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Summary

The basis of a new approach in determining the direction of a fault point based on a 

polyphase consideration is developed from an examination of the principle of operation of 

the electromechanical polyphase directional relay used on distribution systems. The new 

approach is based on an examination of the symmetrical components, the positive and the 

negative phase sequence components, of voltages and currents generated at the relaying point 

to derive the direction information of a fault point.

The angular displacement between the corresponding phase sequence voltage and current 

phasors, after the necessary phase shift, is examined whether it is within ±90° to define 

forward faults or outside this range to indicate reverse faults. Results of the steady-state fault 

analyses of typical distribution systems to test the response of the new technique are 

presented. These confirm the validity of the new principle of directional detection which has 

better performance than the established directional relays used on distribution systems.

The envisaged performance of the new method of detecting fault direction under transient 

conditions generated on the occurrence of system disturbances is discussed. The conclusion 

is that power system transients do not affect the criterion adopted in the new approach to 

determine the correct fault direction.

The possibility of greatly improved performance in traditional method of detecting direction 

emerges together with a new scope for application to areas that are not possible previously. 

These new applications, on the assumption of the new technique being implemented into an



operational hardware, are outlined. These focus mainly on the protection of plant items of 

ac generators and motors.

The project concludes with a recommendation for further work to develop the new basis into 

an operational protection relay with a consideration of the transient performance prior to 

implementing the new principle of detecting direction.
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CHAPTER ONE

INTRODUCTION

1.1 Introduction

Research work on power system protection tends to concentrate on high voltage 

systems biasing towards the transmission area. This is particularly so with the 

present use of digital techniques to implement traditional functions with added 

facilities to improve performance levels and in the search for new principles of 

operation to solve difficult problem areas in power system protection.

A practical illustration of the former is the digital implementation of Kirchhoff s 

current law in differential feeder protection schemes. In this case one of the most 

common and well tried principles of operation has been implemented digitally in 

hardware and accompanying software techniques have been used to avoid the need for 

synchronization of signal sampling [2.10]. This enhances the cost-performance level 

of current differential protection schemes such as phase segregated comparison.

The field of distance protection has also seen a tremendous amount of research work 

being performed. Recent work [1.12,1.14,1.15, 1.16,1.18,1.23, 1.24] concentrates 

on the development of algorithms for implementation using microprocessors in digital 

distance relaying. In addition to improvements in speed and accuracy, work is being



done on adaptive aspects of distance relaying [1.14, 1.15, 1.18] in order to generate 

distance relay characteristics that are adapted to the dynamic behaviour of the primary 

system. These again are targeted at the protection of transmission systems.

The latest trend is to provide records of primary system disturbances whilst the 

protection functions are being performed [2.18, 2.19, 2.20] and there is also growing 

interest in the coordination of protection with control functions through suitable 

communication media [2.21, 2.22]. This is made possible by the use of digital 

techniques in the design of both protection and control equipment and is driven by the 

need to improve cost and efficiency of operation.

Another area of research interest in the protection of transmission networks is the use 

of superimposed components [1.20] in directional elements for directional comparison 

schemes. This use of superimposed components has also been implemented in phase 

comparison schemes in the People’s of Republic of China [1.22].

A relatively small amount of research work has been performed in protection 

functions for distribution systems. One area is in the design of current-operated 

relays for traditional overcurrent and earthfault protection.

Electromechanical relay designs, using induction discs, have been well proven and 

established. The introduction of transistors and integrated circuits saw the 

development of solid-state equivalents of this type of current-operated relay. These 

equivalents, when introduced into the market, have not been able to compete on
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economical grounds with electromechanical designs. This was followed by the 

investigation of digital implementations using microprocessors and the associated 

memory chips. With the processor which has memory and analogue-to-digital 

convertor on the same chip, the cost of digital designs became economically viable.

Early work on conventional overcurrent and earthfault protection concentrated on a 

digital implementation of current detection and measurement using different software 

techniques. The result was commercially available digital current-operated relays in 

the late 1970’s for overcurrent and earthfault protection schemes [2.11]. It was also 

the first time where a given hardware provided a selection of operating characteristics 

by calling up the stored software algorithms in the hardware memory bank. This 

resulted in better accuracy and repeatability, but more significantly it has provided 

engineers with much needed application flexibility. Application engineers do not need 

to be concerned with the selection of relay operating characteristics at the project 

inception stage when detailed information about the system is not available. The 

selection can be carried out at the commissioning stage of the project.

More recent developments in this area have been the addition of extra facilities in the 

same protection relay. These include:

measurement functions such as calculations of active and reactive power,

voltage, current and power factor.

3



control functions such as load shedding, issue of trip signal on request from 

a central station and automatic reclose signal to circuit breakers.

communication functions, such as remote access of information stored in the 

relays and change of set parameters.

The latest area of interest is in the adaptability of protection both in transmission 

[1.14, 1.15] and distribution system protection [1.17]. The protection relays installed 

on the system are designed to adjust in sympathy with changing power system 

conditions in order to provide optimal performance. In the study of adaptability of 

distribution system protection [1.17] computer overcurrent relaying concepts are used. 

These are microprocessor-based designs, together with communication facilities, to 

continuously monitor and analyze various feeder currents and voltages from which 

the relay characteristics are adjusted automatically to provide faster and improved 

protection. In addition, economic viability aspects are being investigated to enhance 

the chances of applying state-of-the-art technology in hardware to implement the new 

concepts [1.25].

However, there is still an area that has not been examined - the area of response of 

current-operated relays used as current-level detectors with or without time delay of 

the definite or inverse time type. These relays do not have a defined area of response 

of the primary system within which they operate when a fault occurs.
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Conventional overcurrent and earthfault protection for power supply systems, using 

current-operated relays, relies on the detection of currents in excess of pre-determined 

settings. Their areas of response, in which the occurrence of primary system faults 

will result in secondary fault currents flowing in excess of their settings, are not well 

defined. It is therefore difficult to achieve selective tripping of circuit breakers to 

isolate the minimum number of faulty circuits and/or items of plant.

The process of coordinating this type of relay involves selecting suitable settings to 

meet their fundamental functions under the requirements of sensitivity, selectivity, 

reliability and speed. These requirements must be satisfied for a variety of system 

operating conditions and configurations, such that different faults can be detected by 

the appropriate relays with those closest to the fault points having the priority of 

operation. This approach, based on the topology of the network and assumed 

operating conditions, may result in degradation of performance of the overall system 

protection if there are significant operational configuration changes. Work has been 

carried out to computerise this process [1.7] using various simulation and modelling 

techniques. The latest work uses expert systems to carry out coordination studies 

[1.13]. Little or no work has been done on the actual relay design or on improving 

operating principles to achieve improved selectivity.

There are a number of methods that can be applied to improve the discriminative 

feature of a protective scheme and these depend on the degree of sophistication and 

the related cost involved. One method is to make use of a primary equipment 

arrangement employing current transformers to form a well defined zone and

5



connected in a differential mode. Current-operated relays are arranged to measure 

differential current and operate when the differential current exceeds the relay setting 

due to faults inside the zone defined by the current transformer placement. This is 

illustrated in Figure 1.1.

Dif ferent ia
Relay

Figure 1.1 Unit P ro tec t ion

This method provides absolute selectivity, when the current transformers are 

specified correctly, because the scheme responds only to faults within a well 

defined zone. This type of scheme is generally known as a unit scheme or unit 

protection, a typical example o f which is current differential protection [3.8].

For non-unit schemes o f protection, selectivity is relative because discrimination is 

governed by the grading of different zone settings, all o f which may respond to a 

particular fault on the system.
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Current-operated relays used in general overcurrent and earthfault protection cannot 

provide absolute selectivity. The level of selectivity depends on the current or/and 

the time settings of all similar relays on the system and the ability to maintain 

satisfactory operation under different system operating conditions and configurations.

For overcurrent and earthfault protection based on current level detections, which is 

generally the main protection for lower voltage distribution systems, the most 

cost-effective method of improving the performance level in selective operation is to 

build in control to the current level detection.

This control restricts the response of the relays to faults occurring on certain portions 

of the system.

Figure 1.2 illustrates the need to provide restriction on the response of 

current-operated relays installed on the various feeders of a distribution system.
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R2 R3 R4 R5 R6

R2
R3

R4

R5

Figure 1.2 The Need to provide Response Restr ict ion 
on Current —operated Relays.

For a fault at point F! relays R 3  and R4  must operate first to isolate the fault

without interrupting the supply to the distribution points B and C. W hilst the

reliability of supply to consumers is greatly improved, demands are made on the 

performance of the protection relays to ensure that only relays R 3  and R 4  are 

responsive to the fault. This leads to the following issues to be considered to 

ensure satisfactory operation under all conditions.

(i) For relays protecting a given section, such as BC, each relay, say R 3  must

remain stable to a remote-end fault beyond the remote-end relay R4  with 

maximum fault current flowing. It must also be stable for an immediate 

reverse fault behind its location.
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(ii) A relay protecting a given section must coordinate with, in addition to the 

relay at the opposite end of the section, all other relays on other circuits 

connected to the same busbar.

(iii) Without additional means it is not possible to ensure that only relays R3 and 

R4 operate for a fault at Fj. For this condition the operating time of R3 must 

be shorter than that of R2, but for a fault at F2 the operating time of R3 must 

be longer than that of R2. These two contradicting requirements cannot 

readily be met.

The above three issues are all concerned with the undesirable ability of current- 

operated relays to respond to reverse faults i.e., faults that are "behind" the relays, 

away from the protected section. If this ability is removed, making the relays only 

responsive to faults on the protected section concerned, the above problems would not 

occur.

Figure 1.3 shows another common problem. For the fault shown, the current flowing 

through the healthy circuit is detected by the current-operated relays on the two 

incoming feeders. The normal discrimination requirements between the high voltage 

side and the low voltage side relays and protective devices on the low voltage 

outgoing circuits necessitates the same current and time delay settings on the low 

voltage relays. The fault indicated would cause the two low voltage relays, detecting 

the same current, to operate and trip the supply to the distribution boards.
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Fault

LOAD

HV C u rren t-  
operated Relay

LV C u rre n t-  
operated Relay

Figure 1.3 Unnecessary Tripping of Healthy Feeder 
due to lack of Response Control of Current —operated 
Relays.

If  the low voltage current-operated relays can be restricted in their operation such that 

they only respond to current flowing in the direction o f the power transformers, the 

above problem would not occur. Only the relay detecting current flowing into the 

power transformer (in this case the relay on the faulted circuit), will respond to the 

fault condition and isolate the fault.

This control on current-operated relays would restrict the relay operation for primary 

system faults occurring in one of the two possible directions, being referred to as 

forward for operation or reverse for restraint with respect to the relay location. These 

are illustrated in Figure 1.4. This control function is performed by directional relays.
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Reverse Direction Forward Direction

Forward
Fault

Reverse
Fault Relay

Location

Figure 1A  I l lustrat ion of Directions and Fault Types 
with reference to Relay Location.

Directional relays are used extensively to recognize the difference between current 

supplied in the forward or reverse directions.

Directional control of current-operated relays has been implemented by 

electromechanical means since the early days and this was followed by the 

development of solid-state equipment with added customer-selectable operating 

characteristics [2.6].

The directional control elements are either of single-phase or polyphase designs with 

the latter mostly based on electromechanical technology. Though commercially 

available three-phase solid-state types exist they are essentially single-phase elements 

housed together in a single case [2.6] with a common output. There are the truly 

solid-state polyphase directional relays based on the use o f phase sequence quantities
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but their application is restricted [2.1].

Hitherto, work has been carried out [1.3, 1.4] to investigate the performance limits 

of directional relays used for overcurrent and earthfault protection. The design and 

principle of operation of these relays has already been fixed. No attempt has been 

made to examine alternative methods to overcome the limitations of these existing 

relays. For single phase relays, work by Sonnemann [1.4] has already exhausted all 

the possibilities of improving further the directional detection capabilities of existing 

relays. Other methods of directional detection have been investigated and 

implemented [1.8, 1.20, 2.14, 2.22, 2.23], but they are for transmission system 

protection rather than for distribution system overcurrent and earthfault protection.

The purpose of this project is to investigate the possibility of a new directional 

detection method to provide the basis for further development of a digital polyphase 

directional relay. It is unlikely, for distribution systems, that single phase 

consideration will yield possible alternatives and this project is therefore based on a 

consideration of polyphase types. The aim is to improve the performance of existing 

polyphase directional detection which are mainly based on electromechanical designs. 

The performance of polyphase directional relays has hitherto been compromised by 

the lack of sensitivity to earth faults, especially in the presence of heavy load current 

which has in turn resulted in application restrictions. The fault current must be high 

compared with load current, e.g. 3 times the load current as the minimum [2.3]. 

Other polyphase directional relays [2.1] have application limitations in that they can 

only be applied to cover phase faults.
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The present investigation is aimed at examining the principle of operation of 

polyphase electromechanical directional relays from which a new approach on 

polyphase basis is proposed to detect direction of a fault point from a study of the 

symmetrical components of voltages and currents generated at the relaying point. 

The operating characteristic is structured to match the fault profile for forward fault 

operation and also for reverse fault restraint.

The objective is to derive a new method that is superior over the established methods 

either on single or polyphase basis and to be able to provide a phase selection 

capability within the new approach. This will overcome the limitation of polyphase 

relaying in its inability to identify the faulted phase(s) and should provide a very cost- 

effective design.

The main application areas targeted are the distribution systems where 

current-operated relays are extensively used. It is, however, envisaged that it should 

be applicable to the protection of transmission systems and individual plant items. 

It is proposed that the new directional detection technique be considered for eventual 

application together with conventional current-operated relays to form directional 

overcurrent and earthfault protection schemes. The performance level sought shall 

therefore be at least that of existing directional overcurrent and earthfault protection 

relays.

The proposed new polyphase directional detection approach will be examined for 

other applications with any modification or additional work where necessary.
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The objectives are divided into the following sections:

(i) To examine the various possible means of detecting the direction of current

flow with reference to a polarising voltage.

(ii) To decide, from (i) above, on a method with optimal performance against the

stated requirements. This will be based on steady-state studies.

(iii) To carry out fault analyses to generate the required voltage and current signals 

to test the proposed method of directional detection.

(iv) To examine the possible applications of the new relay.

(v) To propose further work to implement the new method of directional detection

in commercially available hardware.

1.2 Structure of the Thesis

This investigation is divided into the following sections:

The fundamental operation of directional relays used on distribution systems for

current-operated relays is examined in Chapter 2 followed by brief descriptions of the

various methods of directional detection.
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A survey of existing directional relays, again used for current-operated relays in 

service, is made in Chapter 3 to highlight the application of various methods that are 

possible to derive the direction of faults with respect to the relay location. This 

survey includes both electromechanical and solid-state designs together with a brief 

look at the latest digital directional elements.

The performance of all existing directional relays is examined in Chapter 4 to 

highlight their weaknesses in their applications to particular systems.

The performance requirements of directional relays are then stated in Chapter 5, as 

the terms of reference for a new directional element, together with the targeted 

application areas in distribution systems.

Chapter 6 examines the fundamentals of directional detection leading to a proposal 

for a new approach to directional detection on a polyphase basis for power system 

protection. The new approach employs symmetrical components of voltages and 

currents to derive the fault point direction information with reference to the relay 

location.

Chapter 7 provides the analyses of power system faults to test the validity of the new 

proposed directional detection method when subjected to single-phase-to-earth, phase- 

to-phase, clear of or to earth and three phase fault types. The results are to prove 

that under different power distribution system configurations and operating conditions 

the symmetrical components of voltages and currents generated at the relaying point
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provide correct information to determine the direction of fault points. The results are 

presented for 33kV resistance-earthed and 1 lkV solidly-earthed distribution systems 

with plain- and also transformer-feeder arrangements.

The envisaged performance of the new method under transient power system 

conditions is also discussed.

Chapter 8 presents the possible application areas of the proposed new polyphase 

directional detection method highlighting the benefits of the new approach.

Chapters 9 and 10 conclude the thesis and provide recommendations for further work, 

leading to realisation of the new method into hardware for real time testing and 

service experience.
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CHAPTER TWO

DIRECTIONAL RELAYS

2.1 Introduction

The application of directional relays has an important role in power system protection 

scheme designs. In high voltage network protection, directional detection forms the 

nucleus of many schemes such as directional comparison schemes [1.8, 3.8, 3.9] for 

protection of extra high and high voltage transmission systems. The operation of this 

type of scheme depends on the comparison of the direction of fault power at the two 

ends of the protected line by the operation/non-operation of directional relays at the 

two ends. The directional relays are arranged to "look" into the protected line such 

that internal faults will produce operations of both directional relays whilst external 

faults can only be "seen" by one directional relay. The comparison process is 

assisted by the use of a signalling channel transmitting a blocking signal if the faults 

are external.

On distribution systems directional relays provide an economical means of upgrading 

the performance of current-operated relays by providing increased selectivity, though 

still limited, without the need for extensive co-ordination with each other by different 

operating levels and operating times.
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2.2 Principle of Operation of a Directional Relay:

The direction of a point can only be established with reference to another point. In 

power system protection the direction of a fault point always makes reference to the 

relay location point. This direction is either forward for operation or reverse for 

restraint.

At the relay location point, in order to determine whether a fault has occurred in the 

forward or reverse direction, two signals are required by a directional relay which 

then compares these to make a decision. These two signals are the operating and the 

reference or polarising signals. The polarising signal maintains the same polarity 

when a forward or a reverse fault occurs but the operating signal changes in polarity 

for these two fault conditions providing the differentiation.

For conventional overcurrent and earthfault protection using current detectors, the 

current signal from the power system is used as the operating quantity. A directional 

relay used to control a current detector to form directional overcurrent and earthfault 

protection, therefore, uses the same operating current signal and requires an 

additional polarising signal. The power system voltage becomes the natural choice 

as the polarising signal.

For an alternating current system, the position of a fault point with respect to a 

relaying point can be determined by examining the phase relationship between the 

polarising voltage and operating current phasors.
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The basis for differentiating the direction of a fault with respect to the relay location 

is the fact that for a forward fault the angular displacement between the operating 

current and the polarising voltage is different compared with that for a reverse fault. 

It is necessary to determine the boundary limits between the two variations of angular 

displacement between the two fault conditions to enable positive detection of forward 

or reverse faults.

It is assumed that current flowing from the busbar to the protected circuit is positive 

and that from the protected circuit to the busbar is negative with reference to a fixed 

relay location.

As shown in Figure 2.1 consider relay R protecting the line section AB:

- — tx rn ■— —

Figure 2.1 Principle of Operation of a Directional Relay.
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Consider a fault at Fj with fault impedance ZF1 from the relay location to the fault 

point. With a fault current IF1 flowing to the fault "seen" by the relay the voltage 

measured by the relay is:

.2.01

The angular displacement 0 F1 between VF1 and IF1 is the impedance angle of FI

V F1
* —  = 9 FI = L Z Fi/  F1 F1  2.02

The range of variation of the angular displacement between the voltage and current 

signals for this forward fault condition is therefore limited to:

9„ = L Z F1 = V t o  90° ..........

When a fault occurs at F2, a reverse fault for relay R, the voltage it "sees" with a 

fault current 1̂  flowing is given by:

V  = -  T 7V F2 F2 F2 2 04

The minus (-) sign denotes the opposite direction of current flow adopted by the relay 

for operation.

The angular displacement 0 ^  between the voltage and the current signals "seen" by 

the relay for this reverse fault condition is given by:
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/  Y 1  = en  = L z n  + 180°
F2 2.05

The range of variation of the angular displacement between the voltage and the 

current signals for this reverse fault condition is therefore given by:

9n  - L Z a * 180°

= 180° to 270° ..........2-06

From equations 2.03 and 2.06 it can be concluded that:

for a forward fault the angular displacement between the voltage and the 

current signals is that the current signal lags the voltage signal by 0° to 90°.

for a reverse fault the angular displacement between the voltage and the 

current signals is that the current signal lags the voltage signal by 180° to 

270°.

The phasor diagrams showing the positions of the voltage and current phasors for 

these two fault positions are shown in Figure 2.2.
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Forward Fault Reverse Fault

Figure 2.2 Angu lar  D isp lacement between 
the Voltage and Current  Phasors fo r  
Forward and Reverse Fault Condit ions.

By comparing the phase displacement between the voltage and the current signals it 

is, therefore, possible to establish the direction o f a fault point with reference to the 

relay location.

Alternatively, the power flowing in the protected circuit can be examined. Inherently 

the flow o f power in an electric circuit is directional on the basis of:

Power = VJ. Cos 6 ~ ^

where V =  voltage 

I =  current

0  =  angle between V and I.
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The sign of the power value depends on the value of the angle 0 . For positive power 

flow, determined by the values of 0 , it can be defined for - 9O °<0< +90° as the 

forward or operating direction and for negative power flow as the reverse or restraint 

direction.

The above two methods, though common in determining the direction of the current 

signal with respect to the voltage signal, differ according to the application areas 

concerned.

The use of active power measurement, hereinafter called a power relay, is generally 

employed under steady-state conditions with significant amount of active power flow 

in the primary circuit. This technique is not reliable under fault conditions when the 

fault current is mainly or wholly reactive, or the actual power flow is very small 

towards the limit of the operating level of the equipment.

The use of phase angle information between two selected signals, hereinafter called 

a directional relay, has been successfully applied in power system protection to detect 

direction of current flow under fault conditions.

In order to cover all possible types of faults, to operate in cases of forward faults and 

to remain stable for reverse faults, it is important to select the two most suitable 

signals, the operating and the polarising quantities and the angular range of 

measurement between them.
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From the definition above, it can be seen that with a fixed reference (or polarising 

signal) there is a difference between the sign of the current signal for forward and 

reverse faults. It is important, therefore, that the polarising signal chosen should 

remain unchanged in polarity for both forward and reverse faults.

A pure phase-comparison process would be adequate to determine the direction of 

current flow. The criterion for success of this approach is that all types of faults 

occurring in the forward direction result in the phase relationship falling within the 

designed boundaries of operation. Conversely, the phase between the operating and 

polarising signals resulting from any faults on the system in the reverse direction 

should not encroach onto the range of operation, which would otherwise result in 

wrong detection of direction.

The use of voltage as the polarising signal leads to the design of a voltage polarised 

directional relay. There are many combinations of voltages to form the polarising 

signal, leading to a number of relay connections defined as the angle between the 

relay operating current and its polarising voltage at primary system unity power 

factor. The most common types of relay connections are 30-degree, 60-degree and 

90-degree or quadrature connections. The input voltage and current signals to each 

of these connection types on a single-phase basis are shown in Table 2.1 [3.8, 3.9].
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Table 2.1 Different Connections of Single-phase Voltage Polarised Directional Relays 

with the associated Input Signals:

Connections

Input Signals

A-Phase Relays B-Phase Relays C-Phase Relays

30° Ia Vac Ib Vba Ic Vcb

60° Iab Vac Ibc Vba IcA VcB

60° Ia -Vc Ib -Va Ic -VB

90° Ia Vbc Ib Vca Ic Vab

It is well established [1.4, 3.8, 3.9] that the 90-degree or quadrature connection is the 

best for use with phase overcurrent protection.

For directional earthfault protection the directional element, in addition to using 

voltage as the polarising signal, can also use a current signal leading to a current 

polarised directional earthfault relay. It is also possible to use a combination of 

voltage and current to form a dual polarised directional earthfault relay.

For earthfault protection, the zero phase sequence current is used as the operating 

signal and the most convenient polarising signal is, therefore, the zero phase sequence 

voltage and the zero phase sequence current [3.8].

The objectives of selecting the correct operating current and polarising voltage are to 

ensure that under all fault conditions:
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(i) that the magnitudes o f the voltage and current signals are sufficient to meet 

the threshold of operation of the detectors.

(ii) the angular displacements between these two signals are within the boundaries 

defined for forward fault operation or reverse fault restraint.

Figure 2.3 illustrates the 30° connection selecting the voltage VAC and the current IA 

as the input signals for the A-phase directional relay on single-phase basis.

Figure 2.3 Typical Input Voltage and Current  Phasors 
fo r  30 —degree Connection of a Direct ional Relay.

For the 90° connection where the polarising voltage is in quadrature with the 

operating current under unity power factor conditions, the A-phase relay, again on 

single phase basis, uses the current IA as the operating signal and the voltage VBC as 

the polarising signal. The phasor diagram is shown in Figure 2.4.
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90°

Figure 2.4 Typical Input Voltage and Current  Phasors 
fo r  90 —degree Connection of a Direct ional Relay.

When the appropriate input voltage and current signals have been selected for a given 

design it is necessary that under forward fault conditions the angular displacement 

between the two input signals is within the boundaries o f operation o f the design. To 

check this requirement consider a 3-phase fault and the A-phase relay with a 90° 

connection. The relay input signals are IA for the operating current and VBC for the 

polarising voltage. The phasor diagram is shown in Figure 2.5.
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Relay

Figure 2.5 Phase Displacement between the Input 
Voltage and Current for a 90 —degree Connection 
Directional Relay under a 3 —phase Fault Condition.

For a 3-phase fault the angular displacement 0  between the input signals V and I is 

given by:

e = 90° - eA
A  2.08

where 0 A is the argument of the fault impedance between the relaying point and the 

fault point.

0 A varies from approximately zero for close-up arcing faults to 90° for remote faults 

with negligible fault resistance. This gives a range of variation o f 0 :

0 = 0 ° to 90c
.2.09

28



If the boundaries o f operation for this relay are 90° >  0  >  0°, the directional relay 

is then able to determine the direction of the fault point correctly.

Consider the case of a phase-phase fault involving the B and C phases and the B- 

phase relay, again with a 90° connection. The relay input signals are IB for the 

operating current and VCA for the polarising voltage. The phasor diagram is shown 

in Figure 2.6.

-x-pp-
7

l -C  Fault

©B

A  l R e l o y l

Close-up Fault

 ^ BC

Remote Fault

Figure 2.6 Phase Displacement between the Input 
Voltage and Current for a 90 —degree Connection 
Directional Relay under a Phase —phase Fault Condition.

For close-up faults the phase displacement 0  between the input voltage VCA and the 

input current IB is given by:

e «  90° - 6B
.2.10
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where 0 B is the angle associated with the impedance consisting of the source 

impedance and fault resistance.

The range of variation of this impedance angle 0 B is:

9R = 0° to 90°
B  2.11

This provides the limits to the variation of the phase displacement 0  as:

0° < 9 < 90°
 2.12

For forward faults, remote from the relay location, the voltage drop across the source 

impedance is small. The phase displacement 0  between the input voltage VCA and the 

input current IB is then given by:

9 «  120°  -  eR
B  2.13

This gives the limits to the variation of the phase displacement 0  for this fault 

condition:

30° < 0 < 120°  2.14

If the boundary of operation for this relay is 90° > 0  >  0°, based on the 3-phase 

fault consideration above, the relay may not be able to operate for all the remote
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forward faults involving the B and C phases.

The above examples illustrate how the range of phase displacement between the two 

input signals under different fault conditions varies according to the connection of the 

relay. It is thus necessary to define clearly the boundaries of operation in terms of 

angular range within which the phase displacement between the operating current and 

polarising voltage, for the forward fault condition considered, falls.

The boundaries of operation are defined by the maximum torque angle of the relay. 

This is defined as the angle by which the operating current applied to the relay must 

be displaced from the polarising voltage to produce maximum torque. This 

terminology has been derived from the electromechanical design of directional relays. 

For solid state relay designs, it has been referred to as the relay characteristic angle. 

The boundary of operation is then ±  90° on either side of the maximum torque angle 

position. A typical example, for a 90° connection, is +45° maximum torque angle. 

This is illustrated in Figure 2.7 for the A-phase relay based on a single phase design 

using the A-phase current (IA) and B-C-phase voltage (VBC) as the input signals.
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Maximun Torque 
Angle Position

Restraint Zone

90°

+ 45°
90°

Operating Zone

Figure 2.7 Bocmdries of Operat ion defined by the 
Maximum Torque Angle fo r  a 90 —degree Connection 
Directional Relay.

The directional relay is now fully defined with both the connection and maximum 

torque angle stated and provides clearly defined boundaries o f operation. For a 

correctly designed directional relay, the range o f variation of the angular displacement 

between the selected operating current signal and the polarising voltage signal should 

be within these boundaries of operation for all forward fault types and under any 

operating conditions. Conversely for reverse faults, the angular displacement between 

the two input signals should never fall within the operating range.

2.3 Different Methods of Directional Detection

Section 2.1 outlined one method of determining fault direction with reference to the 

relay location. This method, dependent on the angular displacement between an 

operating current signal and a polarising voltage signal, is the most common form of
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directional detection method used in relays applied to distribution system protection.

There are a number of directional elements being employed in practical applications

using different principles of operation. These include:

(i) "Product" type directional relays based on the effect of mixing voltage and a 

current signals that depend on the magnitudes of the signals and their angular 

displacement.

(ii) Phase-angle-measurement directional relays based on the value of angular 

displacement between a chosen voltage and an appropriate current signal or 

between two compensated voltage signals. The measurement process is 

substantially independent of the magnitudes of the input signals.

(iii) Directional-impedance type directional relays based on the comparison of a 

combination of voltage and current signals against a polarising voltage signal.

(iv) Phase-compensated type directional relays based on phase comparison between 

two of three compensated phase voltages.

(v) Travelling-wave-phenomenon type directional relays based on an observation 

of the change in travelling voltage and current wave polarities due to the 

occurrence of a disturbance on the power system.
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(vi) Superimposed-signal type directional relays, based on a comparison of the 

superimposed voltage and current signals generated under fault conditions.

2.3.1 "Product" type of Directional Relays

The first generation of directional relay was based on this principle of operation. The 

design, based on electromechanical techniques and employed mainly for the 

directional control of overcurrent and earthfault protection relays, uses "product" 

measurement to achieve the phase-comparison process between the input operating 

current and the polarising voltage. This responds to the product of voltage and 

current and the cosine function in terms of the phase angle between these two 

quantities and other intentional phase shifts.

The basic design consists of a mechanically moving element operating on the 

interaction between the polarising circuit flux and the operating circuit flux. The 

design is arranged in such a way that contact-closing torque is produced for forward 

faults whilst reverse faults will result in contact-opening or restraint torque.

Figure 2.8 shows an electromechanically designed directional relay. Two circuits, 

one voltage and the other current with voltage being used as the polarising signal, 

generate fluxes that act on the moving element at the centre.
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Moving
Element

Figure 2.8 E lec t rom echan ica l  Direct ional Relay.

The phasor diagram is shown in Figure 2.9 with the fluxes generated by the voltage 

and current signals.

Maximum
Torque
Angle Position

-►Operating Zone

X  /oc

Zero Torque Line

Figure 2.9 Phasor Diagram of the Input Voltage 
and Current and the Fluxes generated for an 
Electromechanical Directional Relay.
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The flow of currents in the two circuits (Iv in the voltage circuit and Ij in the current 

circuit), generates two fluxes, $ v and $i respectively. The electrical torque generated 

by the interaction of these two fluxes to drive the moving element is proportional to 

the magnitude of the two fluxes and the sine function of the angular displacement 

between them. This is given by:

Torque oc <&y <&J Sin ((f) + a)

The flux produced is directly proportional to the respective voltage or current 

magnitude. Hence:

Torque oc \V\ |/ | Sin (<f> + a) 2 ^

The torque produced for a given voltage and current is maximum when <f> +  a = 

90°. With the voltage signal, and hence the voltage flux $ v as the reference, a 

maximum torque position of the current flux phasor can be defined as a 

perpendicular line to the phasor $ v- This is the maximum torque angle line along 

which the current phasor Ij and hence the current flux will generate maximum 

torque to drive the moving element. If this maximum torque angle line is at an angle 

0  from the voltage phasor V, the angle 0  is defined as the maximum torque angle.

From Figure 2.9 it can be seen that:

*  + «  = 90* -  (0 -  * )  2 1 ?
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Hence the torque produced becomes:

Torque oc \V\ |/ | Sin (90° -  (0 - <£)) 

oc \V\ |/ | Cos (0 - <f>)
 2.18

The torque produced is maximum when <t> = 0 , i.e. when the current phasor is 

displaced from the voltage phasor by the maximum torque angle value.

This product type directional relay therefore operates on the interaction or "product" 

of the three quantities - voltage, current and the cosine function of their angular 

displacement and any additional phase shift. The torque produced becomes negative 

if the angular displacement falls outside the range of angles, in this case ±  90° from 

the maximum torque angle line. A zero torque line can then be drawn as shown in 

Figure 2.9, one side of which is for operation i.e., the forward direction, and the 

other side for restraint or reverse direction.

Figure 2.9 shows the operating zone with no minimum limit to the operating current. 

In practice a certain amount of operating current is required and this current is 

minimum when its phasor is in phase with the maximum torque angle line position. 

This is shown in Figure 2.10.
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Maximum Torque
Angle Position

M inimum
Operating
Current

Actual -i Zero
Torque
Line

Nominal-

Theoretical-*

Figure 2 .10  Operat ing C harac te r is t ic  of Pract ica l  
E lec t rom echan ica l  Direct ional Relay.

It can be seen that away from the maximum torque angle position, the amount of 

current required increases.

2.3.2 Phase-angle-measurement type of Directional Relays

This is a modified form o f the "product" type of directional relay. In this case, the 

direction of a fault is wholly determined by examining the angular displacement 

between the operating current signal and the polarising voltage signal. The magnitude 

of the two signals, apart from meeting the minimum operating threshold o f the 

equipment, does not come into the directional decision process.

This type of directional relay [1.5] is made possible by solid-state electronic designs 

where maximum sensitivity can be achieved. The phase angle measurement process
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can be made independent of the magnitude of the two signals once the signal strength 

exceeds the equipment operating threshold. The threshold level is so small that the 

directional detection process is considered practically independent of the signal 

magnitudes.

For this type o f directional relay, the basic principle o f operation remains the same 

by examining the phase displacement o f the operating current phasor in relation to the 

polarising voltage phasor to determine the direction o f fault. In this case, there is no 

mechanical torque produced for operation. Hence, there is no maximum torque angle 

and instead, the relay characteristic angle is defined. This is the position o f the 

operating current phasor with reference to the polarising voltage phasor for maximum 

sensitivity under which condition the relay will have the fastest operating speed. 

Figure 2.11 shows the operating characteristic o f this type of directional relay.

Relay
Characte ris tic  
Angle Position

Restra int
Zone

Operating Zone

Figure 2.11 Operat ing Character is t ic  of P h a s e - a n g le -  
m easurem en t  type Directional Relay.
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With the polarising voltage signal V greater than the designed threshold, the operating 

equation is:

I  Cos (d> - 6) > I
} s  2.19

which is independent of the polarising voltage signal magnitude, where I, is the 

minimum setting current.

The operating current also increases with its phase displacement related to the 

polarising voltage moving away from the relay characteristic angle position.

2.3.3 Directional-impedance type of Directional Relays

The use of directional impedance relays as directional elements has been well 

established. They have the added advantage of having a well defined area of response 

or reach. This reach is set in terms of the impedance value of the protected circuit 

beyond which the relay will not respond.

Directional impedance relays form the basis of the most popular form of protection 

for high voltage transmission and subtransmission networks and are commonly known 

as distance protection. Much research has been done into this particular form of 

power system protection from the initial electromechanical design, through to the first 

generation of solid-state relays, to the present day fully digital methods.
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The most common form of directional impedance relays are the Mho relays as shown 

in Figure 2.12. Plotted on the impedance plane its characteristic shows a well 

defined area o f operation inside the circle at a setting equivalent to Z ohms of the 

protected line. The characteristic passes through the origin, which is the relay 

location, indicating the directionalisation of the relay operating for forward faults on 

the protected line up to the reach point.

/P ro te c te d  Line 
m pedance

/  Operating 
Zone

Relay Location

Figure 2.12 Mho type Direct ional Impedance 
Relay Character is t ic .

Early efforts have been put into improving directional sensitivity without maloperation 

for faults with very low fault voltage especially in the reverse direction. Other work 

included ways to overcome one o f the biggest limitations o f impedance relays i.e ., 

the limit on the amount of fault resistance coverage because o f limits imposed by the 

load impedance. This led to the development of the cross-polarised characteristic 

which provides better directional sensitivity with increased fault resistance coverage 

without load encroachment. This is shown in Figure 2.13 for different source
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impedance values.

P ro tec ted
Line
Im pedance

Increasing 
* *  Source 

Im pedance

Figure 2 .13  Cross —polar ised Mho Direct ional 
Im pedance Relay Charac te r is t ic .

This dependence on source impedance for increased fault resistance coverage 

generally limits its application to short lines.

An alternative was put forward based on a polygonal or quadrilateral characteristic 

with a directional line passing through the relay location on the impedance plane. 

This is illustrated in Figure 2.14.
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jX  a Line
A /  Impedance

Figure 2 .14  Quadrilateral type Direct ional Impedance 
Relay Character is t ic .

However, early designs suffered from the problem of accuracy control at the reach 

point and also from achieving uniform speed within the whole of the operating zone. 

This was mainly due to the use o f multi-input comparators.

The latest use of fully numerical methods has enabled successful generation of 

quadrilateral characteristics with good directional properties and an adaptive reactance 

characteristic to overcome traditional problems associated with such characteristics. 

