P P

AN INVESTIGATION INTO THE IMPORTANCE OF CONSIDERING PROTECTION
" PERFORMANCE DURING POWER SYSTEM OUT-OF-STEP CONDITIONS

by

Jvan Eyssen

Thesis submitted to

The faculty of Engineering of the University of Cape_Town»in the fulfilment of the
requirements for the degree of Master in Science

January 1894

r m&'ﬂ\ﬁ"lﬁ}u‘ I Eae 3 g 2oty
T - - ,Aa‘-s.:,'y:.wmmmmm
! ;e L.vacrsnty of Cape Town has been gi ;“
if the right 1o rereoduce this thesis in 'Pg':veln :
the | CRIUBHEE e thesis in whole §
| | orin part. Cepyrigit is hety by thz auth ’
| | T 3 or.

T R I TR e e RRE A Ta e
LA s 8 y
ST 5 B> v




The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



III

ABSTRACT

The performance of power system protection is affected by out-of-step conditions in
that system. Protection relays such as distance relays may detect an out-of-step
condition and consequently opérate to trip unfaulted lines. The tripping of unfauited
lines interrupts supply to loads and exacerbates an already existing stability

problem.

To prevent distance-relay operation during out-of-step conditions, distance
protection can incorporate out-of-step bloCkking protection. The purpose of the out-of-
step blocking protection is to detect an out-of-step condition and, upon detection,

block distance-relay operation.
In the research the following were investigated:
1) The effect of out-of-step conditions on distance-protection performance

2) The performance of distance protection incorporating out-of-step blocking

protection, during out-of-step conditions

A nine-bus IEEE benchmark network was chosen for the purposes of the research.
The nine-bus network is representative, simple and small. It is a benchmark which is
often used in compa::ative studies in the power system field. The nine-bus network
data taken from reference [22] (see Table 3.1 in Chapter 3) were consistently used

for every study done.
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Mathematical protection models representing the behaviour of distance protection
incorporating out-of-step blocking protection were modelled in such a way as to
simulate the protection of every line in the nine-bus network. These models were

included in the power system model representing the nine-bus network.

Two types of stability studies were done to investigate protection performance: a

dynamic-stability study and a transient-stability study.

in modelling the protection in the stability studies, it was found that a cascade effect
of switching unfaulted lines can occur due to relay operation. Results also show that
distance-protection performance improves with the application of out—of—stép

blocking protection.

The research covers the following topics:

1) Dynafnic stability

2) Transient stab.ility

3) Distance protection

4) Out-of-step blocking protection

Results are discussed. An important conclusion reached is the need to take
protection performance into account in routine stability studies. It will be shown that

this may change the outcome of a stability study.

For the sake of completeness, suggestions are made for further research.



DEFINITIONS

Impedance-type characteristic: A distance relay using an impedance-type
characteristic is on the verge of operating at a given constant value V divided by |,
which may be expressed as an”i’mpedance. The operation of this relay is
independent of the phase angle between V and | and can therefore be represented

as a circle on an R-X diagram, with its centre at the origin {5].

Mho-type characteristic: A distance relay using an mho type-characteristic is
éimilar to a relay using an impedance-type characteristic, except that the operation is
dependent on the phase angle between measured voltage and measured current.
When plotted on an R-X diagram the mho type characteristic is a circle with the
circumference passing through the origin. The relay .is thus directional and operates

to clear faults in the forward direction [5].

Reactance-type characteristic: A distance relay using a reactance-type
characteristic is designed to measure only the reactive component of a line. On an
R-X plane the reactance-type characteristic is a straight line parallel to the R-axis.

Any measured reactance below the straight line will cause the relay to operate [5].

Blinders: Blinders are angle-impedance distance-relay units. Blinders are used to

block protection operation for certain areas where tripping is not desired [6].



Pick-up current: When a relay operates to open or close a contact, it is referred to
as a "pick-up" action. The smallest value of measured current that will cause such an

operation is called the "pick-up current" [6].

Supervisory signal input: A supervxsory signal input supervises the equipment to
which it is connected. For example a distance relay has a supervisory signal
controlled by an out-of-step blocking relay. If the distance relay attempts to operate
during out-of-step conditions, the supervisory signal input (controlled by the out-of-
step blocking relay which detects the out-of-step condition) will block the operation

of the distance relay.
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CHAPTER 1: INTRODUCTION

The perfbrmance of power system protection is affected by out-of-step conditions in
that system. Protection relays such as distance relays may detect an out-of-step
condition and consequently operate to trip unfaulted lines. The tripping of unfauited

lines interrupts supply to load and exacerbates an already existihg stability problem.

In 1983 and 1984 out-of-step conditions in the WSCC (Western System Co-
ordinating Council) power system caused distance-relay operation. This operation
resulted in the tripping of unfaulted lines. The undesired operation of distance
protection gave rise to a study on the coordination of distance protection and out-of-

step blocking protection [1].

Stability problems in the operation of the Queensland Electricity Commission System
led to the contemplation of protection performance through the application of a

protection scheme [2]. Such a protection scheme had to provide for:

1) the detection of an out-of-step condition;
2) the blocking of distance protection; and
3) the tripping of lines at selected locations, called split locations, in the event of

an out-of-step condition. -

With view to the application of this protection scheme, protection was modelled and
stability studies were done. Distance protection was modelled to determine where
out-of-step blocking protection would be required. Out-of-step blocking protection
was modelled to determine the setting requirements for out-of-step detection. From

the stability studies, split locations were determined.



In November 1890 the author experienced a situation where a condition of instability
led to the undesired operation ("misoperation") of distance protection in the ESKOM

power system. The structure of the ESKOM power system is shown in Figure 1.1,
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Figure 1.1:  Structure of the ESKOM power system.

The power system is characterised by a major capacity of coal-fired power stations
in the north. A nuclear power station and a pumped storage' scheme are situated in
the south. The power generated in the south is not sufficient ‘to supply the local load,
however, and power therefore has to be imported from the north, over a distance of

+1 400 km.

On 8 November 1990 overvoltage protection tripped two critical lines linking the

north to the south. The tripping of these lines induced negative-sequence current,



and protection tripped a third line. The result was an out-of-step condition between
the north and the south. Most of the distance relays in the ESKOM power system are
not equipped with out-of-step blocking protection therefore several distance-
protection relays operated. As a consequence, cascade tripping of unfaulted
transmissioh lines occurred in the south and caused a complete system blackout on

the southern part of the system.
Conclusions drawn from the above are:

1) Distance-protection performance is affected during out-of-step
conditions. An out-of-step condition may lead to the misoperation of distance
protection, which will cause the tripping of unfaulted lines.

2) To investigate protection performance during out-of-step cbnditions,
protection must be modelled.

3) To investigate protection performance, the models represenfing the protection

must be included in stability studies.

The above conclusions, and the fact that routine stability studies on the ESKOM
power system does not include protection-performance evaluation by means of
protection models, led to a further investigatioh into protection performance during

out-of-step conditions.
The research covers the following aspects:

1) Dynamic stability
2) Transient stability
3) Distance protection

4) Out-of-step blocking protection



1.1 Methodology

The research was performed by using a power system simulator program called

PSS/E (Power System Simulator for Engineers). PSS/E has a library of mathematical

models. This library contains, amongst others, models representing the behaviour of

generators, excitation systems, loads, transmission lines, transformers and

protection.

A nine-bus IEEE benchmark network was chosen for the purposes of the research

(see Figure 1.2). The nine-bus network is representative, simple and small. It is a

benchmark which is often used in comparative studies in the power system field. The

nine-bus ne_twbrk data taken from reference [22] (see Table 3.1 in Chapter 3) were

consistently used for every study done.
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Figure 1.2: The nine-bus benchmark network



The following protection were modelled, applied and investigated:

1)  Distance protection

2) Out-of-step blocking protection

Distance protection is primarily used for the protection of high-voltage transmission

lines where:

1) high-speed protection
and

2) discrimination between fault locations

are necessary. For this reason, distance-protection performance during out-of-step

conditions was investigated.

Out-of-step blocking protection is primarily used to detect an out-of-step condition
and, upon detection, block distance protection. The performance of distance
protection incorporating out-of-step blocking protection was also investigated in the

research.

- Dynamic instability and transient instability initiate system oscillations. These
oscillations may affect the performance of the protection in the nine-bus network. For
_Athis reason, dynamic-stability and transient-stability studies were done on the nine-

* bus network to investigate the protection performance. Various stability studies were
done to obtain the worst cases for dynamic and transient stability respectively (see
Table 5.1 in Chapter 5). For these stability studies the effect of excitation control was
investigated. Excitation control may decrease the damping at a generator, thus

making the generator more sensitive to dynamic instability [3]. In the case of



transient instability, the presence of excitation control may increase the stability limit

of the system, thereby making the system more stable [3].

The effect of power system stabiliser control, when present at each generator, was'
not investigated. The presence of power system stabiliser control will improve the
stability of a power system and, in the case of the nine-bus network, this will defeat
the object of obtaining the worsf cases for dynamic and transient stability

respectively.

To do a dynamic-stability study, a change in load was simulated. Due to the
presence of high-gain excitation control at each generator, the small disturbance

was sufficient to cause dynamic instability”.

To do a transient-stability study, a three-phase fault close to the generator at bus 3
was simulated. For this simulation there was no excitation control on the nine-bus
network. (The simulation of various stability studies indicated that the presence of
excitation control at each génerator keeps the system from becoming transiently
unstable. Without excitation control, the nine-bus network was found to be sensitive

to severe disturbances, resulting in the syster‘n"becoming transiently unstable.)

1.2 Limitations of the research.

‘The nine-bus network is a small and simple system. This could limit conclusions

regarding distance-protection performance during out-of-step conditions.

1.3  Plan of development

: High-gain excitation tends to decrease the damping at a generator, thus making the generator more sensitive
to dynamic instability [3].



In Chapter 2 the synchronous stability of the power system is discussed. Two types

are presented namely:

1) Dynamic stability
2)  Transient stability

Dynamic instability and transient instability conditions were simulated for the
purposes of the research. In Chapter 2 it is shown that these conditions cause

oscillations that may affect the performance of system protection.

Chapter 3 presents the nine-bus network used for the purposes of the research. The

mathematical models representing the nine-bus network are'presented. ‘

Chapter 4 deals with protection and its performance during system out-of-step
conditions. Distance protection and out-of-step blocking protection, and their

respective mathematical models, are presented.

Chapter 5 presents and discuss the results of the dynamic-stability and transient-

stability studies carried out.

Chapter 6 is a summary of the research. The results obtained in the research are

summarised and discussed. Suggestions are made regarding further research.



CHAPTER 2: SYNCHRONOUS STABILITY OF A POWER SYSTEM

2.1 Introduction

Synchronous stability of a power system is a concept used in AC electric power
systems. "Synchronous stability" denotes a condition in which the various machines
of the system remain "in step" with one another. "Synchronous instability" denotes a
condition in which the various machines of the system fall "out of step" with on

another.

An out-of-step condition can occur between one machine and the rest of the system,

or between groups of machines.

Following a system disturbance, the generator's electrical parameters (rotor angle,
eleétrical power, terminal voltage, etc.) oscillate for some time. The oscillations are
reflected as fluctuations in the power flow over the transmission lines. If the system
is stable, the oscillations caused by the disturbance will be damped, eventually
resulting in new operating conditions. If damping is not sufficient, the system will

become unstable.

The fluctuations in power flow over the transmission lines causes voltage and
current to vary over wide ranges. This variation of voltage and current can affect
protection performance, for example that of distance protection, on the system and
may consequently cause the opening of unfauited lines. An interconnected system
can "break up" due to distance-protection operation and thus become unable to

provide support to areas which become isolated.



