Lerte

For an a-earth fault, Ifb = Ifc = 0, and equation 2.29 yields

Veta 211
Verb =] Ze21 [Ifa] -2.30
Vese Zf31J

- - L

From equation 2.30, the superimposed voltages for the healthy

phasescan therefore be determined.

2.4.3 Superimposed voltages and currents at the relaying points

Voltages and currents at the sending and receiving end busbars

are obtained by using equations 2.23, so that,

- Sl -1 -1, -1 .
Vsg = (Bpy+Dpy “Zgg "+ U) "(Apy=BpyeDpy 7.Cqq) (Bgyg)
- -1
Tge = -(Zgg) ™ (Vgg) ...2.31

and
Voe = (B.,.D.. 1 2214 U)'l(A By oD 1 C ) (Eer)

RE 12°P12 " “ZRs 12 B2+ Pry " -Cpo) (Egg
Toc = (Zoo) T(V,0) 2.32
Rf RS Rf REEYE

The overall system response is obtained by converting the voltage
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and current transforms given by equations 2.31 - 2.32 to time
domain and adding to it the prefault steady-state response

determined in section 2.4.1.

=
(¢)
<l
1]
<
+
<1

S S5 sE 2.33
Ig = Igg + Igg

V., = ¥V + V

R ‘RS REL L 2.34
In = Ips *+ Igg
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CHAPTER 3 DEVELOPMENT OF METHODS TO SIMULATE PRACTICAL

MULTI-SECTION FEEDER SYSTEMS

3.1 Introduction

In power system transient analysis, it is a common practice to assume
that the line under consideration is energised eéither from infinite-
busbar or lumped parameter sources. For accurate and realistic
evaluation of system transient behaviour, however, it is necessary to
take into account source-side network models. Several authors(13’54)
have indicated that, in fact, there is no limit to the complexity of the
source-side network terminating in a busbar from which a transmission
line is energised. For example, several infeeds originating at remote
points in thé system may terminate at the busbar. These points may, in
turn, be fed from other localised or remote generation sources. In order
to evaluate the transient response of such a system, the input impedance

of the network on both the source side and line side is required at the

busbar considered.

Travelling wave distortion of system response at the point of interest
has been shown to be considerably affected when source-side networks are

(54) (13)_ transient conditions.

considered under fault and switching
It is not always necessary, however, to take into account the entire
network source configuration, since, computationally, this may not be
economical. In some cases, it is not even necessary to consider the
entire source-side network, since transit times to the distant points of

such networks and back may exceed the observation time chosen and hence

would be of no direct relevance to the study.
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This Chapter therefore is mainly devoted to develop methods suitable for
simulating compensated multi-section feeder systems so that the effect
of the complexity of source-side networks on system response can be

examined.

Simulation of the main source model, based on system short-circuit level,
is outlined in section (2). A very general line transposition schemé
suitable for digital simulation has_been developed by the author and is
presented in section (4). In section (3), the methods developed for
modelling 4-reactor, shunt compensated multi-section feeder systems are

presented.

3.2 Analysis of Main Source Network Models

For the purpose of confirming the digital simulation presented in this
thesis, a general source model based upon arbitrarily defined short-
circuit levels at the terminating busbars has been used.(13'54) The
model can further be modified to incorporate a lumped capacitance to
represent any stray capacitance of the busbar to earth plus the
capacitance of voltage transformers for metering or relaying purposes.
This capacitance has been neglected in the course of the work here
presented, because it complicates the process of verifying the simulation

as a whole(§4) The basic source model is shown in Fig (3.1) and the

source inpedance matrix can be calculated as follows:

sa Isa : Zsl * (Isa * Isb * Isc) an * Vsa
1.€. Esa - Isa (Zsl * an) * Isb * “sn * sc ° “sn * Vsa
similarly
Esb - Isa ' an * Isb (Zsl * an) * Isc * an * Vsb
Esc - Isa : an Isb ‘ an * Isc (Zsl an) * Vsc
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In matrix form:

B - MTr T - 7
Esaw Zsl ¥ an an an Isa Vsa
Esb = an Zsl+an an Isb + Vsb
E

L s¢ | L an an Z51+an _LIsq_ [ Véc |

In a more general form to suit a (6.6) matrix simulation, we have:

[ Ea 1 0 0 i Zg*2e Ly Zep . 'Vga -
“sb oon e i Zsn Zs1'%sn Zen Vsb
Bse] OO i P Ten Taen) |Vee - 312
I, ]0o o o i 1 0 0 I,
I O 0 O E 0 1 0 I
| Isc__ LO 0O 0 E 0 0 1 | _Isc |

E U, Z Y%
S [ SS S
------ ol v | |1 3.1.b
IS O E s\t e .
where
Z__. = the source impedance matrix according to Fig (3.1) of diagonal

SS

elements = ZSl + an and off-diagonal elements of an. These elements
are calculated as follows:
. =y 2
SCL = Y3Vl i1gel = VAlv )

or 7, = 'YLf J(SCL) 3.2.a

'Z

But Z = R

sl sl +JX

Sl .....
Defining the X/R ratio of the sending-end and receiving-end sources, the
two elements of equation 3.2.b can be defined. This ratio may take(ss)

any value between 30 - 100.

The neutral source impedance an is calculated by producing both the PPS
and ZPS impedances Z1 and ZO for the circuit of Fig (3.1), where:
Z1 = 7
.

sl

Z

0 s1 ™ stn
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Z. = 7, + 3L

0 1 sn
and an = (%) - Zl)/3 |
or an - Zsl [(ZO/ZI) -1 ] /3 ceees 3.2,

The zero phase sequence / positive phase sequence impedance ratio (4)/21)
is among other source parameters an input-data to the computer programs

developed in this thesis. These parameters are presented in Chapter (5).
All the studies presented are for double-end fed systems, hence,
equations 3.1, 3.2 may be used to formulate source impedance matrices at

the sending and receiving ends of the line.

3.3 Modelling of multi-section Feeder Systems

In practice, several infeeds may terminate at the switching-station busbar
to which a transmission line is connected. In order to examine the
transient response of such a network, the input inpedance of the network
on both the source side and the line-model side will be required at the
busbar under consideration. The modal equations presented by wedepgii’ls)
and others, provide a means of evaluating the line-model examined input
impedance matrix. On the source side, the equivalent impedance matrix
will be made up of a contribution of input impedances of various infeeds
connected to the switching-station busbar under consideration. The
individual source infeeds can be represented as a distributed parameter
network énd thus treated exactly in the same way as the line-model

studied and the 'ABCD' constants of the source side infeeds are derived
from its propagation properties. At the remote end of these infeeds, there
may be a localised source of generation and this can be taken into

consideration in the analysis by the lumped parameter method of source

simulation given by equations 3.1, 3.2.
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The multi-section feeder system considered in the course of the present
analysis is of the type shown in Fig (3.2.b). For the purpose of
comparison, the figure also shows a single-section feeder system
comprising a transmission line model (&) provided with two 4-reactor

schemes and fed from both ends by the main sources, Fig 3.2-a-

The 3-section feeder system assumes two infeeds from each side of the
line considered (L), i.e. two feeders connected to the line model
receiving-end busbar(RB), and another two infeeds connected to its
sending-end busbar. Both infeeds are terminated with the main source
models. Each feeder of the system of Fig (3.2.b) is compensated by two
4-reactor schemes and each feeder of the two systems is regularly

transposed through three equal intervals.

By assuming 21 0y TRz =0y = 0, the multi-section feeder system of
Fig (3.2.b) yields the single-section system of %ig (3.2.a). A very
general mathematical technique has been developed to simulate any type
of fault that may occur on any of the feeders of Fig (3.2.b). The method
is based on the fact that when a fault occurs, source-side networks and
main-source models, represented by their impedance matrices ZSS and ZSR’
have to be taken into account. The methods developed have enabled
considering source-side networks by simply modifying the main source
impedance matrices.

To get the input source impedances, consider a fault that occurs on the
line model 'g,'. In this case, the developed method suggests that the

sending-end source is made-up of a combination of the two feeders 2 and

2 Ll
2 SS

similarly, the receiving-end source is a combination of line sections L4

and the simple source represented by the impedance matrix 2Z

and 24 and the receiving-end source represented by its impedance matrix
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Z Both the receiving-end and sending-end input impedance matrices

xR
can be evaluated if Fig (3.3) is considered.

Assuming that:

are the constant matrices of lines g 1 and ¢ 2 The matrices account
for each respective line and its shunt compensation in the way described

in Chapter (2).

The response of the system due to fault is obtained by simulating the fault
by a suddenly applied voltage source (of certain magnitude and polarity)

at the point of fault and other sources in the system are short-circuited.
Under these conditions the sending-end input impedance matrix is obtained
by looking from the fault point to the sending-end source combining line

sections g 1 and ¢ 2 with source impedance matrix Z

From Fig (3.3) it follows that:

A B21 A2 ! B2 A1

1
I |
] 1
----- = S P R ———e g ————e—=EE
i i
] |
|

Uu ... 3.4

[- -\12-] i [:A-z_l-— i h -B-z-l-] [ _E-S_}
- 1
I, C,y | Dy Il e 3.5

——————
|

where ES in the above equation = O

From equation 3.5, we have:
[ v, ]=Ueall5,]

and

{ Iz] = [D21][Is]’ i.e. [IS] = [D21]_1 [12]
[V2] - [BZI][DZ]_I[IZJ ..... 3.6

Examination of equation 3.6 shows that the term B21'D211 represents the

new modified sending-end source impedance matrix (ZSM) that accounts
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for line infeeds¢ . and 2,. The modified (6.6) matrix will be:

1 2

Ui 2Z
[Zssm | = [—(—)—,;-.[}SM]

The same procedure is followed to get the receiving-end modified source

impedance matrix that accounts for line infeeds 2 and 2 Refering to

4
Fig (3.3.b), we have:

The line constant matrices in the RHS of equation 3.9 account for line
sections 2z and %4 together with their respective shunt reactors in a

way similar to that presented in Chapter (2).

With Ep = O, in equation 3.8, we get:

[ vs]= [ag] (1] ama [r] = [ng] {1}
o [ R]T [Pl s]

|: v3 ] [334] [D34]-1 [13 ] R 3.10

From equation 3.10, it is obvious that the modified receiving-end source

impedance matrix that accounts for line sections g , and g

3 4
(B34) (D34)_1. The modified receiving-end (6.6) source impedance matrix

is:

Equations 3.7, 3.11 are to be used together with the matrices describing

the compensated line model 'gm' for transient fault studies on the middle
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line section.

Equations similar to 3.7 and 3.11 can be formulated to represent the
sending-end and receiving-end source network models when faults occur

on any of the feeders 210 295 L3> and 2
A very general and very efficient computer program has been developed to
deal with faults in both single and three-section feeder, 4-reactor

compensated systems.

3.4 Line Transposition Scheme

When the conductors of a three-phase power line are not spaced equilaterally,
the flux linkage and inductance of each phase are not the same. A

different inductance in each phase results in an unbalanced circuit and in
induced voltages in other adjacent power and communication lines even if

the phase currents are balanCedgso) The unbalance is further aggravated

by the unequal phase-to-phase and phase-to-earth capacitances. These
undesirable characteristics can be overcome by exchanging the positions

of the conductors at regular intervals along the line so that each

conductor occupies the original position of every other conductor over an
equal distance. Such an exchange of conductor positions is commonly known

as transposition.

A complete transposition-cycle of the horizontal construction of the line
examined is shown in Fig (3.4). Phase conductors are designated a,b,c, and
the positions occupied are numbered 1,2,3. Transposition results in the
conductors having the same average inductances and capacitances over one

complete cycle.

Modern power lines are not necessarily transposed at regular intervals,
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although they may be interchanged in positions at switching stations for

the purpose of balancing more closely line inductances and capacitances.

In many situations, line transposition is assumed by averaging the diagonal
and off-diagonal terms of the basic impedance and admittance matrices, thus
taking into account the balancing effect of transposition. While this may
be accurate enough for steady—state analysis of power systems, it fails

to produce adequately the effect of discrete transposition on the electro-
magnetic transient, i.e. the reflection and conversion of the propagating
modes due to the discontinuity of the surge impedance matrix at the

transposition points.

Therefore, modeliing of a discrete rather than continuous transpositions
(85)

is mandatory when dealing with transients on transmission systems.
Transposition of the transmission line studied has been simulated in a
computer program and for a better understanding of the simulation Fig

(3.4) and the following proceedures are considered:

According to Fig (3.4), voltages Val’ vbl’ Vo and currents I ,, Ibl I, are
the transmission line sending-end quantities. The line length '&' is

transposed through 3 equal sections of length 3

A1 B1 C1 D1 = (Constants of first line section
A2 B2 C2 D2 = Constants of second line section
A3 B3 C3 D3 = (Constants of third line section

voltages and currents along the line are related by the following equations:

v A B VRal [ VRl |22 Bol | VRsl | Vmsl |45 B3| | Vma

Rl |G P1f|TRe)> {TRe| | %2 D2 |Trs| | Tms] [C3 P3| Tra
)

where, 3.12

each element of any of the RHS constant matrices of equation 3.12 is a

(3.3) matrix.
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The sending-end and receiving-end voltages and currents are related to

each other as follows:

VR%} A B J A, By Az Bg VRa

I C1 Dl C2 D2 C3 D3 IR4 .....

R1
The 'A B C D'constants of each of the 3-transposed line sections are

defined as given below.

3.4.1 Constant Matrices for the 3-transposed Sections

a For first section

According to the conductor positions of Fig (3.4), the first line section

constants, i.e. Al’ Bl’ Cl’ D1 are:

A Az A3 Bj; By By Ci1 G2 i3
Ap = A Ay Azl Br= | By By Bygl G = | Cpp Gy Gy
A, A, A B.. B,, B
31 Az Aszf s P52 Ps3) Cy Cgp Cop .
D11 D1z Dis
Dy = | Dy Dyp Dys
T 3.14
Thus
Ao Mz Mzt B B Bis
]
21 Pp Pazi B By Bas
]
A A fs3d By By Bgg
A]. B]. """"""""""""""" ‘:‘ ------------------- 3- 15
e ol T G Y2 GsiPun P2 Pis
1 1 1
Ca G2 C3iPa Dy Do
]
| G35y CG3p Cg30 D3y Dyp Dig |
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where
AL = S.cosh. f-¢/3).5
; -1
= g .
B1 S.sinh. ¢ .9/3)S .ZC
C, = Y.SsimhGw3.ST L 3.16
- -1
D, = Y_.S.cosh(y4/3).5.7Z,
Yl 0O O
y - o v, 0| 3.17
_ -1 -1
_ -1
Yo = Zc

All the variables in equations 3.16, 3.17 are explained in more detail in

the modal analysis of the system studied considered in Appendix (A2).

It is clear from Fig 3.4 (a) that phases a,b,and c take the positions
1,2,3 respectively during the first transposition section. This may also
be observed from equation (3.15) if any row or column of any of the
sub-matrices Al’ Bl’ C1 and D1 is considered. For example, the elements

of the first row of submatrix A1 show that the second suffix of the

respective elements corresponds to the position of the respective phases.

b For second section

From equation 3.12,

ml M B J VR2
Iny C, D Iro where;
Ral IRal VRa? Tpa?
[VRl] - | Vrm le] =| Trp1 [VR2J= VRb2 [IR2]= Y
Vee1 | Tper ] VRe2l’ Ipe2

For section 2:
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R2 2 2 R3
IRz C2 D2 IR3 ’ where:
VRa3 IRa3
Ves = | Vebs| o [Trg] =| Tmes
VRC3 TRe3

It is now required to define AZ’ BZ’ C2 and D2 which will correspond to
the transposition of section 2 as shown in Fig (3.4.a). The equation
defining the second section may be obtained in terms of the first

section constant matrices as follows:

[ VRe2 VRes3
VRa2 VRa3
Y2 | | B VRb3
2| [ D TRe3
TRa2 Tpa3
T s | e 3.18
on the other hand, if:
VRaz [ Viez VRa3 | - VRes |
Yoz [= L] Vo] | Vaws |- [ov] | Va3
Veez | | Vanz Vecs | Veps | e 3.19
W [ Ipe2 TRa3 | TRe3 ]
oz |~ L] Trap o | Thos [~ [ Thas
| ez B Tges | Tops | voe 3.20
where, 0O 0 1
CN = 1 0 O
o1 o4 . 3.21

From equation 3.18 - 3.21, we have:
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-1
CN ¢, - O
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CN.B

CN.D

and therefore it follows that:

A, =
B, =
or
A, =
B, =
where |,
CN-l

Hence, A2 s

1 B G

in equations

A

A1 B1 C1

and D

[ [A] [NT

[N [e,] [ ~*

[aN][A] -[on]f

[ [B] [w]° , b,

1

1

O 1 O
- CNt - 0O 0 1
1 0 O
' C2 and D2
and D

as shown below.

. CN I

1

. (N v

R3
R3

[avlc] . [T
[al.p] . [on]?

[odlc] T
Lo ]I off

ooooo

can be obtained respectively from
seven without performing the matrix multiplication

3.22 - 3.23, by just reshuffling the elements in matrices

If positions 1, 2, 3 are occupied by conductors 3, 1, 2 respectively (in

the second section), a matrix CP is:

ce =[31 2]

and Ay (I,J) = A (CP(D), CPW))
B, (I,J) = B (CP(D), CP(9))
c, ,J) = C (DM, CPW)
D, (I,J) = D (CP(D), CP()

using either equations 3.22, 3.23

the second line section is:

Az

A =] M3

Ays

11

31 Az
A
12| B,
1 A2

33

= 13

23

Bz Bs
Bjp By
Bjp By |

or equation 3.26 the matrix representing

ooooo
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33 G310 O3 33 D31 D3
c, = |3 ‘i G2, = [Pz P P veees 3227
Cz Ca Cp Dpz Dy Dy

¢ For third section

From equation 3.12 we have:

Ves | | A5 Bz || Vrae

I3 |1 % D3] Ipa

applying equation 3.23 we get:

A, = [alladlanl® , ¢ = [adlc]lont
B, = [allBIlav]® , D, = [av] (o] lav1t ... 3.28
where , 0O 1 O 0O 0 1
G- l0o o 1, at=[1 0 o
1 0 0 o 1 0l ... 3.29

If equation 3.26 is used to get the matrices for the third line section,
equation 3.25 will be:

¢ =[2 3 11 .. 3.30
using either equation 3.28 or equations 3.25 - 3.30, the third line section
matrices are given by equation 3.31:

A A A B

2 M3 P Bp By By
Ay Az A i By By By
As  Bg A2 A3 A ; B2 Bz By
_______ O O Al R s s
G5 D5 C2 G35 C E Dy2 Dz Dy
Cs2 CG33 Cg § D3, D3z Dy
] C;, Cz Cpp i D;, D;; Dpg | ceee. 3.31

3.4.2 Two-port Transfer matrices for the 3-Transposed Sections

A fault éeparates the network into two parts. If each line section consists

of homogeneous conductors, e.g. symmetrical or nontransposed lines, the
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two port equations similar to that given by equations 2.25 may be used
with constants ATl’ BTl’ CTl and DTl calculated by replacing '£/3' in
equation (3.16) by 'x' (the distance to the fault from the sending-end).
Similarly, constants ATZ’ BTZ’ CT2 and DT2 are calculated by replacing

'2/3" by '%-x'.

If each line section, however, consists of nonhomogenous conductors such
as the case of transposition or conductors having different characteristics,
their terminal voltages and currents can not be related by equation 2.25.
However, they may be related to each other by a set of cascaded connected

quadripoles, each representing a homogeneous sub-section of the line.

To illustrate this point, let us consider the case of a transposed line
with a fault at a distance %/3 <x <2 %3 as shown in Fig (3.5), other

cases can be similarly treated.

For each homogeneous section, two-part transfer matrix may be used as
shown in Fig (3.5.b). For the part of the line before the fault, the
two quadripoles representing the two homogeneous sections can be represented

by an equivalent quadripole:

- P —

1 |
S A e S 0 2 N = OO e e 8
= = ! ] = i =
g 92t % 209 Iese] LG Dif | Test
..... 3.32
where ars bl,Cl,dlaretheconstants of the first section calculated from

equation 3.16.

a5, bZ’ <, and d2 are the constants of section (2) before the fault. They
are calculated using equations 3.22 - 3.26 and first section constants are

calculated by replacing /3 in equation 3.16 by (x - %/3).



Similarly:
- - | - - — -
i 3 2 s B 2 B
e airn il I e el B e Bt =
I 31 9 3! ds Tpe “2 1D Tpe

where: a;, b d, are the constants of section (2) beyond the fault

3 ©30 %3
point. They are calculated from equations 3.22 - 3.26 if constants of the
first section are evaluated from equation 3.16 by replacing 'g/3' by

'(2Y/3)-x".

Constants a5 b4, 4 and d4 are the constants of section (3) and are

directly calculated from equations 3.28 - 3.30.
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Main source network model.

254 = PPS impedance.
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Fig 3.3

Single-line diagram of faulted multi-section
feeder system.
a - Sending-end source side network.
b - Receiving-end source side
network. -
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Line-transposition scheme.

a- Complete transposition cycle.

b- Block diagram of transposed
sections.
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CHAPTER 4 SIMULATION OF SATURATION EFFECTS IN 4-REACTOR

CONPENSATED SYSTEMS

4.1 Introduction

The four-legged reactor model used in the present investigation as
described in Chapter (3) assumes no saturation effects, ie., an ideal
linear reactor. However, a '""linear" shunt reactor does saturate to
some extent, the degree of saturation being dependent on the reactor

design.
Saturation of the reactor limbs will affect system response in two ways:

1. Saturation of any of the phase reactors will effectively change the

system reactive power compensation.

2. Saturation of the neutral reactor effectively reduces its reactance
which is.no longer tuned with line interphase capacitances, hence fault

arc suppression becomes extremely difficult.

In this Chapter therefore,/the probability of reactor saturation is dealt
with through a general mathematical treatment of the problem. Analytical
and numerical evaluation of flux linkages of the 4-reactor limbs is
presented in section (2). The technique developed to simulate reactor
saturation is presented in section (3). In section (4) methods developed
to evaluate superimposed voltages and currents at any point in the system

due to saturation are presented.

These methods are used first to examine digitally, whether or not the

phase or the neutral reactors are going to saturate. The judgement is

(23,34)

based on the available information concerning the knee point
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voltage, saturation currents, and flux linkages of both the neutral
and phase reactors. The methods are then used to digitally examine
the effect of saturation on the primary system wave forms at the

relaying points.
All digital computer results concerning reactor saturation are
presented in Chapter (8), and reactor computed parameters are presented

in Chapter (5).

4.2 Evaluation of Reactor Flux Linkages

4.2.1 Analytical Treatment

According to Fig (2.3), the two-port equation 2.21.a, relating sending-
end shunt reactor input voltages and currents to its corresponding out-

put quantities are:

where YSRl is given by

1 n n
—Zn Zl+ZZn -Zn
1
Y = -Z -Z Z.+2Z
SR1 n n 1 ""n
2 (z#32) bR 4.2
From equation 4.1
I =Yg Vg * Ig
Ig-Ig =1=Yg Vg = Yop1 Vg

where T = Ta,Tb,TC; the currents through the main reactors connected to
phases a, b and c respectively.

The current in the neutral is given by
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L =T¥p V

In terms of the shunt reactor admittance matrix Yopy» given by equation

4.2, the neutral current in is

..... 4.3.a
Z, + 32,
and the voltages across the neutral reactor Vh is:
et Tntl UtV vV 4.3.b
Z1 + SZn
The voltages across the phase-reactors are therefore given by:
Vap = —Sa - —n
b1 = Vb~ Yy ceee. 4.4
Va = Y% - T

Under steady-state balanced conditions, both neutral reactor current
and voltage yield to zero and thus in equation 4.4, the main reactor
voltages are the same as that of line conductors. The knowledge of

the 4-reactor voltages, now enables the evaluation of their flux linkages.

Generally, the applied voltage 'v' across an inductor produces a current
'i' and a flux linkage %', then,

v(t) =+ dy(t) + R.i(t)
dt
since the quality factors of practical EHV reactors are generally high (34)

(between 250 - 350), the resistance drop in the above equation can be

neglected, so that

v =rdv 4.5
dt

and the flux linkage can be obtained from equation 4.5 as:

V() = v (0) +O;t viey de 4.6

where t = O is the time at which the voltage across the reactor changes

from the steady-state to the transient conditions, i.e. the wave forms
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are as Shown in Figa-.
Now at t = O, we have

V() =¥ (0) =yg. Cosa vee.. 8.7.2
Also from equation 4.5 it follows that
Vin “¥ss - O e 4.7.b

‘. equation 4.6 becomes
V(t) =vgq Cosa~+ Evﬁ)dt
0
Dividing by ¥ (¢
¥ (t) = Cosa+ 1 It v(t) dt
Ve O

bss
substf%uting the vé?ﬁe of ¥ o from equation 4.7.b in the above equation,

we get:
W) = Cosa+ay fv®)d L 4.8
2 0
v
ss 1A

Thus equation 4.8 can be used to evaluate the reactor flux linkages swing

"y(t)'"" numerically as outlined below.

Vss

4.2.2 Numerical Integration Method

Using the well known trapizoidal rule of mmerical integration, equation

4.8 can be rewritten in the form

T
v(t) = Cos o+ u, (,’;A v(t) dt
¥ss \Y
m
or ¥ = Cosaru AT [Vo + V) + 2V, +...+2vn_1+...+vn]
¥ss Vi 2 4.9

Equation 4.9 gives the swing of flux linkages of the phase and neutral

reactors as follows:

4.2.2.1 For the Phase-reactors

The flux linkage swing of the a-phase reactor is derived and that of other

phase-reactors are derived in a similar way.

The a-phase reactor voltage in phasor form is:

Va = Va

1 + JVa

R Im
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Vss
¥
S SS Vﬁ 2
a2 = galD) + o 8T (U4#V,)) veer. 8,10
U ¥s
ss s v 2
a(maT) = ya((n-1)4T) + “ -AT Oﬂi(_JJ * Va(,J)
‘1155 ‘pSS Vm 2

4.2.2.2 For the neutral reactor

Under steady-state balanced conditions, the neutral reactor voltage 'Vh'

is zero. Therefore, trying to apply equation (4.9) can lead to
computational problems (such as the division by the neutral reactor
steady-state voltage which is zero). Accordingly, it has been decided

to evaluate the neutral reactor flux linkage swing in terms of the steady-

state peak flux linkage "Wgq' of the phase-reactors.

It follows that, for the neutral reactor, equation (4.9) becomes:

yn@) = %m.QmGn

. Jm
Ss v

wn(AT) = yn(0) wo» AT (Vno 1)

¥ss ¥ss v 2
: . 4.11
pn(maT) = yn((m-1)AT) ~+ “9 ATV n(n-1) n(n))
¥ss ¥ss v 2

Knowing the knee-point voltages of the 4-reactor 1imbs,(34) the reactor
phase and neutral reactances, their saturation current and flux linkages

can be evaluated. Equations 4.10, 4.11, then are used and the possibility
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of saturation can be examined (Chapter (8)).

4.3 Modelling of Reactor Saturation

In this section, the method developed to simulate neutral reactor
saturation is presented. Saturation of phase-reactors can be dealt with

in the same way.

The '"linear' neutral reactor model has been made representative of a non

linear reactor by connecting another linear reactor branch in parallel

with it. The non linear reactor characteristic may be therefore represented
by the piece wise approximation shown in Fig (4.2.a). The ratio of the

final to initial slope of the characteristic (LZ/Ll) has been assumed(75) =
0.10. The initial slope of the characteristic of Fig (4.2.a) is the inductance
of the neutral linear reactor previously evaluated and tabulated in Table 5.3.
Assuming a slope ratio of '10' therefore enables the evaluation of the final

slope L, as = L1/10.0.

Before saturation takes place, switch 'sw' of Fig (4.2.b) is opened and the
voltage across it (Vs“g is the pre-saturation voltage, i.e. the voltage across
the "linear' neutral reactor 'Ll'. At the time 'Ts' when saturation is assumed
to occur, switch 'sw' is closed so that the voltage across it 'sz' drops to
zero and the saturating inductance LS is switched into the circuit. The final

slope inductance L., is therefore:

2
L, + L
1 5s 4.12
and L. = L.L, /L - L

according to Fig (4.2.b),

1 - before saturation, switch 'sw' open

=L, = Ln , see Table 5.3
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2 - At the time. of saturation, switch 'sw' closes

I >1

n S

L, = L,.L i

2 1°"s , Ly Ly ,Ls = incremental inductances .
L, +L
1

sw Vsat =0

The non linear operation of closing and opening switch (sw) is represented
by a voltage source as shown in Fig (4.2.b). Before saturation, this

voltage source 'VSa ' is equal in magnitude and of the same polarity as

t
the voltage across the neutral reactor at any instant of time. When
saturation takes place 'LS' has to be switched into the circuit, i.e.

switch 'sw' closes, ie. the voltage source 'VSa ' drops to zero.

t
Therefore the computational process requires the knowledge of the voltage
across the neutral reactor from time zero until the end of observation

time.

To get the response of the system under transient-fault conditions with
the neutral reactor in the saturation region, three component responses
have to be considered: |

1. The normal prefault steady-state response, Chapter (3).

2. The system response due to fault as previously evaluated in Chapter(3)

3. The system response due to the application of the saturation voltage

!

source 'V .
sat

The overall system response is therefore evaluated as the sum of the
three above mentioned component responses and is obtained by applying the

principle of superpesition previously used for fault analysis in Chapter

(3).

The pre-saturation neutral reactor voltage 'Vn' is therefore first
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evaluated in frequency domain, converted to time domain using the

(88-91) and then converted again to

inverse modified Fourier transform
frequency domain using the modified Fourier transform to allow for

saturation simulation in frequency domain. For saturation purpose, the
only additional input data to the computer program are the slope ratio

L2 (= 0.1) and the saturation time 'T_'.

/14

Analy tical treatment of the integrated 3-section system under fault-

transient and saturation conditions is dealt with in the next section.

4.4 Methods Developed for the evaluation of super-imposed Voltage

and Current Components due to Saturation

In the computer program, reactor saturation has been simulated according to

the following:

1. Saturation time 'Tg' has been fixed as input data and in this way
the simulation technique has been very much simplified. Naturally
saturation should be simulated to occur when the current of the reactor

under consideration exceeds its saturation level given in Table 5.3.

2.  The neutral reactor adjacent to the sending-end busbar only has

been considered as far as saturation is concerned. However, the teThnique
used to simulate saturation is very general and may be used to simulate—
saturation of any main or neutral reactor that may work in the saturation

region under any transient fault conditions,see Tables 5.3, 8.1 .

3. The system simulated is the 3-section-double-end fed system. For
simplicity, only one line section is shown in Fig (4.3). All three line
sections are of the same configuration, transposition schemes, and have

the same degrees of shunt compensation (hl, ho).
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4. Simulation of sending-end reactor saturation has been based on the

following analysis:

Refering to Fig (4.3), the following two-port equations may be easily

derived.
\' A B V
Sl ! 1 2 4.13
5 ¢ D Le
where
Vé, il = the frequency domain output sending-end superimposed voltages

and currents - due to saturation - respectively.

Ve, Tf = the frequency domain fault point super imposed voltages
and currents - due to saturation - respectively.

Al’ Bl’ Cl’ Dl = constant matrix representing line section or subsections

before the fault point.

The fault point network is represented by the two-port transfer matrix

given in equation 4.15 as follows:

Vfa - Ifa'Rfa ’ Vfb=Ifb'be ? Vfc Ifc‘Rfc
ie. fa Rfa 0 0 Ifa
Vfb - 0 be 0 Ifb ..... 4.14.a
Vfc 0 0 Rfc | Ifc A
where Rfa = be = Rfc = Rf.
From equation 4.14.a, we have;
= _ -1 _[1 1., T
1
0 R O Veb | ... 4.14.b
1
] 0 0 /Rfd }%C,
But from Fig 4.3 we have:
Ia2 - Ifa * Ia3 Ia2 Ifa IaS
Lo = Ig * Tos orf T2 | =f Igp [+] Tb3
Icz = Ifc * IC3 c2 Ifc Ic3 ]
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Substituting if as given by equation 4.14.b

- 1 - -
Ia2 /Rf 0 0 Vé IaS
- 1 - -
o || © /Re O b| | b3
- 1 - -
ICZ 0 0 /Rf Vé IcS

.. The fault point network transfer matrix is

- - - - - -

Vfa 1 0 0 ! 0] 0 0 Vfa
- 1 -
[}

Vfb 0 1 0 E 0 0 0 Vfb
- i -
728 U R S R I
[

- 1 l' -
Iaz /Rf 0 0 | 1 0 0 IaS
- 1 : -
i, Lo o Imd 0 0 1] |Is]

- i -
=T = Tttt T T -
- I
I2 Yf : U I3 ..... 4.15
i

Where Vf, fz are the transforms of the fault point network input voltage
and current components due to saturation.

13 = the transform of the fault point network output current component

due to saturation.

Yf = fault conductance matrix whose elements have been evaluated in

Appendix (A3) for different types of faults.

From the computer results presented in Chapter (6), it was found that
'Rf' has nearly no effect on the wave forms of interest if it is below
20 o . Therefore assuming Rf =10 ,i.e. Yf = 0.1 through the present
analysis will reasonably represent a solid fault and in the same time

mputational stability is maintained.

Equations 4.14 and 4.15 are combined to give:

Vs A B U 0 \Y
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The two-port transfer matrix representing the network beyond the fault

point up to the receiving-end busbar is:

r- - d ” -
Vf i A B U 0 VR
13 _C D YSRZ U IR eeses 4.17.a
where

- » - I

A, B, C, D = Constant matrices representing the line section or subsections
beyond fault point. The non homogeneous situation resulting from line
transposition is overcome in the same way as previously dealt with in
Chapter (3).

Y is the receiving-end shunt reactor admittance matrix. Its 9 elements

SR2
are evaluated in the same way as for linear reactors, Chapter (2).

