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Chapter 1
Introduction

Since 1966, the Network Protection and Automation Guide
(formerly the Protective Relays Application Guide) has been
the definitive reference textbook for protection engineers and
technicians. For 2011, Alstom has capitalised on its pool of
experts at the St Leonards Centre of Excellence in Stafford UK
to launch a new edition.

New chapters treat topics such as system integrity protection
and remedial action schemes, phasor measurements and wide
area schemes. The digital substation, including IEC 61850,
Ethernet station bus, GOOSE, process bus, and precision time
synchronising is also detailed. Advancements in protection
and control application engineering have assisted the authors
in exploring and integrating the new techniques and
philosophies in this edition, whilst retaining vendor-
independence - as we continue to deliver the genuine,
impartial, reference textbook.

This book is a précis of the Application and Protection of Power
Systems (APPS) training course, an intensive programme,
which Alstom (and its predecessor companies at Stafford) has
been running for over 50 years. This course, by the ingenuity
and dedication of the trainers, is vibrant and evolving. As
APPS progresses, the Network Protection and Automation
Guide advances too, whilst never losing sight of the key basic
principles and concepts. Beginners and experts alike will each
feel satisfied in their search for relaying, measurement,
communication and control knowledge.

In the list opposite, we name a mix of new authors for this
edition, and key historical figures at Stafford who have
contributed significantly to the advancement of APPS and
NPAG, and hence the quality and integrity of our book. We
sincerely hope that this book assists your navigation through a
challenging and rewarding career in electrical power
engineering. Protection and control has long been termed an
art, rather than a precise science - this book offers a mix of
both.

We acknowledge and thank Alstom colleagues in the wider
Alstom Grid and Alstom Power organisations for photographs
used within this book.

Alstom Grid

Michael Bamber

Michael Bergstrom

Andrew Darby
Susan Darby
Graham Elliott
Peter Harding
Graeme Lloyd
Alan Marshall
Allen Millard
Andrew Myatt
Philip Newman
Anthony Perks
Steve Pickering
Stephen Potts
Simon Richards
Jack Royle
Peter Rush
Brendan Smith
Mark Stockton
Paul Wilkinson
Alan Wixon
John Wright
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Chapter 2
Fundamentals of Protection Practice

2.1 Introduction 2.1 INTRODUCTION

2.2 Protection EqUIp.ment The purpose of an electrical power system is to generate and
2.3 Zones of Protection supply electrical energy to consumers. The system should be
2.4 Reliability designed to deliver this energy both reliably and economically.
2.5 Selectivity Frequent or prolonged power outages result in severe
2.6 Stability disruption to the normal routine of modern society, which is

demanding ever-increasing reliability and security of supply.
As the requirements of reliability and economy are largely
opposed, power system design is inevitably a compromise.

2.7 Speed

2.8 Sensitivity

2.9 Primary and Back-up Protection
2.10 Relay Output Devices

2.11 Tripping Circuits

2.12 Trip Circuit Supervision

A power system comprises many diverse items of equipment.
Figure 2.1 illustrates the complexity of a typical power station
Figure 2.2 shows a hypothetical power system.

Figure Z.1: Modern power station
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Figure 2.3 Onset of an overhead line fault

Many items of equipment are very expensive, and so the
complete power system represents a very large capital
investment. To maximise the return on this outlay, the system
must be utilised as much as possible within the applicable
constraints of security and reliability of supply.  More
fundamental, however, is that the power system should
operate in a safe manner at all times. No matter how well
designed, faults will always occur on a power system, and
these faults may represent a risk to life and/or property. Figure
2.3 shows the onset of a fault on an overhead line. The
destructive power of a fault arc carrying a high current is very
large; it can burn through copper conductors or weld together
core laminations in a transformer or machine in a very short
time - some tens or hundreds of milliseconds. Even away
from the fault arc itself, heavy fault currents can cause
damage to plant if they continue for more than a few seconds.
The provision of adequate protection to detect and disconnect
elements of the power system in the event of fault is therefore
an integral part of power system design. Only by doing this
can the objectives of the power system be met and the
investment protected. Figure 2.4 provides an illustration of the
consequences of failure to provide adequate protection. This
shows the importance of protection systems within the
electrical power system and of the responsibility vested in the
Protection Engineer.

Chapter 2-Fundamentals of Protection Practice

Figure 2.4: Possible consequence of inadequate protection

2.2 PROTECTION EQUIPMENT

The definitions that follow are generally used in relation to
power system protection:

e Protection System: a complete arrangement of
protection equipment and other devices required to
achieve a specified function based on a protection
principle (IEC 60255-20)

e Protection Equipment: a collection of protection
devices (relays, fuses, etc.). Excluded are devices such
as Current Transformers (CTs), Circuit Breakers (CBs)
and contactors

e Protection Scheme: a collection of protection
equipment providing a defined function and including
all equipment required to make the scheme work (i.e.
relays, CTs, CBs, batteries, etc.)

In order to fulfil the requirements of protection with the
optimum speed for the many different configurations,
operating conditions and construction features of power
systems, it has been necessary to develop many types of relay
that respond to various functions of the power system
quantities.  For example, simple observation of the fault
current magnitude may be sufficient in some cases but
measurement of power or impedance may be necessary in
others. Relays frequently measure complex functions of the
system quantities, which may only be readily expressible by
mathematical or graphical means.

Relays may be classified according to the technology used:
e electramechanical
e static
e digital
e numerical

The different types have varying capabilities, according to the
limitations of the technology used. They are described in more
detail in Chapter 7.
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In many cases, it is not feasible to protect against all hazards
with a relay that responds to a single power system quantity.
An arrangement using several quantities may be required. In
this case, either several relays, each responding to a single
quantity, or, more commonly, a single relay containing several
elements, each responding independently to a different
quantity may be used.

The terminology used in describing protection systems and
relays is provided in Appendix A. Different symbols for
describing relay functions in diagrams of protection schemes
are used, the three most common methods (IEC, IEEE/ANSI
and IEC61850) are provided in Appendix B.

2.3 ZONES OF PROTECTION

To limit the extent of the power system that is disconnected
when a fault occurs, protection is arranged in zones. The
principle is shown in Figure 2.5. Ideally, the zones of
protection should overlap, so that no part of the power system
is left unprotected. This is shown in Figure 2.6(a), the circuit
breaker being included in both zones.

Zone 1

Zone 5 Zone 7

Feeder 2
Zone 6

Figure 2.5: Division of power systems into protection zones

Feeder 1 Feeder 3

For practical physical and economic reasons, this ideal is not
always achieved, accommodation for current transformers
being in some cases available only on one side of the circuit
breakers, as shown in Figure 2.6(b). In this example, the
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section between the current transformers and the circuit
breaker A is not completely protected against faults. A fault at
F would cause the busbar protection to operate and open the
circuit breaker but the fault may continue to be fed through the
feeder. |If the feeder protection is of the type that responds
only to faults within its own zone (see section 2.5.2), it would
not operate, since the fault is outside its zone. This problem is
dealt with by intertripping or some form of zone extension, to
ensure that the remote end of the feeder is also tripped. These
methods are explained extensively in chapters 11 and 12.

Busbar
protection
i

Feeder
protection

(a) CTs on both sides of circuit breaker

Busbar

/ protection
i
g -

Feeder
protection

(b)CTs on circuit side of circuit breaker
Figure 2.6: CT locations

The point of connection of the protection with the power
system usually defines the zone and corresponds to the
location of the current transformers. Unit type protection
results in the boundary being a clearly defined closed loop.
Figure 2.7 shows a typical arrangement of overlapping zones.

)
- A oie

Figure 2.7 Overlapping zones of protection systems

Alternatively, the zone may be unrestricted; the start will be
defined but the extent (or ‘reach’) will depend on
measurement of the system quantities and will therefore be
subject to variation, owing to changes in system conditions
and measurement errors.



2.4 RELIABILITY

The need for a high degree of reliability has already been
discussed briefly. Reliability is dependent on the following
factors:

e incorrect design/settings
e incorrect installation/testing

e deterioration in service

2.4.1 Design

The design of a protection scheme is of paramount
importance. This is to ensure that the system will operate
under all required conditions, and refrain from operating when
so required. This includes being restrained from operating for
faults external to the zone being protected, where necessary.
Due consideration must be given to the nature, frequency and
duration of faults likely to be experienced, all relevant
parameters of the power system and the type of protection
equipment used. Of course, the design of the protection
equipment used in the scheme is just as important. No
amount of effort at this stage can make up for the use of badly
designed protection equipment.

2.4.2 Settings

It is essential to ensure that settings are chosen for protection
relays and systems which take into account the parameters of
the primary system, including fault and load levels, and
dynamic performance requirements, etc. The characteristics of
power systems change with time, due to changes in loads,
location, type and amount of generation, etc. Therefore,
setting values of relays may need to be checked at suitable
intervals to ensure that they are still appropriate. Otherwise,
unwanted operation or failure to operate when required may
occur.

2.4.3 Installation

The need for correct installation of protection systems is
obvious, but the complexity of the interconnections of many
systems and their relationship to the remainder of the system
may make checking the installation difficult. Site testing is
therefore necessary. Since it will be difficult to reproduce all
fault conditions carrectly, these tests must be directed towards
proving the installation itself. At the installation stage, the
tests should prove the correctness of the connections, relay
settings, and freedom from damage of the equipment. No
attempt should be made to ‘type test’ the equipment or to
establish complex aspects of its technical performance.

2.4.4 Testing

Testing should cover all aspects of the protection scheme,
reproducing operational and environmental conditions as
closely as possible. Type testing of protection equipment to
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recognised standards is carried out during design and
production and this fulfils many of these requirements, but it
will still be necessary to test the complete protection scheme
(relays, current transformers and other ancillary items). The
tests must realistically simulate fault conditions.

2.4.5 Deterioration in Service

Subsequent to installation, deterioration of equipment will take
place and may eventually interfere with correct functioning.
For example: contacts may become rough or burnt due to
frequent operation, or tarnished due to atmospheric
contamination, coils and other circuits may become open-
circuited, electronic components and auxiliary devices may fail,
and mechanical parts may seize up.

The time between operations of protection relays may be years
rather than days. During this period, defects may have
developed unnoticed until revealed by the failure of the
protection to respond to a power system fault. For this reason,
relays should be periodically tested in order to check they are
functioning correctly.

Testing should preferably be carried out without disturbing
permanent connections. This can be achieved by the provision
of test blocks or switches.

The quality of testing personnel is an essential feature when
assessing reliability and considering means for improvement.
Staff must be technically competent and adequately trained, as
well as self-disciplined to proceed in a systematic manner to
achieve final acceptance.

Important circuits that are especially vulnerable can be
provided with continuous electrical  supervision; such
arrangements are commonly applied to circuit breaker trip
circuits and to pilot circuits. Modern digital and numerical
relays usually incorporate self-testing/diagnostic facilities to
assist in the detection of failures. With these types of relay, it
may be possible to arrange for such failures to be automatically
reported by communications link to a remote operations
centre, so that appropriate action may be taken to ensure
continued safe operation of that part of the power system and
arrangements made for investigation and correction of the
fault.

2.4.6 Protection Performance

Protection system performance is frequently assessed
statistically. For this purpose each system fault is classed as
an incident and only those that are cleared by the tripping of
the correct circuit breakers are classed as 'correct’. The
percentage of correct clearances can then be determined.

This principle of assessment gives an accurate evaluation of
the protection of the system as a whole, but it is severe in its
judgement of relay performance. Many relays are called into
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operation for each system fault, and all must behave correctly
for a correct clearance to be recorded.

Complete reliability is unlikely ever to be achieved by further
improvements in construction.  If the level of reliability
achieved by a single device is not acceptable, improvement can
be achieved through redundancy, e.g. duplication of
equipment.  Two complete, independent, main protection
systems are provided, and arranged so that either by itself can
carry out the required function. If the probability of each
equipment failing is x/unit, the resultant probability of both
equipments failing simultaneously, allowing for redundancy, is
x”. Where x is small the resultant risk (x*) may be negligible.