This included tilting of the reactance lines to match the pre-fault loading conditions 

[1.24] and special trip logic controls to overcome overreaching due to double-phase- 

to-earth fault with significant fault resistance.

Directional impedance relays illustrate the derivative form of phase comparison 

between signals. Consider the case of the self-polarised mho characteristic, as shown
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in Figure 2.12; the characteristic is generated by measuring the angle between a 

composite operating signal V-IZ and the polarising signal V as shown Figure 2.15.

Figure 2 .15  Generation of a Se lf—polar ised Mho type 
Direct ional Impedance Character is t ic .

For operation, the criterion is :

This is the region inside the circle.

Instead of measuring the actual angle, the same result can be obtained by shifting the 

V signal through - 90° to provide the polarising signal and then examine the relative 

phase of the V-IZ signal (whether leading or lagging), as shown in Figure 2.16. 

External faults for no operation result in the composite operating signal V-IZ leading 

the polarising signal V ^  whilst internal faults for operation result in V-IZ lagging

Protected
Line
Impedance

270° >  a  >  90°
2.20



jx

V—IZ leading fo r 
'" ' '^ e x te r n a l  fau ltsHZ

/  \  ^ V - IZ  leading
 ̂ \

V -IZ  l ag g i ng  \ V p n | = V/Z 90°

Figure 2.16 Generation of a Mho type Directional 
Impedance Relay Characteristic by Examining the Phase 
Relationship between the Operating and Polarising Signals.

This method was introduced in the 1980 [1.12] to provide high speed of operation 

with immunity against electrical interferences.

The use of directional impedance elements has been very successful and has been 

implemented in the application o f various protection schemes such as directional 

comparison schemes over a suitable signalling channel. One of the limits, however, 

is the amount of fault resistance detectable by such elements. Therefore, directional 

earthfault schemes using zero phase sequence voltage and current signals to generate 

another form of directional relay are required. The directional relay used in this type 

o f scheme is based on either the ’product’ type or the phase-angle-measurement type 

that can operate down to very low fault current and can, therefore, detect much 

higher fault resistances.
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2.3.4 Phase-Compensator type Directional Relays

A derivative o f the directional impedance relay is the phase-com pensator type 

directional relay [1.8]. This is based on a phase comparison between two o f the three 

compensated phase voltages defined as:

VCA =  VA - (IA +  K0 I0) K Z L  2.21

VcB =  VB - (IB +  K0 I0) K ZL  2.22

VcC =  Vc - (Ic +  K0 I0) K Z L  2.23

w here Kq is the zero phase sequence compensating factor, K (a constant greater than

unity) and ZL (the positive phase sequence impedance o f the protected line).

Three comparators are set up to compare:

VCA ~  VcB 

VCB -  vcC 

vcC -  VCA

If  VcA leads VcB, VcB leads VcC or VcC leads VcA by an angle © then an output to 

indicate forward direction will be produced when:

180° <  0  <  360°  2.24

or 210° <  0  <  390°  2.25
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This operating range is illustrated in Figure 2.17 for the comparison between VcA and 

VcB assuming VcB rotates about a fixed VcA.

fcA

^ R e s t r a in t  Zone

Operating Z o n e ^

Figure 2 .17  Operat ing Charac te r is t ic  of a Phase 
c o m p e n s a to r  type Direct ional Relay.

Figure 2.18 shows the phase relationship between the compensated voltages for a B-C 

phase-phase fault to illustrate the principle of operation.
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- C  Fault

Relay

0BC

Figure 2.18 Compensated Voltages derived for a B -C  
Phase —phase Fault and the Comparison Angle.

This phase-compensator type directional relay has been shown [1.8] to operate 

satisfactorily with good directionality, under power swing and two-phase operation 

conditions.

2 .3 .5  D irectional Relays based on Travelling W ave Phenom enon

The operating speed of directional impedance relays is limited to about one cycle 

operating time though half cycle operating time is possible with some present day 

commercially available directional impedance relays [1.12, 1.24]. To improve the 

speed further, directional detection has to be based on other principles o f operation. 

This involves the use o f travelling-wave related phenomenon direction detection 

principle.
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The use of travelling wave polarities at the relay location to determine the direction 

of a fault point in relation to the relay location forms the basis of a directional wave 

detector.

From superposition theory, a faulted power supply system consists o f an unfaulted 

part or the normal system and a superimposed component as shown in Figure 2.19.

Faulted System Fault

Unfaulted Component P re—fa u lt

t = 0 Source
Impedance

P re—fa u lt
Superimposed Component

Figure 2.19 Superimposed Component in a Faulted 
System.

The superimposed component is produced by a fictitious voltage source applied to the 

fault point at the instant o f fault inception with the two sources represented by the 

equivalent source impedances. The fictitious source has voltages on the faulted 

phases equal in magnitude and opposite in sign to the pre-fault voltages at the fault 

point.

The application o f the fictitious source at the fault point causes voltage and current
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travelling waves to move from the fault point towards the two line-end terminals as 

shown in Figure 2.20. Positive current is defined at the relay location as a current 

flowing from the busbar to the line.

FaultTime Time

Figure 2.20 Generation and Propagation of 
Travelling Waves.

If the pre-fault voltage is positive, the fictitious source causes negative voltage waves 

to propagate towards the two line-end terminals but the current waves are positive 

since the source causes currents to flow from the two line ends to the faulted point. 

If the pre-fault voltage is negative, the current and voltage waves change in polarity. 

These are shown in Figure 2.21.
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Reverse Forward

FaultFaulted System
Location

Source
Impedance

P r e - fa u l t
Superimposed V 
Component

Figure 2.21 Polarity of the Travell ing Waves generated 
under a Forward Fault Condition.

For a forward fault the voltage and current waves therefore have opposite polarity at 

the relay location.

In the case of a reverse fault, the fictitious source at the fault point causes the voltage 

and current waves to have the same polarity at the relay location as shown in Figure 

2 .22 .
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Reverse . Forward

Relay Location
Fault

Faulted System

t = 0 3

' M / p r e - f a u l t
Source
ImpedanceSuperimposed

Component

Figure 2.22 Polarity of the Travelling Waves generated 
under a Reverse Fault Condit ion.

From the principles outlined above, it can thus be concluded that in the case o f a 

forward fault both line ends will experience voltage and current travelling waves of 

different polarities whilst for a reverse fault the two waves have the same polarity. 

These can be [3.7] determined by a travelling wave polarity detector as shown in 

Figure 2.23.
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Voltage
Wave

Forward
D irection

Reverse
DirectionCurrent

Wave

Figure 2.23 A Travelling Wave Polarity Detector.

For a forward fault, assuming the input voltage wave is positive whilst the current 

wave is negative, Figure 2.24 shows the output from the polarity detector indicating 

the occurrence of a forward fault.

Voltage
Wave

F o rw a rd
Direction

Reverse
DirectionC u r re n t

Wave

Figure 2.24 Output from the Travelling Wave Polarity 
Detector for Forward Faults.
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For a reverse fault, assuming both the voltage and current waves are positive in 

polarity, the output from the polarity detector indicates a reverse fault direction as 

shown in Figure 2.25.

Voltage
Wave

Forward
Direction

Reverse
DirectionCurrent

Wave

Figure 2 .25  Output f rom  the Travell ing Wave Polari ty  
Detec tor  fo r  Reverse Faults.

2.3 .6  D irectional Relays based on Superim posed Com ponents

This type of directional relay [1.20, 2.14. 2.22] examines the changes in the voltage 

and the current signals at the relay location during the occurrence o f a fault on the 

system. The superimposed components of the voltage and the current signals are 

employed in this directional detection process.

From  the superimposed component of the system shown in Figure 2.19, the 

superimposed voltage Av and current Ai signals (illustrated in Figure 2.26 for positive
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pre-fault voltage under forward fault condition) have the following relationship:

Av
Z s

Av

f t
1-9zs

.2.26

where Zs is the source impedance with an angle 0 ^ .

Reverse.Forward

4 Relay 
Location 7

Fault 

Faulted System

4 '  Z L

Source
Impedance

T
z< A V

t= 0 zs
1

Source
Impedance

P re —fa u lt

Superimposed - 
Component

Figure 2.26 Superimposed Voltage and Current 
Components in a Faulted System for  Forward Faults.

For a reverse fault, shown in Figure 2.27 the relationship between the two 

superimposed components is:

A z = +
Av

=  +

4  + 4
Av

P s  +
1-9ZS  +  ZL .2.27
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where ZL is the protected line impedance and Ozs+zl 1S the angle associated with the 

apparent source impedance for a reverse fault.

Reverse , Forward

4 Relay 
LocationFault

Faulted System

Source
Impedance

Source
mpedance A V

P re—fa u lt

Superimposed
Component

Figure 2.27 Superimposed Voltage and Current 
Components in a Faulted System for Reverse Faults.

The difference in polarity between the forward and reverse fault relationship shown 

in equations 2.26 and 2.27 thus provides a basis for directional detection. The 

process involves a comparison of the two signals, superimposed current Ai and the 

superimposed voltage Av delayed by an angle equal to the angle o f the apparent 

source impedance. Forward fault conditions are indicated by opposite polarity o f the 

two signals, whilst like polarity indicates a reverse fault condition.
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CHAPTER THREE

SURVEY OF EXISTING DIRECTIONAL RELAYS FOR USE WITH 

OVERCURRENT AND EARTHFAULT PROTECTION SCHEMES

3.1 Introduction

Existing directional relays for use with overcurrent and earthfault protection schemes 

consist of single-phase and polyphase types each of which can be of electromechanical 

or solid-state design. The solid-state design can be further classified into analogue 

or digital versions depending on whether analogue circuits or microprocessors with 

numerical techniques are used to implement the directional detection process.

Most of the directional elements used are based on the "product" type principle of 

operation using a polarising voltage and an operating current signals. Phase sequence 

components of voltages and currents are used in some designs (mainly the zero and 

negative phase sequence components) to determine fault direction based on either the 

"product" type or the phase-angle-measurement type of principle of operation.

3.2 Single-phase Directional Relays

Single-phase type of directional relays are generally designed for voltage polarisation. 

Relays with different maximum torque angles or relay characteristic angles are used 

to control the overcurrent and earthfault protection relays for different system
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configurations and system earthing arrangements. Different applications require 

different operating characteristics and the correct types have to be chosen for a 

particular application. Examples [3.8] of these are different leading maximum torque 

angles for directional overcurrent protection of plain- or transformer-feeders and 

various lagging maximum torque angles for directional earthfault protection applied 

to systems with different earthing arrangements.

For earthfault protection application the polarising signal input of some relays has two 

circuits to accept two polarising signals. These relays are dual-polarised with both 

voltage and current signals, each having different maximum torque or relay 

characteristic angles with reference to the operating current signal. The purpose of 

using these two polarising signals is to provide reference for the directional detection 

process, in case one signal is below the equipment threshold of operation.

For relays employing phase sequence components of voltages and currents the same 

principle of operation applies. The directional detection decision is based on the 

angular displacement between the voltage and current of the chosen phase sequence 

being within set limits. The most common type is the directional relay for earth 

faults using zero phase sequence components of voltage and current to determine the 

direction of faults. The zero phase sequence components are extracted by the 

connections of the instrument transformers before feeding to the directional relay.

There are basically five types [3.8, 3.9] of single-phase directional relays for 

overcurrent protection based on different connections. Each type of connection may
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have a selection of maximum torque angles or relay characteristic angles to suit 

different applications. It has been recognized [1.4, 3.8, 3.9] that the 90° connection 

is the best of the five in performance and has been adopted by most manufacturers 

[2.5, 2.6, 2.7, 2.13].

Single-phase directional relays for earthfault protection have only one design using 

the zero phase sequence voltage and current to determine the fault direction.

3.2.1 Electromechanical Design Type

The electromechanical design of a single-phase directional relay operates on the 

voltage-ampere "product" principle in which a contact-closing torque is produced 

acting on a moving element by the interaction of the voltage and current signals 

electromagnetically.

The moving element driven by the torque produced takes the form of an induction 

"cup" [2.7, 2.12, 2.13, 2.17]. The "cup" unit has a very low inertia and provides 

high speed of operation. Figure 3.1 shows the construction of a single-phase 

induction "cup" directional relay.
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Output 
Contact 

Polarising Voltage

Figure 3.1 Construct ion of a Single —phase Induction 
Cup Directional Relay.

o ►-
Operatinq
Current

This type of directional relay uses the 90° or quadrature connection. Positive contact- 

closing torque is produced when the angular displacement between the two signals is 

within a defined range corresponding to a forward fault profile. A minimum level 

of polarising voltage and operating current signals is required to ensure positive 

operation. Details of the analysis of the principle o f operation is shown in Appendix 

11.3.

Instead of using an induction "cup" element based on phase comparison, polarity 

detectors such as polarised relays with rectifier bridges are also used [3.7, 3.11] 

based on an amplitude comparison of the two signals. This is shown in Figure 3.2.
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Operating
Current

P ola rise '
Relay

Figure 3.2 Construct ion of a Rect i f ie r—Bridge 
Polar i ty—Detector type Directional Relay.

The direction information is extracted from a comparison of the polarities of the 

selected polarising and operating signals. The output o f the comparison depends on 

the angular displacement between the two signals. Details of the analysis of the 

principle of operation is shown in Appendix 11.6.

3 .2 .2  Solid-state Design Type

Solid-state single-phase directional relays were introduced in the 1960’s to improve 

the sensitivity and the operating speed. Most o f the design o f solid-state directional 

relays have been based on the analogue techniques. The most recent equipment uses 

digital techniques based on microprocessor technology.

The first generation of solid-state directional relays [2.16] used rectifier-bridge phase
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comparator and transistor design. The direction information is extracted from a 

measurement of the phase angle between the polarising voltage and the operating 

current signals. The solid-state design uses the same connections and maximum 

torque angles (relay characteristic angles) adopted in the electromechanical design.

3 .2 .2 .1  A nalogue Design

The early generation of solid-state analogue design using discrete electronic 

components was merely an implementation of the electromechanical concept using 

mostly the phase-angle measurement technique to determine relay operation for 

forward faults or restraint for reverse faults. This gave some improvement in the 

sensitivity in terms of both threshold of operation and operating range. The basic 

circuit is shown in Figure 3.3.

Phase Comparator 
Network

Polarising 
Voltage

i
Phase

Network

U JJU

A m p lifie r
&

In te g ra to r

Level
D e te c to r

&
O utpu t
C ircu it

Operating Current

Figure 3.3 Basic Circuit of a Single —phase So l id -s ta te  
Analogue Directional Relay.

62



A later design using integrated circuits improves the performance further [2.6]. The 

application flexibility is also enhanced in that the same relay unit is provided with 

multiple relay characteristic angle selection to enable the same unit for application as 

directional overcurrent or earthfault protection for different primary system 

configurations with different earthing arrangements o f the system neutrals. This 

facility for multiple angle selection is implemented as shown in Figure 3.4.

O pera ting
C u rren t

In te g ra to r
S quare rPhase

s h ift O u tpu t
C ircu its

Level L 
D e te c to r

P o la ris ing
V oltage

M u lti-a n g le  S quare r 
Selection

state Directional Relay using Integrated Circuits and 
providing Multi —characteristic —angle Selection.

3.2 .2 .2  D igital Design

Digital techniques have not introduced any fundamental changes in the principle of 

operation of directional relays. Single-phase digital directional relays for overcurrent 

and earthfault protection [2.18, 2.21] still use the phase-angle measurement between 

a polarising and an operating signals to determine the fault direction. There is no
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change in the signal selection and the operating angular range. However, there is 

further improvement in the operating range with further increase in sensitivity. The 

resolution in relay characteristic angle selection and also the range are much better 

and wider. It is also possible to programme the forward or reverse direction of the 

directional element without changing the external connections from the voltage and 

current transducers.

3.3 Polyphase Directional Relays

Though it is less common, polyphase directional relays are also available which have 

some advantages compared with the single-phase design. One obvious advantage is 

the cost of equipment with one three-phase unit compared with three single-phase 

units. There are some situations where polyphase directional relays are more 

suitable. These are discussed in Chapter 4.

There are four types of polyphase directional relays:

Electromechanical type with a single moving element.

Electromechanical type with three single-phase elements operating on one 

common shaft and operating a single set of output contacts.

Solid-state type with three single-phase elements electronically separate but 

housed in one single relay case.
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Electromechanical or solid-state type based on phase sequence voltages and 

currents.

3.3.1 E lectrom echanical Design Type

Polyphase directional relays based on the electromechanical design techniques are 

either of the induction cylinder or "cup" unit [1.1, 2 .7 , 2.13] or the induction loop 

type [1.27, 2.12]. The induction cup type is a true polyphase design in that the 

various voltage and current signals are arranged to react with each other. The basic 

construction is shown in Figure 3.5.

Figure 3.5 Construction of a Polyphase 
Electromechanical Induction Cup Directional Relay.
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The induction loop type is not a true polyphase design in that three separate single

phase elements are used to act on a common shaft to provide the driving torque to 

cause the output contact to close for forward fault operation. This is illustrated in 

Figure 3.6 [2.12].

C urrent
Coil

Lag Loop

Voltage
Coil

-  A lum inum Loop

Op Output 
^  Contact

Individual 
S ing le -phase  Unit

Figure 3.6 Construction of a Polyphase Electromechanica 
Induction Loop Directional Relay.

There is also a third type of electromechanical polyphase directional relay using phase 

sequence voltages and currents implemented on the "product’ principle o f operation. 

In this case, contact-closing torque is produced by the interaction of the fluxes 

generated by the phase sequence voltages and currents [2.13]. This is shown in 

Figure 3.7. for a design using the negative phase sequence components o f voltage and 

current.
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Figure 3.7 C o n s t ru c t io n  of  a Po lyphase  
E le c t ro m e c h a n ic a l  Induc t ion  Cup D irec t iona l  Relay 
using Negative Phase Sequence Vo l tage &  C urren t .

Alternatively, the direction is determined by the angular displacement between the 

two phase sequence signals using rectifier bridges and polarised relays [3.7, 3.11]. 

This is illustrated in Figure 3.8 for a polyphase directional relay based on the 

negative phase sequence components of voltage and current.
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Figure 3.8 Rectifier Bridge type Polyphase Directional 
Relay using Negative Phase Sequence Voltage & Current.

3.3 .2  Solid-state Design Type

There are two types of solid-state polyphase directional relays using either analogue 

or digital design. The first type consists of three single-phase directional units, each 

with separate outputs but housed in a single case with a common or individual power 

supplies [2.6, 2.24]. There is no solid-state equivalent of the electromechanical 

polyphase directional relay based on the "product" principle of operation.

The second type of solid-state polyphase directional relay uses phase sequence 

components extracted from the three phase system to derive the directional 

information of faults. The phase sequence components are either of the positive [2.1] 

or negative phase sequence [2.25].
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3.3.2.1 Analogue Design

The relay consists of three single-phase directional units each with a separate output 

but housed in a single relay case with a common or individual power supplies for the 

electronic circuitry [2.6, 2.24]. The principle of operation is identical to the single

phase design. The basic circuit is shown in Figure 3.9.

P o w e r
S u p p ly
U nit

S quarer

w  Polarising 
CA Votto y Power

S upp ly
U nit

P o w er
S upp ly
U nit

Figure 3.9 Basic Circuit of a Polyphase Solid-state 
Directional Relay with three Single —phase Units in a 
Common Relay Case.

3 .3 .2 .2 . D igital Design

The digital design o f a polyphase directional relay for distribution system protection 

is again based on the single-phase concept. However, in this case the ability to 

multiplex signals and the power o f single microprocessor have enabled a single unit 

to carry out a polyphase directional detection process. Fundamentally, the principle
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of operation is still based on an examination o f a single polarising voltage and an 

operating current identical to the known single-phase design.

The three-element or some times four-element (three for phase and one for earth 

faults) digital polyphase directional relay uses only one microprocessor [2.18]. The 

signals associated with individual phase element are examined sequentially.

The other digital design of a polyphase directional relay uses phase sequence 

components [2.1] to derive the direction information. The operating characteristic of 

a relay using positive phase sequence components of voltage and current is shown in 

Figure 3.10.

Forward Fault 
Operating Zone

Relay
Characteris t ic  
Angle Position

OC =  O p e ra tin g  z o n e  a d ju s tm e n t .

0 = Phase angle between the positive phase sequence voltage & 
curren t fo r  forward faults.

0 = Relay character is t ic  angle ad justment.

Figure 3.10 Operating Characteristic of a Polyphase 
Directional Relay using Positive Phase Sequence 
Voltage and Current.

The relay characteristic angle and the operating boundaries are adjustable to meet 

different applications.
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CHAPTER FOUR

REVIEW OF PERFORMANCE OF EXISTING DIRECTIONAL RELAYS

4.1 Introduction

Existing directional relays used to directionalise current-operated relays for either 

overcurrent or earthfault protection of power systems have some limitations either in 

the equipment design or the principle of operation. For distribution systems the 

"product" type or phase-angle-measurement type are generally used whilst for 

transmission systems directional relays based on directional impedance measurement, 

travelling waves or superimposed components are mainly used. To cover high- 

resistance earth faults in transmission system protection schemes, additional phase- 

angle-measurement type directional relays, based on detection of either zero or 

negative phase sequence components of voltage and current and using solid-state 

designs, are employed to supplement the main scheme.

This Chapter highlights the deficiency in performance and problems in the 

applications of existing directional relays are outlined to serve as the basis for 

improvement by the proposed new method of directional detection. Since the prime 

objective of this project is to investigate directional detection methods for distribution 

systems, using current-operated relays, this Chapter concentrates on directional relays 

used for this area of power system protection.
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The deficiency is investigated first on the basis o f the hardware implementation, 

followed by an examination of the various principles of operation.

4.2 Electromechanical Design Type

Electromechanical designs of directional relays require a finite amount of energy to 

operate. This results in the boundary of operation being displaced from the origin as 

shown in Figure 4.1 to represent the minimum operating current required at the rated 

polarising signal level.

M a x im u m
Torq ue
Angle
P o s i t io n

OP

M in im u m
O p e ra t in g
C u r re n t

REF

A c tu a l  ->1

Z e ro
-T o rq u e

Line
In c re ase  in
O p e ra t in g
C u r re n t

N o m in a l

T h e o re t ic a l

Figure 4.1 Displacement of the Operating Characteristic 
due to required Finite Amount Of Input Signal Magnitudes

At other levels of polarising signal, the corresponding operating current also 

increases. The variation o f the operating current, with different levels o f polarising 

voltage, is shown in Figure 4.2.

72



cn

Inc reas ing  an gu la r 
d isp la ce m e n t away fro m  
the  m ax im u m  to rqu e  
angle pos ition .

O p e ra t in g  C u r re n t

Figure 4.2 Relationship between Operating Current and 
Polarising Voltage of an Electromechanical Directional 
Relay.

Generally, electromechanical designs are less sensitive requiring higher minimum 

levels o f polarising voltage and operating current to ensure positive identification of 

fault direction.

Figure 4.2 also shows the "product" relationship between the operating current and 

the polarising voltage. It should be noted that as the operating current increases 

saturation of the magnetic circuit will occur. The flux generated by this increasing 

operating current signal will reach the maximum possible value. This gives rise to 

the minimum polarising voltage value. At a given value o f polarising voltage there 

is a corresponding range of operating current for claimed performance. It can be 

seen that as the angular displacement between the two signals moves away from the 

maximum torque angle position, the signal levels required for operation increase. 

Typically [2.7], at the maximum torque angle position and at 1% nominal polarising 

voltage, the operating current range is 1 to 15 times the rated current. At 3%
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polarising voltage the operating current range is 0.4 to 40 times the rated current.

The need for a minimum polarising voltage level creates a possible dead zone in the 

forward direction or an indeterminate zone in the reverse direction for close-up three- 

phase faults.

In a ’product’ type of design, the input energy/operating time characteristic usually 

follows an inverse time curve, i.e. the higher the input energising signals, the faster 

the operation. The speed is, therefore, compromised by sensitivity for a given 

amount of available primary energy. This is also affected by the input signals being 

off angle i.e. the angle of displacement does not coincide with the designed maximum 

torque angle of the relay. The larger the displacement from the maximum torque 

angle position, the longer the operating time for a given magnitude of input signals. 

Figure 4.3 illustrates the results obtained from an existing directional relay [2.6].

O pera t in g
T ime

At Reduced Input Level

At Rated Input Level

- 90 ' — 50 '

Degrees away f r o m  th e  M a x im u m  Torque  Angle  P os it ion

Figure 4.3 Operating Time Characteristic of a 
’’ Product” type Directional Relay.
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The sensitivity of a ’product’ type of design is also affected by the amount of angular 

displacement of the input signals from the designed maximum torque angle position. 

Maximum sensitivity is achieved when the displacement is coincidental with the 

maximum torque angle position. An electromechanical design of directional relay, 

which has a typical maximum directional sensitivity of 1% of nominal polarising 

signal with rated operating signal, requires 3% of nominal polarising signal when the 

operating signal is reduced to 40% of rated value. All these figures are quoted at 

maximum torque angle [2.7]. When the phase displacement between the polarising 

and operating signals is away from the maximum torque angle position, the sensitivity 

is reduced, requiring a higher level of operating signal for a given polarising signal 

level and this operating signal level increases with reduction in the polarising signal 

level.

The directional range, i.e. the angular displacement of the operating signal from the 

maximum torque angle position, within which is considered the operating zone or 

forward direction, is influenced by the magnitude of the input quantities. This is 

illustrated in Figures 4.4 [2.7].
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Figure 4.4 Operating Characteristic of a "Product” Type 
Directional Relay at Different Input Siqnal Levels.

In the electromechanical design of directional relays, there are a number o f torque 

components [3.3] being produced, as shown in Appendix 11.2, by the interaction of 

the applied voltage and current signals on the moving element (or elements) and the 

basic mechanical design:

(i) Torque due to voltage signal alone or (voltage)2 - voltage component

(ii) Torque due to current signal alone or (current)2 - current component

(iii) Torque due to "product" of voltage and current signals - "product" component

(iv) Torque due to the mechanical control spring

It is impossible to design, electrically, the directional relays to operate wholly on the 

torque due to the "product" o f the input voltage and current signals. The imperfect 

symmetry of the moving element and the magnetic core [2.3] creates torque 

components due to either the polarising or the operating signal alone. The effect of
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these other torque components due to voltage and current signal individually can only 

be minimised, but cannot be eliminated completely.

These other components of torque are only balanced out by mechanical adjustment, 

which is personal-skill dependent and is susceptible to mechanical disturbances in the 

handling process [2.17]. This provides a potential for maloperation, on loss of 

polarising voltage, due to voltage transformer supply failure or close-up reverse three- 

phase faults, with a voltage level falling below the minimum value.

An alternative design to the induction "cup" is the use of induction loops [1.27]. This 

provides a similar performance level to the cup unit. In this design the directional 

relay is not a true polyphase element. Three single-phase elements are coupled 

together mechanically via a common shaft driven by three induction loops.

4.3 Solid-State Design Type

The solid-state design of directional relays improves several aspects of performance 

compared to the equivalent electromechanical design. Solid-state relays are less 

susceptible to mechanical disturbance. They are more sensitive, requiring only very 

low signal levels to make a directional decision, with the directional range less 

affected by the variation in the signal levels. The sensitivity is also less affected by 

the off-angle characteristic of the input polarising and operating signals, when their 

angular displacement is away from the relay characteristic angle position. The 

operating speed is also more uniform over the operating angular range and the signal 

level variation.
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The first generation of solid-state directional relays using a discrete transistor design 

only had marginal increase in sensitivity (e.g. operating down to 3% of rated 

operating signal) but considerable increase in the directional range [2.16]. The use of 

integrated circuits in the design o f the current range o f solid-state directional relays 

improves the overall performance further, in terms of sensitivity and directional 

range.

Figure 4.5 shows the operating characteristic of a solid-state analogue design of 

directional relay [2.6] as the equivalent to an electromechanical design, whose 

operating characteristic is shown in Figure 4.4, illustrating the improvements 

achieved.

Figure 4.5 Operating Characteristic of an Equivalent 
Solid-state Design to the Electromechanical Directional 
Relay shown in Figure 4.4.

The latest design of solid-state digital directional relays, using numerical techniques, 

reduces the required signal levels for correct directional detection even further, down 

to 0.5%  of rated polarising signal. The directional range is also improved, to
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approach the theoretical limits o f ±90° on either side o f the relay characteristic angle 

[2.18].

Figure 4.6 shows the operating characteristic of the latest digital directional relay 

[2.18]. The ±90° on either side o f the adjustable relay characteristic angle is 

maintained down to the minimum polarising signal level of 0.5% of rated value. This 

directional relay is applicable to different systems and to both overcurrent and

earthfault protection schemes, by the adjustment on the relay characteristic angle.
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Operation.

For three-phase faults, where there is a total collapse o f the relay input voltage, 

digital directional relays are designed with memory feature [2.1] to provide an infinite 

directional sensitivity.
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4.4 Single-phase Directional Relays

There are five types of directional element connections, as illustrated in Chapter 3, 

that have been used for many years. These connections are derived by the selection 

of input voltages and currents to give the desired maximum torque angle position and 

the operating angular range to match, as near as possible, the fault profiles. A study 

of these connections [1.4, 3.8, 3.9] reveals that none of these is perfect. All 

directional relays, using one of these connections, operate incorrectly under some 

fault conditions which are different for each connection. However, the probability 

of such fault conditions producing incorrect operation of directional relays is low.

The voltage-polarised standard 90° connection is best suited to directionalise 

overcurrent protection relays [3.8, 3.9] and it has been the standard design, used by 

most protection relay manufacturers, for this application. To directionalise current- 

operated earth fault relays, voltage or voltage/current polarised directional relays are 

used. These directional relays use zero phase sequence voltage and current as the

input signals.

The 90° connection type of directional relay is affected by the following operating 

conditions:

(i) Sound-phase currents due to single-phase-to-earth faults on multiple-earthed

systems.

(ii) Partial loss of voltage transformer supply.

(iii) Faults on star-delta power transformers.
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(iv) Non-symmetrical zero phase sequence impedances of parallel feeders.

The single-phase directional relays used for earthfault protection schemes are 

influenced by the following conditions:

(i) Availability of a zero phase sequence polarising signal.

(ii) Effect of zero phase sequence mutual coupling between parallel circuits.

4.4.1 Maloperation on Sound-phase Currents on Multiple-earthed Systems

For multiple-earthed systems, a single-phase-to-earth fault will result in the flow of 

zero phase sequence current in the sound phases. It is possible for a single phase 

directional relay, with the 90° connection and connected to the sound phases, to 

maloperate. This is illustrated in Figure 4.7. Consider the directional relay "67" at 

location C "looking" into the protected section CD and assume an A-phase-to-earth 

fault at point F on the adjacent section AB, close to the end B.
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i

Figure 4.7 The Effect of Sound —phase Current on a 
Single —phase Directional Relay for Earth Faults 
on Multiple —earthed Systems.

The earthfault current flows through the faulted point and returns via the two earthing 

paths (the power transformer star winding earthing point and the source earthing 

point). The two sound-phase currents are I ’B and I ’c flowing through the directional 

relay "67" under consideration.

For this system, assuming only a large source available as shown, the voltages 

appearing at the terminals o f the directional relay at location C, are:

VA =  0

VB =  e b

VC =  EC

Assuming all the line impedances are pure reactance, the phasor diagram of the relay 

input voltage and current signals is shown in Figure 4.8.
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Figure 4.8 Phasor Diagram of the Input Voltage and 
Current Signals to the Single —phase Directional Relays

From the phasor diagram it can be seen that current I ’B is lagging VCA (these are the 

input signals to the B-phase relay) by 210° and current I ’c lagging VAB (these are the 

input signals to the C-phase relay) by 150°

If the directional relays used have a maximum torque angle of +45°, the two relays 

connected to the sound phases at location B will not operate but at location C, 

because of the reverse connection of the current transformers, the currents presented 

to the two directional relays connected to the sound phases are 180° out of phase. 

These fall into the operating zone of the sound-phase-connected relays at location C, 

causing the two sound-phase-connected relays to maloperate. These are shown in 

Figures 4.9 and 4.10 for the phase B and C respectively.
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M a x im u m  T o rq u e ,
A n g le  P o s i t io n  p

Figure 4.9 Phasor Diagram of the B -phase  Relay Input 
Voltage and Current and its Operating Characteristic 
showing the Maloperation of this Relay.

RELAY

, +45/
RELAY

M a x im u m  T o rq u e  
Ang le  P o s i t io n OPERATION

ZONE

Figure 4.10 Phasor Diagram of the C —phase Relay Input 
Voltage and Current and its Operating Characteristic 
showing the Maloperation of this Relay.

4.4.2. Maloperation on Loss of Voltage Transformer Supply

Normally the loss of the polarising voltage signal to a directional relay does not cause



maloperation of the relays. However, a partial loss o f the voltage transformer supply 

to directional relays may cause maloperation due to changes in the composition of the 

polarising voltage and the presence o f load current.

Figure 4.11 shows a system with line section AB and load current flowing from A 

to B.

LOAD

67

Figure 4.11 System Conditions for possible Maloperation 
of S ingle-phase Directional Relays on Partial Failure 
of the Voltage Transformer Supply.

Consider the directional relays "67" at end B; when there is an open circuit to the C 

phase o f the voltage transformer supply the A-phase directional relay may maloperate. 

This can be illustrated by examining the phasor diagrams as shown in Figures 4.12 

and 4.13.

Assume a load power factor of 0.95, corresponding to a load impedance angle o f 18°. 

Relay "67" remains stable under this load transfer condition, where the load current 

is in opposition to the forward direction of the relay.
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Let the voltage transformer secondary loads across C-A phases (ZCA) and across B-C 

phases (ZBC) have equal impedance angles.

On failure o f the C-phase supply e .g ., blowing of the C-phase fuse, the voltage across 

ZBC is part of VBA. The various voltage and current phasors are shown in Figure 

4.12.

CA AB

BC
RELAY

Figure 4.12 Phasor Diagram of the System Voltages 
and Load Current related to the Voltage T rans fo rm er  
Supply Secondary Load.

Therefore for the A-phase directional relay:

Relay current =  -IA the load current is in opposition to the relay

forward direction.

Relay voltage =  VBC

=  VBA on failure of C-phase supply 

The relay input voltage and current phasors are shown in Figure 4.13, together with 

the operating boundaries of the relay with a +30° maximum torque angle.
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Figure 4.13 Phasor Diagram of the A—phase Relay Input 
Voltage and Current and the Relay Operating Boundaries.

This shows that the A-phase directional relay could maloperate, as the angular 

displacement between the polarising voltage and the operating current is within the 

operating zone of the relay.

If the relay maximum torque angle is +45° or the system load power factor is lower 

than 0.866 (i.e. a load impedance angle of 30°), no maloperation would occur as the 

angular displacement between the two relay input signals is outside the operating zone 

of the relay.

A 60°-connected directional relay does not exhibit this problem but it has more other 

shortcomings [1.4, 3.8] compared with the 90° connection.
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4.4.3 Maloperation on Star-delta Power Transformer Faults

Phase-to-phase faults on one side of a star-delta power transformer produce the 2-1-1 

current distribution on the three phases of the other side o f the transformer. This is 

shown in Figure 4.14 for a star-delta (Y d ll)  transformer with an A-B fault on the 

delta side.

jT T T l

nmn r n n .

Yd 1 1

Figure 4 .1 4  Current  D is tr ibu t ion in a S ta r /D e l ta  
T ra n s fo rm e r  fo r  a Phase —phase Fault  on One Side.

In this case the current distribution on the star side is two units on the B phase and 

one unit each on the A and C phases.

The phasor diagrams indicating the phase relationship between the various phase 

sequence components of currents are shown in Figure 4.15 for both the delta- and 

star-side currents. The transformation ratio o f the power transformer is assumed to 

be unity.
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D e lta  —s id e  C u r r e n ts  S t a r —s id e  C u r r e n ts

Figure 4.15 Phasor Diagram of the Phase 
Sequence Currents on the Two Sides of a 
Yd 1 1 Power Transformer for a Phase —phase 
Fault on the Delta Side.

Consider the directional relays "67" at the two locations o f a supply system shown 

in Figure 4.16; these are arranged to "look" into the two protected feeders AB and 

BC as indicated.

A -

Figure 4.16 The Effect of S ta r /de l ta  Transformer Faults 
on the Performance of Single —phase Directional Relays.
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Consider an A-B phase fault on the delta side of the transformer; assuming the source 

impedance at the supply busbar B is much smaller than the transformer impedance, 

the voltages at the star side of the transformer would remain substantially symmetrical 

for the A-B fault condition on the delta side. The two directional relays are therefore 

supplied with balanced voltages. The phasor diagrams for the various voltages and 

currents, on both sides o f the transformer, are shown in Figure 4.17.

Figure 4.17 Phasor Diagram of the Voltages and 
Currents on both sides of the T rans fo rm er  fo r  the 
A—B Phase Fault shown in Figure 4.16.

If the fault impedance angle 4> between the driving voltage VAB and the fault current 

IA on the delta side is zero, the star-side current phasors are as shown with the B- 

phase current phasor IB in phase with the voltage VB.