Common features of a power system displaying unstable behaViour are:

1) long-distance transmission lines;

2) load centres that are widely separated and partially supplied by remote
generation, the angular displacements between remote generators and those
near the load centre being large; and

3) lines ("ties") between load areas are long and the interchange of power

requires large power angle differences.

2.2 Types of synchronous instability in a power system.
Two types of synchronous ihstability in a power system can be identified, namely:

1) Dynamic instability

2) Transient instability

The main difference between these types of instability, is the time frame within which
they develop. Dynamic instability occurs within a period of one second to one

minute. Transient instability occurs within a period of zero to one second.
2.2.1) Dynamic instability

Dynémic stability is the ability of a generator to remain in synchronism when

exposed to small disturbances such as a gradual change in load [4].

Small speed deviations from synchronous speed occur continually during normal
operation when a generator is subjected to slow or gradual changes. The speed
deviations cause rotor angle and electrical power output oscillations. If the

oscillations diminish in time due to sufficient system damping, the system is said to
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be dynamically stable. If the oscillations increase in time due to a lack of system .

damping, the system is said to be dynamically unstable.

During slow or gradual changes in a system the motion of each generator rotor in the

system is expressed as

d’s D dé |
M.dt2 +ws'dt +K =0 | (2.1)
where
K = -(Pm-Pe)
D = damping power coefficient
o, = synchronous speed of the rotor
M = inertia constant of the generator

d = angular displacement of the rotor
Pm = mechanical power supplied by prime mover

Pe = electrical power output of machine.

Substituting § = eSt, the solution to equation (2.1) becomes

5= (M x V01 (2.22)
=2 (2.2b)
2Maog v
(—l—)—)2—4A/K
s E——— (2.2¢)
2M
D2
With — < 4MK, the roots are complex and the response is oscillatory. The
[

)

generator will be unstable for D <0. Figure 2.1 shows an oscillatory increase in rotor

angle 6 due to insufficient damping.

N
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A rotor deviation from synchronous speed will change the electrical power output of

the machine. The relationship can be expressed by means of the power-angle

equation:

Pe = Pmaxx sind (2.3)
where

Pmax < maximum electrical power output of the generator.

Figure 2.2 shows the electrical power output Pe oscillating with an increase in rotor

‘angle 6. -

't.' l
— ~n |
\

e
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Figure 2.1: Dynamic instability (Angle vs time)
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2.2.2) Transient instability

Transient stability is the ability of a generator to remain in synchronism when

exposed to severe disturbances [4]. Severe disturbances are:

1) a fault on a heavily loaded line, which requires the
opening of the line;
2) tripping of a heavily loaded generator; and

3) abrupt dropping of a large load.

When a generator lS subjected to a major disturbance, a sudden change in

generator output will occur. At the instant of the disturbance, the terminal voltage

12
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and power output of the generator will change. As a result, there will be a difference
between the mechanical power and the electrical power. In order to eliminate this
difference the rotor speed will change; consequently the rotor angle will change.
Figure 2.3 shows the power-angle curve of a generator. If the rotor angle increases
to beyond 90°, the power output at the generator terminals will decrease, with a

consequent increase in speed. With this condition, stability will be lost.

PMAX | e e —

Figure 2.3: Power-angle curve of a generator

A severe disturbance on a power system necessitates a large and sudden change in
the output of each generator. The equation representing the motion of each

generator rotor can be expressed as

2
M9, ky | (2.4)

dr?
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where

K =-(Pm-Pe)

M = inertia constant of the generator

& = angular displacement of the rotor

Pm = mechanical power supplied by prime mover

Pe = electrical power output of machine.
The damping term of the generator is neglected because of the following:

1) Due to the inertia of the machine, the rotor angle, 8, cannot change
instantaneously.

2) The time frame of less than one second, within which transient instability can
occur, is not large enough to allow the damping term (change in rotor angle 3)

~ to become significant.

Substituting 5 = eSt, the solution to equation (2.4) becomes
N |
§=e VM (2.5)

The generator will be unstable if K <0. This will result in a constant rotor-angle

increase (See Figure 2.4).

In section 2.2.1 it was shown that a rotor deviation from synchronous speed will
change the electrical power output of the machine. Equation (2.3) shows this
relationship. The electrical power oscillation with an increase in rotor angle is shown

in Figure 2.2,
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Figure 2.4: Transient instability (angle vs time)

Dynamic-stability and transient-stability studies were done on the nine-bus network
(see. Figure 1.2 in Chapter 1) to investigate distance-protection performance.
Various stability studies were done to obtain the worst cases for dynamic and
transient stability respectively (see Table 5.1 in Chapter 5). For these stability
studies the effect of excitation control was investigated. Excitation control may
decrease the damping at a generator, thus making the generator more sensitive to
dynamic instability [3]. In the case of transient instability, the presence of excitation

control may increase the stébility limit of the system, thereby making the system

more stable [3].
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The effect of power system stabiliser control, when present at each generator, was
not investigated. The presence of power system stabiliser control will improve the
stability of a power system and, in the case of the nine-bus network, this will defeat
the object of obtaining the worst cases for dynamic and transient stability

respectively.

To do the dynamic-stability study, a change in load was simulated. High-gain
excitation control was present at each generator and a small disturbance was
sufficient to cause dynamic instability’. Due to the reduced damping, the small

oscillations caused by the change in load were not sufficiently damped.

- To do a transient-stability study, a three-phase fault close to the generator at bus 3
was simulated. For this simulation, there was no excitation control on the nine-bus
network. The presence of excitation control at each generator makes the nine-bus
network insensitive to severe disturbances. (The simulation of various stability
studies indicated that the presence of excitation control at each generator keeps the
system frém becoming transiently unstable. Without excitation control, the nine-bus
network was found to be sensitive to severe disturbances, resulting in the system

becoming transiently unstable.)

2.3 Summary

In this chapter power-system synchronous stability was discussed. "Synchronous
stability" denotes a condition in which the various machines of the system remain "in
step” with one another. "Synchronous instability" denotes a condition in which the

various machines of the system fall "out of step" with one another.

ngh-gam excitation control tends to decrease the damping at a generator thus making the generator more
sensitive to dynamic instability [3].
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Two types of power system instability were presented namely:

1. Dynamic instability

2. Transient instability

The main differences between these types of instability are the time frame within

which they develop and the type of disturbance which will cause instability.

Dynamic instability, which occurs within a period of one second to one minute, is the
ability of a generator to remain in synchronism when exposed to small disturbances

such as a gradual change in load.

Transient instability, which occurs within a period of zero to one second, is the ability
of a generator to remain in synchronism when exposed to severe disturbances such

as major short circuits.

It was shown that the generator's electrical parameters (rotor angle, electrical power,
terminal voltage, etc.) oscillate for some time following a system disturbance. If the
system is stable, the oscillations caused by the disturbance will be damped,
eventually resulting in new operating conditions. If damping is not sufficient, the

system will become unstable.

The chapter also dealt with the simulation of dynamic and transient instability on the
nine-bus network. Various stability studies were done to obtain the worst cases for
dynamic and transient stability respectively (see Table 5.1 in Chapter 5). For these
stability studies the effect of excitation control was investigated. Excitation control
may decrease the damping at a generator, thus making the generator more sensitive

to dynamic instability [3]. In the case of transient instability, the presence of
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excitation control may increase the stability limit of the system, thereby making the

system more stable [3].

The effect of power system stabiliser control, when present at each generator, was
not investigéted. The presence of power system stabiliser control will improve the
stability of a power system and, in the case of the nine-bus network, this will defeat
the object of obtaining the worsf cases for dynamic and transient stability

respectively.

To do a dynamic-stability study, a small change in load was simulated. Each

generator was equipped with high-gain excitation control.

To do a transient-stability study, a three-phase fault close to a generator was

simulated. Excitation control was not present on the system for this study.
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CHAPTER 3: THE POWER SYSTEM MODEL

3.1 Introduction

Power-system modelling involves the solution of algebraic and differential equations

describing the following:

1) Each rotating machine

2) - Generator excitation controls

3) Turbines and their governing systems
4) The transmission network

5) Loads at transmission substations

The process of solving the algebraic equations for given loads and generator power
outputs is referred to as the "load flow calculation". The process of integrating the
differential equations to produce plots of the dynamic behaviour of quantities such
as rotor angle or protection behaviour as a function of time is called the "dynamic

simulation".

For this research both the load flow and the dynamic simulation calculations were

done by means of a computer program namely the PSS/E (Power System Simulator
for Engineers). The data for the Working Case are contained in two files, namely the
network data file and the dynamic data file. These files contain the network data and

mathematical models representing the behaviour of the power system.

The load flow calculation deals with the positive-sequence model of all the system

components. The quantities determined by a load flow calculation are the following:



1)
2)
3)
4)

20

The magnitude of the voltage at every bus

The phase of the voltage at every bus

The active and reactive power output of each generator
The real power, reactive power and current flow in each

transmission line and transformer

The dynamic simulation of physical processes in a power system involves solving

systems of algebraic and differential equations representing a mathematical model

of the network. This involves the calculation of time derivatives and the performance

of numerical integration at time t. The time is then advanced by an interval,dt, and

the process is repeated until the end of a predetermined time. -

The steps in a dynamic simulation are:

1)

2)

3)

3.2

the construction of a set of differential equations describing the behaviour of
the system,;

the determination of a set of constants and parameters

describing the condition of the system at a particular instant;

the integration of the differential equations with the values determined in 2)

as initial conditions.

The nine-bus network and its mathematical representation.

The network used for the purposes of this research is shown in Figure 3.1.

Generator, line, transformer and load data are listed in Table 3.1. This data were

consistently used for every study done. This network is used as a benchmark for

comparative studies in the power system field.
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Figure 3.1: The nine-bus network

The nine-bus network is representative, simple and small. Power plant equipment
such as static var compensators, series and shunt compensation equipment, etc.,
are not present in this network. Due to its simplicity, the effect of power system
stabiliser control, when present at each generator, was not investigated. Only
generators, generator excitation controls, transmission lines, transformers and loads

were modelled .

In addition to the nine-bus network model, distance protection and out-of-step
blocking protection were modelled. The protection was modelled in such a way as to
simulate the protection of every transmission line in the nine-bus network. Protection

and protection modelling is discussed in Chapter 4.

* Various stability studies were done to obtain the worst cases for dynamic and transient stability
respectively (see Table 5.1 in Chapter 5). For these stability studies the effect of excitation control was
investigated. Excitation control may decrease the damping at a generator, thus making the generator more
sensitive to dynamic instability [3]. In the case of transient instability, the presence of excitation control may
increase the stability limit of the system, thereby making the system more stable [3].

The effect of power system stabiliser control, when present at each generator, was not
investigated. The presence of power system stabiliser control will improve the stability of a power system
and, in the case of the nine-bus network, this will defeat the object of obtaining the worst cases for dynamic
and transient stability respectively.
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Table 3.1: Data for the nine-bus network
GENERATOR DATA LINE DATA
DESCRIPTION 1 2 3 DESCRIPTION | 45 | 5-7 { 7-8 | 88 | 6-9 | 4-6
Inertia H 6.396 | 3.302 | 2.382 R 0.010 | 0.032 | 0.009 | 0.012 { 0.039 | 0.017
Speed dampingD- | 0.00 | 0.00 | 0.00 X 0.085 | 0.161 | 0.072 { 0.101 | 0.170 | 0.092
Xd 1.581 | 1.651 | 1.680 B 0.088 | 0.153 | 0.025 | 0.105 | 0.179 | 0.079
Xq 1.531 | 1.59 | 1.610 TRFR___DATA
Xd' 0.380 | 0.232 | 0.232 | DESCRIPTION | 14 2-7 3-9
Xq' 0.955 | 0.380 | 0.320 X 0.057 0.063 0.059
Xd" 0.252 | 0.171 | 0.171 | Rating (MVA) 100 '1 00 100
Xq" 0.248 | 0.171 | 0.171 | Voitage(kv) | 230/ 165 | 230/ 18 | 230/ 138
Xl 0.261 | 0.102 | 0.095
T'do 5.380 | 5.900 | 5.890 LOAD _ DATA
T'qo 1.500 | 0.535 | 0.600 | DESCRIPTION A B (o
T"do 0.053 | 0.033 | 0.034 P 125 90 100
T"qo 0.135 | 0.078 | 0.080 Q 50 30 35
System base = 100 MVA

. The PSSJ/E has a library of models which can represent almost every element in a

power system. This library contains models for generators, excitation systems and

loads. The models provided by the PSS/E were found to represent the behaviour of

the nine-bus network adequately.
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The Working Case, used by the PSS/E to do simulations for the purposes of the
research, contains models for generators, excitation controls, transmission lines,

transformers and loads.