Where multiple protection systems are used, the tripping
signal can be provided in a number of different ways. The two
most common methods are:

e all protection systems must operate for a tripping
operation to occur (e.g. ‘two-out-of-two” arrangement)

e only one protection system need operate to cause a trip
(e.g. ‘one-out-of two’ arrangement)

The former method guards against false tripping due to
maloperation of a protection system. The latter method guards
against failure of one of the protection systems to operate, due
to a fault. Qccasionally, three main protection systems are
provided, configure in a ‘two-out-of three’ tripping
arrangement, to provide both reliability of tripping, and security
against unwanted tripping.

It has long been the practice to apply duplicate protection
systems to busbars, both being required to operate to complete
a tripping operation. Loss of a busbar may cause widespread
loss of supply, which is clearly undesirable. In other cases,
important circuits are provided with duplicate main protection
systems, either being able to trip independently. On critical
circuits, use may also be made of a digital fault simulator to
model the relevant section of the power system and check the
performance of the relays used.

2.5 SELECTIVITY

When a fault occurs, the protection scheme is required to trip
only those circuit breakers whose operation is required to
isolate the fault. This property of selective tripping is also
called ‘discrimination’ and is achieved by two general
methods.

2.5.1 Time Grading

Protection systems in successive zones are arranged to operate
in times that are graded through the sequence of protection
devices so that only those relevant to the faulty zone complete
the tripping function. The others make incomplete operations
and then reset. The speed of response will often depend on the
severity of the fault, and will generally be slower than for a unit

2-6

system.

2.5.2 Unit Systems

It is possible to design protection systems that respond only to
fault conditions occurring within a clearly defined zone. This
type of protection system is known as ‘unit protection’. Certain
types of unit protection are known by specific names, e.g.
restricted earth fault and differential protection.  Unit
protection can be applied throughout a power system and,
since it does not involve time grading, it is relatively fast in
operation. The speed of response is substantially independent
of fault severity.

Unit protection usually involves comparison of guantities at the
boundaries of the protected zone as defined by the locations of
the current transformers. This comparison may be achieved by
direct hard-wired connections or may be achieved via a
communications link. However certain protection systems
derive their ‘restricted’ property from the configuration of the
power system and may be classed as unit protection, e.g. earth
fault protection applied to the high voltage delta winding of a
power transformer. Whichever method is used, it must be
kept in mind that selectivity is not merely a matter of relay
design. It also depends on the correct co-ordination of current
transformers and relays with a suitable choice of relay settings,
taking into account the possible range of such variables as
fault currents, maximum load current, system impedances and
other related factors, where appropriate.

2.6 STABILITY

The term ‘stability’ is usually associated with unit protection
schemes and refers to the ability of the protection system to
remain unaffected by conditions external to the protected zone,
for example through-load current and faults external to the
protected zone.

2.7 SPEED

The function of protection systems is to isolate faults on the
power system as rapidly as possible.  One of the main
objectives is to safeguard continuity of supply by removing
each disturbance before it leads to widespread loss of
synchronism and consequent collapse of the power system.

As the loading on a power system increases, the phase shift
between voltages at different busbars on the system also
increases, and therefore so does the probability that
synchronism will be lost when the system is disturbed by a
fault. The shorter the time a fault is allowed to remain in the
system, the greater can be the loading of the system. Figure
2.8 shows typical relations between system loading and fault
clearance times for various types of fault. It will be noted that
phase faults have a more marked effect on the stability of the
system than a simple earth fault and therefore require faster



clearance.

System stability is not, however, the only consideration. Rapid
operation of protection ensures minimisation of the equipment
damage caused by the fault. The damaging energy liberated
during a fault is proportional to the time that the fault is
present, thus it is important that the protection operate as
quickly as possible. Speed of operation must be weighed
against economy, however. Distribution circuits, which do not
normally require a fast fault clearance, are usually protected by
time-graded systems. On the other hand, generating plant
and EHV systems require protection systems of the highest
attainable speed and reliability, therefore unit systems are
normal practice.

Phase-earth

Phase-phase

Load power

Phase-phase-earth

Three-phase

Time

Figure 2.8. Typical power/time relationship for various fault types

2.8 SENSITIVITY

Sensitivity is a term frequently used when referring to the
minimum operating level (current, voltage, power etc.) of
relays or complete protection schemes. Relays or protection
schemes are said to be sensitive if their primary operating
parameters are low.

With older electromechanical relays, sensitivity was considered
in terms of the measuring movement and was measured in
terms of its volt-ampere consumption to cause operation.
With modern digital and numerical relays the achievable
sensitivity is seldom limited by the device design but by its
application and associated current and voltage transformer
parameters.

2.9 PRIMARY AND BACK-UP PROTECTION

The reliability of a power system has been discussed earlier,
including the use of more than one primary (or ‘main’)
protection system operating in parallel. In the event of failure
or non-availability of the primary protection some other means
of ensuring that the fault is isolated must be provided. These
secondary systems are referred to as ‘back-up protection
schemes’.

Back-up protection may be considered as either being ‘local” or
‘remote’. Local back-up protection is achieved by protection
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that detects an un-cleared primary system fault at its own
location, which then trips its own circuit breakers; e.g. time
graded overcurrent relays. Remote back-up protection is
provided by protection that detects an un-cleared primary
system fault at a remote location and then issues a trip
command to the relevant relay; e.g. the second or third zones
of a distance relay. In both cases the main and back-up
protection systems detect a fault simultaneously, operation of
the back-up protection being delayed to ensure that the
primary protection clears the fault if possible. Normally being
unit protection, operation of the primary protection will be fast
and will result in the minimum amount of the power system
being disconnected. QOperation of the back-up protection will
be, of necessity, slower and will result in a greater proportion
of the primary system being lost.

The extent and type of back-up protection applied will naturally
be related to the failure risks and relative economic importance
of the system. For distribution systems where fault clearance
times are not critical, time delayed remote back-up protection
may be adequate. For EHV systems, where system stability is
at risk unless a fault is cleared quickly, multiple primary
protection systems, operating in parallel and possibly of
different types (e.g. distance and unit protection), will be used
to ensure fast and reliable tripping. Back-up overcurrent
protection may then optionally be applied to ensure that two
separate protection systems are available during maintenance
of one of the primary protection systems.

Back-up protection systems should, ideally, be completely
separate from the primary systems. For example, a circuit
protected by a current differential relay may also have time-
graded overcurrent and earth fault relays added to provide
circuit breaker tripping in the event of failure of the main
primary unit protection.  Ideally, to maintain complete
redundancy, all system components would be duplicated. This
ideal is rarely attained in practice. The following compromises
are typical:

e Separate current transformers or duplicated secondary
cores are often provided. This practice is becoming less
common at distribution voltage levels if digital or
numerical relays are used, because the extremely low
input burden of these relay types allows relays to share
asingle CT

e Voltage transformers are not duplicated because of cost
and space considerations. Each protection relay supply
is separately protected (fuse or MCB) and continuously
supervised to ensure security of the VT output. An
alarm is given on failure of the supply and where
appropriate, unwanted operation of the protection is
prevented

e Trip power supplies to the two protection types should
be separately protected (fuse or MCB). Duplication of
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tripping batteries and of circuit breaker trip coils may be
provided. Trip circuits should be continuously
supervised.

e |tis desirable that the main and back-up protections (or
duplicate main protections) should operate on different
principles, so that unusual events that may cause
failure of the one will be less likely to affect the other

Digital and numerical relays may incorporate suitable back-up
protection functions (e.g. a distance relay may also incorporate
time-delayed overcurrent protection elements as well). A
reduction in the hardware required to provide back-up
protection is obtained, but at the risk that a common relay
element failure  (e.g. the power supply) will result in
simultaneous loss of both main and back-up protection. The
acceptability of this situation must be evaluated on a case-by-
case basis.

2.10 RELAY OUTPUT DEVICES

In order to perform their intended function, relays must be
fitted with some means of providing the various output signals
required. Contacts of various types usually fulfil this function.

2.10.1 Contact Systems

Relays may be fitted with a variety of contact systems for
providing electrical outputs for tripping and remote indication
purposes. The most common types encountered are as
follows:

e Self-reset: The contacts remain in the operated
condition only while the controlling quantity is applied,
returning to their original condition when it is removed

e Hand or electrical reset: These contacts remain in the
operated condition after the controlling quantity has
been removed.

The majority of protection relay elements have self-reset
contact systems, which, if so desired, can be modified to
provide hand reset output contacts by the use of auxiliary
elements. Hand or electrically reset relays are used when it is
necessary to maintain a signal or lockout condition. Contacts
are shown on diagrams in the position corresponding to the
un-operated or de-energised condition, regardless of the
continuous service condition of the equipment. For example,
an undervoltage relay, which is continually energised in normal
circumstances, would still be shown in the de-energised
condition.

A 'make’ contact is one that is normally open, but closes on
energisation. A 'break’ contact is one that is normally closed,
but opens on energisation. Examples of these conventions and
variations are shown in Figure 2.9.

2-8

T Self reset

-
=

Hand reset

—=

'Make' contacts '‘Break’ contacts

(Normally closed)

L

Time delay on

(Normally open)

T

Time delay on
pick-up drop-off

Figure 2.9: Contact types

A ‘changeover’ contact generally has three terminals; a
common, a make output, and a break output. The user
connects to the common and other appropriate terminal for
the logic sense required.

A protection relay is usually required to trip a circuit breaker,
the tripping mechanism of which may be a solenoid with a
plunger acting directly on the mechanism latch or an
electrically operated valve. The power required by the trip coill
of the circuit breaker may range from up to 50 W for a small
‘distribution” circuit breaker, to 3 kW for a large, EHV circuit
breaker.

The relay may energise the tripping coil directly, or through the
agency of another multi-contact auxiliary relay, depending on
the required tripping power.

The basic trip circuit is simple, being made up of a hand-trip
control switch and the contacts of the protection relays in
parallel to energise the trip coil from a battery, through a
normally open auxiliary switch operated by the circuit breaker.
This auxiliary switch is needed to open the trip circuit when the
circuit breaker opens since the protection relay contacts will
usually be quite incapable of performing the interrupting duty.
The auxiliary switch will be adjusted to close as early as
possible in the closing stroke, to make the protection effective
in case the breaker is being closed on to a fault.

Where multiple output contacts or contacts with appreciable
current-carrying capacity are required, interposing contactor
type elements will normally be used.

Modern numerical devices may offer static contacts as an
ordering option. Semiconductor devices such as IGBT
transistors may be used instead of, or in parallel with,
conventional relay output contacts to boost:

e The speed of the 'make’ (typically 100us time to make
is achieved)



e Interrupting duty (allowing the contacts to break trip
cail current.

In general, static, digital and numerical relays have discrete
measuring and tripping circuits, or modules. The functioning
of the measuring modules is independent of operation of the
tripping modules. Such a relay is equivalent to a sensitive
electromechanical relay with a tripping contactor, so that the
number or rating of outputs has no more significance than the
fact that they have been provided.

For larger switchgear installations the tripping power
requirement of each circuit breaker is considerable, and
further, two or more breakers may have to be tripped by one
protection system. There may also be remote signalling
requirements, interlocking with other functions (for example
auto-reclosing arrangements), and other control functions to
be performed. These various operations may then be carried
out by multi-contact tripping relays, which are energised by
the protection relays and provide the necessary number of
adequately rated output contacts.

2.10.2 Operation Indicators

Protection systems are invariably provided with indicating
devices, called ‘flags’, or ‘targets’, as a guide for operations
personnel. Not every relay will have one, as indicators are
arranged to operate only if a trip operation is initiated.
Indicators, with very few exceptions, are bi-stable devices, and
may be either mechanical or electrical. A mechanical indicator
consists of a small shutter that is released by the protection
relay movement to expose the indicator pattern.

Electrical indicators may be simple attracted armature
elements, where operation of the armature releases a shutter
to expose an indicator as above, or indicator lights (usually
light emitting diodes). For the latter, some kind of memary
circuit is provided to ensure that the indicator remains lit after
the initiating event has passed.

The introduction of numerical relays has greatly increased the
number of LED indicators (including tri-state LEDs) to
enhance the indicative information available to the operator. In
addition, LCD text or graphical displays, which mimic the
electrical system provide more in-depth information to the
operator.