Consider the A-phase directional relays at substation B protecting the two feeders AB 

and BC; the input signals are:

D e l ta -s id e  Vol tages 
and Currents

S ta r—side Voltages 
and Currents  fo r  0 = 0

B
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Relay current =  -IA the fault current is in opposition to the 

relay forward direction.

Relay voltage =  VBC

The operating zone o f the relay is shown in Figure 4.18 for a relay with +30° 

maximum torque angle.

Restra in t Zone

Operating Zone
RELAY

+ 30*

V RELAY= V BC

M axim um  Torque 
Angle Position

Figure 4.18 Operating Characteristic of the A—phase 
Directional Relay for an A—B Phase Fault on the 
Delta Side of the Transformer shown in Figure 4.16.

This shows that the relay operating current is within the operating characteristic of 

the relay causing it to maloperate. In this case the fault impedance angle 4> for the 

fault on the delta side is assumed to be 0°. If  the range o f 4> is considered as 0° to 

90°, the range of angle between the relay current -IA and the relay voltage VBC is 30° 

to 120°. The maloperation region is when the angle is within the range 30° to 60° as 

illustrated in Figure 4.18. This corresponds to a range of 0° to 30° for the fault 

impedance angle <t> on the delta side of the transformer. This is more likely to occur 

on cables or for arcing faults where the arc resistance predominates the fault



impedance.

Similar conclusions can be drawn for the behaviour of the single-phase directional 

relays on the other two phases.

4.4.4 Maloperation on Radial Parallel Feeders with Non-symmetrical Zero- 

phase-sequence Impedances

One of the common applications o f directional relays is on radial parallel feeders in 

order to avoid tripping out the healthy feeder with a fault on the other feeder. The 

directional relays are arranged to look into the feeders. These are shown in Figure 

4.19.

LINE I
67

LINE II

Figure 4.19 Single —phase Direct ional Relays applied 
to Radial Parallel  Feeders.
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For a single-phase-to-earth fault at point F as shown it is possible that the single

phase 90°-connected directional relays on the healthy phases of one of the feeders will 

maloperate if the two feeders do not have symmetrical zero phase sequence 

impedances. The directional relays on the faulted phase of the two feeders behave 

correctly.

From fault analysis using symmetrical components, assume the positive and negative 

phase sequence impedances of the two feeders are identical but not the zero phase 

sequence impedances, the followings apply:

At fault point:

Ii = h = Io 

At the two relaying points:

*1(D II 3 for Line I

*1(11) — *2(11) for Line II

*1(D =  *1(11) =  *2(1) =  *2(ID =  *1R

where I1R is the current seen by the relay.

*0(1) ^  *0(11)

The sound-phase currents at the two relaying points are given by:

for Line I *B(D =  *0(1) ■*1R

*C(I) ~ *0(1) - *1R

for Line II *B(0) = *0(11) " *1R

*C(II) = *0(n) _ *1R
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Figure 4.20 shows the phasor diagrams of the voltage and current (in secondary terms 

and with the relay direction looking into the protected feeders) input signals to all the 

three single-phase 90°-connected directional relays with 4-45° maximum torque angle.

M A X IM U M
T O R Q U E
ANGLE
P O S IT IO N Operating 

Zone Restraint 
Zone

Operating 
Zone E A M A X IM U M  

A  T O R Q U E
estra int — 
Zone

A N G L E  
P O S IT IO N

Restraint
one

Operating 
Zone \jPOL Vc

A -phase  Relay
C—phase Relay

B—phase Relay /  m a x im u m  
K  J  '  T O R O U E

A N G L E  
P O S IT IO N

Figure 4.20 Phasor Diagrams of the Input Voltage and 
Current Signals to Single-phase 90°—connected Directional 
Relays on Parallel Feeders for Reverse Earth Faults.

It can be seen that the two sound-phase directional relays on one of the two feeders 

(Line I) could maloperate under this reverse single-phase-to-earth-fault condition.

4.4.5 Directional Relays for Earthfault Detection

This type of single phase directional relay, to determine the direction of earth faults, 

derives the directional information from a comparison o f the zero phase sequence 

voltage as the polarising source and the zero phase sequence current as the operating 

signal. In some applications, the dual-polarised directional relay is also used which 

requires a suitable zero phase sequence current source as the additional polarising 

signal to the relay.
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There are a number of problems in using zero phase sequence quantities to detect the 

direction of earth faults.

4.4.5.1 Availability of Zero Phase Sequence Polarising Signals

One main problem of applying single-phase directional relays for earth faults, using 

zero phase sequence components, is the availability o f suitable zero phase sequence 

polarising signals. Zero phase sequence voltage can only be reproduced by using 

three single phase voltage transformers or the three-phase type with five-limb 

construction. No zero phase sequence voltage is available at the secondary o f a line- 

to-line connected voltage transformer and zero phase sequence voltage polarising is 

impossible with delta or open-delta-connected voltage transformers. The secondary 

windings have to be connected in a broken delta formation. These are illustrated in 

Figure 4.21.

6 3V0 —► 6
Broken Delta Connection

Open Delta C o n n e c t io n

Figure 4.21 Zero Phase Sequence Voltage Source.

Zero phase sequence current polarising requires a suitable zero phase sequence 

current source. The basic requirement is that the current signal must not change in
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polarity when the fault direction changes between forward and reverse directions. The 

most common source is from the earthing path of a star-connected power transformer 

bank that also has a delta winding. Figure 4.22 shows the various suitable and also 

unsuitable sources of zero phase sequence current for polarising a directional relay 

using zero phase sequence quantities [1.33, 3.8, 3.9].

oo O  
<  00 
X
CL H-

ZERO PHASE 
SEQUENCE CURRENT

ZERO PHASE

SEQUENCE CURRENT 
POLARISING SOURCE

00 O  < 2 
t  UJ
3  Z> 00 o “  x T T  <1

Figure 4.22 Zero Phase Sequence Current Polarising 
Sources.

4.4.5.2 Mutual Coupling between Parallel Lines

For overhead lines supported on the same tower or on adjacent towers in the same 

right-of-way there is mutual inductive coupling between them that presents some 

problems to directional relays that employ zero phase sequence components o f voltage 

and current to determine fault direction. The positive and negative phase sequence 

coupling is usually very small and is neglected whilst the zero phase sequence 

coupling can be very strong and its effect degrades the performance of such type of
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directional relays.

There are two common types of configuration where this zero phase sequence mutual 

coupling effect needs to be investigated:

(i) Parallel lines with common positive and zero phase sequence sources.

(ii) Parallel lines with common positive phase sequence sources but isolated zero 

phase sequence sources.

These are shown in Figure 4.23

( i)  C o m m o n  Pos it ive  and  
Ze ro  Phase  S equence  
S ources .

OM

=  R e la y  L o c a t i o n

A , A
( i i )  C o m m o n  Pos it ive  Phase 

S equence  b u t Iso la ted  
Zero  Phase  S equence  
S ou rces .

OM

Figure 4.23 Mutual Coupling between Parallel Lines.
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The zero phase sequence networks of these two systems are shown in Figure 4.24.

■OM

•OM

UUUU
/rmn.

Figure 4.24 Zero Phase Sequence Networks of the 
Systems shown in Figure 4.23.

For system (i) zero phase sequence current always flows up the neutral independent 

of fault positions and system operation conditions. There is no problem with 

conventional single-phase directional relays using zero phase sequence quantities to 

determine fault direction.

A possible problem may exist when the circuit breaker at one line end is open and a 

fault occurs near this line end. This is illustrated in Figure 4.25 where the circuit 

breaker o f line I at B is open and an earth fault occurs as shown.
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Figure 4.25 The Effect of dif ferent Zero Phase 
Sequence Currents ’seen’ by Relays at di fferent 
Locations.

For product-type directional relays using zero phase sequence current as both 

polarising and operating signals it is possible that IOA (Ioa +  Iob) at re â y  location X 

is less than (I0 b) 2 a* relay location Y. The directional relay at Y will therefore 

operate faster. The coordination between the operation o f these two directional 

earthfault protection relays has to depend on the operating speed of the associated 

current-level detectors.

For system (ii) an earth fault near one line end at point F as shown in Figure 4.26 is 

"seen" by the single-phase directional relays based on zero phase sequence 

components of voltage and current at the two ends o f the healthy line to be an internal 

fault.
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Figure 4.26 Maloperation of Zero Phase Sequence 
Directional Relays due to Mutual Coupling between 
Parallel Lines on Systems with Isolated Zero Phase 
Sequence Sources.

The zero phase sequence component of the fault current Ion flowing in the faulted line 

induces a current IGi in the healthy line through the zone phase sequence mutual 

coupling ZOM. This induced current IOI is flowing up the neutral at one end and down 

the neutral at the other end. With the operating currents at the two line ends flowing 

into and away from the protected line respectively the two directional relays both 

detect the presence of an internal fault. The healthy line will be tripped incorrectly 

if the two directional relays are linked by a signalling channel to form a directional 

comparison scheme; or proper coordination between the operating times o f the current 

detectors associated with both the healthy and fault lines earth fault protection relays 

is not implemented.

4.5 Polyphase D irectional Relays

Instead of using single-phase directional relays it is advantageous in some
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applications, to use one polyphase directional relay to control the 3-phase overcurrent 

and earthfault current detectors. Apart from cost saving in using a polyphase unit 

compared with multiple single-phase units, there are applications where polyphase 

relays are more suitable and less problematic.

The application of polyphase relays is significant on systems with multiple earthing 

where it is possible for heavy current to flow in all three phases during a single- 

phase-to-earth fault, with the result that certain single-phase directional relays may 

trip incorrectly [1.1, 3.7, 3.8, 3.9]. The polyphase relay offers the best solution.

There are a number of deficiencies in the performance of existing polyphase 

directional relays depending on the design.

4.5.1 Effect of Load Current

The successful application of polyphase directional relays depends on the flow of 

sufficient fault current even in the presence of heavy load transfer. This is to ensure 

that the load current flow will not prevent the relay from responding correctly to the 

occurrence of a fault. This situation is illustrated in Figure 4.27.
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Figure 4.27 The Effect of Load Transfer on a 
Polyphase Directional Relay Performance in the 
Presence of a Single —phase—to —earth Fault.

Significant load flow is maintained across feeder AB with a single-phase-to-earth fault 

on the feeder. With the direction of load transfer shown, the directional relay at end 

B is subjected to the effect of load current flowing in opposition to the fault current. 

The fault current component must predominate to ensure correct directional detection 

by the relay at end B.

An existing polyphase directional relay [2.3] specifies that single-phase-to-earth fault 

current must be greater than three times the maximum load current to ensure correct 

detection of direction when an earth fault occurs in the presence of heavy load 

transfer. If  this condition cannot be met a separate directional relay for earth faults 

is required to supplement the polyphase unit.

This requirement of minimum fault current limits the application o f a polyphase 

directional relay to only the protection of effectively earthed systems, having the



necessary minimum fault levels under minimum generation conditions.

4.5.2 Phase Selection

All the true polyphase directional relays currently available do not have phase 

selection capability. This deficiency does not, however, affect the direction detection 

process and hence the operation of directional overcurrent and earthfault protection. 

It limits the application scope mainly from the operation point of view. Operators are 

not able to determine the faulted phase(s) to enable speedy fault repairs and 

restoration of power supply. Phase selection capability also enables the application 

of the polyphase directional relays to transmission system protection where single

phase tripping and auto-reclose facilities are required to maintain system stability.

4.5.3 Directional Detection based on Phase Sequence Quantities

There are two types of polyphase directional relay available based on the use of 

negative phase sequence quantities [2.13] or positive phase sequence quantities [2.1]. 

Both types have limitations in their applications because of deficiency in performance.

4.5.3.1 Using Negative Phase Sequence Quantities

One of the major shortcomings of polyphase directional relays, using negative phase 

sequence components of voltage and current, is the inability to detect balanced three- 

phase faults. There is no negative phase sequence component generated under such 

fault conditions to enable relay operation.
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In practice, the detection of balanced three-phase faults is based on the assumption 

that such faults always start as unbalanced faults for about one cycle [3.7]. During 

this brief transition time the negative phase sequence directional relays are able to 

operate. This requires high speed of operation for the directional relays. The 

rectifier-bridge type is designed for this application.

In Chapter 3 and illustrated in Figure 3.8, the basic design is not able to meet the 

high speed requirement because of the need to delay the phase sequence filter output 

to allow the filter to settle during the initial fault inception period. In addition, there 

is also a need to smooth the output from the rectifier bridge to prevent chattering of 

the output relay.

In order to reduce the response time, three phase negative phase sequence components 

of voltage and current are generated. Figure 4.28 shows the generation of three 

phase negative phase sequence output from the three phase input signals.
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Figure 4.28 Generation of Three-phase Negative Phase 
Sequence Output.

This improved design [3.7] does not require a delay in the filter output nor smoothing 

at the output of the rectifier bridges. Three-phase rectifier bridges are used in the 

improved design. The speed of operation is increased to about 0.5 - 0.75 cycles. 

Hence, the required transition time for balanced three-phase faults to develop from 

the initial unbalanced faults is about 0.5 cycle to allow the improved negative phase 

sequence directional relay to operate. This design has been in successful service in 

the People’s Republic o f China, applied to a directional comparison blocking scheme 

on high voltage transmission lines.

The second problem with directional relays based on the negative phase sequence 

voltage and current is the maloperation caused by unbalanced operation of the primary 

systems generating negative phase sequence components of voltage and current. This 

occurs when single-phase tripping and auto-reclose facilities are used or when there 

is broken conductor on the protected feeder. The former is associated with
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transmission systems.

The other type of negative phase sequence directional relay, using an induction "cup”, 

is not designed to cover all types o f fault. Instead, it is mainly used [2.13] as the 

directional control element for the current-operated unit on distribution system 

earthfault protection schemes. The directional unit operates from the negative phase 

sequence components whilst the separate current detector operates from the zero 

phase sequence component making it applicable to earthfault protection only.

The detection of earth fault direction using negative phase sequence components of 

voltage and current is applicable in many cases where zero phase sequence directional 

sensing is impossible. Figure 4.29 illustrates such cases where negative phase 

sequence directional relays are advantageous because of the non-availability o f a 

suitable zero phase sequence polarising voltage or current source.

67 67

Voltage Transform er  
C o n n e c tio n .

Figure 4.29 Examples of Non-availabil i ty  of Suitable 
Zero Phase Sequence Voltage or Current Polarising 
Sources.
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In addition, the problem of zero phase sequence mutual coupling effect between 

parallel lines as detailed in Section 4.4.5.2 does not exist when negative phase 

sequence components are used.

4.5.3.2 Using Positive Phase Sequence Quantities

Though the positive phase sequence components of voltage and current are present 

in all types of fault the use of the angular displacement between them to determine 

the fault direction is limited and affected by the pre-fault system conditions and load 

transfer during the fault period.

The directional relay [2.1] based on the measurement of the angle between the 

positive phase sequence voltage and current is designed for use with overcurrent 

protection to detect phase faults only. The relay is not recommended to directionalise 

earthfault protection relays. However, it incorporates a memory feature to provide 

infinite directional sensitivity for close-up three-phase balanced faults using the pre

fault voltage to maintain a reference for the direction detection process.

4.6 Other Problems associated with Existing Directional Relays

Existing directional relays exhibit some problems when they are applied to some 

systems and are subjected to some operating conditions. Compromises are made by 

using complementary facilities or accepting the risk of occurrence of those problems.
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4.6.1 Total Collapse of Relay Voltage

Directional relays require a polarising source to determine the direction of faults. 

Nearly all existing designs of directional relay require a minimum value of polarising 

source. In the case of electromechanical relays, the minimum required values range 

from 1% to 3% of rated value [2.7] whilst solid-state designs need only about 1% 

[2.6] to ensure satisfactory direction detection. The latest range of digital directional 

relays [2.18] reduces this requirement to 0.5%. It is, however, still not possible to 

operate the relay down to zero polarising voltage to cover solid three-phase close-up 

faults. One relay [2.1] uses prefault voltage as a form of memory voltage to help the 

direction detection process on the total collapse of relay polarising signal. However, 

this has not been widely implemented and it is accepted that relays will fail in total 

collapse of polarising source or their operation is indeterminate. The risk is limited 

by virtue of the fact that a three-phase fault, with all the phases shorted together 

simultaneously, rarely occurs. It has been assumed that three-phase faults generally 

evolve from unbalanced faults involving one or more phases initially.

4.6.2 Transformer Energisation on Multiple-earthed Systems

On multiple-earthed systems, for a feeder supplying an in-zone transformer with 

earthed primary winding it is possible to obtain zero phase sequence current flowing 

when the transformer is energised. This is shown in Figure 4.30.
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Figure 4.30 In —zone Transformer with Earthed Primary 
on a Multiple —earthed System.

It has been thought that a directional earthfault relay based on zero phase sequence 

quantities at the two ends of the feeder will maloperate. On this basis a feature has 

been incorporated [2.26] to detect the transformer energisation condition by 

examining the inrush current waveform and to inhibit the directional relays. This 

feature is not available in other relays and is applied to transmission line protection.

4 .6 .3  D irectionalised Instan taneous O v ercu rren t P rotection

It has always been difficult to provide directional relay for instantaneous current 

detectors because o f the difference in operating and resetting times between the 

directional element and the current level detectors. A difficult example is shown in 

Figure 4.31 where there is pre-fault load current flowing into the protected feeder and 

a subsequent reverse fault occurred behind the relay location.
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67

Figure 4.31 Response of Ins tan taneous  D irect ional 
O vercu rren t  P ro tec t ion  Relay with Pre —fau l t  Forward 
Load Curren t  Flow and Reverse Fault.

The directional element detects correct direction during the pre-fault load flow period. 

It has to restrain when the reverse fault occurs. This necessitates the direction 

detection process to reset faster than the current level detection to inhibit the current 

detection operation. When fast current detectors are used it is not always possible to 

effect the inhibition resulting in maloperation.

The solution has been to slow down the speed of the current measurement process to 

allow a complete resetting of the directional unit i.e ., to enable the directional unit 

to re-establish the correct direction of the fault.
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CHAPTER FIVE

PERFORMANCE REQUIREMENTS OF A DIRECTIONAL RELAY

5.1 Introduction

Directional relays are required to maintain an output continuously whilst they are in 

service. They are dynamic devices making decision in a transient period. The 

decision is reflected in the output which can be in either operation or restraint state 

and must be adaptive to the primary system conditions to change the state accordingly 

and dynamically. It is this dynamic nature of their operation that directional relays 

are designed with considerable emphasis on various behaviour characteristics to 

increase the security level.

Chapter 4 highlighted the deficiency of existing directional relays applied to 

distribution system overcurrent and earthfault protection schemes using current- 

operated relays. This project is to investigate a new polyphase directional detection 

method with one of the aims to address this deficiency. This Chapter is to explain 

the requirements of a directional relay and to state the specifications that are desirable 

from the proposed new directional detection method taking into account the 

inadequate performance level of existing relays. The scope of application remains 

primarily for distribution system overcurrent and earthfault protection schemes.
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5.2 Forward Fault Operation

The primary role of a directional relay is to be able to operate for all forward faults 

under different operating conditions and different system configurations with 

acceptable sensitivity and speed.

The first requirement is, therefore, that a directional relay must not be restricted in 

its application by primary system operation or configuration.

For overcurrent and earthfault protection using current-operated relays the operating 

current sensitivity is significant only for earthfault protection as short circuit 

conditions generally produce more-than-adequate fault current to operate overcurrent 

detectors. To cover earthfault conditions there are generally two types of current- 

operated earthfault protection relays, one with standard setting ranges, typically 10- 

40% of the circuit rating and the other with sensitive setting that can provide settings 

as low as 0.5% [3.8, 3.9]. The latter is generally applied to high impedance earthed 

systems or completely isolated systems where an earthfault produces limited earthfault 

current or results in the flow of only unbalanced capacitive currents. To 

directionalise such sensitive current-operated earthfault protection relays it is essential 

that the directional elements should also have similar level of current sensitivity. 

With present technology sensitivity is not an issue as there are relays now available 

that can operate down to 0.2% of rated current [2.18]. Any further increase in 

sensitivity is not desirable as any noise may cause maloperation. This noise may 

include spill current produced by current transformer errors.

112



The directional sensitivity in terms of minimum polarising signal level should be 

infinity, i.e., the proposed new directional detection method should be capable of 

operating down to zero fault voltage for all types of faults.

The process of directionalising current-operated relays involves some form of control 

on the current level detection in a sequential arrangement. The directional element 

must operate first to enable the current level measurement process. This sequential 

arrangement of operation is necessary to overcome transient problem to maintain 

stability when current flow directions change with the types of operating conditions 

as detailed in Chapter 4. It is, therefore, important that the speed of operation of the 

direction detection process is as high as possible to reduce the delay in the current 

level measurement process.

The followings are the specific considerations to ensure satisfactory operation of the 

proposed new polyphase directional detection method for forward faults.

5.2.1 Responses to Power System Faults

It is important that the proposed new method should respond to all faults in the 

forward direction limited only by its threshold of operation and not by the fault types. 

There should not be any blind spot(s) in the forward direction where faults are not 

detected due to shortcomings in the operating principle. The primary system 

configuration must not impose any constraint on the application of the new method.
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5.2.2 Threshold of Operation

Every power system protection device requires high sensitivity. This necessity is to 

ensure reliable operation under all system operating conditions. The operating 

threshold of a directional relay must therefore be lower than the minimum available 

energising signal(s) with sufficient margin to cover equipment and data tolerance and 

to ensure the desired speed of operation. This requirement is particularly onerous for 

earthfault detection with high impedance earthed or isolated neutral systems where 

earthfault current is limited to very low value or restricted to just unbalanced 

capacitive current in the case of isolated neutral systems.

For directional overcurrent and earthfault protection the directional detection must be 

more sensitive than the current level measurement process.

5.2.3 Operating Speed

As with all power system protection devices the faster the operating speed, with no 

unacceptable compromises in sensitivity, dependability and security, the better the 

device. For directional overcurrent and earthfault protection the whole operation 

process consists of the directional detection followed by current-level comparison 

against a pre-set value. The directional element controls the current-level detector. 

It is, therefore, necessary to limit the directional detection time to avoid contributing 

significantly to the overall operating time of the protection. The new directional 

detection method must have the fastest possible operating speed.
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5.2.4 Directional Sensitivity

The directional detection process requires a finite level of the input signals to enable 

reliable decision on the direction of faults with particular emphasis on the reference 

signal. The target should be infinite directional sensitivity, i.e., the directional relay 

should be capable of operating down to zero fault voltage when the voltage signal is 

used as the polarising source. This will require a careful selection of the polarising 

voltage incorporating, where necessary, some form of memory of the pre-fault 

voltage.

5.2.5 Operating Zone

A directional relay having the capability to respond to faults must be able to 

discriminate between operation for forward faults and restraint for reverse faults. The 

operating zone in terms of angular range for operation must not be compromised by 

the variation in the magnitudes of input signals and in the angular displacement 

changes between them within the operating range.

5.2.6 Phase Selection Capability

Polyphase devices are, without additional means, generally not capable of providing 

faulted phase(s) identification information. It is important and an added advantage 

to have faulted phase(s) identification capability in addition to being able to determine 

fault direction. This provides primary system fault-finding and post-fault analysis of
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the system and protection device performance. It also enables consideration for 

application to transmission system protection where phase selection facility is required 

for single-phase tripping and auto-reclosing.

5 .2 .7  O perating  C haracteristics

Figures 5.1 to 5.3 show a comparison of the various operating characteristics of 

existing directional relays and those that are desirable from the new method of 

detecting direction.

A n g le
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T h r e s h o ld  o f  O p e r a t io n
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T o r q u e
A n g le
L in e

M a x im u m

(E x is t ing  C h a ra c te r is t ic ) (D e s ira b le  C h a ra c te r is t i c )

Figure 5.1 A Comparison of the Existing and Desirable 
Operating Characteristics on the Threshold of 
Operation of the Polarising Signal.
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Figure 5.2 A Comparison of the Existing and Desirable 
Operating Characteristics on the Directional Range at 
Minimum Operating Current Condition.

O perating Maximum

R estra in t

Increasing  
.O perating  
I C urrent

10X |20X  R a t e d ' V oltage 
/  C urren t

O perating
’Zone

R estra in t

Increasing
O perating
ICurrent

10X I20X R ated  " Voltage 
/  C urrent

(E x is t ing  C h a ra c te r is t ic )  (D e s ira b le  C h a ra c te r is t ic )

Figure 5.3 A Comparison of the Existing and Desirable 
Operating Characteristics on the Directional Range at 
Minimum Polarising Voltage Condition.
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It can be seen that the new desirable operating characteristics aim to improve:

the sensitivity without any blind spot(s) where the new method would fail to 

detect due to threshold of operation.

the effect of the variation in the angular displacement between the operating 

and polarising signals away from the relay characteristic angle.

the effect of the variation of input parameters on the directional range of the 

new method.

5.3 Reverse Fault Restraint

The other role of a directional relay is not to operate for reverse load transfer or 

reverse faults under all operating conditions and for different system configurations. 

This is one of the most important requirements of the new directional detection 

method. In addition, the dynamic nature of a directional relay’s operation makes it 

necessary to consider increasing the security level to ensure that its operation is not 

influenced by other factors not related to the actual directional detection process.

There are a few areas that need addressing with reference to security of operation for 

directional relays to ensure that they provide restraint output for non-genuine fault 

conditions even under abnormal operating environment. These should also apply to 

the new directional detection method.
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5.3.1 Stability against Loss of Reference Signal

A directional relay makes its decision based on a comparison of two signals, an 

operating signal against a reference signal. The loss of the reference signal makes 

definition of direction indeterminate, hence the requirement of stability for loss of the 

reference source in that the directional relay must not provide a forward fault 

operation output. This condition may be caused by the supply voltage transformer 

failure.

5.3.2 Stability against Loss of Operating Signal

It is equally important that the loss of the operating signal does not cause an output 

from the direction detection process. This condition may be caused by problem(s) 

in the current transformer supply circuits.

5.4 Effects of the Electrical Operating Environment

It is not uncommon that a given design of equipment has restriction in its application 

imposed by its operating environment. An example of a directional relay having such 

a restriction is an electromechanical polyphase directional relay [2.3] that cannot be 

applied to a resistance-earthed system where an earth fault results in limited current 

flow. For the proposed new directional detection method its operation should not be 

influenced or affected significantly by its operating environment. There are 

conditions that affect existing directional relays and which require a review with the
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proposed new method.

5.4.1 Primary System Normal Loading Conditions

Generally, existing directional relays respond to normal load current that flows in the 

same direction as their operating direction. Though this behaviour does not normally 

hinder the overall performance when this type of directional element is used in 

directional overcurrent schemes, it is sometimes advantageous to have the directional 

relay restrained from operation under this condition. This feature enables the 

application of directional overcurrent relays to systems where the minimum fault 

current may be lower than the maximum load current. The restraint feature permits 

the setting of the current level detector to be lower than the maximum load current.

This restraint feature is generally obtained with an additional signal from the system 

voltage [2.12, 2.25, 2.30]. The voltage signal is used to provide a restraint torque 

in the electromechanical directional relays where a driving torque is produced by the 

operating current and polarising voltage. The normal voltage level under loading and 

even power swing conditions will inhibit the directional relay from operation. This 

feature will help in maintaining or improving the dynamic stability of a directional 

instantaneous overcurrent when there is a reverse fault following the pre-fault forward 

load flow condition. It is, therefore, advantageous that the new directional detection 

method incorporates or possesses similar feature.
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5.4.2 Primary System Pre-fault Load Current

As explained in Chapter 4 one of the most difficult operating conditions under which 

reliable operation of a polyphase directional relay is required is that when a fault is 

coupled by load transfer in the affected circuit. This is of special importance for a 

directional detection relay which uses signals that are influenced by any load current 

flow. It is, therefore, a requirement that pre-fault load current flow should not affect 

the proposed directional detection method.

5.4.3 Primary System Configuration

One configuration of the primary system that can create problem for some directional 

relays is when there are a number of feeders running alongside each other producing 

mutual coupling effects between them. The new directional detection method should 

not be affected by this mutual coupling effect.

The earthing method of the primary system neutrals should also not impose restriction 

on the application of the new method of detecting direction. For resistance-earthed 

systems the earthfault current is limited which may not be sufficient to enable the 

operation of the directional detection process. The problem of multiple-earthed 

systems also needs to be investigated as such systems, on the occurence of earth 

faults, produce multiple paths for the flow of zero phase sequence current giving rise 

to the flow of sound-phase current. The proposed directional detection method should 

be applicable to both these types of systems to include also isolated systems.
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5.5 Specifications of a Directional Detection Method

The required specifications of the proposed new directional detection method may be 

stated as follows.

The directional detection method shall be capable of operation for all forward faults 

with the following performance:

Maximum sensitivity with operating current down to 0.2% or lower, of the 

rated current to cover high resistance faults.

The sensitivity shall not be influenced by any pre-fault load current flow.

Infinite directional sensitivity operating down to zero fault voltage for all types 

of faults.

Possession of phase selection capability.

Maximum operating speed down to 1 to IV2 cycles of operating time.

Directional range is to be independent of the input signal levels above 

minimum required level.
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Directional range is to be independent of angular displacement between the 

input signals within the limiting values.

Applicable to all primary system configurations with different earthing 

arrangement of the system neutrals or isolated systems.

Independent of mutual coupling between parallel circuits.

Capable of operating correctly on unbalanced systems.

The directional detection method shall restrain for all reverse faults and remain stable 

for the following conditions:

The presence of only one input, either the operating or polarising signal.

Normal loading condition with load current flowing in either direction.

3-phase close-up reverse faults down to zero fault voltage.

Failure of the voltage transformer supply.



CHAPTER SIX

PROPOSED NEW APPROACH TO POLYPHASE DIRECTIONAL 

DETECTION

6.1 Introduction

Chapter 2 outlines the principle of operation of directional relays and the different 

methods of detecting the direction of a fault point in relation to a relay location, 

either in the forward or reverse directions.

Chapter 4 provides a review of performance of various existing directional relays. 

It indicates that there is a need to investigate an alternative method of detecting fault 

direction on a polyphase basis for use with overcurrent and earthfault protection 

applied to distribution systems. The method should also be capable of being 

employed in the design of directional relays that form the nucleus of schemes based 

on directional comparison principle of operation for transmission systems and other 

plant item protection. Polyphase directional detection performance should be 

designed so as not to be restricted by primary system operating conditions, such as 

fault current level compared with pre-fault load current [2.3], or primary system 

configuration such as system earthing methods.

The basis of the new approach is an examination of the angular displacement between 

an operating signal and a reference or polarising signal. Hitherto, directional relays
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based on this concept, either single or polyphase elements of the electromechanical 

or solid-state design, have the limitations detailed in Chapter 4. However, these 

limitations arise mainly because of the constraint imposed on the input signal 

selection. The selection is limited to the different combination of the system voltages 

and currents. Internal phase shifts in the design of the relays provide a certain degree 

of improvement to the performance by attempting to match the relay operating 

characteristic to the fault profile of the protected circuit.

To meet the performance requirements, as stated in Chapter 5, it is proposed that the 

symmetrical components of voltages and currents be examined to derive directional 

information as the basis for the new approach to directional detection on a polyphase 

basis.

On a three-phase system a short circuit on a feeder will result in positive- 

phase-sequence power flowing towards the fault whilst negative-phase-sequence and 

zero-phase-sequence power, with one or both produced by the fault, flowing away 

from the fault. However, the relative magnitude of the positive-, negative- and zero- 

phase-sequence power that flows through the relay location is dependent on the type 

of fault, the division of power of each phase sequence from the two line ends and the 

fault position from the relaying point. The magnitudes of the various sequence 

components, though varying in proportion, do not affect the direction of flow of each 

component as stated.

Any one of the phase sequence components of the power or combination of two or
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three of them may be used to provide directional information. Similarly, the product 

of the voltage and current of a given phase sequence or a combination of different 

products of other phase sequences should also provide a means to detect the direction 

of the fault.

Appendices 11.4 and 11.5 show the make-up of the input signals to a directional relay 

to operate for forward faults. The input power to the relay consists of all or a 

combination of the phase sequence components depending on the input signals 

employed.

Different combinations of phase sequence volt-ampere components can be obtained 

dependent on the voltages and currents chosen as inputs to the directional detector, 

i.e., dependent on the different connections, as defined in Chapter 2, of the 

directional elements. It is not necessary that all input combinations of voltages and 

currents will produce all the phase sequence components.

In the electromechanical design of a polyphase directional relay, the production of 

contact-closing torque to drive a moving element on detection of forward faults is 

based on the interaction of fluxes generated by the voltage and current signals as 

detailed in Chapter 2. The performance depends on the selection of voltages and 

currents applied to the relay and the arrangement of the interaction, by design of 

physical layout of the voltage and current coils and accurate mechanical settings, of 

their resultant fluxes. As shown in Appendix 11.2 there are also fluxes generated by 

current or voltage signal alone if symmetry is not provided in the structure of the
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moving element. These fluxes generate torque components that can only be cancelled 

out by accurate mechanical adjustment [2.3, 2.17]. A typical arrangement [1.1] of 

the voltage and current coils for a polyphase directional relay and the signals to the 

individual coils are shown in Figure 6.1. The moving element, in the form of an 

inverted aluminum "cup", is mounted in the centre and is free to rotate about a 

vertical axis [2.7, 3.0, 3.9].

Moving
Element

- V i- V /

Figure 6.1 A Typical Arrangement of the Voltage 
and Current Coils of a Polyphase Electromechanical 
Directional Relay with Quadrature Connection.

It should be noted that only interaction between adjacent pairs of voltage and current 

signals are considered. The interaction between alternate pairs o f voltage and current 

signals is arranged such that the various components of torque produced balance out 

substantially to zero with more accurate balancing by mechanical setting of the 

moving element assembly [1.1, 2.17].
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The resultant torque produced on the moving element by the interaction of adjacent 

pairs of voltages and currents is therefore proportional to [1.1, 1.2]:

» ( V b J a  + V J b  + V j c )

There are three torque components, each being generated by the three volt-ampere 

products. The individual component, whether it is positive to drive the moving 

element to close the output contact or negative to restrain operation, is dependent on 

the angular displacement between the voltage and current signals concerned. The 

resultant torque then determines the output contact status, closed for forward faults 

(provided both the voltage and current magnitudes are above the threshold of 

operation) and open for reverse faults.

Appendix 11.2 shows that the product of two sinusoidal functions does not produce 

harmonically varying components. Instead, a constant output, in this case the 

production of a driving torque results, which has a fixed magnitude for given values 

of voltage and current in rms terms and for a given phase displacement between 

them. This constant contact-closing torque, therefore, provides the basis for a 

positive indication of the direction of a fault point. The direction can be defined, by 

the selection of suitable operating current(s) and polarising voltage(s) and the limits 

on the phase displacement between them for operation. This selection of input 

quantities and the limits imposed on the phase displacement between them for 

operation to define forward direction must ensure that under no circumstances will 

a reverse fault produce a condition that matches the operating criteria defined.
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The proposed new method of detecting direction employs an approach similar to the 

design of the electromechanical polyphase directional relay. Instead of examining the 

"product" of the input signals, which is dependent on both magnitude and phase 

displacement of the signals, the "product" of the voltage and current signals is 

examined for the resulting angular displacement between them with additional phase 

shifts as necessary. The resulting angular displacement, if it falls within set limits 

for operation, defines a forward direction to the fault point.

6.2 New Approach to Polyphase Directional Detection

In the electromechanical directional relay design, the torque produced between two 

actuating signals, say currents Ix and Iy to drive the moving element, is given by 

Appendix 11.2:

Torque = K  x |7 | x \I | x Sin a
 6.01

where a is the angular displacement between the fluxes generated by the two

actuating signals applied to the relay. If a symmetrical structure for the moving

element is used, the angle a is also equal to the displacement between the two

actuating signals [3.3].

If one of the fluxes is displaced from its corresponding actuating signal by a phase 

angle e.g. when this actuating signal is a voltage V, the associated flux-generating 

current will be displaced, and the other is a current I so that the torque produced is 

given by:
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Torque = K  x  |K| x  | / |  X Sin (J8+0)

Figure 6.2 shows the actuating signal phasors V and I and the positions of the 

associated fluxes.

M a x i m u m  
T o rq u e
Angle
P o s i t i on

Phasor Diagram showing the Po
Actuating Signals and the Fluxes generated with the 
various Phase Displacements.

From the actual application point of view it is more practical to relate the torque 

magnitude to the actuating signals and the displacement between them rather than 

depending on the value of £ which is product design dependent. It is also necessary 

to define the most sensitive area of the relay operating zone, by creating a maximum 

torque angle 9 ,  to match the fault profile.

The torque produced is a maximum when Sin (/? +  $) =  1 or when /3 +  $= 90°, 

creating the maximum torque angle position.
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From Figure 6.2 the torque produced can be expressed as:

Torque = K  x  \V\ x  |/ | x  Sin (P+<j>)

= K  x \V\ x |/ | x  Sin [90°-(0-0)]

= K  x  \V\ x |/ | x  Cos (0-0)
 6.03

The selection of the actuating voltage may involve phase shifting a known voltage and 

in general, the torque developed can be expressed as:

Torque = K  X \V\ X | / |  X Cos (4>±k±9)

 6.04

where X is the intentional phase shift given to the polarising voltage V and 0  the 

maximum torque angle.