The generator model.

To represent the dynamic behaviour of the generator, each generator was

represented by a model available in the PSS/E called GENROU.

This model assumes t'he generator to be directly connected to a bus. The generator
boundary-condition is a function of real power output and voltage magnitude at the

generator bus, expressed as

Real(vk,ik") = Pk (3.1)
JvKk| = Vsched
where
k = the generator bus
Pk = real power output at bus k

Vsched = regulated voltage set-point of the generator
vk = voltage at bus k

ik = current inflow at bus k.

The GENROU model represents a round-rotor synchronous machine. It has a field
circuit, one damper winding in the direct axis and two damper windings in the

quadrature axis (see Figure 3.2). The model takes into account for both transient
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and subtransient effects. It adequately predicts the system stability following large

and small disturbances, and it is generally used in stability studies as data for this

model are readily available. Typical data needed for this model are:

1) transient and subtransient time constants in both the d-axis and the g-axis;

2) inertia;

3) speed damping; and

4) steady-state, transient and subtransient reactance for both the d-axis and

the g-axis.

TWO DAMPER WINDINCS
IN& -~ axIs

d - axis

.\l Wi

/\erw RINDING

DAMPER RINDING
INd -~ AXIS

b)

Figure 3.2: The GENROU model.
a) One-line diagram of generator model

b) Schematic diagram of generator model

7BusK
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Typical assumptions for a model such as GENROU are:

1) In the stator voltage equations the rate of change of the stator flux linkages

are neglected

2) O~
3) Xllq - Xlld
Synchronous machine equations for a model similar to GENROU are

1." dE d

g0 dr —==FK d—(X -X )I | (3.2)
' dq)D___ ' LI
fdo' 7 CDDfE q"(Xd XI)Id (3.3)
p 94 g ~KA)E' +X ] +KdD (3.4)
do dt ~fd xd d D ‘
E" =K1E' +K2® 3.5
q q D (3.9)
"2_ " 2 L 2 .
E"“=E ), +E d (3.6)
where
E, = exciter output voltage
E", = d-axis subtransient flux linkage
E", = g-axis subtransient flux linkage
2N = open-circuit subtransient time constants
qo’” do
d, = direct-axis damping-winding flux-linkage
X "q,X " d = g-axis and d-axis subtransient reactances
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X, = leakage reactance
oy la = g-axis and d-axis current ,
K1 = (Xa %) (3.7)

XXy '
K2 = (1-K1) (3.8)
K, - (Xd-X'd)}(X d;X d) (3.9)

(X'd-X1)
_ (Xd-X'd)(X"d-X"I)

Xxd ) - (de_Xl) (31 0)

The swing equation and the electrical torque complete the description of the

synchronous machine.

2Hdw_1,, 1,
r
1ds.
o] | (3.12)
r
where
Te=E"q*Ig+E"d*Ild (3.13)

The block diagram of the model represented by these equations can be seen in

Figure 3.3.
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Iq._—-.>— -(xq - :;) :

Figure 3.3 : Block diagram of synchronous machine

Model of the excitation system

The excitation system controls the generated emf of the generator and th.erefore
controls the output voltage. The excitation control of each generator in the nine-bus
network was represented by a model available in the PSS/E, called SEXS. This
model does not represent any specific type of excitation system; it represents the
general characteristics of a wide variety of excitation systems. It is particularly useful

in cases where an excitation system whose detailed design is not known must be
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represented. The block diagram for this excitation system model can be seen in
Figure 3.4. The mathematical equation to represent the block diagram can be

expressed as:

{7 S) * Ve) (3.14)
fd (1+T s) (1+ ) (Vref o
where
E, = exciter output voltage
T, = time constant
, = time constant
- K = constant
y) = time constant
Vref = reference voltage
Ve = error voltage.
| Yaer £y
l '
Ve "f'\’ =T, | 1k %f4
P" \A/' | L-r'las l |1f.rEs
[ /
ciimeie B

Figure 3.4 : Model of the excitation system
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Model of the transmission lines and the transformers

Transmission lines and transformers were represented by the model shown in Figure
3.5. In representing a transmission line, the transformer turns ratio, T, and
transformer phase-shift angle, ¢, is equal to zero. In representing a transformer, the

transmission-line shunt admittance B and series line resistance R are equal to zero.

Busi ; ‘Busj

/ A

lijéeijzl o
i ; ' ]
/ /
=< .Ben B 7
2 7
)

Figure 3.5: Model of the transmission line and the transformer

The load model.

Loads were modelled to represent real and reactive power consumption at the load

buses:

Real (vk,ik") = -Pk (3.15)
Imag (vk,ik") = -Qk (3.16)

where
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Pk + jQk = net load and generation demand at bus k
vk = voltage at bus k

ik = current inflow at bus k.

In view of the size and simplicity of the nine-bus network, the dynamic behaviour of
the loads were modelled as constant admittance. Loads represented as constant
admittance’ will provide conservétiVe results regarding the stability of the nine-bus
network, consequently the time that elapses before the system becomes unstable
enables the effective investigation of protection performance during out-of-step

EE

conditions. Loads represented as constant power** or constant current”* reduce the

stability limit, and thereby limiting the investigation of protection performance.

The loads were indicated by real and reactive parts of shunt admittance, such that

the following equation is satisfied:

Yo Gk+jBK (2.17)
ik
= Yk

vk?®

Pk

=> Pk=z vk2

where

Gk +jBk  =Yk= shuntadmittance representation of real and

reactive power consumption at load bus k

. For constant admittance representation the active and reactive power varies proportional with the square of
the voltage in order to keep the impedance constant. These loads are dependent on voltage and current changes
in the system and will therefore give conservative results [9].

"* For constant power representation, the active and reactive power are assumed constant before during and
after a system disturbance. These loads are independent of voltage and current changes in the system and will
therefore give overpesimistic (worst case) results [9].

*** For constant current representation the active and reactive power varies proportional with voltage in order
to keep the current constant. Loads represented as constant current usually represent a combination of constant
power representation and constant admittance representation [9].
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Pk = power consumption at load bus k
= voltage at bus k
ik = current inflow at bus k.

The real and reactive power values for the loads represented as constant admittance
are the values corresponding to the nominal voltage. At voltage below nominal, this
type of load will draw more currént. The opposite applies for voltage above nominal.

The result is a load change proportional to the quarej of the voltage.

3.3 Summary

In this chapter the network used for the purposes of the research was introduced.
This network is a benchmark network used for comparative studies and is

representative, simple and smail.

The effect of power system stabiliser control, when present at each generator, was

not investigated and therefore not modelled".

The generators in the nine-bus network was represented by a model called

GENROU, available in the PSS/E . The model takes into account both transient and
subtransient effects and adequately predicts the system stability following large and
small disturbances. It is generally used in stability studies as data for this model are

readily available.

A model called SEXS, available in the PSS/E, was used to represent the excitation

control of each generator. This model does not represent any specific type of

* Various stability studies were done to obtain the worst cases for dynamic and transient stability respectively
(see Table 5.1 in Chapter 5). The presence of power system stabiliser control will improve the stability of a
power system [3] and, in the case of the nine-bus network, this will defeat the object of obtaining the worst
cases for dynamic and transient stability respectively.
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excitation system; it represents the general characteristics of a wide variety of
excitation systems. It is particularly useful in cases where an excitation system

whose detailed design is not known must be represented.

Loads in the nine-bus network was represented by a voltage-dependent constant-
admittance load model. Loads represented as constant admittance will provide
conservative results regarding tHe stability of the nine-bus network, consequently the
time that elapses before the system becomes unstable enables the effective
investigation protection performance during out-of-step conditions. Loads
represented as constant power or constant current reduce the stability limit, thereby

limiting the investigation of protection performance..

The transmission lines and transformers were modelled by using an equivalent

model.



33

CHAPTER 4: THE PROTECTION MODEL

4.1. Introduction

Protection is one of the requirements of power system design to minimise damage to -
equipment. All power system equipment is protected by protection devices. The
function of the protection device is to interrupt the operation of the protected

equipment when an electrical failure occurs.

Protection peﬁormance and power system étability are Closely related. Conditionvs of
power system instability can influence the protection performance of a system.
During an out-of-step condition, there are moments where the angle difference
between the internal voltage phasors of the machines will be 180 degrees (see
Appendix 1). The electrical conditions at that stage are very similar to those of a
three-phase fault condition. Figure 4.1a shows the voltage and éurrent loci for an

- out-of-step condition between two generators or between groups of generators.

Figure 4.1b shows the impedance locus during out-of-step conditions.
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Figure 4.1: a) Voltage and current loci during an out-of-step condition.

b) Impedance locus during out-of-step conditions.
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Undervoltage, overcurrent and distance relays used for line protection are designed
to detect line fault conditions. During out-of-step conditions the performance of these

protection relays may be affected and unfaulted lines may consequently be tripped.

Undervoltage and overcurrent protection

Undervoltage protection operates when a voltage below a set value is méasured at
the relay point. Overcurrent protection operates when a current abdve a set value is
measured. The time delay in the operation of these relays, as well as the breaker |
tripping time, determines when a line is tripped. Figure 4.2 shows the operating
characteristics of these relays. Figure 4.2 also illustrates undervoltage and

overcurrent detection during out-of-step conditions.

2 ———.

_ overcurrent detecli/gn/'/ \\\
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S 0 R ~... undervoltage setting .
g S e -
.o 0 ¢ .- /{-—-% < _
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9 -0.5 undervoltage detection \
-1
'$ angle (degrees) ‘
Figure 4.2: Undervoltage and overcurrent detection during out-of-step

conditions
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Undervoltage and overcurrent relays are usually set for short fault-clearing times.
This exacerbates the misoperation problem during out-of-step conditions. A longer
time delay in the operation of these relays, can prevent them from tripping unfaulted
lines during out-of-step conditions. Also, the current setting of an overcurrent relay

can be set at a high value to prevent it from operating during out-of-step conditions.

Distance protection

Distance protection measures impedance. If the measured impedance is detected
inside an operating zone, a zone timer will start. When the time allowed by the timer
expires, the relay will operate to trip a breaker. The time delay in the operation of the
relay, as well as the breaker tripping time, determines when the line will be tripped.

Figure 4.3 shows the operating characteristic of a distance relay.

t
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Figure 4.3: Operating characteristic of a distance relay
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Due to the behaviour of voltage and current during out-of-step conditions (see
Figure 4.1b), measured impedance may enter the operating zone of the distance
relay. Figure 4.4 illustrates the out-of-step detection. If the measured impedance
remains inside the operating zone long enough, the time allowed by the zone timer

will expire and the protected line will be tripped.