2.11 TRIPPING CIRCUITS

There are three main circuits in use for circuit breaker tripping:

e series sealing
e shunt reinforcing

e shunt reinforcement with sealing

These are illustrated in Figure 2.10.
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Figure 2.10: Typical relay tripping circuits

For electromechanical relays, electrically operated indicators,
actuated after the main contacts have closed, avoid imposing
an additional friction load on the measuring element, which
would be a serious handicap for certain types. Care must be
taken with directly operated indicators to line up their
operation with the closure of the main contacts. The indicator
must have operated by the time the contacts make, but must
not have done so more than marginally earlier. This is to stop
indication occurring when the tripping operation has not been
completed.

With modern digital and numerical relays, the use of various
alternative methods of providing trip circuit functions is largely
obsolete. Auxiliary miniature contactors are provided within
the relay to provide output contact functions and the operation
of these contactors is independent of the measuring system, as
mentioned previously. The making current of the relay output
contacts and the need to avoid these contacts breaking the trip
coll current largely dictates circuit breaker trip coill
arrangements. Comments on the various means of providing
tripping arrangements are, however, included below as a
historical reference applicable to earlier electromechanical relay
designs.

2.11.1 Series sealing

The coil of the series contactor carries the trip current initiated
by the protection relay, and the contactor closes a contact in
parallel with the protection relay contact. This closure relieves
the protection relay contact of further duty and keeps the
tripping circuit securely closed, even if chatter occurs at the
main contact. The total tripping time is not affected, and the
indicator does not operate until current is actually flowing
through the trip coll.
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The main disadvantage of this method is that such series
elements must have their coils matched with the trip circuit
with which they are associated.

The coil of these contacts must be of low impedance, with
about 5% of the trip supply voltage being dropped across them.

When used in association with high-speed trip relays, which
usually interrupt their own cail current, the auxiliary elements
must be fast enough to operate and release the flag before
their coil current is cut off. This may pose a problem in design
if a variable number of auxiliary elements (for different phases
and so on) may be required to operate in parallel to energise a
common tripping relay.

2.11.2 Shunt reinforcing

Here the sensitive contacts are arranged to trip the circuit
breaker and simultaneously to energise the auxiliary unit,
which then reinforces the contact that is energising the trip
coil.

Two contacts are required on the protection relay, since it is
not permissible to energise the trip coil and the reinforcing
contactor in parallel. If this were done, and more than one
protection relay were connected to trip the same circuit
breaker, all the auxiliary relays would be energised in parallel
for each relay operation and the indication would be confused.

The duplicate main contacts are frequently provided as a
three-point arrangement to reduce the number of contact
fingers.

2.11.3 Shunt reinforcement with sealing

This is a development of the shunt reinforcing circuit to make it
applicable to situations where there is a possibility of contact
bounce for any reason.

Using the shunt reinforcing system under these circumstances
would result in chattering on the auxiliary unit, and the
possible burning out of the contacts, not only of the sensitive
element but also of the auxiliary unit. The chattering would
end only when the circuit breaker had finally tripped. The
effect of contact bounce is countered by means of a further
contact on the auxiliary unit connected as a retaining contact.

This means that provision must be made for releasing the
sealing circuit when tripping is complete; this is a
disadvantage, because it is sometimes inconvenient to find a
suitable contact to use for this purpose.

2.12 TRIP CIRCUIT SUPERVISION

The trip circuit includes the protection relay and other
components, such as fuses, links, relay contacts, auxiliary
switch contacts, etc., and in some cases through a
considerable amount of circuit wiring with intermediate
terminal boards. These interconnections, coupled with the
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importance of the circuit, result in a requirement in many
cases to monitor the integrity of the circuit. This is known as
trip circuit supervision. The simplest arrangement contains a
healthy trip lamp or LED, as shown in Figure 2.11(a).

The resistance in series with the lamp prevents the breaker
being tripped by an internal short circuit caused by failure of
the lamp. This provides supervision while the circuit breaker is
closed; a simple extension gives pre-closing supervision.

Figure 2.11(b) shows how, the addition of a normally closed
auxiliary switch and a resistance unit can provide supervision
while the breaker is both open and closed.

PR 52a c

(a) Supervision while circuit breaker is closed (scheme H4)

PR 52a 7c
52b

(b) Supervision while circuit breaker is open or closed (scheme H5)

(c) Supervision with circuit breaker open
or closed with remote alarm (scheme H7)

Trip

Ji
Circuit
Breaker

524 1C

| o
iR

Trip

(d) Implementation of H5 scheme in numerical relay
Figure 2.11: Trip circuit supervision circuit

In either case, the addition of a normally open push-button
contact in series with the lamp will make the supervision
indication available only when required.

Schemes using a lamp to indicate continuity are suitable for
locally controlled installations, but when control is exercised
from a distance it is necessary to use a relay system. Figure



2.11(c) illustrates such a scheme, which is applicable
wherever a remote signal is required.

With the circuit healthy either or both of relays A and B are
operated and energise relay C. Both A and B must reset to
allow C to drop-off. Relays A, B and C are time delayed to
prevent spurious alarms during tripping or closing operations.
The resistors are mounted separately from the relays and their
values are chosen such that if any one component is
inadvertently short-circuited, tripping will not take place.

The alarm supply should be independent of the tripping supply
so that indication will be obtained in case of failure of the

tripping supply.

The above schemes are commonly known as the H4, H5 and
H7 schemes, arising from the diagram references of the utility
specification in which they originally appeared. Figure 2.11(d)
shows implementation of scheme H5 using the facilities of a
modern numerical relay.  Remote indication is achieved
through use of programmable logic and additional auxiliary
outputs available in the protection relay.

Figure 2.12: Menu interrogation of numerical relays

Chapter 2-Fundamentals of Protection Practice
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3.1 INTRODUCTION

The Protection Engineer is concerned with limiting the effects
of disturbances in a power system. These disturbances, if
allowed to persist, may damage plant and interrupt the supply
of electric energy. They are described as faults (short and open
circuits) or power swings, and result from natural hazards (for
instance lightning), plant failure or human error.

To facilitate rapid removal of a disturbance from a power
system, the system is divided into ‘protection zones'.
Protection relays monitor the system quantities (current and
voltage) appearing in these zones. If a fault occurs inside a
zone, the relays operate to isolate the zone from the remainder
of the power system.

The operating characteristic of a protection relay depends on
the energising quantities fed to it such as current or voltage, or
various combinations of these two quantities, and on the
manner in which the relay is designed to respond to this
information.  For example, a directional relay characteristic
would be obtained by designing the relay to compare the phase
angle between voltage and current at the relaying point. An
impedance-measuring characteristic, on the other hand, would
be obtained by designing the relay to divide voltage by current.
Many other more complex relay characteristics may be
obtained by supplying various combinations of current and
voltage to the relay. Relays may also be designed to respond
to other system quantities such as frequency and power.

In order to apply protection relays, it is usually necessary to
know the limiting values of current and voltage, and their
relative phase displacement at the relay location for various
types of short circuit and their position in the system. This
normally requires some system analysis for faults occurring at
various points in the system.

The main components that make up a power system are
generating sources, transmission and distribution networks,
and loads. Many transmission and distribution circuits radiate
from key points in the system and these circuits are controlled
by circuit breakers. For the purpose of analysis, the power
system is treated as a network of circuit elements contained in
branches radiating from nodes to form closed loops or meshes.
The system variables are current and voltage, and in steady
state analysis, they are regarded as time varying quantities at a
single and constant frequency. The network parameters are
impedance and admittance; these are assumed to be linear,
bilateral (independent of current direction) and constant for a
constant frequency.
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3.2 VECTOR ALGEBRA

A vector represents a quantity in both magnitude and
direction. In Figure 3.1 the vector OP has a magnitude |Z| at

an angle |0| with the reference axis OX:

Y

0 X
Figure 3.1. Vector OP

The quantity may be resolved into two components at right
angles to each other, in this case x and y. The magnitude or

scalar value of vectar Z is known as the modulus|Z|, whilst

the angle @ is the argument and is written as arg?. The

conventional method of expressing a vector Z is to
vvrite|Z|49. This form completely specifies a vector for
graphical representation or conversion into other forms.

It is useful to express vectors algebraically. In Figure 3.1, the

vector Z is the resultant of adding x in the x-direction and y
in the y direction. This may be written as:

Z=x+jy
Equation 3.1

where the operator j indicates that the component y is
perpendicular to component x. The axis OC is the ‘real" axis,
and the vertical axis QY is called the "imaginary” axis.

If a quantity is considered positive in one direction, and its
direction is reversed, it becomes a negative quantity. Hence if
the value +1 has its direction reversed (shifted by 180°), it
becomes -1.

The operator j rotates a vector anti-clockwise through 90°. If a
vector is made to rotate anti-clockwise through 180°, then the
operator j has performed its function twice, and since the
vector has reversed its sense, then:

j* =—1giving j =+/-1

The representation of a vector quantity algebraically in terms of
its rectangular co-ordinates is called a ‘complex quantity’.
Therefore, x+ jy is a complex quantity and is the rectangular

form of the vector |Z|46’ where:
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|Z| =w/ix2 +y° )
9:tan’13/
X

X= |Z | cosd
y= |Z | sin @
Fquation 3.2

From Equations 3.1 and 3.2
Z= |Z|(cos 0+ jsin)
Fquation 3.3

and since cos@ and sin@ may be expressed in exponential
form by the identities:

0 —j0
. e’ —e™
sin@ =

2j
el el
2j

cos @ =

By expanding and simplifying this equation, it follows that:
Z= |Z|ej‘9
Fquation 3.4

A vector may therefore be represented both trigonometrically
and exponentially.

3.3 MANIPULATION OF COMPLEX
QUANTITIES

In the above section, we have shown that complex guantities
may be represented in any of the four co-ordinate systems
given below:

e Polar 7.0
e Rectangular  x+jy
e Trigonometric |Z|(cosG+jsin6)
e Exponential  |Z]e’¢

The modulus |Z| and the argument & are together known as
‘polar co-ordinates’, and x and y are described as ‘cartesian
co-ordinates’.  Conversion between co-ordinate systems is
easily achieved. As the operator j obeys the ordinary laws of
algebra, complex quantities in rectangular form can be
manipulated algebraically, as can be seen by the following:

Z+Z_z=(x1 +x2)+j(y1 +J’2)
Equation 3.5



Z,-Z, (xl _x2)+j(y1 _J’2)

Fquation 3.6

2, _|z

L_Bilsg -0,

zZ, |z,

Equation 3.7
Y
|2, I’z
\92 i
|Zy|
o) I
X

Ol —X— | X

Figure 3.2: Addjtion of vectors

3.3.1 Complex Variables

In the diagrams shown in Figure 3.1 and Figure 3.2, we have
shown that complex variables are represented on a simple
chart, where the y-axis is perpendicular to the x-axis displaced
by 90°. The argument, or angle of incidence with respect to
the x-axis is also known as the phase. So a quantity lying along
the y-axis is 90° out of phase with a quantity lying along the x-
axis. Because we are rotating in an anti-clockwise direction,
the quantity y is then leading the quantity x by 30°.

If we take a simple sinusoidal waveform of frequency f, where
one cycle of the waveform (360°) takes T seconds (1/f) we can
see that the phase angle can be represented by the angular
velocity multiplied by the time taken to reach that angle. At
this point, we should move away from using degrees to

measure angles and move over to radians. There are 21T
radians in one cycle so:

e 360° = 2mradians
e 270° =31/2 radians
e 180° =T radians

e 30° =T1/2 radians
Thus
|Z|46’ = |Z|(cos 0+ jsing)= |Z|(cos wt+ jsinaot)
where @is the angle moved in time t, of a quantity moving at
w radians per second.

Some complex quantities vary with time. WWhen manipulating
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such variables in differential equations it is useful to express
the complex quantity in exponential form.

3.3.2 The 'a’ Operator

We have seen that the mathematical operator j rotates a
quantity anti-clockwise through 90°. Another useful operator
is one which moves a quantity anti-clockwise through 120°,
commonly represented by the symbol ‘a’.