Ve Ip

saturation (at the receiving-end).

= frequency domain voltage and current superimposed components due to

Receiving-end busbar is related to its source by the following matrix:

where Zps is the main - source impedance matrix previously derived in

Chapter (3).

ERS = the frequency domain receiving-end source e.m.f. Since this analysis
is concerned with voltage and current components due to saturation, all
voltage sources are short circuited ( superposition) except that

representing saturation 'VSa '

t L]
Vi U Zps 0
e 1 0 U I veee. 4.17.b

R R
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combining equation 4.16 and 4.17, we get:

Vg ) A1 B, U 0 A B U 0 U ZRs 0
L Cl D1 Yf U C YéRZ U _O U
or
VS i A2 B, 0
I C2 D2 IR__ ..... 4.18
From equation 4.18
VS = B, Iy
I1 = D2 In
I, = p;t1
o R 2 11
- _ _l—
and VS = BD I, 4.19

Now back to Fig (4.3), the transfer matrix representing the sending-end

source is:
7 Uz 0
st ss
-1 0 U o [ 4.20
S S

Equations 4.19, 4,21 are the two basic equations used to solve and

simulate saturation of sending-end neutral reactor.

These equations may be rewritten as

14

V. =12
S
where Z1 =B, D

Zy = lgg
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From equation 4.22 we have:

or

1. =771 %

Let us call:

[ 2 - 211] = [v] and [zgl - zilj - [zz]

where(my=[ Yy, Yy, Y, [ 22, 12,
Wy Yy Yiog| and (z7) = 22 22y
| Y5 Y3 Y3 |t 3

I = YY. \'fs

or VS = 22 .1

From Fig 4.3 we have:

Vsa = Ia * X1 * Xa

Vsb - Ib : x1 * be

Vsc = Ic ‘ X1 * Vic
where Via = be = Ve © VX

or

= the neutral point-to-earth voltage transform.

IC are the transforms of phase-reactor currents

X, = phase-reactors reactances as given in Table 5.1

In matrix form:

Y 1 0 O I
sa Xa a
Vol =l %l + X, |0 1 O I
| Vool | Ve 0o o 1] |I

1
i
n
|
1]
T |
|
~
o
+
tad
=
|
<
| SR}
=
|

v
B

ZZ
/A
ZZ

13

23

33
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From equation 4.24:
[ %I =[%1- % [vIlI]

substituting Vs as given in equation 4.23, we get:

- - - - - 1 -
V. 2, 22, 22137 i 1 0 0 i)
Vo l=|22, 22, 72y Ll-xlo 1 o T,
| | % 2] | Il o o 1] |L |-
: 4.25.a
or [\'/X] - @@ x, od
From equation 4, 25.a we have:
i,o= @-x .0l
or
I = @-X.0Ly
1° "X
-1 _ T W
call @2 - X W= () =| Y Y, Y
Yo Yo Y3
| Vs Yz Vi3 |
ooy, v 4.25.b

Now, the neutral reactor current transform can be obtained as the sum of

o * L + I
%x = Ia + Ib + IC

ILo=oYp Vi = (g + Ygp + Yyg # Ypy * Ygp * Y3+ Ygp + Y + Y33) Vy
i = y_ v .. 4.26
X S X

where, Ys = (Yll + le + Y13 +,... + Y33)

But as may be seen from Fig 4.3

+ I e 4.27.a

L 7 la x2

and § = I X e 4.27.b
X x2 n

Ve = ILg - X o+ sat e 4.27.c
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Eqﬁating equations 4.27 a, b we have:

Ix2 Xn - le Xo * Vsat

substituting the value of le = IX - Ixz from 4.27.a

TxZ'Xn = (- sz) X * vsat

sz (Xn * Xo) - Tx'xo ¥ vsat

vsat - sz X, +X3) - Tx - %
But from 4.27.b, sz = V&/Xn

Vsat = Xy + X)) = I - X

= |

substituting for Tx from equation 4.26:

Vear = Vx K+ X)) - Yo o Vo X
=T X +X - Y X)
n_ o s ‘o
X
n
= Vk (Xn + X - Ys Xn XO)
X
n
or _ _
sat Kl Vk ..... 4.28.a
where
K, = X +X -Y X X) L 4.28.b
and
Vx = Véat / K1 = KZ . VSat ..... 4.28.c
Back now to equation 4.24:
[o]-[7 ]+ x [o][r]
and substituting I = Y, Vi from equation 4.25.b yields:
[v.1-[e0+ x [oll)lz]
Finally substitute VX = K . vsat from equation 4.28.c yields:
[Vs]= [U + Xl U YZ] [KZ . Vsat] ..... 4.29
or
_ - ; B 1
Vsa 1 0 O 1 0 O Yll le Yl3 KZ.Vsat
| = 0 1 O0}+ Xl 0 1 O Y21 Y22 Y23 KZ.VSat
R N [0 0 1] Y5 Y3 Y33___K2’Vsat_
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where
V_ = Transforms of the super imposed sending-end voltages due to
saturation.
Y, is a (3,3) admittance matrix given by equation 4.25.b
_ -1 _ -1 -11-1 -1
Y2 —[ZZ-XlU] -[[22 —Zl] —XlU]
= 1 -
K, = / [Xn + Xo Ys Xn X, ]
Xo may be obtained using equation 4.12 as:
Xo = Xn . an
Xn - Xn2

where Xn/xis the assumed B/H characteristic slope ratio (10.0).
“n2

VSat = the transform of the voltage source which is equal to the voltage
across the neutral reactor before saturation and then drops to zero when

saturation occurs.

To get the superimposed sending-end current components, equation 4.22

applies:
= _ .1 o _ -1 =
Ig = 2 - Vg = I Vg
S | ' ]
IS = ZSS [ U + Xl U YZ] [Kz vsat ..... 4.30

Equations 4.29, 4.30 enable the evaluation of the transform of éending-end
voltage and current superimposed components due to saturation. -In a

similar way voltage and current components due to saturation can be obtained
at any point on the system. It has to be mentioned that throughout the
foregoing analysis, as well as in Fig (4.3), a single section model has

been assumed. However, the 3-section feeder system can be simulated, by
simply modifying ZS and ZRS to Z

S M
Chapter (3). Accordingly qu, ZRS have to be replaced by quiand ZRM

and Zpa @S previously explained in

respectively in the above analysis.
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The overall system response is obtained by superposition and it is

made up of:
VSE = VSS + VSf + VS
ISE = ISS + ISf + IS cese. 4.31
where
7 7 g are the transforms of sending-end voltage components
SS’ 'sf* 'S

under steady-state condition, due to -fault and due to saturation

respectively.

Iog » Igp o Ig

under steady-state condition, due to fault and due to saturation

are the transforms of sending-end current components

respectively. Time variation of system overall response is obtained
using the inverse Fourier transform. System response under fault-transient

and saturation conditions is dealt with in Chapter (8).
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CHAPTER 5 PARAMETERS OF SYSTEMS STUDIED

5.1 Introduction

The computational results presented in Chapters 6 — 9 are for

two different systems, i.e. single-section and 3-section feeder
systems. Both systems comprise 500 kV, single-circuit transmission
line (s) fed at its remote-ends by the main sources described in
Chapter 3. Each line-section is regularly transposed through three
equal intervals using the scheme developed in Chapter 3 and may be
uncompensated or shunt-compensated by the 4-reactor scheme (described

in Chapter 2) located at each line end.

In this Chapter the parameters of transmission line (s), shunt
reactors, main sources and that used in the Fourier transform
routine are presented. Also the parameters of protective relays

applied to systems considered are given.

5.2 Transmission Line Parameters

5.2.1 Line construction

Line sections are of the horizontal construction shown in Fig. 5.1

and the data are as follows:

1 - Phase conductors are 2 x 84/19/0.35 cm S.C.A. with 0.45 m

bundle spacing.
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- Earth wires are 7/0.35 cm A.W..

W N

- Earth resistivity = 100 Q-m.

4 - Conductor resistance = 0.03387 Q/km. (at power freauency)

5 - Earth wire resistance = 1.882 9/km. (at power frequency)
6 - Conductor reactance = 0.007865 Q/km.(at power frequency)
7 - Earth wire reactance = 0.388 9/km. (at power frequency)
8 - Conductor overall radius = 9.1 cm.

9 - Earth wire overall radius = 0.64 cm.

10 - For the two systems considered, line lengths are:

a - for the single-section feeder system £ = 300 km;

o
|

for the 3-section feeder system line lengths are 400, 300 and

100 km from the sending-end to the receiving-end respectively.

5.2.2 Computed basic parameters

These are the per-unit length impedance and admittance matrices,
propagation constant matrix and the line surge impedance and

(55) in Appendix

admittance matrices. These parameters are evaluated
Al. Velocities of different modal components are also here presented.

At power frequency these parameters are:

Impedance Matrix (Z):

0.054 + JO.45 0.02 + J.11 0.02 + JO.15
(2) = 0.02 + JO.11 0.054 +30.45 0.02 + JO.15 107
0.0Z2 + JO.15 0.02 + JO.15 0.045 + J0.451 «..... 5.1
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Admittance Matrix (Y):

JO.33 -J0.02 -J0.06
(Y) = |-JO0.02 JO0.33 -JO.06 .10_8 v/m .... 5.2
-J0.06 -JO.06 JO0.33
: : : e 1 . (12,13)
From equations 5.1, 5).2 the propagation constant matrix 'y' are:
[0.085 + J1.32 0.06 + J1.08 0.06 + J1.08 ].10-6 ..... 5.3
(v) = diag.
and
The surge impedance matrix 'Zy' as evaluated in Appendix A2 is:
378.0 - J22.0 89.33 - J6.67 89.33 - J6.69
(Zg) = [89.33 - J6.67 378.0 - J22.0 89.33 - J6.69| Q ...... 5.4
89.33 - J6.67 89.33 - J6.67 378.0 - J22.0
and
The corresponding symmetrical surge admittance matrix 'Y,' is:
2.9 + JO.16 -0.56 - J0.02 -0.56 - JO.02
(Yo = |-0.56 - JO.02 2.9 + J0.16 -0.56 - JO.02 U e 5.5
-0.56 - JO.02 -0.56 - J0.02 2.9 + JO.16
The computed, different modes, velocity of propagation 'V' matrix
is given by equation 5.6: (55,80)
For earth mode: V; = 2.38 x 105 km/s
5.6
5 ......

For aerial modes: V2 = V3 = 2.92 x 10° km/s
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5.2.3 Transmission line charts

In spite of the fact that secondary arc phenomena is out of the
scope of this present work, some of the charts developed by
Kimbark(49)have to be plotted for the line model examined.

These charts will ensure that the correct values of the closely
related degrees of shunt compensation (hl, hO) are chosen to secure

nearly zero secondary arc current and steady-state recovery voltage.

The method of evaluating these charts as developed by Kimbark(49)
is briefly described in Appendix (A4).

5.2.3.1 Steady-state recovery voltage

From equation 5.2, line capacitance ratio 'k' is:

k=Co/cy =928 ~ 063 L. 5.7
The steady-state recovery voltage family of curves are plotted in

Fig. 5.2 and the degrees of shunt compensation associated to each

value of per unit recovery voltage are shown in Table 5.1.

5.2.3.2 Secondary arc current

Plotted as a function of the degrees of shunt compensation (hl,ho) the
loci of constant values of secondary arc current are shown in Fig. 5.3.
Each number of points constituting one of the straight lines of Fig.
5.3 are calculated as described in Appendix AS and are presented, for

the family of straight lines, in Table 5.2.
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5.3 Shunt-Reactor Parameters(23’34)

In this section, the calculated reactor parameters are presented.
These include reactor rating, phase and neutral reactances, knee-

point voltages and saturation currents and flux linkages.

. (34) _ - 500v2 _
Knee-point voltage of phase-reactors = 1.8 x 3z = 734.85 kv
Knee-point(34)v01tage of the neutral reactor = 155 V2 = 219.2 kV

For a 300 km line and 100% reactive power compensation, the 3-phase

MVAR rating of the reactor is:

Qgp = 141.38 MVAR ... 5.8

A 'Q ' factor of 250 was assumed for neutral and phase reactors.

Equations 2.12 were used to calculate Xn, Xy and they are
tabulated together with other reactor parameters for different
degrees of shunt compensation in Table 5.3. The parameters shown

in the table are for one, 300 km line reactor.
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5.4 Main Source Parameters(54)

Sources short-circuit levels = §5-35 GVA
Sources X/R ratio ( Q factor) = 30 - 100
Sources (ZO/Zl) = 0.25 - 2.5
5.5 Fourier Transform Parameters(ss'gl)
Observation time 'TOB' = 32 - 128 ms

Frequency shift constant 'a' = 250 - 62.5

For TOB =32ms o = 250
For TOB=64ms o« = 125
For TOB = 128 ms « = 62.5

Number of samples 'NS' = 256 or 512

For 256 samples, truncation frequencies are:

Truncation Frequency 'Q@' : TOB = 32 ms, @ = 4.0 k Hz
TOB = 64 ms, € = 2.0 kHz
TOB = 128 ms, €& = 1.0 k Hz

5.6 Protective Relay Parameters

In the present analysis, zone (1) relays with a setting of 80% are
considered and the characteristics are arranged so that the diameter
of the nominal mho circle has an argument which is 10° less than that

of the line positive phase sequence impedance.
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Typically(57), the nominal C.T. ratios are 1/1200 and the V.T.

ratios are 110/500 x 103, for a 500 kV system.
Responses have been obtained for a level of sound-phase polarisation
equal to 10% of the sound phase voltage or voltages(57), and the

comparator has a setting voltage of 0.1 V.

From equation (5.1) we have:

[a]
1]

(0.034 + J0.31) 107> o/m
(0.094 + J0.73) 107> a/m

N
"

According to the relay specifications mentioned above, the impedance

of the line protected is:

|ZL1[ = 0.8 x 300 x 0.312 = 74.88 2  ..... 5.11a

and the line angle '6' is

tan™1 0.31/0.034

<D
1]

0
8.74 iie.. 5.11b

@
"

and the mho characteristic argument is

)
T =73.74 i 5.11c

The mho characterstic of the relay is shown in Fig. 5.4, from

which:

7.0  aaees 5.11d

]

2|
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. Using equation (A6.2.C), with N =1,

2 110
Z
r 500 x 10°

and from equation (A6.1.C),

» X]n » 2
2] = ———— or Xm = |7 Y1+cot® ¢T
V1+cot” ¢T
2 )
Xm = 20.064 V1l+cot” 73.74
i.e Xm = 209 L.,
Xm 20.9 .
m = — = — = 66,52 mH ...
Wo 314.2

But Ry = N> Xm tan 4T = 20.9 x tan 73.74
Rb = 71.663 ...
For a-e fault, the signal S4 of equation (A5.2) is
S1 = (Ia + K.I res).Zr

where K is the residual compensating factor which is given by

ZLy/ZLy -1 |, and
0 1

W=

ZLg 0.094 + JO.73 (0.094 + JO.73) (0.034 - JO.31)

14 0.034 + JO.31 (0.034 + JO.31) (.034 - JO.31)

= —————— x 1200 x76.0 = 20.064 @  .....
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ZL,
— = 2.36 - JO.044
ZLy

|2Lo/ZL, | = 2.36

W=

(2.36 - 1) = 1.36/3

or K 0.4533 e 5.13

The parameters evaluated in this section, i.e. 6, ¢ T, Zys Ry K, etc.,
together with the parameters of the polarising phase-shift circuit

(RP = 3,18k @, CP =1 u F), have been used as input data to the
computer programs developed to evaluate the transactor and the
polarising component voltages, and hence signals S1 and S,. The
digital evaluation of these signals is based on the step-by-step

technique described in Appendix AS utilising equations A5.12 and AS5.Z21.



6.9 6.9

26.21

r< Pttt 1-1
¢ i
8.96 8.96

J:‘ U oo

1 3 2
4.62
Y
777777777777 777777777777

Fig 5.1

Transmission line construction.
- Distances are in meters.
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CHAPTER 6 DIGITAL EVALUATION OF PRIMARY SYSTEM WAVE FORMS

6.1 Introduction

In this chapter the mathematical models of the two basic system
configurations considered, as developed in Chapters 2 and 3, are

used to obtain primary system response. In the first system (single-
section feeder system) faults are initiated and primary voltage and
current wave forms at the relaying points (particularly at the sending-
end busbar) are computed. In the 3-section feeder system , faults

on the middle line-section are initiated and the response, particularly
at the sending-end busbar of that section, is evaluated. In this way
the differences between the responses of the two systems can be
examined. The parameters of different system elements as used in

the digital computer program were described in Chapter 5 and faults
were simulated as described in Appendix A3.

(53’54)that various factors such as fault position,

It has been shown
fault time, source parameters, prefault loading, type of fault ... etc.
can considerably affect travelling wave distortion in the wave forms
associated with faults in uncompensated single-section feeder systems.
Since such distortion affects system fault induced overvoltages

(Chapter 7) and the performance of system protective relays (Chapter 9),

it was felt necessary to consider the effect of the above mentioned

factors in this present analysis.
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6.2 Response of Single-Section Feeder Systems

6.2.1 Effect of fault position

Figs. 6.1 - 6.3 show sending-end wave forms for a solid a-e fault

at the sending-end, the mid-point and the receiving-end of the line
respectively. The system is assumed to be under steady-state
conditions before the disturbance and the fault occurs when the pre-

fault a-e voltage 'Va' is at its positive peak.

For a close-up fault (Fig. 6.1) it is expected that the a-e sending-
end voltage drops to zero at the moment of fault inception. However,
as may be seen from Fig. 6.la, the a-e voltage drops to zero but not
at the same time as the fault takes place (FT = 5ms). Instead, some
time delay (=.125ms) is observed in the occurrence of such change

and this is due to the time delay inherent to the modified Fourier
transform technique. From Fig. 6.1b the faulted-phase current 'Ia'
appears to reach a peak value of about 57.5 kA. In fact the correct-
ness of this figure can be roughly checked by the knowledge of system
peak voltage (408.25 kV), and the sending-end source positive phase
sequence impedance Zsy, (= 7.14Q). Currents in the sound phases are
also disturbed because of the mutual electromagnetic and electrostatic
coupling between phases. As the fault position advances along the
line away from the observation point, travelling-wave phenomena
becomes more prominent and this can be seen by comparing the wave
forms of Fig. 6.2 to that of Fig. 6.3. Both diagrams confirm the

(53,54)

fact that earth mode dominates the faulted phase wave forms
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while aerial modes dominate the wave forms of healthy phases.

Fig. 6.2a clearly shows that initially, the transit time from the

fault to the sending-end is about 1.25 ms, which is obviously

correct for an earth mode to travel from the mid}point of the line

to the sending-end and back to the fault point with an effective
velocity of about 2.4 x 105 km/s (see equation 5.6). The corresponding

time for a fault at the receiving-end (Fig. 6.3a) is about 2.6 ms.

As transit time increases, the apparent frequency of the superimposed
travelling-wave components decreases and it follows that these compon-
ents are damped relatively slower for more distant faults (Figs. 6.2,
6.3). The different velocities of propagation of the earth and the
dominant aerial modes are obvious from the frequency of occurrence of
the ripples on the sound phase voltages of Figs. 6.1 - 6.3. The faulted
phase currents 'Ia' of Figs. 6.2b and 6.3b can be seen to reach about
5 and 3.2 KA respectively. Again, the correctness of these currents
can be roughly checked from the knowledge of the peak phase voltage
(=408 kV), the sending-end source impedanceZsl(z7.l4Q) and the line
self and mutual impedances (= .45 and 0.11 @ / km respectively). Due
to coupling, the sound phase currents of Figs. 6.2b - 6.3b are also
affected and the same travelling-wave principle is applied to both

faulted and healthy-phase currents.

6.2.2 Effect of fault inception time

Faults at an instant of time corresponding to the peak voltage of

the faulted phase produce maximum travelling-wave distortion(53’54’48)
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as shown in Figs. 6.1 - 6.3. Faults at an instant of time corres-
ponding to zero faulted phase voltage-to-earth, however, produce
maximum offset of the wave forms particularly the currents. In
such cases, travelling-wave distortion is significantly reduced
because there is not that large or sudden voltage change at the
point of fault. This can be observed from Fig. 6.4 for a solid
a-e fault under the same conditions as that of Fig. 6.2 except
that the fault occurs when Va = O (FT = 10 ms). The Fig. clearly
shows that travelling-wave phenomena are relatively insignificant

and the very well known offset nature of the currents is produced.

6.2.3 Effect of source parameters

The results presented so far assume two large source capacities,

35 GVA each at both line ends respectively. However, in practice,
this is rarely, if ever, the case and hence, assuming a low capacity
source at one end and a large capacity source at the other end may
reveal the effect source capacities have on the wave forms at the
observation point. This may be shown from Fig. 6.5 for a solid a-e
fault under the same fault conditions as that of Fig. 6.2 except

that the capacity of the sending-end source is reduced from 35 to

5 GVA.

Comparing the two Figs. clearly shows that a low source capacity at
the observation point significantly increases the distortion of the
wave forms, particularly the voltages. This finding can be explained

in terms of travelling-wave reflections as affected by the terminating
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networks. For example, in an open-ended line, the terminating
impedance is nearly infinity and all the incident waves are

reflected, i.e. a reflection factor of nearly unity is obtained in
this case. The extreme case is a short-circuited line at the termina-
ting busbar, i.e. nearly zero terminating impedance and the reflected

(18)

waves will be of the same magnitudes but of opposite sign to the

incident waves.

In other words, a low source capacity (high source impedance) near
the observation point forms a major point of electrical discontinuity
from which high frequency components are easily reflected - Fig. 6.5.
The opposite is true when the source capacity near the observation

point is large - Fig. 6.2.

It has also been found that, for earth faults, the magnitude of
travelling-wave components is significantly affected by the magnitude
of the zero-sequence source impedance zsg. In the above mentioned
results, the ratio (zsp/zsj) was assumed to be unity. However, other
values were assumed (typically (zsy/zsy) = 0.25 - 2.5) and the results
obtained indicated that for lower (zsp/zs1), the magnitude of the
superimposed travelling-wave components is relatively low. This again
can be explained by the effect the sending-end source has on the
reflections of the incident waves. In other words, for an earth fault,
the dominant earth-mode component of the voltage wave is more readily

absorbed by the source if its zero-sequence impedance is low.
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6.2.4 Effect of prefault loading

In case of uncompensated long lines, line capacitance can no longer

be neglected. Due to the relatively high capacitance of long lines,
the voltage at any point along an uncompensated line becomes dependent
on line loading. The voltage rise at an open end of uncompensated

long line is a good example.

Even if 75% of line capacitance is compensated by shunt reactors, the
uncompensated line capacitance can still affect the wave forms at the
sending-end of a prefault loaded line. This can be seen from Fig. 6.6
for a solid a-e mid point fault, under the same conditions as that of
Fig. 6.2 except that‘a prefault loading corresponding to a load angle

's' = 30° is assumed. Both voltage and current wave forms are relatively
more distorted in case of a prefault loaded line - Fig. 6.6. Due to

coupling, the wave forms of the healthy phases are also affected.
Other remarks concerning travelling-wave content of healthy and
faulted phases voltage and current wave forms (applied to Fig. 6.2)

also apply to Fig. 6.6.

6.2.5 Effect of type of fault

So far an earth fault involving phase 'a' and the ground has been
considered. However, system response under other shunt asymmetrical
faults (2-line-to-earth, line-to-line and earth faults involving

other phases, 'b', 'c') has been computed.
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Figs. 6.7-6.8 show an earth fault involving phases 'a, b' and a
solid a-b fault respectively. For both faults, line prefault loading
corresponds to a load angle § = + 30° and faults occur when Vab is at

its positive peak.

Other fault conditions are similar to that of Fig. 6.6. Apparently,
earth-mode voltage and current components dominate the faulted phases
(a,b) of Fig. 6.7, while aerial modes dominate the healthy phase wave
forms. Again, this may be observed from the more frequent, slower
attenuated and the less frequent, more rapid attenuated travelling-
waves in the healthy phase and the faulted phases respectively. For
the pure phase fault of Fig. 6.8, a very remarkable difference can be
observed. The Fig. shows that these faults produce more wave distor-
tion, which, due to the dominant aerial modes (in the waves of all

phases), takes relatively longer time to disappear.

Fig. 6.9 shows the wave forms when a solid 'b-e' fault is initiated
under the same conditions as that of Fig. 6.2. A comparison of the
two responses clearly indicates that the system responds in a predic-

table way when subjected to different single line to ground faults.

6.2.6 Effect of degrees of shunt compensation

As one of the primary objectives of this work is to examine the effect
of shunt compensation on primary system response, different degrees of
shunt compensation (hl, hy) have been chosen and system responses were
computed. The positive degrees of compensation used are (h1 = 0, .25,

0.5, .75, 1.0, 1.25) and the corresponding zero-sequence degrees of
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compensation that theoretically produce zero secondary arc currents
and steady-state recovery voltage (excluding the uncompensated case)
are respectively(hO = 0, -0.19, 0.21, 0.6, 1.0, 1.4)as may be seen

from table 5.3.

Digital computer results showed that, in general, the patterns of
primary system wave forms are hardly affected by the degrees of

shunt compensation over the whole range (hy =0 -1.25). For

example, Figs. 6.10 and 6.11 show the wave forms for an uncampensated
system (h1 = hO = 0) and that of an over-compensated system (h1 = 1.25,
hO = 1.4). A comparison of these two Figs. with that of Fig. 6.5,

(h1 = .75, hO = .6) confirmms the above mentioned facts, i.e. no
significant change in the profile of system wave forms when h1
increased from zero to 1.25. However, the magnitudes of the currents
of Figs. 6.10, 6.5 and 6.11 are affected, being less for higher degrees
of compensation (hl). Both the prefault and post-fault currents are
reduced with the increase of h1 and this can be particularly seen

from the sound phase currents since the faulted phase current is

very high by comparison with the prefault line charging current.

6.2.7 Primary response at other relaying points

To examine the effect of the above mentioned factors on the receiving-
end voltage and current wave forms, a similar series of studies have
been carried out and some of the computed results are here presented.
The effect of fault position and inception time is shown in Figs. 6.12

and 6.13 respectively. Figs. 6.14 and 6.15 respectively show the
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effect of prefault loading and source capacities while the effect
of degrees of shunt compensation on the receiving-end wave forms

is shown in Fig. 6.16 - 6.18. The discussion concerning the effect
of these factors as explained in sections 6.2.1 - 6.2.6 above, also

apply to the wave forms of Figs. 6.12 - 6.18.

6.3 Response of 3-Section Feeder Systems

In this section, a series of studies similar to that presented in
section 6.2 have been carried out mainly to determine any differences
between the responses of single-section and 3-section féeder systems.
In addition, the influence of the various factors (described in

section 6.2) on the response of 3-section feeder systems is considered.

6.3.1 Effect of fault position

As previously mentioned in section 6.2.1, as the point of fault becomes
more distant from the observation point, travelling-wave phenomena can
easily be recognised and the occurrence of the ripples in the wave
forms, particularly the voltages, becomes less frequent due to the
larger transit times involved. This can be observed from the wave
forms of Fig. 6.19 for a solid a-e fault at the mid-point of the
middle line section of the 3-section feeder system. Fault conditions

are typically the same as that of Fig. 6.2.
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Comparison of the two responses of Figs. 6.2 and 6.19 reveals that
there is a very remarkable difference between the two responses.

The voltage wave forms can be seen to differ significantly and,

most importantly, the wave forms associated with the fault on the
3-section feeder system are very considerably more distorted than

is the case for the single-section feeder system. The reason for

this is that travelling-waves of current set up in the 3-section
feeder successively propagate from the fault through the observation
point along the 400 km line towards the sources at that remote end

of the system and are partially reflected back through the observation
point producing relatively high levels of travelling-wave distortion.
It follows that transit times between the point of fault and the
observation point are relatively higher for the case of Fig. 6.19

than that for the fault of Fig. 6.2. This means that the apparent
frequency of travelling-wave components is relatively lower in
3-section feeder than is the case for l-section feeder. But system
damping is much higher at higher frequency which means that travelling-
wave distortion is damped much more slowly in 3-section feeder systems

- Fig. 6.19. Other remarks applied to Fig. 6.2 apply also to Fig.6.19.

6.3.2 Effect of fault inception time

The effect of fault instant is shown in Fig. 6.20 for a mid-point,
solid a-e fault in the middle-section of the 3-section feeder system.
The fault occurs when the prefault a-e voltage is zero. Other fault
conditions are the same as that of Fig. 6.4. Although such fault
instants produce minimum travelling-wave distortion, a marked dif-

ference can still be observed between the responses of single and
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3-section feeder systems of Figs. 6.4 and 6.20 respectively. The
faulted phase voltage of Fig. 6.20 in particular is shown to be

different to that of Fig. 6.4.

6.3.3 Effect of source parameters

The studies of section 6.2.3 indicated that lower capacities and
higher (st/zsl) ratio of the source near the observation point
significantly increase travelling-wave distortion. This has also
been found to be the case for a 3-section system and the effect of
source capacity can be observed by comparing Fig.6.21 to Fig. 6.19.
The two responses are under the same fault conditions except that

in the former, sending-end source capacity is 5 GVA. Apparently
the voltage and current wave forms of Fig. 6.21 are relatively more
distorted. Furthermore, comparing the response of Fig. 6.21 to that
under the same fault conditions in single-section feeder (Fig. 6.5)
will reveal the difference between the two responses. It can be
seen that the frequency of travelling-wave components of Fig. 6.21
is much lower due to the longer travelling distances invoived. Also
the Fig. shows that these components are damped much more slowly

relative to that of Fig. 6.5.

The same remarks concerning the effect of (zso/zsl) discussed in

section 6.2.3, also apply to the 3-section feeder case.

6.3.4 Effect of prefault loading

Fig 6.22 shows the wave forms at the sending-end of the middle line
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section when a solid, a-e, mid-point fault occurs under the same
conditions as that of Fig. 6.19, except that in the former case the
line is prefault loaded, § = +30°. It can be observed from Fig. 6.22
that travelling-wave distortion remarkably increased with line loading.
This finding further confirms the fact that in long lines the voltage

at any point depends on line loading.

The difference between responses of single and 3-section feeder systems
can be seen from Figs. 6.6 and 6.22 respectively. In the latter case,
Fig. 6.22 indicates that due to the long travelling distances involved,

the response of 3-section feeder system is relatively more distorted.

6.3.5 Effect of type of fault

Figs. 6.23 and 6.24 show the wave forms at the sending-end of the
middle line section for a solid 'b-c-e' and 'b-c' faults respectively.
The 'b-c-e' fault occurs under the same conditions as that of Fig. 6.19
while the 'b-c' fault occurs under the same conditions as that of
Fig. 6.21. As previously explained, Fig. 6.23 clearly shows that,
for faults involving the earth, earth mode dominates the faulted
phases wave forms while aerial modes dominate the wave forms of the
healthy phase. Fig. 6.24 on the other hand shows that due to the
dominant aerial modes in the wave forms of all phases, travelling-
wave phenomena persist considerably longer than is the case for
faults involving the earth - Fig. 6.23. Again, because of the longer
transmission distances involved, the wave forms of Figs. 6.23 and

6.24, particularly the faulted-phases wave forms, are relatively
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more distorted and more slowly attenuated compared to the respective

wave forms of Figs. 6.7 and 6.8.

6.3.6 Effect of degrees of shunt compensation

In section 6.2.6, it was found that the degrees of shunt compensation
do not affect the response of a single-section feeder system. In
3-section feeder systems, however, the degrees of compensation were
found to slightly affect primary system response. This can be
observed by referring to Figs. 6.25, 6.21 and 6.26 where the positive
phase sequence degree of compensation hl = .25, .75 and 1.25 Tespect-
ively. The faulted phase voltage in particular obviously becomes
more distorted as the degree of shunt compensation increases. Again,
the difference between the responses of the single and 3-section
feeder systems can be observed by comparing Figs. 6.21 and 6.26 to

Figs. 6.5 and 6.11 respectively.

6.3.7 Primary response at other relaying points

The primary system wave forms presented so far have been computed at
the sending-end of the middle line section. A similar set of results
were obtained and the effect of the factors described in sections
6.3.1 - 6.3.6 on the receiving-end wave forms of that line section
was examined. Some of these results are presented in this section
where the remarks applied to Figs. 6.19 - 6.26 also apply to the

corresponding Figs. presented below.
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The effect of fault location and fault instant is shown in Figs. 6.27
and 6.28 respectively. Fault conditions are similar to that of Figs.
6.19 and 6.20 respectively. The effect of source capacities and
prefault loading is shown in Figs. 6.29 and 6.30, where faults

occur under conditions similar to that of Figs. 6.21 and 6.22

respectively.

The receiving-end wave forms for 'b-c-e' and 'b-c' faults are shown
in Figs. 6.31 and 6.32. Fault conditions are typically the same as
that of Figs. 6.23 and 6.24 respectively. The effect of different
degrees of shunt compensation under the same fault conditions as
that of Figs. 6.25 and 6.26 is shown in Figs. 6.33 and 6.34

respectively.
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CHAPTER 7 DIGITAL EVALUATION OF FAULT-INDUCED OVER-VOLTAGES

7.1 Introduction

At the designing stages of EHV systems, their insulation levels have
usually been determined by the overvoltages produced during line
energization. The improvements in EHV circuit breakers, however,
indicate that switching-surge over-voltages can be made reasonably low
so that fault induced over-voltages become the limiting factor that

determines the system insulation levels necessary.(17'22)

This Chapter, therefore is primarily concerned with reporting the
results of an extensive study of fault-induced system and shunt-reactor
over-voltages. Prediction of over-voltage-levels of the systems
considered in this thesis is critically important due to the following

factors:-

1. The required system insulation levels are determined so that a
single-line-to-earth fault could not develop into double line-to-
earth fault, which would be particularly serious in systems employing

single-pole autoreclosure.

2. The insulation levels of the 4-reactors can be correctly fixed so
that the reactor can function under overvoltage conditions, i.e.