TRANSMISSION LINE I

RELRY R+ gX

SUZSTATION R ' SUESTATICN 2

oUT-CF-5TER  —

CHARACTERISTICZ TRANSMISSION LINS

IFMFEDRINE

DISTANIE RELAY
OFERRTING CHARACTERLISTIC

\\——-azuav LGCATION

\

Figure 4.4; Distance relay detecting an out-of-step condition

To prevent distance-relay operation during out-of-step conditions, distance
protection could incorporate out-of-step blocking protection. The blocking protection

can be set to detect out-of-step conditions and block distance-protection operation.
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Undervoltage and overcurrent relays used for line protection, are primarily used: |

1) for the protection of lower voltage transmission lines; or
2) to serve as back-up protection for the high-voltage transmission lines. (If the
main protection, which is usually distance protection, fails to operate, for

example, back-up protection should operate.)

Distance protection is primarily used for the tripping of high-voltage transmission

lines where

1) high-speed tripping
and

2) discrimination between fault locations
are essential.

For these reasons, distance-protection performance during out-of-step conditions

was investigated during the research.

In addition to the above, the performance of distance protection incorporating out-of-
step blocking protection was investigated. (As already mentioned, distance
protection can incorporate out-of-step blocking protection to prevent misoperation

during out-of-step conditions.)
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4.2 Distance relays and out-of-step protection and their

mathematical representations in the PSS/E.

4.2.1) Distance protection

Distance protection is based on voltage and current measurement. The ratio of the

rheasured voltage and current is represented by:

Zp=-L | (4.1)

where

Zr = calculated impedance detected or "seen" by the relay
- Vr = voltage measured at the relay point

Ir = current measured at the relay point.

The distance relay has a setting impedance, Zset, equivalent to the impedance of
the section of the line to be protected and operates when the ratio of voltage and

current is less than the setting impedance Zset.

Distance protection often have more than one protection zone. A conventional
distance protection relay will have an instantaneous directional zone 1 protection as
well as one or more time-delayed zones. Distance protection for a transmission line

is shown in Figjure 4.5.
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BUSBAR ZONE

Figufe 4.5; Distance protection for a transmission line

It is customary to select a relay setting of about 80% of the impedance of the
protected line for zone 1 protection. Zone 1 protection is usually set to operate with

no time delay (instantaneously).

The remaining part of the line, not covered by zone 1, is covered by a time-delayed
zone 2 protection. The selected setting of the zone 2 protection normally covers the
protected line plus 50% of the shortest adjacent line. The zone 2 time delay is set to

allow for zone 1 protection plus circuit-breaker tripping time.

Zone 3 prote,ction'serves as back-up protection for all faults on the adjacent lines

and has a longer time delay to allow for zone 2 protection plus circuit breaker
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tripping time. The zone 3 setting is usually selected to provide protection from a fault

at the remote end of the second line section (see Figure 4.5).

Zone 3 protection sometimes has a setting which provides time-delayed back-up
protection from busbar faults and "close-up" three-phase faults behind the relay
which were not cleared by other protection schemes. This setting is usually set to

20% of the impedance of the protected line.
4.2.2) Out-of-step blocking protection

The change in impedance measured during an out-of-step condition is slow
compared with the fast change in impedance during a fault condition. An out-of-step
condition can therefore be detected of monitoring the rate of the change in

measured impedance.

Out-of-step blocking protection is primarily used to block distance-protection
operation when an out-of-step condition is detected. Distance-protection relays
which are not blocked by out-of-step blocking protection are, however, sometimes
used intentionally for tripping during out-of-step conditions. The reason for this is the

need for system separation during out-of-step conditions.

A simple out-of-step blocking relay has two characteristic zones called the inner and
outer zones (see Figure 4.6). When the measured impedance enter the outer zone,
a timer is started. If the time allowed by this timer expires before the impedance
enter the inner zone, an out-of-step condition is detected. Relay operation occurs as

soon as the impedance enters the inner zone.

The setting of an out-of-step blocking relay must be coordinated with the setting of

the distance relay that it must block. In many cases the inner zone is set to equal, or
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exceed the zone 3 characteristic of the distance relay. This enables the detection of
an out-of-step condition before the distance relay detects impedance inside its

operating zones.

The outer zone setting is higher. Typically it will be 1,3 times that of the inner zone

to allow a sufficient timer setting.

Distance protection incorporating out-of-step blocking protection can be seen in

Figure 4.6.
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Figure 4.6: Distance protéction incorporating out-of-step blocking protection
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4.2.3) Mathematical representations in the PSS/E

In the PSS/E relays can be modelled by combining and manipulating the relay
models available in the PSS/E library. The relays in the model library are not
intended to be an exact representation of any one product of any relay manufacturer.

They are intended to sufficiently represent the basic features of relays generally.
Distance relay and out-of-step blocking protection were modelled by using-existing
PSS/E models and were included in the Working Case representing the nine-bus

network. The models chosen to represent the dynamic behaviour of the distance

protection and out-of-step blocking protection, are DISTR and CIRCOS respectively.
1. DISTR Model

DISTR is a general model for distance relays, which has the following features and

functions:
1) Mho, impedance or reactance characteristic*
2) Up to three independent circular zones for mho or impedance

characteristics

3) Tripping of the monitored line (self-trip) as well-as tripping of up to three
remote lines (transfer trips)

4) - Single-attempt reclosure for zone 1 faults

'5) Supervisory signal input * to prevent tripping or force
immediate tripping

8) Up to two straight-line blinders”

7) Minimum pick-up current logic”

* See section on definitions.
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8) A tripping action opening the circuit breakers at both ends of a line

simultaneously

- 9) A monitor-only mode (In this mode the model reports detection of

faults on the monitored or remote lines, but will not cause tripping of these

lines.)

The DISTR model will operate for the following condition:

zr="r (4.2a)
]r
< Zset
t > Tset : (4.2b)
where
t = time that has elapsed since the first detection of impedance
inside the impedance zone
Zr = impedance measured
Vr = voltage measured at the relay point
Ir = current measured at the relay point
Zset = impedance-zone reach-setting
Tset =impedance-zone timer-setting.

For the purposes of the research distance relays were modelled in such a way as to

simulate to protect every line in the nine-bus system. The DISTR model was used to

represent a distance relay which has the following features and functions:

1) Three time-delayed mho (circular) characteristics with a reverse reach’ for

zone 3 protection

* A zone 3 setting to provide backup protection for faults behind the relay.
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2) A self-tripping operation of the monitored line

3) A supervisory signal input to prevent tripping

The graphical representation of the model is shown in Figure 4.6 and is represented

by the following equations:

z = % | (4.3)
§1 =Z-Z1 (4.4a)
01 =90° (4.4b)
S2 =Z-2Z2 (4.5a)
62 = 90° (4.5b)
§31 =2Z-2Z3 (4.6a)
S32 =2Z3r-Z : " (4.6b)
03 = 90° (4.6¢)

where

Vv = measured voltage vector

I = measured current vector

Z ' = calculated measured impedance vector

21 = zone 1 reach-setting (vector)

Z2 = zone 2 reach-setting (vector)

Z3 = zone 3 reach-setting (vector)

Z3r = zoné 3 reverse reach-setting (vector)

61 = angle between $1 and Z

62 = angle between S2 and Z

03 = angle between S$31 and S32

$1, S2, 831 and 832 =vectors



46

A self-tripping operation of the monitored line will take place when the following
conditions are satisfied, provided that a supervisory signal to prevent tripping has

not been received:

01 >90°andt > Tset1; or (4.7a)
62 >90° and t > Tset2; or (4.7b)
03 >90° and t > Tset3 (4.7¢c)
where
t = time that has elapsed since the first detection of impedance inside

the impedance zone
Tset1 =zone 1 timer-setting
Tset2 = zone 2 timer-setting

Tset3 =zone 3 timer-setting
The time-delayed mho characteristic consists of:
« azone 1, protecting 80% of the line;
« azone 2, protecting the line and 50% of the shortest adjacent line; and

« azone 3, providing protection up to the remote end of an adjacent line.

Zone 3 also provides protection behind the relay, from busbar faults and faults

between the busbar and the relay.

The procedure of applying distance protection to the nine-bus network is set out in

Appendix 2.
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Figure 4.6 : ~ DISTR model! used for the purposes of the research

2, CIRCOS model

CIRCOS models oUt—of-step detection relays using a circular or lenticular type
characteristic. The boundaries produce an inner zone surrounded by an outer zone

(see Figure 4.7).
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Figure 4.7: The CIRCOS model

The purpose of the out-of-step relay is to monitor the rate of change in measured

48

impedance between the inner and the outer zones. A rapid change is interpreted as

a fault condition. Conversely, a change in measured impedance which takes more

than a specific time is interpreted as an out-of-step condition.
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CIRCOS may be used to:

1) trip its "own" line;

2) transfer-trip up to three other lines; and to

3) control the supervisory input signal of another relay.

CIRCOS can be used in either.a blocking mode or a tripping mode.

In the blocking mode CIRCOS is usually set to control the supervisory input signal of
another relay, for example DISTR. As soon as CIRCOS detects an out-of-step

condition, a blocking signal is sent to the supervisory input signal of DISTR.

When CIRCOS is in a tripping mode, it is not controlling a supervisory input signal of
another relay. As soon as an out-of-step condition is detected, CIRCOS will

therefore operate to trip local and/or remote lines.

The CIRCOS model will operate for the following conditions:

Zr =

< Zset(inner) (4.8a)
dZr
toj = f(—gt—)

<T | | (4.8b)
where

Zr = measured impedance
azr

= = change in measured impedance

Vr = voltage measured at the relay point

Ir = current measured at the relay point
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Zset(inner) = inner-zone reach setting
toi = duration of measured impedance
between the outer and inner zone

T = zone-timer setting

The timer setting T is determined on the basis of the swing frequency of the system
during out-of-step conditions. This frequency is obtained from the stability studies by
plotting power excursions of the system versus time. Typical swing frequencies are

between 0.5 and 2.5 Hz.

For the purposes of the research, out-of-step blocking protection was represented by

using CIRCOS, with the following features:

1) inner and outer circular characteristic zones; and

2) the control of the supervisory input of the DISTR modei.

The model is shown in Figure 4.8 and is mathematically represented by the following

equations:
V
Z = — 4.9
7 (4.9)
S11 =2Z-Zin : (4.10a)
$12 =Zinr-Z (4.10b)
61 = 90° | (4.10c)
S$21 =Z-Zout (4.11a)
S22 =Zoutr-Z | (4.11b)
62 = 90° , (4.11¢c)
where

Vv = measured voltage vector
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| = measured current vector

Z = calculated measured impedance vector
Zin = inner-zone reach-setting (vector)

Zinr = inner-zone reverse reach-setting (vector)
Zout = outer-zone reach-setting (vector)

Zoutr = outer-zone reverse reach-setting (vector)
81 = angle between $11 and $12

02 : = angle between $21 and S22

S11, 812, $21 and S22 = vectors

Operation of the relay represented by this model, namely to control the supervisory
ihput of the DISTR model by sending a blocking signal, will take place when the

following conditions are satisfied:

01 > 90° (4.12a)

02 >90°, and (4.12b)

toj L (4.12¢)
where

toi = duration of measured impedance

between the outer and inner zone

T = Zzone-timer setting

The characteristic zones consist of

« an inner zone equal to the zone 3 setting of the distance protection; and

e an outer zone equal to 1.3 times the inner zone.
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The procedure of applying out-of-step blocking protection to the nine-bus network is

set out in Appendix 3.
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Figure 4.8: The CIRCOS model used for the purposes of the research

4.3 Summary

During out-of-step conditions voltage, current and power oscillations occur. These
oscillations are balanced three-phase phenomena and at certain moments the

electrical conditions are very similar to those of a three-phase fault condition.

Protection such as undervoltage, overcurrent and distance relays, is designed to
detect fault conditions. It was shown that these protection relays may also operate
during out-of-step conditions. The operation of these relays may consequently resuit

in the tripping of unfaulted lines.
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Distance-protection performance during out-of-step conditions was investigated in
this research. A distance-protection model available in the PSS/E was presented.
The model, called DISTR, was chosen to represent a distance refay with three time-

delayed mho characteristics.