In most directional relay designs to date based on the "product'' or phase-angle- 

measurement type [2.6, 2.7, 2.9, 2.13, 2.16], the value of X is fixed and is entirely 

decided from the selection of the appropriate polarising voltage(s) that provides the 

inherent phase shift from the reference phase for the operating current(s). As an 

example, the A-phase directional relay with 90° connection uses the A-phase current

and BC-phase voltage with the latter providing an inherent 90° phase shift compared

to the use of A-phase current and also A-phase voltage as shown in Figure 6.3.
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f'A

<k 90°
^ V BC

Figure 6.3 Inherent Phase Shift  provided by Selection
of Dif ferent Input Voltage VBc instead of VA fo r  the
A — phase Directional Relay.

Figure 6.4 shows the fluxes generated and the angular displacement between the input 

signals. The result is that the torque produced is dependent on the product o f voltage 

V and current I and the final angular displacement between them.
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O p era t ing  ZoneR e s t ra in t  Zone

F igure  6 .4  P h a s o r  D ia g ra m  of Inpu t  Vo l tage  and 
C u r re n t  s how in g  the  Inhe ren t  Phase  D i s p la c e m e n t  
and the  In te n t io n a l  Phase Sh i f t  t o g e t h e r  wi th 
the  M a x im u m  To rque  Angle Pos i t ion .

The voltage V applied to the relay is obtained by phase shifting the system voltage 

VA. Internally, the circuit design ensures that the resulting current from the voltage 

signal lags the voltage by a certain angle such that when the system current vector I 

applied to the relay lags the system voltage by the same angle, maximum torque is 

produced. The position of this particular current vector I with reference to the phase 

shifted voltage V, shown as angle 0 ,  defines the maximum torque angle position. An 

operating zone is generated which is ±90° on either side of the maximum torque 

angle position.

The phase displacement, as shown in Figure 6.4, between the two fluxes due to the 

voltage and current is given by 90° +  X - 0  - 0  or 90° - ( 0  - X +  0 ) .
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Torque = K  x \V\ x |/ | x 5m [90°-(0-A+0)]

= K  x |K| x |/ | x Cay (0-A+0)
 6.05

This shows that the torque is positive, for forward fault operation when:

Cos ((f>-\+0) > 0 

or -90° < (<f>-X+9)<+ 90°
 6.06

The new approach uses a similar principle of examining the "product" of voltage and 

current and cosine function of the phase displacement angle between them. Forward 

direction is defined by a positive value of the "product". This necessitates that the 

cosine term must be positive or the resulting angle within the cosine function must 

be within ±90°. The new approach examines only the angular displacement between 

the voltage and current signals chosen as inputs and with any necessary phase shift 

to define operation for forward and reverse faults if the resulting angle is within or 

outside a defined range respectively. The magnitudes of the input signals do not play 

a part in the directional detection process. The investigation shall be on the selection 

of the input signals, the variation of the angular displacement and the definition of an 

operating range.

The selection of an operating current and a polarising voltage provides information 

on the inherent phase displacement between the signals corresponding to the value of 

X. The values of X and 0 , caused by the choice of the polarising voltage and internal 

phase shift in the design of actual directional relays, can be considered, taking into
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account of their polarity, as the total required intentional phase shift. This phase shift 

ensures that for the set limits of ±90° for forward fault operation, the resultant phase 

displacement between the operating current(s) and polarising voltage(s) for all types 

of forward faults falls within these set limits.

This investigation determines the optimal value of the effective intentional phase shift 

to be applied to the chosen operating current(s) and polarising voltage(s), so that the 

overall angular displacement is within the ±90° limits for all types of forward faults 

and outside this range for all types of reverse faults. Alternatively, other more 

suitable limits may have to be defined to improve the selectivity performance.

Instead of examining the absolute voltage(s) and current(s) their symmetrical 

components shall be employed. The torque produced to drive the moving element in 

an electromechanical directional relay and being proportional to volt-ampere products 

can be expressed [1.1, 1.2] in terms of the "products" of the individual symmetrical 

components of voltages and currents. These are illustrated in Appendices 11.3 and 

11.4.

For a 90° connection the torque produced by the interaction of the polarising voltage 

VBC and the operating current IA for the A-phase relay is given by:

Torque oc 1  (K]VlI l + K2Vj^)

and K2 are fixed for a given design and may be complex. The zero phase sequence 

component is not present in this particular selection of voltages and currents applied

135



to the relay.

In general, it can be stated that the torque produced is due to the active components 

of the various phase sequence power acting on the moving element(s) to cause the 

output contact(s) to close or open dependent on the occurrence of forward or reverse 

faults. These active components are dependent on:

Torque « R ( K ^  + * W 0)

The individual torque components expressed in terms of the phase sequence 

components of the voltages and currents are, whether they are positive or negative, 

dependent on the angular displacement between the voltage and current of the 

respective phase sequence components.

In order to optimise the performance, a maximum torque angle 0  is added to modify 

the expression for the active power above. This is an attempt to ensure that when the 

majority, if not all, of forward faults occur, maximum contact-closing torque or 

maximum sensitivity is produced in the relay.

In addition, it is also an attempt to limit the response of the relay to ±90° on either 

side of the maximum torque angle position for the operating current vector 

corresponding to all forward-fault conditions.
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The new expression is therefore:

Torque « R (KlV j l i± 0 x + K2V j2 l± 0 2 + KoV jol± 0 o)

In order to make use of all the three components to indicate the direction of a fault 

and to maximise sensitivity it is desirable that Gj, 0 2 and 0 O should be selected to 

make the negative and zero phase sequence components in antiphase to the positive 

phase sequence component so that the signs of all the three sequences of power are 

the same.

The selection of input current(s) and voltage(s) from which the symmetrical 

components are derived provides the phase shift X to the polarising signal.

The final expression for the torque produced is therefore given by:

Torque « R {K.Vj, Z(±02±A2) + W oZ(±0o±Ao)

For a given design of an electromechanical directional relay, it is not possible to 

change the influence of each phase sequence component separately by giving different 

weighting factors. The values of K1} K2 and Ko are fixed for a given design of relay 

and are dependent on the selection of input signals and the physical design such as the 

moving element assembly including any control spring or plate [2.3, 2.7]. Solid-state 

designs merely provide a direct equivalent using the same input signals but examine 

only the phase displacement when the signals are above the thresholds of operation.

Different weighting factors are required to meet the different requirements for
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different fault types. The effect of this constraint of fixed weighting factors is 

reflected in the lack of sensitivity to detect earth faults as discussed in Chapter 4 for 

polyphase directional relays [2.3],

6.2.1 Use of Symmetrical Components to detect Fault Direction

Instead of examining the summation of volt-ampere product of the three-phase 

voltages and currents for a polyphase directional relay to determine the direction of 

a fault with respect to the relay location it is proposed to examine the symmetrical 

components of voltages and currents directly to provide a direction-detection decision 

process.

The objective is to examine the phase relationship between the phase sequence 

components (in a suitable combination) of the voltages and currents from which to 

determine the fault direction with respect to the relay location.

Kimbark [1.2], in an analysis of an electromechanical polyphase directional relay, 

presented the various possibilities of connections. For the quadrature connections, 

only the positive and negative phase sequence components are present and the 

following relationships between the two phase sequence components of voltages and 

currents can be established for the chosen input voltages and currents to generate the 

required driving torque:

1- ( V J c b + V J a c  + V J m )  - 3 ^ (K 1/ 1Z270» + K /2Z90°)  6.07
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2- (Tcj/ a  + va<Jb + VbaI c) = + V J2n W ) 6.08

3- (V c/ ba -  VrJ cb) = W f y & a n r  + v j t a o°)

The 90° and 270° phase shifts are introduced because of the connections i.e., the use 

of different voltages and currents applied to the directional relay. These angles 

correspond to the angle X mentioned in section 6.2.

For the 60° connection of a polyphase directional relay the input voltages and currents 

used by McConnell [1.1] are as follow and expressed in terms of the phase sequence 

components:

= 9 (K /1Z120° + VJ,L240°)
11  6.10

Again, the performance of this 60° -connected directional relay can be evaluated by 

examining the volt-ampere products of the two phase sequence components of 

voltages and currents. The polarity of the torque components still depends on the 

resultant phase displacement between the phase sequence voltages and currents.

The above analysis shows that it is possible to employ symmetrical components 

directly to derive the direction information of the fault point.
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Analyses of other connections, such as the 30° connection will [1.2] similarly show 

other combinations of the various phase sequence components.

The traditional connections introducing inherent phase shifts have limited ranges of 

angles to modify the volt-ampere products because of the number of possible voltages 

and currents available to the directional relays without artificial phase shifts. The 

situation is improved with the introduction of a maximum torque angle to pre-define 

the operating range of the relay. The proposed new approach of using directly the 

phase sequence components will have unlimited ranges of angles in the manipulation 

of the phase sequence quantities introducing phase shifts to arrive at the optimal 

combination.

The basis is to extract the required phase sequence components from the input 

voltages and currents after which these components are conditioned before being 

examined to derive the direction information.

To improve the performance in terms of sensitivity, overcoming the main limitation 

of electromechanical design, different weighting factors will be examined for the 

different phase sequence quantities.

One criticism against the use of polyphase directional relays is the loss of phase 

selection capability to identify the faulted phase(s). Other means have to be designed 

where faulted phase(s) identification is required in the fault detection process. For 

current-operated relays with directional control the phase selection function relies on
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the operation of the current level detectors associated with each phase. This is 

possible except in the case of only a single current level detector being used with 

multiplexed 3-phase input currents.

The availability of the phase sequence components enables [1.11] the identification 

of faulted phase(s). Mouton and Souillard have shown, as given in Appendix 11.7, 

a method of phase selection using symmetrical components. Commercially available 

protection [2.4] and fault location [2.34] equipment has also applied this principle of 

phase selection.

It is envisaged that the new approach of polyphase directional detection without the 

loss of phase selection capability will significantly improve the cost effectiveness and 

performance of protection schemes using this type of element.

6.2.1.1 Choice of Phase Sequence Components

The presence of a particular phase sequence component depends on the type of fault. 

Positive phase sequence current is always available for all kinds of faults. Negative 

phase sequence current is available for all but 3-phase faults. Zero phase sequence 

current is available only in earth faults.

It appears, therefore, that if one single sequence component were to be selected to 

represent the three phase currents, the positive phase sequence component network 

would suffice. In practice, this is not the case as in many, if not most of the
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applications, there is a need to consider the presence of load current during the fault. 

It must be recognized that the positive phase sequence component consists of two 

parts, the load current and the fault current.

For a single-phase-to-earth fault on a feeder, the positive phase sequence component 

of fault current at both ends will be in phase as "seen” by the relay system. 

However, any load flow across the feeder during the fault will produce a positive 

phase sequence component of load current at one end that is 180° out of phase with 

that at the other end. The phase position of the load component relative to fault 

component depends on such factors as the direction of the load current flow, power 

factor of the load and the phase angles of the system impedances. The phase position 

of the net (load plus fault) positive phase sequence current entering one end of the 

line relative to that entering the other end will depend on these same factors plus the 

relative magnitudes of the fault and load components of current.

The flow of through load current during a fault can, therefore, lead to a wrong 

direction conclusion if only positive phase sequence components of voltage and 

current are used. An example is the occurrence of a high resistance 

single-phase-to-earth fault on a feeder with load transfer through the feeder.

In general, the larger the fault current and the less the load current the more reliable 

is the operation of a directional relay based on pure positive phase sequence 

components. Heavier line loadings and lower fault currents will make the directional 

decision more difficult to conclude.
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Significant negative phase sequence current is present only during faults. It is 

present in all but balanced three-phase faults and there is no significant negative 

sequence component of load current. Pure negative phase sequence quantities appear 

ideal for the design of a directional relay except that it will not operate for balanced 

three-phase faults. Similar comments may be made regarding pure zero phase 

sequence current with the additional limitation that it will not operate for 

phase-to-phase faults. Thus, there does not appear to be one single phase sequence 

component that could be used to meet all the performance requirements.

There are a number of different approaches that are possible by mixing different 

phase sequence components in a given proportion to form a composite signal. 

However, there are two main questions to be resolved, i.e.:

1. Which phase sequence components should be mixed together to form a 

composite signal?

2. What percentage of the full magnitude of each phase sequence component 

should be used?

The selection of phase sequence components and weighting factors should take into 

account the following:

The application rules should be simple enough to make the application 

practical and applicable to systems for which the end product is intended.
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The aim should be to use the least number of phase sequence components to 

achieve the desired performance.

Load current effect must be minimised. This means the negative phase 

sequence and/or the zero phase sequence components should have a greater 

weighting factor compared to the positive phase sequence component.

The above considerations mean the best overall results would be obtained from using 

a combination of the positive and negative phase sequence components with the latter 

dominant over the former to give higher sensitivity to earth fault detection.

Without the inclusion of the zero phase sequence component the task of evaluating the 

overall performance would be simpler. This is mainly due to the current distribution 

in the zero phase sequence network being generally quite different from that in the 

positive and negative phase sequence networks, where the current distributions are 

approximately the same. For any given fault on a feeder the ratio of the positive 

phase sequence component to negative phase sequence component of the fault current 

at any terminal is the same as at any other terminal of that feeder. This, however, 

is not necessarily true of the ratio of positive or negative phase sequence component 

to the zero phase sequence component.

It has also been recognized [1.4] that the 60° and the 90° connections of directional 

relays provide the best options to fit the majority areas of applications. These two 

types of connections result in contribution in the directional detection process only
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from the positive and negative phase sequence components.

It is, therefore, proposed that only the positive and negative phase sequence 

components are employed in the new approach to a polyphase directional detection 

method.

6.2.1.2 Combination of Phase Sequence Components

There are two approaches to make use of the symmetrical components of voltages and 

currents in order to examine the angular displacement between them to determine the 

fault direction.

One method is based on forming two composite signals separately (one for voltage 

and the other for current) to represent their respective primary phase information. 

The direction of the fault is determined by examining the angular relationship between 

these composite voltage and current signals.

The other approach is to examine the limits of angular relationship between the 

individual phase sequence voltage and current for different fault conditions and then 

to combine the limits to define forward and reverse directions with suitable weighting 

factors in deriving the combination.
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6.2.2 Use of Composite Signals

The chosen symmetrical components of voltages and currents can be combined in a 

given proportion, both magnitude and angle, to form two composite signals of voltage 

and current from which fault point direction information can be derived. It is,

however, important that a fixed reference is used for both the composite voltage and

current so that a true comparison between them can be made to obtain meaningful 

phase difference information and hence the direction of a fault point.

6.2.2.1 Composite Current Signal

Extensive work has been carried out on the derivation of an optimal composite 

current signal to represent faithfully the primary current phase information for use in 

power line carrier phase comparison schemes [2.2]. A composite current signal is 

also used in current differential protection schemes [2.15].

The composite current signal Im can be represented by:

I m = n I l + m I 2 + P I 0 6 1 1

where m, n and p are constants that may be complex.

This signal represents, for any combination of load and fault currents, the phase angle 

of the primary current with respect to some convenient reference.
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Work by Adamson and Talkhan [1.26] concluded that the optimal signal combination 

is:

Im = m I 2 * n h
 6.12

where m is variable between 5 to 20, and n = -1.0

The negative phase sequence component has been given a much higher weighting 

factor to maintain high sensitivity for earth faults in the presence of full load current, 

especially under minimum fault level conditions.

For phase comparison schemes involving only the current signal, details of the 

reference point for the phase information of the current are not important provided 

the two line-end currents use the same reference.

However, for detection of current flow direction at only one relay location the 

reference has to be established locally.

6.2.2.2 Composite Voltage Signal

To provide locally at the relaying point a known reference quantity to the composite 

current signal to establish fault direction a composite voltage also has to be derived 

to satisfy the following requirements:

(i) Representation of the primary phase voltage.
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(ii) Provision of an optimal polarising signal for the directional decision making

process.

The composite voltage signal can again be a combination of the various phase 

sequence voltages as:

V = w V. + x V, + y Vn
m  1 2 *  0 .6.13

where w, x and y are constants that may be complex.

Three-phase power or volt-ampere product is a function of the symmetrical 

components of voltages and currents of the same phase sequence. There is no "cross 

coupling" [3.6] of power or volt-ampere product, for example, from negative or 

positive phase sequence current reacting with the zero phase sequence voltage.

It has been decided that the operating composite current signal should consist of only 

the positive and negative phase sequence components. The composite voltage signal 

has to be made up of similar components to enable determination of the angular 

displacement between corresponding symmetrical components. Therefore:

V = w V. + x V, ....................... 6.14m 1 2

The consideration for the proportions of the two components differs from that of the

composite current signal. In this case, the important requirement is the need to



provide sufficient polarising signal to enable the determination of fault direction. To 

meet this need it is advisable to provide a greater weighting factor for the negative 

phase sequence component in order to provide the necessary boost in cases of low 

negative phase sequence source impedance producing low negative phase sequence 

voltage at the relaying point.

6.2.2.3 Directional Decision

The directional decision is based on the angular information of a complex function 

derived from the composite voltage and current signals. A composite function can 

thus be formulated by comparing the two composite signals:

Vm w V. + x V2p  _ m _ i *•
m ~ ~ T  ' n I, + m L  .6-15m i i.

F  = \ F  | 1 6 m 
m m m  6.16

For operation defining forward faults the angular displacement limits have to be set 

such that:

-90° < 6 < +90cm
 6.17

or other suitable ranges.
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To ensure that for all types of forward faults the resultant angular displacement 0 m 

is within the set limits, suitable values for the four constants, w, x, m and n (which 

are interdependent) have to be determined. There will thus be a large number of 

possibilities of combinations in the comparison of Vm and Im. The effectiveness of 

this comparison may be considered on the basis of the angular threshold boundaries 

dividing forward and reverse faults. The range of 0 m should, therefore, be well 

defined and distinct for forward and reverse faults to give maximum discrimination.

In the absence of an ideal comparison process it has to resolve itself into an 

optimization of the choice of the constants w, x, m and n in conjunction with a 

practicably realizable boundary characteristic in order to afford maximum selectivity 

in forward and reverse direction definition.

Simplifying the expression still leaves the requirement of two constants to be 

determined to limit the angular displacement to be within a defined range for all 

forward faults:

Kv V. + V2 
Fm = - £ —!------2-  .6.18

V. + K V,
Or Fm = ------ -—-  6.19V *,/2

with the constants K’s > 1.0 in equation 6.19 to give higher weighting factor to the 

negative phase sequence component.



In this approach Fm has to be evaluated as a complete function. The individual voltage 

and current signals cannot be examined independently. Optimization of the two 

signals separately to represent the primary system conditions does not necessarily lead 

to a suitable comparison between these two signals to enable derivation of the fault 

direction information.

6.2.3 Use of a Combined Function

Alternatively, the angular displacement can be examined by considering the individual 

phase sequence components separately. The combined effect is then optimized to 

ensure that all forward faults will produce angular displacement within a defined 

range.

A combined function is thus defined as:

V. V2
Fc - KC1- i  ♦ KC2- f  

11 12

 6.20

where KC1 and KC2 are constants that may be complex.

Fc - \f c \ iec
.6.21

For operation defining forward faults the boundary values of the angular displacement 

0 C again have to be defined.
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The above approach means that in order to ensure all forward faults will produce the 

angular displacement within a stated operating range the displacement of the negative 

phase sequence component and that of the positive phase sequence component must 

be within the same range. On this basis it is possible to consider separately, if 

necessary, the two phase sequence components to suit any particular application 

environment in deriving directional information. This approach is also easier to 

handle because of the known normal limits for the negative phase sequence quantities 

[3.7] independent of the pre-fault loading conditions.

When the angular displacement of the combined function is established by optimizing 

the angles associated with the Kc’s, different weighting factors can then be applied 

using different magnitudes to consider the sensitivity aspect of the directional 

detection. It has, therefore, been decided that this will be the approach for this 

investigation into a new proposal for directional detection on a polyphase basis. The 

objective is to determine suitable values for KC1 and such that for forward faults 

0 C is within a well defined range of angular displacement values and is outside this 

range for reverse faults.

McConnell [1.1] in his design of a polyphase directional relay found that the contact- 

closing torque to drive the moving element for forward faults due to the various phase 

sequence components are:

Torquej oc Cos - 60° + 0) ]
\ for 60° connection

Torque2 oc Cos (<£2 + 60° +  0 )  J
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and

Torque! oc Cos (4>1 - 9 0 °  +  0 )  ]
} for 9 0 °  connection 

Torquej oc Cos (4>2 + 9 0 °  +  0 )  J

The two components (positive and negative phase sequences) of torque must be such 

that they act together in the same sense, on a common moving element, producing 

positive operation for forward faults and restraint for reverse faults.

The ±  60° or ±  90° shifts are produced by the use of different voltages and currents 

to generate the required fluxes for the electromechanical motion to achieve the desired 

effect of operation for forward faults and restraint for reverse faults.

The introduction of the maximum torque angle 0  provides, not only the most 

sensitive detection area of the relay to correspond to the most concentrated area of 

forward fault occurrence, but to restrict the response of the relay by limiting the 

angular displacement of the operating current to ±  90° from the position of the 

maximum torque angle.

The different phase shifts for the positive and negative phase sequence components 

imply that the maximum torque angle has to be different for the two components. 

However, for a given electromechanical design it is not possible to provide different 

maximum torque angles for the two different phase sequence components. The choice 

of a single value is therefore, a compromise between sensitivity, ability to operate for 

forward faults, selectivity and ability to restrain for reverse faults.
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The combined effect of the inherent phase shift due to connection of a polarising 

voltage signal and the purposely introduced maximum torque angle leads to the 

production of positive contact-closing torque. The combination produces the desired 

effect of operation for forward faults and restraint for reverse faults.

The approach of using symmetrical components directly extracted from the input 

voltage and current signals enables the introduction of a single phase shift, associated 

with Kd and K^, of any values to the phase sequence components. This will provide 

optimization of the required angular phase shift separately to the two phase sequence 

components. The contribution from the two phase sequence components can also be 

made different by using different magnitudes for and K^, thus providing greater 

sensitivity for earth faults.

Following the approach of an operating range for the angular displacement to be + 

90° on either side of the maximum torque angle position, it is proposed that the limits 

for 0 C shall be ±  90° for operation for forward faults in deriving the values of



For forward faults:

-90° < 6 < + 90cc
 6.24

For reverse faults:

-90° > 0 > + 90c
C

.6.25

These angular limits provide a very simple method to check whether the displacement 

is within the range by amplitude comparison [3.2]. Consider the positive phase 

sequence component:

p . Kg V,
CI / j   6.26

= IF I / F   6.27\r  ci I Lr ci

If -90° <  / F C1 <  +90°

| Ka  V, - / J  ^  | KC1 V1 - 1\ .6.28
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This is illustrated in Figure 6.5

'N
s

f / f ^/ hC 1 ^
(
1 90'f* /  /  )

F /  i 
Kq 1 Vi '

t
/ /

V " -
/ k Ci Vi + h

KC1v 1 - l \ J

\
/

Figure 6.5 Ampl i tude Compar ison to de te rm ine  ±90°
l imits  between Two Signals

It is, therefore, possible to check the angular displacement against the ±90° limits and 

obtain an indication of forward or reverse direction, without the need to determine 

the actual values. This will help in the realization of the idea in the design of an 

actual product, especially by digital techniques, comparing the sum and the difference 

of two corresponding samples of voltage and current.

Before proposing values for KC1 and the angular displacement between the voltage 

and current for the two phase sequence quantities should be examined separately 

during forward and reverse fault conditions to establish the inherent limits produced.
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6.2 .3.1 Presentation of the Operating Characteristic of Directional Relays

The operating characteristic of the proposed method of directional detection is to be 

presented in a polar plane. The basic impedance plane or R-X plane shall be adopted 

but presented in polar form in terms of degrees of phase shift or angular displacement 

as shown in Figure 6.6. The following conventions are used:

Inductive impedance angle 

Current lagging voltage angle

Lagging angle phase shift

90° Lag

Induct ice Z angles.
1 lagging V angles. 

^ L a g g in g  phase shift.

\ n°

/

Figure 6.6 Polar Plane for 
Detection Operating Charac

)Capacit ive angles.
1 leading V.
Leading phase shift.

90°Lead

Presentation of Direction 
ter ist ic.

=  positive angle 

/.(—) — positive angle

=  positive angle

157



6.2.3.2 Presentation of Traditional Directional Relay Operating

Characteristics to Negative Phase Sequence Quantities

It has been established [1.1, 1.3] that the torque developed to drive the moving 

element of an electromechanical "product"-type directional relay consists of 

components that are proportional to the phase sequence components of voltages and 

currents:

Torquex oc \Vl | x \ f  | x Cos ( 0 j  - 6 0 °  + 0) for 6 0 °  connection

or oc \VX\ x | / J  x Cos ((f)l - 9 0 °  + 6) for 9 0 °  connection

Torque2 oc \V2 | X \I2\ x Cos (02 + 60° + 6) for 60° connection

or oc \V2\ x \I2\ x Cos (02 + 90° + 6) for 90° connection

Consider the case of the 90° connection and the negative phase sequence component:

Torque2 = K  x \V2\ x | / 2|x  Cas(02+9O°+0)  6.29

For maximum torque angle 0  = +45°, torque2 is maximum when:

Cos (02 + 90° + 0) = 1

or 02 + 90° + 45° = 0°

.*. 02 = -135° i.e. a leading angle

Under the most sensitive condition of the directional relay, the negative phase 

sequence current I2 leads the corresponding voltage V2 by 135°. Since this is the 

maximum torque angle position, the operating zone is ±  90° on either side of this 

position. This can be presented in the polar plane as shown in Figure 6.7. There is 

no consideration for the threshold of operation of the energising quantities.
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90° Lag

Open
Zoi

Angle  ^  
Pos i t io n

90° Lead

^ R e s t r a i n t
Zon e

Figure 6.7 Operating Zone of an Electromechanical 
Product- type Directional Relay due to Negative Phase 
Sequence Components of Voltage and Current plotted 
on a Polar Plane.

Figure 6.7 shows the operating zone of the relay to negative phase sequence actuating

signals. The limits of operation can be compared against fault occurrence area to

check the selectivity of the relay.

6 .2 .3 .3  P resentation of T rad itional D irectional Relay O perating

C haracteristics to Positive Phase Sequence Q uantities

The component of the torque developed to drive the moving element of an 

electromechanical "product" -type directional relay and which is proportional to the 

positive phase sequence quantities is:

Torque x «  \Vl | x  |/x | x  Cos ((f) l - 60° + 6) for 60° connection

or oc |F J  x  | / J  x  Cos (cf)j - 90° + 6) for 90° connection
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Consider the case of the 90° connection:

Torquex = K  x | |  X |/x | x Cos(<f>1 - 90° + 6)
.6.30

For maximum torque angle 9  =  +45°, torquej is maximum when:

Cos (0! - 90° +  0 )  = 1  

or - 90° +  45° =  0°

4>l =  45° i.e. a lagging angle

The operating characteristic is shown in Figure 6 . 8  with the operating zone at ± 9 0 c 

on either side of the maximum torque angle position.

Res tra in t- *  
Zone

M a x im u m
Torque
Angle
P os it ion

90 ' Lag

‘V,Zr90-

90 ' Lead O pera t ing  Zone

Figure 6.8 Operating Zone of an Electromechanical 
P ro d u c t - ty p e  Directional Relay due to Positive Phase 
Sequence Components of Voltage and Current plotted 
on a Polar Plane.
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From Figures 6.7 and 6 . 8 , it can be seen that the response of the directional relay to 

negative phase sequence quantities is in opposition to the response to positive phase 

sequence quantities. This illustrates the point stated earlier, that positive phase 

sequence power flows towards a fault whilst the negative phase sequence power flows 

away from the fault and a directional relay designed to operate for forward faults 

must respond in accordance to these different flow directions.

6.2.3.4 Limits of Angular Displacement between Negative Phase

Sequence Voltage and Current for Forward and Reverse Faults

Consider the network shown in Figure 6.9. Assume two directional relays "looking 

into" the protected feeder AB and an unbalanced fault occurring at point F external 

to the feeder.

67 67

67 Directional Relay

Figure 6.9 A double —end —fed System with Directiona 
Relays at both Ends.
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The negative phase sequence network of the system is as shown in Figure 6.10.

B2

B2A2

SA2 SB2

Figure 6.10 The Negative Phase Sequence Network 
of the System shown in Figure 6.9

At relaying point A:

^ A 2  1A 2  X  ^ S A 2

VA2

A2

= -  z SA2

.6.31

At relaying point B:

^ B 2  1A 2  X  ( ^ S A 2  + Z j j )

Relay B is arranged to "look into" feeder AB, the current it "sees" is therefore in the 

opposite direction to that flowing towards the fault at F.
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Therefore VB2 = IA2 x ( Z ^  + Z L2)

v /ry 7 \
~T “  \ Z jSA2 +  ^ L 2 )

A2  6.32

Consider Figure 6.9 again; if for an external fault at F:

0 A =  angular displacement of d.2  at relaying point A
Â2

0 B =  angular displacement of B2. at relaying point B
Â2

and

0 sa2  =  negative phase sequence source impedance angle at A 

0 L 2  =  negative phase sequence line impedance angle

then

= l ( Z s a 2 ) + 180°  6.33

= Z SA2 + Z L 2)  6.34
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The values of 0 SA2 and 0 L2 are:

0° <  0 S A 2  <  90° 

or 45° <  0 S A 2  <  90° 

0° <  0 L 2  <  90° 

or 30° <  0 L 2  <  90°

the limiting values for inductive sources, 

for practical systems, 

the limiting values for inductive lines, 

for practical feeders [3.9].

This gives the limits of angular displacement between the negative phase sequence 

voltage and current at the two relay locations A and B as shown in Figure 6.11:

© .

Angle at 
end A

Practica
rang

90° Lag

Practica

0 °

Complex Plane

90° Lead

Figure 6.11 Variation of the Angular Displacement 
between Negative Phase Sequence Voltage and Current 
at the two ends of a line for an external fault  at one 
end of the line.
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0 A = +180° to +270° the limiting values,

or = +225° to +270° the practical range.

0 B = 0° to +90° the limiting values,

or = +30° to +90° the practical range.

This shows that for a forward fault the angular displacement between V2 and I2 is 

purely determined by the source impedance angle behind the relay shifted by 180°. 

For a reverse fault the angular displacement between V2 and I2 is the angular 

displacement of the combined impedance of source at the remote end of the protected 

feeder and the protected feeder itself. It can, therefore, be stated that the angular 

displacement between negative phase sequence voltage V2 and current I2 has the 

following limiting values:

For a forward fault "seen" by a directional relay at A, the angular displacement is:

+ 180° to +270°

For a reverse fault "seen" by a directional relay at B, the angular displacement is:

0° to +90°

In practice the ranges are smaller but they provide the limiting values for 

consideration.
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Figure 6.12 shows the range of angular displacement between the negative phase 

sequence voltage and current for both forward and reverse faults "seen" by the two

directional relays at A and B.

90“ Lag

Practical^
range

Reverse faults

Forward
faults

90* Lead

Figure 6.12 Range of Phase Displacement between 
Negative Phase Sequence Voltage and Current 
for Forward and Reverse Faults.

6.2.3.5 Value of the Constant KC2 - Angle

Though the limits of angular displacement, as demonstrated, between the negative 

phase sequence voltage and current are within a defined range, a fixed value for the 

angle associated with has to be established so that for all forward faults:
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-90° s  L(KC2%  £  +90° 35
12

W c 2  T - )  = « K a )  + z A  
J 2 2

= 4 * 0 )  + *2

From the earlier analysis, the values of <£2, the angular displacement limits between 

the negative phase sequence voltage and current are:

+180° < (j)2 < +270° for forward faults....................... ....... 5 35

0° < <j)2 < +90° /or reverse faults ....... 6,37

To meet the requirement of:

V 2-90° < 1{KC2 — ) < +90° for forward faults........................... 5 33
2̂

the angle l(KC2) associated with KC2 for forward faults must be such that:

-90° < [L(KC2) + <f>2] < +90° ....... 6 39

Figure 6.13 shows the angular displacement between V2 and I2 for forward faults and 

the area within which the angle must lie to ensure operation within +  90°.
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9 ( 7 ^

Required area 
for forward ^

^  fault operation.
Forward \
fault a r e a ^ —►

/  /

/ /  /
90* Lead

Figure 6.13 Phase Displacement between Negative 
Phase Sequence Voltage and Current for 
Forward Faults and the Required Area it has 
to lie to be within the Defined Operation Limits.

It can be seen that the most appropriate position, with the forward fault area 

occupying only 90° spread, is to shift this forward fault area to be centred around the 

0° axis. The limits of the new forward fault area is then ±45°. This requires the

to provide a lagging angular phase shift of 135°, i.e ., /.(KC2) =+135°

The new forward fault area is shown in Figure 6.14.
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90° Lag

Forward
faults

90° Lead

Figure 6.14 Range of ( K c 2 * V 2 / l 2 )  Angle for 
Forward Faults with Kq2 providing 135 degrees 
Lagging Phase shift.

It should be noted that the source impedance associated with the negative phase 

sequence network has been assumed to have a range o f 0° to 90°. In practice the value 

is likely to be between 45° to 90°. This means that with this practical range of the 

negative phase sequence source impedance angle the angular displacement between

negative phase sequence voltage V 2  and current I2  is within the range -135° to -90°.

V
The angle associated with K r7—  for a lagging angular phase shift o f 135°

I
2

introduced by is 0° to +45° as shown in Figure 6.15.

169



Practical range
of angles 

r  i
Forward ~

90° Lead

Figure 6.15 Range of ( K q 2 *V 2 / I 2 ) Angle for 
Forward Faults with Kc2 providing 135 degrees 
Lagging Phase shift with Practical Range of 
Negative Phase Sequence Source Impedance Angle.

For reverse faults the spread of angular displacement between negative phase 

sequence voltage V 2  and current I2  is 0° to +90° with the negative phase sequence 

source and line impedance angles assumed to have minimum values o f 0 ° and 

maximum values o f 90°. This is shown in Figure 6.16 together with the desired area 

within which the range of angles should lie.
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/  Required area 
for reverse /

90° Lag

Reverse 
X  faults

^  n*
fault operation. ^

Figure 6.16 Phase Dis 
Phase Sequence Volta< 
Reverse Faults and th 
to lie to be within th*

u

90° Lead

placement between Negative 
ge and Current for 
e Required Area it has 
3 Defined Operation Limits.

With introducing a 135° lagging angular phase shift the spread of the angle 

V
associated with K ro—  is +135° to +225°. This is illustrated in Figure 6.17.

C2 r 
2

90° Lag

Reverse
faults

90° Lead

Figure 6.17 Range of (KC2 * V2 / * 2 ) Angle f ° r 
Reverse Faults with Kq2 providing 135 degrees 
Lagging Phase shift.
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The minimum practical values for the negative phase sequence source and line

impedance angles are likely to be about 45° and 30° respectively. The spread o f the

V
angle associated with K C2—  for reverse faults is, therefore, +165° to +225°.

2̂
This is shown in Figure 6.18.

90° Lag

Reverse
faults

Dractical 
range |y

90° Lead

Figure 6.18 Range of (K q2*V2/I2 
Reverse Faults with Kq2 providing 
Lagging Phase shift.

Angle for 
135 degrees

The limiting range of angles associated with k  —  for both forward and reverse
C2 r 

J2
faults and their practical values are shown in Figure 6.19.
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90° Lag

ForwardReverse
faultsfaults

90° Lead

Figure 6.19 Range of ( ^ 02* ^ 2/ 12) Angle for Forward 
and Reverse Faults with Kq2 providing 135 degrees 
Lagging Phase Shift for Practical Systems.

This shows that there is over 90° separation between forward and reverse faults which 

provides a very good discrimination margin. Under fault conditions directional relays 

based on negative phase sequence quantities are very dependable in operation and are 

widely used in some countries [3.7, 3.11].

6.2.3.6 Angular Displacement between Positive Phase Sequence Voltage

and Current for Forward and Reverse Faults

The objective in this case is to determine K C 1  so that the spread of the angle 

V
associated with K „  —-  is within ±90° for all forward faults.

For the positive phase sequence voltage and current the angular displacement between 

them is not obvious and depends on dynamically changing quantities such as the
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source voltage, the direction of load current flow, power factor o f the load and phase 

angles o f the system impedances.

Consider the system shown in Figure 6.20 with a fault occurring at point F:

6767

A B

67 =  Directional Relay

Figure 6.20 A double—end —fed System with Directional 
Relays at both Ends.

The positive phase sequence network of the system is shown in Figure 6.21.
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Figure 6.21 Posit ive Phase Sequence Network of the 
System shown in Figure 6.20.