Teactive power compensation and fault-arc suppression are achieved.

In the digital computer results presented in this Chapter, overvoltages
due to single-line-to-earth faults initiated in 3-setion feeder systems

are particularly considered under different fault conditions.
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7.2 Computational results of system overvoltages

7.2.1 Single-section feeder system overvoltages

The crest value of system line-to-earth voltage is 408.24KV and the
maximun crest value of fault-induced overvoltages will be refered to

in per unit of that voltage.

The digital studies showed that the worst cases from the point of

view of overvoltages are single-line to earth mid-point faults with

low capacity source near the observation point. This finding can be

seen for the a-E fault of Fig (6.5.a) where the faulted phase overvoltage
reaches 1.42 pu while that of phase 'c' is 1.3 pu. The same over-voltages
were observed for earth faults involving phases'b' and 'c' respectively as

may be seen from Figs (7.1.a), (7.1.b) respectively.

Under the same fault conditions, other distant faults produced less
overvoltages as may be seen for the a-E faults at 210 and 300km from the

sending-end respectively - Fig (7.2).

Faults at zero-prefaulted-phase voltage showed no significant over-
voltages. The realistic loading of the 300km line corresponds to a load
angle of about (120) and the overvoltages produced by a mid-point a-E
fault under conditions similar to that of Fig (7.2) can be seen from
Fig (7.3.a) to be 1.32 and 1.27 pu experienced by phases 'a' and 'c'

respectively.

Different source capacities were assumed and no overvoltages above 1.42pu
were observed. Fig (7.3.b) shows the response for a 'b-c' fault
inceptedat the mid-point when Vbc = positive peak and with source

capacities of 5 and 35GVA  at the sending and receiving ends
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respectively. Other fault conditions are similar to that of Fig (7.2).
The Fig. shows that the overvoltages experienced by both the faulted
phases (b,c) and the healthy phase (a) are about 1.49 pu which, in

fact, exceed that for the 'b-E' and the ¢-E' faults of Figs (7.1).

No overvoltages over 1.49 pu were observed for any other type af fault

under different fault conditions.

7.2.2 3-Section feeder system-overvoltages

In 3-section feeder systems, overvoltages increased significantly. For
example, Fig (7.4.a) shows the voltages at the sending-end of the 300km
middle line-section for a solid, close-up-a-E-fault. The fault occurs
when Va = positive maximum and the sources at both ends have 35 GVA
capacity, each. The wave forms show that the overvoltage experienced
by phase 'c' reaches about 1.7 pu. Here, it has to be mentioned that
although the fault occurs at the sending-end of the middle line section,
the point of fault is physically mid-way in the three section (400, 300
and 100km) feeder system. The same fault, under the same fault conditions,
on the single-section feeder produced nearly no overvoltages as shown
in Fig (6.2). Again, no overvoltages were observed for single-line-to

earth faults that occur at zero voltages.

Fig (6.19.a) shows that the 'c-E' voltage reaches about 1.4 pu for a
mid-point fault under the same conditions as that of Fig (7.4.a), and
other distant faults produced less severe covervoltages. Fig (7.4.b)
shows that the over-voltage of phase 'b' is about the same value (1.7pu)
when a solid 'c-E' close-up fault occurs under the same conditions as
that of Fig (7.4.a). Other distant a-E faults under the same conditions

as that of Fig (7.4.a) produced less severe overvoltages. For example,
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Fig (7.5.a2,b) shows that phase 'c' overvoltage reaches about 1.5 pu
and 1.44 pu for faults at 40 km and 150 km respectively from the
sending-end. For lower sending-end source capacity (5 GVA), Fig
(7.6.a) shows that lower overvoltage (VC = 1.52 pu) are produced
under exactly the same fault conditions as that of Fig (7.4.a).

Nearly thé same over-voltage level resulted in the same phase (c)

when source capacities are 35 and 5 GVA at  the sending and receiving

ends respectively Fig (7.6.b).

Higher sending-end source impedance ratios (ZSO/Z81) have been found to
increase system overvoltages while lower ratios reduced them. This

can be seen from Fig (7.7.a) and (7.7.b), for (Zgy/Zg;) = 2.5 and 0.25
respectively, for a-E mid-point faults similar to that of Fig (7.5.b).
The Fig. shows that with |%§0/251| = 2.5 the phase 'c' overvoltage
increased from 1.44 pu (280/251=1'0) to 1.49 pu while reduced to about

1.35 pu with IZSO/ZMI = 0.25.(the impedance ratio changes by changing Zg)

Overvoltages induced in phase (c) were found to be slightly increased
with line loading as shown in Fig (7.8). Fig (7.8.a) shows that VC = 1.72
pu (compared to the 1.7 pu of Fig (7.4.a)) while Fig (7.8.b) shows that
under loading conditions, (8 = 300), the overvoltage of Fig (7.5.b)
increased from 1.44 pu to aBout 1.49 pu. Other types of faults have been
shown to produce less severe overvoltages as may be seen from the wave,

forms . presented in Chapter (6).

Therefore, from Figs (7.1)-(7.5), it can be concluded that the worst cases
from the point of view of overvoltages experienced by the healthy phases

are single-line-to-ground faults that occur at the mid-point of the system
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when the faulted phase voltage is at its positive peak. These over-
voltages show complete aggéeement with other published results
concerning uncompensated transmission systems. For example, Kimbark
eta1(18) predicted in their analysis using the T.N.A.and the lattice
diagram that a single line to ground fault can produce an overvoltage
on an unfaulted phase as high as 2.1 pu in a 3-phase system. Their
predicted worst fault location is the mid-point which also ‘agrees

with the results presented in this section.

Similar conclusions regarding overvoltages due to fault initiation

have been reachedglg_zz) Clerici etal,(lg) using the T N A, have found
that, due to faults, overvoltages up to 1.7 pu are experienced by their
735KV system. In their assessment of overvoltages due to faults, the
authorsczz) emphasized that such overvoltages stress the insulation of
healthy phases and therefore may fix the minimm acceptable values for
air clearences in overhead lines.

1520) examined the problem on a

Using digital techniques, Boonyubol eta
transposed 3-phase system. Their predictions agree with Kimbarkglg)

and hence with the results presented in this section. Using the
Fourier transform overvoltage levels predicted by Johns and Aggarwa{ZI)
are 1.98 and 1.78 pu for single and double circuit systems respectively.
It has also been shown(21) that in the case of lines fed from similar
capacity sources, the worst case of overvoltages occurs at the mid-point.

These findings agree completely with the results presented in Figs

(7.1 - 7.8).

It has to be added that high frequency voltage components up to only
4kHz are covered in the digital computer results presented in Figs
(7.1 - 7.8) and it follows that if higher frequency components (above

4 KHz) are considered, higher system overvoltages may be produced.
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7.3 Computational Results of Reactor Overvoltages

EHV reactors are usually protected against severe overvoltages by
surge arrestorsg34’4l) Lightning: arrestor switching-surge spark-
over voltages, as published, are generally(41) 1.35 to 1.55 pu of
arrestor crest rating. The lowest arrestor crest rating that has been

34
used with 500kV systems to date is 396kVF )

On practical 500 KV systems with line connected shunt reactors, however,
an arrestor rating greater than 396kV has been used and in this case the
minimum arrestor switching surge spark over voltage would range from

1.85 to 2.13 pu based on 408 kv phase-to-earthcrestvoltage.(34)

34
From continuous discussions with some Kennedy and Donkin engineers,( )

it
was understood that in a similar work they found out that the above

rating is adequate for the phase-reactors and a naminal voltage of 155kV
(r.m.s.) across the neutral reactor is reasonable enough to select

the neutral reactor break down insulation level.
The objective of this section is, therefore, to examine any severe
overvoltages experienced by phase and neutral reactors, in single and

3-section feeder systems under different fault conditions.

7.3.1 Single-section Feeder Reactor Overvoltages

From the camputational results of system overvoltages, it has been shown
that higher overvoltage levels are produced in case of single-line-to-
ground faults that occur at maximum prefault voltage with source
capacities of 5, 35 GVA at the sending-end and receiving-end respectively.
Therefore, reactor overvoltages will be shown only under these conditions.

Figs (7.9) show the reactor voltages for a solid, mid-point earth fault
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involving phases'a' and 'b' respectively under the same fault

conditions as that of Fig (7.1.a). Fig (7.9.a) shows that the faulted
phase voltage 'Va' reaches about 1.31 pu while that of phase 'c' is

about 1.2 pu. Nearly the same overvolfage levels are produced in phases
'b' and 'a' for the b-E fault of Fig (7.9.b). In the two cases of Fig
(7.9), the overvoltage experienced by the neutral reactor does not exceed

100K, i.e.about 0.46 of the designed neutral crest voltage (219.2 kV).

Fig (6.10.a) shows that the increase of shunt compensation slightly
increases reactor overvoltage. Under the same fault conditions as that of
Fig (7.9.a) but with h1 = 1.25, overvoltage levels are 1.35 pu and 1.25 pu
in the faulted and healthy phases respectively. Neutral voltage is shown
to be nearly unchanged. Fig (7.10.b) shows that, under the same fault
conditions as that of Fig (7.9.a) but with prefault loading (6§ = + 120),

reactor overvoltages are slightly reduced.

The effect of fault position on reactor overvoltages is shown in Fig
(7.11.a) and (7.11.b) for an a-E fault at distances 210 km and 300 km
from the sending-end respectively. Apparantly the reactor overvoltage

levels are less than that for the mid-point fault of Fig (7.9.a).

- Through the extensive studies of reactor overvoltages, no other fault,

under different fault conditions, has produced overvoltage levels higher

than 1.35 pu (for phase reactors) and 0.46 pu (for the neutral reactor).

7.3.2 3-Section Feeder Reactor Overvoltages

In this section, the computational results of the thorough investigation
of overvoltages experienced by shunt reactors compensating 3-section

feeder systems are reported. Particular consideration is given to single
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line-to ground faults that occur at the mid-point of the network when

the prefault voltage of the faulted phase is at its positive peak.

Fig (7.12.a) and (7.12.b) show the reactor voltages for an a-E and

c-E faults respectively, that occur at the sending-end of the middle

line section (mid-point of the system) when 'Va'&”‘Vé' respectively

are at their positive peak. The Fig. shows that, in both cases, healthy
phases experienced an overvoltage of about 1.37 pu, while the neutral
reactor overvoltage reached about 0.58 pu. Other distance earth faults
under the same conditions as that of Fig (7.12) produced lower overvoltage
levels as shown in Fig (7.13.a) and (7.13.b) for an a-E fault at 40km and

150km from the sending-end respectively.

Lower capacity sources at the sending and receiving ends respectively, also
resulted in lower overvoltage levels for a close-up a-E fault under the
same fault conditions as that of Fig (7.12.a). This can be seen from Figs
(7.14.a) and (7.14.b) respectively. The Figs. show that sound phase
overvoltagees are 1.25 and 1.23 pu respectively while, in both cases, the

neutral reactor voltage reached about 0.45 pu.

Under the same fault conditions as that of Fig (7.12.a), higher sending-
end source impedance ratio 6%0/251 = 2.5) has increased the phase and

neutral reactor overvoltages to 1.42 and 0.61 pu respectively.

For a solid a-E fault at the sending-end busbar, it has been found that
with prefault loading (§= + 365 and under the same fault conditions as

that of Fig (7.12.a), both phase and neutral reactor overvoltages have
insignificantly increased as shown in Fig (7.15.a). Fig (7.15.b),

however, shows that with a ratio YVS/VRI = 1.1, the same fault significantly
increased overvoltage levels. The Fig. shows that phase reactor voltage

increased from 1.37 to 1.51 pu while that of the neutral reactor increased
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from 0.58 to about 0.64 pu. It has to be mentioned, however, that
shunt reactor is supposed to stabilize the voltage along the line and

the 1.1 IVS/VRI ratio may not be reached in practice.

The effect of degrees of shunt compensation on reactor overvoltage is
shown in Fig (7.16) for a close-up, solid a-E fault under the same
conditions as that of Fig (7.12.a) but with h1 =5 and 1.25 respectively.
Fig (7.16.a) shows that the neutral reactor overvoltage has drastically
increased to 0.89pu, while that of the phase reactor is about 1.23 pu.
With an extreme limit of shunt compensétion, the phase reactor voltage
reached about 1.5 pu (an increase of 0.13 pu compared to Fig (7.12.a)
with hl = .75), while that of the neutral reactor is reduced to about

0.32 pu.

From the computational results, therefore, Figs (7.9) - (7.16) show that,
in general, higher reactor overvoltages are produced in case of 3-section
feeder systems, Fig (7.11) - (7.16), than the case with single-section
feeder systems. These overvoltages are produced due to single line-to
ground faults that occur at the mid-point of the system when the prefault

voltage is at its positive peak.

The results show fhat the worst overvoltage levels experienced by both
the phase and the neutral reactors are far below the spark-over ratings
of the arrestors protecting them (as mentioned earlier in this section).
However, it has to be emphasized that extra care has to be taken when
protecting the neutral reactor, in particular, so that the probability
of losing it is minimised ard secondary arc extinction can be achieved.
Also, it has to be mentioned that if higher frequency component voltages
are considered in the computational process, overvoltage levels higher

than that shown in Figs (7.9) - (7.16) might be expected.



O OmNSQ JO JuLIIND IO wmmHﬁO\r o mﬂ,v . ﬁﬁv CAMII9YLICA-HINSI-IN] T

PR

\q, 9seyd Jo judxand 10 a8e3lTop O —z-9-

,B, oseyd Jo juaxind Io aSeiTop @ o doos-
0-p-
"1°L 8y orc
jo 3eyy 01 JIB[TWIS dlE G-a-
SUOT3TpUOD 3ITNEJ IayiQ - o-2-
* Q = - O-1-
(ue{ 00g) X -q A Lo\ e
‘uf O1Z = X -® T A oo
sw g = L3 ¢, CA (\ oy
‘Xew 3e 3[ney ,j-e, PIIos - o
*pOUTWEXS WAISAS 19paaJ wm
uor1d9s-a18urs aya jo °*J-°S g
oyl e SOBBITOAISNO WAISAS 0-v
Z'L 3 4 Jos
3 K J
L. (A%139VL700-HIBY )= INTT
(Q)
‘S ¢€¢°81 = Id ~0-5- —~2-5-
imney ,3-9, PITOs -q f .
sw /9°TT = 1d e o
ney ,g-q, PIOS -© \ o
0°'1 HHmNmN OWMHN = HWWN\O@UN -2- c-2-
. - o . 0-1- C -t~
9°0 =74 (s __”«_:e.n S-v 9 .oo 0 01 C¥ . cls
W1l [ ™ 1A i 0 t —4A ito
‘s;+0 = W00t = B = N N oL )
-1
VOSE=T"D°S U VADS="T'D"S"S o i
o0 =872 @t 0sT) 2/, = X | o \ i e
*POUTWEXS WAISAS I9pady o q AR
40T329$-3T8UIs ay3 jo °J°S
oyl 1B SoTeITOAISAC WDISAS i ® 0:s 5 Hss
Jo. B
"L 8td 5 o®, "o

(A%139u119n-Hivwa-INTD UM IGULIGA- e ab 4= 3N



€A% 101 700-Hixy 3-3N1 7 ) (AN1I0¥1700-HLEYI~ N1
(@ LG . (e 201 »

*1*L 814 30 1Byl 03 JETTWIS —cee- oo
34e SUOT3TPUOD 3INEeJ JIayiQ - dos. Lo
‘S gec8T = 1d —1o-s- 0-s-
*31ney ,3-2, PITOS -9 [ 0-p-
‘Sw g =14 2-g- oen
*3ney ,3-e, pPTIoS -e 0-o- oo
JADGE = *T'D°SY="T"D2°5°S - .
0=X- TR c 01 0-€ .uo._.
[§-X2D ¥) P o e nmtudr:hﬁ e 0.0
*pouUTWEXd Wo3SAS o i
JI9pasF UOTIIBS-¢ Yyl Jo .
UuotTld9s STppTul 3Y3 30 °*J°S ' 02
3yl 3e safelToAIdA0 WRISAS ot o€
p L 8Td o
5 2.§
e
» ~o-s-
0-v-
‘1, 814 3o 3Byl 03 IeTTuls e
a1k SUOTITPUOD I[NEY I8yl -

> 0-2-
*Su Q*CT =14 aom = >\U> 2-1-
et 94, PIIVS -4 G:._M..;_n.wulhqnl ﬂ Sz_ﬂum_wﬂ 130
'su 29t =13 ¢ 71 = 8/Sa N
‘3[ney ,J-e, prios -e 0.2
*poUTWEXS wWAISAS 1apasay o-€
UOT1D3S-9T3UTSs dYy3 Jo *J°S / ) 0w
ay3l 1e sofe3OAISAD WRISAS q ML o

lllllwlll.o -9 Q. )
€L oHd , _px:oczua-:.,mp..&z_._ Lw”u

[A%139U1798-1iby 3- 2]




m@u (A% 12ULIGA- Ry - INTD () £A%)30¥110A-HIBEI-INTT

W0 ~o— .
*S*L B1d O eyl 03 JeTTUTS 1" I
31e SUOT3TPUOD ITNeJ IdY3Q - ¢s- 95~
VAO § = *T°D°S"d v .
VA9 S¢ = *T°0°S°S -9 o
<\5 mm - .-‘H.U'm.m o-ﬂl
VAO S = "1°0°S°S -® o 2- 0-2-
‘liney ,4-, PIIOS - oer- Foote
“pOUTUEXS s _...: o %0 Sz.hh:mn T . foo
WO3ISAS I9paay uoI3RS-¢ o T : V ﬁ \
9yl JO UOTIDAS SIPPIUW 34yl 3JO ot ! o
*J°S oYyl e SOBBITOAISAO WOISAS B P GEL
CRYA i we ba
¢y —1%v
M -%8 q -9
f v 2
q
(@) Sx.uof..o:-xww":..uz: (e) ;ﬁuof,_o‘,.xww_ﬁuuz:
—_0-9- c-9-
uo.nn

"p*, 814 JO 1Byl 03 IBTTUIS
31e SUOTITPUOD 1INEJ IaylQ -
*(uf 0ST) 2/% =X -q

0-2-
w oy = X -e .

*S3iney ,J-e, prIoS - N
*pauTUEexd e
wa3sAs JI9paaj UOTINAS-¢ Y3 get
JO UOT3D9S STPPIW Yyl Jo *J°S 9.2
9l 1B SOZBITOAISAO WOISAS o
S7L 91 v




ﬁﬁu ;x:u.:..u.fzwn._t..uz-‘_

S ¢-

(ANIIIYLI0A-HIUYI-IN] T
@ s

*S*, 311 3O 3Byl O3 Ie[TuWIS ~0-6-

81t SUOT31TpuUOod u._nﬂ.mw I9Yylp -
*Su 9T°p = Id ‘ud OST = X -4
‘swggre =14 ‘0=X -8

el = 3a/%n -

*s3Iney ,J-e, PIIoOS -

w
-
"

0-S-

o
LY
0

* psutuexs (SHYMIL oo Sz.,.w._:»o._n %o
ud3SAS 19padF UOTIDAS-¢ o o
94l 3O UOT3O3S STppTW 8yl 3JO -
*4°S 9yl 3Ie SoZBITOAISAO WIISAS o-e ot
§°L 914 o N
doow vy
Jos A
q q
m@u (A¥1306170N-Hi8UI-IN1Y (e CANIT991 7011883~ 31
l~o.wc J~o.mo
9:G- —z-6-
*G*, 8TJ JO 3Byl O3 JBTTUILS 0-v- b
dle SUOTITPUOD 3J[NEF I3Y3(Q - o e
*GZ°0 = mew\OWMN = meN\OmmN -q 0-2~ o-2-
"5 = 587087 _ 185,055, ¢ - \;// \ S
*s3iney jutod-pru ,y-e, PITOS - Lo Sz..wf.:po,% m._w ? w._,w\&ﬁ. .“o o
*pauturexs ] ° / )
Wa3SAS I9pasJ UOT]IS- o ot
Syl JO UOT3DIS STPPIW 3yl JO o-2 e-2
*q°S 93Ul 3}B SIZBITOAIDAO WSLSAS o€ -
L"L 8td o o
0-S




"6, 3 JO Byl O3 IeTIWIS

alB SUOTITPUOD ITNEJ I3YIQ -
'sw 9ty = 14 $Z1 = Sa/5h -q
‘sl = I .

A.Vo H = ammN-.ﬂ = ﬂ* -

*s3Tney jurod-prw ,j-e, PIIOS -
*poUTWEXd WSISAS I9pIay
uoT323S-9T3UtS ay3l yo *4°'S
3yl 3B SI03DBAI1 JO S3ZBITOAIBAQ

OI°L 814

*1°/ 8W 30 3Byl 03 IBTTUIS
91B SUOT3ITPUOD 3INEJ ISY3Q -

sw/9°T1sL4 ‘3ney ,3-q, PITos -q
"Sw § =Lq ‘3[ney ,3-e, pIIOS -E

*s3iney jurod
-plul yi3xed 03 SUIT-9T3UIS -
*poUTUWEXS Wa3SAS I9p9aT

UOT139s-3T3uUls ay3z yo *F'S ay3
3B SJI03OBAl1 JO S33BITOAISIA)

6°L 8Td

L0t -
1SR4 4

401 0-»

%

@ Qo

G-
0-p-
§-€-
0+€-
S-2-
0-2-
Sei-
04~

660"
—8-%0-0

4

5.0
0.1
St
0-2
5.2
0-¢
5-¢
G»
S-»
05
QL e
(04153901790 §019uy-5

| -l

(9)

USHIMIL |

-19-S

Jos

0l o
LAM1539u270n $01Ju3Y. 5

—0-s

Igo.w

J0! o
(An1S39620190 %01353y-5

—1C-v

55

~lr.9

Cl «
G ERLE IR LT SRR



*p°, 3 JO 3IB:[} C) JBTTWTLS
91e SUO13IpP'lod 1Tneq -
‘3mney (4-5, -q
*3mney ,i-e, -e
*s3Iney dn-asold’
y3ilea 03 SUIT-dT3UIS pITOS -

*POUTWEXD UWAISAS JI9PIdJ UOTIIIS-¢
S84yl 3O UOT3D9s ITppTuw 8yl jyo °*H°S
3yl 3B SI03DBAX JO SS3BITOAIIA)

Z1°L 814

*7°L 814 JO 1Byl 01 IeTTuIS

3I1e SUOT3ITpPUOd 3INEBJ IdY3lQ -
*(u{ 00g) ¥ =X -9
‘wf O1¢ = X -®

‘s3imney ,dq-e, pIlos -
*POUTWEXS WAISAS 19pasF
UuoT339s-313UTs syl jo *4°'S
SU3l 3e SI03}DBaI JO S33BITOAIIAQ

T1°L 8td

(Q)

[AXISIULNIN YOLIU3Y-S
0. -
2

—0-9-

(&)
n
'

© o
v

o
(-

CcCvwoOwoWVWOoOWNMoWoR oo vownono
=)
L)

Ve v MM auN -~ -~ DO

0oL o
LA%153901700 $H01dvIN-S

N 1700 .
hﬁwp (ANISI2YLID meuwux S

—0-9-

0-$-

_o— 8 . e
(S5W1IL i 1 T

u

=
o
~

(e)

o l
s

v
O N oo

N0V N

|
w oo
MY YT MM - - 0D O

L
o

C: -
Ands39ui10n beidvry-s




*9°, 813 3O 1Byl 03 JIETTUIS
dlk SJOLIIPuUod 3TNeq -
VAO § = "T1°2°S"¥

VA9 §€ = "T1°D°S°S -q

VA9 S€ = *T1°D°S"¥

VA9 § = *T1°2°S’'S -®
*s3Iney dn-aso[d ,g-e, PIIOS -

* pouUTWEXa

wo3lsAS I9paay uUoTIINS-¢ 9yl

JO UOT1D3s aTppIW 9yl Jo *I°S
34yl 3B SI03IDEaX JO S28BITOAISIA]

pI°L BTd

*S*L 8T 3O 3Byl 03 JETTULS
3le SUOT3TpUOD Ineq -
*(uwf{ 0ST) Z2/% =X =q

"w Op = X -®
"siIney ,4-e, PIIOS -
* POUTWEXS

wo3SAS 19p99F UOTIDIAS-¢ Ayl
JO UOTld3s STppTW 3yl jo *H*S
9yl 1B SI03D0B3al JO S98BITOAISIAQ

$1°L 8]

C))

- o
«
L]

Ea Sl B A N
n <
. v

Mmoo nc ! CRe
.

ne T, oo

o

-«

[SIREANE

o1
4 o) taw1539u170n fin1owu-g

(Q)

mcnonomomcc.nowo:\owomo

L I W N VI VU - )

ﬂ c.
S04

CANISIOWLION LH1IUIY-S

(e)

14

N
101 o

(SWIIL

\

u

D. o) (ARISIILLCH

N R I A A R R A - L

o

R R PV VI

.
RAPOATE LS

(A%ISIOWLII0N EOLduIY-

~o_ -

—

e

.yﬁ

C(SHIMWI L

u

[}

o

o

L=}

. 9-

w

5



Q) LA¥15799170N BOLIUIY-S (e) (A¥I5I0YLITA BOLIUIN-5
o1 . T
2

s-S-
1

—<-p-

- 0-9-

.mINH.N-
31y Jo vyl 03 IeTTIWIS
918 SUOTITPUOD 3 [NeJ J9Y3I0

Oy ¢sz°1 = Ty q

C:o-

h
“w B o»

Ny oA A

t . . L}

i = = e . G-
12°0=% “s0="Ty-e Jor
*s3ney dn-ssord ,g-e, PITOS o ok J P\ gee
" pouTuEXxo Sz,:z: r . “0
WAISAS I9poaJ UOTIDAS-¢ Yl \ .z
JO uUOT3DdS STPpPIW 8Yyil jo *I°S \ 0-1
94yl 1B SI03DBSI JO S93BITOAISAQ u St
c-2
91, 814 52
-t
%€
o)
q
ﬁmc CANIS I0wLI0N xm:uzum.m ﬁ.mv QLR R LR EL T ]
0-9- W€
0-S-
"€'g76 814 JO I'Yl 03 IBTTUTS 0 v-
d1e SUOTITPUOD 3Tne] oe-
08 1T =%/ q e
O% 0°'T = M>\U> - 0-1-
*s3ney dn-9so[> ,d-B, PITOS o0
*pauTWeXxd oo
Wo3SAS I9pasy UOTIIDAS-¢ aYyl
JO uoIld9s JTppTul /Yyl jyo *H°S o2
9yl 3B SI03DBA1 JO S93BITOAISAQ o€
ST*L 914 0w
2:S i




104

CHAPTER 8 DIGITAL SIMULATION OF SATURATION EFFECTS

IN 4-REACTOR COMPENSATED SYSTEMS

8.1 Introduction

The lower value of saturation voltage of non-linear shunt reactors (main
reactors) that might be designed for use on EHV systems has been reported(zs)
to be 1.25 times the rated r.m.s. reactor voltage. However, it is

generally felt that saturation effects for a linear reactor would probably
begin to occur at higher voltages and a figure around 1.8 times the

reactor rated peak voltage has been considered in a realistic system.(34)
In addition, the knee-point voltage of the neutral reactor has been assumed
to be 155 kV (mms), i.e. 219.2 kv (peak). The knowledge of the knee-point

(34) of phase and neutral reactors has enabled the calculation of

voltages
their saturation currents and flux linkages as tabulated in Table (5.3).
According to these saturation levels, a thorough investigation of the

likelihood of saturation of any of the 4-reactor limbs has been carried

out for the 3-section feeder system.

Faults have been initiated in the middle line-section (300 km) and the
possibility of saturation of its sending-end reactors, in particular,
under different fault conditions, is reported in section (2) of this

Chapter.

As will be seen from section (8.2), the only reactor limb that has reached
or exceeded the saturation levels (of Table (5.3)) is the sending-end
neutral reactor. This finding is extremely important since, due to
saturation, the sending-end neutral reactor can not, as it should do,

help in neutralising line inter-phase capacitances and hence, secondary

arc extinction will become more difficult.
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Saturation of sending-end neutral reactor has been digitally simulated
using the methods developed in Chapter (4) and the computer-results
showing the effect of the phenomena on primary system response are

presented in section (8.3).

8.2 Probability of Saturation of the 4-legged Reactor Scheme

Some of the computer results showing the peak voltage, current, and
flux linkage swings of the main and neutral sending-end reactors under
different fault conditions are summarised in Table (8.1). The table
clearly shows that saturation of any of the phase reactors is very
unlikely. From saturation view point, the worst cases for the phase-

reactors are obviously cases (1) and (11-16).

For case (1), the Table shows that the reactor flux linkage swing (0.62)
is far below its saturation level (equation 5.9). For cases (11-16),
the absolute [Vo/Vp| ratio is assumed = 1.1. Inspite of the fact that
the shunt reactor is supposed to stabilise the voltage along the line
so that the ratio IVS/VR] is kept nearly unity, again, the Table shows
that the phase-reactor flux linkage swing reaches a maximum value of
0.66 pu (case-11) which is far below unity. It can therefore be
concluded that no saturation of any of the phase-reactors is, if ever,

possible under different fault conditions.

On the contrary, the Table shows that saturation of the neutral reactor
is most likely. From saturation view point, it is evident that the

worst cases are, in general, single-line-to-ground faults that occur at
an instant of time that corresponds to zero faulted-phase-ground voltage
(prior to the fault ). At such fault instant, line currents and, hence,
reactor currents, are highly offset and it follows that neutral current
and flux linkage, in this case, can reach or exceed its saturation

levels.
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According to Table (8.1), the worst cases are cases 4, 7, 11, 29, 35,
41, 47 and 53. Again, case study (11) may be excluded in view of the
fact that shunt reactors are used to stabilise line voltage and an

absolute |Vo/Vp| ratio is unlikely to reach 1.1 pu.

Figs (8.1) - (8.3) show the 4-reactor voltage and current wave forms

for study cases 4, 7 and 29 (of Table 8.1) respectively. The Figs.
clearly show the offset nature of reactor currents, particularly that of
the reactor phase connected to the faulted conductor (a) and the neutral,.
Also the absolute peak voltages and currents reported in Table (8.1)

can be seen for the respective cases of Figs (8.1) - (8.3) and reactor
flux linkage swings can be roughly calculated using Tables (5.3), (8.1)

and equations (5.9).

Relatively high neutral reactor currents and flux linkage swings can also
be produced for distant faults as may be seen from study cases 5, 12, 30,
36, 42, 48 and 54, of Table (8.1). Again, excluding case study (12),

the reactor voltage and current wave forms for some of the above cases

(5, 30, 36) are shown in Figs (8.4) - (8.6) respectively.
A similar series of studies have been carried out to examine the
possibility of saturation of receiving-end reactors, and the conclusion

is that none of the 4-reactors was found likely to saturate.

8.3 Effect of Reactor Saturation on Primary System Response

From the analysis presented in section (8.2), (Table (8.1) and Figs8.1 -
8.6), it is very obvious that the neutral reacfor would saturate.
Accordingly, it has been decided to simulate the phenomena in order to
examine its effect on primary system wave forms and hence, on system

protective relays. Using the techniques developed in Chapter (4), a
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computer program has been developed to simulate neutral reactor
saturation in a 3-section feeder system. Computational results

are presented in this section.

Fig (8.7) shows the sending-end wave forms under saturation. Fault
conditions are analogous to case study (4) of Table (8.1) and

saturation is assumed to occur after 5 ms.

Inspite of the fact that the techniques developed in Chapter (4)

suggest that saturation time 'T,' has to be specified, it has to be
emphasised that, practically, saturation occurs only when reactor current
and flux linkage exceed its saturation levels. The assumption, however,
simplifies the investigation process and is highly justified
particularly if reactor saturation is proven to have no or insignificant
effects on primary system wave forms. Furthermore, it has to be
mentioned that the voltage source that simulates saturation is switched
into the circuit at the time the fault occurs. Therefore, it follows
that due to this voltage source, superimposed voltage and current
components are produced at the points of interest before the specified

saturation time is reached.

Saturation has been found to have relatively insignificant effects on the
sending-end voltage and current wave forms. This remark can be observed
by comparing the individual voltage and current components of Fig (8.7)
due to 'fault' and 'saturation' as may be seen from Fig (8.8). The Fig
shows that the voltage component due to saturation is about 5.2 KV peak
(for the healthy phases b,c), reduced to a nearly steady-state peak
value of about 0.5 kV (Fig 8.8.b). On the other hand, fault-transient
component voltage (Fig 8.8.a), reaches about 130 kV peak for the same
phases. Therefore, a saturation voltage component which is about 4%

of transient component is not expected to cause any significant change
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in the overall voltage wave forms. Figs (8.8.c), (8.8.d) show that
saturation component current is a very insignificant fraction of

transient component, about 0.35% of its peak.

The effect of saturation time 'TS' on saturation voltage and current
components has also been examined. For example, Fig (8.9) shows the
individual components under the same conditions as that of Fig (8.8)
except that, in the former case, saturation occurs after 15 ms. A
comparison of the two Figs. reveals that saturation time may affect

the shape of saturation voltage and current wave forms but their
magnitudes are still insignificant compared to the respective transient

components.

Although case study (1) of Table (8.1) shows that saturation of the
neutral reactor is unlikely for an a-E fault that occurs at maximum
prefault a-E voltage, Fig (8.10) examines the effect of saturation,

if it ever happens, on system wave forms. Saturation time 'TS' is
assumed to be 15 ms as may be seen from its source voltage wave forms of
Fig (8.11.a). The individual transient and saturation voltage and
current components of the wave forms of Fig (8.10) are shown in Fig
(8.11.b) - (8.11.e). Again, the Figs show that saturation component

voltages and currents are very negligible compared to that due to fault.

The effect of reactor saturation on sending-end wave forms in case of
distance faults is shown in Fig (8.12) for a mid-point, solid a-E fault.

Other fault conditions are similar to that of Fig (8.10).