To prevent the misoperation of distance protection during out-of-step conditions, out-
of-step blocking protection are Qsed to detect an out-of-step condition and ‘block the
distance protection. The PSS/E model used to represent out-of-step blocking
protection is called CIRCOS. This model represents an out-of-step blocking relay
with inner and outer circular characteristic zones and a function of controlling a

supervisory input of a DISTR model.

Distance protection incorporating out-of-step blocking protection was modelled in
such a way as to simulate the protection of every line in the nine-bus network. The
procedures for the application of these types of protection to the nine-bus network

are set out in Appendices 2 and 3 respectively.

The protection models presented in this chapter were included in the Working Case
file. These models were used to represent the dynamic behaviour of the protection

during the stability studies.
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CHAPTER 5: CASE STUDIES AND RESULTS

51 Introdu.ction

A loss of synchronism between generators will affect the protection of the system.
Protection relays such as distance relays, may detect an out-of-step swing and may
therefore operate to trip their breakers. Out-of-step blocking protection will block the

operation of these distance relays during unstable conditions in the system.

Various stability studies were done to obtain the worst cases for dynamic and
transient stability respectively. Various stability studies were done to obtain the worst
cases for dynamic and transient stability respectively (see Table 5.1 in Chapter 5).
For these stability studies the effect of excitation control was investigated. Excitation
control may decrease the damping at a generator, thus making the generator more
sensitive to dynamic instability [3]. In the case of transient instability, the presence of
excitation control may increase the stability limit of the system, thereby making the

system more stable [3].

The effect of power system stabiliser control, when present at each generator, was
not investigated. The presence of power system stabiliser control will improve the
stability of a power system and, in the case of the nine-bus network, this will defeat
the object of obtaining the worst cases for dynamic and transient stability

respectively.
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These studies are listed in Table 5.1. The stability studies were done on the nine-
bus network shown in Figure 5.1. The nine-bus network data taken from reference

[22] (see Table 3.1 in Chapter 3) were consistently used for every study done.

Table 5.1: Stability studies done on the nine-bus network
DYNAMIC TRANSIENT
WITH EXCITATION Increase in Ioad | 3-phase fault on line 4-6 -
CONTROL AT EACH at bus 5 close to bus 4
| GENERATOR Increase in load | 3-phase fault on line 5-7
at bus 6 close to bus 7

Increase in load | 3-phase fault on line 6-9

at bus 8 close to bus 9
WITHOUT EXCITATION none 3-phase fault on line 4-6
CONTROL AT EACH close to bus 4
GENERATOR none 3-phase fault on line 5-7

close to bus 7

none 3-phase fault on line 6-9

close to bus 9

For dynamic stability, the worst case obtained was an increase in load at bus 8. For

this study there was excitation control at each generator.

For transient stability, the worst case obtained was a three-phase fault closej to the
generator at bus 3. For this study, no excitation control was present at the

generators.
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Figure 5.1: The nine-bus network

The worst cases for dynamic and transient stability respectively are discussed in the
dynamic-stability study and the transient-stability study which follow. Both these
cases demonstrate the influence which out-of-step conditions can have on distance-
protection performance. These cases also show the improvement in distance

protection-performance with the application of out-of-step blocking protection.
5.2 Case studies

CASE 1: Dynamic stability

To do a dynamic-stability study, a small increase in load at bus 8 was simuiated.

Due to the presence of high-gain excitation control at each generator, the small

disturbance was sufficient to cause dynamic instability.*

* High-gain excitation control tend to decrease the damping at a gencrator, thus making the generator more
sensitive to dynamic instability [3].
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1. System behaviour without protection models

The'load change in the system necessitated a sudden power change in the system.
Due to the need for a sudden power change, small angular oscillations occurred at
each generator. The generators could not damp these small angular oscillatiohs and
as a result increasing oscillations between the generators eventually deyeloped. The
increasing oscillations between .the generators in the nine-bus network can be seen
in Figure 5.2. The power, voltage and current oscillations caused by the angular -
oscillations between the generators, are shown in Figure 5.3. Measured impedance
oscillations due to dynamic instability can be seen in Figure 5.4. Figure 5.4 also-

shows the circular characteristic of the impedance on an R-X plane.

Conclusion

With an increase in load at bus 8, system oscillations started and the system
became dynamically unstable. Protection was not modelled and it is thus not

possible to see the effect of these oscillations on the protection performance..
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Figure 5.2: Increasing angular oscillations due to dynamic instability
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Figure 5.4 a) Measured impedance oscillations

b) Measured impedance on R-X plane
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2. Distance protection performance.

Distance protection was modelled in such a-way as to simulate the protection of
every line in the nine-bus network. With the small change in load, system oscillations
started and 4 seconds later the distance relays on lines 4-6, 4-5, 5-7 and 6-9
detected impedance entering their operating zones. For these relays, the zone
timers then started. The time allowed by the zone timers for the relays on lines 4-6
and 4-5 expired and these lines‘were tripped. The impedance detected by the relays

on lines 4-6 and 4-5 are shown in Figure 5.5.

With the switching of lines 4-5 and 4-6, the generator at bus 1 was separated from
the system. The generators at buses 2 and 3 supplied the load at buses 5, 6 and 8
and the system was stable. The impedance detected by the relays on lines 5-7 and
6-9 left the operating zones and their zone timers were reset. The distance relays on

lines 5-7 and 6-9 therefore never operated to trip these lines.
Table 5.2 summarises the distance-relay performance in case 1.
Conclusions

The dynamic stability study was repeated with distance protection modelled in this
case. Several distance-protection relays detected impedance inside their
characteristic zones and two of these distance relays tripped their lines. This action
demonstrates the effect an out-of-step condition can have on protection

performance. In this case unfaulted lines were tripped.

From a system point of view, protection performance saved the system from
becoming dynamically unstable. In this case distance protection tripped two lines

and therefore separated the two asynchronous areas. (The generator at bus 1 was



separated from the rest of the system.) After the tripping of these two lines, the

systém was stable (see Figure 5.6).

Table 5.2; Distance-relay performance for case 1.
RELAY RELAY PERFORMANCE
LOCATION |
54 212223 T
4-5 z1 22 z3
4-6 212223

16-4 212223 T

9-6 22 23

6-9 22 23

9-8 n

8-9 Z3

7-8 n

8-7 n

7-5 2223

5-7 22 23

n = no detection

z1 = impedance detected in zone 1
Z2 = impedance detected in zone 2
z3 = impedance detected in zone 3

T = distance-relay operation to open the line breakers
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Figure 5.5: Relay characteristics and impedance loci of relays located on lines
4-5and 46
3. Performance of distance protection performance incorporating out-of-

step blocking protection

Out-of-step blocking protection was modelled in such a way as to simulate the

supervision of every distance relay on the nine-bus system. In this simulation the
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blocking protection was modelled to detect an out-of-step condition and to block the

operation of the distance protection.

The blocking and distance protection for lines 4-5, 4-6, 5-7 and 6-9 detected
impedance entering their operating zones due to the oscillations caused by the small
- change in load on the nine-bus network. The time allowed by the timers of the
blocking relays expired and an out-of-step condition was detected. The out-of-step
blocking relays blocked the disiénce protection on lines 4-6, 4-5, 5-7 and 6-9 and no
distance-protection misoperation occurred during the out-of-step condition. The
impedance detected by the blocking relays on lines 4-5 and 4-6 is shown in Figure

5.7. The out-of-step blocking performance for case 2 is summarised in Table 5.3.

‘ A 7

é
\_‘
I | % 1
GENERATOR ANGLE (BUS 2,BUS 3)

° TIME (SECONDS) 10
Figure 5.6: System stability due to distance-protection operation
Conclusion

In this case models representing distance protection incorporating out-of-step

blocking protection were included in the dynamic-stability study done. It was
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therefore possible to investigate the protection performance of both distance
protection and out-of-step blocking protection. The results show that the out-of-step
blocking protection detected out-of-step conditions and that the distance protection
was then blocked. The performance of the out-of-step blocking protection thus

improved the performance of the distance protection.

From a system point of view, the performance of the out-of-step blocking protection
caused the system to become dynamically unstable because, due to the blocking of

all distance relays, the asynchronous areas were not separated.

Table 5.3 : Performance of out-of-step blocking protection in case 1.
RELAY RELAY PERFORMANCE
LOCATION
54 OlIB
4-5 OiB
4-6 101B
6-4 OlB
9-6 OlB
6-9 OlB
9-8 n
8-9 n
7-8 n
8-7 n
7-5 OlB
5-7 OlIB
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n = no detection

O = impedance entering outer characteristic

| = impedance entering inner characteristic

B = operation and blocking of distance relay
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Figure 5.7: Relay characteristics and impedance loci of the out-of-step blocking

relays on lines 5-7 and 4-5



66

CASE2:  Transient stability

A permanent three phase fault was simulated on line 6-8, close to generator 3. In

this case, excitation control at each generator was not included in the Working Case.
1. System behaviour without protection models

The severe three-phase fault close to the generator at bus 3 resulted in a decrease
of power output at this generator. The rotor speed accelerated, resulting in an

increase in rotor anglé (see Figure 5.8).

The fault was cleared by switching line 6-8, 0.11 seconds after the fault occurred.
The power output of the generator at bus 3 recovered to a value higher than its initial
condition due to the rotor acceleration. At this point the energy stored in the rotor
due to the acceleration forced a further increase in the rotor angle. The increase in
rotor angle resulted in a decrease in generator power output and stability was lost.
The angle separation between the generator at bus 3 and the swing bus (bus 1)
started to increase (see Figure 5.9). The increase in the rotor angle of the generator
at bus 3 resulted in power, voltage and current oscillations. These oscillations can

be seen in Figure 5.10.

The oscillations of the measured impedance due to transient instability are shown in
Figure 5.11. These oscillations are also shown on an R-X plane. In Figure 5.11 itis
evident that the locus follows a circular characteristic and can thus influence the

performance of distance protection.
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Conclusions

With the clearance of the fault on line 6-9, system oscillations started and the
system became transiently unstable. Protection was not modelled and it is thus not

possible to see the effect of these oscillations on the protection performance.
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2. Distance-protection performance

To investigate the performance of distance protection during transient instability,
distance protection was modelled in such a way as to simulate the protection of
every line in the nine-bus system. The transient-stability study done in section 1 was

then repeated.

The fault on line 6-9 was cleared by the distance protection on this line. Relays close
to the faulit location also detected impedance inside their operating zones (refer to
Table 5.4). This was to be expected because these relays are back-up relays for -
faults on line 6-9. The relays did not operate because the fault was cleared by the

relays on line 6-9.

After the fault was cleared, system oscillations started as explained in section 1.
Distance relays on lines 4-5, 7-8, 8-9 and 5-7 detected impedance entering their
operating zones. The zone timers for these relays started and eventually the relays
on lines 5-7 ahd 4-5 operated. The impedance detected by these relays is shown in

Figure 5.12,

With the switching of lines 5-7 and 4-5, the system was separated into two stabie
islands. The generator at bus 1 supplied the load at bus 6 and the generators at
buses 2 and 3 supplied the load at bus 8. The load at bus 5 was no longer suppljed.
With the separation of the generator at bus 3 from the generator at the swing bus,
the system became stable. Due to the stable operation, the impedance detected by
the relays on lines 7-8 and 8-9 withdrew from the relays' operating zones and the
timers for these relays were reset. Consequently line 8-9 was not switched. The

distance-protection performance of the system is summarised in Table 5.4.