Using De Maivre's theorem, the nth root of unity is given by
solving the expression.
| 1
14 = (cos 27mm + j sin 272711)4
where m is any integer. Hence:

2nm . . 2mm
+ jsin
n n

1% = cos

where m has values 1, 2, 3, ... (n - 1)

From the above expression J’ is found to be the 4th root and
‘a’ the 3rd root of unity, as they have four and three distinct
values respectively. Below are some useful functions of the ‘a’
operatar.

1 N3
a=——+j—=

2 2
oo LB T

2 J2
1=1+j0=¢"

l+a+a*=0

I—a:j\/ga2
1-a° :—j\/ga

a-a’ :j\/g

2
a—a

V3
3.4 CIRCUIT QUANTITIES AND
CONVENTIONS

Circuit analysis may be described as the study of the response
of a circuit to an imposed condition, for example a short
circuit, where the circuit variables are current and voltage. We
know that current flow results from the application of a driving
voltage, but there is complete duality between the variables
and either may be regarded as the cause of the other. Just as
the current flowing through the primary winding of
transformer is as a result of the voltage applied across the
primary terminals, the voltage appearing at the secondary
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terminals of the same transformer is as a result of current
flowing through the secondary winding. Likewise, the current
flowing through a resistor is caused by a voltage applied to
either side of the resistor. But we can just as well say that the
voltage developed across the resistor is as a result of the
current flowing through it.

It is possible to represent any circuit with five circuit elements:

e Voltage source
e Current source
e Resistance

e (apacitance

e Inductance

When a circuit exists, there is an interchange of energy
between these elements. A circuit may be described as being
made up of 'sources’ and ‘sinks’ for energy. For example,
voltage and current sources are energy sources, resistors are
energy sinks, whereas capacitors and inductors (in their pure
form) are neither sinks nor sources, but are energy stores. They
merely borrow energy from the circuit then give it back.

The elements of a circuit are connected together to form a
network having nodes (terminals or junctions) and branches
(series groups of elements) that form closed loops (meshes).

In steady state a.c. circuit theory, the ability of a circuit to
impede a current flow resulting from a given driving voltage is
called the /mpedance (Z) of the circuit. The impedance
parameter has an inverse equivalent (1/Z), known as
admittance (Y). The impedance of a circuit is made up its
resistance (R) from resistors and its reactance (X) from
inductors and capacitars. Likewise the admittance of a circuit
comprises the conductance (G) from resistors and susceptance
(B) from inductors and capacitors.

Impedance

If a steady state dc voltage is applied to a circuit, a current will
flow, which depends only on the resistance of the circuit
according to ohms law V=IR. The circuit's reactive
components will not play a part in the long term. However if a
changing voltage source is applied, the subsequent flow in
current depends not only on the resistance of the circuit, but
also the reactance of the circuit, according to the equation:

V=17

where Z is the circuit impedance consisting of the resistive part
R and the reactive part X:

Consider the following circuit:
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@ v R

Figure 3.3: Simple RL circuit

When the voltage is changing, the inductive component L
inhibits the subsequent change of current. So in addition to the
resistance, the circuit offers reactance to the changing voltage
according to the equation:

di

dt

where V| is the instantaneous voltage across the inductor

V, =L

The equation that defines the voltage of the circuit is thus:

di
V=iR+L%<
dt
It can be seen that in this circuit, the higher the frequency the
higher the impedance.

As a series inductance offers impedance to alternating current
flow, a series capacitance will offer admittance. Consider the
following circuit:

AC Vv R

Figure 3.4.: Simple RC circuit

When the current is changing, the series capacitance C inhibits
the voltage build-up on the capacitor. The reactance of the
series capacitor is given by:

V. :% [iat

where V¢ is the instantaneous voltage across the capacitor

In this circuit, the complete voltage equation is as follows:
. I .
V=iR+— Ildt
C

It can be seen that in this circuit, the lower the frequency the
higher the impedance.

If the voltage waveform applied to an inductor is



V(t) =V, Sin(a)t)

where V) is the voltage as a function of time, V,, is the
maximum voltage, o is the angular velocity and t is the time,
then:

V., sin(ot)= Lﬂ
dt
therefore
d vV
— =-"gsin(wt
d L (at)
and

V
[ =——"cos(wt
e (ewt)

The reactance X is defined as the voltage across the reactive
component divided by the current flowing through the reactive
component, therefore

Vi V., sin(ot)

X:K: _V, cos(at)
oL
therefore
X =owL

Likewise, it can be shown that the reactance of a capacitor is:

X=_—Lb
oC

Phase Angle

It has been explained that in an inductor, the current lags the
voltage. When one considers a sinusoidal waveform, the
current lags the voltage by 90° (This assumes a pure inductor
with zero resistive component). Likewise in a pure capacitor,
the current leads the voltage by 90°.

As the reactive components introduce a 90° phase shift
between the current and the voltage, the waveforms can be
represented by the impedance by a complex number, such
that:

Z=R+jX

where Z is the overall impedance, R is the resistive (or real)
component and X is the reactive (or imaginary) component.

The modulus of the impedance is:
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Z|l=VR*+ X?
2] =+

and the angle is:

/7 =tan™" {
R

The impedance of a resistor in series with a capacitor in series
with an inductor is:

Z:R+ja)L+L:R+j(a)L—LJ
joC oC
3.4.1 Circuit Variables

AC current and voltage are (in the ideal case) sinusoidal
functions of time, varying at a single and constant frequency.
They can be regarded as rotating vectors.

For example, the instantaneous value, e of a voltage varying
sinusoidally with time is:

e=E, sin(wt+0)
Fquation 3.8
where:
E,, = the maximum amplitude of the waveform
= the angular velocity, measured in radians per second
d = the phase of the vector at time ¢z = 0

At =0, the actual value of the voltage is E,,sind. So if E,, is
regarded as the modulus of a vector, whose argument is o,
then E,sind is the imaginary component of the vector
|E,.| £6. Figure 3.5 illustrates this quantity as a vector and as
a sinusoidal function of time.

Y
e
A
RN
[Erl E.
>t
X' 0 X

> 5|

v t=0

Figure 3.5: Representation of a sinusoidal function

The current resulting from applying a voltage to a circuit
depends upon the circuit impedance. If the voltage is a
sinusoidal function at a given frequency and the impedance is
constant the current will also vary harmonically at the same
frequency, so it can be shown on the same vector diagram as
the voltage vector, and is given by the equation
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i=@sin(a)t+5—¢)

2

Fquation 3.9

where:

¢=tan™

| >

Equation 3.10

From Equations 3.9 and 3.10 it can be seen that the angular
displacement ¢ between the current and voltage vectors and
the current magnitude |7,,| is dependent upon the impedance

Z . In complex form the impedance may be written
Z=R+jX.
resistance, and the 'imaginary component’, X, is the circuit
reactance. \When the circuit reactance is inductive (that is,
ol >1/@C), the current 'lags' the voltage by an angle ¢,
and when it is capacitive (thatis, 1/ @C > @L ) it 'leads’ the
voltage by an angle ¢.

The ‘real component’, R, is the circuit

Root Mean Square

Sinusoidally varying quantities are described by their "effective’
or 'root mean square’ (r.m.s.) values; these are usually written
using the relevant symbol without a suffix.

Thus:

A
7| = LEml
-te

and
51

V2
Equation 3.17

The 'root mean square’ value is that value which has the same
heating effect as a direct current quantity of that value in the
same circuit, and this definition applies to non-sinusoidal as
well as sinusoidal quantities.

3.4.2 Sign Conventions

In describing the electrical state of a circuit, it is often
necessary to refer to the "potential difference’ existing between
two points in the circuit. Since wherever such a potential
difference exists, current will flow and energy will either be
transferred or absorbed, it is obviously necessary to define a
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potential difference in more exact terms. For this reason, the
terms voltage rise and voltage drop are used to define more
accurately the nature of the potential difference.

Voltage rise is a rise in potential measured in the direction of
current flow between two points in a circuit. Voltage drop is
the converse. A circuit element with a voltage rise across it
acts as a source of energy. A circuit element with a voltage
drop across it acts as a sink of energy. Voltage sources are
usually active circuit elements, while sinks are usually passive
circuit elements. The positive direction of energy flow is from
sources to sinks.

Kirchhoff's first law states that the sum of the driving voltages
must equal the sum of the passive voltages in a closed loop.
This is illustrated by the fundamental equation of an electric
circuit:

e=m+uﬂ+lﬁw
dt C

Fquation 3.72

where the terms on the left hand side of the equation are
voltage drops across the circuit elements. Expressed in steady
state terms Equation 3.12 may be written:

YE=XIZ
Equation 3.13
and this is known as the equated-voltage equation [3.1].

It is the equation most usually adopted in electrical network
calculations, since it equates the driving voltages, which are
known, to the passive voltages, which are functions of the
currents to be calculated.

In describing circuits and drawing vector diagrams, for formal
analysis or calculations, it is necessary to adopt a notation
which defines the positive direction of assumed current flow,
and establishes the direction in which positive voltage drops
and increases act. Two methods are available; one, the double
suffix method, is used for symbolic analysis, the other, the
single suffix or diagrammatic method, is used for numerical
calculations.

In the double suffix method the positive direction of current
flow is assumed to be from node ‘a’ to node ‘b’ and the current
is designated I_ab. With the diagrammatic method, an arrow
indicates the direction of current flow.

The voltage rises are positive when acting in the direction of

current flow. It can be seen from Figure 3.6 that El and Ean

are positive voltage rises and £, and E, are negative

voltage rises. In the diagrammatic method their direction of
action is simply indicated by an arrow, whereas in the double

suffix method, E,, and E,, indicate that there is a potential



rise in directions na and nb.

[J

=y

mi
I

N

NI
L o»o0—r—
NI
N

E-E -(Z+2,+Z,)T

(a) Diagrammatic

N

ab b

/

— ab

T n

n Ebn = (Zan Jrzab +an) Iab
(b) Double suffix

Figure 3.6 Methods of representing a circuit
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L o »o—r——
g_NI

Jm

Voltage drops are also positive when acting in the direction of
current flow. From Figure 3.6(a) it can be seen that
Z,+Z,+Z, is the total voltage drop in the loop in the
direction of current flow, and must equate to the total voltage
rise E’l —Fz. In Figure 3.6(b) the voltage drop between
nodes @ and & designated V,, indicates that point 4 is at a
lower potential than g, and is positive when current flows from
ato b. Conversely V3, is a negative voltage drop.

Symbolically:
I7ab = I7an - I7bn
Ve =V = V.

(where nis a common reference point)

Fquation 3.14

3.4.3 Power

The product of the potential difference across and the current
through a branch of a circuit is a measure of the rate at which
energy is exchanged between that branch and the remainder
of the circuit. If the potential difference is a positive voltage
drop the branch is passive and absorbs energy. Conversely, if
the potential difference is a positive voltage rise the branch is
active and supplies energy.

The rate at which energy is exchanged is known as power, and
by convention, the power is positive when energy is being
absorbed and negative when being supplied. With a.c. circuits
the power alternates, so, to obtain a rate at which energy is
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supplied or absorbed it is necessary to take the average power
over one whole cycle. If

e=Ensin(wt+06) and i=Insin(ot+5—¢), then
the power equation is:

p=ei=P[l—cos2(wt+0)]+Qsin2(wt+9)
Equation 3.15

where:

P:|E||I|cos¢

and

O =|E|1]sing
From Equation 3.15 it can be seen that the guantity P varies
from 0 to 2P and quantity Q varies from -Q to +Q in one
cycle, and that the waveform is of twice the periodic frequency
of the current voltage waveform.

The average value of the power exchanged in one cycle is a
constant, equal to quantity A2 and as this quantity is the
product of the voltage and the component of current which is
‘in phase’ with the voltage it is known as the 'real’ or ‘active’
power.

The average value of quantity @ is zero when taken over a
cycle, suggesting that energy is stored in one half-cycle and
returned to the circuit in the remaining half-cycle. @ is the
product of voltage and the quadrature component of current,
and is known as ‘reactive power'.

As Pand Q are constants specifying the power exchange in a
given circuit, and are products of the current and voltage
vectors, then if S'is the product ET7 it follows that:

S=P+ ;0
Equation 3.16

The quantity S is described as the "apparent power’, and is the
term used in establishing the rating of a circuit. S has units of
VA.