This positive phase sequence network is applicable to all types of shunt faults 

assuming complete transposition of the line section AB and neglecting shunt 

capacitance. Shunt impedance Z is a variable impedance whose composition depends 

on the type of fault:

Z  = 0 or Rf  for 3 -phase-earth faults ........ 6.40

or = Z2+Z0+3Rf for single-phase-earth faults .......... 6.41

or = Z2+Rf for phase-phase faults ........ 6.42

or = Z 2||(Z0+3^f ) for phase-phase-earth faults ......... 6.43

These different combinations are illustrated in Figure 6.22 which are fault-type 

dependent.
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3-phase
Fault

Phase-phase
jFault

3Rf

Phase- 
earth Fault

Phase-phase 
—earth Fault

Figure 6.22 Composition of Shunt Impedance Z for 
Various Types of Faults

To determine the limits of the angular displacement between positive phase sequence 

voltage and current the ranges of angles associated with the various impedances have 

to be estimated.

The effect o f pre-fault loading is to be neglected initially to obtain an estimate of the 

range with a more realistic determination taking account of pre-fault loading.

6.2.3.6.1 Angle associated with the Variable Shunt Impedance Z

The angle associated with the variable shunt impedance Z depends on: 

types of fault defining the composition o f Z 

system earthing affecting the zero phase sequence impedance 

fault resistance compared with the phase sequence components
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Considering the individual components that make up the variable shunt impedance Z, 

the spread of their angles are:

ZRF or /3 R F = 0° 

z  Z2 = 45° to 90°

/_ Z0 = 0° to 90° depending on the system earthing arrangement

For 3-phase-earth faults from equation 6.40:

Z = 0 for zero fault resistance

= Rf for a given fault resistance RF 

/. / Z  = 0°

For single-phase-earth faults from equation 6.41:

Z = Z2 + Z0 4- 3Rf

••• Zz = Z(Zj + Zo+ 3Rf)

= 0° to 90° depending on system earthing arrangement and 

fault resistance value RF compared with the 

phase sequence impedances.

For phase-phase faults from equation 6.42:

Z = Z2 + RF

• • •  Z z  =  Z (Z 2+Rf)

= 0° to 90° depending on the fault resistance value RP

compared with the negative phase sequence 

impedance 2

177



For phase-phase-earth faults from equation 6.43:

Z = Z2I(Zq*3Rf )

^ 2  (Zo+Mf ) 
z 2 + Z q+3Rf

LZ = ZZ2 + L (Zq+3R F) - l  (Z2+Zq+3R f )

Z(Z0 +  3Rf) = 0° to 90° ] depending on the system earthing and
Yvalue of fault resistance RP compared 

/JL 2 + Z0 + 3RF) = 0° to 90° J with the phase sequence impedances

Taking the limits of the three components independently as the basis, the range of 

angles associated with the variable shunt impedance Z is given by:

ZZ = ZZ2 + Z(Z0 +  3RF) - Z(Z2 +  Z0 +  3Rf)

Minimum / Z  — 45° +  0° - 90°

= -45°

Maximum / Z  — 90° + 90° - 0°

= +180°

It appears, therefore, that the range of angles associated with the variable shunt 

impedance Z is:

Z z  = - 45° to +180° depending on system earthing and value

of fault resistance RP compared with the 

phase sequence impedances.
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In practice the above limiting cases do not occur at the same time. Consider the case 

of resistance-earthed systems or the case of high resistance faults on solidly-earthed 

systems such that RF > > Z0 and RF > >

Z(Z„ +  3RP) --------- * 0

and also Z(Z2 +Z 0 +  3RF) ----------► 0

/ Z  is determined by ZZ2 

and ZZ = 45° to 90°

For low resistance faults such that RF < < Z0 and RP < < 7^ consider solidly- 

earthed systems:

Z(Z0 +  3RF)  » 90°

Z(Z, +  Z0 +  3RP)  » 90°

ZZ = ZZ2 + Z(Z0 + 3RP) - Z(Z2 + Z„ +  3RP)  * 45° to 90°

With all the shunt fault types considered the angle associated with the variable shunt 

impedance is, therefore:

Zz = 0° to +90°

6.2.3.6.2 Limits of Angular Displacement without considering Pre-fault Load

Current Flow

Neglecting, at the moment, the pre-fault load current through the relay locations the 

positive phase sequence component of the fault current at the fault point can readily



be established using the pre-fault voltage Vp f at the fault point as shown in Appendix 

11.8. The positive phase sequence network shown in Figure 6.21 can be re-drawn 

as shown in Figure 6.23 using the pre-fault voltage Vp f at the fault point between F 

and N to calculate the positive phase sequence component of the fault current.

Figure 6 .23  Posit ive Phase Sequence Network using 
Pre —faul t  Voltage.

The positive phase sequence component of the fault current at the fault point is given



Without considering the load current component through the relay locations at A and 

B the components of current due to actual fault current ^  through these two locations 

can be determined. The phase displacement between the positive phase sequence 

voltage V! and current I2 at the two relaying locations A and B for a fault at point F 

on the system can then be established.

With reference to Figure 6.21 and Figure 6.23 consider the directional relay at A:

x  Z L1 + /j  x  Z

therefore

^ b^ li + Z (Z A + Z B)

Z T1 + Z  + —  x  Z .6.45
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Consider the directional relay at B:

v BI = l t x z

Z BT = T x2A1 2 1 *

VB1 Z(ZA + ZB)

^A1 Z B

+  6 4 6

Since the directional relay at B is arranged to "look” into the protected line section 

AB the current into the relay is reversed. Therefore the relay at B should "see":

Vm ZAB1 = -[Z + —  x Z]
^A1 Zg

 6.47

Without taking into account the load current contribution to the total relay current it 

can be seen that the phase displacement between the positive phase sequence voltage 

and current depends only on the angles associated with the various impedances. As 

expected, it is not influenced by the source em f s and the phase difference between 

them.

The angle between the positive phase sequence voltage and current for both forward 

and reverse faults can be established:
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For forward fault "seen" by relay at location A from equation 6.45:

= ZLi + Z  + - ^ x Z1 7A1 ^ B

 6.48

For reverse fault "seen" by relay at location B from equation 6.47:

V,B1

-I = -[Z x Z ]
A1

.6.49

The range of angles associated with the individual impedances are:

LZL1 = 0° to +90° the limiting values 

or = +30° to +90° for practical feeders

^ A  = SA1 + ^ L I )

= 0° to +90° the limiting values 

or = +30° to +90° for practical feeders and sources

^ B  ~ ^  SB1

= 0° to +90° the limiting values 

= +45° to +90° for practical systems

/ | 1 =  izA -  iza

For homogeneous systems iZA = LZb, hence Z(— ) = 0°
2 B
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For a non-homogeneous system the angles associated with the two impedances ZA and

ZB are not necessarily identical. Taking into account the ranges of / Z K and </ZB and

the assumption that, for a given system and a line under consideration, it is unlikely

that the magnitudes of / Z K and / Z B are in the opposite extremes, i.e. one angle is

Z
at the lowest value whilst the other is at the highest value, the range o f z —d is taken

^B
to be -30° to +30° for practical systems. It should be noted that for distribution 

systems arranged in a closed or open ring configuration with only one source as 

shown in Figure 6.24, the angular displacement should be very small due to the 

different impedance characteristics of the various sections making up the feeder ring.

VA1

-  ZA----------
Z, 11

h LI]
Iai t i r\] <1-----

j
Figure 6.24 A Distribution System arranged in a Ring 
with a Single Source and its Equivalent Positive Phase 
Sequence Network for a Fault at point F.

The angular displacement between positive phase sequence voltage and current for 

forward and reverse faults can now be established as before.
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For forward faults from equation 6.48:

therefore

VA1 ZA
- £ L= Z, ,  + Z +  - l x ZT 7
aa i

^  - LV l i  + Z  + I 1 * 2)
JA1 ^ B

LZl1 = +30° to +90c

ZZ = 0° to +90c

Zal - A  = -30° to +30° 
Z D

z A
Z(—  x  Z) = -30° to +120c

ZB

VA1
Hence L -^-  = -30° to +120c 

Iai
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For reverse faults from equation 6.49:

Vnj ZA
81 = - [ Z * ^ x Z ]

~ L l  Z B

v„.
/ _ "  = +180° + (-30° +120°)

~̂A1
= +150° to +300°

Figure 6.25 shows the angular displacement ranges between the positive phase 

sequence voltage and current for forward and reverse faults.

Reverse faults

90’ Lag

Forward faults

O'

Lead

Figure 6.25 Angular Displacement between Positive Phase 
Sequence Voltage and Current for Forward and Reverse 
Faults without considering Pre — fault Load Current.
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6.2.3.6.3 Limits of Angular Displacement with consideration for Pre-fault

Load Current Flow

Now consider the effect of the pre-fault load current and refer to Figure 6.21 again.

For a forward fault at relay location A:

V A1 -  JA 1Z L1 + h z

VA1 IA1 + IR,A1 _  y  , A1 B1 ty  
~ T  L I T

lA l A1

= Z , , + Z + -? i.Z  
IA1

.6.50

For a reverse fault at relay location B:

V„ = / ,  x  Z

= V a , +

Vr
-I - -[Z -Z\

A1 A1

.6.51

From the above it can be seen that the ratio of the positive phase sequence voltage 

and current and the associated angular displacement is influenced by the ratio of the 

two currents fed from the two line-end sources. This latter ratio, considering both 

magnitude and phase displacement, depends on the pre-fault conditions of the system.
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The pre-fault loading is governed by the source e m f s EA and EB and the phase 

displacement between them.

6.2.3.6.4 Ratio of the two Components of Current IB1 and IA1 fed from the

two Line-end Sources

Consider the positive phase sequence network shown in Figure 6.21 and redrawn as 

in Figure 6.26.

Ni

Figure 6.26 Equivalent Positive Phase Sequence 
fo r  a Double —end fed System for d if ferent 
Fault Conditions.
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1A1 + (?A1 +Ibi)Z

= IB1 Z5 + A1 +̂Bl)^

EA _ Iai(Za +Z)+IbiZ 

EB ^Al^ + ̂ Bl (Zfl +

Jf - ( Z A + ^ + z
1B1_____________

J- f z  + (ZB+Z)
+ D 1

^ A r ^ A l  nr . / r r  . ^A1[ ^ i  Z +(Z5+Z)] = -?-(ZA+Z)+Z

j l Z - ( Z , +Z )] = Z - ^ Z ^ Z )

Ea
— ^ (Z .+ Z J + Z  

therefore —  = -------------------
7"  § i z - ( z ^ +z )

EB

e a z r+z
—(—— )+l= y  z

EA , ZA+Z 
Eg Z

Ed (Z^ Z ) 
hi  _ e b k z  }
h i  Ea Zb+Z

e /  Z  ̂  6-52

This ratio llL  of two complex variables gives rise [3.2] to orthogonal circular loci, 
h i

the diameters of which are dependent on the ratio of magnitudes of the driving emfs

or
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for one set of circles and on the phase difference between them for the other set of 

circles.

In general:

EaK,—  + K,T 1 p  “
1 B1 _  B_______

I  A] E .
A1 * 3/  + k 4

^B

KA-+U8  + 1C 
1B1 | ^B1 _ Eb________

Ja 1 ! a i  k A — \L 8  + K a 
31 j? 4

 6.53

*1 *2and —
*3 *4

pass through these poles.

For the system shown in Figure 6.26

*1 = 1

Ki = -
ZA * Z

k 4 = 1

Within the practical limits of the difference in magnitudes of the two em f s, say 0.8
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to 1 . 2  and a range of variation o f the phase difference it is possible to establish a 

practical range of phase difference between the two components of fault currents fed 

from the two line-end sources for a given system.

It should be noted that for distribution systems as stated in Section 6 .2 .3 . 6 .2 and 

shown in Figure 6.24, there is only one common source supplying to a given feeder 

but via two routes. This makes the angular displacement between the two 

components o f currents fed from the two line ends very small since the pre-fault load 

current is small compared with the fault component. This angular displacement 

depends mainly on the ratio of the two impedances on either side o f the fault point. 

These two impedances may consist of sections of the feeder ring. This is shown in 

Figure 6.27.

A ------

Figure 6.27 A Distribution Ring System with a Single 
Source and its Equivalent Positive Phase Sequence 
Network for a Fault at point F.
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In this case the impedance ZA consists of only the protected line impedance ZL1 whilst 

impedance ZB consists of the positive phase sequence impedances of the three sections 

of the ring Za, 7  ̂and Zc. Neglecting the effect of load currents tapped at the various 

busbar sections:

I . ,  = I. X ------?—
Al 1 z .  + zA  B

z
h i  - h  X

therefore —  = —
Â1 ZJ3

Under this condition the angular displacement between the positive phase sequence 

voltage and current at the two relay locations can be shown to be independent of the 

ratio of the two components IA1 and IB1 of fault currents fed from the two line ends 

to the fault.
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Consider the directional relay at A:

Z Bh ,  = I, x  ------1—A1 1 7 + 7 B

VA1 ~ ZL1IA1 + h Z

- ZLi Vi x + h z

Z T 7ZB/  [ + 2 ]
1 7  + 7

VA1 Z T1Z R + Z(Z.+ZR)
therefore A1 L1 B A B>

1A J Z B

Z ,  6.54
= Z „  + Z  + -A ZLtl

^B

Similarly, for the directional relay at B:

V,B1 h z
A l L  x

Z A  + Z B

Z A  

^B .6.55

Therefore, neglecting the pre-fault loading the angular displacement between the 

positive phase sequence voltage and current for both forward and reverse faults for 

a distribution ring system with a single source depends only on the various 

impedances of the system. For high resistance faults or high impedance earthed
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systems the same effect, as discussed earlier, will occur in that the ratio of the two 

components of currents IA1 and IB1 will have an influence in the final angular 

displacement between positive phase sequence voltage and current.

For this analysis, taking into account cases of two different sources at the two line 

ends and to establish the limits of angular displacement between the positive phase 

sequence voltage and current at a given location, a range of ±45° shall be taken for 

the phase difference between the two components of currents. This will allow for the 

pre-fault loading effect on the angular displacement between the positive phase 

sequence voltage and current.

6.2.3.6.5 Limits of Angular Displacement between Positive Phase Sequence 

Voltage and Current for Forward and Reverse Faults

Consider the system shown in Figure 6.21 again. At the two relaying locations the 

fault at F presents a forward fault to the directional relay at A and a reverse fault to 

the directional relay at B.

For relay A, the ratio of positive phase sequence voltage and current for forward 

fault, shown earlier in equation 6.50, is:



For relay B, the ratio for reverse faults, as "seen" by the relay and from equation

6.51, is:

V IB1 = _ [z  + —  x Z]
~hi h i

V V
The angles associated with and  — are dependent on the angles associated

h i  ~hi
with the positive phase sequence impedance of the line ZL1, the fault-type-dependent

variable shunt impedance Z and the ratio of the fault currents fed from the two line-

end sources.

The angle associated with the line impedance ZL1 has a practical range of:

LZU = 30° to 90c

The angle associated with the ratio of currents —  , as discussed in Section
Iaz

6.2.3.6.4, has a practical range of:

= -45° to + 45‘
h i

The angle associated with the variable shunt impedance Z has a practical range of:

LZ = 0° to +90°
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The angle associated with (— x Z) is thus given by:
^ A l

t(!lL  x  Z) = L-2- + /Z
^ A l  1A

= (-45° to +45°) + (0° to +90°) 

= -45° to +135°

The range of angular displacement between positive phase sequence voltage and 

current for forward and reverse faults taking into account the effect of pre-fault 

loading conditions can now be determined.

For forward faults:

z y l i  = l(Z LI + Z  + ^ Z )
2A1 2A1

= -45° + 135c

For reverse faults:

/ i j »  = /Hz  ♦ IfLZ)}
JA1 2a i

180° + L{Z * JLZ)
1A l

= 180° + (-45°to + 135°) 

= 135° to 315°
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This is shown in Figure 6.28.

90" Lag

4 5 '

Forward 
\  Fault 
\  Area

ReverseV
F a u l t \

Area
45*

90 '  Lead

Figure 6 .28  Range of  Phase D is p lac em en t  between 
Posi t ive Phase Sequence  Vo l tage  and C u r ren t  
f o r  Forward  and Reverse Faults.

6.2.3.6.6 Value of Constant KC1 - Angle

Figure 6.29 shows the range of angular displacement between the positive phase 

sequence voltage and current for forward faults and the required range using the 

constant KC 1  to provide the phase shift.
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90“ Lag

45;
Required /  
area for 
forward /

Forward 
Fault \

fault ^  
operation

rea

90“ Lead

Figure 6.29 Phase Displacement between Positive 
Phase Sequence Voltage and Current for Forward 
Faults and the Required Area it has to lie within 
the Defined Operation Limits.

This shows that the phase shift required and provided by must be 45° leading.

Figure 6.30 shows the range of angular displacement for reverse faults and the range 

after being phase shifted by a leading angle of 45° via the constant KC1.
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90' Lag

Reverse fault 
area after O’phase shifted Reverse 
by constant K^i Fault 

Area

90’ Lead

Figure 6.30 Phase Displacement between Positive Phase 
Sequence Voltage and Current for Reverse Faults and 
after Phase—shifted by the Constant Kci.

The ranges o f angular displacement for the positive phase sequence component o f the

V
combined function K  —  For forward and reverse faults are shown in Figure 6.31.

A
These new ranges meet the requirements of:

For forward faults:

V.
-90° <  Kri—  <  +90°C l T

 6.56

For reverse faults:

-90° >  is:a 3 .  >  490°  6.57
*1
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Lag

\  Reverse^^^^X ^Forward
\  F a u l t s ^ \ ^ ^Fau l ts  ^

90s Lead

Figure 6.31 Range of ( K^-j * V1/ I 1) Angle for Forward 
and Reverse Faults with Kqi providing 45 degrees 
Leading Phase Shift.

6.2.3.7 Values of the Constants KC1 and KC2 - Magnitudes

The magnitudes o f KC1 and must ensure that under all fault conditions the signals 

are sufficient to enable a reliable decision on the directional detection process, 

especially for close-up faults towards the relay location.

KC1 determines the directional sensitivity for balanced 3-phase faults. Commercially 

available modem static directional relays generally [2.5, 2.6] have a typical 

directional sensitivity o f 1 % of rated input voltage without purposely amplifying the 

input signal before the directional detection process, i.e. with KC1 = 1 .  It is 

proposed that KC1 be set to unity and rely on other means, such as the use of 

memory voltage, in the implementation of actual relay design to provide unlimited
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directional sensitivity for close-up 3-phase faults.

The magnitude of in relation to is primarily determined by the requirement 

of sensitivity for earth faults, especially high resistance earth faults in the presence 

of high load transfer.

As discussed in Section 6.2.1.1, because of load current being positive phase 

sequence current as well, any load current flow across a feeder with an internal fault 

on it will influence the angular displacement between the positive phase sequence 

voltage and current with the latter consisting of both load and fault components. This 

will introduce error in the direction detection process for the particular fault point. 

The higher the load transfer with less fault component, e.g. high resistance faults with 

heavy load transfer, the less reliable is the direction detection process based on pure 

positive phase sequence component. Under this condition it is necessary that the 

negative phase sequence component is used to ensure correct direction is detected. 

The limiting case is when the total effect of the positive and negative phase sequence 

components of the fault current just balance out the effect of the positive phase 

sequence load current.

Consider the case of a single phase to earth fault on a feeder with simultaneous load 

transfer across it:

Load current = IL

Combination of positive and negative phase sequence 

components of fault current = Ij + N I2
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At the limiting condition:

.6.58

For single phase to earth faults the two components of current are equal at the fault 

point and is VS of the fault current.

At the relay location:

where If is the total fault current through the relay location.

Therefore

iL -  \  h  o + * )

or I f ~  --------
/  1 + N

3

37,

6.59

If the required fault sensitivity is 15% of rated current with a load transfer of rated 

value:

0.15 «  3 X 1
1 + N  

N  «  19

202



The weighting factor for the negative phase sequence component is about 20 to 

maintain normal fault sensitivity in the presence of load transfer. Similar values 

are also used in phase comparison scheme design [2.2].

It is therefore proposed that a factor of 20 is used for the magnitude of K^.

6.2.3.8 The Combined Function

The combined function proposed previously:

V. V2
Fc - K '  + *  *

21 J2

can now be defined:

For forward faults:

For reverse faults:

V  V
Fc = lZ -4 5 °(— ) + 20Z+135°(— )

A 2̂

-90° < e c  < +90c

.6.60

.6.61

-90° > ec > +90°  6.62
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6.2.3.9 Faults on Non-reference Phases

For the extraction of the symmetrical components the A phase has been chosen as the 

reference phase.

The combined function Fc given by

K  V2Fc - Kcl- ±  * JC *
i l 2

should, therefore, only be valid for the reference phases which are phase A for 

single-phase-to-earth fault and phases B and C for phase-to-phase or phase-to- 

phase-to-earth faults.

For faults involving other phases, it is necessary to consider the 120° or 240° 

phase shifts in a manner appropriate to the fault conditions.

Consider the symmetrical components of voltage and current separately.

For A-E phase-to-earth, B-C phase-to-phase and B-C-E phase-to-phase-to-earth 

faults:

Symmetrical components of voltages = Vj, V2 

Symmetrical components of currents = IA, I2
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For B-E phase-to-earth, C-A phase-to-phase and C-A-E phase-to-phase-to-earth 

faults:

Symmetrical components of voltages = aV1? a2V2 

Symmetrical components of currents = al1? a2I2

For C-E phase-to-earth, A-B phase-to-phase and A-B-E phase-to-phase-to-earth 

faults:

Symmetrical components of voltages = a2V1? aV2 

Symmetrical components of currents = a2I1} al2

Though it can be seen that the 120° or 240° phase shifts are necessary for faults on 

the non-reference phases in considering the symmetrical components this necessity 

is cancelled out when the combined function

V1 V2Fc - K '  ♦ K *
11 i 2

is considered consisting of a ratio of the two corresponding phase sequence 

components of voltages and currents. Therefore, the combined function should 

also be valid for all types of faults.
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CHAPTER SEVEN

TESTING OF THE VALIDITY OF THE PROPOSED NEW POLYPHASE 

DIRECTIONAL DETECTION METHOD

7.1 Introduction

To test the validity of the proposed basis of detecting fault direction steady-state fault 

analyses are carried out to generate the required voltage and current data at the 

relaying point. These data in the form of phase sequence components of voltage and 

current are used to form the combined function detailed in Chapter 6 from which the 

angular limits of the function are checked. The fault analysis programme is based on 

Fortran 77 run on personal computers. The results are presented in graphic form by 

using a separate proprietary software programme to confirm the validity of the 

proposed approach to detect direction of fault points by examining the resulting angle 

0C associated with the combined function Fc .

The envisaged performance of the new method under power system transient 

conditions is discussed.

7.2 Fault Analysis Programme

The fault analysis programme used is the MCZ0912A [3.12] developed by GEC 

ALSTHOM T&D Protection & Control Limited to study fault-generated voltages and
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currents as inputs to various relay simulation programmes for relay performance 

evaluation. The programme calculates the symmetrical components of currents and 

voltages and their respective phase and line values at specified relay locations in a 3- 

phase power system operating under steady-state pre-fault and/or fault conditions.

The programme solves for all possible combinations of loading conditions, shunt fault 

types and fault locations with the studied system assumed to be fully symmetrical. 

The voltage and current values can be obtained at any specified relay locations for 

any specified fault points. The values can be specified to be the relevant phase 

sequence components and/or phase quantities.

7.3 Characteristic-plotting and Graphic-presentation Programme

The graph plotting facilities of the Lotus 1-2-3 programme [3.13] developed by Lotus 

Development Corporation is used to present the various data and studies results 

graphically. The values of the combined function in terms of both magnitude and 

phase angle obtained for different system configurations with different pre-fault 

conditions and under various fault conditions are used as input to this Lotus 1-2-3 

programme to provide graphic presentation of the studies results.

7.4 Networks chosen for the Studies

The following distribution networks taken from China Light & Power Company 

Limited [2.29] of Hong Kong are used to generate the required voltage and current
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signals to check the validity of the proposal to detect fault directions. These are 

shown in Figures 7.1 and 7.2 for plain- and transformer-feeder systems respectively.

; ffh*

33kV System s-P lain  Feeders

11 kV System s-P lain Feeders

Figure 7.1 Solidly—earthed 1 1 kV and Resistance—earthed 
33kV Plain —feeder Systems chosen for the Studies.
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*@s>

1 3 2  kV

1 1 kV

33kV

* 0 ©  
.— ' ^ r

380V

(30*4<S) ©rH
132kV 33kV A  !

11 kV Systems—Transformer Feeders 33kV S ystem s-Transform er Feeders

Figure 7.2 Solidly—earthed 1 1 kV and Resistance—earthed 
33kV Transformer—feeder Systems chosen for the Studies

The plain-feeder systems enable an investigation into the fundamental basis o f the 

proposed new method o f detecting fault direction, i.e ., to prove the validity o f the 

method without the effect of other influencing factors such as phase shift introduced 

by power transformers and multiple zero phase sequence current sources on multiple- 

earthed systems.

The influence of primary system earthing methods and arrangements on the new 

directional detection method is nil because of the non-employment of the zero phase 

sequence components o f voltage and current.

The effect of phase shift caused by power transformers from one voltage level system 

to another can be investigated by the transformer-feeder systems shown in Figure 7.2. 

This should prove the effectiveness of the new method, which is based on a measure
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of the angular displacement between two signals, when the primary systems introduce 

angular phase shift to the voltage and current phasors.

7.5 Network Data for the Studies

For the networks chosen for the studies as shown in Figures 7.1 and 7.2 the values 

[2.29] of the various components making up the networks are given below.

7.5.1 132kV Systems

Maximum fault level = 6000 MVA 

Source impedance = j2.90411 at 132kV

= jO. 18211 at 33kV 

= j0.02011 at llkV  

Minimum fault level = 1000 MVA 

Source impedance = jl7.424H at 132kV

= j l . 08911 at 33kV 

= j0.121H at llkV  

132/33kV transformers:

Rating = 80 MVA

Impedance = 0.061 + j2 .178 H at 33kV 

132/1 lkV transformers:

Rating = 35 MVA

Impedance = 0.021 + j0.918 11 at llkV
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7.5.2 33kV Systems

Maximum fault level = 1500 MVA 

Source impedance = jO.72612 at 33kV

= 0.0810 at llkV  

Minimum fault level = 200 MVA 

Source impedance = j5.4450 at 33kV

= 0.6050 at llkV  

Neutral earthing resistor = 23.80 

33/1 lkV transformer:

Rating = 35 MVA

Impedance = 0.142 +  j3.709 0 at 33kV

= 0.16 +  j0.412 Oat llkV

Feeders:

Underground cables 20 MVA 349A 6.4km = 0.168 + j0.238 0/km

Z0 = 0.799 +  j0.647 0/km

Overhead lines 17 MVA 297A 10.7km Zi = 0.204 + j0.336 0/km

Z0 = 0.539 + j0.947 0/km

7.5.3 llk V  Systems

Maximum fault level = 350 MVA 

Source impedance = j0.3460 at llkV  

Minimum fault level = 70 MVA 

Source impedance = j 1.7290 at llkV
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Solidly-earthed 

llkV/380V transformers:

Rating = 1 .5  MVA

Impedances =5.3%

= j4.275 fi at llkV

Feeders:

= 0.120 + j0.076 fi/km

Z0 = 1.685 + j0.097 fi/km

Z, = 0.550 + j0.355 fi/km

Z0 = 0.938 + j 1.346 fi/km

7.5.4 380V Low Voltage Systems

Underground cables 800 mm2 Zx = 0.028 +  j0.085 fi/km at 380V

1000A 0.5km = 23.463 +  j71.226 fi/km at llkV

Z0 = 0.154 +  jO. 167 fi/km at 380V 

= 129.044 + j 139.938 fi/km at llkV

7.6 Studies Results

The results of the investigation on the responses of the proposed new directional

detection method based on the 33KV and 11KV distribution systems shown in Figures

7.1 and 7.2 are presented in the following sections. The different system 

configurations are studied for different fault types. The effects of fault levels, fault



positions, pre-fault load levels where applicable and fault resistances for each 

configuration are examined and presented. The studies start from analysing a basic 

system of a single source feeding an overhead line and then an underground cable 

feeder to examining the various common forms of distribution system arrangements.

The results take the form of a directional angle 0C defined by the combined function

Fc :

V  V
Fc = 1 / -4 5 ° ( -h  + 2 0 /+135°(—

The values of 0C for different fault levels, fault positions, pre-fault load currents and 

fault resistances are obtained to compare with the limits of ±90° for operation for 

forward faults as given by:

-90° <  6C < +90°

7.6.1 Plain-feeder Systems

These systems provide the basic platform to test the validity of the proposed new 

directional detection method. Its responses to the variation of the fault levels, fault 

positions, pre-fault load levels and fault resistances are presented.
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7.6.1.1 llkV  Single Source System of either Overhead Line or Underground 

Cable Feeder

The system is shown below:

F O R W A R D
R E V E R S E

A directional relay 67 is arranged to protect a feeder o f an llk V  distribution system 

with a single source o f supply.

The directional angles 0C for various fault types on the feeder under maximum and 

minimum fault levels and their variations with fault point positions and fault 

resistances are presented in Figures 7 .6 .1 .1 .1  to 7 .6 .1 .1 .24  with the directional relay 

arranged to "see" the faults as being either in the forward or reverse direction. The 

results for faults on both overhead line and underground cable feeders are presented.
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l lk V  Overhead Line System
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Operation Limit -90 Degrees
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Fault Positions (%)
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Reverse Faults Maximum Fault Level Reverse Faults Minimum Fault Level

100

Figure 7 .6 .1 .1 .1  Variations o f Directional Angle 6C with Fault Positions for 

Maximum and Minimum Fault Levels and Zero Fault Resistance for 3-phase Faults 

with the Directional Relay arranged to detect as Forward and then Reverse Faults.
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FORWARD
REVERSE
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llk V  Overhead Line System

200

Operation Limit +90 Degrees100

Forward Faults
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Fault Positions (%)
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Forward Faults Maximum Fault Level 

Reverse Faults Maximum Fault Level

Forward Faults MinimumFault Level 

Reverse Faults Minimum Fault Level

Figure 7.6.1.1.2 Variations of Directional Angle 0C with Fault Positions for Maximum

and Minimum Fault Levels and Zero Fault Resistance for Phase-phase Faults with the

Directional Relay arranged to detect as Forward and then Reverse Faults.
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REVERSE

67

l lk V  Overhead Line System
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Figure 7 .6 .1 .1 .3  Variations of Directional Angle 6C with Fault Positions for 

M aximum and Minimum Fault Levels and Zero Fault Resistance for Single-phase- 

earth Faults with the Directional Relay arranged to detect as Forward and then 

Reverse Faults.
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Figure 7.6.1.1.4 Variations of Directional Angle 0c with Fault Positions for Maximum

and Minimum Fault Levels and Zero Fault Resistance for Phase-phase-earth Faults

with the Directional Relay arranged to detect as Forward and then Reverse Faults.
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llkV Overhead Line System
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Figure 7.6.1.1.5 Variations of Directional Angle 6C for Forward 3-phase Faults seen

by the Directional Relay with Fault Resistances at Different Fault Positions for

Maximum and Minimum Fault Levels.
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Figure 7.6.1.1.6 Variations of Directional Angle 0c for Forward Phase-phase Faults

seen by the Directional Relay with Fault Resistances at Different Fault Positions for

Maximum and Minimum Fault Levels.
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Figure 7.6.1.1.7 Variations of Directional Angle 0c for Forward Single-phase-earth

Faults seen by the Directional Relay with Fault Resistances at Different Fault

Positions for Maximum and Minimum Fault Levels.
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Figure 7.6.1.1.8 Variations of Directional Angle 0c for Forward Phase-phase-earth

Faults seen by the Directional Relay with Fault Resistances at Different Fault

Positions for Maximum and Minimum Fault Levels.
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Figure 7.6.1.1.9 Variations of Directional Angle 0c for Reverse 3-phase Faults seen

by the Directional Relay with Fault Resistances at Different Fault Positions for

Maximum and Minimum Fault Levels.
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Figure 7.6.1.1.10 Variations of Directional Angle 0c for Reverse Phase-phase Faults

seen by the Directional Relay with Fault Resistances at Different Fault Positions for

Maximum and Minimum Fault Levels.
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Figure 7.6.1.1.11 Variations of Directional Angle 0c for Reverse Single-phase-earth

Faults seen by the Directional Relay with Fault Resistances at Different Fault

Positions for Maximum and Minimum Fault Levels.
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Figure 7.6.1.1.12 Variations of Directional Angle 0c for Reverse Phase-phase-earth

Faults seen by the Directional Relay with Fault Resistances at Different Fault

Positions for Maximum and Minimum Fault Levels.
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Figure 7.6.1.1.13 Variations of Directional Angle 0C with Fault Positions for

Maximum and Minimum Fault Levels and Zero Fault Resistance for 3-phase Faults

with the Directional Relay arranged to detect as Forward and then Reverse Faults.
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Figure 7 .6 .1 .1 .14  Variations of Directional Angle 6C with Fault Positions for 

Maximum and Minimum Fault Levels and Zero Fault Resistance for Phase-phase 

Faults with the Directional Relay arranged to detect as Forward and then Reverse 

Faults.
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Figure 7 .6 .1 .1 .15  Variations of Directional Angle 6C with Fault Positions for 

Maximum and Minimum Fault Levels and Zero Fault Resistance for Single-phase- 

earth Faults with the Directional Relay arranged to detect as Forward and then 

Reverse Faults.
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Figure 7 .6 .1 .1 .16  Variations of Directional Angle 6C with Fault Positions for 

Maximum and Minimum Fault Levels and Zero Fault Resistance for Phase-phase- 

earth Faults with the Directional Relay arranged to detect as Forward and then 

Reverse Faults.
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Figure 7.6.1.1.17 Variations of Directional Angle 6C for Forward 3-phase Faults seen

by the Directional Relay with Fault Resistances at Different Fault Positions for

Maximum and Minimum Fault Levels.
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Figure 7.6.1.1.18 Variations of Directional Angle 0C for Forward Phase-phase Faults

seen by the Directional Relay with Fault Resistances at Different Fault Positions for

Maximum and Minimum Fault Levels.
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Figure 7.6.1.1.19 Variations of Directional Angle 6C for Forward Single-phase-earth

Faults seen by the Directional Relay with Fault Resistances at Different Fault

Positions for Maximum and Minimum Fault Levels.
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Figure 7.6.1.1.20 Variations of Directional Angle 0C for Forward Phase-phase-earth

Faults seen by the Directional Relay with Fault Resistances at Different Fault

Positions for Maximum and Minimum Fault Levels.
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Figure 7.6.1.1.21 Variations of Directional Angle 0C for Reverse 3-phase Faults seen

by the Directional Relay with Fault Resistances at Different Fault Positions for

Maximum and Minimum Fault Levels.
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Figure 7.6.1.1.22 Variations of Directional Angle 0C for Reverse Phase-phase Faults

seen by the Directional Relay with Fault Resistances at Different Fault Positions for

Maximum and Minimum Fault Levels.
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Figure 7.6.1.1.23 Variations of Directional Angle 6C for Reverse Single-phase-earth

Faults seen by the Directional Relay with Fault Resistances at Different Fault

Positions for Maximum and Minimum Fault Levels.
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Figure 7.6.1.1.24 Variations of Directional Angle 0c for Reverse Phase-phase-earth

Faults seen by the Directional Relay with Fault Resistances at Different Fault

Positions for Maximum and Minimum Fault Levels.
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For the llkV  system shown the followings are observed in addition to the 

presentations given in the various figures:

For 3-phase faults with zero fault resistance the different fault levels of the 

source have no effect on the resulting values of the directional angle 6C; the 

values of 0C are not influenced by the source emf magnitudes and its 

associated angles and for different fault point positions.

For 3-phase faults the source fault levels have no additional effect on the 

variation of the directional angle 0C with fault resistance at different fault point 

positions.

For phase-phase and single-phase-earth reverse faults the directional angles 

6C appear to encroach onto the operation limits of ±90° with variation of the 

fault resistance. This is because of the values of 6C, being less than -180°, 

are expressed as positive angles (e.g. -200° is expressed as +160°) and the 

points are joined by the line graph.

The values of the directional angle 6C for forward and reverse faults are well 

within the defined limits for operation and for restraint respectively. It is also 

worth noting that for this type of distribution system the amount of fault 

resistance detectable (>30011) is very high, well above practical values for 

some fault types.
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7.6.1.2 33kV Single Source System of either Overhead Line or 

Underground Cable Feeder

The system is shown below:

F O R W A R D
R E V E R S E

A directional relay 67 is arranged to protect a feeder of a resistance-earthed 33kV 

distribution system with a single source of supply. This is to check the effect, if  any, 

of the system neutral earthing arrangement.

The directional angles 6C for various fault types on the feeder under maximum and 

minimum fault levels and their variations with fault point positions and fault 

resistances are presented in Figure 7.6.1.2.1 to 7 .6 .1 .2 .24  with the directional relay 

arranged to "see" the faults as being either o f forward or reverse direction. The 

results for faults on both overhead line and underground cable feeders are presented.
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Figure 7.6.1.2.1 Variations of Directional Angle 6C with Fault Positions for

Maximum and Minimum Fault Levels and Zero Fault Resistance for 3-phase Faults

with the Directional Relay arranged to detect as Forward and then Reverse Faults.
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Figure 7.6.1.2.2 Variations of Directional Angle 0C with Fault Positions for Maximum

and Minimum Fault Levels and Zero Fault Resistance for Phase-phase Faults with the

Directional Relay arranged to detect as Forward and then Reverse Faults.