Table 5.4: Distance-relay performance for case 2
RELAY RELAY RELAY PERFORMANCE
LOCATION | PERFORMANCE AFTER FAULT
DURING FAULT CLEARANCE

5-4 n 2122237
4-5 n z12223T
4-6 z3 n
6-4 n n
9-6 z12223T n

16-9 z2 z3 n
9-8 n z122 23
8-9 | 2223 212223
7-8 z2 z3 z2 23
8-7 n z2 23
7-5 n 2122237
5-7 n 212223 T

n = no detection

Z1 = impedance detected in zone 1
z2 = impedance detected in zone 2

z3 = impedance detected in zone 3

T = distance-relay operation to open the line breakers

71
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POWER SWING

RELAY ON LINE 4-5

Figure 5.12:  Relay characteristics and impedance loci of

relays located on lines 5-7 and 4-5
Conclusions
In this case the transient-stability study was repeated, with distance protection

modelled. The fault was cleared by tripping the faulted line. After tripping the faulted

line, system oscillations started and several distance-protection relays detected
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impedance inside their characteristic zones. Two of these distance relays

misoperated and tripbed unfaulted lines.

From a system point of view, protection performance saved the system from
becoming transiently unstable. The tripping of the two lines separated the two

asynchronous areas. After the tripping of these two lines, the system was stable.

3. Performance of distance protection incorporating out-of-step -

blocking protection

Out-of-step blocking protection was modelled to simulate the supervision of every
distance relay in the nine-bus network. In this simulation, the blocking relays were
modelled to detect an out-of-step condition and to block the operation of the distance

protection.

The transient-stability study was repeated and the fault on line 6-9 was cleared by
the distance protection on this line. The fault condition was also detected by the
relays close to the fault (refer to Table 5.4). This was to be expected because these
relays are back-up relays for the fault on line 6-9, as mentioned in section 2. No

back-up relay operatioh occurred.

With fault clearance, system oscillations started. The blocking relays and the
distance relays on lines 4-5, 7-8, 8-9 and 5-7 detected impedance entering their
operating zones. The time allowed by the timers for the blocking relays expired and
an out-of-step condition was detected. With the detection of the out-of-step
condition, the operation of the distance relays on lines 4-5, 7-8, 8-9 and 5-7 was
blocked. Consequently no misoperation of distance relays occurred during the out-

of-step condition. The impedance detected by the blocking relays on lines 54 and



74
5-7 can be seen in Figure 5.13. The out-of-step blocking performance is summarised

in Table 5.5.
Conclusion

In this case models representing distance protection incorporating out-of-step
blocking protection were included in the transient-stability study done. It was again
possible to investigate the prote‘ction performance of both distance protection and
out-of-step blocking protection. The results show that the out-of-step blocking
protection detected out-of-step conditions and that the distance protection was then
blocked. The performance of the out-of-step blocking protection thus improved the

performance of the distance protection.

From a system point of view, the performance of the out-of-step blocking protection
caused the system to become transiently unstable because, due to the blocking of

all distance relays, the asynchronous areas were not separated.

5.3 Discussion of the resulits

Dynamic-stability and transient-stability studies were done on the nine-bus network.

The dynamic-stability study (case 1) showed typical dynamic instability. With a small
change in load, speed deviations at the generators initiated system oscillations. Due
to reduced damping in the network, caused by the excitation control at each

generator, the oscillations increased and the system became dynamically unstable.

The transient-stability study (case 2) showed how a three phase fault close to the

generator made the system transiently unstable. The.generator at bus 3 initiated
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oscillations due to the disturbance. These oscillation were reflected as power,

voltage and current oscillations over the transmission lines.

Due to the varying voltages and currents, several distance relays detected
impedance inside their operating zones. During dynamic instability lines 4-5 and 4-6
were tripped. During transient instability lines 4-5 and 6-9 were tripped. In both these
cases the period for which the impedance remained inside the operating zones of
the distance relays for these Iinés was long enough to allow the time on the zone

timers to expire.

With the application of out-of-step blocking protection, the performance of distance

protection improved. In both the dynamic-stability and the transient-stability studies,
the out-of-step blocking protection detected out-of-step conditions, and the distance
protection was then blocked. Distance relays did not misoperate and unfaulted lines

were not tripped.

From a system point of view, distance-protection performance saved the system from
becoming unstable. During dynamic instability lines 4-5 and 4-6 were tripped, which
separated the two asynchronous areas in case 1. During transient instability lines 4-
5 and 6-9 were tripped, separating the two asynchronous areas in case 2. After the

tripping of these lines, the system became stable.

Distance protection incorporating dut-of—step blocking protection caused the system
to become unstable in both case 1 and case 2. Due to the blocking of all the
distance relays, lines 4-5 and 4-6 in case 1 and lines 4-5 and 6-9 in case 2 were not

tripped. Consequently the asynchronous areas were not separated.

The conclusions drawn from the results are the following:
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The modelling of protection in a stability study will provide an indication of
the protection performance of the system during an out-of-step cbndition.
The‘modelling of out-of-step blocking protection shows an improvement
in distance-protection performance during o‘ut-of-step conditions. The results
show that the use of out-of-step blocking protection will eliminate the tripping
of unfaulted lines.
Distance protection incqrporating out-of-step blocking protection will enable
better control of the syétem during out-of-step conditions.
Althdugh the nine-bus network is a small and simple system, out-of-step
conditions had adverse effects on its distance protection performance. This
implies that the effects would be more serious in bigger and more
complicated systems.
Taking protection performance into account in a stability study by modelling

the protection will give an indication of the effect the protection performance

can have on the stability of the system.

Figure 5.13:  Relay characteristics and impedance loci of the out-of-step blocking

relays on line 5-7



Figure 5.13 (cont.):

17

Relay characteristics and impedance loci of the out-of-step

blocking relays on line 4-5

Table 5.5: Performance of out-of-step blocking protection in case 2
RELAY RELAY RELAY PERFORMANCE
LOCATION | PERFORMANCE AFTER FAULT

DURING FAULT CLEARANCE
54 n OIB
4-5 n OlB
4-6 n n
6-4 n n
9-6 n n
6-9 n n
9-8 n 0 I:B
8-9 n OlB
7-8 n OlB
8-7 n OlIB
7-5 n 01B
5-7 n OlB
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n = no detection
O = impedance entering outer characteristic
| = impedance entering inner characteristic

B = operation and blocking of distance relay

54 Summary

In this chapter dynamic-stability and transient-stability studies were presented. The

stability studies were done on the nine-bus network, to investigate

1. system performance without protection; .

2. distance-protection performance; and

3. the performance of distance protection incorporating out-of-step blocking
protection.

It was shown that system conditions of dynamic and transient instability will influence
the performance of distance protection. In both cases distance relays on several
lines detected impedance entering their operating zones. Distance relays then

operated and cascade tripping of lines occurred.

With the use of out-of-step blocking protection, distance relay operation was
blocked. In the conditions of system instability, the blocking relays detected out-of-
step conditions. With the detection of out-of-step conditions, the operation of
distance relays which detected impedance inside their operating zones was blocked.
Consequently no cascade tripping of lines occurred during the out-of-step

conditions.
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CHAPTER 6: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE STUDIES

6.1 Summary
In the‘research the following were investigated:

1) - The effect of out-of-step conditions on distance protection performance
2) Performance of distance protection incorporating out-of-step blocking

_protection, during out-of-step conditions

Distance protection measures impedance. If the measured impedance is detected
inside an operating zone, a timer will start. When the time allowed by the timer

-expires, the relay will operate to trip a breaker.

The functions of out-of-step blocking protection are to detect an out-of-step condition
by monitoring the rate of the change in measured impedance detected by the relay
during an out-of-step condition and, upon detection, to block distance-protection

operation.

To represent the dynamic performance of a real system in a simplified manner, a
nine-bus benchmark network was chosen. The nine-bus network data taken from
reference [22] (see Table 3.1 in Chapter 3) were consistently used for every study
done. The network was represented by using existing models in the PSS/E. The
generators were modelled by using a generator model called GENROU and the
excitation system at each generator was modelled by using an excitation model

called SEXS. Due to the size and simplicity of the nine-bus network, the effect of
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power-system stabiliser-control, when present at each generator, was not
investigated and therefore not modelled. The loads were modelled as voltage-
dependent constant-admittance loads and the transmission lines and transformers

were modelled by using an equivalent = model.

Distance protection incorporating out-of-step blocking protection was modelled in
such a way as to simulate the p‘rotection of every line in the nine-bus network. The
PSS/E models chosen to represent the distance and out-of-step protection are called
DISTR and CIRCOS respectively. The DISTR model was used to represent a

distance relay with the following features:

1) Three time-delayed mho (circular) characteristics with a reverse reach for
zone 3 protection,
2) a self-tripping operation of the monitored line; and

3) a supervisory signal input to prevent tripping.

Out-of-step blocking protection was represented by using CIRCOS with the following

features:

1) inner and outer circular characteristic zones; and

- 2) the control of the supervisory input® of the DISTR model.

CIRCOS was set to control the supervisory input signal of another relay, in this case
DISTR. As soon as CIRCOS detected an out-of-step condition, a blocking signal was
sent to the supervisory input signal of DISTR.

Dynamic-stability and transient-stability studies were done on the nine-bus network

to investigate the protection performance. Various stability studies were done to

* See section on definitions.
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obtain the worst cases for dynamic and transient stability respectively (see Table 5.1
in Chapter 5). For these stability studies the effect of excitation control was
investigated. Excitation control may decrease the damping at a generator, thus
making the generator more sensitive to dynamic instability [3]. In the case of
transient instability, the presence of excitation control may increase the stability limit

of the system, thereby making the system more stable [3].

The effect of power system stabiliser control, when present at each generator, was
not investigated. The presence of power system stabiliser control will improve the
stability of a power system and, in the case of the nine-bus network, this will defeat
the object of obtaining the worst cases for dynamic and transient stability

respectively.

To do a dynamic-stability study, a change in load was simulated. Due to the
presence of high gain-excitation control at each generator, the small disturbance

was sufficient to cause dynamic instability” .

To do a transient-stability study, a three-phase fault close to the generator at bus 3
was simulated. For this simulation no excitation control was present on the nine-bus
network. (The simulation of various stability studies indicated that the presence of
excitation control at each generator keeps the system from becoming transiently
unstable. Without excitation control, the nine-bus network was found to be sensitive

to severe disturbances, resulting in the system becoming transiently unstable.)

* High-gain excitation tends to decrease the damping at a generator, thus making it more sensitive to dynamic
instability {3].
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Summary of results

Thé dynamic-stability study (case 1) shows typical dynamic instability. With a small
change in load, speed deviations at the generators initiated system oscillations. Due
to reduced damping in the network, caused by the high-gain excitation control at
each generator, the oscillations increased and the system became dynamically

unstable.

The transient-stability study (case 2) shows how a three-phase fault close to the
generator made the system transiently unstable. The generator at bus 3 initiated
oscillations due to the disturbance. These oscillation were reflected as power,

voltage and current oscillations over the transmission lines.

Due to the varying voltages and currents, several distance relays detected
impedance inside their operating zones. During dynamic instability, lines 4-5 and 4-6
on the nine-bus network were tripped. During transient instability, lines 4-5 and 6-9
on the nine-bus network were tripped. In both these cases, the period for which the
impedance remained inside the operating zones of the distance relays for these

lines was long enough to allow the time on the zone timers to expire.

With the application of out-of-step blocking protection, distance protection
performance was improved. In both the dynamic-stability and the transient-stability
studies, the out-of-step blocking protection detected out-of-step conditions and the
distance protection was then blocked. Consequently distance relays did not

misoperate and unfaulted lines were not tripped.
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6.2 Conclusions

The results obtained show that several distance-protection relays detected
impedance inside their operating zones. These relays then operated and unfaulted

lines were tripped.

The modelling of out-of-step blblcking protection shows an improvement in distance-
protection performance during conditions of instability. The results show that the use

of out-of-step blocking protection will eliminate the tripping of unfaulted lines.
In conclusion:

1) The modelling of protection in a stability study will provide an indication of
the protection performance of the system during an out-of-step condition.