3.4.4 Single and Polyphase Systems

A system is single or polyphase depending upon whether the
sources feeding it are single or polyphase. A source is single or
polyphase according to whether there are one or several
driving voltages associated with it. For example, a three-
phase source is a source containing three alternating driving
voltages that are assumed to reach a maximum in phase
order, A, B, C. Each phase driving voltage is associated with a
phase branch of the system network as shown in Figure
3.7(a).

If a polyphase system has balanced voltages, that is, equal in
magnitude and reaching a maximum at equally displaced time
intervals, and the phase branch impedances are identical, it is
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called a 'balanced’ system. It will become ‘unbalanced’ if any
of the above conditions are not satisfied. Calculations using a
balanced polyphase system are simplified, as it is only
necessary to solve for a single phase, the solution for the
remaining phases being obtained by symmetry.

The power system is normally operated as a three-phase,
balanced, system. For this reason the phase voltages are
equal in magnitude and can be represented by three vectors
spaced 120° or 2n/3 radians apart, as shown in Figure 3.7(b).

A A
Ean
° Phase
branches
N N'
ECI’\ Ebn
C B C' B'
(a) Three-phase system
Ea
Direction of
rotation
Ay AN
E,=aE, 120 E, =a’E,

(b) Balanced system of vectors
Figure 3.7. Three phase systems

Since the voltages are symmetrical, they may be expressed in
terms of one, that is:

a = E{l
E, -a'E,
E -dE,

Fquation 3.17

27
where a is the vector operator ¢ 3 Further, if the phase
branch impedances are identical in a balanced system, it
follows that the resulting currents are also balanced.

3.5 THEOREMS AND NETWORK REDUCTION

Most practical power system problems are solved by using
steady state analytical methods. These methods make the
assumption that circuit parameters are linear, bilateral, and
constant for constant frequency circuit variables.  When
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analysing initial values, it is necessary to study the behaviour of
a circuit in the transient state. This can be achieved using
operational methads. In some problems, which fortunately are
rare, the assumption of linear, bilateral circuit parameters is no
longer valid.  Such problems are solved using advanced
mathematical techniques that are beyond the scope of this
book.

3.5.1 Circuit Laws

In linear, bilateral circuits, there are three basic network laws.
These laws apply, regardless of the state of the circuit, and at
any particular instant of time. These laws are the branch,
junction and mesh laws, derived from Ohm and Kirchhoff, and
are stated below, using steady state a.c. nomenclature.

Branch law

The current Zin a given branch of impedancez is

proportional to the potential difference v appearing across the
branch, that is:

V=IZ

Junction law

The algebraic sum of all currents entering any junction (or
node) in a network is zero, that is:

>I1=0

Mesh law

The algebraic sum of all the driving voltages in any closed path
(or mesh) in a network is equal to the algebraic sum of all the
passive voltages (products of the impedances and the
currents) in the component branches, that is:

YE=XIZ
Alternatively, the total change in potential around a closed loop
s Zero.

3.5.2 Circuit Theorems

From the above network laws, many theorems have been
derived for the rationalisation of networks, either to reach a
quick, simple, solution to a problem or to represent a
complicated circuit by an equivalent. These theorems are
divided into two classes: those concerned with the general
properties of networks and those concerned with network
reduction.

Of the many theorems that exist, the three most important are
given. These are: the Superposition Theorem, Thévenin's
Theorem and Kennelly's Star/Delta Theorem.



3.5.2.1 Superposition Theorem (general network theorem)

The resultant current that flows in any branch of a network
due to the simultaneous action of several driving voltages is
equal to the algebraic sum of the component currents due to
each driving voltage acting alone with the remainder short-
circuited.

3.5.2.2 Thévenin's Theorem (active network reduction
theorem)

Any active network that may be viewed from two terminals
can be replaced by single driving voltage acting in series with
single impedance. The driving voltage is the open-circuit
valtage between the two terminals and the impedance is the
impedance of the network viewed from the terminals with all
sources short-circuited.

3.5.2.3 Kennelly's Star/Delta Theorem (passive network
reduction theorem)

Any three-terminal network can be replaced by a delta or star
impedance equivalent without disturbing the external network.
The formulae relating the replacement of a delta network by
the equivalent star network is as follows:

7 Zl2Z31
SO
12 + 23 + 31
and so on.
1 fro ¢ ) 2 1

3
(a) Star network

Figure 3.8: Star/Delta network reduction

(b) Delta network

The impedance of a delta network corresponding to and
replacing any star network is:

_ 7 7 10420
12— Zm + Zzo +—=
Zso

N

and so on.

3.5.3 Network Reduction

The aim of network reduction is to reduce a system to a simple
equivalent while retaining the identity of that part of the
system to be studied.

For example, consider the system shown in Figure 3.9. The
network has two sources E"and E”, a line AOB shunted by
an impedance, which may be regarded as the reduction of a
further network connected between 4 and B, and a load
connected between O and N. The object of the reduction is to

Chapter 3-Fundamental Theory

study the effect of opening a breaker at 4 or B during normal
system operations or of a fault at 4 or B. Thus the identity of
nodes 4 and B must be retained together with the sources, but
the branch ON can be eliminated, simplifying the study.
Proceeding, 4, B, N, forms a star branch and can therefore be
converted to an equivalent delta.

Figure 3.9. Typical power system

ZAOZBO

ZAN = ZAO + ZNO +
BO

0.75x18.85
0.45

=0.75+18.85+
=51Q

ZBN = ZBO +ZN0 +M
40

0.45x18.85
0.75

=0.45+18.85+
=30.6Q

A4
Zp=Z,u0+Zs + —A0=E0.
NO

=1.2Q

(since Zyo >> Z40Zpo)

2.5Q

]
| S

1.6Q 0.4Q
e e e

1.2Q
@ o Or

30.6Q

N

Figure 3.10. Reduction using star/delta transform

The network is now reduced as shown in Figure 3.10.
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By applying Thévenin's theorem to the active loops, these can
be replaced by a single driving voltage in series with
impedance, as shown in Figure 3.11.

1.6x51

Q
1.6Q 52.6
A — T +—A

E 510

|
qE

ty
0
N

N ———— N

(a) Reduction of left active mesh

0.4x30.6
0.40 31
B B— T+
30.60 S — —30'6E”<~>
— 31

N N

(b) Reduction of right active mesh

Figure 3.11: Reduction of active meshes. Thévenin's theorem

The network shown in Figure 3.9 is now reduced to that
shown in Figure 3.12 with the nodes 4 and £ retaining their
identity. Further, the load impedance has been completely
eliminated.

The network shown in Figure 3.12 may now be used to study
system disturbances, for example power swings with and
without faults.

2.5Q

1.55Q 0.39Q

0.97E" G,) <~ 0.99E"

N
Figure 3.12: Reduction of typical power system

Most reduction problems follow the same pattern as the
example above. The rules to apply in practical network
reduction are:

e decide on the nature of the disturbance or disturbances
to be studied
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e decide on the information required, for example the
branch currents in the network for a fault at a particular
location

e reduce all passive sections of the network not directly
involved with the section under examination

e reduce all active meshes to a simple equivalent, that is,
to a simple source in series with a single impedance

With the widespread availability of computer-based power
system simulation software, it is now usual to use such
software on a routine basis for network calculations without
significant network reduction taking place. However, the
network reduction techniques given above are still valid, as
there will be occasions where such software is not immediately
available and a hand calculation must be carried out.

In certain circuits, for example parallel lines on the same
towers, there is mutual coupling between branches. Correct
circuit reduction must take account of this coupling.

Three cases are of interest. These are:

e (ase a: two branches connected together at their nodes

e (ase b: two branches connected together at one node
only

e (Case c: two branches that remain unconnected

Considering each case in turn:

Case a

Consider the circuit shown in Figure 3.13(a).

(a) Actual circuit

|
p—»——— [ 11— o%aqQ

2
Zaazbb _ Zab

Z-—_"aath “ab
Zaa +be - 2Zab
(b) Equivalent when Z,, # Zy,
|
Po——— [ }————aq
Z= ! Z +Z
_?( aa + bb)
(c) Equivalent when Z,, = Zy,

Figure 3.13: Reduction of two branches with mutual coupling

The application of a voltage I/ between the terminals Aand @
gives:

szazaa +]bZab
V=12,+1,Z2,

where [, and I, are the currents in branches a and b,



respectively and / = I, + I, , the total current entering at
terminal P and leaving at terminal Q.

Solving for 1, and 1 :
] = (be_Zab)V
! Zaabe _Zab2
from which
Zaa _Zah)V
I, = 2
Zaabe _Zab
and
[ :1a +]b — V(Zaa +be _2Zab)

Zuabe _Zabz
so that the equivalent impedance of the original circuit is:

_ Zaabe B Zab2
Zaa + th - 2Zab

Equation 3.18

(Figure 3.13(b)), and, if the branch impedances are equal, the
usual case, then:

1
z=—(z.+2,)
2
Equation 3.19 (see Figure 3.13c)

Case b
Consider the circuit in Figure 3.14(a).

Zaa
Ao

Bo

(a) Actual circuit

Zy=Zaa-Za

Zczzab

1
BO
Zy=Zyp - Zap

(b) Equivalent circuit

Figure 3.14.: Reduction of mutually-coupled branches with a common
terminal
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The assumption is made that an equivalent star network can
replace the network shown. From inspection with one
terminal isolated in turn and a voltage I/impressed across the
remaining terminals it can be seen that:

Z,+2.=27,
Z,+7Z. =2,
Z,+2,=2,,+72,,-27Z,

Solving these equations gives:

Za =Zaa _Zab
Z,=2y,-2,
Zc :Zab _Zab

Equation 3.20 - see Figure 3.14(b).

Case c

Consider the four-terminal network given in Figure 3.15(a), in
which the branches 11" and 22" are electrically separate except
for a mutual link. The equations defining the network are:

Vi=2,1+Z7Z,1,
V,=2,1,+Z7,1,
I =Y,V + 1,0,

L =Y+ 1,0,

where Z;, = Z,; and Y, = Y5, if the network is assumed to
be reciprocal. Further, by solving the above equations it can
be shown that:

Y,=2, /A
Yzz = le /A
Y12 = le /A
2
A=Z,2y,-2,
Equation 3.27

There are three independent coefficients, namely Z;5, Z;;, Z5;
so the original circuit may be replaced by an equivalent mesh
containing four external terminals, each terminal being
connected to the other three by branch impedances as shown
in Figure 3.15(b).
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(b) Equivalent circuit

(c) Equivalent with
commoned nodes

(d) Equivalent circuit

Figure 3.15: equivalent circuits for four terminal network with mutual
coupling

In order to evaluate the branches of the equivalent mesh let all
points of entry of the actual circuit be commoned except node
1 of circuit 1, as shown in Figure 3.15(c). Then all impressed
voltages except V, will be zero and:

[1:Y;1V1
I, =Y,

If the same conditions are applied to the equivalent mesh,
then:

="M
Z,
Lot
Z, Z

12 12

These relations follow from the fact that the branch connecting
nodes / and /' carries current /; and the branches connecting
nodes / and 2"and 1" and 2 carry current £,. This must be
true since branches between pairs of commoned nodes can
carry no current.

By considering each node in turn with the remainder
commoned, the following relationships are found:
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1

A _Y_
1

1
A=
2 Y,
-1
Zy=—
Y,

Hence:
2
7 = ZnZzz _le
-
Zzz
2
A ZnZzz _le
2 =
Zn
2
7 _Zuln—Zy
12—
le
Fquation 3.22

A similar but equally rigorous equivalent circuit is shown in
Figure 3.15(d). This circuit [3.2] follows from the reasoning
that since the self-impedance of any circuit is independent of
all other circuits it need not appear in any of the mutual
branches if it is lumped as a radial branch at the terminals. So
putting Z;; and Z»,, equal to zero in Equation 3.22, defining
the equivalent mesh in Figure 3.15(b), and inserting radial
branches having impedances equal to Z;; and Z; in terminals
1 and 2, results in Figure 3.15(d).