Figs (8.12.b), (8.12.c) show that sound phase saturation component
voltages are about 4% of that due to fault. Figs (8.12.d) and (8.12.e),
again show that saturation component currents are very small compared

to that due to fault.
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Figs(8.13) - (8.14) show both transient and saturation voltage and
current components respectively for a mid-point solid a-E fault under
the same conditions as that of Fig (8.12) except that in the former
cases, the reactor characteristic slope ratio (LZ/Ll of Fig. 4.2) 1is
assumed to be 0.5 and 0.01 respectively (rather than 0.1 as the case
with Fig (8.12)). A comparison of the three Figs. indicates that the
profile of saturation component voltage and current wave forms is not
significantly affected by different slope ratios. Figs (8.12) - (8.14)
show, however, that as the slope ratio increaées, the absolute value of

these components is reduced.

The effect of sending-end neutral reactor saturation on sending-end
primary response under other fault conditions has been examined and
the same basic findings were observed. A similar series of studies
have been carried out for the receiving-end primary response and the
same conclusions, i.e. that saturation does insignificantly affect the

primary system wave forms, were reached.

Therefore, in view of these findings, it can be said that due to the
fact that primary system response is hardly affected by saturation,
system protective relays should be expected to function normally, as is

the case with linear shunt reactors.
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Fig 8.7

Voltage and current wave forms at the S.E.
of the middle section of the 3-section feeder
system examined.

- Solid 'a-E' close-up fault, FT =0
- Neutral reactor is saturated, TS = 5 ms.

- Fault conditions are similar to that of
Fig 8.1.
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Fig 8.10

Voltage and current wave-forms at the S.E.
of the middle section of the 3-section feeder
system examined.

- Solid 'a-E' close-up fault, FI=5ms.
- Neutral reactor is saturated, Ts=10 ms.

- Other fault conditions are similar to
that of Fig 8.1.
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CHAPTER 9 DIGITAL EVALUATION OF DISTANCE RELAY PERFORMANCE

9.1 Introduction

It has always been recoginsed that accurate simulation of EHV power systems
under fault-transient conditions provides a true picture of the primary
system wave forms and hence a realistic prediction of the performance of
protective relays. Furthermore, an improvement of relay performance to

meet future demands can be achieved.

The relaying point primary wave forms, evaluated-using frequency domain
techniques-and presented in Chapters (6) and (7), showed that considerable
travelling wave distortion can often be produced and hence relaying signals

are expected to be highly distorted.

Relatively little work, however, has been done on the effect of travelling

)

. (53,54
waves on distance-relay performance. Based on Fourier transform technques:

the protlem has been examined (57) using cross polarised mho-relays

applied to short and 1ong-ﬁncompensated transmission systems. The authors(57)

have given particular consideration to travelling wave effects.

Neglecting the frequency variance(ss)

of line parameters, a similar

. . (96) (97) . i .
investigation has been reported. Hughes has examined in detail the
performance of a high-speed static distance relay based on the well known
block-average princ:iple.(92 ) Again, test results presented in this paper(97)
are not expected to provide a realistic performance of distance relays,

since only series impedance of the line has been modelled.

It is one of the primary objectives of this work, therefore, to examine the
effect of travelling-wave phenomena on the performance of cross polarised

mho relays(gs) based on the block-average principle.(gz) The work has



115
been particularly carried out to reveal the effect on relay performance,

if any, of shunt compensating the line using a 4-reactor scheme.

Relay performance on uncompensated systems has also been considered and
hence a comparison of relay responses on uncompensated and 4-reactor

compensated systems is possible.

Digital simulation of relay mixing circuits and the basis of the step-by-
step techniques used to derive  the relaying signals are presented in
Appendix (A5). The calculations necessary to simulate both the transactor
and the polarising circuits were presented in Chapter (5) and Appendix (A6).
Digital Computer results of relay responses on single and 3-section feeder

systems are reported in sections (9.2) and (9.3) respectively.
Response of relays protecting a specific 3-section feeder system under
practical loading conditions has also been considered and the computational

results are presented in section (9.4).

9.2 Performance Of Relays Applied to single-Section Feeder Systems

The computational results reported in Chapters (6) and (7) showed that,
various factors such as fault instant, fault position, source capacities,
type of fault,.....etc., considerably affect the content and duration of
travelling wave components in primary system wave forms. In view of the
fact that the majority of faults that occur on EHV systems are single-line-
(37,49,50) . . .

to-ground, transitory in nature, the performance of protective
relays for such faults are particularly considered and the effect of the

above mentioned factors are examined.

Faults on both compensated and uncompensated systems are initiated and
relay performance in terms of speed of operation and measurement accuracy is

obtained. The computer results are presented below.
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9.2.1 Response of Relays on Uncompensated Systems

Fig (9.1.a) shows the relaying voltage wave forms for a solid a-E, close-
up fault. The fault instant is at maximum prefault a-E voltage and source .

capacities are 35 GVA at both ends.

It can be seen from the Fig. that neither relaying voltage is significantly
distorted, the sound-phase wave forms being mainly responsible for that

which does occur.

The studies show that for close-up faults, detection time is alwavs a
minimum, about 11.4 ms as may be observed from Fig (9.1.c). The output
of the coincidence detector is shown in Fig (9.1.b) from which coincident

and anti-coincident periods can be observed.

Fig (9.2) shows the corresponding signals for a fault at zero, prefault,
a-E voltage and the same general remarks apply. The effect of the
transactor on filtering the exponential component is clearly evident from
Fig (9.2.a) and the trip-time is about 11.7 ms as may be seen from the

integrator output of Fig (9.2.c).

For distance faults, travelling wave distortion is more remarkable as may
be seen from the input signals and integrator output of Fig (9.3) for a

solid a-E mid-point fault under the same conditions as that of Fig (9.1).

The corresponding signals and integrator output for a mid-point a-E fault
at zero voltage are shown in Fig (9.4). Travelling wave distortion
produced in signals Sy and S5 (of Fig 9.3), for fault at peak voltage, tends
to increase relay operating time to about 14.6 ms compared to about 12.5 ms
for a zero-voltage fault as may be seen from Figs (9.3.c) and (9.4.c)

respectively.
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The effect of having low capacity source at the observation point on
relay performance is shown, for a mid-point a-E fault, in Fig (9.5).
Fault conditions are typically the same as that of Fig (9.3) but
with sending-end source capacity of 5 GVA. In view of the fact that
this is the worst case from the point of view of travelling wave
distortion, Fig (9.5.b) shows that no appreciable build up towards
tripping occurs until about 7.8 ms after fault inception. Relay
operating time is about 20.8 ms which is rather high compared to that
of Fig (9.3.c), 14.6 ms. Here, it has to be emphasized that this delay
- in relay operation would not be revealed by conventional dynamic
testing methods in which the line is represented by a simple

resistance-inductance combination.

As may be observed from Table (9.1), relay operating time is relatively
low (12.6 ms) for zero-voltage fault analogous to that of Fig (9.5).
This finding merits special attention, due to the fact that it has
always been recognised that faults at maximum voltage are favourable

from the point of view of relay operating time.

Table (9.1) also shows that under fault conditions such as that of
Fig (9.5), but with source capacities of 35 and 5 GVA at the sending
and receiving ends respectively, travelling wave distortion is less

and hence relay operating time is reduced (14.3 ms).

Details of the studies considered for the purpose of examining the effect
of source capacities and fault inception time on the performance of
sending-end a-earth fault relay are summarised in Table 9.1, where

relay trip time and relay reach are shown. The Table clearly shows that,
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S.S.C.L (GVA) 35 5 35
R.S.C.L(GVA) 35 35 >
Faﬁlt Relay operating Relay operating Relay operating
Distance Time (ms) Time (ms) Time (ms)
X Faults at |Faults atiFaults at {Faults at |Faults at |Failts at
(lam) V, =max.|V. =0 Va =max.| V, =0 Vy =max, | V, =0
0 11.4 11.7 10.8 11.3 10.3 11.5
40 11.0 10.0 14.3 10.4 11.0 10.0
80 11.7 10.8 16.6 10.5 11.3 10.8 |
120 12.4 11.7 17.7 11.2 12.2 11.5
150 14.6 12.5 20.8 | 12.6 14.3 12.4
200 22.5 17.2 31.1 17.0 22.3 16.9
210 27.3 19.8 35.0 23.3 28.7 19.9
220 32.8 27.7 43.5 29.0 32.9 27.9
223.25 -~ - - - - -
230 43.75 38.25 55.0 39.75 43,5 37.75
235 85.0 79.75 95.5 100.75 104.75 80.25
236 No trip | No trip[ No trip |No trip No trip | No trip
237 " " " " " "
238 " " " " " "
239 " " " " " "
240 " " " " " "
Table (9.1)

_ o)

f

0 ,

- X

Zeso/ 2551

uncormpensated 500 kv system.

= 100.0

Z

RSO

/lps1

average comporator relays applied to single-section

1.0

Effect of source capacities on the performance of block
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generally, the relay operates much faster for faults at zero faulted
phase voltage and in all cases it underreaches, the amount of underreach
being about 5 km, i.e. 2.1%. Also it is obvious that the worst case
from the point of view of relay operating times is that when a small
source capacity (5 GVA) and a large source capacity (35 GVA) are assumed

for the sending and receiving-ends respectively.

Travelling wave distortion of the primary wave forms and hence of the
relay input signals is the main obvious reason for larger operating

times in this case.

Relay response for 5 GVA source capacity at each end has not been

examined in detail but relay reach has been found to be also about 235 km
for faults at both maximum and zero faulted phase voltage. Also the
response of other earth-fault relays has been considered. For example,

the reach of the phases 'b' and 'c' relays have been found to be 234

and 235 km for a solid b-E and c-E faults at maximum 'VB' and 'Vé'
respectively and for source capacities of 35,35 and 5,35 at the sending-end

and receiving-end respectively.

So far, relay performance has been considered under the assumption of

no prefault power transfer. However, the response of the phase 'a' relay
has been examined under prefault line loading corresponding to a load
angle § = +30°, power export at the sending-end. Only relay reach

has been considered for faults at maximum v, and different source
capacities have been considered. For example, Fig (9.6) shows the
relaying signals and integrator outputs for a solid a-E mid-point fault

at maximm 'Vé' with source capacities of 35 GVA at each end.



120

Generally, it can be said that relay operating time increases with prefault
loading, particularly for faults within the first half of the‘protected
line. This can be observed by comparing Fig (9.6) (5=300) with Fig (9.3)
(6=00) where the operating time increases from 14.6 to 15.13 ms

respectively.

As far as relay reach is concerned, it is shown in Table (9.2) that the
relay does overreach when exporting power at the sending-end while the

amount of underreach increases when power is imported at the same end.

The maximum amount of overreach is 5% and the amount of underreach is about
6.6% for 5,35 GVA sending-end and receiving-end source capacities. It has
been observed from the digital computer results presented in Chapters (6),
(7) that due to the dominant aerial mode components in the primary wave
forms, travelling waves persist for considerably longer time in caseof phase-
faults. Therefore it is necessary to examine the performance of phase-
relays under such conditions. Figs (9.7) and (9.8) show the relaying signals
and the integrator outputs for a mid-point'solid b-c fault at maximum and
Z€ero 'Vbc' respectively. Source capacities are 5,35 GVA at the sending and

receiving-ends respectively.

Other fault conditions are similar to that of Table (9.3). Fig (9.7.a)
shows the effect of the extremely high travelling wave distortion on the
relaying signals and Fig (9.7.b) clearly indicates a delay of measurement
wmtil approximately 17 ms after fault inception occurs. From Fig (9.8),
considerably more noise is observed in the relaying signals than is the
case for the corresponding a-earth fault, Fig (9.5.a). This, however, does
not cause a significant delay as indicated by the prominently coincident

nature of the relaying signals.
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From Figs (9.7) , (9.8), relay operating times arc about 24.5 and 12.7 ms
compared respectively to 20.8 and 12.6 ms for an a-E fault under the same
fault conditions. Table 9.3 shows the effect of a solid b-c fault on
relay speed of operafion and rclay rcach. A comparison of Table (9.3)
with the corresponding a-E fault of Table (9.1) will clearly show that
generally for phase faults (b-c), relay reach decreases and relay operating

times incrcase particularly for faults at maximum 'Vbc'.

The detailed studies of the performance of the block-average comporator
relays shown in Tables (9.1) - (9.3) can be best substituted by the fault
position / operating time characteristics of Fig (9.9), from which the effect
of source capacities, fault inception time and type of fault on relay speed
of operétion and measurement accuracy can be observed. The same remarks

applied to Figs (9.1 - 9.8) and Tables (9.1 - 9.3), also apply to Fig (9.9).

[y, [Tt RESHRESH ek
a-E [30° Vv =max| 35 35 237
" B " 5 35 252
" | " " 35 5 245
" " Cn 5 5 250
" "o fv=0 | 35 35 246
" 30° [V =max| 5 35 224
" - E30° V=0 5 35 225

Table (9.2)

Effect of prefault line loading on the measurement accuracy of
relays applied to uncompensated single-section feeder 500 kV

systam.
'a-E' fault QS = QR = 100
R = 0 = -
3 v Zggn/Zss ZRso’Zpsy = 1.0
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Relay operating Time  (ms)
X' (ham) Fault at VbC = Fault at Vbc = 0
maximum
0 11.3 11.6
40 19.3 10.4
80 20.7 10.6
120 21.7 12.7
150 24.7 12.7
200 52.4 19.8
210 62.75 -
220 74.85 -
225 94.25 79.5
226 - 79.6
228 - 80.5
229 - 80.7
230 175.25 Trips
231 178.4 Trips
232 No Trip No Trip
Table (9.3)

Performance of the 'b-c' relay applied to

uncompensated single-section feeder 500 kv system.

Vo/Vp = o°

Zog/Zss1 = Ipso/lps1 = 10
Q. =Qp =100.0

Re = 0.0

S.S.C.L = 5GVA

R.S.C.L = 35 GVA
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9.2.2 Response of Relays on 4-reactor Shunt Compensated Systems

In this section, the performance of block-average comparator relays
protecting single-section, double-end-fed, shunt compensated fceder systems
is obtained. The effect of degrees of shunt compensation, together with
the various factors considered in section (9.2.1), on relaying signals and
hence on relay speed of operation and measurement accuracy is examined.

Only relays located at the sending-end of the line are considered.

The results presented in Table (9.1) showed that source capacities
considerably affect relay performance, particularly their speed of operation
in case of distance faults. This may be observed for the compensated system
from Figs (9.10) and (9.11) for a solid, mid-point a-E fault with source
capacities at line ends of 35,35 and 5,35 GVA respectively. Other fault
conditions are similar to the respective uncompensated cases of Figs (9.3)

and (9.5).

A comparison of the two Figs shows that due to the low capacity source at
the observation point, relaying signals of Fig (9.11.a) are relatively more
distorted compared to that of Fig (9.10.a). It is therefore expected that
such distortion will cause a delay in relay operation. This can be seen
from Figs (9.10.c) and (9.11.c) where trip time increased from 14.1 to

20.5 ms respectively.

A comparison of the uncompensated cases of Figs (9.3) and (9.5) to the
respective compensated cases of Figs (9.10) and (9.11) reveals that for the
uncompensated cases, relays operate relatively slower, 14.6 and 20.8 ms for

Figs (9.3) and (9.5) respectively.

An extensive series of studies has been carried out to examine the effect of

different source capacities on relay performance. The results of those
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studies are shown in Table (9.4), from which it is seen that, in general,

relays tend to overreach when used with shunt compensated systems, the
amount of overreach being about 2-3 km, i.e. about 1%. The Table also
shows that for faults at maximun voltage, relays take longer time to
operafe and the worst case is, again, a maximum voltage-fault with scurce

capacities 5,35 GVA at the sending and receiving-ends respectively.

From relay speed of operation point of view, Tables (9.1) and (9.4) show
that under the same fault conditions, earth-fault relays, generally, operate

faster with compensated systems than is the case with uncompensated systems.

Relay reach with low source capacities at both ends has also been considered
and was found to be 242 and 241 km for faults at maximum and zero a-E voltages
respectively. Also, the response of other earth-fault relays has been
considered. For exémple, Figs (9.12), (9.13) show the relaying signals and
integrator outputs for mid-point 'b-E' and 'c-E' faults respectively. Other
fault conditions are analogous to that of Fig (9.11). It is clear from the
Figs. that the amount of distortion in the input signals is nearly the same
as that of Fig (9.11.a). The relays operate after about 20.83 and 19.2 ms
(Figs (9.12.b) and (9.13.b) respectively) compared to 20.5 ms operating

time in case of the a-E fault of Fig (9.11).

As far as measurement accuracy is concerned, the reach of phases 'b' and 'c'
rélays was found to be 241 and 242 km respectively which, again, is nearly

the same as that of phase 'a' relay (242 km).

The effect of source capacities and fault inception time on phase (a) relay

speed of operation and measurement accuracy is shown in Fig (9.14).

The computational results presented in Chapter (6) showed that primary

system wave forms and hence relay input signals are affected by line
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S.S.C.L GVA 35 5 35
S.S.C.L  GVA 35 35 , 5
rate | REy Operating | Reiay Oporsing | Refey Operstine
Distance Fault at FaultafFaultat Fault at|Fault at ([Fault at
X (km) v, = max V=0 |V=max|V =0 |V =mx {V =0
0 10.7 11.7 | 10.8 | 11.3 10.3 11.5
40 11.1 10.0 | 14.0 | 10.3 11.0 10.0
80 11.7 10.8 | 15.3 | 10.5 11.4 10.8
120 12.3 11.9 | 17.5 | 11.2 12.2 11.9
150 14.1 12.5 | 20.5 | 12.3 13.9 12.7
200 21.3 16.7 | 29.9 | 16.5 21.5 16.5
210 23.8 18.1 | 32.5 | 19.1 27.1 18.2
220 29.4 25.5 | 40.5 | 27.5 29.7 26.6
230 33.75 - 45.25 | 36.25 | 32.5 -
235 34,75 | 37.25 | 64.25 | 37.25 | 42.75 37.75
240 54.5 39.5 | 85.5 | 60.25 | 75.2 39.75
241 54.75 | 59.5 (105.0 | 80.75 | 75.25 -
242 74.75 | 99.5 |105.5 [139.0 95.25  |110.0
243 No Trip (118.5 [No Trip No Trip | No Trip [110.25
244 " No Trip{ " " " No Trip
245 " " " " " "
Table 9.4

Effect of source capacities on the performance of

block average comparater relays applied to single-

section

Ve = L
Rf = 0
h =  0.75

1

, ho

Qq

[

Zsso/Zsgy

0.60

R

shunt compensated 500 kV system.

100.0

Zpso! rs1

1.0
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prefault loading. Fig (9.15) shows the relaying signals and integrator
output for a mid-point, solid a-E fault at maximum voltage. The line
prefault loading corresponds to load angle (6§ = 300), i.e. power is
exported at the relaying-end. Other fault conditions are similar to that

of Table (9.5.a). The Fig shows that relay operating time is about 19.13 ms

compared to 20.5 ms in case of zero prefault loading.

From the detailed study of tﬁe effect of prefault loading on relay
performance, it has been found that, compared to the zero prefault loading
case (Table (9.4)) operating timesincrease for faults near the relaying
point while decrease remarkably for faults near the boundary. This effect
way be seen from Table (9.5.a) and Fig (9.16.a) which show that relay reach
is 260 km,i.e. the amount of overreach is about 8.33%. Relay trip times
under the same fault conditions but with source capacities of (35,35),(35,5)
and (5,5) GVA at the sending and receiving-ends, were found to be 14.1,

14.13 and 16.73 ms for the three cases respectively. Apparently, those times
are considerably lower than the corresponding operating time of Table (9.5.a)

(19.13 ms).

Relay reach with different prefault loadings and different source capacities
is presented in Tablé (9.5.b), which clearly shows a maximum over-reach of
20 km (8.33%) when exporting power at the relaying end. The Table also
shows a maximun underreach of 9 km, i.e. just below 4% when the amount of

power imported at the relaying end correspcnds tc a load angle(s = -300).

The significantly distorted nature of the wave forms in case of pure phase
fsults results in an increase in measurement delay. Fig (9.16.b) shows

the relay characteristics for solid a-E and b-c faults at maximum 'Vé' and
'Vbc'respectively. The characteristics are derived from the detailed studies
of relay performance under a-E fault as previously described and for pufe

b-c faults, some of the results of which are presented here in below.
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Fig (9.17) shows the relay response for a mid-point, solid 'b-c' fault
which occurs at maximum Vbc' The Fig. clearly shows the considerably
distorted relaying signals (Fig 9.17.a) which would in turn result in a
larger relay operating time (Fig 9.17.b). The comparison of Fig (9.17)
with the corresponding a-E case of Fig (9.11) reveals that for b-c fault,
relay operating time is about 26.0 ms compared to 20.5 ms in case of

a-E fault.

Relaying signals for 'b-c' faults at zero voltage were found to be
relatively more distorted than that for the corresponding a-E faulté.
This, however, did rot showAany significant increase in relay operating
time (typically, 12.3 and 12.6 ms for the a-E and the b-c relays under

the same fault conditions).

The detailed studies showing the 'b-c' relay response are summarised

in Table (9.5.c).

Under prefault loading conditions (6 = # 300), relay reach was found to be
246 and 232 lkm respectively for solid b-c faults that occur at maximum
'Vbc' under the same fault conditions as that of Table (9.5.c). The
performance of other pure-phase fault relays has also been considered.

For example, the reach of the 'a-b' and 'c-a' relays was found to be 238
and 244 km respectively for 'a-b' and 'c-a' solid faults under exactly

the same fault conditions as that of Table (9.5.c).

From the results presented in this Chapter, so far, it is clearly shown
that generally, relays protecting shunt compersatedvsystems operate
faster than those protecting uncompensated systems and the reach of the
former is more than that of the latter. This conclusion can be easily
derived by a direct comparison of the corresponding results presented in

sections (9.2.1) and (9.2.2). However it has been reported(gs) that



131

using a 3-legged reactor arrangement tends to cause an under-reach of 6%
for phase-phase faults and 8% for phase-earth faults. To compare the

(95) etal,

results presented in this Chapter to that given by Fielding
the following differences between the systems simulated and simulation

techniques have to be taken into account:

1 - The line model is not discretely transposed.

2 - The line parameters are not distributed in nature and they did hot'
take the frequency variance of the parameters into account.

3 - A 3-legged reactor scheme has been used.

4 - The sources are not wholly realistic.

5 - Relay performances have been examined only when exporting power at the
relaying-end, i.e. the effect of prefault loading is not clearly
established.

6 - An ideal V.T. was used.

In spite of the differences mentioned above, it is shown in Appendix (A7)
that, similar to the 4-reactor compensated systems, the tendency of relays

applied to 3-reactor campensated systems should be to overreach.

The 3-reactor scheme was digitally simulated with the single-section feeder
system considered and the relay performance has been examined. The results
obtained are sumarised in Table (9.6.a). The Table shows that the reach
of the 'a-E' relay is generally in complete agreement with that obtained
with 4-reactor compensated systems, i.e., the relay tends to over-reach,

the amount of overreach being very insignificent (about 1%).

The effect of shunt compensation on the performance of relays applied to
4-reactor compensated systems is shown in Fig (9.18.a,b). Fault conditions
are similar to that of Table (9.4). The overreach and the fast operation
(near the boundary) of the relay protecting the compensated system are

obvious.
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S.5.C.L | R.S.C.L|Relay [operating Table 9.6.a
FT (m9 (GVA) (GVA) |Reachfm) time (ms) |Performance of a block
B — |average comparator 'a-E'

5 35 35 242 85.0 relay applied to a 3-legged
reactor compensated single-
section feeder 500 kV system.

10 35 35 242 100.5 a-E fault.

5 5 35 | 240 105.0 & = Q@ = 100.0

10 : 55 | 241 _ PPsso/Zss1 = Zrso/Zrs1 = 10

Re = 0.0
5 5 5 242 .
3 4 95.0 h, = 0.75
_ 5 - O
10 35 242 VS/VR O
SCL  (GVA) 35 5 35
RSCL (GVA) 35 35 5
Degrees of Relay Reach Relay Reach Relay Reach
shunt cmpens., (kam) (Jan) (Jan)
Fault at|Fault at |Fault at [Fault at |Fault at{Fault at

hL hQ V,= max Vé= 0 Vé= max Va= 0] Vé= max Vé= 0]

0 0 235 235 235 235 235 235
0.5 0.21 240 240 240 240 240 240
0.75 0.6 242 243 242 242 242 243
1.0 1.0 244-45 245 243-44 244 244 245
1.25 1.4 247 247 245 246 246-47 247

Table 9.6.b

Effect of degrees of shunt compensation on the performance

of a block-average comparator relay applied to 4-reactor

shunt compensated single-section feeder 500 KV system.

- Fault conditions are similar to that of Table (9.6.a).



133
Equation (A7-1) shows that as the PPS degree of shunt compensation (hl)
increases, jxl decreases and hence the impedance seen by the relay
decreases. Therefore it is to be expected that relay reach increases with
the PPS degree of shunt compensation (hl). This finding is confirmed by

the computational results summerised in Table (9.6.b) and Fig (9.19).

9.3 Performance of Relays applied to 3-section Feeder Systems

In this section, the performance of block average comparator relays applied
to uncompensated and 4-reactor compensated 3-section feeder systems is
obtained. Only relays at the sending-end of the middle-line-section are

considered.

The results presented in section (9.2) have given a clear indication of the
trend of different relays applied to uncompensated and 4-reactor compensated
single-section feeder systems, under different fault conditions. Therefore,
it would not be practical to present all the results of the detailed studies
of the performance of relays on 3-section feeder systems and the presentation

of some examples showing relay trends would be justified.

9.3.1 Response of Relays on Uncompensated Systems

Figs (9.20) and (9.21) show relay responses for solid a-E close-up and mid-
point faults respectively. The faults occur at maximum 'Va' and source
capacities are 35 GVA at each end. It can be generally said that for faults
at maximum 'Vé', relay operating times are much more in case of 3-section
systems particularly for faults adjacent to relay location. This may by
observed from Figs (9.20), (9.21) and the corresponding cases of single-

section feeder systems, Figs (9.1), (9.3) respectively.

In the former cases, relay operating times are 18.7 and 29.1 ms compared to
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11.7 and 14.6 ms in the latter cases respectively. The reason for the
delay in 3-section feeder relay operation can be explained to be due
to the relatively high levels of travelling wave distortion (in' the
relaying point wave forms) caused by successive propagation (from the
point of fault up and down the 3-sections) and reflection (at source

discontinuities) of travelling wave components.

For faults at zero voltage, there is little difference between the
responses in the alternative system configurations. This can be seen
from Fig (9.22) for a mid-point a-E fault. Other fault conditions

are similar to that of Fig (9.21). The Fig. shows an operating time
of about 13.4 ms compared to 12.5 ms in case of single-section feeder
system, Fig (9.4). In fact, it was found that relay response for zero
voltage faults differs little from that of relays applied to much

shorter uncompensated lines.(57)

As far as relay measurement accuracy is concerned, it was found that
relay reach is about 239 and 241 km for maximum and zero voltage faults
respectively. This might be considered a better accuracy compared to

the 5 kmn underreach. for the corresponding single-section feeder cases

of Table (9.1). The performance of other earth-fault relays was found

to be nearly the same as that of phase-a and the pure phase-fault relays
behaved in a similar manner as that of phase-a, i.e., its performance

has deteriorated in a 3-section feeder system compared to that in a single

section feeder system.

The detailed study of the performance of phase-a relay in 3-section

feeder system is summarised in Table (9.7.a).
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Fault Relay operating time fns) | Relay operating time (ms)
Distance Faults at Vé = max Faults at Vé =0
X (kn) No shunt With shunt| No shunt With shunt
compensation compensafin1compensation compensation
0] 18.7 17.4 12.0 11.6
40 17.2 16.7 12.1 11.1
80 16.3 13.5 10.9 9.9
120 20.9 19.7 11.9 10.9
142.5 28.9 - - -
150 29.1 23.5 13.4 11.8
190 - 28.6 - -
200 - 32.0 23.5 20.6
210 - - 25.1 22.4
220 - - - 26.9
225 50.75 50.25 37.25 35.25
230 54.25 53.25 39.25 36.75
235 64.25 63.25 57.25 38.75
236 - - - -
237 83.25 63.5 58.25 38.80
238 - - - -
239 113.75 73.25 59.25 38.85
240 No trip 73.5 79.2 -
241 " 74.5 98.0 38.9
242 " 84.75 No trip -
243 " 94.5 " 39.80
244 " 94.6 " -
245 " No trip " 98.25
246 " " " 99.25
247 " " " No trip

erating time of block average comparator 'phase-a' relay applied to the
g mp. y ap

Table (9.7.a)

500 kV, 3-section feeder 4-reactor compensated system studied.

VSV = |07
QS = QR
R

§.S.C.L. =

b

100.0 ZS

R.S.C.L. =

/

Z
So" "ssl

h] =

35 GVA
Zpsn’ZRs1
5, hy =

= 1

.60
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9.3.2 Response of Relays on 4-Reactor Compensated Systems

Figs (9.23), (9.24) show relay responses for close-up and mid-point
solid a-E faults respectively. The faults occur at maximum 'Vé' and
source capacities are 35 GVA at each end. The primary wave forms from
which the signals of Fig (9.24.a) are derived are shown in Figs (6.19).

The detailed performance of the phase-a relay is shown in Table (9.7.a)

A comparison of Tables (9.4) and (9.7.a) reveals that relay operation
is considerably delayed in case of 3-section feeder compared to single-
section feeder particularly for faults adjacent to the relaying point.
This feature can also be observed from Figs (9.23), (9.24), which show
relay operating times of 17.4 and 23.5 ms compared to 10.7 and 14.1 ms

for the corresponding cases in single-section feeder (see Table 9.4).

The conclusion to be drawn from this comparison is that relays applied
to 3-section feeder systems are about 7.9 ms slower in operation than
those applied to single-section feeder systems for a-E faults at

maximum voltage.

Fig (9.25) shows relay response for an a-E mid-point fault at zero
voltage under fault conditions similar to that of Fig (9.24). Obviously,
the response is not very much different from that in case of single-section
feeder system (Table 9.4). Both relay reach and operating time are
insignificantly affected due to the nearly travelling wave free primary

wave forms (see Table 9.7.a).

The effect of low source capacity at the relaying-end on relay
performance is shown in Fig (9.26) for a solid a-E mid-point fault at
maximum voltage. Source capacities are 5,35 GVA at the sending and

receiving-ends respectively. Other fault conditions are similar to that
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of Fig (9.24). The primary wave forms from which the signals of Fig

(9.26.a) are derived are shown in Fig (6.21).

As expected, due to the low source capacity at the relaying-end,
travelling-wave distortion is further increased and hence relay performance
is further deteriorated. Relay operating time reaches about 30.3 ms
compared to 23.5 ms with 35 GVA source capacity at each end. The detailed
relay response with source capacities of 5,35 GVA is summarised in Table

(9.7.b).

The reach of the 'phase—a' relay was examined under prefault loading
conditions. Exporting power corresponding to (6§ = 300) at the sending-
end, resulted in overreach of about 30 km, i.e., about 12% while importing
the same amount of power at the same end produced under reach of about

9 km, i.e. about 3.7%. Fault conditions in the two cases are similar

to that of Table (9.7.b).

The realistic loading of the 300 km line-section considered corresponds
to a load angle § = 12° and the relay reach when exporting this power at
the sending-end, under the above fault conditions was found to be about

257 km, i.e. an overreach of about 7.1%.

Relay response for a close-up, solid b-c fault at maximum VBC' is shown
in Fig (9.27). Source capacities are 5,35 GVA at the sending and
receiving-ends respectively and other fault conditions are similar to
that of Fig (6.24) from which the relaying signals are derived. The

detailed relay response is shown in Table (9.7.b).

Fault detection time reaches about 18.9 ms and 40.0 ms for a close-up
and a mid-point fault compared to 11.5 and 24.1 ms for the corresponding

b-c faults in single-section feeder systems (Table 8.5.c).



138

Type of fault a-E b-c
Distance of Relay operating time [Relay operating time (ms)
Fault X (km) (ms)
0 18.5 18.9
40 14.2 22.9
80 19.9 25.76
120 27.3 -
150 30.3 40.0
200 42.2 53.75
210 48.75 55.75
220 52.75 64.75
230 64.5 85.5
231 - 94.5
232 - No trip
235 72.75 "
240 74.75 "
241 84.85 "
242 109.0 "
243 No trip "

Table (9.7.b)

Performance of block-average comparator relays applied to 500

kV 3-section feeder 4-reactor compensated systems.

= o = - - = =
V/Vg =, Qg = QR 100-0,  Zgey/Zoq ZRS.O/ZRsl 1.0
SSCL = 5 GVA Re = 0.0
RSCL =35 GVA hy = .75, hy = .60
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Exporting power corresponding to ¢ = 30° at the sending-end showed
that the b-c-relay reach is about 245 km, i.e. 2% overreach , while
importing the same power at the same end produced relay reach of about
230 km, i.e. about 4% underreach (fault conditions are similar to that

of Fig (9.27)).

Fig (9.28) shows the operating characteristics of both the 'b-c' and the
'a'-relays under the worst conditions from the point of view of travelling
wave distortion. The Fig. clearly indicates the relative deterioration

in relay performance for the two types of faults applied to 3-section

feeder systems.

9.4 Response of Relays applied to a practical 4-reactor Compensated

System

In this section a practical 3-section, double-end fed, 4-reactor compensated
system analogous to that given in reference (34) is examined. The 3-line
sections are of the horizontal configuration described in Chapter (5) of
this thesis and are regularly transposed through three equal subsections
using the transposition scheme developed in Chapter (3). Each line-section
is compensated using the 4-legged reactor scheme described in Chapter (2).
The lengths of the 3-line sections are 250, 100 and 200 km from the
sending-end to the receiving-end respectively. No local generation at

the intermediate points was assumed and the parameters of sources at the

remote ends are as follows:

sending-end source capacity (S.SC.L) = 1.5 GVA

Receiving-end source capacity (R.S.CL) = 5 GVA

Zsso/ ss1 ‘Rso/?rs1 = 0-3
QS=QR = 30.0
where Qg, Qp = quality factors of sending-end and receiving-end sources

respectively.
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According to the configuration of the three line sections considered, a
realistic loading has been found to correspond to a load angle of 2°/50km
with the voltage along the line maintained constant. Therefore the
realistic prefault loadings of the respective 3-line sections correspond
to load angles of 100, 40, and 8° respectively. Only shunt compensated

systems have been examined under the above prefault loadings.