2) The modelling of out-of-step blocking protection indicates that this will result
in an improvement in distance-protection performance during out-of-step
conditions. The results show that the use of out-of-step blocking protection
will eliminate the tripping of unfaulted lines.

3) Distance protection incorporating out-of-step blocking protection will enable
better control of the systém during out-of-step conditions.

4) vAIthough the nine-bus network is a small and simple system, out-of-step
conditions had adverse effects on its distance-protection performance. This
implies that the effects would be more serious in bigger and more
complicated systems. 1

5) Taking protection performance into account during a stability study by
modelling the protection will give an indication of the effect the protection

performance can have on the stability of the system.
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6.3 Recommendations for further study

When two generators or various groups of generators are out of step with one
another, they must be separated into islands. These islands must be stable, with a
sufficient generation-load balance. This research showed that if all distance
protection is blocked during out-of-step conditions, the natural separation in the

system cannot take place (See' Chapter 5).
There are two possible solutions:

1) Distance-protection relays can intentionally not be blocked by out-of-step
blocking protection. This will allow tripping at selected locations during out-

of-step conditions.

2) in pdwer systems where all distance-protection operation is blocked during
out-of-step conditions, a new type protection called out-of-step tripping
protection must detect out-of-step conditions and trip some local and/or
remote lines. The tripping of elected lines allows system separation to take

place during out-of-step conditions.

Further research into these solutions to control the stability problem is suggested.



85

APPENDIX 1 : LOCUS OF MEASURED IMPEDANCE DURING OUT-
OF-STEP CONDITIONS.

Consider the one-line diagram in Figure A1.1, where a section of a transmission line

is shown, with generating sources beyond each end of the line section.

/ Relzy location l
@+ OO

Figure A1.1: One-line diagram of a system to illustrate the out-of-step

characteristics

Figure A1.1 shows the location of a relay whose response to an out-of-step condition
between the two generating sources is to be studied. Each generating source may
be either an actual generator or an equivalent generator representing a group of
generators that remain in synchfonism. (If generators within the same group lose
synchronism with one another, this simple approach cannot be used and a network
analysis study may be necessary.) The effects of shunt capacitance and of shunt
loads are neglected. The generator reactance and generated voltage are assumed

to remain constant.
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Relzy lacztion .
A v z Zy
(e Y — YT , IWY\H
I

Neuml\‘

e —— — — .
— —— e G Pt iy m—— . — — — — — — ot G i

Figure A1.2: System constants and relay current and voltage for Figure A1.1

Figure A1.2 indicates the phase-to-neutral (positive-phase-sequence) impedance
and the generated voltages of the system in Figure A1.1, as well as the phase

current and phase-to-neutral voltage at the relay location.

The relay quantities can be derived as follows:

=_&i (A.1)
ZAZ,+Z,
, E -E;)Z
V=E,-IZ =E, -—(2—‘;75_% (A.2)
A L B
Yoz B4 wz.47,42,)7, (A.3)
I A"EB
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With E, the reference, and E, advancing in phase ahead of E, by the angle 6, then

E,  nfcos6+jsin6)

— (A.4)
E ,-E; n(cos6+jsinf)-1
with
magnitude of £, = nkE, and where » is a scalar.
Equation (A.4) will solve as:
E, _n{(n—cosez)f ].s1;1 6] (A5)
E,-E; (n—cos@) +sin” @
With n = 1, the equation becomes:
Ee L jootd (A6)
E,~E, 2 2
Therefore, Z becomes :
Z=Z~4+ZTL+Zi(1— jcot g)—z,, (A7)

This value of Z is shown on the R-X diagram of Figure A1.3 for a particular value of 8
less than 180°. Point P is a point on the out-of-step characteristic. All other points on
the out-of-step characteristic will lie on the dash line through P. This line is the

perpendicular bisector of the straight line connecting A and B.
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+X
B
23 - % PR
Three - phase fault
z, et Xof Fig. 13
/ Z,+Z,+ 2,
~— 2
3 2+ 2y +2
) et
. ‘p\ ’
-R : +3
—ZA7/-
A
-X

Figure A1.3: Calculated impedance of equation (A.7) for a value less than 180°

A three-phase fault on the line protected by the distance relay appears to the

distance relay as a point on Z,, as shown in Figure A1.3. Therefore, the point where
the out-of-step characteristic intersects the impedance Z, would also represent a
three phase-fault at that point. In other words, at a particular instant during an out-of-
step condition, the conditions are exactly the same as those of a three-phase fault at
a point which is electrically appfoximately midway between generator A and
generator B. This point is called the electrical centre or the impedance centre of the
system. The point where the out-of-step characteristic intersects the total line
impedance AB is reached when generator A has advanced to 180°, leading

generator B.

Furthermore, all out-of-step characteristics are represented as circles with their
centres on extensions of the total impedance line AB of Figure A1.3. The
characteristic when n = 1 is represented by a circle with infinite radius. Any of these
characteristics could be derived by successive calculations for a value of n, letting 0

vary from O to 360° in the general formula:



(n—cos@)-jsin0

Z=(Z +Z, +Z;) *n*;
HZ L) (n-cos@)*+sin* @

ZA

89

(A.8)

Figure A1.4 shows three out-of-step characteristics for n >1,n =1, and n <1. The

total-system impedance line is again shown as AB.

' : TRANSMISSION LINE

3 %4
> .J)'\

| ;

_..4-”""- --?f\ : T
QUT-CF-STEP 7 | &

3 ST ‘"3 oy J
CHARRCTERISTICS N / o [PANSIISTTON LINE
~._ ~ - I MFEDANCE
\ /‘/f;- -~ - . . e ,..;!'.- F#‘ - - -~
' N L, e iy — n>1
\ N ~z
\ ,~
= — - '/ \
s ~
) -.,\‘\ \\\
~ n=|]
\\
" \

Figure A1.4:

General out-of-step characteristics
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APPENDIX 2: APPLICATION OF DISTANCE PROTECTION TO THE 9-

BUS NETWORK.

Each distance-protection relay applied to the nine-bus network seen in Figure A2.1

has the following features and functions :

1)  Three time-delayed mho characteristics
2) A self-tripping operation of the monitored line

- 3) A supervisory signal inpﬁt to prevent tripping

SN
e 0N lod € 3oty 13.8 kv

j0.08 .
@ I s 0.0085 + 10,072 0.0119 + j0.1008 i0-6g8e ;
M1 =j0,0745 - O
él&/jao ! W2 »[0.1045 0N ®
- o
® 3|3 2. @
T e Ne.
gl &l
c o S
] ] ®
o
o

-

o~
2 §
LedA 2|8, S, twds
Cls ~ls
© Py
S 230kv 2 §O
£

Figure A2.1: The nine-bus network
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For an'iHUStration of the application procedure, refer to Figure A2.2. The three time-

delayed mho characteristics for the line in Figure A2.2 are set in the following way:

Z1=80% *ZI1 (A2.1)
Z2 =100% * ZI1 + 50% * ZI2 (A2.2)
Z3 =100% * ZI1 + 100% * ZI2 (A2.3)
Z3r = 20% * ZI1 B (A2.4)
where
Z1 = zone 1 setting
Z2 = zone 2 setting
Z3 = zone 3 setting
Z3r = zone 3 setting to protect behind the relay
Zi1,212 = impedance defined in Figure A2.2
o) = relay-characteristic angle setting
e} zows .
- rzone 3i ZONE 2 .
REV. : =
: i ZONT 3 <
[ RELAY  Z-b | T |
Y ¢ 5 ':

/ ~
/F —
2 ‘“—\\
S~ 3 s
:,.J\ ~~
M )
2 \) 3
fa N0
[ ?)l ! \
(‘ &
N
e /
\_\__‘_‘__/
NNIHN
299
.. meern
WL
.1
]
e
»
(U]
meean
BN
4
o
X
. 1
me
[¢]
Ay
X
X
-

A

Figure A2.2: Zone characteristics for distance protection
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- Each mho characteristic has a zone timer. The timer settings chosen for each
distance-protecﬁon relay are typical values used in practice. These timer settings

are listed in Table A2.1.

Table A2.1. Timer setting used for every relay.

ZONE TIMEI.{. SETTING
(sec)
zone 1 instantaneous
zone 2 0.5
zone 3 1

Distance protection was applied to protect every line in the nine-bus network. The
settings, calculated by using equations (A2.1 to A2.4), are listed in Table A2.2. ZI1 is
the impedance of the protected line. ZI2 is the impedance‘of the line adjacent to the
protected line in the forward direction. (To calculate the settings for a relay at bus 4
on line 4-6, for example, ZI1 will be the impedance of line 4-6 and ZI2 the impedance

of line 6-9.)

The data in Tables A2.1 and A2.2, supplemented by a data sheet provided by
PSSIE, are the data used by the DISTR model to represent each _distance relay in
the Working Case. The data sheet for the DISTR model can be seen in Figure A2.3.
This data sheet contains data representing the distance relay at bus 4 on line 4-6. A
breaker time of 100 mseé: was assumed for each case where distance protection was

applied.
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RELAY zZ11 z12 ¢ = 011 zZ1l = z2 = zZ3 = Z3rev =
LOCATION (pu) (pu) (deg) 80%*Z11 | 100%*Z11 100%*2z11+ 20%*2z11
* (pu) +50%*%212 100%*212 (pu)

(pw) (pw)
4-6 0.09 0.17 80 0.07 0.18 0.32 0.02
4-5 0.08 0.16 83 0.07 0.17 0.30 0.02
6-9 0.17 0.10 77 0.14 0.23 0.33 0.03
5-7 0.16 0.07 79 0.13 0.22 0.28 0.03
9-8 0.10 0.07 83 0.08 0.14 0.21 0.02
7-8 0.07 0.10 83 0.06 0.12 0.21 0.01
6-4 0.09 0.08 80 0.07 0.14 0.21 0.02
5-4 0.08 0.09 83 0.07 0.13 0.21 0.02
9-6 0.17 0.09 77 0.14 0.22 0.32 0.03
7-5 0.16 0.08 79 0.13 0.21 0.30 0.03
8-9 0.10 0.17 83 0.08 0.19 0.33 0.02
8-7 0.07 0.16 83 0.06 0.15 0.28 0.01

 The first number indicates at which busbar the relay is located.
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Mho, Impedance Or Reactance Distance Relay

CALL DISTR (1LJ.L) from CONET
Uses ICONs stargng with s 1,
and CONs stanting winy 2 J,
and VARS staning with ] L
IICONB L Value Descripton VARs s Deseription
t / | Rel#{MaxOl§) L Appatent R
[ 131 Type 1. Mho Diswance Lot rent X
Type 2. Impecanca Distance Aopa
/ | Type 3. Reacance Distance Le2 Current
1.2 © - Monitor Only
RVoek . L.3
0o 1 - Monitor And Trip . VARSs Required For
13 | | Resolution (Time Steps) ' . ::1:5:" Program
1.9
fed 4 |FromBusse Monitored Line,
15 b6 |ToBuse > Relayls At
1«8 / | CireuitiD *From* Bus End oo
17 0 |[FromBus« First diameter
1.8 O |ToBus# )} Transter
- center
148 Cireuit 1D Trip line
0 angle
le10 - O |FromBuss Second
le1t O |ToBuce 3 Tanger | | FTe R
le12 0 |ciraitip e | N
. r.
1413 O |FromBus# Third o Roas
114 O |ToBusg  » Transter
le15 O |Circuitto Trip Power Techaclogies, Inc, PTI Power System Simulator - PSS/E
I+16 X Pemissive Flag For Sell Trip*

DISTR
le17 X Permissive Flag For Transfer Trip** M, Impedance Or Reactarce Distance Relay
l+18 (Comtwec)