3.6 IMPEDANCE NOTATION

It can be seen by inspection of any power system diagram that:

e several voltage levels exist in a system

e it is common practice to refer to plant MVA in terms of
per unit or percentage values

e transmission line and cable constants are given in
ohms/km

Before any system calculations can take place, the system
parameters must be referred to ‘base quantities’ and
represented as a unified system of impedances in either ochmic,
percentage, or per unit values.

The base quantities are power and voltage. Normally, they are
given in terms of the three-phase power in MVA and the line
voltage in kV. The base impedance resulting from the above
base guantities is:

kv )

L

MVA

Equation 3.23



and, provided the system is balanced, the base impedance may
be calculated using either single-phase or three-phase
quantities.

The per unit or percentage value of any impedance in the
system is the ratio of actual to base impedance values.

Hence:

MVAb
(k)
Z(%)=Z( pat.)x100

Equation 3.24

Z(pu)=7(Q)x

where:
MVA,=baseMVA
kVA,=basekV

Transferring per unit guantities from one set of base values to
another can be done using the equation:

VA, (kY Y
mva, kv,

Z, =7

pu2 pau.l

where:

o suffix b1 denates the value to the ariginal base

e suffix b2 denotes the value to new base

The choice of impedance notation depends upon the
complexity of the system, plant impedance notation and the
nature of the system calculations envisaged.

If the system is relatively simple and contains mainly
transmission line data, given in chms, then the ohmic method
can be adopted with advantage. However, the per unit
method of impedance notation is the most common for
general system studies since:

e impedances are the same referred to either side of a
transformer if the ratio of base voltages on the two
sides of a transformer is equal to the transformer turns
ratio

e confusion caused by the introduction of powers of 100
in percentage calculation is avoided

e by a suitable choice of bases, the magnitudes of the
data and results are kept within a predictable range,
and hence errors in data and computations are easier to
spot

Most power system studies are carried out using software in
per unit quantities. lrrespective of the method of calculation,
the choice of base voltage, and unifying system impedances to
this base, should be approached with caution, as shown in the
following example.
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11.8kV 11.8/141kV 132/11kV

C :ZZ: 132kV :ZZ: 11kV

Overhead line Distribution
Wrong selection of base voltage
11.8kV 132kV 11kV
Right selection
11.8KV 141KV 141 41 = 11.7kv
132

Figure 3.16. Selection of base voltages

From Figure 3.16 it can be seen that the base voltages in the
three circuits are related by the turns ratios of the intervening
transformers. Care is required as the nominal transformation
ratios of the transformers quoted may be different from the
turns ratios- e.g. a 110/33kV (nominal) transformer may have
a turns ratio of 110/34.5kV. Therefore, the rule for hand
calculations is: 'to refer impedance in ohms from one circuit to
another multiply the given impedance by the square of the
turn’s ratio (open circuit voltage ratio) of the intervening
transformer’.

Where power system simulation software is used, the software
normally has calculation routines built in to adjust transformer
parameters to take account of differences between the
nominal primary and secondary voltages and turns ratios. In
this case, the choice of base voltages may be more
conveniently made as the nominal voltages of each section of
the power system. This approach avoids confusion when per
unit or percent values are used in calculations in translating
the final results into volts, amps, etc.

For example, in Figure 3.17, generators G, and G, have a sub-
transient reactance of 26% on 66.6MVA rating at 11kV, and
transformers T, and T, a voltage ratio of 11/145kV and an
impedance of 12.5% on 75MVA. Choosing 100MVA as base
MVA and 132kV as base voltage, find the percentage
impedances to new base guantities.

e generator reactances to new bases are:

2
6xmx 1 >=0.27%
66.6 132
e transformer reactances to new bases are;
2
12.5x@x 1452 =20.1%
75 132

NOTE: The base voltages of the generator and circuits are
11kV and 145kV respectively, that is, the turns ratio of the
transformer. The corresponding per unit values can be found
by dividing by 100, and the ohmic value can be found by using
Fquation 3.19.
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T r———h
132kV
————p Overhead
T, ———>

Figure 3.17: Section of a power system
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4.1 INTRODUCTION

A power system is normally treated as a balanced symmetrical
three-phase network. When a fault occurs, the symmetry is
normally upset, resulting in unbalanced currents and voltages
appearing in the network. The only exception is the three-
phase fault, where all three phase equally at the same location.
This is described as a symmetrical fault. By using symmetrical
component analysis and replacing the normal system sources
by a source at the fault location, it is possible to analyse these
fault conditions.

For the correct application of protection equipment, it is
essential to know the fault current distribution throughout the
system and the voltages in different parts of the system due to
the fault. Further, boundary values of current at any relaying
point must be known if the fault is to be cleared with
discrimination. The information normally required for each
kind of fault at each relaying point is:

e maximum fault current
e minimum fault current

e maximum through fault current

To obtain this information, the limits of stable generation and
possible operating conditions, including the system earthing
method, must be known. Faults currents are always assumed
to be through zero fault impedance.

4.2 THREE-PHASE FAULT CALCULATIONS

Three-phase faults are unique in that they are balanced, that
is, symmetrical in the three phases, and can be calculated from
the single-phase impedance diagram and the operating
conditions existing prior to the fault.

A fault condition is a sudden abnormal alteration to the normal
circuit arrangement.  The circuit quantities, current and
voltage, will alter, and the circuit will pass through a transient
state to a steady state. In the transient state, the initial
magnitude of the fault current will depend upon the point on
the voltage wave at which the fault occurs. The decay of the
transient condition, until it merges into steady state, is a
function of the parameters of the circuit elements. The
transient current may be regarded as a d.c. exponential current
superimposed on the symmetrical steady state fault current.
In a.c. machines, owing to armature reaction, the machine
reactances pass through 'sub transient” and 'transient’ stages
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before reaching their steady state synchronous values. For this
reason, the resultant fault current during the transient period,
from fault inception to steady state also depends on the
location of the fault in the network relative to that of the
rotating plant.

In a system containing many voltage sources, or having a
complex network arrangement, it is tedious to use the normal
system voltage sources to evaluate the fault current in the
faulty branch or to calculate the fault current distribution in the
system. A moare practical method [Reference 4.1] is to replace
the system voltages by a single driving voltage at the fault
point. This driving voltage is the voltage existing at the fault
point before the fault occurs.

Consider the circuit given in Figure 4.1 where the driving
voltages are E' and E'', the impedances on either side of
fault point F are Z," and Z,", and the current through point

F before the fault occurs is 1 .

Z1 ! F Z] n

—>
~i

T
v OF

Figure 4.1 Network with fault at
The voltage V atF before fault inception is:
V=E-IZ'=E"+IZ"

Assuming zero fault impedance, the fault voltage V will be
zero after the fault inception, and a large fault current will flow
to earth. The change in voltage at the fault point is therefore

—V .The change in the current flowing into the network from
F is thus:

_V (Zl !+Zl H)

Al =- D
leZln

NI =

and, since no current was flowing into the network from F
prior to the fault, the fault current flowing from the network
into the fault is:
7, -l 42
P Z]VZ1 1
By applying the principle of superposition, the load currents
circulating in the system prior to the fault may be added to the
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currents circulating in the system due to the fault, to give the
total current in any branch of the system at the time of fault
inception. However, in most problems, the load current is
small in comparison to the fault current and is usually ignored.

In a practical power system, the system regulation is such that
the load voltage at any point in the system is within 10% of the
declared open-circuit voltage at that point. For this reason, it
is usual to regard the pre-fault voltage at the fault as being the
open-circuit voltage, and this assumption is also made in a
number of the standards dealing with fault level calculations.

The section on Network Reduction in chapter 3, provided an
example of how to reduce a three-phase network. We will use
this circuit for an example of some practical three-phase fault
calculations. With the network reduced as shown in Figure
4.2, the load voltage at 4 before the fault occurs is:

1.55Q 0.39Q

0.97E' <~>

N

Figure 4.2 Reduction of typical power system network
V =097E'-1.55

1.2x2.5

V =0.99E"+ +0.39 | =0.99E"+1.21
25+1.2

For practical conditions, E'>>>1.55] and

E'" >>> 1.27. Hence E'= E"=V

working

Replacing the driving voltages E'and E" by the load voltage

V' between 4 and N modifies the circuit as shown in Figure
4.3(a).



o= N Busbar
-~ >< Circuit
.
s / Breaker
, \

(b) Typical physical arrangement of node A with a fault shown at X

Figure 4.3 Network with fault at node A

The node A4 is the junction of three branches. In practice, the
node would be a busbar, and the branches are feeders
radiating from the bus via the closed circuit breakers, as shown
in Figure 4.3(b). There are two possible locations for a fault at
A; the busbar side of the breakers or the line side of one of the
breakers. In this example, let us assumed that the fault is at
X, and we wish to calculate the current flowing from the bus
to X.

The network viewed from AN has a driving point impedance:

| 1| _ 1.5x1.201 —0.680
1.5+1.201
. . V
The current in the fault is; |—|=——
Z,| 0.68

Let this current be 1.0 per unit. It is now necessary to find the
fault current distribution in the various branches of the
network and in particular the current flowing from A4 to X on
the assumption that a relay at X is to detect the fault
condition. The equivalent impedances viewed from either side
of the fault are shown in Figure 4.4(a).
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1.55Q 1.201Q
— o
L1

[

<l

>¢——0

(a) Impedance viewed from node A

1.1Q 1.78Q
I — 1
LI

(b) Equivalent impedances viewed from node X

Figure 4.4: Impedances viewed from fault

The currents from Figure 4.4(a) are as follows:

From the right: 1,53 = [.53 =0.563p.u.
1.55+1.201 2.751
From the left: 1201 _ 1201 =0.437 p.u.

1.55+1.201  2.751
There is a parallel branch to the right of A.

The current in the 2.5 ohm branch is:

1.2x0.562 =0.182p.u.
2.5+1.2

and the current in 1.2 ohm branch

2.5%0.562 —038pa.
25+1.2

The total current entering from 4 to X, is 0.437+0.182 =
0.62 p.u. and from B to X is 0.38p.u. The equivalent
network as viewed from the relay is as shown in Figure 4.4(b).
The impedances on either side are:

w =1.1Q2 and w =1.79Q2
0.38

0.62

The circuit of Figure 4.4(b) has been included because the
Protection Engineer s interested in these equivalent
parameters when applying certain types of protection relay.
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4.3 SYMMETRICAL COMPONENT ANALYSIS
OF A THREE-PHASE NETWORK

It is necessary to consider the fault currents due to many
different types of fault. The most common type of fault is a
single-phase to earth fault, which in LV systems, can produce
a higher fault current than a three-phase fault. A method of
analysis that applies to unbalanced faults is required. By
applying the 'Principle of Superposition’, any general three-
phase system of vectors may be replaced by three sets of
balanced (symmetrical) vectors; two sets being three-phase
but having opposite phase rotation and one set being co-
phasal. These vector sets are described as the positive,
negative and zero sequence sets respectively.

The equations between phase and sequence voltages are given
below:

E,=E +E,+E,

I
Il
QI\)
IS
+
Q
S
+
IS

oy
|
Q
&
+
QN
s
+
e

Equation 4.1

E =%(Ea +aE, +a°E.)

Equation 4.2

where all quantities are referred to the reference phase A A
similar set of equations can be written for phase and sequence
currents. Figure 4.5 illustrates the resolution of a system of
unbalanced vectors.

44

Figure 4.5: Resolution of a system of unbalanced vectors

When a fault occurs in a power system, the phase impedances
are no longer identical (except in the case of three-phase
faults) and the resulting currents and voltages are unbalanced,
the point of greatest unbalance being at the fault point. We
have shown in Chapter 3 that the fault may be studied by
short-circuiting all normal driving voltages in the system and
replacing the fault connection by a source whaose driving
voltage is equal to the pre-fault voltage at the fault point.
Hence, the system impedances remain symmetrical, viewed
from the fault, and the fault point may now be regarded as the
point of injection of unbalanced voltages and currents into the
system.