The block-average comparator relays used throughout this section have the
same characteristics as that used in sections (2) and (3) of this chapter
from which it follows that the boundary of operation of each couple of
relays protecting the 3-respective line sections is 200,80 and 160 km
respectively. Only solid a-E and b-c faults have been considered to occur
on any of the 3-line sections and the performance of the relays under

consideration has been examined.

9.4.1 a-E Faults

Fig (9.29) shows the relaying signals and integrator outputs of the relays
protecting the middle line-section when a solid close-up a-E fault occurs
at maximum 'Va' on this section. The performance of the sending-end
relayisshown in Fig (9.29.a) from which it is obvious that the pure voltage
derived signal 'Sz' contains a relatively low level of high frequency
distortion. This is due to the fact that voltage wave fronts are attenuated
over the long transmission distances involved. On the other hand the
primary current wave forms which occur following faults on long lines are
often subject to more rapid change than are observed for very short lines.
(53,57) This feature hase also been observed from the primary wave forms
presented in Chapters (6), (7). In this respect, it has to be noted that
transformer-reactor arrangements have an output voltage which, to a first
approximation, is proportional to the rate of change of input current, and

it follows that in long lines a significantly higher level of high frequency
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distortion is often associated with signal 51, as seen in Fig (9.29.a).

The Fig. shows that due to the distortion of Sl’ a time delay, about (8 ms)
is taken before a real build up towards tripping occurs. It is also shown
that relay operating time is as long as 25.5 ms. Fig (9.29.b) shows that
the two input signals to the receiving-end relay are almost anti-coincident
due to the fact that the fault is 20 km out of its reach and hence, as

required, a complete restraint, as seen from the integrator output, occurs.

As the fault point becomes distant from the relaying point, travelling waves
become more pronounced and both signals become more distorted as may be seen
for a solid-mid-point a-E fault, from Fig (9.30). Other fault conditions
are analogous to that of Fig (9.29). A moTe delay in the.operation of the
S.E relay is expected where relay operating time reaches about 36.8 ms as

shown in Fig (9.30.a).

The corresponding wave forms for the R.E relay are shown in Fg (9.30.b)
where a relay operating time of 28.0 ms can be observed. The relatively
higher receiving-end source capacity (5 GVA) results in less travelling
wave reflection and hence the R.E relay takes shorter time (28 ms) to
operate for a mid-point fault in the middle-line-section. Fig (9.31)

shows the corresponding wave forms for an 'a-E' fault at the far end of the
middle section. The Fig. shows that a complete restraint for the S.E relay
occurs, Fig (9.31.a),and the operating time is about 18.0 ms for the R.E
relay. Again it is obvious that due to the relatively higher source
capicity at the receiving-end, the R.E relay takcs much lower time (18 ms)
to operate for a close-up fault, than that taken by the S.E relay (25.5 ms).
The detailed performance of the two relays protecting the middle line-section

is shown in Table (9.8).

Fig (9.32) shows the relaying signals and integrator outputs for a mid-point

a-E fault under the same conditions as that of Fig (9.30) except that the
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fault occurs at zero a-E voltage. The Fig shows that relays signals are
less noisy and the offset nature of primary currents has been filtered by
the transactor circuits. Due to the nearly zero travelling wave distortion,
the two relays take nearly the same time (23.2, 23.92 ms for S.E and R.E

relays respectively) to operate.

Figs (9.33), (9.34) show the relaying signals and comparator outputs for
solid a-E faults at a distance of 50 km from the relaying points of the

first line section respectively. Faults occur at maximum 'Va'and other
fault conditions are similar to that mentioned above. Due to the relatively
longer distances involved (compared to faults in the middle-section),
travelling wave components are more attenuated and hence a better performance
of the relays protecting that section is expected. The fault is detected by
the S.E relay after about 22.0 ms (Fig 9.33.a) compared to 36.8 ms taken by
the S.E relay to detect a similar fault in the middle section (Fig 9.30.a).
It may appear from the signals of the R.E relay of (Fig 9.33.b) that no
tripping will occur. However, from the experience gained from the studies
presented earlier, if the observation time is extended to say 128 ms, a build
up towards tripping will be observed. This prediction may be justified by
the S.E relay response of Fig (9.34.a). However, due to the complexity of the
R.E source when a fault occurs at 50 km from the S.E of the first line-section,

it would take longer time for the R.E relay to operate (Fig 9.33.b).

Fig (9.34.a) shows that sending-end relay operates after about 60 ms and the
response of the R.E relay of Fig (9.34.b) shows that it nearly behaves in the
same way as the S.E relay of Fig (9.33.a). The fault is detected after the

same time 22.0 ms.

The response of relays protecting the first line section for faults at zero
a-E voltage has been found to be similar to that of the middle line. For

example, a close-up fault is detected after about 20.24 ms by the S.E
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relay while a complete restraint of the R.E relay occurs.

Also, a-E faults under the above fault conditions have been assumed to occur
in the third line-section and the performance of the relays showed a

tendency to behave in the same way as that protecting the first line-section.
For example, a solid a-E close-up fault has been detected after about 27.38 ms

by the S.E relay and a complete restfaint of the R.E relay has occured.

9.4.2 b-c Faults

It is now well recognised that the primary wave forms for pure phase-faults
are, in general, significantly more distorted in nature (Chapters (6), (7))
and hence the input signals to the pure phase-fault-relays will result in

an increase in measurement delay.

Consider first, a pure 'b-c' solid fault on the middle-section of the system

examined.

Figs (9.35-9.37) show solid 'b-c' faults near the S.E busbar, at the mid-point

and near the R.E busbar of the middle line-section respectively. The faults
occur at maximum Vi and other fault conditions are similar to that for
a-E faults. Figs (9.35.a) clearly show a considerable delay in the
operation of the 'b-c' relay which is about 32.24 ms comparcd to 23.76 ms

in case of 'a-E' fault relay. Fig (9.35.b) shows that almost complete
anticoincidence of the input signals to the R.E relay exists and hence a
restraint of that relay should be expected. Fig (9.36.a) shows that both
relays will operate after nearly the same time, 43.76 and 45.0 ms for the
S.E and R.E relays respectively. Again, for the corresponding earth

faults, the delay experienced by the 'b-c' relays is considerable.

Fig (9.37.a) shows that the response of the S.E relay is nearly the same as
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that of the R.E relay of Fig (9.35.b) where its complete restraint is
obvious. On the other hand, the response of the R.E relay of Fig (9.37.b)
seems to be even better than that of the S.E relay of Fig (9.35.a). Fault
detection time is about 22.96 ms as seen from Fig (9.37.b), and this faster
operation of the R.E relay could be due to the relatively simple R.E source

when a fault at the R.E busbar of the middle line section occurs.

Fig (9.38) shows the response of the two relays for a solid 'b-c', mid-point
fault when the voltage between the faulted phases is zero. Other fault

conditions are the same as that of Fig (9.36). The Fig. clearly shows that
the input signals to the two relays are less noisy and due to the nearly zero
travelling wave distortion, the two relays seem to operate at the same time

(19.76 ms).

Figs (9.39), (9.40) show the response of the S.E and R.E relays when a solid
'b-¢' fault occurs at equal distances from the relay locations (in the first
section) respectively. Other fault conditions are similar to that of Figs

(9.36).

A comparison of Fig (9.39.a) with Fig (9.33.a) reveals that the distortion
of the input signals to the 'b-c' relay persists for longer time than the
case with the phase-a relay. However, the operating time in the former case
(32.8 ms) is not significantly higher than that in the latter (32.0 ms).
Again, due to the relatively longer travelling distances involved (compared
to 'b-c' faults in the middle section) travelling wave components are more
attenmated for faults on the first section as may be seen from Table (9.8).
Fig (9.39.b) shows that the R.E relay takes a very long time, about 69.0 ms

to operate for the 'b-c¢' fault at its boundary.

The behaviour of the S.E and R.E relays of Fig (9.40) is nearly the same as

that of the R.E and S.E relays of Fig (9.39) respectively. Fora fault 50 km
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away from the R.E relay, the fault is detected after about 30.0 ms Fig (9.40.b)
compared to 32.8 ms taken by the S.E relay for a fault 50 km away from it.

Also the same fault is detected by the S.E relay after about 65.2 ms Fig (9.40.a)
which corresponds to about 68.8 ms taken by the R.E relay to detect the same
fault, 50 km away fromthe S.E of the first line section. Table (9.8) obviously
shows that the performance of 'phase-a' relay is much better than that of the

'b-c' relays from the point of view of speed of operation.

Figs (9.41), (9.42) show the input signals and comparator outputs for the cases
corresponding to Figs (9.39), (9.40) but for faults at zero 'VBC'. The better
performance of the relays in both cases compared to maximum 'Vbc' faults is
obvious and it is shown that the S.E and R.E relays operate after 17.52 ms

respectively to detect a fault 50 km away from their respective relay locations.

Although, a detailed study to examine the measurement accuracy of different
relays has not been carried out, the results presented here in this section
may show that the reach of the relays can not be that different from that

examined in sections 9.2 and 9.3 above.
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3-section feeder system examined.

- FT = 10 ms.

- Other fault conditions are similar
to that of Fig 9.10.
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CHAPTER 10 CONCLUSIONS AND FUTURE WORK

10.1 Conclusions

In power transmission systems employing single-pole autoreclosure,
4-reactor schemes are usually adopted for reactive power

compensation and fault-arc suppression. In this thesis, therefore, a
thorough investigation of 4-reactor compensated systems under unbalanced

fault-transient conditions has been carried out.

Using the simulation methods developed in this thesis, a realistic
prediction of the system post-fault behaviour can be achieved. Such
prediction is extremely important in ascertaining the performance of
protective schemes and as a development aid in any case where they
prove inadequate. They are also important for determining economical

system and reactor insulation levels.

Mathematical models for incorporating 4-reactor compensators into
single section feeder systems under fault-transient conditions are
developed in Chapter (2). The high frequency dependence of line

(54,55) as influencing system transient behaviour is taken

parameters
into account. Evaluation of these parameters over a wide range of

frequencies is described in Appendix (Al).

Using matrix function theory, the methods developed in Chapter (2)
are based on the theory of natural modes as developed (12) for
application to multi-conductor lines, as outlined in Appendix (A2).

(53,54,5¢6) applied voltage of

Faults are simulated by a suddenly
appropriate magnitude and polarity, at the point of fault. Applying
the principle of superposition, the overall system response is

obtained in frequency domain and the time variation of the voltages
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and currents of interest is obtained using the inverse Fourier(ss'gl)
transform. Simulation of different types of unsymmetrical shunt faults

is considered in Appendix (A3).

Also in Chapter (2), a brief review of existing shunt-compensation

schemes together with possible reactor arrangements(37) used in EHV
systems for the purpose of reactive power compensation and secondary
arc extinction are described. The 4-reactor scheme, used throughout

the present investigation, is considered in detail.

A very generalised simulation methods for studying multi-section feeder
systems are developed in Chapter (3). The methods efficiently enable
considering systems of any number of feeders where different types of faults

can be initiated and system response at any point of interest obtained.

In addition, a very general and accurate transposition scheme, suitable
for frequency-domain digital techniques is developed. In the same Chapter,
analysis of the main source network models (based on arbitrarily defined

short-circuit levels at the terminating busbars)is presented.

The methods developed for dealing with reactor saturation are described
in Chapter (4). Being very general, the methods enable the evaluation
of superimposed voltage and current components due to saturation and

hence the overall system response at the point of interest. Saturation

of any of the 4-reactor limbs can be simulated.

In Chapter (5) parameters of systems studied are described. These include
line and main source parameters,(54) shunt-reactor parameters,(37) Fourier

(88-91) and protective relay parameters.(57) Also

transform parameters
transmission line charts developed for the line configuration examined

are described.
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The simulation methods-developed in Chapters (2) - (4), together with
system parameters presented in Chapter (5) have been used to develop

digital computer programs to study the following:

—
I

Effect of shunt compensation on primary system response for both

single and 3-section feeder systems.

2 - System and reactor-limb overvoltages

3 - The probability of reactor saturation and its likely effect on:
a. Primary system response.
b. The performance of system protective relays.

4 - Effect of shunt-compensation on the performance of distance

protection applied to single and 3-section feeder systems.

The computational results presented in Chapters (6) - (9) cover in detail

the above mentioned effects and the conclusions to be drawn are given

here in below.

The effect of shunt compensation on primary system response is examined
in Chapter (6). From the computational results presented in this

Chapter, the following general conclusions may be drawn:

1 - For uncompensated systems, the results confirmed, in general, a
complete agreement with that presented by references (53,54,56).

2 - For shunt compensated systems, the results clearly showed that
shunt compensation has nearly no, but little effect on the profile

of primary system wave forms. The only difference observed is

naturally the reduction of the prefault and post-fault steady-state

current components with the increase of the PPS degree of shunt
compensation (hl).
3 - The primary wave forms of both single and 3-section feeder systems

are influenced in the same way by the following factors:
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Fault position

48]
[}

b - Fault inception time

c - Source parameters; particularly their capacities
d - Prefault loading

e - Type of fault

f - Degrees of shunt compensation

The influence of factors (a-f) above is, again, in excellent agreement
with the reported results for uncompensated systems. (53,54,56)

4 - under the same fault conditions, the wave forms associated with

the fault on 3-section feeder systems are very considerably more distorted
than is the case for the single-section arrangement. This finding is
mainly due to the fact that, for faults on 3-feeder systems, travelling
waves successively propagate through different line sections towards fhe
terminating networks and are partially reflected from source discontinuities
back to the fault point producing relatively high levels of travelling-wave
distortion. Compared to single-feeder systems, travelling waves take
relatively high transit time between any point of fault and source

discontinuities and it follows that in case of 3-feeder systems, the

apparent frequency of travelling wave components is relatively low.

Due to the fact that system damping is much higher at high frequencies,
the relatively low frequency components take rather longer to disappear

for faults on 3-feeder systems than is the case with single-feeder systems.

5 - Findings (1-4) above apply to system response at any desired observation

point.

6 - Findings (1-5) above, confirm the validity and the generality of the

simulation methods developed in Chapters (2) and (3).

System and reactor-limbs overvoltages are digitally evaluated in Chapter (7).

The results presented in this Chapter showed that:
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1 - In the two configurations considered, the worst case from over-

voltage point of view is single-line-to-ground mid-point faults that

occur at maximum, prefault, faulted-phase voltage.

2 - System and reactor overvoltages are relatively low in case of single-

section feeder systems than is the case with 3-section feeder systems.

3 - The maximum system overvoltage observed is about 1.72 pu experienced
by phase 'c' for a solid a-E fault that occurs at the sending end busbar
of the middle line-section of the 3-feeder system. Bearing in mind that
fault location is at the middle of the network, this finding is in
excellent agreement with fault induced overvoltages predicted by other

authors.(17-22)

4 - Maximum overvoltage levels experienced by phase reactors are far

below the spark-over rating of their arrestors. (34)

5 - Although the maximum neutral-reactor overvoltage observed is also
below its arrestor spark-over rating£34) it has to be emphasised that
special care has to be taken to protect the neutral reactor against any
possible severe overvoltages if successful single-pole autoreclosure is

to be acheived.

Digital evaluation of reactor saturation is presented in Chapter (8).
The computational results presented in this Chapter showed that, in 3-
section feeder systems only the currents and flux linkages of the
neutral reactor at the sending-end of the middle line section, exceeded
its saturation 1eve1g23’34) Due to the offset nature of current wave
forms, the results showed that the worst case from saturation point of

view is single line to ground faults that occur at zero voltage.
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The effect of neutral reactor saturation on system response has also
been digitally evaluated in Chapter (8). The digital computer results

presented in this chapter have revealed two main important findings:

1 - The effect of saturation on primary system wave forms is very

insignificant.

2 - System protective schemes would function normally under neutral-

reactor saturation conditions.

The response of cross-polarised mho relays utilising the well known
block-average comparators is digitally evaluated in Chapter (9). Digital
simulation of relay mixing circuits is described in Appendix (A5) and
protective relay parameters for the systems considered are presented in

Appendix (A6).

The computational results presented in Chapter (9) examine the
performance of relays applied to uncompensated and 4-reactor shunt

compensated single and 3-section feeder systems.

Relay performance in temms of measurement accuracy and speed of operation

under different fault conditions is described.

In general, the results showed that, for the relays protecting shunt
compensated systems, there is always a tendency to overreach while that
used with uncompensated systems tend to underreach., For example, with
zero prefault loading of the single-section feeder, the maximum amounts
of underreach and overreach were found to be about 2.1% and 1.0%
respectively. Exporting power at the relaying point (6=300) increased
the reach in both uncompensated and compensated systems, to reach, about
% and 8% respectively. Importing power at the same end (6=-300 )

however, reduced the reach hy about 6.6% and 3.3% for uncompensated and
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shunt compensated systems respectively. The amounts of relay reach
mentioned above have been observed for solid a-E faults under different
fault conditions. For pure phase-faults, and zero prefault loading,
relays on uncompensated and shunt compensated systems have been found
to further underreach, the amounts of underreach being about 4% and
1% respectively. In case of shunt compensated systems, the amount of
overreach has been found to increase with the PPS degree of shunt
compensation (hl) ranging from 2.1% underreach to 3.3% overreach

with zero and 1.25 PPS degrees of compensation respectively.

The results showing the response of the 'phase-a'relay on a 3-legged
reactor compensated single section feeder system showed that, generally,
the relay tends to overreach, a fact that has been proved mathematically

in Appendix (A7) and which is in contrast with some published results.(gs)

As far as relay speed of operation is concerned, relays protecting shunt
compensated systems have been found to generally operate faster than
that used with uncompensated systems. The speed of relays used with both
compensated and uncompensated systems have been found to be influenced
equally in the same way by factors such as source capacities, prefault
loading, fault instant and type of fault, and this is shown by the time

contours for both systems presented in Chapter (9) of this thesis.

For faults on 3-section feeder systems, measurement accuracy of relays
used with both uncompensated and 4-reactor compensated systems was found
to be nearly the same as that used with single-section feeder systems.
However, a remarkable deterioration in relays speed of operation has been
observed, particularly for faults at maximum faulted-phase voltage. For
example, a solid a-E close-up fault on the single-section feeder system,
is detected 8 ms faster than the same fault on the 3-section feeder

system.
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No significant difference between the two systems from the point of
view of relay speed of operation has been found for faults at zero

faulted-phase. (s) voltage.

Performance of relays protecting the practical system examined in
Chapter (9) has shown little difference from that protecting the 3-

section feeder system examined .throughout this thesis.

To conclude, it has been found, that for practical loading and compensation
levels, both relay measurement accuracy and speed of operation are
reasonably maintained, the total measurement error being ¥8%. It can
therefore be said that, for practical purposes, there is no significant
deterioration in the measuring accuracy of such relays when applied to

linear, 4-legged reactor, shunt compensated,500 kV systems.

10.2  Future Work

The work presented in this thesis may form the basis for future

investigation of shunt and series compensated EHV and UHV transmission
systems for the purpose of attaining economical system insulation level
and developing the present protective schemes if they prove inadequate

for such applications.

Future work therefore may be carried out along the following lines:

1 - The simulation techniques developed in Chapters (2) - (4), together
with the findings presented in Chapters (6) - (9) may be used as a

reference to other future work in the same field.

2 - In the present work, only a single-circuit 3-phase system has been

considered. However, the fault simulation technique presented,
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particularily for shunt-compensated systems, is very general and its

application to double-circuit systems is a future possibility.

3 - Only shunt unsymmetrical faults have been simulated in this thesis.
Future work can therefore consider balanced and unbalanced series faults

on shunt-compensated systems.

4 - A SLG fault may lead to faults involving more than one phase and
hence the simulation of simultaneous faults could be considered. In this
case, for the multi-phase faults, the prefault conditions are no longer

steady-state but a SLG fault which has to be simulated.

5 - A time invariant fault arc resistance has been assumed throughout
this work. However, for more realistic simulation of secondary arc on a

4-legged reactor compensated system, the non-linear nature of the arc

resistance has to be simulated. The present work therefore may be used as

a basis for future studies concerning fault-arc phenomena in 4-reactor

compensated systems.

6 - In this work, saturation of the simple 4-legged reactor arrangement
has been considered. Future work, however, may consider the simulation
of that phenomena associated with self-saturated reactors.(68’75) The

simulation may make use of a combination of the Fourier technique and

Duhamel's integral.

7 - For very long EHV lines, shunt reactors and series capacitors are
usually adopted. Series capacitors are used to neutralise part of the
line inductance and hence the line transmission capability is improved.
The computer programs developed in this thesis can be used as a basis

for the simulation of series-shunt-compensated systems.
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8 - This thesis considered only one type of realistic source configuration.
In practice, however, source complexities can be unlimited and the
simulation of these sources can reflect a realistic picture of the
relaying point wave forms and hence the performance of protective relays

can be obtained under realistic fault conditions.

9 - The simulation of realistic sources, under realistic fault conditions
can also help in predicting system overvoltages and hence system

insulation level can be determined.

10 -Future work, based on the results presented in this thesis, may be
directed towards the development of high performance, wider-bandwidth
transducers. At the same time this work may be extended for the
evaluation of system response at the secondaries of transducers in
common use these days. However, this last aspect may require the

simulation of transducers in frequency domain.

11 -Only fault initiation has been considered in this thesis. After
the occurence of faults, however, circuit-breaker opening and reclosing

take place and has to be considered in future work.

12 -If circuit-breaker opening is simulated, higher system and reactor
overvoltages may be produced. Therefore, in such a case in order to
determine system and reactor economical insulation levels, the overvoltage
phenomena has to be thoroughly investigated. It may happen that due to
severe overvoltages, protective gap flash-over may occur on the main or
neutral reactor and the simulation of the phenomena may form an interesting

field for future research.

13 -In predicting system and reactor overvoltages, high frequency voltage

components up to only 4kHz were covered in the present work. In future



157
work, therefore, more efficient computer programs can be developed

(using the more advanced computers) to cover higher frequency voltage
components and hence more accurate prediction of overvoltages is

achieved.
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APPENDIX (Al.1) TRANSMISSION LINE PARAMETERS FOR

FAULT-TRANSTENT STUDIES

Since the recent trend in protecting EHV systems is to limit(54) relay
operating time to a 3/4 of a cycle or even less, the traditional method

of calculating system transient using symmetrica1(48) component methods
and lumped parameter representation is no longer valid in the present work.
This is because themethod gives the values of fault voltages and currents

after the transient phenomena due to wave propagation have died down.

The basic line parameters are theseries impedance and the shunt admittance
which are uniformly distributed along its length. For a multi-conductor
line, basic line parameter matrices have been formulated(ss) for realistic

transient studies, and are presented in this Appendix.

Other line parameters such as surge impedance, surge admittance, and

propagation constant matrices are derived from these basic parameters.

Al.1l.1 Series Impedance Matrix

The series impedance matrix (Z), consists of three main componants:

1. The impedance due to the physical geometry of the conductors (Zg).
This component takes into account the electro-magnetic coupling
between the conductors of a practical system.

2. The self impedance of line conductors (ZC)

3. The impedance which accounts for the earth return path (Ze)

Thus the series impedance matrix of a multi-conductor line is of the form:

Z = Ro*R+J (X, + X, +X) ceve. AL

The series impedance matrix (Z) and each of its component matrices are of

the order 3P +q where:
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P

number of circuits

q number of earth wires.

The components of the series impedance matrix (Z) are evaluated as follows:

Al.1.1.1 Impedance due to physical geometgz,(zg)

The impedance matrix due to the physical geometry of the line conductors

shown in Fig (Al.1) is of the form:

Z = JX = Jwe., B ... 1.

g g Wy Al.2
27

B is known as the charge-coefficient matrix and its elements are defined

as:

Bij = 1oge (Dij / dij) ..... Al.3
where
Dij = distance between the ith conductor and the image of the jth
conductor
dij = distance between the ith conductor and the jth conductor
(for 1 # J)

radius of ith conductor for (i = j)

Al.1.1.2 The Self Impedance of the Conductors (ZC)

Considering a single-circuit EHV line with two earth wires, the self
impedance matrix of the conductors is one where diagonal elements
represent the self impedances of the phase conductors and earth wires

and whose off-diagonal terms are zero as given by equation Al.4.

[Zc 1= [Zsc Zse Zse Zse  Zsel diag. v Al.4

Since it is a common practice to bundle the conductors of EHV lines, the

self impedance of the bundled conductors is:
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Z = Z
Sc 5S¢ ceer. ALS
NSC
where:
ZSSC = self impedance of a sub-conductor of the bundle

NSC number of sub-conductors constituting the bundle.

The calculation of the self impedance of the conductors is éomplicated
mainly due to the fact that it depends on too many factors such as
stranding of the conductors, presence of steel core (in ACSR conductors),
non uniform current density (due to skin effect), frequency and other

disign features.

In practice, two equations are commonly used to evaluate the self impedance
matrix of the conductors. One is used for the low frequency range, less
than or equal to 500 Hz, and theother for high frequency range, greater

than 500 Hz.

For low frequencies, (ZC) can be calculated by assuming a uniform current
distribution in the conductors, (and also the influence of stranding and
the steel core of the conductor can be neglected).(56) In this case, the

elements of the matrix given by equation Al.4 are:

Z. = Rdc + JWu 1oge (r/rgm) ceees Al.6
2w
where
Rd = d.c. resistance
c
T = phase conductor or earth wire redius
rgm = phase conductors or earth wire mean rad.,which is given

by the cable manufacturer.

dc
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where

n number of conducting strands.

radius of each strand.

T
S

As the frequency increases, the skin effects become more and more
important. Due to the skin effect, the current density is not uniform
throughout the overall radius of the conductors. The self impedance of
the conductors is very much affected by the non-uniformity of current
distribution. The conductor resistance increases with frequency where
its inductance decreases as the frequency increases. Fig (Al.2) shows a
typical variation of self inductance and resistance with frequency, which

(53)

for computational efficiency, is stored in piece wise linearised form.

The self impedance of the conductors at higher frequencies (above 2.5 kHz)
may be calculated by the method suggested by Galloway et al (53) a5 follows:

For phase conductors (the same thing applies to earth wires):

. = R+ JK
where
RC = XC = K.p .m cees. Al.8

/Z.ro(no +2) T

and
m =
"Wu/op
r, = radius of each outer strand
n, = number of strands in the outer layer
K = factor accounts for conductor stranding = 2.25

In the present work, the standard conductor is substituted by a solid

aluminium conductor of the same overall radius, and the self impedance is
evaluated on the basis of non-uniform current density due to skin effect.
This method is commonly used for design purposes for evaluating the self

impedance of ACSR conductors.(56)
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The self impedance of a solid conductor with non-uniform current distribution

is given by(so):
ZC = p.m BER mr + J BEI mr .;... Al.9
2n T BEI  mr -J BER mr

The terms BER and BEI are the abbreviations for 'Bessel real' and 'Bessel
imaginary'. The functions BER mr and BEI mr are the Bessel functions and
BER mr and BEI mr are respectively tﬁe derivatives of these functiobs with
respect to mr. These functions are evaluated for any argument (mr) by
solving their infinite series expansion and sets of tables are available

giving the values of BER and BEI for various argﬁments (mr)§80)

Al.1.1.3 Impedance due to the earth-return path (Z.)

The contribution to the line series impedance of resistance and reactance
Re and Xe’ due to the earth-return path, is calculated by using the infinite
series developed by Carson.(81) Carson's equations have been expressed
in a form suitable for digital simulation by Galloway et a1(55) and they
are:

R

e

Xe

2PWu/2m ee... AL.10

2QWu/ 2 | ceees ALLIL

P and Q are real and imaginary correction component matrices. Their
elements are calculated as a function of the elements of the matrices r

and 0 such that:

rij = /jﬂpu Dij eeees Al.12

where

eij = the angle subtended at the ith conductor by the image of the

ith and jth conductors as shown in Fig (Al.1l).

For rij <5

P.. = T (1-S) + § log (<2- S )+ lg..S.
_8__( 54) 2 g rij .2) 261J 2

- 51 + ol + c3 ... Al.13
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and
Q.. = 1 + 1og(2 )1 -5S,) - Q.S,
ij 7 Yrij 4 ij 4
2 2
S L T T Al.14
/2 8 /2 7
for rij > 5
ij = Ccos ei. - cos 2 ei. + cos 3 ?ii, + 3cos Seij
2 3 5
/2 735 Ty /273 /2733
..... Al1.15
and
.. = Co0oS@.. - cCcos 3 .. + 3 cos 5.,
R S R - R A1.16
/'Z'rij ﬁrij /frij
where, y = Fuller's constant = 1.7811

S2 , S2 ? S4 , S4 5 01 » 0y 5 Oz and g, are the infinite(gl) series

d i fr.. ...
expressed in terms o rlj and ij

It is quite clear from equations Al.12 - A1.16 that the matrices P and Q
are functions of frequency and hence the impedance due to the earth-return
path given by equations Al.10, Al.11 is frequency dependant. Carson's
formulas for the impedance due to the earth-return path are based on the
assumption that the earth is homogeneous with constant resistivity and
with unity permeability and permittivity. The eafth, however, is not

homogeneous and its resistivity varies along the depth of the earth layer.

A more rigorous and general solution(82-84) for the earth-return impedance

has been reported. In particular the solution permits the earth-return path
to be considered as three layers of different resistivities,permeabilities and
permittivities. It is therefore important to take into account the stratified

earth effects when calculating the impedance due to earth-return path, if
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sufficient data concerning earth layers is available. 1In the absence of

such data, Carson's equations may be used for design purposes.

Al.1.2 Transmission Line Shunt Admittance Matrix

On the assumption that the conductance of free space is negligable, the shunt
admittance matrix of the transmission line contains only imaginary terms which
correspond to the capacitive coupling between the conductors and the conductors
and the earth. It is a matrix of the order 3P+d, where P is the number of
circuits and 4 is the numher of earth wires. It is defined as:

Y = J2mW e BTL L AL.17
where
B"1 is the inverse of the charge co-efficient matrix B given by equation Al.2.
Let

C = 2me BL

.. the elements of the matrix (C) define the various capacitances as follows:

Cij = Cyj for (i # j)
J=3P+4 .-
Cij = Jil Cij (for i=))
where
i5 = capacitance between conductors i and j for i # j
ij = capacitance between conductor i and the earth for i =j.

The effect of earth return path on line capacitance is very insignificant
over a very wide range of frequencies(56) (up to 1 Mc/s), and hence it was

considered to be frequency invariant through-out the present investigation.

Elimination of Earth Wires

Since the voltages and currents in the earth wires are not important, it 1is

necessary to eliminate elements in rows and coulomns corresponding to them in
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both series impedance and shunt admittance matrices. Thus the performance
of the phase conductors, which is of interest, remains unchanged and the

system analysis is very much Simplified,(55'56)

Earth wires are normally earthed at regular intervals, hence, they can be
assumed to have zero (or near zero) potentials if standing voltages between

towers are neglected.

Under the above assumption, earth wire elements in matrices (Z) and (Y) are

eliminated.

In the computer programs developed throughout this work, the steps for
formulating the basic line matrices (Z,Y) suggested by Galloway etal(ss)

have been followed since they are considered to be computationally efficient.
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APPENDIX (Al.2) EVALUATION OF PHASE AND NEUTRAL

REACTANCES OF THE 4-REACTER SCHEME

As previously shown in section (2.3.1) the positive and zero phase
sequance impedances of Figs (2.1.a) and (2.1.c) can be calculated by
applying a set of positive and zero phase sequence voltages respectively

to the two circuits.

Therefore it follows that;

For the circuit of Fig (2.1.c); we have,

Xl = XP
..... Al.18
XO = XP + SXn
similarly for Fig (2.1.a)
X = X _ .X X . + 3X
1 O - Xd £ B * 3% AL.19

X

%0 g

For the two circuits of Fig (2.l.a,c) to be equal, the corresponding

quantities of equation Al.18 and Al.19 should be equal.

i.e. Xp o= X o Al.20.a
and T O A N o P A1.20.b

substituting from Al.20.a into Al.20.b

X] o= (X *+3X) X&h_
th + 3()(1 + 3Xn)
from which
th = X1 (X1 + SXn) / Xn ..... Al.20.c

Therefore, the parameters of the two circuits of Fig (2.1.a,c) are

related to each other by equations (Al.20.a) and (Al.20.c).

Now, for reactive power compensation,
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BLl = hl . Bcl ooooo Al . 21
And for total elimination of interphase capacitances,

Bh = BCh eeees Al.22

But from equations 2.2 and 2.3

Bch = (Byq-Bg /3

and from equations Al.20

-th = x1 (Xl * 3xn) / xn
i.e.
Bzh = xn

Xl (Xl + 3Xn)

.. Applying equation Al.22

" (B - By /3 = X_ - X_
X; (X + 3X) B1 ( 1, 3X)
11 By
or X = B, - B, (1 + an)
3hy By h) By
or X, (- (B, By = By - By
7 .2
hy . By 3hy . B
or xn = Bcl BcO hl BCl
3 i
(3h; . B.;) (hy B,y =By + Bp)
or Xn - By - B
3hy By By (1) +B) ... Al.23

Equation Al1.23 is not a general one and an alternative way of putting Xn in
a more general form is as follows:
From Fig (2.1.c) the PPS and ZPS impedances are:

X, = X , By = U

%

[}
p—

XP + 3Xn ’ BLO

From Fig (2.2.a) we have
B

cl Bcg+3BCh

R. = R



But for the second purpose, i.e. ground fault suppression,

jos]
n
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= 1

or ho . Bcg‘xl + ShO. BCg Xn
or Xn = 1 hO BCg X1
3 ho BCg
Xn = %(1 -Xl)
hO BCg

But from equations 2.3

BCg

BCO

and from equation Al.Z1,

or finally:

X =

1 = h1 BCl
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APPENDIX A2 SOLUTION OF TRAVELLING WAVE PHENOMENA IN
(12,13,86,87)

POLYPHASE SYSTEMS.