242



FORWARD
REVERSE

67

33kV Overhead Line System

c/)
Q)
£
CD
0
Q
</)_0
CDC<
To
co
o0

200

100

-100

-200 25

Reverse Faults

Operation Limit +90 Degrees

♦------------- A Forward Faults
4▼ f I --------------- ♦

v ,  ______  w _______________________________________ X — ------------------------ vx ------------------------- —X-------------------------- - ^
Forward Faults

Operation Limit -90 Degrees 

Reverse Faults

—1--------------------------- 1--------------------------- 1--------------------------- 1____________________________________ i—
50 75

Fault Positions (%)
Forward Faults Maximum Fault Level t Forward Faults Minimum Faiit Level

Reverse Faults Maximum Fault Level Reverse Faults Minimum Fault Level

100

Figure 7.6.1.2.3 Variations of Directional Angle 0C with Fault Positions for Maximum

and Minimum Fault Levels and Zero Fault Resistance for Single-phase-earth Faults

with the Directional Relay arranged to detect as Forward and then Reverse Faults.
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Figure 7 .6 .1 .2 .4  Variations o f Directional Angle 6C with Fault Positions for 

Maximum and Minimum Fault Levels and Zero Fault Resistance for Phase-phase- 

earth Faults with the Directional Relay arranged to detect as Forward and then 

Reverse Faults.
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Figure 7 .6 .1 .2 .5  Variations of Directional Angle 0c for Forward 3-phase Faults seen

by the Directional Relay with Fault Resistances at Different Fault Positions for

Maximum and Minimum Fault Levels.
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Figure 7 .6 .1 .2 .6  Variations o f Directional Angle 6C for Forward Phase-phase Faults

seen by the Directional Relay with Fault Resistances at Different Fault Position s for

Maximum and Minimum Fault Levels.
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Figure 7.6.1.2.7 Variations of Directional Angle 0c for Forward Single-phase-earth

Faults seen by the Directional Relay with Fault Resistances at Different Fault

Positions for Maximum and Minimum Fault Levels.
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Figure 7.6.1.2.8 Variations of Directional Angle 0c for Forward Phase-phase-earth

Faults seen by the Directional Relay with Fault Resistances at Different Fault

Positions for Maximum and Minimum Fault Levels.
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Figure 7.6.1.2.9 Variations of Directional Angle 0c for Reverse 3-phase Faults seen

by the Directional Relay with Fault Resistances at Different Fault Positions for

Maximum and Minimum Fault Levels.
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Figure 7.6.1.2.10 Variations of Directional Angle 0c for Reverse Phase-phase Faults

seen by the Directional Relay with Fault Resistances at Different Fault Positions for

Maximum and Minimum Fault Levels.
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Figure 7.6.1.2.11 Variations of Directional Angle 0c for Reverse Single-phase-earth

Faults seen by the Directional Relay with Fault Resistances at Different Fault

Positions for Maximum and Minimum Fault Levels.
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Figure 7.6.1.2.12 Variations of Directional Angle 0c for Reverse Phase-phase-earth

Faults seen by the Directional Relay with Fault Resistances at Different Fault

Positions for Maximum and Minimum Fault Levels.
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Figure 7.6.1.2.13 Variations of Directional Angle 0C with Fault Positions for

Maximum and Minimum Fault Levels and Zero Fault Resistance for 3-phase Faults

with the Directional Relay arranged to detect as Forward and then Reverse Faults.

253



FORWARD
REVERSE

33kV Underground Cable System

w0
2050
Q
CO_0
05c
<
"0co
o0

200

100

-100

-200 0 25

Operation Limit +90 Degrees

*-------------------------- &__—
Forward Faults----------------------4-------------------------- ▲------------- ■B-ariMi.a— i--------*---------- ----------- ---- *------------- -------------X

Operation Limit -90 Degrees 
Reverse Faults

1 i 1 . ....................... 1. - - ........ i
50 75

Fault Positions (%)
Forward Faults Maximum Fault Level t Forward Faults Minimum Fault Level

Reverse Faults Maximum Fault Level T Reverse Faults Minimum Fault Level

100

Figure 7 .6 .1 .2 .14  Variations o f Directional Angle 6C with Fault Positions for 

Maximum and Minimum Fault Levels and Zero Fault Resistance for Phase-phase 

Faults with the Directional Relay arranged to detect as Forward and then Reverse 

Faults.
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Figure 7 .6 .1 .2 .15  Variations o f Directional Angle 6C with Fault Positions for 
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earth Faults with the Directional Relay arranged to detect as Forward and then 
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Figure 7 .6 .1 .2 .16  Variations o f Directional Angle 6C with Fault Positions for 

Maximum and Minimum Fault Levels and Zero Fault Resistance for Phase-phase- 

earth Faults with the Directional Relay arranged to detect as Forward and then 

Reverse Faults.
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Figure 7.6.1.2.17 Variations of Directional Angle 6C for Forward 3-phase Faults seen

by the Directional Relay with Fault Resistances at Different Fault Positions for

Maximum and Minimum Fault Levels.
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Figure 7.6.1.2.18 Variations of Directional Angle 6C for Forward Phase-phase Faults
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Figure 7.6.1.2.19 Variations of Directional Angle 6C for Forward Single-phase-earth

Faults seen by the Directional Relay with Fault Resistances at Different Fault

Positions for Maximum and Minimum Fault Levels.
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Figure 7.6.1.2.20 Variations of Directional Angle 6C for Forward Phase-phase-earth

Faults seen by the Directional Relay with Fault Resistances at Different Fault

Positions for Maximum and Minimum Fault Levels.
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Figure 7.6.1.2.21 Variations of Directional Angle 0C for Reverse 3-phase Faults seen

by the Directional Relay with Fault Resistances at Different Fault Positions for
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Figure 7.6.1.2.24 Variations of Directional Angle 6C for Reverse Phase-phase-earth

Faults seen by the Directional Relay with Fault Resistances at Different Fault

Positions for Maximum and Minimum Fault Levels.
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For the 33kV system shown the same observations as those for the llkV  system can 

be made. The apparent encroachment of the directional angle 6C for reverse faults 

onto the operation limits of ±90° for this system also includes the results for the 3- 

phase reverse faults in addition to phase-phase and single-phase-earth reverse faults.

The values of the directional angle 8C under the studied conditions fall within the 

defined limits for forward fault operation or for reverse fault restraint. The fault 

resistance coverage still maintains at the very high value of over 300Q for all the 

types of faults.
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7.6.1.3 llkV  Single Source Distribution Ring System of either Overhead

Line or Underground Cable Feeder

The system is shown below:

O v e r h e a d  L in e O v e r h e a d  L in e

U n d e r g r o u n d
C a b l e

R e v e r s e

F o r w a r d

P r o t e c t e d / F e e d e r

67

This system is a very common configuration at distribution level. A directional relay 

67 is arranged to protect a section of the ring as shown.

The directional angles 0C for the various fault types under different fault conditions 

with variation in fault point positions along the protected feeder and fault resistances 

are presented in Figures 7 .6 .1 .3 .1  to 7 .6 .1 .3 .16. The directional relay is arranged 

to detect the faults as forward and then reverse faults. The results for the protected 

feeder being both overhead line and underground cable are presented.
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Figure 7.6.1.3.1 Variations of Directional Angle 6C with Fault Positions and Fault

Resistances under Maximum and Minimum Fault Level Conditions for 3-phase Faults

with the Directional Relay arranged to detect the Faults as Forward Faults.
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Figure 7.6.1.3.2 Variations of Directional Angle 0C with Fault Positions and Fault

Resistances under Maximum and Minimum Fault Level Conditions for Phase-phase

Faults with the Directional Relay arranged to detect the Faults as Forward Faults.
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Figure 7 .6 .1 .3 .3  Variations of Directional Angle 0C with Fault Positions and Fault 

Resistances under Maximum and Minimum Fault Level Conditions for Single-phase- 

earth Faults with the Directional Relay arranged to detect the Faults as Forward 

Faults.
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Figure 7 .6 .1 .3 .4  Variations of Directional Angle 6C with Fault Positions and Fault 

Resistances under Maximum and Minimum Fault Level Conditions for Phase-phase- 

earth Faults with the Directional Relay arranged to detect the Faults as Forward 

Faults.
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Figure 7.6.1.3.5 Variations of Directional Angle 0c with Fault Positions and Fault

Resistances under Maximum and Minimum Fault Level Conditions for 3-phase Faults

with the Directional Relay arranged to detect the Faults as Reverse Faults.
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Figure 7.6.1.3.6 Variations of Directional Angle 0C with Fault Positions and Fault

Resistances under Maximum and Minimum Fault Level Conditions for Phase-phase

Faults with the Directional Relay arranged to detect the Faults as Reverse Faults.
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Figure 7 .6 .1 .3 .7  Variations of Directional Angle 6C with Fault Positions and Fault 

Resistances under Maximum and Minimum Fault Level Conditions for Single-phase- 

earth Faults with the Directional Relay arranged to detect the Faults as Reverse 

Faults.
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Figure 7 .6 .1 .3 .8  Variations o f Directional Angle 6C with Fault Positions and Fault 

Resistances under Maximum and Minimum Fault Level Conditions for Phase-phase- 

earth Faults with the Directional Relay arranged to detect the Faults as Reverse 

Faults.
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Figure 7 .6 .1 .3 .9  Variations of Directional Angle 6C with Fault Positions and Fault

Resistances under Maximum and Minimum Fault Level Conditions for 3-phase Faults

with the Directional Relay arranged to detect the Faults as Forward Faults.

275



Overhead Line O verhead Line

Overhead
Line

Reverse

F o rw a rd  | 

. ^ e e dProtected

67

llkV Distribution Ring System Protecting an Underground Cable Feeder

50

40

30 ■orward Fault Operation
CD

20

10

CD 0

03 -10

-20

-30

-40

10050
Fault Positions (°/

y  0 Ohm Faiit Re*. Max. Fault Level ^ 100 Ohm* Faiit Rea. Max Fault Level — . —  300 Ohm* F a iit Re*. Max. Fa iit Level

T  0 Ohm Fault Re*. Min Faiit Level Q  100 Ohrre Faiit Re* Min. Fault Level x  300 F* J I  R»» F* i l  L»v^

Figure 7.6.1.3.10 Variations of Directional Angle 0C with Fault Positions and Fault

Resistances under Maximum and Minimum Fault Level Conditions for Phase-phase

Faults with the Directional Relay arranged to detect the Faults as Forward Faults.
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Figure 7.6.1 .3 .11 Variations o f Directional Angle 6C with Fault Positions and Fault 

Resistances under Maximum and Minimum Fault Level Conditions for Single-phase- 

earth Faults with the Directional Relay arranged to detect the Faults as Forward 

Faults.
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Figure 7 .6 .1 .3 .12  Variations of Directional Angle 0C with Fault Positions and Fault 

Resistances under Maximum and Minimum Fault Level Conditions for Phase-phase- 

earth Faults with the Directional Relay arranged to detect the Faults as Forward 

Faults.
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Figure 7.6.1.3.13 Variations of Directional Angle 6C with Fault Positions and Fault

Resistances under Maximum and Minimum Fault Level Conditions for 3-phase Faults

with the Directional Relay arranged to detect the Faults as Reverse Faults.
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Figure 7.6.1.3.14 Variations of Directional Angle 6C with Fault Positions and Fault

Resistances under Maximum and Minimum Fault Level Conditions for Phase-phase

Faults with the Directional Relay arranged to detect the Faults as Reverse Faults.
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Figure 7 .6 .1 .3 .15  Variations of Directional Angle 0C with Fault Positions and Fault 

Resistances under Maximum and Minimum Fault Level Conditions for Single-phase- 

earth Faults with the Directional Relay arranged to detect the Faults as Reverse 

Faults.
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Figure 7 .6 .1 .3 .16  Variations of Directional Angle 6C with Fault Positions and Fault 

Resistances under Maximum and Minimum Fault Level Conditions for Phase-phase- 

earth Faults with the Directional Relay arranged to detect the Faults as Reverse 

Faults.
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For the llkV  distribution ring system the following additional observations can be 

made:

The values of the directional angle 6C for forward and reverse faults fall 

within the defined limits by the new directional detection method for both 

forward fault operation and reverse fault restraint. The fault resistance 

detectable remains at the very high value of over 300Q.

For a given fault condition of fault position and fault resistance the magnitudes 

and the associated angles of the source have no effect on the values of the 

directional angle 6C.

For 3-phase faults the fault levels and fault positions have very little effect on 

6C.

For phase-phase, single-phase-earth and phase-phase-earth reverse faults the 

apparent encroachment of the reverse directional angle 6C onto the ±90° 

limits is because the angular values, being more than +180°, are expressed 

as negative angles (e.g. + 200° is expressed as -160°) and the various points 

are joined by line graph.

283



7.6.1.4 11KV Distribution System of either Overhead Line or 

Underground Cable Feeder with Sources at both Feeder Ends

The system is shown below:

F o r w a r d

This system provides tests for the capability o f the new directional detection method 

to detect direction o f faults with pre-fault load current flow. Though this system 

arrangement is not common at distribution levels the studies are to confirm the 

reliable detection o f fault directions under all operating conditions.

The directional angles 6C for the various fault types under different fault conditions 

with and without pre-fault load current flow are presented in Figures 7 .6 .1 .4 .1  to 

7 .6 .1 .4 .16  with variations in fault positions and fault resistances.
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Figure 7.6.1.4.1 Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for 3-phase Faults without and with 100% pre-fault exporting and 

importing load current flow with the Directional Relay arranged to detect the Faults 

as Forward Faults.
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Figure 7.6.1.4.2 Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for Phase-phase Faults without and with 100% pre-fault exporting and 

importing load current flow with the Directional Relay arranged to detect the Faults 

as Forward Faults.
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Figure 7 .6 .1 .4 .3  Variations o f Directional Angle 0c with Fault Positions and Fault 

Resistances for Single-phase-earth Faults without and with 100% pre-fault exporting 

and importing load current flow with the Directional Relay arranged to detect the 

Faults as Forward Faults.
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Figure 7 .6 .1 .4 .4  Variations o f Directional Angle 0c with Fault Positions and Fault 

Resistances for Phase-phase-earth Faults without and with 100% pre-fault exporting 

and importing load current flow with the Directional Relay arranged to detect the 

Faults as Forward Faults.
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Figure 7.6.1.4.5 Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for 3-phase Faults without and with 100% pre-fault exporting and 

importing load current flow with the Directional Relay arranged to detect the Faults 

as Forward Faults.
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11KV Distribution System with Two Line-end Sources on an Underground Cable
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Figure 7.6.1.4.6 Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for Phase-phase Faults without and with 100% pre-fault exporting and 

importing load current flow with the Directional Relay arranged to detect the Faults 

as Forward Faults.
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Figure 7 .6 .1 .4 .7  Variations o f Directional Angle 0c with Fault Positions and Fault 

Resistances for Single-phase-earth Faults without and with 100% pre-fault exporting 

and importing load current flow with the Directional Relay arranged to detect the 

Faults as Forward Faults.
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Figure 7 .6 .1 .4 .8  Variations o f Directional Angle 0c with Fault Positions and Fault 

Resistances for Phase-phase-earth Faults without and with 100% pre-fault exporting 

and importing load current flow with the Directional Relay arranged to detect the 

Faults as Forward Faults.
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Figure 7 .6 .1 .4 .9  Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for 3-phase Faults without and with 100% pre-fault exporting and 

importing load current flow with the Directional Relay arranged to detect the Faults 

as Reverse Faults.
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Figure 7.6.1.4.10 Variations of Directional Angle 6C with Fault Positions and Fault 

Resistances for Phase-phase Faults without and with 100% pre-fault exporting and 

importing load current flow with the Directional Relay arranged to detect the Faults 

as Reverse Faults.
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Figure 7.6.1.4.11 Variations of Directional Angle 6C with Fault Positions and Fault 

Resistances for Single-phase-earth Faults without and with 100% pre-fault exporting 

and importing load current flow with the Directional Relay arranged to detect the 

Faults as Reverse Faults.
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Figure 7 .6 .1 .4 .12  Variations of Directional Angle 0C with Fault Positions and Fault 

Resistances for Phase-phase-earth Faults without and with 100% pre-fault exporting 

and importing load current flow with the Directional Relay arranged to detect the 

Faults as Reverse Faults.

296



67

f

11KV Distribution System with Two Line-end Sources on an Underground Cable 

Feeder

200

Reverse Fault Restraint
100

Incorrect Operation

<D -100

-200 o 10050
Fault Positions (°/

Zero FaUt Ras No Pra-laiit Load 

100 Ohm* 100% Pre-lault Export

100 Otvnt No Pre-faiit Load 

Zero Fault Flea. 100% Pre-faiit inport

Zero Faiit Flea. 100% Pre-faiit Export 

100 Ohma 100% Pre-fault Import

Figure 7 .6 .1 .4 .13  Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for 3-phase Faults without and with 100% pre-fault exporting and 

importing load current flow with the Directional Relay arranged to detect the Faults 

as Reverse Faults.
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11KV Distribution System with Two Line-end Sources on an Underground Cable 
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Figure 7 .6 .1 .4 .14  Variations o f Directional Angle 0c with Fault Positions and Fault 

Resistances for Phase-phase Faults without and with 100% pre-fault exporting and 

importing load current flow with the Directional Relay arranged to detect the Faults 

as Reverse Faults.
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Figure 7 .6 .1 .4 .15  Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for Single-phase-earth Faults without and with 100% pre-fault exporting 

and importing load current flow with the Directional Relay arranged to detect the 

Faults as Reverse Faults.
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Figure 7 .6 .1 .4 .16  Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for Phase-phase-earth Faults without and with 100% pre-fault exporting 

and importing load current flow with the Directional Relay arranged to detect the 

Faults as Reverse Faults.
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For the llkV  distribution system with sources at the two ends of the protected feeder 

the following observations can be made:

For the overhead line feeder the directional angle 6C exceeds the ±90° limits 

for 3-phase faults at the end of the feeder with 1000 fault resistance and no 

pre-fault load current flow. The same applies to the case of single-phase-earth 

fault for the same conditions.

For the underground cable feeder 0C exceeds the ±90° limits for 3-phase faults 

with 100Q fault resistance and 100% pre-fault importing load current flow. 

The same applies for single-phase-earth faults and for phase-phase faults up 

to 50% of the protected cable, both for the same conditions.

For multiple-source-fed systems the proposed combined function Fc is not able to 

operate correctly for all types of faults with high fault resistance in the presence of 

full importing load current flow.
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7.6.1.5 33KV Distribution System of either Overhead Line or Underground

Cable Feeder with Sources at both Feeder Ends

The system is shown below:

Forward

This resistance-earthed system provides tests on the effect of primary system earthing 

arrangement on the proposed directional detection method and the effect of the 

subsequent limit on the earth fault current with pre-fault load current flow.

The variations o f the directional angle 6C under different pre-fault loading and fault 

conditions for different fault types are presented in Figures 7 .6 .1 .5 .1  to 7 .6 .1 .5 .16  

with variations in fault positions and fault resistances.
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Figure 7 .6 .1 .5 .1  Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for 3-phase Faults without and with 100% pre-fault exporting and 

importing load current flow with the Directional Relay arranged to detect the Faults 

as Forward Faults.
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Figure 7 .6 .1 .5 .2  Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for Phase-phase Faults without and with 100% pre-fault exporting and 

importing load current flow with the Directional Relay arranged to detect the Faults 

as Forward Faults.
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33KV Distribution System with Two Line-end Sources on an Overhead Line Feeder
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Figure 7 .6 .1 .5 .3  Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for Single-phase-earth Faults without and with 100% pre-fault exporting 

and importing load current flow with the Directional Relay arranged to detect the 

Faults as Forward Faults.
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33KV Distribution System with Two Line-end Sources on an Overhead Line Feeder
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Figure 7 .6 .1 .5 .4  Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for Phase-phase-earth Faults without and with 100% pre-fault exporting 

and importing load current flow with the Directional Relay arranged to detect the 

Faults as Forward Faults.
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Figure 7 .6 .1 .5 .5  Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for 3-phase Faults without and with 100% pre-fault exporting and 

importing load current flow with the Directional Relay arranged to detect the Faults 

as Forward Faults.
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33KV Distribution System with Two Line-end Sources on an Underground Cable 
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Figure 7 .6 .1 .5 .6  Variations of Directional Angle 6C with Fault Positions and Fault 

Resistances for Phase-phase Faults without and with 100% pre-fault exporting and 

importing load current flow with the Directional Relay arranged to detect the Faults 

as Forward Faults.
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Figure 7 .6 .1 .5 .7  Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for Single-phase-earth Faults without and with 100% pre-fault exporting 

and importing load current flow with the Directional Relay arranged to detect the 

Faults as Forward Faults.
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Figure 7 .6 .1 .5 .8  Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for Phase-phase-earth Faults without and with 100% pre-fault exporting 

and importing load current flow with the Directional Relay arranged to detect the 

Faults as Forward Faults.
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Figure 7 .6 .1 .5 .9  Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for 3-phase Faults without and with 100% pre-fault exporting and 

importing load current flow with the Directional Relay arranged to detect the Faults 

as Reverse Faults.
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Figure 7 .6 .1 .5 .10  Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for Phase-phase Faults without and with 100% pre-fault exporting and 

importing load current flow with the Directional Relay arranged to detect the Faults 

as Reverse Faults.
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Figure 7 .6.1.5.11 Variations o f Directional Angle 0c with Fault Positions and Fault 

Resistances for Single-phase-earth Faults without and with 100% pre-fault exporting 

and importing load current flow with the Directional Relay arranged to detect the 

Faults as Reverse Faults.
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Figure 7 .6 .1 .5 .12  Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for Phase-phase-earth Faults without and with 100% pre-fault exporting 

and importing load current flow with the Directional Relay arranged to detect the 

Faults as Reverse Faults.
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Figure 7 .6 .1 .5 .13  Variations o f Directional Angle 0c with Fault Positions and Fault 

Resistances for 3-phase Faults without and with 100% pre-fault exporting and 

importing load current flow with the Directional Relay arranged to detect the Faults 

as Reverse Faults.
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Figure 7 .6 .1 .5 .14  Variations o f Directional Angle 0c with Fault Positions and Fault 

Resistances for Phase-phase Faults without and with 100% pre-fault exporting and 

importing load current flow with the Directional Relay arranged to detect the Faults 

as Reverse Faults.
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Figure 7 .6 .1 .5 .15  Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for Single-phase-earth Faults without and with 100% pre-fault exporting 

and importing load current flow with the Directional Relay arranged to detect the 

Faults as Reverse Faults.
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Figure 7 .6 .1 .5 .16  Variations of Directional Angle 0c with Fault Positions and Fault 

Resistances for Phase-phase-earth Faults without and with 100% pre-fault exporting 

and importing load current flow with the Directional Relay arranged to detect the 

Faults as Reverse Faults.
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For the 33kV distribution system with sources at the two ends of the protected feeder 

the following observations can be made:

For the overhead line feeder the directional angle 6C exceeds the ±90° limits 

for 3-phase faults along the remote half of the feeder with 1000 fault 

resistance and 100% pre-fault importing load current flow. The same applies 

in the case of the single-phase-earth faults under the same pre-fault conditions 

and with 1000 fault resistance.

At mid-point of the overhead line feeder 0c also slightly exceeds the ±90° 

limits for phase-phase faults with 1000 fault resistance and 100% pre-fault 

importing load current flow.

For the underground cable feeder the new basis of directional detection is not 

capable of coping with 1000 fault resistance for single-phase-earth fault with 

100% pre-fault importing load current flow. Under the same pre-fault 

conditions and with 1000 fault resistance the directional angle 6C also exceeds 

the ±90° limits for 3-phase and phase-phase faults at the mid-point of the 

cable.
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7.6.2 Transformer-feeder Systems

When a power transformer is placed between the relay location and the fault point 

there is a phase shift between the voltage and current phasors on the fault side and 

those on the relay side of the transformer caused by the intrinsic phase shift, if any, 

produced by the power transformer between its low-voltage and high-voltage 

windings. This phase shift applies to the symmetrical components of voltages and 

currents with the same phase shift for both voltage and current of the same phase 

sequence.

7.6.2.1 Effect of Phase Shift on the New Directional Detection Method

When a phase shift is produced between the voltage and current phasors from one 

winding to the other, traditional directional relays based on the product of a polarising 

voltage and an operating current and a function of the phase displacement between 

them are affected by this phase shift as explained in Chapter 4. This is because of 

the effect of phase shift to the voltage and current phasors is cumulative. To take this 

phase shift into account the selection of maximum torque angle value of directional 

overcurrent relays has to be different for plain- and for transformer-feeders. It is 

recommended [3.8, 3.9] that 30° leading and 45° leading maximum torque angles are 

used for application to plain- and transformer-feeders respectively.

For the new proposed method of detecting direction, the ratio between the voltage and 

current signals is examined to derive the phase angle displacement between them and
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to determine the fault direction as defined by the combined function given by equation 

6.60 in Chapter 6:

V V
Fc = lZ-45°(— ) + 20Z+135°(— )

A 2

The phase shift introduced by power transformers is the same for the voltage and the 

current phasors of the same phase sequence. Consequently, when the ratio of the 

same phase sequence of voltage and current is taken the effect of the phase shift is 

cancelled. The power transformer is, therefore, ’'transparent” to the new directional 

detection method as far as any phase shift introduced by the power transformer is 

concerned.

7.6.2.2 Results of Studies on Transformer-feeder Systems

The followings are the results of studies on the transformer-feeder systems shown in 

Figure 7.2. The effects of fault levels, fault positions, pre-fault load levels and fault 

resistances on the new directional detection method are examined and the results 

presented. The form of presentation in terms of the directional angle is similar to the 

case for the plain-feeder system.

321



7.6.2.2.1 11KV Supply Transformer from Utility to Consumer Low-voltage

System

The system is shown below:

Reverse

Forward 380V

67

This system is commonly used by utilities to provide power supply to consumers. A 

directional relay installed at the high voltage side of the power transformer serves to 

ensure that no fault infeed from the local low voltage generation where installed.

The effects o f the phase shift between the high and low voltage sides of the 

transformer on the directional angle 0 C under various fault conditions and for different 

parameters of the low voltage cable feeder are presented in Figures 7 . 6 .2.2.1.1 to 

7 . 6 .2 .2 .1 .8 .
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Figure 7 . 6 .2 .2.1.1 Variations of Directional Angle 0C with Fault Positions for 3-phase 

Faults on the Low Voltage Cable Feeder and with Fault Resistances under Maximum 

and Minimum Fault Level Conditions with the Directional Relay arranged to detect 

the Faults as Forward Faults
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Figure 7 . 6 .2 .2 .1 .2  Variations o f Directional Angle 0C with Fault Positions for Phase- 

phase Faults on the Low Voltage Cable Feeder and with Fault Resistances under 

Maximum and Minimum Fault Level Conditions with the Directional Relay arranged 

to detect the Faults as Forward Faults
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Figure 7 . 6 .2 .2 .1 .3  Variations of Directional Angle 0C with Fault Positions for Single- 

phase-earth Faults on the Low Voltage Cable Feeder and with Fault Resistances under 

Maximum and Minimum Fault Level Conditions with the Directional Relay arranged 

to detect the Faults as Forward Faults

325



Iho rw oro  j a u v
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Figure 1 .6 2 .2 .1.4 Variations of Directional Angle 0C with Fault Positions for Phase- 

phase-earth Faults on the Low Voltage Cable Feeder and with Fault Resistances under 

Maximum and Minimum Fault Level Conditions with the Directional Relay arranged 

to detect the Faults as Forward Faults.

326



Di
re

ct
io

n 
An

gl
es

 
(D

eg
re

es
)

l l k V  Consumer Supply Transformer System

146

144

142

140

138

136

134 100
Fault Positions (%)

 ^   0 Ohm Fault Res. Max. Fault Level ^ 0.5 Ohms Fault Res. Max Fault Level . 1 Ohm Fault Res. Max. Fault Level

 V   0 Ohm Fault Res. Min. Fault Level q  0.5 Ohms Fault Res Min. Fault Level y  1 Ohm Fault Res. Min. Fault Level

Figure 7.6.2.2.1.5(A)



SH?r<9®— —h

l l k V  Consumer Supply Transformer System

-130

-135

O)
<3? -140

O) -145

-150

-155

-160 100
Fault Positions (%)

0 Ohm Faiit Raa Max. Fault Laval 

0 Ohm Faiit Raa. Min. Fault Laval

0.5 Ohma F aiit Raa. Max Fault Laval 

0.5 Ohma F aiit Raa Min Fa iit Laval

1 Ohm Fault Raa. Max. Faiit Laval 

1 Ohm Faiit Raa Min Faiit Laval

Figure 7.6.2.2.1.5(B )

Figure 7 . 6 .2 .2 .1 .5  Variations o f Directional Angle 6C with Fault Positions for 3- 

phase Faults on the Low Voltage Cable Feeder and with Fault Resistances under 

Maximum and Minimum Fault Level Conditions with the Directional Relay 

arranged to detect the Faults as Reverse Faults.
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llk V  Consumer Supply Transformer System
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Figure 7 . 6 .2 .2 .1 .6  Variations of Directional Angle 0C with Fault Positions for Phase- 

phase Faults on the Low Voltage Cable Feeder and with Fault Resistances under 

Maximum and Minimum Fault Level Conditions with the Directional Relay arranged 

to detect the Faults as Reverse Faults.
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llk V  Consumer Supply Transformer System
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Figure 7 . 6 .2 .2 .1 .7  Variations of Directional Angle 0C with Fault Positions for Single- 

phase-earth Faults on the Low Voltage Cable Feeder and with Fault Resistances under 

Maximum and Minimum Fault Level Conditions with the Directional Relay arranged 

to detect the Faults as Reverse Faults.
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For the llkV  consumer supply transformer system the followings are additional 

observations on the performance of the directional relay based on the new directional 

detection method at the high voltage side of the transformer:

The phase shift caused by the transformer has no effect on the new directional 

detection method.

The values of the directional angle 0C are within the defined limits for forward 

fault operation and reverse fault restraint for all the fault types with fault 

resistances.

For a given fault condition of fault position and fault resistance the magnitudes 

and the associated angles of the source emf have no effect on 0C.

For 3-phase faults the fault levels have negligible effect on the values of the 

directional angle 0C under the various conditions studied.

The directional relay is capable of detecting the earth faults on the low voltage 

system even with the delta winding of the power transformer blocking the 

flow of zero phase sequence current.
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7.6.2.2.2 11KV Single Source Transformer Parallel Circuits of either

Overhead Line or Underground Cable Feeder

The system is shown below:

1 3 2 k V

1 1  k V

R e v e r s e

A directional relay 67 is arranged to protect an llk V  feeder as shown.

The directional angles 6C for various fault types on the feeder under maximum and 

minimum fault levels and their variations with fault point positions and fault 

resistances are presented in Figures 7 .6 .2 .2 .2 .1  to 7 . 6 .2 .2 .2 . 8  with the directional 

relay arranged to "see" the faults as being either in the forward or reverse direction. 

The results for faults on both overhead line and underground cable feeders are 

presented.
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Resistances for 3-phase Faults with the Directional Relay arranged to detect as

Forward and then Reverse Faults.
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Figure 7.6.2.2.2.5 Variations of Directional Angle 6C with Fault Positions and Fault
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Forward and then Reverse Faults.
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For this llkV  arrangement of parallel transformer feeders where directional relays 

are normally installed as shown the performance of the new directional detection 

method is satisfactory except the following:

For 3-phase, phase-phase and single-phase-earth faults at 100% of the 

overhead line feeder, i.e., at the llkV  terminals of the transformer, the new 

method is not able to determine correctly the fault direction when 1000 fault 

resistance is present.

For underground cable feeder the new method is able to determine correctly 

the direction of all fault types in the presence of high fault resistances.

The magnitude and the associated angle of the source emf have no effect on 

the resulting values of the directional angle 0C.
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7.6.2.2.3 33KV Single Source Transformer Parallel Circuits of either

Overhead Line or Underground Cable Feeder

The system is shown below:

33kV

Forward

Reverse

1 3 2  kV

67

The same arrangement as that of the l l k V  system in Section 7 . 6 .2 .2 .2  is used. The 

directional relay 67 is installed at the end of the 33kV feeder.

The variations in the directional angle 6C with fault positions and fault resistances 

under similar conditions are examined and the results are presented in Figures 

7 . 6 .2 .2.3.1 to 7 . 6 .2 .2 .3 . 8  for faults on both overhead line and underground cable 

feeders.
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For this 33kV parallel transformer feeder arrangement the following observations can 

be made on the performance of the new directional detection method.

The new method is able to operate for a resistance-earthed system.

The directional angle 6C for all types of faults along the feeder are well within 

the ±90° limits with fault resistances up to 10011 for both overhead line and 

underground cable feeders.

The magnitude and the associated angle of the source emf have no effect on 

the resulting values of 0C.
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7.6.2.2.4 11KV Distribution System with 33KV Transformer Source to either

Overhead Line or Underground Cable Feeder

The system is shown below:

Reverse
33kV

Forward

67

In this system the l l k V  distribution feeder is also supplied from a 33kV source via 

a transformer.

The variations of the directional angle 6C for various fault types on the feeder with 

fault positions and fault resistances are examined and presented in Figures 7 . 6 .2.2.4.1 

to 7 .6 .2 .2 .4 .16  for both overhead line and underground cable feeders. The 

directional relay 67 is arranged to "see" the faults as being either in the forward or 

reverse direction and without and with 1 0 0 % pre-fault load current flow importing 

from the 33kV source.
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Figure 7.6.2.2.4.1 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for 3-phase Faults with the Directional Relay arranged to detect as 

Forward Faults without and with 100% Pre-fault Load Current Flow importing from 

the 33kV Source.
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Figure 7 . 6 .2 .2 .4 .2  Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Phase-phase Faults with the Directional Relay arranged to detect 

as Forward Faults without and with 100% Pre-fault Load Current Flow importing 

from the 33kV Source.
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11KV Distribution Overhead Line Feeder with a 33kV Transformer Source at One 

End

100

Operation Limit +90 Degrees

50U)

-50

Operation Limit -90 Degrees

-100
100

Fault Positions

Z#ro Fault Ret. 100% Pre-fault Import 100 Ohm* Faiit Rea 100% Pre-taUt Import

Figure 7.6.2.2.4.3 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Single-phase-earth Faults with the Directional Relay arranged 

to detect as Forward Faults without and with 100% Pre-fault Load Current Flow 

importing from the 33kV Source.
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Figure 7 .6 .2 .2 .4 .4  Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Phase-phase-earth Faults with the Directional Relay arranged 

to detect as Forward Faults without and with 100% Pre-fault Load Current Flow 

importing from the 33kV Source.

359



F orw ard

11KV Distribution Underground Cable Feeder with a 33kV Transformer Source at 

One End

w<D
2
CD0)
Q
w_0>
CD
c
<
IB
c,o
o
0)

150

Incorrect Operation

100 -

Operation Limit +90 Degrees

50

0

♦---------- -------------------

........

-50
T

Operation Limit -90 Degrees

♦

i i i

100 0 50
Fault Positions (%)

100

Zsro Fadl Res.No Pra-laUt Load 

Zero Faiit Rea. 100% Pre-laJt Import

100 O im s FaiJt Rea No Pre-taiit load 

100 O tm a Feud Rea. 100% Pre-laiit Import

Figure 7.6.2.2.4.5 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for 3-phase Faults with the Directional Relay arranged to detect as 

Forward Faults without and with 100% Pre-fault Load Current Flow importing from 

the 33kV Source.
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Figure 7 . 6 .2 .2 .4 . 6  Variations o f the Directional Angle 0c with Fault Positions and 

Fault Resistances for Phase-phase Faults with the Directional Relay arranged to detect 

as Forward Faults without and with 100% Pre-fault Load Current Flow importing 

from the 33kV Source.
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Figure 7 . 6 .2 .2 .4 .7  Variations o f the Directional Angle 0c with Fault Positions and 

Fault Resistances for Single-phase-earth Faults with the Directional Relay arranged 

to detect as Forward Faults without and with 100% Pre-fault Load Current Flow 

importing from the 33kV Source.
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Figure 7.6.2.2.4.8 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Phase-phase-earth Faults with the Directional Relay arranged 

to detect as Forward Faults without and with 100% Pre-fault Load Current Flow 

importing from the 33kV Source.
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Figure 7.6.2.2.4.9 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for 3-phase Faults with the Directional Relay arranged to detect as 

Reverse Faults without and with 100% Pre-fault Load Current Flow importing from 

the 33kV Source.
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Figure 7 .6 .2 .2 .4 .10  Variations o f the Directional Angle 0c with Fault Positions and 

Fault Resistances for Phase-phase Faults with the Directional Relay arranged to detect 

as Reverse Faults without and with 100% Pre-fault Load Current Flow importing 

from the 33kV Source.
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Figure 7 .6 .2 .2 .4 .11 Variations o f the Directional Angle 0c with Fault Positions and 

Fault Resistances for Single-phase-earth Faults with the Directional Relay arranged 

to detect as Reverse Faults without and with 100% Pre-fault Load Current Flow 

importing from the 33kV Source.
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Figure 7.6.2.2.4.12 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Phase-phase-earth Faults with the Directional Relay arranged 

to detect as Reverse Faults without and with 100% Pre-fault Load Current Flow 

importing from the 33kV Source.
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One End
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Figure 7 .6 .2 .2 .4 .13  Variations o f the Directional Angle 0c with Fault Positions and 

Fault Resistances for 3-phase Faults with the Directional Relay arranged to detect as 

Reverse Faults without and with 100% Pre-fault Load Current Flow importing from 

the 33kV Source.
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Figure 7.6.2.2.4.14 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Phase-phase Faults with the Directional Relay arranged to detect 

as Reverse Faults without and with 100% Pre-fault Load Current Flow importing 

from the 33kV Source.
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11KV Distribution Underground Cable Feeder with a 33kV Transformer Source at 

One End
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Figure 7.6.2.2.4.15 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Single-phase-earth Faults with the Directional Relay arranged 

to detect as Reverse Faults without and with 100% Pre-fault Load Current Flow 

importing from the 33kV Source.
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11KV Distribution Underground Cable Feeder with a 33kV Transformer Source at 

One End
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Figure 7.6.2.2.4.16 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Phase-phase-earth Faults with the Directional Relay arranged 

to detect as Reverse Faults without and with 100% Pre-fault Load Current Flow 

importing from the 33kV Source.
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For this llkV  feeder which is also fed from a 33kV source the following observations 

can be made on the performance of the new directional detection method.