. ICONs Required For internal

. Program Logic

10.35
*Normally set 1o 1 in user input, Set to © and -1 by supervisory relay 1o
effoct blocking and force tip, respectively, frreom
**Normally set 1o 1 in user inpul Set 1o 0 to block tansier tip, M:.EL
Novembet 1931 {Coninuved)
."’2- Tm

‘

L

[}
N
o
i
Al

iy mﬂﬂ@,‘g

Figure A2.3: Data sheet for DISTR model, containing data to represent the relay at

bus 4 on line 4-6 (data sheet taken from the PSS/E Program

Operational Manual, Volume I, PTI, Appendix Vil)



95

Power Technologies, inc. PTl Power System Simulator - PSS/E
DISTR
Who, Impedance Or Reactance Distance Relay
(Continued)
CONs 2 Value Description
J 0 Zong 1 Operating Time (CyZies)
Zone d
Jeot . Zona 1 Reach (Diameter Or Reaciance) In
0-07 P, .
— Zone 2
Je2 Zona 1 Center Line Angle In Degrees (0 For, T
€0 | Resctance Relay) Zone 1
J Zone 1 Center Distance (0 For Reactancs
Jod 2§ ] Zone 2 Pickup Time (Cycles)
Je5 Zone 2 Reach (Diameter Or Reactance) In
047 (o
Jeb [ %0) Zone 2 Center Line Angle (0 For Reactance
Relay)
J+7 Zona 2 Center Distance (0 For Reacance
0'0{ 7t i {0 For A
Je8 &b | Zore 3 Pickup Time (Cycles)
Jep 03 # | Zore 3 Reath (Diameter)
J+10 50 Zone 3 Center Lina Angle In Degrees
Jett 6-1§5 | Zone 3 Center Distance in pu. / / .
2one 3 Zore 2
Je12 Angle Of Directional Unit (Only For Imped- Center Line Zooe 1 Reach
o arcn Reley) ) Ansle n..l‘
S - +
J+12 0-] | Threshold Cumrent In p.u. Reamance Diesance
J+id O¢/ | Sel Trip Breaker Time {Cydles)
JeiS [s} Self Trip Reclosure Time {Cyces)
J+16 (o) Transfer Trip Breaker Time (Cycles)
Je17 o) Transfer Trip Redosure Time (Cycles)
Js+18 o) 1¢¢ Blindet Typa (2 1 07 2 2)
Je19 [»] 151 Blinder Intercept (p.v.) /
Je20 [} 151 Blinger Rotavon (Degrees)
Je21 v} 2nd Blinder Typa (= 1 of s 2)
Je22 [v] 2nd Blinger intercept (p.v.)
Jo2 g | 2nd Blinger Rotation (Deg:ees)

0, DISTR", first 16 ICONs, CON lisv

November 1851 {Continued)

Figure A2.3 (cont.) Data sheet for DISTR model, containing data to represent the
' relay at bus 4 on line 4-6 (data sheet taken from the PSS/E
Program Operational Manual, Volume 11, PTI, Appendix VII)
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APPENDIX 3: APPLICATION OF OUT-OF-STEP BLOCKING PROTECTION

TO THE NINE-BUS NETWORK.

Each out-of-step blocking protection applied to the nine-bus network seen in Figure

A3.1 consists of
1) inner and outer circular characteristic zones and

2) a controled supervisory input of the DISTR model with which it is

coordinated.

—3— Lood C

By B0V 20Lv 1.8V
@| 'S 0.0085 + 10,072 0.0119 + j0.1008 0.8 -
2 V2= j0.0745 12 =[0.1045 S
- o

3|a Elp. @
© 3|3 B

i by 1=

o sl

sis 3|5

-3"'@ ] ©

(=1

RE 3k
Loda 2|S, TS, teods

B = I

2 ~

S 230k g §® ,

16.5kvV =1~
) !

Figure A3.1: The nine-bus network
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For each out-of-step blocking protection shown in Figure A3.2, the settings are the

following:
Zset-inner = Z3-set _ (A3.1)
Zset-outer = 1.3 * Zset-inner (A3.2)
where

Zset-inner = inner-zone setting
Zset-outer = outer-zone setting

Z3-set = zone 3 setting of distance relay

Table A3.1 shows the zone 3 setting of the distance relay for each line in the nine-
bus network, as calculated in Appendix 2. Table A3.2 lists the settings for the inner
and outer zones for each out-of-step blocking relay in the nine-bus network. The

settings were calculated by means of equations (A3.1) and (A3.2).

STANCE RELAY ZONT 2 ZETTING
.3 K Zsel-inner

Figure A3.2 : Out-of-step protection characteristics
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Table A3.1: Zone 3 setting of distance relay for each line in the nine-bus network

RELAY DISTANCE RELAY DISTANCE
LOCATION« RELAY ZONE 3 LOCATION RELAY ZONE 3
SETTING SETTING
4~5 0.32 5-4 0.23
4-6 0.34 6-4 0.23
5-7 0.31 7-5 0.33
6-9 ‘ 0.36 9-6 0.35
7-8 0.20 8-7 0.29
9-8 0.23 8-9 © 0.35

& The number appearing first indicates the busbar at which the relay is located.

Detection of an out-of-step condition is achieved by monitoring the rate of the
change in measured impedance, using a timer. A timer setting above a
predetermined set value is interpreted as an out-of-step condition. The

timer setting is deterrhined by the swing frequencies of the system during out-of-step

conditions.
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Table A3.2 . Settings for the inner and outer zones

RELAY INNER ZONE OUTER ZONE
LOCATION SETTING SETTING =

= ZONE 3 SETTING | 1.3 * INNER ZONE
IN '.EABLE a3.1 SETTING

4-5 0.32 0.42

4-6 0.34 0.44

5-7 0,31 0.40

6-9 0.36 0.47

7-8 0.22 0.29

9-8 0.23 0.30

5-4 0.23 0.30

6-4 0.23 0.30

7-5 0.33 0.43

9-6 0.35 0.46

8-7 0.29 0.38

8~-9 0.35 0.46

& The number appearing first indicates the busbar at which the relay is located.

See Figure A3.3. To determine the timer setting T, the frequency of the measured
impedance through zone 2 is calculated. With reference to Figure A3.3, the following

equations are used:

o i | (A3.3)
360° S
a:,=arctan(—z—set—_'(ZI—IL":C (A3.4)

Zset —inner

where
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Zset-inner = inner-zone setting

Zset-outer = outer-zone setting

T = timer setting

S = maximum swing frequency obtained from stability
studies.

al = a'riéle defined in Figure A3.3

Zsetl-outer

d:_ = arctan
Zszti=inner

Zsal-outer
R AR

P
[l

-

<

Zsel=-inner
1~ 2

. - 45
- 3s0.s / AN
[ ANV
1) \ ~
Y 1

zone 2

Figure A3.3 : Determining the timer setting T

This research included stability studies (refer to Chapter 5). The maximum swing
frequency obtained was 2.41 Hz. For the purpose of setting the out-of-step blocking
protection, a maximum swing frequency S =2.41 Hz was used. The timer settings

for every out-of-steb blocking relay are listed in Table A3.4.
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Table A3.4: Timer settings for out-of-step blocking protection

Zset —ouer. a.—45° 1

—RELAY a,mctm(m = 3:60° E

LOCATION® (degrees) S = 2.41 Hz

(seconds)
4-6 52.4 8.53
4-5 52.4 8.53
6-9 52.4 8.53
5-7 52.4 8.53
7-8 52.4 8.53
9-8 52.4 . 8.53
6-4 ' 52.4 8.53
5-4 52.4 8.53
9-6 52.4 8.53
7-5 52.4 8.53
8-7 52.4 8.53
8-9 52.4 8.53

% The number appearing first indicates the busbar at which the relay is located.

The setting data listed in Tables A3.2, A3.3 and A3.4, supplemented by a data sheet
provided by the PSS/E, were used to represent the relay in the Working Case. The
data sheet for CIRCOS can be seen in Figure A3.4. The data sheet was completed

to represent the out-of-step blocking protection located at bus 4 on line 4-6.



. ——————

Power Technologies, inc. PT! Power System Simulator - PSS/E

102
CIRCOS
Double Circle Or Lens Out-Ot-Step Tripping Or Blocking Relay
CALL CIRCOS (1.J.K.IFL) tom CONET
Uses ICONs staring with [ 1,
and CONs staning with [ J
and VARS siaring with z ['4
ICON {IFL) is tha permissive fag of a
reley being supervised by CIRCOS z __IFL
ICONs | «# Valve Description : VARs s Descripion
] !/ }Rets(MaxOl§) K Apparent R
let Type +1 Double Circle Tripping Kot hpparent X
/ Type -1 Double Cirdle Blocking .
—_ Type +2 Lens Type Tripping * * .
Type -2 Lens Type Blocking Ke2 Curent
162 Operation Mode Ke3 VARs Required For
/ 0 - Monitor
1 - Monitor And Operzts K+d Intemnaf Program
143 ] | Resolution (Time Steps) KeS ) Logic
[ 4L |FemBuse Monitsred Line,
15 { |ToBus® > Relaylsat
1«6 ireyit ID *From* :
/ Cret rom’” Bus End Powst Techreiogies, Inc, PT1 Power Sysiem Simulaior » PSS/E
147 (G |[FromBus¢ First
18 O |ToBuss } Transt CIRcos
) fobvs ransier Dounte Clrcde Of Lens Ovi-Of-Siep Tripping Of Botking Relay
149 0 |{Ciaitid Trp (Contiwes)
le10 (o) From Bus # Second
£
el (O |ToBusse b Transter
X,
fs12 o Cireuit 1D Trp
1.13 O From Bus # Third Oestors
Tetd O jToBuss Transier
R} 0 |crainid Trp
{+16 X Pemmissive Flag For Self Trip®
17 X Permissive Flag For Transler Trip®

November 1991 (Continued)

Figure A3.4: CIRCOS data sheet with data representing the relay at bus 4 on line 4-
6 in the Working Case (taken from the PSS/E Program Operational

Manual, Volume Il, PT1, Appendix VII)
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Power Technologies, Inc. PTI Power System Simulator - PSS/E

CIRCOS
Double Circle Or Lens Out-Of-Step Tripping Or Blocking Relay

{Continued)

llCON: [ Value Description

l+18 0
. ICONs Required For lntemal
Program Logic

127

'?‘Jom!y sotto 1 in user input if Tipping is desired, Vatue O prevents

trip.
CONs ] Value Description
J 04 | Inter-Zene Travel Time (Cycies)

Je1 0+32 | Zone 1 {Inner Zone) Diameser (p.u.)

Je2 S0 | Center Line Angle (Degrees)

Je3 g+/5 | Center Line Distance (p.u.)

Jed | 0-4 4| Zone 2 (Outer Zone) Diameier

Jo§ 0O | Center Line Angle (Degrees)

Jo6 0.5 | Center Line Distance (p.v.)

Jo7 | . 0 | Threshold Current (p.v.)

J+8 0+] | Sett Teip Breaker Time (Cyles)

Je9 o) Transier Trip Broaker And Delay Time
Je10 0 | 15t Blinder Typa (<1 o1 22) ®
Jo1t 0 | 15tBinder Intercept (p.u)

Jet2 0o 15t Blinder Rotation (Degrees)
Je+13 [0} 2nd Blinder Type

Jeid [o] 2nd Blinder Intercept (p.u.)
Je15 O | 2nd Blinder Rotation {Degrees)

0, ‘CIRCOS", first 16 tCONs, CON list /

November 1951 (Continued}

Figure A3.4 (cont.): CIRCOS data sheet with data representing the relay at bus 4 on
line 4-6 in the Working Case (taken from the PSS/E Program
Operational Manual, Volume II, PTI, Appendix VII)
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