Fig A2.1 shows conductor (1) of a practical n - conductor transmission
line where the effect of electromagnetic and electrostatic coupling is
shown. Consider a very small element; Ax in the line. The voltage drop

AV, across the element at a certain frequency is:

1
AVl = -(le Il + le I2 + ieeen + Zln In) AX
AV1 -(le I1 * 1y, 12 +oiiaen + Zln In)
AX
or
dVl = -(le.Il * 1o I2 + o * 11 In)
ax
For conductors 2, 3, ..... , N the rate of change of voltages de , dV
dx dx
dav .. ~
n are similarly evaluated so that:
dx~
EYl = (2 Ll L v ot e * I, 1)
dx
Eyz' -(221 I1 + 222 I2 + 223 13 e + ZZn In)
dx
Ezé “(Zgy I+ Zgy Iy + Zgg I+ ween Zz 1)
dx
i\_fB = -(an.Il + an I2 + Zn3 13 + oeieen + Znn In)
dx

or in matrix form

[Q\_’] e

dx

—
|
—t
—t
>
()
[

Going back to Fig (A2.1), and apply the same thing to currents. The
difference in the current between the ends of the element Ax of conductor

(1) is given by:
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Al

1 11 21 31ttt nl
where
AI11 = -(Vl + AVl) Yll.Ax -V1 Yll.Ax
Moy = -~ - V) Yy, X
Mgy = -V - Vg) Yyp X
AIn1 -V1 (Y11 Ax + le AX + Y13 AX + ..., +
+ ot + Vn Yln AX.
_A—I-l = —(Yll + Y12 + o seene + Yln) Vl + le VZ )
AX
or
.ffl = (Y11 + le  oeeens + Yln) V1 + le V2 .
dx
Applying the same principle to conductors 2,3, 4.....

change of currents with respect to x is given by:

ah Y11*Y12% 1 12
dx
i, n Yo1*¥o2* o0
dx | = -
E{_ m n2
Ldx L
or in a more general form
a1 o [yl Lvl

=]

Differentiating equations A2.1 , A2.2 with respect to x

dx

Ynl+Yn2+

and for simplicity

matrices (Z),(Y),CV),(I),(%%) and (%%) will be written from now onward

without the matrix notation.

aly
2

dx

2.d1
dx
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and
a’ = - vy
dx? dx
or
v = - zyv
o A2.3
?1 = - v
ol

The solution of equation A2.3 is very difficult due to the fact that the
second orders rate of change of voltage and current in each phase are a
function of the voltages and currents in all phases. However, the solution
is obtained if the phase voltages and currents are related to the component
voltages and currents by the linear transfonnations(lz):

vV = S.VC

I = QI
where the (n x n) square matrices S and Q are so that the second order

differential equations involve diagonal matrices only. Mutual effects are

thus eliminated, making a direct solution component for component possible.

Vé =  Coulomn vector matrix of the order (n x 1) of the n component

1° Vtz, VCS’ .....

IC = Coulomn vector matrix of the order (n x 1) of the n component

voltages Vé Vﬁn respectively.

I I__ respectively.

currents Icl’ I c3r e cn

c2’

Substituting equation A2.4 into A2.3 we get:

a? = s div
dx? dx®
or
2
dVe - sl zyvw
7
dx 1

i
wn
[gN]
o3
wn

n<
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&v. = stzvys v,

To simplify the analysis, let:

[S_1PS] = [Yl 'Y2Y

Substitute in equation 4.2.3

) .

dxz

2 _ 2
dVy = nm Vg
de

2 2 ..
d VEZ = Y VCZ
de

2 2

d Vﬁn " Yn'tn
dXZ

Solving equation A2.9 will give:

2 .
Yo ] diag
2
n ] diag

cl

c2

\'
cn

aaaaa
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-Y1X Y1X
- vt -
VC]. = VCl e + VCl e
-Y)X Yo X
V., = V' e V., e
c2 c2 2o A2.10
- Y X Y X
= + =
Vﬁn Vén € Vcn ¢
or 1in general:
_ oyt X - X | e A2.11
VC = VC e + VC' e
where: Vcl’ VEZ’ cerea Vﬁn in equations AZ2.9 - AZ.11 are the modal voltages

which are related to the phase voltages by the square matrix S of equation

A2.4
S = voltage eigen vector matrix.
= eigen vectors of Z.Y.
YZ = eign values of Z.Y.

Now considering the solution for the currents using equations A2.3 and A2.4:

A1 = Yz I

dx
I

From equation A2.5, P = ZY.

Since the network considered is passive ( transmission line), it can be said

that:
Z = Z,,Y = Y.,
and hence:
P1 = (v, .z)1
- t t
dx
= (Y, .1
or &1 = T L A2.12
dxz

Substituting from equation A2.4 into equation A2.3, to get the currents:

a1 = q &1
2
dx dxz
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d I. = Q a1 = Q" Py Q I.
dx2 dx
2 _ A1
d IC = Q" Py QL. e A2.13
dxz
where Q (of equations A2.4, A2.13) = current eigen vector matrix,
Q-1 Pt Q = current eigenvalues matrix which is diagonalised to be of the
form:
-1. ’2 42 az /2
Q P Q = Y] Y3 Y3 eeeeen Yy ] diag. e A2.14

Now, for the diagonalisation of equations A2.7, A2.14 the determinats (D) and
(ﬁ) of (P - yg) and (Pt - ;%) respectively must yield to zero,(lz)
ie. D@-y) =0

- . 2 _
D (Pt - Yi) 0

However, Pt - Yi = (P - Yg)t’ because ;g is diagonal (contains only diagonal
elements).

2 .2 2 2 2 .2 .2 .2 .
Where Yi > Y] AT YIs Yp seeees Vg and Y0 Y eeees Y, respectively.
Then,

‘2. _ & _ 22 _
D®P-v;) = D®-vj) = 0,
and because the determinant of any matrix = the determinant of the

-

. -2 . -2
transposed matrix, i.e. D (P - Yi)t =D (P - Yi)

2
and D (P -v; )

- A2
D (P - Yi)
or YioT Y

i.e. the voltage and current modal propagation coefficients are identical.

Tt is sometimes usefull to deal in terms of the components ZC matrix and,
from equations A2.1, A2.4 we have:

d = -z1 , V=58V , 1 =qr1°
dx

sdv = -zQ1I°
dx
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or & = -stzor® L. A2.16.a
dx
and from equation A2.11 we have:
+ _¥X - ¥X
Vé = Vé.e + Vc.e

+ - .
where vy, Vt and Vé are determined from equations A2.7, and A2.11

respectively.

Differentiating equations A2.11 we get:

_'YX + YX -
EYE = -ye . VC + ye . Vé ..... A2.16.b
dx
where
=YX =Y4X -Y,X ~Y.X -YnX
L [ S S ] diag. e A2.16.c
equating equations A2.16 (a,b) we get:
+ ~YX - X -1
EYE = -y VE e + Vé € = =-S572Q IC
dx
or
+ - ¥X = + YX -1 -1
Vé e - Vé e =y ST Z7ZQ Ic ..... A2.17.a

-1

The product (y'l S © Z Q) can be chosen to be diagonal. Indeed, because

y © is diagonal, so too is stz Q.

Thus replacing y © S+ 2 Q by Zz° we get:
+ -YX - +YX

_ C
VC e - VC e yA IC ..... A2.17.b

Equation A2.17.b means that modal component of currents are related only to

the corresponding modal component of voltages.

IC of equation A2.17.b is of the form:

+ -YX - 4YX
I = | + I L. A2.18
c c c
where
— - +— - — —
T . Ia i I 201
= = + = B =
IC ICZ IC IC2 IC ICz ZC ZCZ

Ten Ien Icn Zen |
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The component voltages Vé and the component currents IC given by equations
A2.11 and A2.18 may be evaluated by solving for the constents of integration
from the defined boundary conditions. Once the component voltages and
currents are known, the corresponding phase quantities may be evaluated from

equations A2.4.

Voltages And Currents At The Boundaries

Now consider the voltages and currents at the boundaries; From equation

A2.17 (a,b), if only one modal component is considered, we have:

+ =YX - Y1 X o + -Yq1X - v,X
Vv et - v, e'l Z ( ICl e” "1™ + IC1 el™) ..... A2.20

cl cl 1

Equation A2.20 must be true for all values of x, and this can only be true

if the coefficients of the exponentials are the same,
+

ck A2.21

cl

. + _
i.e. Vﬁl = Z; 1

vﬁl = I

I

=00

At the sending end of the line:

x = 0, vV = VS
Vg = S Ve o= s(Vvoo+ Vo) A2.22.a
or Vg = szC(I(’:—I;)
and
I, = Q. I = QI + I.) veee. A2.22.D

At the receiving end of the line:

X = 2, vV = VR
-y + Y2 -
V., = S. (@ .V. + e . V)
R ( LS S A2.22.c
Ip = Q.(e'Y.IC+e 1)
From equation A2.22.a we have:
+ - _ el -1
(I. - 1D = 12 . S VS
and from equation A2.22.b we have:
+ -1
- = I
(I, + 1) Q S
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@ st ovg e Q19 /2
-1
Q! 14 - st vy /2

O+t 0O+

Substituting A2.22.d into A2.22.cC we get:

-1 _ =Y2 c-1 -1 -1 v& A1 _
Q Iz = ¢ (z S Vo + Q IS) + E?“ Q IS Z
or
-1 -1 . c-1 -1
Q Iy = Coshye Q" Ig - sinh y2 Z § Vg
Now if modal quantities are used
c _ -1 s c-1 -1
IR = cosh y¢ .Q IS sinh vy¢ Z S VS e
substituting A2.22.d into A2.22.c to get the receiving end voltage;
sTvg = ™V« e y7
_ -YL ,C -+ YL ,C -
= € Z IC e'” Z IC
= e sty vty - & @l
S S S
2 2
= YR: —YR -1 _ ‘YR - P_'-YZ C —1
(e ;-e ) S VS (e - AR IVA IS
-1 -1 . c ~-1
S VR = cosh yL § VS - sinh y2 Z7 Q IS cere
or Ve = cosh yg2 S"1 VS - sinh yg 2% 1S ceee
R S S
It has to be noted that VR is sometimes written as:
-1 . c 41
VR = S cosh y2 S VS - Ssinhy2 Z7 Q IS
and since both z¢ and sinh v% are diagonal
_ -1 _ c . -1
VR = S cosh y2 S VS S Z° sinh y2 Q IS
= S cosh yg St Vg - S z¢ Q'1 Q sinh y2 Q'1 Ig
_ -1 _ . -1
= S cosh y& S VS Zy Q sinh y2 Q I
lte‘
v S cosh vyt STV, - 2.0 siphys . Q1 1
R Y S O. « . S e o0 0
where the polyphase surge impedance is:
_ c -1
Zp, = S 7°Q
where 4 s
¢ = ylslzg
_ -1 -1
ZO = Sy S~ 12 ceas
-1 .c . C . .
Now (ZO)t = Q. I St and since Z~ is diagonal, hence;
| C
(ZO)t - Qt -7 St cees

Zc-l -1 .




It can be shown that Qt.S
If Q.S = D =

Q, = S =

I
Also S.Q = D,=D

s, = D Q'

Substituting from A2.28.b,c

- spt. S

(Z t

o't
or

Equation A2.28 is typically the same as that giving ZO

This means that Z0
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is djagonal:

a diagonal matrix

D g1

sp!

into A2.28.a we get:

.D.Ql

is a symmetrical matrix.

in equation A2.26.

Equations A2.23 and A2.24 describe the modal current and voltage components

at the receiving end of the

line.

network equations could be derived as follows:

From equation A2.24.b we have:

c . c .C
cosh y& Vg - VR = sinh y2 Z IS

15 = (sinhy2)h . 2% (cosh ya VE - V)

Ig = sinh_%l 21 | cosh YL Vi - sinh_$z A Vﬁ
But coth y¢ = cosh y% and cosechyg = 1

sinh v& sinh yg

c _ c-1 _ c-1 ¢

IS = coth y¢ Z . Vg cosech v& Z . \R cee
Also I = Q Ig (form equation A2.4)

Ig = Q 271 coth y2 Vg - Q 21l cosech v 271 . Vﬁ
or Ig = Q 271 571 5 coth Y2 sl Vg - Q 271 5715 cosech Y g1
But equation A2.26 gives Zj as = S 7€ Q!

-1 c-1 -1
or ZO = YO = QZ S

Substituting in the equation of IS ahove:

Using these two equations, the polyphase

VR
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I, = 261 . S coth y& sl Vg - Zél S cosech ys ST Vi
or Is = YO . Scoth yg S-1 VS - YO S cosech y1 S-1 VR ..... A2.30
Now, from equations A2.24 we have:
Ig = sin}fl YL ZC-1 (cosh yg Vg - Vﬁ)
Substituting the value of Ig in equation AZ.23
. IE = cosh y2 sirh ™! ye 7€ (cosh y& Vg - Vﬁ) - sinh y# 7671 Vg
Iﬁ = ZC-1 (coshzyz sinh-1 v2 - sinhyyg) Vg - ZC-1 coth v2 . Vﬁ
But coshzyk - sinhye = cosh2 YL - sin’h2 ye = 1 = cosech y#
sinh y2 sinh y2 sinh y2
substituting to get IE
IE = 71 cosech yi . Vg - 7271 coth v . V;
or IE = Y° cosech YL . Vg - Y° . coth Ye . Vﬁ ..... A2.31
Again from equation A2.4, In = Q IE
substituting in A2.31 we get:
I = Q2% cosechya STV - Q2 cothye SN v
or Ip Q 2°1 571 5 cosech y2 st Vg - Q 271 571 g coth Y2 st Vg
Y, Q 7¢71 gl , substitute to get Ip
I, = Yy.S.cosechys g1 Vg - Y4 S coth ys st Vg eeee A2.32
Equations A2.30 and A2.32 can be rewritten in matrix form as:
I, | i Y, S cosech y2 §71 ! =Y, S coth ve s71 Vg
..... A2.33
or
v S coth y& 51 Zyg | =S cosechys s1 Zq Ig B
-2 S R~ S © -2
RA S cosech y2 ST Z5 | - S coth y2 ST 7, Ip
..... A2.34

Sometimes equation A2.33 is required in terms of the modal voltages and

currents. Using equations A2.28.d and A2.33 yield the required relation as:

c - - - C
IS YC . coth Iz ! YC cosech vy VS

| | Tt B ittt === ... A2.35
IR YC cosech yg | -Y coth yg Vﬁ
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Usually it is more adaquate to write the transmission network equations so
that sending eﬁd quantities are related to receiving end quantities by a
two-port transfer matrix. This can be acheived as follows:
From equations A2.29 and A2.31 and by using equation A2.28.d we can get:
Vg " S cosh yz S

I Y..S.simh Yl.S_l

g | 5 .S cosh y& Sz I

Y o-LIx

0

It can be seen that equation A2.36 gives the transmission network equations in

terms of the well known 'A B C D' Constant matrices,

where:

A = cosh (y1)

B = sinh (wl).ZO

C = Ygsih G A2.37
D = Yo.cosh (wz).ZO

cosh (¥2) = S.cosh (y2) !

sinh (¥2) = S.sinh (y8) S %

For a single-circuit, 2-conductor line, the dimention of any of the matrices

given in equation A2.37 is (3 x 3).

In modal form, equation A2.36 becomes:

v cosh y2 v ZC sinh vy Ve
_';' = | ? """"""""" ";' ..... A2.38
IS Y. sinh y& « - cosh yg I R

Equations A2.36, A2.38 are the basic equations used in the analythical and

digital analysis presented in this thesis.
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APPENDIX (A3)

FAULT SIMULATION FOR A MULTI-CONDUCTOR 3-PHASE SYSTEM

In general, faults on trensmission systems may be catagorised under two

headings; series faults and shunt faults.

Series faults may involve single-pole switching and one or more conductor
opening. These conductors may be at one busbar or at different busbars.
They may occur either due to the breaking of the ocnductors or through the
action of the circuit breakers and other devices which may not result in
the opening of all the three phases simultaneously. Series faults form
some sort of unbalance in the system impedances and does not involve either

the earth or any interconnection between phases.

Shunt faults such as single-phase-to ground, two-phase-to-ground, phase-
to-phase, three-phase faults with or without connection to ground, and their
combination, again form some sort of unbalance between phases or between
phases and ground. These faults may occur either through impedances or

direct short circuits.

When any of the above two types of faults, i.e. shunt faults and series
faults, occur on a power system, they may produce balanced or unbalanced
currents and hence they may be classified accordingly to balanced or
unbalanced faults. However, in practice, most of the faults that occur(go)
on power systems are unsymmetrical shunt faults. The frequency of
occurance of unsymmetrical faults has been shown (56) to be 10%, 15% and
70% for 2L—G; L-L, and SLG faults respectively. Kimbark,(37’49) however,
has indicated that SLG faults represent more than 90% of faults that

iidy occur on power systems.

Since any unsymmetrical fault causes unbalanced currents to flow in the
system, it has been well recognised that symmetrical component method is a

useful tool of analysis to determine system voltages and currents in all

80)

parts of g system after the occurance of the fault.( It has been used
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for the steady-state analysis of unsymetrical faults and by some researchers
for transient analysis.(4o) The practical application of this method,
however, has been limited to balanced systems with limumped parameters. It
may also be used for analysis of distributed parameters balanced or

unbalanced systems but the solution in such cases may be extremely difficult.

Symmetrical 3-phase faults on 3-phase systems are usually analysed
classically by assuming a single-phase model and the solution is extended to
the other two-phases. The solution assumes symmetry and neglects both series
and shunt coupling between conductors and therefore the method is not
suitable if the line under consideration is untransposed and if an accurate

fault analysis is required.

In this Appendix, therefore, the method of simulating shunt unsymmetrical
faults is presented. Only the principle of the technique used is given
since fault simulation is considered in detail for the system studied in
terms of the system two-port transfer matrices throughout this thesis. The
technique described below is based on phase co-ordinates(56) and is readily

applicable for both steady-state and transient sustained fault analysis.

A3.1 Basic Principle of fault Simulation technique

When a fault occurs on one of the conductors of a 3-phase circuit, voltage
at the fault point drops and current is fed to the fault from different
parts of the circuit. The potential difference across the fault is equal
to the voltage drop in the fault impedance, and if the fault impedance is
zerc, then the faulted-phase voltage drops to zero at the location of the
{fault. Therefore, the behaviour of the faulted conductor can simply be
simulated by applying a hypothetical voltage source with a series impedance
at the instant of fault inception. The e.m.f of this hypothetical source
at any instant of time is equal and opposite to the prefault

voltage at the point of fault and the series impedance of the
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voltage source is equal to the fault impedance. Assuming that the

circuit is under steady-state condition before the occurance of the fault
the application of a fault can be better understood by considering Fig
(A3.1). It can be seen from the Figure that two sources +Vf and +fo are
connected in series with the fault impedance Zf. The first hypothetical
source (+Vf) is equal in magnitude and of the same polarity as the voltage
at the location of the fault before the fault occurs. The connection of
this source does not change the prefault circuit conditions. Before the
occurance of fault, switch S1 is closed (fo is short circuited). Under
this condition no current flows into or out of the hypothetical branch,

because the voltages balance at its terminals at any instant of time.

The application of fault is acheived by opening switch Sl (switching‘fo
into the circuit). The fault is therefore simulated by the hypothetical
source (fo) in series with the fault impedance Zge Under such condition,
fo balances +V. at every instant of time so that the voltage across the
fault is equal to the product of the fault current multiplied by the fault

impedance.

Voltages and currents at any point of the faulted circuit are obtained by
solving the circuit of Fig (A3.1) by the principle of superposition (80)
which is well recognised as a powerful tool for solving such problems.
First, fo is short circuited by closing switch Sl’ voltages and currents
at any point of the circuit are obtained as if the hypothetical branch is
opened. These voltages and currents are the prefault steady-state values
since the connection of (+V¢) does not alter the assumed prefault steady-

state conditions.

The second part of the solution is to obtain voltages and currents at any
point in the circuit due to the fault, i.e. switch S1 open. This is achieved

by short circuiting all the sources in the circuit leaving their respective
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impedances and the required voltages and currents are obtained when +fo

is the only e.m.f source present in the circuit.

The overall solution is therefore the sum of the above two mentioned
solutions. In other words, under fault conditions, voltages and currents

at any point in the circuit are the sum of voltage and current steady-state
components plus voltage and current components due to the fault. It has to
be emphasised that before the fault occurs, no current flows in the
hypothetical branch and hence the current into the fault is due only to the
application of the e.m.f source (fo). Voltages and currents at any point

in the circuit after the occurance of the fault are called transient
voltages and currents respectively. They are measured from the time of fault

inception.

An alternative solution to the faulted circuit, under balanced or unbalanced
faults, at the point of fault,may be acheived by replacing each hvpothetical
voltage source with its series impedance by its Thevenin-Norton's

equivelant current source with its shunt admittance. The current source
replacing an e.m.f source with infinite series impedance produces zero
current and the total injected current to the line at the point of fault is
the sum of all individual currents produced by the current sources connected

to 1it.

The current source method may be advantageous over the e.m.f source method

in case of faults involving fault impedances, otherwise the e.m.f source

method is generally used§56)

A3.2 Simulation of Unsymmetrical Faults

According to the simulation technique presented in section A3.1 simulation

of unbalanced shunt faults are presented. For unbalanced faults, the
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faulted phase or phases are represented by fictitious voltage source (s)

in series with finite series impedance (s). The unfaulted phase or phases

are represented by fictitious voltage source (s) in series with infinite
impedance (s). For earth faults, the e.m.f of the hypothetical source (s)

is equal and opposite to the prefault voltage to earth of the faulted phase(s)
at the point of fault and the series impedance is the fault impedance
connected between the conductor and earth. For phase faults, the hypothetical
source e.m.f is equal and opposite to the line to line voltage between the
faulted pair of phases before the fault occurs and its series impedance is the
fault impedance between the pair of lines under consideration. It can be
seen from the above that only the affected lines are fed from the hypothetical
sources and therefore unbalanced energisation of the system is expected at

the location of the fault.

A3.2.1 Single-line-to-earth faults

For single line-to-ground-faults, only the faulted phase fault impedance is
finite and is replaced by a hypothetical voltage source (fo) in series
with a series impedance = Zfa as shown for an a-E fault in Fig (A3.2.b).
The fault impedance between each unfaulted phase and the earth and each
pair of unfaulted phases is infinite. This is shown in Fig (A3.2.b) by the

open circuited hypothetical voltage sources.

The circuit of Fig (A3.2.b) for an a-E fault can be replaced according to
Thevenin-Norton's theorem to the circuit of Fig (A3.2.c), in which the
source current of all sources except the faulted phase source is zero.

Accordingly, the following relations apply:

Ia - Yfa * foa
IC = 0 x foc

in matrix form



a fa ffa
Ll - © 00 Veso| L. A3.1
| T O 0 O Veee
where
Ia’ Ib’ IC = total injected currents due to the fictitious current

sources to phases a, b, c respectively.

foa, fob’ foc = the e.m.f's of the fictitious sources connected
between the earth and phases a, b, ¢ respectively.

Ye, = 1/Zfa, where Zgy = series impedance of the fictitious voltage
source.

and for the a-E fault

Vfa = prefault voltage to earth of phase a.

For general single-earth faults, the admittance matrix given in equation
A3.1 is diagonal having only one element corresponds to the reciprocal

value of the fault impedance to earth, (°486)

A3.2.2 Double line-to-earth faults

Similar to the simulation of SLG faults, two line-to-earth faults (2LG)

are simulated in Fig A3.3. Again, the fault impedances between the faulted
pair of phases and between the unfaulted phase and earth are replaced by

open circuited voltage sources. As the Figure shows a-b-E fault, all voltage
sources involving phases a and b are switched on to the circuit i.e. foa’ fob’
foab in series with Zfa’ Zfb’ Zfab respectively as shown in Fig (A3.3.b).
Similarly all current sources produce zero currents except that involving
phases a and b, i.e. current sources IaO’ IbO and Iab in parallel with Yfa’

be and Yfab respectively are switched on to the circuit.

From Fig (A3.3.c), at the point of fault:
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Ia - IaO ¥ Iab
= Yea o Veea t Yeab (Vega ~ Veg)
Ta = Vega Ogg * Yegp) = Yeap-Vesy
similarly

I, = Iy~ Iap
Iy = YeoVery - VeeaVery) Yeab

YeabVera * gy * Yeap) Vemp
I. = 0

in matrix form

I (Yfa * Yfab) Yeab 0 foa
1=l Yeab Yep*Yeay) O Ve | Ll A3.2
_ Ic_ i 0 0 0 | _foc ]

Again equation A3.2 may represent a general 2 line-ground fault where the
off-diagonal terms of the fault admittance matrix corresponds to the
faulted conductors concerned take the values of the negated (phase-phase)
impedance reciprocals, while the diagonal terms take the values of the

sum of the reciprocal of the phase-earth and phase-phase impedances.

A3.2.3 Line-to-line faults

For line-line faults, the fault impedance between each line-to-earth and
impedance between phases are infinite, except for the faulted phases. An
a-b fault is shwon in Fig (A3.4). The fictitious e.m.f source foéb in
cseries with its impedance Zfab and the current source Iab in parallel
with the admittance Yeop, are the only sources that inject current to the
line as shown from Fig (A3.4.b,c) respectively.

From Fig (A3.4.c), the following relations apply at the fault point:



Ia

similarly
Ib =
I

b

and IC

In matrix
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Iab

and V

Yob (Vegap) f£fab

Yab (foa _fob)

-Iab

Yoo Veea - Vi)
= 0
form

Yab “Yab 0 Vega

| Yo Yap O Vesb

I 0 0 0 ] —focd

ffa = 'ffb

From equation A3.3 it can be said that for general isolated faults, the

off-diagonal terms of the fault admittance matrix corresponding to the

faulted phases concerned take the values of the negated impedance reciprocals

(phase-phase), while their diagonal terms take reciprocal values of the

phase-pha

se fault impedances.(86)
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APPENDIX (A4)

EVALUATION OF TRANSMISSION LINE CHARTS (49)

A4.1  Steady-state Recovery Voltage Chart

For both charts, a factor 'k', named, capacitance ratio is required.

vhere; Cog = Cg ceee. AdLL
Cl = Cg + SCh

as previously described in Chapter (2).

For the line construction considered, this ratio was shown to be (0.63),
which is in complete agreement with that given by Kimbark(49) for a

horizortal construction, 2 bundle/conductor line with 2-earth wires.

In recovery vcltage chart, loci of constant values of 'Vrpu' plotted in
rectangular co-ordinates of degrees of compensation (h,, hl) are straight

lines. The points of Fig (5.2) and able (5.1) are evaluated as follows:

H1 = (k.%ﬂ /£ an) ceees AdL2
and

fwnm) = 1 z‘ﬂyu ceees A3

1-V
TpU

where :

H1 = 1- hl , HO = 1- hO

Vrpu = per unit value of steady-state recovery voltage.

As may be seen from Fig (5.2), another set of straight lines appear.
These lines arc of constant reactor (XO/XI) ratio. For example, for
unearthed reactor banks, ™%, and the corresponding locus is the

horizontal axis according to equation A4.4.



190

hy = khy (XO/Xl)
and dhn ..... Ad.4
/dhy =
= 17k /X))
where:
dhg
—— = slope of any constent reactance ratio lines in Fig (5.2).
dh1
For Y connected reactors with solidly earthed neutral, X,= X1 , 1.e.
XO/X1 = 1.0. In thiscase the slope of this line is equal to (1/k),

and is shown by the dotted line BE of Fig (5.2). If the neutral is
earthed through an inductance Xn’ its working region will be between
XO/Xl = @ and XO/Xl = 1, i.e. between the horizontal axis and line BE.
In some cases the lines compensated may require a capacitance(49) (cn)
in the neutral instead of (Xn). These lines occupy the area below the
horizontal axis. It might be also seen from Fig (5.2), that point 'B'’
(hl= }%f O)represents the uncompensated line. It has also to be

noticed that any point along line 'ACD' represents a completely
neutralized line inter-phase capacitance, j.e. no recovery voltage nor
secondary arc current as will be shown in section A4.2. However, degrees
of shunt compensation may be chesen some where along this line but away
from point 'A'.This is because taking h1 = hj = 1, may lead to some

sort of series resonance which ultimately may result in a very high
voltage between the faulted phase and the earth. Similar resonance

conditions may arise any where along the line marked (V = o), Line

TpU
'BE' is the locus for a 3-reactor scheme (the neutral is solidly earthed).
It is parallel to 'AC'. As may be seen from Fig (5.2) the recovery
voltage increases as onc proceeds along the line. Its value is always
higher than it would be if the correct neutral reactor is used. Point

'E' represents a resonance case which occurs at h1 = (2+k)/3. For the

line under consideration this occurs at h1 = ,876.
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A4.2  Secondary Arc Current Chart

The second family of straight lines, representing residual fault
current, are parallel and have positive slope. Loci of constant
values of current as a function of degrees of shunt compensation

(h ho) were plotted as shown in Fig (5.3).

l,

Each number of points constituting one of the straight lines of Fig

(5.3) are calculated as follows:(49)

Hy = kHy- 3 Irpu ..... A4.5
where :

Irpu = the permit value of the secondary arc current based

on the PPS charging current of the line.

The slope dhl/dho is

= vk ... Ad.6

The family of straight lines intercept the horizontal axis at
(1 -k+3 Irpu) and their interception with the vertical axis is

(K-1-3 Irpu)/k.
Equation A4.5 was used to get the family of straight lines of Fig (5.3).

Refering to Fig (5.3), positive signs of 'Irpu' means that the
residual current is in phase with the line charging current. The same
thing applies to Fig (5.2), i.e. positive signs of Vrpu means that the

recovery voltage 1s in phase with the normal phase-to-earth voltage.

Transmission line charts are dealt with in more detail in reference (49),

where all the equations presented are derived.
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APPENDIX (A5)  DIGITAL SIMULATION OF RELAY MIXING CIRCUITS

A5.1 Basic Considerations

The performance of distance relays is affected by the response of the
auxiliary circuits used in deriving the necessary relaying signals. Therefore,
adequate simulation of the transient response of the mixing circuits is

essential in an investigation of this nature.

The relaying signals that are compared in a static phase-angle comparator

to prdduce the polarised mho characteristics are of the well known fonn§57’92)
S = I 7 -V
1 Lr 1L ... AS.1
S, = Vp+ VP

" The current derived component of equation A5.1 is usually derived by passing
the compensated current through a transformer reactor(gz) (transactor), while
the polarising voltage component (VP) is derived from healthy phase or phases.
A better understanding of how the two voltage components are derived may be
(53,93)

achieved from the following examples:

1- For a residually compensated a-E relay, equation A5.1 becomes:

S1 - (Ia * kIl‘(&:s.) Ly~ ao A5.2
S = Va * k-Pe. Ve
where:
k = residual compensating factor
- % (lzLy/7iy | -1)
ZLO, Ly = IPS and PPS line impedances respectively.
Kp, = |KPI |90° = sound phase polarising voltage constant.
Ires. = residual current at current transformer secondaries.
Ia’ Ib, IC = currents in phases a, b and c at the current transfprmer
secondaries respectively.
Vé, Vb’ VC = voltage of phases a, b, c respectively at the secondaries of

voltage transformers.
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Zr = current replica impedance.

2 - For a pure b-c phase fault, equation A5.1 becomes

S, = ({I_-1)zZ_ -V
1 b el fr b vv.. AS.3
% = “x'FK%.Va
where
_ - (0]
Kp, = IKPPI |-90

Equations A5.2, A5.3 are a commonly used method for deriving the polarised
voltage component and is the one used in the course of this work. A two-
stage 90° phase-shift circuit necessary to ensure co-phasal relaying and
polarising components during healthy conditions has been used and is examined
in detail together with the transformer reactor circuit in the following

sections.

When considering transient characteristics of distance protection, it is
necessary to examine the time variation of signals S1 and S2 of equation A5.1.

For an a-E fault, the general form of the two signals is:

s; = £ [, ®+ki®] -v, (0

«ee.. A5.4

S, vy (1) + £ [vbc (v ]

Apparently equation AS5.4 shows that the function of the current derived
component in signal S, i.e. f; [ia(t) + kires(t)] is dependent on the method
used to realise the replica impedance 'Zr'.For example an arrangement in
which the compensated current is passed through a series combination of
resistance and inductance has a different transient response from that of a
parallel resistance-inductance-transformer reactor arrangement.(57’92) Also
equation A5.4 shows that the function fz [Vbc(t)] is dependent on the method

used to phase-shift the sound-phase voltage.

Signals 51 and S2 are compared in a coincidence circuit (9% producing
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standard output pulses which are positive unity when S; and S, are of the
same polarity and zero when they are of opposite polarity. The pulses are
applied to an integrating circuit whose output increases linearly during
the time when the pulse is positive unity and falls at the same rate when
the pulse is zero. The final element in the relay is a level detector
which switches when the integrator output exceeds some preset value and
resets when the output falls below some second value. A ratio of set to
reset voltage of two for the level detector has been taken, and so the absolute
minimum operating time of each of the six principle fault-type relays is one

half cycle of power frequency.

The basis of the method of digitally simulating the transient response of the
relays hings upon sampling the simulated relay signals at regular intervals

(which has been oftenly 0.125 ms, throughout this work), to determine when the
signals are simultaneously of like polarity and exceed the pick up or setting

voltage level.