This is a most important approach in defining the fault
conditions since it allows the system to be represented by
sequence networks [4.3] using the method of symmetrical
components

4.3.1 Positive Sequence Network

During normal balanced system conditions, only positive
sequence currents and voltages can exist in the system, and
therefore the normal system impedance network is a positive
sequence network

When a fault occurs the current in the fault branch changes
from O to /, and the positive sequence voltage across the

branch changes from Vo V1,’ replacing the fault branch by a
source equal to the change in voltage and short-circuiting all

normal driving voltages in the system results in a current A/
flowing into the system, and:



Equation 4.3

where Z, is the positive sequence impedance of the system
viewed from the fault.

As before the fault no current was flowing from the fault into
the system, it follows that 7, , the fault current flowing from

the system into the fault must equal — Al . Therefore:

h=v-1z
Equation 4.4

is the relationship between positive sequence currents and
voltages in the fault branch during a fault.

In Figure 4.6, which represents a simple system, the voltage
drops I, Z', and 1", Z",are equal to (V' —V, ) where the

currents 1, and I,"" enter the fault from the left and right

respectively and impedances Z,' and Z,"' are the total
system impedances viewed from either side of the fault

branch. The voltage V' is equal to the open-circuit voltage in

the system, and it has been shown that V' = E' = E"' (see
chapter 3). So the positive sequence voltages in the system
due to the fault are greatest at the source, as shown in the
gradient diagram, Figure 4.6(b).

¢--—-—---
@----mq

(b) Gradient diagram

Figure 4.6. Fault at F: Positive sequence diagrams

4.3.2 Negative Sequence Network

If only positive sequence quantities appear in a power system
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under normal conditions, then negative sequence quantities
can only exist during an unbalanced fault.

If no negative sequence quantities are present in the fault
branch prior to the fault, then, when a fault occurs, the change
in voltage is V2, and the resulting current 7, flowing from
the network into the fault is:

Equation 4.5

The impedances in the negative sequence network are
generally the same as those in the positive sequence network.
In machines Z, # Z, , but the difference is generally ignored,
particularly in large networks.

The negative sequence diagrams, shown in Figure 4.7, are

similar to the positive sequence diagrams, with two important
differences; no driving voltages exist before the fault and the

negative sequence voltage \72 is greatest at the fault point.

X
Zs1 L oAZy Ty, ¢ Ty 78
\ ’ J
e T
Z; 2
f Vs

(a) Negative sequence network

(b) Gradient diagram

Figure 4.7. Fault at F: Negative sequence diagrams
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4.3.3 Zero Sequence Network

The zero sequence current and voltage relationships during a
fault condition are the same as those in the negative sequence
network. Hence:

Vo =—1,Z,

Equation 4.6

Also, the zero sequence diagram is that of Figure 4.7,
substituting 7, forZ, , and so on.

The currents and voltages in the zero sequence networks are
co-phasal, that is, all the same phase. For zero sequence
currents to flow in a system there must be a return connection

through either a neutral conductor or the general mass of
earth. Note must be taken of this fact when determining zero

sequence equivalent circuits. Further, in general Z, # Z,

and the value of Z_Ovaries according to the type of plant, the
winding arrangement and the method of earthing.

4.4 EQUATIONS AND NETWORK
CONNECTIONS FOR VARIOUS TYPES OF
FAULTS

The most important types of faults are as follows:

single-phase to earth

phase to phase

phase-phase-earth

three-phase (with or without earth)

The above faults are described as single shunt faults because
they occur at one location and involve a connection between
one phase and another or to earth.

In addition, the Protection Engineer often studies two other
types of fault:

e single-phase open circuit
e cross-country fault

By determining the currents and voltages at the fault point, it
is possible to define the fault and connect the sequence
networks to represent the fault condition. From the initial
equations and the network diagram, the nature of the fault
currents and voltages in different branches of the system can
be determined.

For shunt faults of zero impedance, and neglecting load
current, the equations defining the first four of the above faults
(using phase-neutral values) can be written down as follows:

4-6

Single-phase-earth (A-E)

=0
1.0
7,=0

Fquation 4.7

Phase-phase (B-C)

1,=0

=1,

v, =V.
Fquation 4.8

Phase-phase-earth (B-C-E)

1,=0

V,=0

V.=0
Fquation 4.9

Three-phase (A-B-C or A-B-C-E)

Z+Z+Z=0
=V
v, =V.

Equation 4.70

It should be noted from the above that for any type of fault
there are three equations that define the fault conditions.

When there is fault impedance, this must be taken into
account when writing down the equations. For example, with

a single-phase earth fault through fault impedancez, the

equations are re-written:

1,=0
1.=0
v,=1Z,

Fquation 4.17



A F va
T —
B . Vo
c L ve
T, \
To=0
V,=0

(b) Definition of fault
Figure 4.8. Single-phase-earth fault at F

(b) Equivalent circuit

4.4.1 Single-phase-earth Fault (A-E)

Consider a fault defined by Equation 4.7 and by Figure 4.8(a).
Converting Equation 4.7 into sequence guantities by using
Equation 4.1 and Equation 4.2, then:

- - — 1=
I,=1,=1, =§1a
Equation 4.12
V= _(Vz + Vo)
Equation 4.13
Substituting for?l, 72 and VO in Equation 4.13 from
Equation 4.4, Equation 4.5 and Equation 4.6:

o
o
K
A~
Il
|
[ e
Il
~
(=]
—t
-0
D
@
.
o
S
@

Equation 4.14

The constraints imposed by Equation 4.12 and Equation 4.14
and indicate that the equivalent circuit for the fault is obtained
by connecting the sequence networks in series, as shown in
Equation 4.8(b)

4.4.2 Phase-phase Fault (B-C)
From Equation 4.8 and using Equation 4.1 and Equation 4.2:

=—1,

Equation 4.15

=~

=~

=0

V=V,

Equation 4.16

Chapter 4 - Fault Calculations

From network Equation 4.4, Equation 4.5 and Equation 4.16
can be re-written:

and substituting forz from Equation 4.15:

V=1, (Z +ZZ)
Equation 4.17

The constraints imposed by Equations 4.15 and 4.17 indicate
that there is no zero sequence network connection in the
equivalent circuit and that the positive and negative sequence
networks are connected in parallel. Figure 4.9 shows the
defining and equivalent circuits satisfying the above equations

A
\\Ta
B
Ve
c

o~

(b) Equivalent circuit

(a) Definition of fault
Figure 4.9: Phase-phase fault at F

4.4.3 Phase-phase-earth Fault (B-C-E)

Again, from Equation 4.9 and Equations 4.1 and 4.2:
T,=—(T,+T,)

Equation 4.18

and

n=r="r,
Equation 4.19

Substituting for 72 and Vousing Equation 4.5 and Equation
4.6:

Equation 4.20

and
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and using Equation 4.4 gives:

=
o
=
D
0O
e
Q
.
)
(@)
~|
Q
=)
Q.
~

2

or

or

Equation 4.22

From the above equations it follows that connecting the three
sequence networks in parallel as shown in Equation 4.10(b)
may represent a phase-phase-earth fault

Z
S

@-----nna-O

(a) Definition of fault (b) Equivalent circuit

Figure 4.10: Phase-phase-earth fault

4.4 .4 Three-phase Fault (A-B-C or A-B-C-E)

Assuming that the fault includes earth, then, from Equation
4.1 Equation 4.2 and Equation 4.10, it follows that:

Equation 4.23

and

4-8

=~

0=0

Equation 4.24

Substituting ¥, = 0 in Equation 4.5 gives:
1,=0

EFquation 4.25

and substituting 71 =0 in Equation 4.4 gives:

0=V-12,
or

V=127,
Fquation 4.26

Further, since from Equation 4.24 [, =0, it follows from

Equation 4.6 that VO is zero when Z_0 is finite.  The

equivalent sequence connections for a three-phase fault are
shown in Figure 4.11.

a

+1,+1,=0
+V, +V. =0

~

a

(b) Equivalent circuit

(a) Definition of fault
Figure 4.11: Three-phase-earth fault at F

4.4 5 Single-phase Open Circuit Fault

The single-phase open circuit fault is shown diagrammatically
in Figure 4.12(a). At the fault point, the boundary conditions
are:

Equation 4.27

Hence, from Equation 4.2,



VO = I/l = V2 = g Va
I, =1 +1,+1,=0
Equation 4.28

From Equation 4.8, it can be concluded that the sequence
networks are connected in parallel, as shown in Figure
4.12(b).

P Q
Va Va V'a
Vb Ig V'b
Ve IE Ve

i | Py lo | Po

N, Positive N, Negative No Zero
O—~| Sequence v O—~| Sequence v O—~| Sequence
1 2

Network Network Network
Qi

(a) Equivalent circuit
Figure 4.12: Open circuit on phase A

Vo

TQO

4 4.6 Cross-Country Faults

A cross-country fault is one where there are two faults
affecting the same circuit, but in different locations and
possibly involving different phases. Figure 4.13(a) illustrates
this.

The constraints expressed in terms of sequence quantities are
as follows:

a) at point F

~

b+l_c=0

V,=0
Equation 4.29

Therefore:

Equation 4.30

Chapter 4 - Fault Calculations

b) at point F’
I,=T.=0
V=0

Equation 4.31

and therefore:

Equation 4.32

To solve, it is necessary to convert the currents and voltages at
point F’ to the sequence currents in the same phase as those
at point F. From Equation 4.32,

270 71 T
alal_alaZ_IaO
or
]r _ 2]_! _ ]_r
a=d a2 = al 4

Equation 4.33

and, for the voltages

_! _I _I _

ViV, 4V, =0
Converting:

2771 171 174, _

aV' +aV' ,+V' =0
or

171 2771 1

V' . +a V' ,+alV’', =0
Equation 4.34

The fault constraints involve phase shifted sequence quantities.
To construct the appropriate sequence networks, it is
necessary to introduce phase-shifting transformers to couple
the sequence networks. This is shown in Figure 4.13(b).
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(a) 'A' phase to earth at F and 'B' phase to earth at F'

}131 I;1+

(b) Equivalent circuit

Figure 4.13. Cross-country fault: phase A to phase B

4.5 CURRENT AND VOLTAGE DISTRIBUTION
IN A SYSTEM DUE TO A FAULT

Practical fault calculations involve the examination of the
effect of a fault in branches of network other than the faulted
branch, so that protection can be applied correctly to isolate
the section of the system directly involved in the fault. It is
therefore not enough to calculate the fault current in the fault
itself; the fault current distribution must also be established.
Further, abnormal voltage stresses may appear in a system
because of a fault, and these may affect the operation of the
protection. Knowledge of current and voltage distribution in a
network due to a fault is essential for the application of
protection.

The approach to network fault studies for assessing the
application of protection equipment may be summarised as
follows:

e from the network diagram and accompanying data,
assess the limits of stable generation and possible
operating conditions for the system

e with faults assumed to occur at each relaying point in
turn, maximum and minimum fault currents are
calculated for each type of fault

NOTE. The fault is assumed to be through zero impedance

NOTE:  When full information is not available assumptions
may have to be made
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e by calculating the current distribution in the network for
faults applied at different points in the network the
maximum through fault currents at each relaying point
are established for each type of fault

e at this stage more or less definite ideas on the type of
protection to be applied are formed. Further
calculations for establishing voltage variation at the
relaying paint, or the stability limit of the system with a
fault on it, are now carried out in order to determine the
class of protection necessary, such as high or low
speed, unit or non-unit, etc.

4.5.1 Current Distribution

The phase current in any branch of a network is determined
from the sequence current distribution in the equivalent circuit
of the fault. The sequence currents are expressed in per unit
terms of the sequence current in the fault branch.

In power system calculations, the positive sequence and
negative sequence impedances are normally equal. Thus, the
division of sequence currents in the two networks will also be
identical.

The impedance values and configuration of the zero sequence
network are usually different from those of the positive and
negative sequence networks, so the zero sequence current
distribution is calculated separately.

If Cp and C; are described as the zero and positive sequence
distribution factors then the actual current in a sequence
branch is given by multiplying the actual current in the
sequence fault branch by the appropriate distribution factor.