The new method is not able to determine the correct fault direction for 3- 

phase and single-phase-earth faults on the overhead line feeder near the 

transformer terminals with fault resistance of 1000.

The method also fails for high resistance faults on the underground cable 

feeder for 3-phase, phase-phase and single-phase-earth faults with 1000 fault 

resistance and 100% pre-fault load importing from the 33kV source.

The results show that the proposed function Fc as defined in Chapter 6 is not able to 

determine correctly the direction of all types of faults on both overhead line and 

underground cable feeders with high fault resistance and in the presence of full load 

current flow in opposite direction to the fault current.

372



7.6.2.2.5 11KV Distribution System with 132KV Transformer Source to

either Overhead Line or Underground Cable Feeder

The system is shown below:

Reverse

Forward

132kV11 kV

67

This configuration is not common for distribution systems, but it provides an 

opportunity to examine the performance of the proposed directional detection method 

in the presence o f pre-fault load current flow importing from the 132kV system.

The variations of the directional angle 6C for various fault types on the feeder with 

fault positions and fault resistances are presented in Figures 7 .6 .2 .2 .5 .1  to 

7 .6 .2 .2 .5 .16  for both overhead line and underground cable feeders. The directional 

relay 67 is arranged to "see" the faults as being either in the forward or reverse 

direction and without and with 1 0 0 % pre-fault load current flow importing from the 

132kV source.
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Figure 7 . 6 .2 .2.5.1 Variations o f the Directional Angle 0c with Fault Positions and 

Fault Resistances for 3-phase Faults with the Directional Relay arranged to detect as 

Forward Faults without and with 100% Pre-fault Load Current Flow importing from 

the 132kV Source.
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Figure 7 . 6 .2 .2 .5 .2  Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Phase-phase Faults with the Directional Relay arranged to detect 

as Forward Faults without and with 100% Pre-fault Load Current Flow importing 

from the 132kV Source.
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Figure 7.6.2.2.5.3 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Single-phase-earth Faults with the Directional Relay arranged 

to detect as Forward Faults without and with 100% Pre-fault Load Current Flow 

importing from the 132kV Source.
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Figure 7.6.2.2.5.4 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Phase-phase-earth Faults with the Directional Relay arranged 

to detect as Forward Faults without and with 100% Pre-fault Load Current Flow 

importing from the 132kV Source.
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11KV Distribution System with a 132kV Source on an Underground Cable Feeder
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Figure 7.6.2.2.5.5 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for 3-phase Faults with the Directional Relay arranged to detect as 

Forward Faults without and with 100% Pre-fault Load Current Flow importing from 

the 132kV Source.
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Figure 7.6.2.2.5.6 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Phase-phase Faults with the Directional Relay arranged to detect 

as Forward Faults without and with 100% Pre-fault Load Current Flow importing 

from the 132kV Source.
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Figure 7.6.2.2.5.7 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Single-phase-earth Faults with the Directional Relay arranged 

to detect as Forward Faults without and with 100% Pre-fault Load Current Flow 

importing from the 132kV Source.
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Figure 7.6.2.2.5.8 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Phase-phase-earth Faults with the Directional Relay arranged 

to detect as Forward Faults without and with 100% Pre-fault Load Current Flow 

importing from the 132kV Source.
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Figure 7.6.2.2.5.9 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for 3-phase Faults with the Directional Relay arranged to detect as 

Reverse Faults without and with 100% Pre-fault Load Current Flow importing from 

the 132kV Source.
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Figure 7 .6 .2 .2 .5 .10  Variations o f the Directional Angle 0c with Fault Positions and 

Fault Resistances for Phase-phase Faults with the Directional Relay arranged to detect 

as Reverse Faults without and with 100% Pre-fault Load Current Flow importing 

from the 132kV Source.
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Figure 7.6.2.2.5.11 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Single-phase-earth Faults with the Directional Relay arranged 

to detect as Reverse Faults without and with 100% Pre-fault Load Current Flow 

importing from the 132kV Source.
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Figure 7.6.2.2.5.12 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Phase-phase-earth Faults with the Directional Relay arranged 

to detect as Reverse Faults without and with 100% Pre-fault Load Current Flow 

importing from the 132kV Source.
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Figure 7.6.2.2.5.13 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for 3-phase Faults with the Directional Relay arranged to detect as 

Reverse Faults without and with 100% Pre-fault Load Current Flow importing from 

the 132kV Source.
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Figure 7.6.2.2.5.14 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Phase-phase Faults with the Directional Relay arranged to detect 

as Reverse Faults without and with 100% Pre-fault Load Current Flow importing 

from the 132kV Source.

387



Reverse

F o rw a rd

1 1kV

f

[ 6 7 ]

11KV Distribution System with a 132kV Source on an Underground Cable Feeder

200

^  150
C/5 
CD 
CD 100O)
<D 
Q
C/5 _0)
CDc  
<
"c5 c  _o
o 
<D

50

0

-50

-100

-150

-200

♦— -------- -----------------------------A______▼ ----------- - _____----------- ♦

-
Operation Limit +90 Degrees

- Incorrect Operation

Operation Limit -90 Degrees

A Reverse Fault Restraint

i . i . . . 1
0 50

Fault Positions (%)
^ __ Zero Ohm Fault Ras.No Pre-fault Load ^ 100 Ohma Faiit Rea. No Pre-taiit Load

100

Zero Ohm Faiit Rea. 100% Pre-taiit Import 100 Ohma Faiit Rea 100% Pre-taiit Import

Figure 7.6.2.2.5.15 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Single-phase-earth Faults with the Directional Relay arranged 

to detect as Reverse Faults without and with 100% Pre-fault Load Current Flow 

importing from the 132kV Source.
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Figure 7.6.2.2.5.16 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Phase-phase-earth Faults with the Directional Relay arranged 

to detect as Reverse Faults without and with 100% Pre-fault Load Current Flow 

importing from the 132kV Source.
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For this system the following observations can be made on the performance of the 

new directional detection method.

For 3-phase and single-phase-earth faults on the overhead line feeder the new 

method is not able to determine the correct direction when 1000 fault 

resistance is present in the fault near the transformer terminals.

In the case of the underground cable feeder the new method is also not able 

to determine the correct direction of 3-phase, phase-phase and single-phase- 

earth faults with 1000 fault resistance when there is full pre-fault load current 

flow in opposite direction to the fault current.

The proposed function Fc as defined in Chapter 6, from which direction information 

is derived, is affected by pre-fault load current flow and high fault resistance. The 

resulting angle, 6C are outside the ±90o limits for forward faults under such pre-fault 

and fault conditions.
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7.6.2.2.6 33KV Distribution System with 132KV Transformer Source to

either Overhead Line or Underground Cable Feeder

The system is shown below:

Reverse

Forward

132kV33kV

67

This arrangement is similar to Section 7 . 6 .2 .2 .5  for llk V  system with the 33kV 

feeder also being fed from the 132kV source.

The variations o f the directional angle 6C for different fault types under the same fault 

and pre-fault conditions are presented in Figures 7 . 6 .2 .2 . 6 .1 to 7 .6 .2 .2 .6 .16  for both 

overhead line and underground cable feeders. The directional relay 67 is arranged 

to "see" the faults as being either in the forward or reverse direction.
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Figure 7 .6 .2 .2 .6 .1  Variations o f the Directional Angle 0c with Fault Positions and 

Fault Resistances for 3-phase Faults with the Directional Relay arranged to detect as 
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the 132kV Source.
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Figure 7.6.2.2.6.11 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Single-phase-earth Faults with the Directional Relay arranged 
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Figure 7.6.2.2.6.14 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Phase-phase Faults with the Directional Relay arranged to detect 
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Figure 7 .6 .2 .2 .6 .15  Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Single-phase-earth Faults with the Directional Relay arranged 
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Figure 7.6.2.2.6.16 Variations of the Directional Angle 0c with Fault Positions and 

Fault Resistances for Phase-phase-earth Faults with the Directional Relay arranged 

to detect as Reverse Faults without and with 100% Pre-fault Load Current Flow 

importing from the 132kV Source.
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Similar to the llkV  system in Section 7.6.2.2.5 the new directional detection method 

is not able to determine correctly the direction of all high resistance faults with pre

fault load current flow in opposite direction to fault currents. The following

observations can be made:

The new method fails to perform correctly for 3-phase, phase-phase and 

single-phase-earth faults with 100ft fault resistance and full pre-fault load 

importing from the 132kV source.

The new method is able to determine correctly the direction of all phase- 

phase-earth faults with high fault resistance and full pre-fault load current flow

which is in opposite direction to the fault current.
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7.6.3 Discussion on the Performance of the New Directional Detection Method

The results of the analyses of the different systems and the responses of the proposed 

directional detection method to different fault types under various pre-fault and fault 

conditions presented in Sections 7.6.1 and 7.6.2 indicate the followings.

For single source radial systems the proposed approach is fully capable of 

correct detection of fault directions under all the envisaged operating and fault 

conditions and for the common distribution system configurations. A feature 

of the new method is the correct direction detection capability of high 

resistance faults with fault resistances much higher than practical values.

For multiple-source systems the capability of correct direction detection for 

high resistance faults is reduced. In a few cases the proposed directional 

detection method fails for high resistance faults with pre-fault load current 

flow in a direction opposite to the fault current direction. Correct fault 

direction detection can only be ensured for reduced fault resistances which are 

still near to practical values.

In the initial proposal for the combined function Fc there are two considerations for 

the two constants associated with the two terms making up the function. These are 

the magnitudes and angles of the constants KC1 and K^.

The consideration for the associated angles is to enable a definition of angular limits
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for forward fault operation or reverse fault restraint. There is no possibility of 

putting higher weighting factor to a given term based on the angular value alone.

Different weighting factors on magnitudes are proposed to the two constants with the 

negative phase sequence term having a 20:1 higher differential to provide good 

sensitivity for earth fault detection in the presence of heavy pre-fault load transfer. 

There is no consideration for the influence of this higher magnitude of on the 

resulting directional angle 0C.

The following illustrations show the effect of increasing the magnitude of 

giving more dependence on the reliable detection of direction of unbalanced faults. 

For 3-phase faults there is only the angle associated with KC1 that can be varied to 

ensure the ±90° operation limits match with the fault profile.

Figures 7.6.3.1 to 7.6.3.4 show the improvement in the effectiveness of the combined 

function to detect correctly high resistance unbalanced faults. Initially the results 

show a failure in the directional detection process for |KC1| =1 and | I = 20 for 

same pre-fault and fault conditions. The higher the magnitude of K ^the better the 

performance. The limit would be influenced only by the transient performance of the 

digital filters extracting the negative phase sequence component. Errors at the output 

of the filters which are amplified could cause incorrect decision in the direction 

detection process. The optimal value would be derived at the implementation stage 

of the proposed method into a practical product. Alternatively, if |KC11 =0 there is 

no possibility of incorrect fault direction detection and is independent of | | .
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It can, therefore, be concluded that the new directional detection method should not 

have any problem to determine correctly the direction of all types of unbalanced faults 

with high fault resistances and full pre-fault load current flow.

For balanced 3-phase faults, either in the forward or reverse direction, the wide 

variation of the angle between the positive phase sequence voltage and current reduces 

the discriminative performance of the new directional detection method. The results 

indicate that for multiple-source systems the capability for correct direction detection 

of high resistance 3-phase faults is reduced. However, the occurrence of 3-phase 

high resistance faults or even 3-phase faults is not common with any fault resistance 

that may be present consists of mainly arc resistance which is generally low. It is 

also recognized that majority of distribution system feeders only have single end 

source. This source may be connected by automatic switching to one of the feeder 

ends to re-configure the system to maintain the power supply instead of the feeders 

being fed by two sources simultaneously. Figure 7.6.3.5 below shows the limits of 

the fault resistance coverage at different fault positions for 3-phase faults on the 

overhead line feeder shown. Initially, Figure 7.6.2.2.6.1 for the same arrangement 

in Section 7.6.2.2.6 shows that for 100Q fault resistance the directional detection 

method is not able to determine the correct direction when there is pre-fault load 

current flow in opposite direction to the fault current. However, the method performs 

correctly for fault resistances up to the values shown in this Figure 7.6.3.5 under the 

same fault and pre-fault conditions. Though the fault resistance values are much 

reduced for faults at some fault positions they are near to practical values.
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Overall performance of the proposed new method of detecting direction indicates the 

validity of the new approach to directional detection on a polyphase basis. In the 

implementation stage of the proposed method there are facilities that can be employed 

to improve the performance further. One such facility is to rely on the negative 

phase sequence quantities alone for unbalanced faults with control to inhibit 

maloperation on unfaulted and unbalanced operating conditions. These are discussed 

in Chapter 10 as recommendations for further work.

The magnitude of the combined function Fc has not been examined as it does not 

affect the decision on the fault direction, forward or reverse, which is based on the 

values of the directional angle 8C to be within or outside ±90° respectively. The 

important requirement is that both the voltage and current signals are above the 

threshold of operation of the final design of the hardware. This can be determined 

at the implementation stage.
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7.7 Discussion on the Envisaged Transient Performance of the New Directional

Detection Method

This project concentrates on finding a new method of directional detection. The 

investigation has been successful in deriving a new basis in the form of a combined 

function in terms of the symmetrical components of voltages and currents at a given 

relay location to determine the direction of fault points. This work has been based 

on the steady-state analyses of the power systems examining the symmetrical 

components of voltages and currents generated at the relay location for various types 

of faults on the systems. The results of the steady-state analyses prove the validity 

of the proposed function from which the direction information of a fault point is 

derived. Forward faults are defined by the resulting phase angle associated with the 

proposed function to be within the set limits, outside of which results in the 

classification of reverse faults.

It is assumed that the constituent parameters of the proposed function are available, 

i.e., the phase sequence components of voltages and currents have already been 

extracted from the input signals fed from the instrument transformers. Power system 

transients generated on the inception of faults do not affect the basis of the decision 

on fault direction. However, the transients generated affect the extraction of the 

phase sequence components to be free from dc component and harmonics in the data 

acquisition and signal processing routines when the complete working process of a 

directional relay using the new method is to be considered. The direct effect on the 

directional detection routine is that the transients will influence the settling of the
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output response and hence the overall operating time from fault inception to the 

determination of fault direction.

In order to implement the new directional detection method to develop into a 

directional relay the data acquisition and signal processing sub-systems form an 

important part of the whole process. Hence, the transients that appear on the 

occurrence of power system faults have significant effects on the overall performance 

of the finished product. It is important, therefore, that the effects of transient 

conditions are reviewed to demonstrate their influences in the design o f the finished 

product to ensure satisfactory performance to meet the needs of the actual systems. 

The fundamental basis of the detection of fault directions remains unchanged.

The transient performance of the finished product depends on the methods used in 

acquiring the required data and their conditioning which are in turn governed by the 

operating speed required. These are discussed in the following sections.

7.7.1 Power System Transients

There are a number of transient conditions that protection relays operating in an 

electrically hostile environment have to deal with, though the importance and effects 

of each is dependent on the design and application of the relay under consideration. 

These conditions include:

(i) A decaying exponential or dc-offset transient in the current signal.
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(ii) A dc offset in the voltage signal results from the dc component of current in 

systems where the source impedance angle is different from the line 

impedance angle.

(iii) High-frequency transients generated as a consequence of line shunt capacitance 

having different charges prior and during a fault and generated during the 

transition. The effect depends on the magnitudes and frequency spectrum of 

the transients.

(iv) Transients due to capacitor voltage transformers where they are employed. 

These transients, resulted from a sudden change in the primary applied voltage 

and impressed on the resistance, inductance and capacitance associated with 

the voltage transformers, depend on the circuit parameters of the transformers, 

its burden and magnitude change of the applied voltage [1.43].

(v) Transients and errors generated by current transformers due to the core 

saturation.

(vi) Transients due to series capacitors which are used in series-compensated long 

extra high voltage lines.

Transients associated with capacitor voltage transformers and series capacitors used 

in series-compensated lines do not appear on distribution systems. These devices are 

generally employed on extra high voltage systems only.
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The effect o f the exponential component depends on the primary system time 

constant, the larger the time constant the longer the duration o f the dc component in 

the signal and hence the greater the effect on the relay performance. The effect is 

in turn dependent on the targeted operating speed o f the relay under consideration. 

In accordance with International Electrotechnical Commission (IEC) standard IEC 

56 [3.17] on high-voltage alternating-current circuit-breakers a figure o f 45ms has 

been taken as the typical primary system time constant for the design consideration 

o f circuit breakers to handle asymmetrical current waveform. The document also 

stipulates the decrement of the dc component in the fault current varies with the 

duration of the fault. This is shown in Figure 7.3:
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Figure 7.3 Decrement of the DC Component in 
Fault Current with Fault Duration.

It shows that after 2 cycles the dc component is reduced to Vi o f its initial value at 

fault inception.



It was reported [3.16] that in 1981 IEC Secretariat document 213 brought up a 

proposal from a working group to the Sub-committee 17 to increase the primary 

system time constant to 60ms due to the development and expansion of power systems 

worldwide. For systems with voltages o f lOOkV and above, the decrement of the dc 

component follows curve 2, which is at a lower rate, shown in Figure 7.4:
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Figure 7.4 Decrement of the DC Component in Fault 
Current at a Lower Rate with Fault Duration with 
Increased Primary System Time Constant.

For distribution systems the time constant is very short due to heavy damping and the 

distant locations o f generators. Consequently the effect o f dc component in the 

current signal is minimal or negligible. This dc component can be effectively 

eliminated by analogue or digital filtering by well established techniques.

The travelling-wave effect in the current signal is also negligible for generally very 

short feeders having only very low shunt capacitance associated with distribution
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systems. The high-frequency travelling-wave effect is heavily damped.

It is generally accepted that transients generated by current transformer saturation 

affect the performance of a protection relay. Hence, every protection relay that 

requires current signal always specifies adequate output from the feeding current 

transformers to operate the particular relay within the latter*s capability. The effect 

of current transformer saturation depends on relay design.

7.7.2 Speed of Operation

It is necessary to consider the requirements of the power systems before the speed 

required from the relay under consideration can be realistically specified, apart from 

the natural desire to have the shortest fault clearance times to limit fault damages to 

equipment. The usual criterion is based on the system transient stability requirement. 

This is generally applicable to transmission systems. For distribution systems there 

has not been the need for high speed relaying based on system stability criterion.

Traditionally, distribution systems use current-operated relays as the main protection 

and these relays do not provide fast fault clearance times. Typically, using inverse 

definite minimum time lag overcurrent relays the minimum time multiplier setting 

(TMS) is 0.1 [2.7, 2.8, 2.9]. This gives a range of relay operating times o f 0.3 to

3.0 seconds at a fault level of 10 times the relay current setting for the standard 

inverse time characteristic commonly employed. For directional overcurrent or 

earthfault relays the need to have time delay in the overall operation provides ample

423



time to derive direction information and to carry out current measurement.

For directional overcurrent or earthfault protection schemes using separate directional 

and current detection elements there is a need to have shortest possible time for the 

directional detection element to minimize any timing errors o f the overall operation 

of the scheme. However, for digital design with integral directional detection and 

current measurement routines, it can be arranged to have more time for directional 

and less time delay in the current measurement process to obtain an overall required 

operating time of the scheme. Currently available digital directional overcurrent or 

earthfault relay [2.18] implemented on moderately powerful microprocessor has an 

operating time of IV2 to 2 cycles. An operating speed of two cycles for the direction 

detection process is, therefore, acceptable.

7.7.3 Signal Acquisition and Conditioning

A directional relay receives the analogue voltage and current signals from the 

instrument transformers. These signals usually consist o f unwanted noise in addition 

to the fundamental components which are the required signals for the relay’s decision 

making routine. The acquired signals from the instrument transformers, therefore, 

require conditioning to extract the fundamental components. This process generally 

consists of two parts for a digital relay, the analogue signal pre-processing and the 

digital signal processing after the analogue signal has been sampled and converted to 

digital form in order to obtain an estimate of the required original analogue signal 

parameters.
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7.7.3.1 Analogue Signal Pre-processing

Analogue filtering of the signals is very often implemented, though this may be 

dependent on the data requirements of the particular relay design. The purpose is to 

allow the transfer of certain frequencies in the input signal and to attenuate other 

unwanted frequencies. Generally, analogue inputs are low-pass filtered before they 

are sampled to limit the effects of noise and unwanted signal component in frequency 

ranges above the folding frequency, i.e ., V2 the sampling frequency, to eliminate 

aliasing.

For the current input circuit, interposing input transactors or transphasors [2.36, 2.37, 

2.38] can be used before any analogue filters are employed. These are proven 

effective means of removing dc offset component in the current signal before the 

latter is further subjected to the low-pass filtering. Alternatively, suitable digital 

filters can be used to remove the dc component.

7.7.3.2 Analogue Signal Sampling and Analogue-to-digital Signal

Conversion

Before digital filters are used the concerned signal has to be sampled and converted 

to a digital equivalent. The sampling rate affects the signal tracking capability and 

multiplexing schemes, if  employed. A balance has to be struck between the operating 

speed and computation burden on the microprocessors in choosing the most suitable 

sampling rate.
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In order to obtain an estimate of the fundamental-frequency information from a group 

of samples the sampling rate chosen should be faster than any significant changes in 

the analogue signal to retain all the useful information. It is recognized [3.14, 3.15] 

that sampling rate of less that 4 samples per cycle will degrade the fundamental 

quantity whose changes are examined in the relaying routine. At the other extreme, 

sampling rate above 16 times per cycle does not significantly shorten the response 

time of relays that are dependent on the fundamental-frequency component due to the 

limited information content of a group of samples with short sampling intervals.

It can be established (Chapter 10, Section 10.3.2) that the time-domain representation 

of symmetrical components at time instant t is given by:

m U  o m m
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3 m f B(t-2T/3)

u  o M - T / 3 ) f c( t - 2 W ) .7.1

where T is the time period of fixed frequency co.

T 2 TEquation 7.1 shows that samples at instants t, (t - —) and (t -  — ) are required 

to compute the symmetrical components. The sampling frequency should, therefore, 

be a multiple of 150Hz or multiple of 3 samples per cycle for 50Hz systems. With 

the dc, 100Hz and 150Hz components that may appear on 50Hz systems during faults 

and have to be suppressed, the sampling frequency should, therefore, be at least 

300Hz or 6 samples per cycle.
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From the sampled analogue signals the digital equivalents are derived. There are 

many techniques developed to convert analogue electrical quantities to equivalent 

digital representations. The converter should offer sufficient precision, speed and 

accuracy for the application. The particular methods by which the digital 

representations are generated and the rate at which the conversion process proceeds 

influence the nature of the data acquisition system. The criteria for considering the 

choice of a particular analogue-to-digital conversion process are, therefore, the 

resolution desired and the sampling rate used in the data acquisition system.

The resolution for a given digital representation is a function o f the number of 

available bits and the form of the bit code. Analogue-to-digital converter with 8 to 

12 bits of precision have been applied [2.10, 2.11, 2.18, 2.20] with the 8-bit 

converters used for some overcurrent relay designs and 12-bit converters used for 

transmission system protection relays.

The conversion rate adopted for a given application depends on the allowable signal 

tracking error which in turn depends on the sampling rate and should be faster than 

the multiplexing rate.

Sampling rate of 6 samples per cycle or 300Hz together with an 8-bit analogue-to- 

digital converter have been used to successfully design digital filters employing the 

early generation of 8-bit microprocessor to extract the symmetrical components of 

current [1.35, 1.38]. It was reported that the filters’ response settled after 7 samples 

[1.38] or 9 samples [1.35] for a single-phase-to-earth fault.
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7.7.3.3 Digital Signal Processing

Digital signal processing of filtered, sampled and scaled analogue signals and which 

have been converted to digital equivalents involves the application o f suitably 

selected/designed algorithms to obtain estimates of parameters of interest for 

protection. There are well established algorithms [3.14, 3.15] proposed or applied 

in either experimental or commercially available digital relaying schemes.

These algorithms may be classified into two groups, one models on the signal 

waveform and the other models on the primary system.

It is envisaged that, for the purpose of considering the application to this 

investigation, algorithms based on the model of the signal waveform will be used. 

The parameter of interest for relaying application is contained in the description of 

the model. The range of available algorithms in this category includes the more well 

known:

Fourier Algorithms 

Walsh-function Algorithms 

Curve-fitting Algorithms

Equation 7.1 enables the extraction of symmetrical components which will contain dc 

and harmonic symmetrical components if the latter are present in the phase quantities. 

The extracted samples of fn(t), n = 0 ,1 ,2  are then subjected to suitably designed digital
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filters to obtain the fundamental components of the various phase sequence quantities. 

This is illustrated in Figure 7.5.
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Figure 7.5 Extraction of Symmetrical Components 
from Phase Siqnals before Diqital Processinq.

The symmetrical components are obtained using equation 7.1 with a sampling rate o f 

6  samples per cycle.

For this investigation the phase information of the symmetrical components is 

required at the output o f the digital filters. The samples o f the symmetrical 

components are, therefore, processed by suitable algorithms to estimate their 

magnitude and phase information. The Fourier algorithms appear to have been 

adopted by most of the commercially available digital protection relaying schemes to 

date [1.41, 2.10, 2.18, 2.20, 2.40, 2.41] to obtain the magnitude and phase angle 

information of the primary system signals.
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There are also other signal processing algorithms that can provide the required level 

of performance [3.14, 3.15]. The tradeoff between the speed of response and 

accuracy of the result is an inherent consideration in the selection process. 

Theoretical advantages and disadvantages between competing algorithms can be 

masked in clever implementations or highlighted in less efficient implementations. 

The various issues related to the ultimate objective of extracting the symmetrical 

components accurately and speedily have to be addressed and investigated to select 

the most suitable algorithm.

7.8 Conclusion

From the foregoing discussions on the nature and sources of power system transients 

and the various processes involved in obtaining the digital signals representing the 

fundamental-frequency information it can be concluded that the signal acquisition and 

conditioning sub-systems including the analogue portion play an important role in the 

overall performance of a digital relay. These sub-systems are subjected to the 

influence of power system transients. There are various technical factors to be 

considered. Only when these sub-systems perform satisfactorily will the correct 

response of the main protection algorithm, in this case the detection of fault direction, 

be ensured.

However, the proposed method of detecting direction is not directly influenced by 

the power transients generated in terms of the basis of deciding the correct direction 

of faults, but may be influenced by the performance of various processes in extracting
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the required parameters for the direction decision routine and may affect the settling 

of the output response because of its dependence on the output from the preceding 

processes which take a finite time to settle. This will in turn determine the operating 

speed. With the advent of powerful microprocessors that have floating point 

capability it is reckoned that the target operating time of about 2 cycles will not 

present any difficulty in achieving it.

The steady-state investigation of the proposed new approach of directional detection 

should be satisfactory in proving the validity of the proposed method and the correct 

criterion adopted to determine fault direction. The transients, however, influence the 

speed and accuracy of estimating the fundamental-frequency information to enable the 

directional detection process to make the correct decision.

There are published work [1.35, 1.36, 1.37, 1.38, 1.46, 1.48] in the extraction of 

symmetrical components by digital techniques and also their applications in 

commercially available equipment [1.46, 2.40, 2.41]. They illustrate that the 

techniques, taking transient performance into account, are maturing both in terms of 

operating speed and accuracy.

As part of further work it is recommended that the transient performance is examined 

in conjunction with the implementation of the new principle into an operational 

hardware to obtain optimal response of the overall directional detection process from 

acquiring signals from the instrument transformers to issuing output to indicate the 

direction of faults. One objective is to improve the operating speed to enable
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consideration to apply the new device to transmission systems. These are discussed 

in Chapter 10.
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CHAPTER EIGHT

APPLICATION OF THE PROPOSED NEW POLYPHASE DIRECTIONAL 

DETECTION METHOD

8.1 Introduction

Chapters 6 and 7 demonstrate that it is possible to develop a new method of detecting 

the direction of a fault point on a polyphase basis with reference to a relay location 

based on a study of the symmetrical components of the voltages and currents 

generated at the relay location.

The proof o f the validity o f the proposed new method does not result in a new 

directional relay. A finished product involves the successful design of the hardware 

implementing the new method of directional detection that includes all the necessary 

input data acquisition, the directional detection algorithm and output facilities. The 

relay must also be able to operate in the hostile electrical environment of power 

supply systems.

On the basis that the new directional detection method is successfully implemented 

into a new directional relay this Chapter makes some proposals to apply the new 

directional relay. These proposals are aimed at improving performance of existing 

directional relays and also at creating new applications to overcome shortcomings in 

existing schemes or to widen the traditional use of directional relays to include
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application to the protection of plant items.

8.2 Application to the Directionalisation of Current-operated Relays

The main objective of this project is to investigate a new method of detecting 

direction on polyphase basis to be used in the traditional directional overcurrent and 

earthfault protection schemes of distribution systems. Chapter 4 illustrates the 

problems of the present standard single-phase 90°-connected directional relays widely 

used in this area and also the deficiency of the currently available polyphase 

directional relays. A new polyphase directional relay based on the new directional 

detection method offers improved performance. The application of the new 

directional relay in this area is very simple, merely to replace existing directional 

elements but with improved performance, as illustrated below:

8.2.1 Application to the Directionalisation of Existing Current-operated Relays

The output of the new polyphase directional relay in the form of a contact can be 

used to enable the conventional current-operated relays having an input to accept such 

enable signal. This is illustrated in Figure 8.1 for a currently available solid-state 

overcurrent and earthfault protection relay [2.6].

434



Current—operated RelayDirectional Relay

Output
Element

Current
Input

Input
Current

Transformer

Figure 8.1 The use of a Separate Directional Relay 
to directionalise a Current —operated Relay.

The directional relay output contact short-circuits the secondary winding of the 

current-operated relay input current transformer when the current flow is in the 

restraint direction. When a fault occurs in the forward direction the directional relay 

output contact opens to enable the current measuring element to determine the output 

depending on whether the current flowing exceeds the pre-set operating level.

It is assumed that the design of the current-operated relays allows access by the 

separate directional relays in order to effect control of the current detection process. 

This is not always possible for currently available relays. For electromechanical type 

overcurrent and earthfault protection relays the directional control is more difficult 

to achieve by a separate directional relay. The directionalised overcurrent and 

earthfault protection relays based on the electromechanical design always incorporate 

the directional element as part o f the overall design. It is generally not possible to
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access the current detection elements to effect directional control. Figure 8.2 

illustrates the use o f a separate directional relay to control an induction disc 

overcurrent or earthfault protection relay [2.3, 2.8].
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O u tpu t
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Figure 8.2 Directional Control of an Induction 
Disc Current —operated Relay by a Separate 
Directional Relay.

In this arrangement [2.7, 2.8] the solid shading ring normally used in an induction 

disc current-operated relay is replaced by a shading coil whose two end terminals are 

shorted by the output contact o f the directional relay when it operates for forward 

faults providing a closed circuit and enabling the operation of the induction disc relay 

if  the current flowing exceeds its setting.

The new directional relay can be used to control a current-operated relay for phase 

faults or for earth faults only. In the latter application the current detector is only fed 

with zero phase sequence current from the current transformer neutral connection. 

This is shown in Figure 8.3.
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Figure 8.3 The Directional Control of a Current-operated 
Earthfault Relay by a Polyphase Directional Relay.

The non-usage of zero-phase sequence components o f voltage and current in the 

derivation of direction information eliminates the effect o f mutual zero phase sequence 

coupling causing wrong detection of direction when parallel circuits are considered 

as explained in Chapter 4.

8.2.2 Application to the Directionalisation of the Latest and Future Generation 

of Current-operated Relays

The design of the latest and also future generation of current-operated relays will be 

based on digital techniques [1.25]. It is envisaged that the new directional method 

will also be implemented into digital relays providing integrally a directional control 

to the current measurement process. With the advent o f increasingly powerful 

microprocessors a single processor is able to handle both the directional detection and
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the current measurement routines within acceptable operating times.

The integral facilities enable a better directional control and coordination between the 

two processes. The directional detection output arranged to enable the current 

measurement eliminates the traditional "contact race" problem [3.3]. As a complete 

unit o f directional overcurrent or earthfault relay it can be structured to remain stable 

on the presence o f only one signal, either voltage or current. The polarising voltage 

signal, similar to the current measurement process, has to exceed a pre-set level 

before an output is permitted [2.18]. Figure 8.4 shows the control by the direction 

detection process on the current measurement process in the latest range o f digital 

directional overcurrent or earthfault relays commercially available [2.18]. The 

directional detection is based on the traditional single-phase 90° connection 

arrangement.
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Figure 8.4 The Integral Directional Control on a Digita 
Directional Overcurrent Relay with Signal Level Check.
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8.3 Application to the Protection of Plant Items

The proposed new relay, though is designed primarily as a directional detector, can 

be used to provide main protection for plant items. This necessitates the addition of 

current level measurements to provide conventional current level setting facilities to 

meet different application sensitivity requirements. Separate level detectors may be 

incorporated to measure the individual symmetrical components o f voltages and 

currents.

8.3.1 Application to the Protection of AC Motors

One of the main protection functions associated with ac motor protection is the 

detection of thermal overloading. Depending on the sizes of motors different methods 

are used [3.8], mostly based on current measurements. The relay design uses the 

current signal I to generate a "I2t=constant" current/operating-time characteristic 

where t is the operating time with energizing current I.

Due to the different phase sequence impedances of a given motor and the 

corresponding different heating characteristics due to the flow of phase sequence 

currents it has been the practice in the relay design for overload protection o f motors 

to use an equivalent current in form of Ij2 +  nl22 [3.8]. By giving different values 

to n (n >  1.0) the increase in the heating effect of the negative phase sequence 

current in actual motor is simulated in the relay thermal replica. This provides a 

relay operating characteristic closely matched to the motor capability allowing
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maximum utilization of the motor.

The availability of phase sequence currents in the proposed polyphase directional 

relay can easily be combined to form an equivalent current to generate a thermal 

overload protection characteristic.

The negative phase sequence current alone with a level detector provides unbalanced 

voltage supply protection of the motor including single phasing condition.

The presence of negative phase sequence voltage will also serve as a useful indicator 

of the degree of unbalance of the supply system. As any significant degree of supply 

system unbalance will affect the performance of an ac motor. The motor has to be 

derated in order to keep the temperature rise in the motor to be within the design 

limits. It is estimated that a 10% negative phase sequence voltage may cause upto 

40% reduction in the motor output to avoid overheating [3.8]. The detection of 

negative phase sequence voltage can provide an alarm to the equipment operator with 

option to trip the supply on persistent unbalance.

Simultaneously, the polyphase directional element arranged to "look" into the motor 

can provide discriminative tripping in case of internal faults. This function is 

normally provided by a unit form of protection such as high impedance or biased 

differential scheme and is generally applied to large size machines because o f cost. 

To avoid maloperation because of the high sensitivity o f the direction detection 

process the operation should be qualified by both the positive and negative phase
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sequence current level detections to cover all types of faults. The directional control 

eliminates the effect of fault contribution from the protected motor to external faults.

This new approach of protecting ac motors generates a very cost effective scheme that 

is not available to date. It provides functions previously given by several separate 

thermal overload protection relay, unbalanced supply and single phasing protection 

relay and main differential protection relay requiring two sets of current transformers.

The new scheme provides not only the traditional protection functions but adds extra 

facilities that are near-impossible to have in equipment presently available.

8.3.2 Application to the Protection of AC Generators

The proposed new directional relay can also provide improved protection to small-to- 

medium size a.c. generators. It enhances existing schemes in sensitivity, selectivity 

and security.