A5.2  Responses of Voltage and Current Transformers

Primary system wave forms presented in Chapters (6), (7) show that under
some fault conditions low frequency current components are produced. It is
the duty of modern high-speed static comparators that saturation effects can
be avoided and hence expecnential and other low frequency components that
appear in the primary current are faithfully reproduced as scaled values in
the current transformer secondaries.(57) Also under some fault conditions,
particularly fault inception time, it was observed that high frequency
current components are produced in the system primary current. However,
WRIGH%Iﬁgs shown that any high-frequency components present in the primary
current of a transformer will be satisfactorily transformed. Furthermore,
the author indicated that the accuracy of reproduction of high frequency

components is higher than that obtained at the nominal power-system frequency
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particularly for predominantly resistive burdens. In this respect, it has
to be mentioned that in modern schemes of distance protection, transformer-
reactor arrangement is usually employed. Since the latter has an equivalent
circuir of a parallel resistor-inductor arrangement, the majority of high
frequency current components pass effectively through the resistive branch,
and the resulting current transformer burden for high frequency components
is therefore mainly resistive. Therefore, in order to correctly simulate
the current transformer secondary currents, it is necessary when evaluating
sysrem currents to include components in the spectrum up to 10 kHz.(57) This
frequency is obviously much higher than the truncation frequency encountered
in the primary system response presented in Chapters (6), (7) and thus the

current transformer secondary currents are realistically simulated.

As far as the voltage transformers are concerned, all significant frequencies
in the spectrum of the voltages appear at their secondary terminals and, again,
a truncation frequency of 10 kHz, when computing primary system voltages, is
sufficient for a true indication of the performance. In the course of present
work, however, when simulating the primary system voltages, only frequencies
up to the c.v.t high frequency cutoff-point (3dB) examined have been included
when the time variation of voltages were evaluated using the inverse Fourier
transform. Scalling down the voltage wave forms obtained (according to the
nominal V.T. turns ratio) yields the voltages that would appear at the
secondary of the high-fidelity c.v.t., with a frequency response of the

idealised low pass type.(57)

A5.3  Simulation of Transformer-Reactor Arrangement

Due to the non-periodic nature of the current-transformer secondary current,
it is necessary to adopt a step-by-step approach to evaluate the two input
signals. In order to simulate the voltages developed by the transformer-

reactor replica impedance circuits, the following procedure is followed:
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According to the equivalent circuit of the transformer-reactor referred to
the primary shown in Fig (AS5.l.a), and by neglecting the burden of the

comparator and mixing circuits we have:

Vo) = i (R = Ly dig (1)

N dt

and
iL(t) = ip(t) + iq(t) ..... AS5.5.b
where

LT’ RT = referred magnetising inductance and resistance of transformer

reactor.

Differentiating equation AS5.5.b we get:
PlL(t) = Pip(t) + Piq(t) ..... A5.5.c
where

P = d
dt

From equation A5.5.a
Vo(t) = N. ]p(t).RT = N.LT.Piq(t)
or

P.V, (1)

N.Pi_(t).R
NORS!
substituting the value of Pip(t) from equation AS5.5.c
PVO(t) = N.RT.(Pip(t) - Piq(t))
But from AS5.5.a, Piq(t) = VO(t) , substituting in the above equation

N.Lp
N.Rp(Pi (t) = V(1) )

N.LT

PVo(t) = N.Rp Pij(t) - éz NG
T
Vo(t) = N.L Pi (1) - Lt . PV, (1)

Ry

PV, (t)
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or
Vo(t) + L. dVO(t) = N.LT.diL(t) ..... AS5.6
T T
where
N = Ratio of secondary to primary turns on transformer reactor.
VL = Relaying voltage at voltage transformer secondaries.
IL = Relaying current - at current transformer secondaries.
VO =  QOutput voltage of transformer-reactor.

Equation A5.6 can be evaluated using step-by-step techniques in which the
compensated current input is sampled at a rate of 1/AT, where AT is the time

interval between current or voltage samples.

In terms of sampled values taken at times t, = mT, t ;= (n-1)AT, after

the process is commenced, the output voltage and input current at time

t, = (n - 1) AT may be written as:
Vot = [Vg (t) +Vy (t,-n] /2
..... AS5.7
vyt = [Dvplt) - Vot DI /T
dt
and
dip (t) = [iL(tn) - iL(tn_l)] /AT .. AS.8
dt

Substituting equations A5.7 and AS5.8 into equation AS5.6, the output voltage

of the transformer reactor at a time tn is:

[ Dty = 00T -ty [1- 2 ]
Vo(tn) - AT RT.AT

G+ 1)

RT.AT ..... A5.9

At power frequency, the replica impedance Zr is given as the output voltage

divided by the input current as:
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z = ‘o - Yo
i Y R
Rp - % - Ip
or A5.10
. . DMl
Rp* Wy Ly
From equation A5.10
2] = NWoLpRp = NRp
il oy arl AS.11
and [z = tan’l R./V Lo L As.11

Substituting equation A5.11 into equation A5.9, the output voltage can be
written in an alternative form as:
Vo(t) = [21z,] sec |2, [4, () - i (t, ]
- Vot -1 [wb AT - Cot Lgr]]/ (WO.AT + Cot [gr)

..... A5.12
A5.4 Simulation of Polarising phase-shift circuits
From the polarising phase-shift circuit of Fig AS5.1.b, we have:
Vs(t) = ch(t) + VCl(t) + Vo(t) ..... A5.13.a
Double-differentiating equation A5.13.a w.r.t time
2 2 2 2
L Vs 4 VM + d Vg®+ d %o A5.13.b
dt dt? dt? at?
But from Fig AS5.1.b
il(t) = CP d VCl(t) , iz(t) = CP d ch(t)
dt e L A5.13.c
and the voltage drop across RP = VﬁP(t) = RP (il(t) - iz(t))

multiplying equation A5.13.b by CP and substituting the values of il(t)

and iz(t) given in equation A5.13.c:

2
Cp d° Vg (1)

. . 2
di, (t) | di(t) |, G d% V(1)
dt2 dt dt dt2
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Also from equation A5.13.c and Fig A5.1.b wc¢ have:

Voo () + Vo)

Vrp

(i; - i,) Ry

Differentiating the above equation we get:

di, (t) 1 [dvcz(t) dVO(t)I &(t) ..... A5.14.b
dt E}: dt dt dt
and
Vo (1) LR A5.14.c
substituting equation AS5.14.c into A5.14.b
&(t) 1 [dVCz(t) Rp diz(t)] di, (1)
dt RP dt dt dt
B 'iz(t) Rp.diz(t)] di, (1)
Rp - Cp dt dt
1 Vo (1) dvogt)] . vy (t)
B g dt Rp.dt
di, (t) VA (1) 2 . dv.(t)
1 02 °o - . A5.15
dt Rp”-Cp dt.Rp
Substituting equation A5.15 into equation A5.14.a,and substitute dVO(t) = Rp.
di, (t)
- Cp av.2 V() 2 dv.(t)  du.(t)  CP. dV.(t)
P's . 0 . 0 , _0 . %%
2 2 .7
dt Rp .CP RP.dt Rp.dt dt
or
Cp . avl V(1) 3 dv.(t) cp . d&v_ (1)
P-s . Do R 0 . gl N2 A A5.16
2 2
dt Cp-Rp Rp.dt dt
Intograting equation A5.16, we get:
Cpe dVg(1) o1 s Vo(t) dt +i Vo (1) . Cpr dVp(t) + K
2 R
dt Cp-Rp p dt

where K constant of integration.
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Solving equation A5.17 at two instants of time, i.e. tx = (n - 3)AT and
ty = (n + })AT, respectively, so that on substitution, the constant of
integration K is eliminated
t
C av.(t.) dv.(t.) 1 Y v, (t) dt 3 [V(t)-V(t)
P [ Sty _ SYx =C;—;;T- g; 0 —;;——- 0 7y’ "0t x
dt dt PP P
. Co [ dy(t,) dVO(tx)] ..... A5.18
dt dt

Assuming piecewise linearisation between samples of the input voltage, the

following relationships are obtained:

vgt) _  [Vg("ne1) - Vg ('m] /ot
dt
ety _ [vg('m) - Vo("n-1)7] /aT
dt
V. (t = [v.(tn+1) + Vv (*nm)] /12
o(ty) L O(tn ) 2( mlezo A5.19.a
Volt) = [VoUm) + vy n-1)7] /2
Wolty) = v (tne1y - vy(tmy] /et
dt
vyt) = [Vy(tn) - Vo("n-1)] /aT
dt
and
t (n+1) AT
IV Vo(tydt = s Vy(t)dt
t (n-1)AT
X
1f:yv“it = v, (1) + 3 vt v V(ta+1)] T
t o(t) - [0 n-1) o™ 0 ]‘—4—
2 2

substituting equation A5.19 into equation A5.18, yields the step-by-step

solution for the polarising circuit output voltage of the form:

Yoltns) = Yot +[ Cp [Vs(tpp) 2 Vglty) + Vst | ]
AT
[amas w9 T g o
4.Cp-Rp 7 p p Rp T
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Equation A5.20 can be simplified by taking into account that in order to
obtain the required phase shift (900) at power frequency, the circuit

parameters must be such that R

p , substituting into equation A5.20

=1
‘%}'CP
Voltns) = Vb(tn-l) * [:VS(tn—l) -2 VS(tn) ¥ VS(tn+1)
2 2 2
- [ 3 Wy . AT7 + 2] VO(tn)] / [ 1 + 3.Wy AT + W, le

4 2

eeee. A5.21

It can be seen from equations AS5.12 and AS5.21 that in order to start the
step-by-step process, a value for the initial output voltage in both cases
must be available. This was achieved by starting computation during the
prefault period, during which time an initial value can be calculated from
the steady-state sinusoidal system response. It has to be noticed that when
phase-fault-relays are simulated, where the healthy-phase voltage is to be
shifted by (-900), the derived component is subtracted from the relaying
voltage and the precise level of polarisation required is obtained by
utilising the approximate proportion of the total output of the phase-shift

circuit.

The algorithms given by equations A5.1Z and AS5.21 have been tested for
accuracy purposes by comparing the outputs obtained when the input is
subjected to a variety of analythical wave forms such as a wave form with
exponential, power frequency, and high frequency components. In all cases,
it was found that, practically, there is no difference between the output
voltages obtained using the analythical expressions and those obtained using
the step-by-step techniques developed, using a sampling interval

AT = 0.125 ms.
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Fig A5.1

Transformer-reactor and phase shift circuits.

a - transformer reactor arrangement (referred
to the primary).

b - Polarising phase-shift circuit.
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APPENDIX (A6)  EVALUATION OF PROTECTIVE RELAY PARAMETERS

It has been shown that it is commonly necessary to place replica
impedances in the secondary of the current transformers in order to
develop the relaying signal S given by equation A5.1. The best form

of replica impedance, which is often used, is the transformer reactor(57)
whose modified circuit is given in Fig (AS5.l.a). It is essentially an
air gap transformer whose circuit originally is as shown in Fig (A6.1.a).
Rb is a burdning resistance so that neglecting the secondary winding
reactance (which is relatively low because of the air gap), yields the

equivalent circuit of Fig (a6.1.b), from which,

R, = Ry
~
Yo = N Yy = Nx Vg
Vo
- 2
But V. X RN
— =7 = —mz
T
I JXm + Rb/N
or ir _ JRb'xh
—
Rb + JXm.N
ir I, - Ry
NZ(JXﬁ . Rb/NZ) ..... 76.1.a

where Z, is the replica impedance referred to the primary,

5 _ -1 2
and E? = tan Rb/N .Xm ..... A6.1.b
. ) Rb . Xm _ X.m
1%l = [ 2 5/ 3o 2,02
Rb + Xm N 1+N .X.m /Rb
Z’ - Xm Xm
S e
m 1 + Cot™¢T

(R, /N)?
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_ 2 Y
where tan ¢T = Rb/N Xm , Cot ¢T = N” . Xm
R
b
2 N4 sz sz
S Cot™ ¢T = 5 = 7 2
Ry (Ry/N7)
e Xm
1z = ; =
1 + Cot® ¢T ..
2
koo E
YA 1
T
- 2 5
2] = N |z

substituting Z_ from equation (A6.1.c)

2 Xm

N e .
1 + Cot™ ¢T

where:
Zr is the replica impedance at the secondary of the transactor.
The relaying signal produced by the transactor is therefore:

S1 = IZr - Va

or in its transduced form

Sl = NC . IZr - NV,.Va .

where:

N. Nv are the turns ratio of C.T and V.T respectively.

In terms of Zr , S1 becomes

2 -~
S1 = NC.I N Zr - Nv Vé
2

S N_.N . \

or _.l._ = < Zr-—é
I NV NV I
) NN LV
or S1 = . Zr - —
N I
Y
If Sq is zero, Si also yields to zero, and
N
2. = <= . N .1

... A6.1.C

... A6.2.a

oo ABL2.C
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Fig A6.1

Simple transformer-reactor equivalent circuit.
a - Original circuit.
b - equivalent circuit referred to the primary.
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APPENDIX (A7) EVALUATION OF MEASUREMENT ACCURACY OF RELAYS

APPLIED TO 3-REACTOR COMPENSATED SYSTEMS

From Fig (A7.1), a solid a-E fault occurs at the far end of the line,

and,
Va
VI 7 47 - Va/ZS
L1 "m
\Y% \Y% V_(Z.+ jX,)
I = i:;11+ia2 - 2= oS :
JXl ZS JXl . ZS

The impedance seen by the sending end relay is:

2y = Va/ (I, + k Ires.)
_ \Y
= a
v, [ g+ X%/ (g% 1+ kLo
Va V4V, +V
But, 1 = I _+I, +] = — + a b c
res. a b c 7 —_—
S JXl
or I = Va
res. —
Zs
Vv
Z. = 2
T . .
Va (ZS + JXl)/(ZS.Jxl) + k‘Va/Zs
o _1 _
substituting k = % [ (Z5/211) -1 ]
1
Zr = :
[ (2g+3X))/ (Zg-3X)) ] + 17,
3.2.7. D
*"S "L1
Where ZLO = ZS + 2 Zm s ZLl = ZS\- Zm
Substituting in the above equation yields;
. ) 3.214
T .
(2 /3% +3 A7.1

For a non compensated system le = = and the impedance Z,. yields the
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line PPS impedance ZLl'
For any degree of shunt compensation (hl], X1 will have a certain value
and therefore 'Zr' in this case will be definitely less than the PPS
impedance 'ZLl'. Thus the impedance seen by the relay is less than 'ZLl‘

and the relay tends to overreach. The computational results presented in

Chapter (9) also confirm this finding, see Table (9.6.a).



/777 Z. = 1/3 (25 = Z)

Fig A7.1

Solid 'a-E' fault at the far end of a 3-reactor
compensated system.



APPENDIX (A8) PUBLISHED WORK

Some of the work developed in this thesis has been published and is presented

in this appendix.
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Indexing terms:

Transmission-line theory, Relays, Waves

Abstract: Digital techniques for modelling the faulted response of any arbitrary linear shunt-reactor compen-
sated e.h.v. transmission-line system are described. The methods are specifically developed to meet the
requirements of offline or programmable test-equipment-based feeder-protection studies. The essential
differences in the faulted response of single and 3-section feeders are established by reference to 500kV
interconnections involving 4-reactor linear shunt compensators. An extensive study of modern distance
protection applied to various feeder configurations is reported and the paper concludes with an evaluation
of protection performance in a typical sectionalised interconnector of length 550 km.

List of principal symbols

I, 0y, 1, = line lengths of feeder having n
sections

L = length of faulted line section

x = distance to fault

Is1,152 cds(n-1) T line lengths of sending-end com-

posite source

Iri,IR2 - .IR(n-1) = line lengths of receiving-end com-
posite source

Cy,Cq = p.p.s. and z.p.s. shunt capacitance
per unit length of assumed ideally
transposed line

hy,hy = degree of p.ps. and z.p.s. shunt
compensation

Br1,Bro = magnitude of p.ps. and z.ps.
inductive susceptance of shunt

reactor bank at nominal system
frequency (1/woLy,1/wole)

Bci,Bco = magnitude of p.ps. and zps.
capacitive susceptance of any line
section at nominal system fre-
quency, assuming ideal transpo-
sition (Q)()Cl l, wWo Col)

Zy,Zy, = phase and neutral impedances of
shunt reactor bank
Li,L, = p.ps. and z.ps. inductance of

shunt reactor bank
= nominal system angular frequency
= angular freqnecy
= any line length /,, /,, etc.
voltage and current transforms
= unit matrix
voltage eigenvector matrix
modal propagation constant matrix
0yQ™! ‘
= Yo' = Qv Q"' Z = polyphase
surge impedance metrix
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- comparator arrangement,’

zZ = series-impedance matrix per unit
length of line

Y = shunt-admittance matrix per unit

o length of line

Vi, Vs = incident and reflected voltage trans-
forms

Zs,Zp = sending- and receiving-end main-
source impedance matrices

Zss,Zsr = sending- and receiving-end com-
posite-source impedance matrices

s.cl. = short-circuit level

S1,8 = general form of relaying signals

Vy = relaying voltage at voltage trans-
former (v.t.) secondaries

Iy = relaying current at current trans-
former (c.t.) secondaries

Z, = current replica impedance

Vp = sound-phase polarising voltage

ZgolZsy = ratio of z.ps. to p.p.s. impedance
of main source

0 = null matrix

Subscripts

a, b,c = phasesa,b,c

t = transpose of matrix

1 Introduction

The use of shunt compensation for voltage control in long
distance a.c. transmission feeders is a long established
technique! and recent years have seen increasing world-
wide interest in the use of various static shunt reactor
devices? as an alternative to rotating synchronous compen-
sators. In the case of static reactors, it is common to use an
essentially balanced 3-phase set of reactors which are
directly connected to the transmission line or are connected
to the system via transformers situated at various points
along a complete interconnection.® Until quite recently,
very little had been reported on the performance of distance
protection applied in such situations. However, a study by
Fielding et al.* revealed that the performance of a distance.
relay incorporating the extensively used block-average
although satisfactory, was
nevertheless modified somewhat when applied to a relatively
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simple single-section shunt compensated lumped parameter
laboratory model system.®

The work reported in Reference 4 was confirmed to a
consideration of distance relay performances in a system
utilising 3-phase static shunt-reactor compensation of the
linear and saturable types. However, where single-pole
autoreclosure is involved, it is commonly necessary to
employ essentially linear 4-reactor arrangements in order to
aid the rapid extinction of secondary arcs and thereby
permit satisfactory reclosure following transient faults.”®
In such arrangements, the main reactors are usually con-
nected in star with the common points connected to earth
through a neutral reactor, the parameters of which are
dependent on arc extinction times sought, the line para-
meters and the degree of steady-state positive sequence
reactive compensation effected by the three main reactors.’
Despite the fact that single-pole autoreclosure is being
increasingly applied globally, the state of knowledge of
typical modern high-speed distance protection, even during
the initial measuring prefault clearance period, is even more
limited than that relating to applications involving 3-reactor
shunt compensation. This paper therefore represents an
attempt to rectify the latter deficiency.

It is important to note that, quite apart from any effect
the alternative reactor arrangements may have on relay
performances, the transmission-system configuration itself
can significantly affect distance relay performances.!® In
particular, the lower apparent frequencies of the travelling-
wave induced components which arise in long line appli-
cations are generally more troublesome because they can
fall within the bandwidth of the protective relays and signal
transducers and thereby more significantly affect perfor-
mance.!! Furthermore, long distance shunt-compensated
feeders are often sectionalised with protection connected
at the termination of each section, so that, even for faults
close to a particular relay, the travelling-wave components
may still possess a relatively low apparent frequency. In
general, it is therefore to be expected that, irrespective of
the precise nature of the protective relays used, the vari-
ation of distance protection performance with system
configuration is likely to be very marked in long shunt
compensated  sectionalised arrangements. The first
objective of this paper is therefore to outline the basis
of primary-system digital-simulation techniques which have
been developed with the foregoing considerations in mind
and which have been designed to be sufficiently flexible to
enable a larger variety of protection gear application studies
to be performed using offline or real-time programmable test
facilities than has hitherto been possible. In order to obtain
maximum realism, the frequency variance of all line and
earth parameters is simulated,'? together with the effect
of discrete conductor transpositions as commonly used in
long distance transmission systems.

The second main objective is to report the salient
features of an extensive offline study of the performance
of typical crosspolarised mho relays utilising the block-
average principle®'* when applied to interconnectors
involving the use of horizontally constructed SO0kV lines.
The results of a general study involving single-section and
3-section arrangements are presented and the effect of the
degrees of compensation and feeder configurations on both
speed and accuracy of the relays is established. The paper
concludes with a consideration of the performance of
distance relays connected at the various locations along
a typical 3-section feeder arrangement operating at specific
loading and compensation levels.
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2 Basic system model

As mentioned previously, long shunt-compensated feeders
are often sectionalised with protection and reactor banks
situated at either end of each section. From a protection
point of view, it is particularly important to be able to
simulate faults on any feeder section and to determine
the primary system faulted responses at the points to which
protective gear is connected. Earlier digital-simulation
methods developed for studying distance relay perfor-
mances on relatively simple essentially homogeneous
uncompensated feeders'? are clearly not directly applicable
in such cases, but they nevertheless form a very useful
basis for the methods reported in this paper.

Particular emphasis has been placed on providing a
simulation which is sufficiently flexible for determining
the response of a feeder consisting of an arbitrary number
of sections n. Fig. 1 shows the basic arrangement considered
and it is evident that a simulation of faults on the first
section will involve a solution of an entirely different set
of mathematical functions to those involved when simulating
faults on one of the other sections. The mathematical
procedures and associated digital computer programs
necessary to provide a realistic simulation of faults on single
feeder sections'? are in themselves somewhat lengthy and

tocal outfeeds
e e,

sending receiving -
-end -——-- | end source
REEIEEEIE NI
' | | i |
B
Fig. 1 Basic system model
[ L —i
|
SO — !
composite |I 4 ’ composite
sending- = 7 ri receiving-
end source Ig I source
(2] -~ = [ [Zgg)
SS S
Vg ' Vg

Fig. 2 Equivalent system model

RECURE = ls(n)

| %
sending - | | ||J '
end source - l
(zo)

l
. | g
end source —

receiving-
[ZR]

Fig. 3 Composite source networks

a Sending end
b Receiving end
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involved, and it has been necessary to ensure that such
problems are not compounded to the extent that, in com-
puting terms, a rather intractable solution results. With this
very important factor in mind, the complete arrangement
of Fig. 1 is first reduced to the equivalent circuit shown in
Fig. 2. A composite equivalent source is connected at each
end of the line section on which it is desired to simulate a
fault, the schematic arrangements of the latter being shown
in Figs. 3a and b for the sending and receiving ends,
respectively.

It is easily verified that, in order to simulate faults any-
where on an n-section system, each composite source must
possess at least (n—1) line sections. The line-length data can
then be specified in accordance with the requirements of a
given study so as to fix the section on which it is desired
to simulate a fault. For example, a fault on the midsection
of a three-section feeder (n = 3) is simulated by specifying
the line-length data such that

y=lyg, L =L, I3 =1Ig, Ilsg =1z =0

Alternatively, a fault on the line adjacent to the sending-end
source of the same basic system would be simulated by
putting lSl = lsz = 0, ll =L, Lz = lRl ,l3 = lR2'

3 Fundamental relationships
3.1 Simulation of shunt-reactor banks

Fig. 4 shows the circuit of the four-reactor arrangement
considered. Although the line sections to which such reactors
are connected are not in practice ideally transposed, it is
nevertheless common to assume ideal transposition when
determining the inductive parameters of the reactors. This
is the approach followed here so that, in terms of the
positive-phase-sequence (p.p.s.) and zero-phase-sequence
"(z.p.s.) values of the line shunt capacitance (Cy, Gp), the
parameters of the shunt-reactor bank when arranged to
compensate one half of any line section of length / are as
given in eqn. 1:

hy = Bpi/Ber = 2/(wdL,Cl)
hy = Bro/Bco 2/(wdLoCol)

There are a number of factors which determine the degrees
of shunt compensation (%o, h;), and for a typical line

(1)

I-1c1 I20
v = = Y
LR 6 2
Vip I f2c I/Zb
Lp VZc
Rp
7777 7,

Fig. 4  Shunt reactor arrangement
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they generally lie between extremes of zero and 1-2.7°°
The line shunt capacitances (C;, Cy) are evaluated in the
usual manner from an average sum of all the conductor
self and mutual capacitances per unit length of the line
section under consideration. It is evident from Fig. 4
that the p.p.s. inductance of the reactor bank L, is equal
to the inductance per phase and that the z.p.s. inductance
Lo = (L, +3L,). It follows from eqn. 1 that the phase
and neutral parameters of the reactor bank are as given
in eqn. 2.

L, = L; = 2/(w3h,C,1)

(2)
L, = 2(h, Cy —hOCO)/(3w(2)hoh,C0C11)

The resistances Rp and R, are relatively very low, a typical
Q factor of each limb at nominal system frequency (power
frequency) being 250. If suitable test data were acquired, it
would be possible to include any significant frequency
variance of the shunt-reactor parameters. However, resort
to this degree of complexity is of somewhat questionable
value in view of the fact that, for distance protective gear’
evaluation, it is only the components in the spectrum of a
disturbance up to about 2kHz which are of greatest
relevance.!® Reactor impedances consistent with constant
values of R,, R,,, L, and L,, as defined in eqn. 3 were
therefore used in the course of this work.

Z, = R, +jwl 2 L
_ oL -2 |1, e
p = Rp T = C11 1250 (g

(3)
. 2(h1C1_hoC0) 1 LW
= R, + e L L L e T L
Zn = Rntjeln = 3 CaCil 250 o

It is convenient ultimately to combine the shunt-reactor
arrangements with the line sections involved and for this
purpose the canonical form of the two port or transfer
matrix function defining the arrangement of Fig. 4 (eqn. 4)
is particularly useful.

7, v ool
= ~ “)
]] Y U [2

The difference of the current vectors [[, —I,] defines the
current which flows in the reactor [/g] and the latter is
seen to be simply related to the impedance matrix [Z;] =
[Y,] ! of the shunt reactor by eqn. 5.

Vag
Van| = 1Z,] 4]
Ve
Zy+Z, 2, Zo | [Fs
| z, z,+z, z.||I )
Zy Zy Zp+Zy) s

The submatrix Y, = [Z;]~! which is used in the transfer
matrix representation of the reactor is thus as given in
eqn. 6.
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1.
Y. = [Z¢]! = ———— X
[Ys] = [Zs] 72, 432
z,+22, -2z, -z,
—Z, ZP+2Zn —Z,
-z, ~Z, z,+22,
(6)

3.2 Simulation of discretely transposed line sections

In long distance transmission systems, discrete trans-
position of the line conductors is often performed at
the termination of each section or at intermediate points
thereon. It is particularly important to simulate the effect
of such transpositions, because they represent an abrupt
point of discontinuity from which incident wave components
are partially reflected. In consequence, it is to be expected
that the transient components in distance relaying mea-
surands will be affected. Fig. 5 shows a very common trans-
position arrangement which has been simulated in the course
of this work. Although this has been drawn only for the
faulted section of the source and line model of Fig. 2,
the same transposition arrangements have been used to
describe the unfaulted lines within each composite source
of Fig. 3.

It has been found useful initially to compute the
matrices describing each homogenous length of line so that
they are uniquely ordered in accordance with the conductor
positions (a, b, ¢) on the homogeneous section adjacent to
the sending end S. For a midsection fault as shown, the
transfer matrices describing the section between the fault
point F and the receiving end R are given by matrix equa-
tions 7.12

where

A2f

cosh {Y(2L/3 —x)},
sinh {Y(2L/3 —x)}Z,,
C2f = YOBZI'YO’ D2f = YOAZfZO

Bzf

and
A = cosh{yL/3}, B = sinh {YL[3}Z,,
C = YoBYo, D = YoAZo

The polyphase propagation constant matrix ¢ is obtained
by using the voltage eigenvector matrix Q to transform the
system steady-state voltage differential eqn. 8 into a series of
uncoupled differential equations of the form of eqn. 9. 13

Now the products Q! exp (+ Yx)Q define exponents
involving the modal propagation constant y(exp (* yx)),
and it follows from matrix function theory that ¢ is com-
puted at all frequencies in the spectrum of interest as the

product 0y Q™ !.

a7 _

S = 2Yv ®)

0717 = 07 exp (—yx)QQ' ©)
+07" exp (¥x)QQ7'V,

Combination of eqns. 7 to form a total line transfer matrix
between points F and R can be achieved by introducing
a transposing matrix M which effects the necessary trans-
positions by relating the vectors [Vgs Tp2)", [Ves Tg3]t.
The transposing matrix is simply deduced by noting the
previously mentioned manner in which the vectors in
eqns. 7 have been ordered, i.e.

Ve Az Bar|| Vg2 Vss B
= v
) X 2
IRl 1 Cop Daf)| The Tss Iyl ~ [VR2cVR2aVR 26! R2e R20! R20 ]
[ 4  Bl| Vs 7
53 o
7 - [V t
C DJl{Irs ) - = [VaspVsacVssal 536! 53¢1 530]
' s3
g 'sta TR1a Isoc F lr2c ls3p 'rap TRia
|
Lsip aLb
f
s,
c RLc
|
r - -
ltsh Lt
VSo,b,c Ria,b,c VSZa‘b.c Vfo,b'c
v v v v
R2a.,b, ¢ 53a,b, ¢ R3a,b,c| Rab, ¢
b X — —
L3 t— L/3 —— L/3 -]

Fig. 5 Discretely transposed line model
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Matrix [M] is therefore as given in eqn. 10, so that the
overall line transfer matrix between points F and R is
given by eqn. 11.

—VR; 1733
_ | = [M] (10)
| Ir2 | s3
7. [4s Bay A B 7
Tl = (M] M | -
Im | |Car Dy ¢ D RL
(4, Bl |7
_ {42 Br _R an
LCLz Dpa| |IrL
T O 0O 1 O
where [M] = and [T] =|0 0 1
o T 1 0 O

By a similar approach, the line-transfer matrix linking
points F and S is obtained from eqn. 12.

I
X
[ —)

I
-

s C

A Bry Vs
Cri Dy |—Tsc

~-
>}

o

~

Exactly similar methods are likewise used to describe the
overall transfer matrices between the fault point and the
sending and receiving ends for faults on the first or third
homogeneous sections of the discretely transposed line
model of Fig. 5. Furthermore, in the case of an unfaulted
section of any length / within the composite sources, the
line transfer matrix between ends will be given by eqn. 13.

_ 3
Vs A, B Vr
_ = [M] - (13)
Ist G D IrL '
where
A; = cosh {yl[3},
B; = sinh {YI/3}Z,,
Cl = YOBIY0>
Dl = YOAIZO

3.3 Combination of line and shunt reactor banks

For computational purposes, it is convenient to combine
the line sections with the shunt reactors in the manner
illustrated in Fig. 6 to form a linefreactor equivalent
circuit. The situation at the receiving end is seen to be
such that the vectors /gy, =1, and I, =Tg. It follows
directly from the previously developed relationships of
eqns. 4 and 11 that :

(12)
f A, B ||Ve =W
1R [Cra Dpraf| TrL = I
where
Ay = cosh {Yy(x —L/3)}, _|AL2 ¥ Bra ¥ BLZ}{ 2 = VR:'
By = sinh {y(x —L/[3)}Z,, | CL2 + D Yy Dpaj|ly = Ig
G = YoByTo, 4, B3 [V (4)
Dy = YoAiZo C, Dyl |Tn
TRL - -1.1 12 :TR

composite S T:-', transposed line F IfR - transposed line R composite

sending | - Section (x) -— section (L-x) - | receiving

source l_ [A. By Cuyt |Tys (AL, B S Eour]ce

[Zss) Vg Du) v, | Pul Zsr

v, =Vg
a

composite S TS line /reactor Tfs line/reactor TR R | composite

sending | equivalent F equivalent - | receiving

source | section —IfR section | source

[ZSS] — [A1 'B1 'C1'D‘I] _ [AZ'BZ'CZ DZ-J 7 [ZSR]

Vs Ve R
b

Fig. 6 Combination of line and shunt-reactor banks

a Actual arrangement
b Equivalent arrangement

308

. IEE PROC., Vol. 127, Pt. C, No. 5, SEPTEMBER 1980



The transfer matrix eqn. 13 which describes the equivalent
line/reactor section linking points F and S is likewise
derived from eqgns. 4 and 12.

f Apy +Bp, Y, By Vs

—Iys L.CL1+DL]Ys Dpi| |~ Ts

A BT s (15
LCI D, _I_S

It is likewise possible to obtain an equivalent line/reactor
representation for the unfaulted sections within each
composite source. In this case, however, the transfer matrix
describing the transposed line section (eqn. 13) has to be
pre- and post-multiplied by the transfer matrix describing
the shunt reactors (eqn. 4) to give the overall equivalent
defined in eqn. 16.

i P e I

3.4 Computation of composite source impedances

It will be recalled from Section 2 that each composite
source consists of a cascade of (n—1) compensated line
sections as shown in Fig. 3. The effective impedances of
the composite sources have to be precomputed over a
range of frequencies consistent with the bandwidths of
the protection and transducer arrangements under study’®
and Fig. 7 is useful for illustrating the methods which have
been developed for so doing. Each line and its associated
terminating shunt reactors is represented by the transfer
matrix equivalent in the manner outlined in Section 3.3
(eqn. 16). In the course of this work, the impedance
matrix of each local infeed/outfeed (Z,_,, Z,-,, etc.)
has been estimated from a knowledge of the power fre-
quency short-circuit levels and the ratio of zero-phase-
sequence to positive-phase-sequence impedance of the
source in question. It is, of course, possible to compute
the source matrices corresponding to more complex local
source network models, but, in many applications, the
local infeed during fault conditions is relatively small
and the considerable extra computational effort required
can be avoided without serious loss of realism.