For this reason, if [1, I2and o are sequence currents in an
arbitrary branch of a network due to a fault at some point in
the network, then the phase currents in that branch may be
expressed in terms of the distribution constants and the
sequence currents in the fault. These are given below for the
various common shunt faults, using Equation 4.1 and the
appropriate fault equations:

a. Single-phase-earth (A-E)
I' =(2C, +C,)I,
I_'b = _(Cl - Co)l_o
I_'c = _(C1 + Co)l_o

EFquation 4.35



b. Phase-phase (B-C)

I -0
I_'b = (a2 - a)c1l_1
[_’c = (a_az)cll_l

Equation 4.36

c. Phase-phase-earth (B-C-E)
[_’a = _(Cl - Co)io

. 7 -
I',= (a—az)Cl?o—azcl +CO}I0

1

I' = _(az —61)6'1%—616’1 +C0}I_O

1

Equation 4.37
d. Three-phase (A-B-C or A-B-C-E)

7’(1 = Cll_l
I''=a’CI,
I_,c = aCll_l

Equation 4.38

As an example of current distribution technigue, consider the
system in Figure 4.14(a). The equivalent sequence networks
are given in Figure 4.14(b) and Figure 4.14(c), together with
typical values of impedances. A fault is assumed at 4 and it is
desired to find the currents in branch OB due to the fault. In
each network, the distribution factors are given for each
branch, with the current in the fault branch taken as 1.0p.u.
From the diagram, the zero sequence distribution factor Cy in
branch OB is 0.112 and the positive sequence factor C; is
0.373. For an earth fault at 4 the phase currents in branch
OB from Equation 4.35 are:

I',=(0.746 +0.112)I, = 0.8581,
And
I',=1"=—(0.373-0.112)I, = -0.2611,

Chapter 4 - Fault Calculations

GS = Generator

Load
(a) Single line diagram

j75Q 0.08

j0.9Q j0.40
» A [

260 0 180

1.0 0.112
0.755 0.192
(b) Zero sequence network
j2.5Q 0.183
i1.60 j0.40Q
4 B
j0.75Q 0 j045Q
1.0 0.373
0.422 0.556

I

(c) Positive and negative sequence networks

Figure 4.14: Typical power system

By using network reduction methods and assuming that all
impedances are reactive, it can be shown that

Z,=7Z,=j0.68Q.

Therefore, from Equation 4.14, the current in the fault branch

4 4
s |[,|=——.
0.68
Assuming that | V] = 63.5V, then:
|10|=11a =05 3104
3 3x0.68

If ? is taken as the reference vector, then:
', =26.84-90°4
I'y=1' =81.5290°4

The vector diagram for the above fault condition is shown in
Figure 4.15.
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V' =61.52116.4°

I'=1'=8.15290°

V =63.52£0°

» »
»

V' =47820°

I',=26.8/-90°

V' =61.5/-116.4°

Figure 4.15: Vector diagram: Fault currents and voltages in branch OB
adue to Phase-to-Farth (P-E) fault at bus A

4.5.2 Voltage Distribution

The voltage distribution in any branch of a network is
determined from the sequence voltage distribution. As shown
by Equation 4.5, Equation 4.6 and Equation 4.7 and the
gradient diagrams Figure 4.6(b) and Figure 4.7(b), the positive
sequence voltage is a minimum at the fault, whereas the zero
and negative sequence voltages are a maximum. Thus, the
sequence voltages in any part of the system may be given
generally as:

Equation 4.39

Using the above equation, the fault voltages at bus B in the
previous example can be found.

From the positive sequence distribution diagram Figure 4.8(c):
Vi =V —1[Z, - j(0.395%0.75)+(0.373x0.45)]
=V -1,|Z, - jo.464]
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and

V', =-1,|Z, - jo.464]

From the zero sequence distribution diagram Figure 4.8(b):
V', =1,[Z, - j(0.165%x2.6)+(0.112x1.6)|

therefore

V', =1,[Z, - j0.608]

For earth faults, at the faultl_1:z=l_0 =j31.24, when

‘V‘=63.5 valts and is taken as the reference vector.

Further,

Z, =7, = j0.68Q

V' =63.5-(0.216x31.2)=56.76£0°V

V', =6.74£180°V

V', =2.252180°V

and, using Equation 4.1:

V=V 4V, + V', =56.76 —(6.74 +2.25)
Therefore V_'a =47.820°V

V', =a*V' +aV’y +V'y =56.76a* - (6.74a +2.25)
Therefore V', = 61.5/—116.4°V

Vi =aV' +a’ V', +V', = 56.75a—(6.74a> +2.25)
Therefore V' = 61.5£116.4°V

These voltages are shown on the vector diagram, Figure 4.15.

4.6 EFFECT OF SYSTEM EARTHING ON ZERO
SEQUENCE QUANTITIES

It has been shown previously that zero sequence currents flow
in the earth path during earth faults, and it follows that the
nature of these currents will be influenced by the method of
earthing.  Because these quantities are unigue in their
association with earth faults they can be utilised in protection,
provided their measurement and character are understood for
all practical system conditions.

4.6.1 Residual Current and Voltage

Residual currents and voltages depend for their existence on



two factors:

a.  asystem connection to earth at two or more points

b. a potential difference between the earth points
resulting in a current flow in the earth paths

Under normal system operation there is a capacitance between
the phases and between phase and earth; these capacitances
may be regarded as being symmetrical and distributed
uniformly through the system. So even when (a) above is
satisfied, if the driving voltages are symmetrical the vector sum
of the currents will equate to zero and no current will flow
between any two earth points in the system. When a fault to
earth occurs in a system, an unbalance results in condition (b)
being satisfied. From the definitions given above it follows
that residual currents and voltages are the vector sum of phase
currents and phase voltages respectively.

Hence:

‘[R = a + b + ]c
And

VR = Vae + Vbe + I/vce
Fquation 4.40

Also, from Equation 4.2:
I, =31,
Ve=3V,
Equation 4.41
It should be further noted that:

Vie =V + 7,
Vie =V, + 7V,
Ve =Ver 4V,

Equation 4.42
and since 171”1 =a’V, and V, =aVl,
then:

7. =37

ne

Equation 4.43

where ¥ is the neutral displacement voltage.

ne

Measurements of residual guantities are made using current
and voltage transformer connections as shown in Figure 4.16.
If relays are connected into the circuits in place of the ammeter
and voltmeter, earth faults in the system can be detected.

Chapter 4 - Fault Calculations

= N A
gl N R N A

13 N B
= o1 T L A

[ Y . c
o o— T L

<
jo)
[
—_—
(]
(]

;

L

(a) Residual current (b) Residual voltage

Figure 4.16: Measurement of residual quantities

4.6.2 System Ratio

The system Z_O/ Z ratio is defined as the ratio of zero

sequence and positive sequence impedances viewed from the
fault; it is a variable ratio, dependent upon the method of
earthing, fault position and system operating arrangement.

When assessing the distribution of residual quantities through
a system, it is convenient to use the fault point as the reference
as it is the point of injection of unbalanced quantities into the
system. The residual voltage is measured in relation to the
normal phase-neutral system voltage and the residual current
is compared with the three-phase fault current at the fault
point. It can be shown [4.4/4.5] that the character of these

quantities can be expressed in terms of the system Zo/ Z,

ratio.

The positive sequence impedance of a system is mainly
reactive, whereas the zero sequence impedance being affected
by the method of earthing may contain both resistive and
reactive components of comparable magnitude. Thus the

expression for the Zo/ Z, ratio approximates to:

7, _% &

A - X / X
Equation 4.44
Expressing the residual current in terms of the three-phase
current and Z_O/ Z ratio:

a. Single-phase-earth (A-E)
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P S
k 221 +Eo 2+I? 21
where I?zéand I_3¢ :_1
A A
Thus:
de 3
I, 2+K
Equation 4.45
b. Phase-phase-earth (B-C-E)
_ _ 7
T,=30,=——2% ]
VAR VA
D)
WYAVAR A
Hence:
: 37, 37
l e p—— — 2 —_ - — _—
22:Zo+2 (2K +1)Zz,
Therefore:
o3
I, 2K+1

Equation 4.46

Similarly, the residual voltages are found by multiplying
Equation 4.45 and Equation 4.46 by —-KV .

c. Single-phase-earth (A-E)

_ K —
Ve=— 3 —V
2+ K

Equation 4.47

d. Phase-phase-earth (B-C-E)
_ 3K —
v, V

2K +1
Equation 4.48
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3.0

Residual current for
Double-Phase-Earth fault

25

Residual voltage for
Single-Phase-Earth fault

ey

= 20

@

>

kS

3

= 15 T
E —

E

g |

< 1.0 Residual voltage for
2 Double-Phase-Earth fault
@

N

0.5

Residual current for
Double-Phase-Earth fault

0 1 2 3 4 5 0

‘)

Figure 4.17: Variation of residual quantities at fault point

The curves in Figure 4.17 illustrate the variation of the above

residual quantities with the ZO/ Z, ratio. The residual
current in any part of the system can be obtained by
multiplying the current from the curve by the appropriate zero
sequence distribution factors. Similarly, the residual voltage is
calculated by subtracting from the voltage curve three times
the zero sequence voltage drops between the measuring point
in the system and the fault.

4.6.3 Variation of Residual Quantities

The variation of residual quantities in a system due to different
earth arrangements can be most readily understood by using
vector diagrams. Three examples have been chosen, namely
solid fault-isolated neutral, solid fault-resistance neutral, and
resistance fault-solid neutral. These are illustrated in Figure
418, Figure 4.19 and Figure 4.20 respectively.



X — —
: Iab+lac F
———— A

1 _
: ‘Iab B
| s
: ‘IHC/ _ C
: L L1 1
| -
— — Tab 7ac:
Iab+lac

T T

e o ]

VbF VcF
Ve

(c) Residual voltage diagram

Figure 4.18: Solid fault - isolated neutral

(b) Vector diagram

4.6.3.1 Solid fault-isolated neutral

From Figure 4.18 it can be seen that the capacitance to earth
of the faulted phase is short circuited by the fault and the
resulting unbalance causes capacitance currents to flow into
the fault, returning via sound phases through sound phase
capacitances to earth.

At the fault point:

Vip =
and

V=V +Vp =-3E,
At source:

Ve=3V, =-3E,
Since

E, +E, +E, =0
Thus, with an isolated neutral system, the residual voltage is
three times the normal phase-neutral voltage of the faulted
phase and there is no variation between ¥/, at source and V/,

at fault.

In practice, there is some leakage impedance between neutral
and earth and a small residual current would be detected at X
if a very sensitive relay were employed.

4.6.3.2 Solid fault-resistance neutral

Figure 4.19 shows that the capacitance of the faulted phase is

Chapter 4 - Fault Calculations

short-circuited by the fault and the neutral current combines

with the sound phase capacitive currents to give [, in the
faulted phase.

<

cF

%

(At source)

,/\71»(

(c) Residual voltage diagram

Vg  (Atfault)

Figure 4.19: Solid fault - resistance neutral
With a relay at X, residually connected as shown in Figure
4.16, the residual current will be 7, , that is, the neutral earth

loop current.

At the fault point:

VR = VbF + VcF
since V,, =0
At source:

I7R=I7aX+I7bX+I7cX

From the residual voltage diagram it is clear that there is little

4-15



Network Protection & Automation Guide

variation in the residual voltages at source and fault, as most
residual voltage is dropped across the neutral resistor. The
degree of variation in residual quantities is therefore dependent
on the neutral resistor value.

4.6.3.3 Resistance-fault-solid neutral

Capacitance can be neglected because, since the capacitance
of the faulted phase is not short-circuited, the circulating
capacitance currents will be negligible.

At the fault point:

At relaying point X:

Ve=Vy +V, +V.,

X _
Zs Ie ZL F
» Y'Y A
YN B
Y'Y C

~|
:
L
~|
:

(a) Circuit diagram

(c) Residual voltage at fault (d) Residual voltage at relaying point

Figure 4.20: Resistance fault -solid neutral

From the residual voltage diagrams shown in Figure 4.20, it is
apparent that the residual voltage is greatest at the fault and
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reduces towards the source. If the fault resistance approaches

zero, that is, the fault becomes solid, then ¥, approaches
zero and the voltage drops in Zg and Z, become greater.
The ultimate value of ¥, will depend on the effectiveness of

the earthing, and this is a function of the system Z_O/ Z
ratio.
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