With reference to Fig. 7, the transfer-matrix equation
17 defines the response of the line/reactcr combination of
the first source section,

I7vn—l _ An—l Bn—l I7n—2 (17)
I—n-l Cn—l Dn-l in-z
Zn_1 Zn-z zl

’RS line/reactor line/reactor recelving or
. _lequivalent equivalent | {sending-end
Ing|TAn-1.Bnot section 1 | {source

I
ZspZss}  [Cn-1 . DOn-y ] I I °y [izgortzg
_ o _
Vi tR(n-1), s(n-1) Voo ! lr1 s Yo

Fig. 7

Composite source equivalent
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Now the total current entering the first section at, say,
the receiving end is given by Ip =1,,_;+ [Z,-,]17' ¥, _,
and it follows that the overall transfer matrix of the first
section, including the local infeeding source of impedance

[Z,-1],is as given in eqn. 18.

Vn—l = Vg

- [_R )

i Ay : -

oot 4 [Zui] " Aney Doy + (Zua ] 'Boy|
[

. a9

Similar relationships are likewise computed to describe the
remaining (n — 2) source sections and their respective local
infeeds. The requisite number of transfer matrices required
to describe a given composite source are then multiplied
in the usual canonical manner to finally provide a matrix
relationship of the form of eqn. 19.
Vr Ar  Bgr|| Vs

= (19)

UUr] (Cr Del|l

At the main source, the current and voltage vectors are
related to the impedance matrix [Zg] by Vo = [Zg]],
and substitution into eqns. 19 yields Vg = [AgZgr + Bgl,
and Ty = [CrZg + DglI,. The total composite source-
impedance matrix at the receiving end [Zgg] is then finally
computed from eqn. 20.

Zsg = [ArZg + Br][CrZg + Dgl™! (20)

Similar procedures are likewise performed to define the
total composite source impedance [Zgg] at the sending end.

4 Fault simulation

The fundamental relationships developed in Section 3 have
been deliberately formulated in such a way as to effectively
enable any compensated feeder arrangement to be reduced
to the faulted circuit model shown in Fig. 6b. Details
of the methods of digitally simulating faults on such a
model by using matrix functions and numerically evaluated
Fourier transforms are reported in Reference 12. It is
worthwhile noting that the latter methods, which were
developed for studying very much simpler uncompensated
single-section homogeneous feeders, were validated by
comparison with fault throwing tests on an actual system.!S
No corresponding field test data have been acquired for the
case of long shunt-compensated feeders, and similar direct
validation of the techniques here developed has not there-
fore been possible. However, by deliberately formulating
the fundamental relationships to reduce the present problem
to a previously validated simulation form, it has been
possible to press closer to actual field test validation than
would otherwise be the case.

4.1 Parameters of systems studied

4.1.1 Line construction: Fig. 8 shows the typical quad.
conductor 500kV line configuration considered. The
positions of the conductors illustrated correspond to
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the positions over the first one third of the line section
from the sending end of any. discretely transposed section
(see Fig. 5). The data for the line are:

(2) phase conductors are 4 x 477 MCM Al alloy,
21'5mm overall equivalent, 242mm? Al equivalent,
19/4-3 mm stranding

(b) earth wires are 7/35 mm Alumoweld '

(c) earth resistivity is 100 £ m.

The frequency variation of all earth and conductor para-
meters is simulated.

4.1.2 Source and reactor parameters: The Q-factor at the
nominal power frequency of 50 Hz was taken as 30 for
all p.p.s. and z.ps. source impedances. In practice, the
normal service loading levels on long compensated feeders
are typically between one half to two thirds of the surge-
impedance power level, and the corresponding level of
p.p.s. shunt compensation required (%,) is approximately
0-75. For the line in question, the sequence capacitance
ratio Co/C, is approximately equal to 0-572, and the
associated level of zero-sequence compensation #, required
to theoretically minimise both secondary arc current and
residual voltages is approximately 0-563.° The majority
of the studies were therefore performed with the two
latter degrees of compensation but, in studies involving
different levels of p.p.s. compensation, both A, and 4,
were chosen so as to minimise the secondary arcing currents.

4.1.3 System configurations: The number of possible
system configuration encountered in practice is, of course,
very large, but feeders with more than three sections
between main sources are relatively rare. In order to gain
a general assessment of both primary-system responses and
the associated distance relay responses, together with the
effects of system configuration and source conditions, etc.,
a general study has been performed for the two configura-
tions shown in Fig. 9. In the case of the 3-section feeder
(Fig. 9b), the local source infeeds were assumed negligible
and faults were simulated on the 300km midsection. A
comparison of the performance of distance relays protecting
an identical line of length 300km in both single and
3-section compensated feeders was thereby possible.
The main sources were modelled by the normal lumped
parameter source networks based upon the short-circuit
levels and sequence-impedance ratios at power frequency.
Shunt capacitance at the terminating busbars was delib-

24m

77777777 777777777777777

Fig. 8 500kV line construction simulated
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erately not included in order to enable the performance of
the relays to be obtained under conditions of worst case
travelling-wave distortion.!!+12

The general study is usefully complemented by a specific
study of the response of distance protection applied to a
typical feeder arrangement operating at specific system
loading conditions. Fig. 10 gives details of the specific
system studied in which the first-zone operating time
characteristics of distance relays connected at all line
section terminations (S;R;S,R,S3R;) is examined. The
ratio of zero sequence to positive sequence impedance of
each main and local source was taken as 0-5 and, in this
case also, the main sources feeding busbars S; and R;
were represented by simple lumped parameter source models.

4.2 Main features of primary system responses

4.2.1 Effect of feeder configuration: Studies of the alter-
native feeder arrangements illustrated in Fig. 9 show that
for given faults and main source conditions, there is a very
marked difference between the response of single-section
and 3-section feeders. Fig. 11 shows a comparison of the
responses observed at the relaying point § following a solid
‘a™-earth fault adjacent to S (x =0). Both voltage and
current waveforms are seen to differ significantly in the
two cases but the most important feature of the response
is that the current waveforms associated with the fault
on the 3-section feeder are very considerably more distorted
than is the case for the single-section arrangement. In this
respect, it will be evident from Fig. 9 that, in the case of
the 3-section feeder, the travelling-waves of current set
up following fault inception successively propagate through

f 300km -

variable X —— variable
sending S| 4F |R | recewving
source 1 / T source
(Z 5ol Zgpa %/ %/ (Zgy 12 1)
-
a \vcriable
hy, h
1o 100km
fee—2400 kM — e 300k o~ f——
variable ' =~ . | variable
sending S 51 2F IR R receiving
source | T 7 | ] source
(Zgg/Zgy=1) (Zgg!Zgy=1)
b
Fig. 9 General system configuration

a Single-section arrangement
b 3-section arrangement
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Fig. 10  Specific system configuration
h, = 075,h, = 0-56 for each section
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point S towards S’ and are partially reflected from the
latter back through S to produce the relatively high levels
of travelling-wave current distortion observed.

Fig. 12 typifies the differences in the faulted phase
voltage waveforms observed following identical earth
and phase fault conditions on single and 3-section feeders.
In both cases, the fault is midway between the relaying
points S and R on the 300 km section (x = 150 km). In the
case of the singlesection feeder, the frequencies of the
travelling-wave components are largely governed by the
wave transit times between the point of fault and the source
discontinuity S of Fig. 9a. They are consequently of
relatively high frequency by comparison with those
produced on the 3-section arrangement where the wave
transit time between the points of major discontinuity
(F and S") is longer (see Fig. 9b).

The differences in the transient response of the alter-
native feeder arrangements of Fig. 9 is less marked when
considering faults at or near zero voltage point-on-wave.

< line current kA

4001

-200

-Z.OO-k

line-earth voltage , kv

-600

kV

line-earth voltage |

Fig. 11 Faulted response of general configuration for close-up
earth fault

‘a’-earth solid fault at x = 0; waveforms observed at S (Fig. 9);
sending s.c.1. = 5§ GV A. receiving s.c.1. = 35 GVA;h; = 0-75

@ Single-section feeder (Fig. 9a)

b 3-section feeder (Fig. 9b)
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However, it is important to observe that in the case of
faults near peak voltage, the frequency of the travelling-
wave distortion in both current and voltage waves associated
with single-section feeders is relatively high. On the other
hand, maximum voltage faults at a corresponding position
on the 3-section feeder produce relatively low frequency
distortion which in turn will increase the relay measuring
time by an amount which is dependent on the bandwidth
of the transducers and protective relay circuits.!*!!

4.2.2 Effect of compensation levels: An extensive study
of the arrangement of Fig. 9 has shown that the fault
transient components caused following faults on both
multi- and single-section feeders are largely independent of
the level of shunt compensation used. This is somewhat
as expected because even for values of h; as high as 1-2,
which represents a near maximum practicable upper limit,
each limb of the main reactor banks has an inductance
L, typically in excess of 4H. It follows that the shunt
reactors present what, for practical purposes, can be regarded
as an open circuit to any travelling wave (essentially high-
frequency) phenomena. Indeed, it is only the lower-
frequency phenomena such as exponential components of
current associated with faults near zero voltage point-on-
wave which are affected by the reactors and, even in this
case, the difference between the faulted response waveforms
obtained with and without shunt reactors connected has
been found to be small. It is therefore to be expected that
the transient accuracy of distance relays applied to 4-reactor
compensated lines of a given length will be comparable
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Fig. 12 Faulted response of general configuration for midpoint
earth-fault

Sending s.c.1.= 5 GVA; recelvmg s.c.1. = 35 GVA
observed at S (Fig. 9); h, = 0-75;

= 3-section feeder,

———— = single-section feeder

a ‘a’-earth solid midpoint fault (x = 150 km)
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with that of similar relays connected to an uncompensated
feeder of the same construction and length. This latter
finding is largely in line with some of the results presented
by Fielding et al. which showed that there was no serious
degradation in the transient accuracy of a block-average
distance relay applied to a single-section linear 3-reactor
compensated feeder.?

From a protection point of view, the main effect of the
reactors is to increase the steady-state components of the
postfault current levels. This is, of course, due to the fact
that, in the compensated case, the reactor bank appears in
parallel with the fault loop impedance, thus reducing the
impedance presented to distance relays and thereby causing
a slight overreaching tendency. Fig. 13 illustrates the
foregoing point with reference to the faulty phase currents
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Fig. 13 Typical effect of degree of compensation on primary
system waveforms for 3-section feeder

Sending s.c.1. = 5 GVA; receiving s.c.1.= 35GVA; waveforms
observed at S (Fig. 9b); ‘a’-earth solid fault at x = 150 km

and voltages associated with an ‘a’-earth fault on the general
3-section model of Fig. 9b. It can be seen that the peak
value of the voltage waveform observed at S changes very
slightly as the degree of compensation is increased. On the
other hand, the peak of the current waveform at a compen-
sation s1; = 1-25 exceeds that at the lower level of compen-
sation (%2, = 0-5) by approximately 150 A.

5 Distance protection performance evaluation

The relays investigated are of the crosspolarised mho type
and utilise signals of the familiar phasor form given in
eqn. 21.14

Sl = ILZ?'—VL
(1)
S2 = VL + Vp

The foregoing signals are compared in the well known
block-average comparator arrangement,® details of the
methods for simulating the response of the mixing and
relaying circuits being given in Reference 10. Each relay
is arranged to have a ratio of set to reset voltage of 2
and thereby possesses an absolute minimum operating
time of 10 ms on the nominally 50 Hz system.

The response of first zone relays having a nominal
setting of 80% of the line section in question is considered,
and the level of polarisation is 10% of the relevant sound-
phase voltage(s). Each comparator has a setting voltage
of 0-1V and, in the case of the general application study
configuration shown in Fig. 9, the majority of the responses
were performed for source short-circuit levels of 5 GVA and
35 GVA at the sending and receiving ends, respectively. The
latter conditions give relatively high levels of travelling-wave
distortion'? and consequently enable a near worst case
indication of the performance of the relays connected at
point S to be obtained.

The nominal transducer ratios were taken as 500/0-11
and 1200/1 for the vts and cts respectively. The frequency

h, = 1-25, response of the vts was of the lowpass high-fidelity type
~=—=—h, =05 and, in order to indicate the near optimal response from the
| \
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Fig. 14  Variation of reach of earth fault relay with p.p.s. shunt
compensation

‘a’-earth solid faults, ‘a’-earth relay located at end S of single-section
feeder (Fig. 9a)

sending s.c.1. = 5 GVA, receiving s.c.1. = 35 GVA
———~—sending s.c.1. = 35 GVA, receiving s.c.1. = S GVA

-— . —sending s.c.1. = 35 GVA, receiving s.c.1. = 35 GVA
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a faults at peak of prefault ‘a’-earth voltage
b faults at zero of prefault ‘a’-earth voltage
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point of view of minimising relay operating times and
ensuring reverse fault stability, a cvt high-frequency cutoff
(— 3 dB point) of 1 kHz was used.'®

5.1 General application study

5.1.1 Measurement accuracy: Fig. 14 illustrates how the
degree of compensation affects the reach of the ‘a’-earth
relay at point S in Fig. 9¢ and, in accordance with the
observations made in Section 4.2.2, the reach is seen to
increase with the degree of compensation. However, even
at an extreme level of compensation corresponding to
h, =1-2, the reach does not exceed 247 km which in turn
represents an overreach of less than 3%. On the other hand,
with no compensation (2, = 0) the relays have been found
to operate for faults up to approximately 235 km, which in
turn corresponds to about 2% of underreach.

It should be noted that the responses obtained include
also all the errors which are unavoidably encountered in
practice, i.e. residual compensation errors and errors caused
by assuming ideal transposition when setting the relays. It
follows that not all the error observed is attributable to the
presence of shunt compensation. In this respect, it is evident
from Fig. 14 that the measurement error solely attributable
to compensation does not exceed approximately 5%, a
finding which has been found also to apply to the response
of phase-fault relays.

The foregoing findings apply equally to the three-section
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Fig. 15  Time-response of earth-fault relay applied to 300km

compensated line

‘a’earth solid fault; ‘a’-earth relay at end S (Fig. 9); sending s.c.1. =

5 GVA;receivings.c.1. = 35GVA;h; = 0-75
= relay applied to 3-section feeder (Fig. 9b) (digitally simu-
lated)
————— = relay applied to single-section feeder (Fig. 9a) (digitally
simulated)

— - — = relay applied to single-section feeder (relay tested on ana-
logue test-bench facility)

@ faults at peak of pre-fault ‘a’-earth voltage

b faults at zero of pre-fault ‘a’-earth voltage
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arrangement and to the relays connected at end R in Fig. 9.
For practical loading and compensation levels, no case
involving a total error in excess of + 6% has been observed.
It can thus be concluded that there is, for practical purposes,
no significant deterioration in the measuring accuracy of
block-average type relays applied to linear 4-reactor shunt
compensated feeders.

5.1.2 Relay operating times: Fig. 15 shows the time
response of the ‘a’-earth relay at S for both single and
3-section arrangements which are typically compensated at
a level of #; = 0-75. In the case of faults which occur near
zero voltage point-on-wave (Fig. 15b), the responses are
almost identical and there is, for practical purposes, no
significant difference between the performances in the
alternative configurations. Also shown in Fig. 15b is the
time response revealed from a series of tests on the block-
average relay when using a signals derived from a lumped
parameter single-end fed dynamic test bench in which only
the series impedance of the line was modelled. The model
shunt reactors used had an unrealistically low Q-factor
of approximately 7 and, because only the series impedance
of the line could be modelled, travelling-wave components
were not reproduced. Although faults near zero voltage
produce relatively very low levels of travelling-wave distor-
tion, they are nevertheless responsible for the slight dif-
ference in the responses obtained near the boundary of
operation. Despite the fact that the test bench simulation is
not wholly realistic in terms of simulating the primary
system, the results obtained for zero voltage faults do
correlate sufficiently well with the digitally simulated
responses to provide a useful independent means of con-
firming the latter.

The much higher level of h.f. distortion produced
following faults at voltage maximum produces a slowing
of relay responses and reference to Fig. 15a shows that,
unlike zero voltage faults, there is a marked difference
between the relay response in the two alternative appli-
cations considered. For example, a fault at the midpoint
of the line gives relay operating times of 20 ms and 30 ms
for the single and 3-section feeders, respectively. Further-
more, in the case of relay applied to the 3-section feeder,
the response for a close-up fault deteriorates to the extent
of being approximately 8ms slower than that for an
identical fault at maximum voltage on the single-section
feeder. As mentioned previously, the lower apparent
frequencies of the travelling-waves observed in the case of
sectionalised feeders undoubtedly accounts for the slower
response observed in the 3-section arrangement. The precise
level of travelling-wave distortion present is quite clearly
the main factor which determines the time response. This
is particularly evident from a comparison of the single-
section feeder responses obtained by using the test-bench
facility and the digital simulation (Fig. 154). As mentioned
previously, the bench testing programme included only the
line series impedances and high-frequency components of
relaying voltage and current were not therefore produced.
The latter limitation largely accounts for the difference in
the responses obtained from the bench testing and digital
simulation programmes and it further illustrates the
important part which high-frequency distortion plays in
determining relay responses.

A simplified computer simulation in which only the line
series impedance was modelled has been performed as part
of a partial validation exercise involving a comparison
between the relay responses as obtained by dynamic bench
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testing and digital simulation. For practical purposes, the
responses thereby obtained were identical with the bench
test results shown in Figs. 15z and b, thus providing evidence
of the realism with which the low-frequency response of
the relaying circuit has been digitally modelled. Due to the
limitations of the bench test method, similar direct evidence
of the adequacy of the digital simulation in respect of
modelling the high-frequency response of the relaying
circuits was not possible. However, as part of the process
of validating earlier work on the block-average relays,”
some secondary injection tests involving discrete high-
frequency components of voltage and current were per-
formed. These tests included injecting realistic levels of
discrete high-frequency currents into the transformer-
reactor circuit,! and a comparison with the corresponding
comparator responses as obtained by digital modelling
revealed no significant inadequacies in the modelling
of the relay circuits. Similar block-average relays were
considered during the course of the work here presented
and it has therefore been concluded that the digital
modelling of the relay circuits themselves is adequate for
a realistic indication of performance under field operating
conditions.

The time response of the ‘b’—‘c’ phase-fault relay
illustrated in Fig. 16 again shows that there is a marked
difference between the operating time for faults at maximum
voltage on the single and 3-section compensated feeder
arrangements. For example, for a midpoint fault (approxi-
mately 62-5% of the relay reach), the operating times are
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Fig. 16  Time response of phase-fault relay applied to 300 km line

‘b’-‘c’ solid faults; ‘b’-‘c’ relay at end S (Fig. 9); sending s.c.1. =
5 GVA;receiving s.c.1. = 35 GVA

= relay applied to 3-section feeder (Fig. 9b), h, = 075
———— = relay applied to single-section feeder (Fig. 9a), h, = 0-75
———— = relay applied to single-section feeder (Fig. 9a), h, = 0-75
a faults at peak of ‘b’-‘c’ voltage

b faults at zero of ‘b’-‘c’ voltage
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approximately 40 ms and 24 ms for faults on the 3-section
and single-section feeders, respectively. On the other hand,
a corresponding fault at the zero of the prefault voltage
gives an operating time of approximately 12ms for both
feeder arrangements. A comparison of Figs. 15 and 16
shows that, irrespective of the configuration involved,
the time response for pure phase faults is inferior to that
for single phase-to-earth faults.

The previously mentioned extent to which the degree of
compensation affects relay responses is also evident from
Fig. 16. It can be seen that, although the phase-fault
relay does not actually overreach its nominal setting in any
application, a relative overreaching tendency occurs to the
extent that, for the single-section feeder, the reach is
approximately 8km larger (approximately 3% of the
relay reach) with a compensation level of #; ~ 0-75 than
that obtained for zero compensation. Although not illus-
trated, a similar margin of relative overreaching tendency
has been observed for the 3-section feeder.

5.2  Specific application study

The performance of zone-1 distance relays protecting each
section of the specific application considered (Fig. 10)
is shown in Fig. 17. Both earth-fault and phase-fault relay
responses shown in Figs. 17a and b respectively, indicate
that there is a marked difference in the performance of
the relays protecting each section. This is particularly
so for faults at peak voltage point-on-wave, there being
just under one half-cycle of power frequency difference
between the close-up fault operating time of the earth
fault relays connected at points S1 and $3. The corre-
sponding difference in the case of phase faults is approxi-
mately three-quarters of a cycle of power frequency.

It is important to note that the relay time responses for
peak voltage faults in particular are generally more inverse
in nature over the whole range of possible fault positions
than has previously been found to be the case for simpler
single-section uncompensated feeders.'® For example, it
can be seen from Fig. 17b that, in the case of the phase
fault relay protecting section S3 —R3, the operating
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time for a fault 75km distant from end S3 reaches
approximately 2-5 cycles of power frequency.

The relative differences in the response of the relays
are conveniently illustrated by reference to Fig. 18 which
shows the relative responses of the sending-end relays
following faults at voltage peak. It can be seen that the
difference in responses is much more marked in the case
of phase faults, there being a difference of approximately
25 ms between the operating times of the relays at S1 and
S3 following faults at half the respective relay reaches.

The response illustrated in Fig. 18a for the earth fault
relay at S2 (protecting the 100 km midsection feeder) is
useful for indicating the extent to which the performance
of modern distance relays can be modified in practical
multisection shunt compensated schemes. It can be seen
that the operating time of this relay always exceeds 20 ms
and reaches approximately 30ms for an earth fault at
60% of the relay reach. On the other hand, earlier work
concerned with identical block-average relays applied to
'a single-section uncompensated 400 kV feeder of comparable
length (128 km) indicated a relay operating time of approxi-
mately 12 ms for single phase-to-earth faults over the whole
of the range 0—60% of the relay reach.!®

6 Conclusions

In this paper, methods are presented for realistically
modelling practical 4-reactor shunt compensated e.h.v.
systems and techniques whereby the models may be used
to determine responses for arbitrary loading, source and
compensation conditions have been described. The
complexity of typical shunt-compensated systems has
hitherto represented a particularly difficult problem from
a computational point of view, but the importance of
employing very realistic primary-system simulation tech-
niques which adequately model the system under
consideration has clearly emerged. The results of this work
thus indirectly confirm the desirability of recent trends
towards the use of programmable test equipment as an
alternative to simpler more conventional approximate
analogue testing techniques, and the digital methods of
simulation described in this paper are of obvious importance
in this context.

The majority of the primary-system simulation studies
utilised an IBM 360/195 computer linked to a Prime 400
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interactive computer facility which in turn was used for
modelling the transducers and relay circuits. In computing
terms, almost all the total requirement relates to a simulation
of the primary system, and typical c.p.u. times of approxi-
mately 25s and 40 for single-section and 3-section studies,
respectively, have been required. The latter times aré those
required to produce the time variation of the voltages and
currents at both ends of a faulted line section for a postfault
observation time of approximately 250 ms. Work is now in
progress to reduce the computing time by optimally
structuring the software and by pre-evaluating and storing
more of those matrix functions which are independent of
both system configuration and fault position, etc.,
Preliminary assessments indicate that, by so doing, the
c.p.u. time required will be less than approximately one
half of present requirements.

Broadly, it has been found that it is the system confi-
guration, rather than the precise levels of shunt compen-
sation, which is the principal factor which determines the
performance of modern distance protection applied to
shunt compensated feeders. For example, it has been
found that following faults at peak voltage point-on-wave,
there is a marked difference between the time responses
in single-section and 3-section configurations. In particular,
the relay operating time for close-up faults at maximum
voltage is generally larger in multisection feeders than in
otherwise similar single-section arrangements.

It is important to note that the time responses in respect
of faults at or near zero voltage point-on-wave have been
found not tovary significantly with application and further-
more they are, for practical purposes, almost identical
with those obtained in similar uncompensated feeders.

The main effect of the shunt reactors is to cause an
increase in the relay reach of typically 5% over a p.ps.
compensation range of 0—1-2. Such increases are largely
configuration independent, and it is concluded that the
maximum reach which is likely to occur in a given appli-
cation will be some 5% in excess of the reach as obtained
in a similar uncompensated application study. Furthermore,
the studies have revealed that the overall error is such that
the zone-1 reach does not deviate from the nominal reach
setting by more than +6%. On this basis, it can safely be
further concluded that there is no serious likelihood of
indiscrimination occurring in schemes employing a nominal
80% zone-1 setting.

1 1 B S | ] 1 1

20 40 60 80 100

fault position, °/ of relay reach
a

Fig. 18  Normalised time-response of sending end relays in specific
system configuration

Faults applied at peak of prefault voltage
= relay connected at point §,
—+— = relay connected at point S,
———— = relay connected at point Sy

a Response of ‘a’-earth relays

B Response of ‘b’-‘c’ relays
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The specific application study reported in this paper
shows that there is a significant difference between the time

response of the relays protecting each line section. This is

particularly so for faults at maximum voltage point-on-wave,
where it has been found that a differepce in close-up
fault operating times of typically one half-cycle of power
frequency can occur. Furthermore, it has been found that
even for block-average relays with a theoretically minimum
operating time of one-cycle of power frequency, operating
times in excess of one cycle over the whole range of fault
coverage can occur for some of the relays applied to the
specific feeder application studied. In so far as it is possible
to generalise, it can be said that such responses are likely
to meet the requirements of the majority of applications
but the system configuration dependent nature of the
problem nevertheless tends to indicate the necessity for
individual application studies in cases where some doubt
exists. No serious problem relating to the use of block-
average based comparator distance relaying schemes has
been found, but it could be unsafe to extrapolate the
findings to existing or proposed distance protection schemes
utilising other comparison circuits.
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pcRFORXA:::E or HIGH SPEED n:s:A:cz PROTECTICM A?7?":-:D TO “-RZACTOR STATIC
SHUNT COMPENSATED SYSTEMS

A T Johns, MAH Abuelnour and R K Aggarwal

School of Electrical Engineering, University of Bath, UK

1. Introduction

Until very recently, little had been reported on the performance of modern
distance protectiop applied to long static shunt compensated feeders. A study
by Fielding et al has however shown that distance protection performance is
modified somewhat when applied to simple single-section shunt compensated
feeders but the latter work was confined to three reactor arrangements.

Where single-pole autoreclosure is involved, 4-reactor shunt compensators are
necessary in order to provide rapid extinction of secondary arcs * e The state
of knowledge of distance protection performance in long shunt compensated feeders
using 4-reactor arranganents is however even more limited than that relating to
3-reactor schemes and, in view of the increasing world-wide use of single-polo
autoreclosure, this paper is primarily concerned with reporting some recently
developed primary system simulation techniques together with the salient

features of an extensive response evaluation of distance protective relays
utilising the well-known block-average technique.

2. Basic shunt compensated system models

Shunt compensated feeders are rarely sectionalised into more than three compensa-
ted sections and, in order to obtain an assessment of the primary system res-
ponses and associated distance relaying performances, the two basic configura-
tions shown in Fig 1 have been studied. For the 3-section feeder (Fig lb) the
intermediate source infeeds wv#ere assumed to be negligible and faults were simu-
lated on the 300km mid-section. A comparison of the performance of distance
relays protecting an identical length of line in both single and 3-section
feeders was thereby possible.

3. Pitimary system simulation

rig 2 shows the circuit of a typical 4-reactor arrangement. In terms of the
p.-p-s. and z.p.s. values of the shunt capacitance of the line (Cj*,Cq) the para-
meters of any shunt reactor bank compensating a line section of length I is as
given in eqn (1).

h, = 2/w?L-C £
= 2/Wr9L C £ )
0 00 0

The factors which determine the degrees of shunt compensation (h”,h*) are well
documented in the literature ~ and will not be considered in detail. In
practice h”"*hg lie between extremes of 0 and 1.2 and it is possible to determine
the reactor impedances from eqn (2).

A

(2)

Zn

.j2.(niC,-h”*Cn)/3.n

Combination of the shunt reactor arrangements with the various line sections is
conveniently achieved by use of the canonical relationship or eqn (3). In terms
of the basic reactor parameters (Zp,Z”), the sub-matrix [Yg] used in so describ-
ing each reactor is given by eqn (4).
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Fig 3 shows the method used to reduce the actual compensated feeder model (Fig

3a) to an equivalent model (Fig 3b) in which the line sections up to and beyond
the fault point are combined with the terminating reactors. With reference to

Figs 2 and 3, the situation at the receiving end is such that Ip; = I; and

I, = Ig. Furthermore, it is possible to describe the line section between the

point of fgult and the receiving end using the two-port polyphase relationship
of eagn (5)°.

vf - AL2 BL? VR
I_| " |c D I (5)
R L2 L2 R

where AL2 = cosh y(2-x), BL2 = sinh w(l-x)ZO, CL2 = YoBL2 o DL2 = YoAL2 o

¥ = qu-l, Q = voltage eigenvector matrix, y = propagation constant
matrix, Zo = Y;l = polyphase surge impedance matrix.

Combination of eqns (3) and (5) is performed to obtain the relationships of

egn (6) which in turn describes the line/reactor equivalent section shown in
Fig 3b.

Ve | o P2 Pe2f|RTVy [l [A12B¥s  Bra || VoVr n B [Vr (6)
Iem| (2 Pr2f|*me™f1 | |CL2*Pi2¥s Do || LR | [C2 P4|Tr

It is likewise possible to obtain an overall two-port matrix describing the

line and reactor section between the sending-end and fault point. In the equiva-
lent circuit of Fig 3, each source terminating the faulted section RS comprises
the main source and, where present, the infeeding compensated .sections. The
basis of the frequency domain based digital methods of simulating faults on a
circuit model of the equivalent form of Fig 3b are given in reference 3.

3.1 Line configuration

A typical 500 kV quad conductor line model has been studied. Frequency variance
of all line and earth plane parameters has been included and the data are:

(a) phase conductors are uxu77MCM Al, Alloy, 21.5m overall equivalent, 242 sq mm
Al equivalent, 19/4.33 stranding; (b) earth wires are 71.35mm Alumoweld;

(c) earth resistivity is 1000m. Each line section has the usual discrete
transpositions at intervals of one-third of the total line length involved.

3.2 Source and Reactor Parameters

Each limb of the shunt reactors was arranged to have a Q factor of 250 at 50Hz
and the corresponding Q factor for each main source was equal to 30. Normal
service loading on long-compensated feeders is typically between one half to

two thirds of surge impedance power loading and the corresponding level of p.p.s.
shunt compensation required (h;) is approximately 0.75. TFor the line.con-
struction considered the associated level of z.p.s. compensation required to



— neutralise seconcary arc currents and residual voltages (ho) is approximately
0.57. The majority of the studies were performed for the latter two degrees of
compensation but in studies involving other levels, both hl and ho were chosen
so as to minimise secondary arcing currents.

4. Salient Features of Primary System Responses

An extensive series of studies have shown, that there is a very marked difference
between the response of single section and 3-section feeders. For example, Fig
4 shows a comparison of the responses observed at the relaying point S following
a solid "a"-earth fault at S (x=0). The voltage waveforms are seen to differ
significantly and, most importantly, the waveforms associated with the fault on
the 3-section feeder are very considerably more distorted than is the case for
the single section arrangement. The reason for this is that the travelling
waves of current set up in the 3-section feeder of Fig 1 successively propagate
through point S towards point S' and are partially reflected from S' back
through S to produce relatively high levels of travelling wave distortion. In
the case of the single secticn feeder (Fig la) the transit time between any
point of fault and the point at which the relays are connected is relatively
small and much higher frequency more rapidly attenuated travelling wave distor-

tion is produced. Similar findings have been found to apply to pure interphase
faults clear of earth. )

5. Performance of Distance Protection

The relays investigated are of the cross-polaris?d mho type and util%se signals
of the form S; = ILZr - Vi S, =V + Vp. The signals are compared in the.
block-average comparator arrangement and details of the ?etbods ?f simulating
the response of the relaying circuits and transduce?s are given in reference.u.
The response of zone-l relays having a nominal setting of 80% of the.SOOkm line
section are considered, and 10% of sound phase polarisation voltage is used. :
Nominal transducer ratios of 500/0.11 for the v.t.'s and 1200/11 for the c.t.'s
were taken, and a c.v.t. high frequency cut-off (-3dB point) of lkHz was used.

5.1 Measurement Accuracy

Fig S5 shows how the degree of compensation affects the reach of the "a'"-earth
relay, and it can be seen that the latter tends to increase with the degree of
compensation. However, even at an extreme level of hy = 1.2,the overreach
is less than 3%. With no compensation, the relays are found to possess about
2% of underreach. To summarise, it has been found that for practical loading
and compensation levels the total measurement error is within :6% of the
nominal value and it can be concluded that, for practical purposes, there is
no significant deterioration in the measuring accuracy of such relays when
applied to linear U4-reactor shunt compensated feeders.

5.2 Speed of Operation

The time response of an "a"-earth relay at S on the alternative_goqfiguratio?s

of Fig 1 (h;=0.7) 1is shown in Fig 6. It can Le seen from Fig 6 that there is

a very marked difference between the responses in the alternative ccnfigurations.
For example, a fault at the midpoint of the line gives relay operating times of
20ms and 3Cms for the single and 3-section feeders respectively. In the case of
a relay applied to the 3-section feeder, the response for a close-up fault
deteriorates to the extent of being approximately 8ms slower than that for an



jdentical fault at maximum velizage on <ne single section feeder. For faults at
or near voltage zero point-on-wave there is little difference between the
responses in the two alternative configurations. Indeed, it has been found
that the performance for zero voltage faults differs little from that of relays
applied to much shorter uncompensated feeders. &

6. Conclusions

The performance of modern.high speed distance protection utilising typical
block-average comparator devices is significantly affected by the system con-
figuration,ie,the sectional arrangements involved. Measurement accuracy has
not, for practical purposes, been found to vary significantly with the degree

of compensation employed. 1In the case of faults near peak voltage point-on-
wave there is however a significant difference in the relay operating times for
an identical relay protecting the single or 3-section feeders. This is pri-
marily due to the larger transit times involved in the latter arrangement,with
the result that the higher frequency components are of relatively low frequency.
Consequently, there is some increase in relay operating times in 3-section
feeders and,in some applications where faster fault clearance times are sought
it may be necessary to reappraise the situation in relation to the pre-filtering
of relaying signals prior to processing in block-average comparators.

i
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