8.3.2.1 Discriminative Protection Scheme

Biased differential and high impedance differential protection schemes, either for both 

phase and earth fault or for earth fault coverage only , have been the standard 

schemes for the protection of a.c. generators providing discriminative tripping of only 

the faulted machine. In some applications directional earthfault relay has been used 

[2.27] to protect ac generators against earth faults on the stator winding when fault
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current is severely limited by the high impedance earthing of the generator stator 

winding neutral. The traditional biased differential and restricted earthfault protection 

schemes are not sensitive enough to detect such low-current earth faults. Directional 

relays, with much lower operating current and without current-level detection, are 

employed to provide discriminative protection of generators against earth faults. The 

scheme is shown in Figure 8.5.
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Figure 8.5 The use of a Directional Relay to provide 
Discriminative Protection Scheme for Earth Faults 
on a Generator.

To prevent spurious operation o f the scheme due to electrical noise because of the 

high sensitivity o f the directional relays the tripping is checked by a neutral voltage 

detector connected in the earthing path of the generator stator winding. The detection 

o f zero phase sequence voltage plus the flow of zero phase sequence current into the 

machine indicating the presence o f internal earth faults will trip the generator circuit 

breaker to isolate the machine from the system.
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The proposed new relay can perform the same function but without the need for the 

separate neutral voltage displacement relay. The direction detection can be qualified 

by the presence of negative phase sequence voltage indicating the presence of an earth 

fault before issuing a trip signal to the circuit breaker.

In addition, the new relay can also provide protection against phase-phase and 3-phase 

faults on the stator winding since the same direction detection is effective. However, 

the qualifying signal can be changed to include both phase sequence voltages and 

currents. Both the positive and negative phase sequence components can be used to 

provide maximum sensitivity without compromising on security.

8.3.2.2 Voltage-dependent Overcurrent Protection Scheme

In protection schemes that make use of both voltage and current signals the loss of 

the voltage signal very often creates possible maloperation of the schemes. These 

include impedance-measurement-based protection and voltage controlled/restrained 

overcurrent protection schemes. This problem may also exist in directional elements 

depending on the design and the principle o f operation. The solution is to provide 

voltage supply supervision facility such that any detection of the voltage supply failure 

due to tripping of the voltage supply miniature circuit breaker or blowing of the 

voltage supply fuse(s) an alarm or an alarm with blocking of the main protection 

function is effected.

The voltage supply supervision function is implemented by detecting the presence of
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negative or zero phase sequence voltage without any corresponding phase sequence 

currents [1.12, 1.24]. The presence of both phase sequence voltage and current 

signals indicates primary-system-fault-generated condition and is ignored by the 

supervision facility.

Voltage supply supervision function is normally incorporated in high voltage system 

protection schemes where the additional cost is justified but not in the case of 

directional overcurrent or earthfault protection. The new scheme can address this 

issue without any significant increase in the cost.

For the new proposed directional relay incorporating current level measurement and 

forming a directional overcurrent and earthfault protection scheme, the negative phase 

sequence components of voltage and current can be employed to detect voltage supply 

failure. Maloperation is prevented by the presence of negative phase sequence 

voltage and not the current component.

In addition, improvement can also be incorporated in the new proposed directional 

overcurrent and earthfault relay to provide voltage-dependent overcurrent protection 

applied to ac generator protection. The traditional voltage-dependent overcurrent 

protection relay senses the primary system voltage level and increases its sensitivity 

with reduction to the voltage level. This adaptive sensitivity is to match the fault 

current decrement characteristic of ac generators. The sensitivity adjustment can 

either be a step change when the voltage falls below a pre-set level (termed voltage- 

controlled overcurrent protection relay) or be a gradual change in line with the
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voltage depression profile (termed voltage-restrained overcurrent protection relay). 

The two types o f characteristics are shown in Figure 8 . 6 .
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Figure 8.6 Voltage-dependent Overcurrent Protection 
Relay Characteristics.
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Depending on the location of the current transformers as shown in Figure 8.7 the 

zone o f protection o f the voltage-dependent overcurrent protection relay is different.
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Figure 8.7 The Location of Current Transformers 
and the Zone of Protection.

In Figure 8.7a where the current transformers are located at the neutral end of the 

generator stator winding the zone of protection, relying on fault current produced by 

the generator, includes both the generator and the system. In Figure 8.7b where the 

current transformers are installed at the outgoing terminal end of the generator the 

zone of protection, relying on fault current produced by the generator, covers the 

system only. For internal faults on the generator in the latter case the relay operation 

depends on the fault current fed from the system. This is not subjected to the 

generator fault current decrement characteristic.

The new directional overcurrent and earthfault protection relay incorporating the 

proposed method of directional detection provides improvements in the above 

discussed scheme. The arrangement is shown in Figure 8.8.
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Figure 8.8 Discriminative Voltage —dependent Overcurrent 
Protection Scheme for a Generator.

The directional relay is arranged to operate for faults on the generator only. This 

arrangement provides both discriminative protection as detailed in Section 8.3.2.1 and 

voltage-dependent characteristic. The current measurement provides self-ranging 

setting by increasing its sensitivity with reduction in the positive phase sequence 

component of voltage or with increase in the negative phase sequence component. 

There is no requirement for co-ordination with protection schemes installed on the 

system to which the generator is connected.

The same unit with the availability of the negative phase sequence component of 

current can also provide the standard unbalanced loading protection (I22t= K ) for the 

generator without any additional units. This feature is independent o f the directional 

control.
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CHAPTER NINE

CONCLUSIONS

From a study of the principle of operation of electromechanical directional relays, in 

particular the single-element polyphase design, it is established that a new method of 

detecting fault direction is possible by examining the symmetrical components of 

voltages and currents generated at the relay location. It is decided that only the 

positive and negative phase sequence components are employed to cover all types of 

fault with the negative phase sequence component having a higher weighting factor 

to provide high sensitivity for earthfault detection especially in the presence of load 

current flow. The exclusion of the zero phase sequence component eliminates 

problems associated with zero phase sequence mutual coupling between parallel lines 

and multiple-earthed systems having several zero phase sequence current sources.

A combined function comprising a positive and a negative phase sequence terms of 

voltage and current at the relaying point is derived from which a study is made on the 

variations of the angle associated with the function for different system configurations 

and operating conditions. Forward faults generate a range of angles that are within 

the defined limits for operation whilst reverse faults produce angles whose values are 

outside the limits.

The computer studies results indicate the validity of the proposed method of fault 

direction detection based on a polyphase approach using symmetrical components of
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voltages and currents in a combined function.

The new approach to directional detection overcomes the following problems 

experienced by existing directional elements used in the overcurrent and earthfault 

protection schemes applied on distribution systems:

No restriction imposed by primary system configurations and primary system 

fault current levels experienced by existing polyphase directional relays other 

than the normal sensitivity provided by standard overcurrent and earthfault 

protection.

No maloperation due to circulating zero phase sequence current caused by 

mutual coupling of parallel circuits experienced by directional earthfault relays 

using zero phase sequence quantities as input signals.

No effect caused by the phase shift introduced by a power transformer when 

the latter is placed between the fault point and the relay location.

The new method also provides the following advantages:

The use of a single unit instead of three or four units of single-phase design 

providing a saving in equipment cost.

A polyphase unit that can incorporate phase selection capability.
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The dependable performance of directional detection based on negative phase 

sequent quantity is preserved with the main shortcoming of this method in 

failure to detect balanced three phase fault overcome.

The problems of maloperation of directional relay based on negative phase 

sequence quantity due to unbalance operation of the primary systems can be 

overcome by incorporating new features as part of recommended further work 

to be detailed in Chapter 10.

The new method of directional detection also generates potential to provide improved 

or additional applications that are not possible in present day products:

New and improved method in the protection of a.c. motors

New and improved methods in the protection of a.c. generators

The development of a new idea, does not necessarily mean the coming into existence 

of a new relay. It is the intention of this investigation that it should provide the basis 

for a new approach to directional detection which, hitherto, has been developed from 

the electromechanical theory without any additional work being carried out to improve 

it. The new proposal described should form the framework for longer term 

development and improvement in the detection of direction of faults on distribution 

systems. There is a need to further refine the combined function Fc in terms of the 

magnitudes of the two constants and associated with the positive and negative



phase sequence terms respectively of the function. This is more for applications to 

sub-transmission and transmission systems which is not within the scope of this 

project. The objective is to ensure correct direction detection for high resistance 

faults in the presence of pre-fault load current flow as discussed in Section 7.6.3.

The next step is to implement the idea into an operational product that can be put into 

service in the power system environment for which it is designed to provide fault 

detection. It is envisaged that this will be implemented by digital techniques. The 

process will, therefore, involve further work to develop the idea to include extraction 

of the symmetrical components and the associated digital signal processing and the 

operating algorithm. These are discussed in Chapter 10.

Whatever method of realisation is eventually used, it is the underlying decision 

principle which largely determine the performance attainable. It is, however, 

sufficient for the purpose of this project to conclude that a new method of directional 

detection has been proposed and proved workable and can be implemented. A simple 

operating algorithm can be developed as outlined in further work in Chapter 10. 

With added facilities and logic control this new method of directional detection can 

be implemented and developed into a directional current-operated relay that has 

improved performance. It will widen the traditional application of directional relays 

on distribution systems and create new applications in the protection of machines such 

as generators and motors.
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CHAPTER TEN

RECOMMENDATIONS FOR FURTHER WORK

10.1 Introduction

The main objective of this project is fulfilled. A new method of detecting the 

direction of a fault point on a polyphase basis using symmetrical components of 

voltages and currents generated at the relaying point has been proposed and the 

validity of this new approach proven. There is a need to refine the proposed 

approach to improve its capability to detect correct direction for high resistance faults 

with pre-fault load current flow, though this may not be common for distribution 

systems.

In addition, this new principle of direction detection also creates a potential for the 

development of new protection application schemes for plant items that are not 

available in the present commercial market. It also enhances the performance of 

traditional directional overcurrent and earthfault protection schemes.

The next stage should, therefore, be the practical realization of the proposed idea. 

With the recent use of digital techniques and technology in all new relay 

developments [2.28] it is envisaged that this process will also employ such techniques. 

This will involve the development of an efficient algorithm to execute the new 

directional detection method and the design of hardware together with the
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accompanying operating system and data acquisition sub-systems to realize into a 

practical product. Much more design and development efforts are necessary in these 

areas. Until this process is completed a new digital polyphase directional relay 

cannot exist even when the operating principle has been proven.

This Chapter recommends further work towards refining the basic approach and 

towards the realization of this new method of detecting direction into an actual 

product.

10.2 Further Investigation into the Values of the Constants KC1 and KC2 of the 

Combined Function Fc

In Chapter 7 the studies results indicate that the proposed combined function Fc 

derived in Chapter 6 needs further investigation in terms of the suggested values for 

the two constants KC1 and in the function. The originally suggested values for 

KC1 and K& provide a magnitude differential of 1:20 with higher weighting factor to 

Kc2 to give better sensitivity for high resistance earth fault detection in the presence 

of heavy load current flow. The results indicate that the proposed differential of 1:20 

is not sufficient to cover high fault resistance with significant pre-fault load current 

flow.

Section 7.6.3 in Chapter 7 shows the magnitude of also influences the resulting 

directional angle 6C of the function Fc with the higher value leading to more 

dependence on the reliable directional detection capability of the negative phase
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sequence components of voltage and current. Increased magnitude for Kq  enables 

correct direction detection of faults with higher fault resistances.

It is recommended that the magnitude differential between and is further 

examined to improve the fault resistance coverage of the proposed approach to 

directional detection taking into consideration the response of the digital filters 

extracting the negative phase sequence components of voltage and current.

10.3 Realization into a Practical Product

This process requires additional work in data acquisition, signal processing, decision

making routine based on the new found method and consideration for any other 

features needed to enable the finished product to operate successfully when it is put 

into service in the electrically hostile environment of substations.

Figure 10.1 shows the block diagram of one possible configuration of a directional 

relay incorporating the new method of detecting direction and showing the areas that 

require further work to complete the development of such a new directional relay.
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Figure 10.1 Block Diagram of a Possible Configuration 
of a Digital Directional Relay based on the New Method 
of Detecting Direction.

10.3.1 Proposed Algorithm for the New Directional Detection Method

With the new principle of detecting direction established, an algorithm is required 

next to enable its implementation in a digital relay. This is the decision-making 

routine. The new method of detecting fault direction is based on the combined 

function defined in Chapter 6  and is given by:



For forward faults:
-9O°<0C<+9O°

For reverse faults:

-9O °> 0C>+9O°

W ith a phase angle range o f ±  90° to make a decision a simple amplitude comparator 

can be implemented to determine these two boundaries.

Figure 10.2 shows an amplitude comparison of two signals S! and S2  resulting in a 

limiting range of angular displacement of -90° to +90° between the two signals for 

operation or restraint.

Figure 10.2 Amplitude Comparison of Two Signals to 
establish ±90° Angular Displacement limits between Them.

S 1+ S 2| <  |s 1_ s 2|

S1+S2| ^  |s 1- s 2|
OR
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For the angular range of 6 to be within -90° to +90°:

|Si + S21 >  i^! S21 

For the angular range o f 6 to be outside -90° to 4-90°:

is, + S2|<|Sj  - s2|

Digitally, the implementation of this amplitude comparison to determine the phase 

angle between the two signals to be within or outside the range of -90° to +90° and 

hence operation for forward faults, or restraint for reverse faults can easily be 

achieved by comparing the amplitude of two corresponding samples of the two 

signals.

This amplitude comparison can be implemented between the respective phase 

sequence components of voltage and current. The Z -45° and /  +135° phase shifts 

applied to the positive and negative phase sequence voltages V, and V 2  respectively 

o f the combined function can be easily implemented. These phase shifts on sampled 

Vj and V 2  voltages can be effected by selecting the appropriate samples. Chapter 7 

Section 7.7 determined that the sampling rate should be a multiple of 3 samples per 

cycle. If  24 samples per cycle rate is selected each sampling interval represents 15° 

phase shift. Thus:

-45° corresponds to -  _  delay in time.
8
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CT
135° equivalent to -225° corresponds to -  _£_ delay in time.

8

where T is the time of one period.

TSamples of V! and V2 at these time intervals of -  _  and -  _  can, therefore,
8 8

be used in the amplitude comparison.

With the combined function consisting of two terms associated with the positive and 

negative phase sequence components the comparison may be implemented for the two 

terms separately. Logic control may also be incorporated to have a decision based 

on the combined results of the two comparison processes or based on comparison of 

only one term for a certain types of faults. An example is in the case of unbalanced 

faults, only the dependable performance of the negative phase sequence term may be 

employed as suggested in Chapter 7, Section 7.6.3.

A counter at the output of the comparison can be used to determine the number of 

counts corresponding to the number of samples in meeting the operating criterion. 

Each comparison indicating an operation condition increases the counter either at a 

fixed rate or at a varying rate. The varying rate concept [1.16] which is dependent 

on the magnitude of the angular displacement between the two signals means that high 

speed of operation can be achieved when the angular displacement is small leading 

to shortest operating time when the two signals are coincidental providing a definition 

of maximum torque angle or relay characteristic angle. A measure of the angular 

displacement is indicated by the relative magnitudes of (Sj - S2) and (Si 4- S2). The 

number of counts has to be determined before issuing an operating signal to the
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output element. This is based on the requirement of speed and security of the 

operation.

10.3.2 Data Acquisition and Signal Processing

The next stage is to ensure that the directional decision-making routine has the correct 

input signals to make the right judgement on the direction of faults. The new method 

of detecting direction relies on an examination of the phase sequence components of 

voltages and currents at the relaying point. This necessitates the extraction of these 

phase sequence components from the phase quantities of voltages and currents. The 

decision to use digital techniques to realize the idea into an actual product enables the 

application of digital filters to compute the phase sequence components from the 

sampled and digitised phase quantities. This will overcome the disadvantages of 

traditionally employed analogue filters whose performance is affected by dc and 

harmonics in the signal and the aging and drift in the filter parameters.

Before the analogue signals are sampled there may be a need to pre-condition the 

analogue signals with analogue signal filters to remove unwanted noise. The 

sampling rate has to be determined from a knowledge of the highest frequency of the 

signal component to be processed and the computing power of the microprocessor 

employed. Knowing the frequency spectrum of the signal the sampling frequency 

must be at least equal to twice the highest frequency that is to be detected by the 

sampling process. The sampling frequency chosen should allow sufficient time 

between the samples for the microprocessor to compute the required fundamental
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frequency component.

Traditionally, symmetrical components are obtained as the result of a transformation 

of the three phase quantities represented as complex phasors at a fixed frequency. 

Digital filters operate in real time from the sampled data of the phase quantities. This 

requires that the transformation process be represented by a real time relationship 

between the symmetrical components and the phase quantities. This is illustrated as 

below:

If a signal in the time domain is represented by:

f(t) =F( 0)) Cos [ co t+cf) ( 0))] 

for a fixed frequency a)

Its corresponding phasor representation is given by:

f(u>)=F(  10.2

It follows that:

/(0  = R e'“ ]  10.3

The symmetrical components F0, Fj and F2 are obtained from the phase quantities 

Fa, Fb and Fc by:
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>0 1 1  1 f a

F 1
= 1 1 a a 2 f b3

F 2 l a 2 a F c

a =ei ^ \ e -j2Ao\e -j2m 
a 2 = e j2Ao°= e - j i * f = e - j m

where T = time of one period at fixed frequency o>

From equations 10.3 and 10.4 it follows that:

1 1  1
m

i= —M'X

3 1 a  a 2 F b

f 2( o. l a 2 a F c\.

and

m m f B(‘) /c(0
m

1 f B( t - 2773) f c ( t - T /3 )
J

fA i0 f B( t - T /3) f c ( t - 2 T I 3 )

Equation 10.6 provides a means of computing the symmetrical components in real 

time by examining the past samples together with the present ones. Any dc 

component and harmonics present in the phase quantities also occur in the 

symmetrical components. This necessitates the use of filtering to remove unwanted
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signals. Degens [1.35] and Ahson et al [1.38] proposed digital filters to extract the 

symmetrical components with dc component and harmonics suppressed.

Alternatively, the fundamental frequency components of the 3-phase quantities can 

first be extracted from which the symmetrical component transformation is applied 

to obtain the phase sequence components. Fakruddin et al [1.39] used Haar

transformation to extract the fundamental frequency signals in terms of the cosine and

sine components as illustrated below:

The three phase quantities FA, FB and Fc can be expressed as :

F A = F Ac + ) F As 

F B = F Be + JFBs

F C -  F a  + jP c s   1 0 ' 7

The subscripts c and s denote the cosine and sine terms respectively.

Using the symmetrical component transformation as shown in equation 10.4 and the 

expression for the phase quantities as in equation 10.7 the phase sequence

components, again in terms of cosine and sine components, can be obtained as

follows:
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Foe -  *  (f a.  + F ^  ♦ F a )

Fos = % (Fa  + F & ♦ F q )

^  = 1/3 K *  -  ° - 5  (F b.  +  ^ c c )  +  0 - 8 6 6  (Fa  -  F & )  ]

^  = VS [ F a  -  0 . 5  (F&+F a ) ♦ 0 . 8 6 6  ( F &  -  F a )  ]

^  = VS [FAc -  0 . 5  ( F & + F a )  + 0 . 8 6 6  (F&-F a ) ]

F"2s =VS [ F a  -  0 . 5  (FBs+Fa ) -  0 . 8 6 6  (FBc-F Cc) ]  10-8

Similarly, Dash ef a/ [1.40] calculated the negative phase sequence component from 

the fundamental frequency phase quantities obtained by Fourier technique.

There are commercially available digital relays [2.40, 2.41] that use Fourier 

algorithm to obtain the fundamental frequency phasor from which negative phase 

sequence component of current is extracted to implement protection function.

The work [1.35, 1.38, 1.39, 1.40, 1.46, 2.40, 2.41] concentrated only on obtaining 

the magnitude of the symmetrical components, the phase angle information was not 

made use of in the applications considered. For the present investigation the angles 

associated with the required symmetrical components are the critical parameter to 

determine fault direction.

When both magnitude and phase angle information is required suitable means has to 

be developed to derive the information from the samples of signals. One method 

using the Fourier algorithm may be investigated further.
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A Fourier algorithm extracts the fundamental frequency phasor from samples of a 

periodic signal taken at equal intervals over a full period of the signal. In simpler 

terms, it is a harmonic analysis to find the fundamental sinusoidal terms. The general 

expression for the sine and cosine components of the signal S at a sample point K are 

given by:

Taken over a full period the Fourier calculation rejects harmonics o f the fundamental 

frequency. The results are the real and imaginary components o f a phasor 

representing the sampled signal from which the magnitude and phase angle can be 

determined:

Equation 10.11 is generally not employed to obtain the magnitude in microprocessor- 

based relays because of the time-constrained computation burden imposed on the 

microprocessor. Instead, the exact computation is usually replaced by piece-wise 

linear approximation. Although the approximations typically introduce errors in the

10.9

cosine N
10.10

Magnitude = ^ SsiJ 2 + (ScosiJ 2
10.11

Phase cosine

sine
10.12
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results, they reduce processing time with ease of implementation [1.44]. This 

approximation method implemented in a commercial protection relay [2. 10] produces 

an overall accuracy of -0.5% to +0.25%.

For the phase angle calculations equation 10.12 will not produce the correct angle for 

all values of Ssinc and Scosinc.

-S  . S ■
For example,  will appear the same as  sine .

-S  S
c o s i n e  c o s i n e

However, if the signs of Ssinc and Scosine are noted the correct phase angle can be 

derived using the angular position information of the two components as shown in 

Figure 10.3.

^ ISsineKISfcosiJ 

\  5sine - ve
\  S. • +ve\  4:osme\

ISw l^Stosinel^
Sjine ~ve 
%osine+ve

\

l ŝinek l̂ osinel
^ine +ve ✓
S. +ve /'xosme y

/  l înel>l^osinel
/  ' ^ sine +ve

/ Q +ve /  Jcosine
/

/
Ssine _ve 
Cosine ve /
I5sinel ^  Cosine ̂ //

/ e  /  îne "ve
/  +osine -ve 

l^inek l̂ osinel

F i g u r e  1 0 . 3  A n g u l a r  P o s i t i c  
C o m p o n e n t s  o b t a i n e d  f r o m

K\
^ine +ve 
Cosine ~ve

X ISsine^l^osinel
X

\
Ssine +ve \
Cosine _ve N\
lysine I < I Cosine I

>ns o f t h e  S i n e  a n d  C o s i n e  
a  F o u r i e r  A l g o r i t h m.
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The actual phase angle is determined from the followings:

I f  s .  > S . A. = tan ' 1 ( - 2 = - )   10.13J sine cosine \ c 's .
s i n e

S.:.
I f  S . < S  . A. = 90° - tan"1 (—22S-)  10.14J sine cosine \ ^  /

This results in tan'1 values between 0 and 1 corresponding to an angular range of 0° 

to 45°. It is also not possible to have division by zero. From the signs of Ssincand 

Scosine and the values of A. obtained from equations 10.13 and 10.14 the actual phase 

angle associated with the phasor can be determined:

If Ssinc = 0 and Scosine = 0, actual phase angle = 0°

If Ss[ne > 0 and Scosine > 0, actual phase angle = A.

If Ssine > 0 and Scoslne < 0, actual phase angle = 0° - A

If Ssine < 0 and Scosine > 0, actual phase angle = 180° - A

If Ssine < 0 and Scosinc < 0, actual phase angle = A - 180°

The calculation is recursive in which the complete summation of terms is not 

recalculated for each sample, but rather the oldest term of the summation is replaced 

by the newest term to give an updated summation.

One consideration needs to be made is the length of the summation or the window 

width [3.15]. Theoretically, a full-cycle window Fourier transform will produce the 

correct fundamental components but the process is slower. A half-cycle window may
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be considered to shorten the processing time but it depends on the sinusoidal 

symmetry o f the signal waveform. With asymmetry associated with some transients 

it may take longer then half a cycle to arrive at the correct results. The use o f half

cycle window assuming symmetry is less effective to attenuate the off-fundamental 

frequencies. This may cause difficulties for sub-harmonics which are often 

introduced in the voltage signal supplied through capacitive voltage transformers due 

to the transient response characteristics of the latter.

There are also other ways o f extracting the symmetrical components o f voltages and 

currents. Lobos [1.42] proposed the use o f Kalman filter theory to develop non

recursive methods to estimate the symmetrical components from the input voltage and 

current signals.

From  the foregoing discussions it can be seen that there are established means of 

extracting symmetrical components of voltages and currents from sampled phase 

voltages and currents. W ork has to be carried out to find an optimal way o f sampling 

the analogue voltage and current signals from the instrum ent transformers with 

suitable sampling frequency and analogue signal pre-processing filtering taking into 

account o f microprocessor power.

10.4 Investigation into Transient Performance

As discussed in Section 7.7 of Chapter 7 it is unlikely that pow er system transients 

will affect significantly the perform ance o f the new method o f detecting direction.
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Transients generated affect the data acquisition processes and the estimation o f the 

param eters required for the directional relaying function. The criterion to determine 

fault directions, however, is not influenced by the pow er system transients.

The effects of transients on a given relay design depend on the targeted operating 

speed which in turn determines the design criteria for the data acquisition and signal 

processing sub-systems o f the relay. Existing relays [2.1, 2 .18, 2.24] for distribution 

system protection have been successfully designed using fairly low sampling rate and 

moderate powerful microprocessors. Sampling rates o f 8  or 12 samples per cycle are 

used and the operating speed is typically IV2  cycles. However, with the availability 

o f increasing power of microprocessors it is possible to improve the operating speed. 

The higher the operating speed the more effect will be imposed by the transient 

conditions on the filtering process.

There are now digital signal processors available and employed [1.47] to perform 

floating point operations in extremely short time. These can be used to effectively 

handle the transient effects.

It is, therefore, recommended that the transient perform ance be investigated with a 

view to achieve higher operating speed. One possibility is to employ digital signal 

processors as co-processors or front-end computer to extract the required symmetrical 

components. A central processor may then be used to perform  the less demanding 

comparison function to determine the fault direction. This arrangem ent with 

improved operating speed needs to weigh against the cost factor. However, this
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improvement will enable the application of the new device to transmission systems.

This necessitates an examination o f the data acquisition and signal filtering processes 

to extract the phase sequence components o f voltages and currents that are free o f dc 

and harmonic content as discussed in the foregoing Section 10.2.

10. 5 Additional Features

The following additional features have to be considered to enable the finished product 

to operate successfully under different operating conditions and to enable the new 

applications detailed in Chapter 8 .

10.5.1 Level Detection

Though the directional detection process does not require an accurate measurement 

o f the input signal levels for its operation it is recommended that level detection 

feature is incorporated to provide adjustment facilities. The magnitudes o f the 

symmetrical components of voltages and currents can be determined after extraction 

by the digital signal processing and compared with adjustable references (settings) to 

provide facilities for the required applications discussed in Chapter 8 .

10.5.2 Unbalanced Operating Condition

One o f the main problems [3.7, 3.11] of a directional relay using negative phase
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sequence components of voltage and current is the possibility o f maloperation when 

there is an unbalanced condition. An unbalanced condition may arise due to failure 

o f the secondary equipment such as voltage and current transformers or failure o f the 

prim ary system such as, typically, an open circuit due to broken conductor.

This unbalanced condition, whether it is apparent due to failure o f secondary system 

or it is actual prim ary system problem, requires further investigation to ensure 

successful design and application of the new directional relay. Chapter 8  Section

8 .3 .2 .2  outlined a proposal to detect secondary equipment failure that presents an 

apparent unbalanced condition o f the primary system leading to possible maloperation.

For prim ary system failure due to a broken conductor causing an open circuit in one 

phase it is recommended that special logics be incorporated. One proposal is to have 

the individual phase current continuously monitored and memorized. W hen one phase 

is open circuited, logics can be arranged such that the disappearance o f current in one 

phase preceded by current flow and with current flowing in others the directional 

detection process is inhibited. There may be consideration for the flow o f charging 

current to determine broken conductor at remote end o f a feeder.

10.5.3 Operation under Normal Loading Conditions

Under normal operating conditions the flow of load current in the forward direction 

produces a positive response from the directional detection process because o f the use 

o f the positive phase sequence components o f voltage and current. It has been the
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design of some electromechanical [2.12, 2.25, 2.30] relays to use voltage restraint 

feature to prevent the directional element from giving an output on the flow of 

forward load current. The directional element has an additional voltage coil that 

produces a restraining torque acting against the operating torque produced by the 

normal polarising voltage and operating current in the direction detection process. 

With normal voltage level applied to the restraint winding the directional element is 

prevented from operation on forward load current flow.

This non-operation feature on forward load current flow improves the transient 

stability of a directional relay when the system condition changes, for example, from 

a forward load to a reverse fault condition. The incorporation of this feature in the 

proposed new relay should be investigated.

The availability of the phase sequence components of voltage provides a means of 

differentiating a normal healthy system condition from faulted system conditions. The 

presence of the positive phase sequence voltage alone and within limits of normal 

voltage range indicates a healthy condition. This can be further enhanced by the 

absence of negative phase sequence voltage or the presence of negative phase 

sequence voltage without corresponding component of current (This indicates failure 

of the voltage transformer supply). This healthy-system-condition signal can be used 

to prevent the directional relay from operation on forward load current flow.

An alternative method is to make use of impulse starters similar to those used in 

transmission line protection [2.2]. Impulse starters respond to a positive increment
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in the energizing signals instead of the absolute values. They, therefore, do not 

operate under normal loading conditions. Separate impulse starters are required for 

the two phase sequence components of currents to cover all types of faults. These 

impulse starters can be used to enable the directional detection process.

10.5.4 Phase Selection Capability

Appendix 11.7 shows how faulted phase(s) can be identified from an examination of 

the phasor relationships between the symmetrical components of voltages and/or 

currents. Though this method has limitations, mainly when it is applied to 

transmission systems, its performance is satisfactory for distribution systems where 

hitherto, it is not generally required to have phase selection facility in the protection 

schemes used.

With the availability of symmetrical components, implementation of phase selection 

facility can be investigated as a parallel routine to the direction detection routine after 

the extraction of symmetrical components from the phase voltages and currents.

When successfully implemented, the finished product of a polyphase directional relay 

with phase selection capability will be able to meet the needs of power system 

protection for such a relay with improved performance and enhanced features.
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CHAPTER ELEVEN

APPENDICES

Appendix 11.1 Nomenclature

a = Operator 1 /120° 

a2 = Operator 1 /240°

E = Source emf ’behind’ the relay location 

V = Voltage signal applied to a directional relay

Vi, V2, V0 = Positive, Negative, Zero phase sequence components of voltage

VA> Vjj> Vc = Phase-neutral voltages of phases A, B and C respectively

VAB, Vbc, Vca= Line-to-line voltages between the phases denoted by the subscript 

letters

i = Instantaneous value of current

I = RMS current signal applied to a directional relay

I = Conjugate of I

Ia> Ib> Ic = Phases A, B and C currents respectively

I}, I2, I0 = Positive, Negative, Zero phase sequence components of current

Subscripts 1, 2, 0 = Represent the positive, negative and zero phase sequence

components respectively.

R = Real part of a complex variable

Z = System impedance

Subscripts L, S = Represent the line and source impedance respectively 

RMS = Root-mean-square

RP = Fault resistance
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0  =  Maximum torque angle or relay characteristic angle

or = Angle associated with an impedance

X = Phase shift introduced to the polarising voltage

a = Impedance angle associated with the voltage circuit of a directional relay.

S = Signal

T = Time for one period of signal

w = Angular frequency

0 = Angular displacement between voltage and current of the same phase or

phase sequence 

/? = Voltage circuit impedance angle

L = The phase angle of a phasor

$ = Flux generated

£  = Peak value of $

F = A given function

f(t) = Time-dependent function

f(w) = Frequency-dependent function

 ► = Tending to a given value

|| = Parallel-connection of impedances

»  = Approximately equal to

67 = Device number representing a directional relay
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Appendix 11.2 Analysis of the Production of Driving Torque in Product-Type 

Directional Relays [1.6, 3.3]

Consider a moving element, which can rotate freely about its axis, that may be a disc 

or other form of rotor of non-magnetic current conducting material. Assume the 

moving element is prevented from rotating and is subjected to two alternating fluxes 

and $ 2:

sin(o)r+a1)

$ 2 = 4>2 sin(o)r+a2)

Each flux induces a voltage v around itself in the moving element given by:

d<Pvcc -----
dt

The resulting eddy current produced will be given by:

vi = —
Z

and Z  = \Z\Lk

where Z is the impedance presented by the moving element to the induced eddy 

current.
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The induced currents due to the fluxes are, therefore, given by:

. . .11.2.1 

. . .11.2.2

Assuming, with negligible error, that the paths in which the eddy currents flow have 

negligible self-inductance the eddy currents will be in phase with the induced 

voltages. The eddy currents, from equations 11.2.1 and 11.2.2, are:

'< M K - j ^ > i C o s ( c o / + < * 1 )  

h i  a - j ^ 7 ^ 2 CQS( “ t+ a 2)

The current produced by one flux reacts with the other flux, and vice versa, to 

produce forces that act on the moving element.

The fluxes and eddy current paths are diagrammatically shown in Figure 11.2.1:

11.2.3

11.2.4

and

i ^ ^ C o s ^ - X )
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interaction of Two Alternat ing Fluxes.

It shows that two forces F, and F 2  in opposition are produced acting on the moving 

element to rotate. The resulting torque to drive the moving element is, therefore, 

given by:

Torque« 4>2 im

« 4>14>,[sin(u(+a,)Coi(cj/+a1) - Coj(a)(+a2)5in((Ot+a1)]

«  ....11 .2 .5

This expression shows that the net torque is the same at every instant. This is very 

significant in that the movement of the rotating element is positive and free from 

vibration.
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Figure 11.2.2 shows the variation of the torque for the two components with changes 

in time.

Sin(wt+OC 2 ) C o s ( w t+  OC|)
M axim um  to rque  
when e x ? -  oc-. = 90'

Torque

Zero to rque  axis 
when cc2- o q  =0* - 
R esulting to rque  
is zero.

Zero to rqu e  axis 
when a 2-0C, =  90- 
Resulting to rqu e  
is m ax im um .

2 7 0 ’I 90 *

C o s (w t+ o c 2)S in (w t  + oc1)
180-

Time wt

Figure 11.2.2 Production of a Constant Torque due to 
the Product  of Two Time —varying Components.

It shows, however, that the net torque is always constant depending only on the 

displacement (a2 - cO between the two fluxes.

When the angular displacement (a 2  - a ,) changes in sign the net torque also changes 

in sign. This provides a positive discrimination for direction detection.

For "symmetrical" structure such as induction cup used as the moving element it can 

be assumed that the flux is in phase with the actuating current. This means that the 

displacement angle (a2 - c^) between the two fluxes can also be defined as the phase 

angle between two actuating currents Ij and I2. The net torque produced, from 

equation 11.2.5, can be expressed as:
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Torque = K  x Ix X I2 X sin (a2 - a x) .11.2.6

The magnitude of the flux generated is proportional to the actuating currents. This 

torque thus produced is maximum when (ct2 - cO is 90°. The angular displacement, 

under this condition, defines the maximum torque angle position.

It is, however, not necessary that maximum torque is to be produced at a2 - =

90°. It may be desirable that maximum torque occurs at other value o f angle to 

match with the primary system conditions for which the ultimate relay is designed to 

protect. This is achieved by phase shifting one of the actuating current, say I t , so 

that the flux producing current is displaced from the original position o f the actuating 

current phasor. This can be achieved by connecting a shunt resistor across the coil 

for input current Ip The phasor diagram is shown in Figure 11.2.3.

M ax im um
Torque Angle 
Posit ion

1C

f thEffect of D
Actuating Fluxes to obtain different Maximum 
Torque Angle Position.
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Maximum torque will still occur when the displacement between the flux producing 

currents is 90° but in terms of the displacement between the actuating currents 

maximum torque will occur at some other angle than 90°.

Figure 11.2.3 shows that the torque produced based on equation 11.2.6 is:

Torque = KIJ2Sin [P+(a2~al)]

-  KIlI2Sin{90°- [e- (a2- a l)]}

= KItI2Cos[e -(a2-a^ }   u -2-7

If one of the actuating source is a voltage signal and the current due to this voltage 

source is displaced from the voltage phasor by an angle /? as shown in Figure 11.2.4 

and assume the phase displacement between the actuating voltage and current signals 

is the torque produced can be expressed as a function of this displacement.

Maximum 
Torque Angle 
Posit ion

Figure 11 .2 .4  P roduc t ion  of Torque due to In te rac t ion
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From Figure 11.2.4 and equation 11.2.5:

Torque =Kx 10^1 X |3>7| Xsin($+j3)

^ x ^ l x  |O7|xsin[90°+(^-a)]  11.2.8

The torque produced in terms of the actuating quantities, their angular displacement 

<£ and the maximum torque angle, is:

Torque = K  x \V\ x |/ | Cos ((f>-0) i n Q

The same principle applies for the actuating quantities to be both voltages.

It should be noted that torque is produced in the presence of out-of-phase fluxes. One 

flux alone will not produce a net torque. If only one actuating source is used such 

as induction disc overcurrent relay [2.8] some means has to be provided, such as the 

use of shaded pole structure in the core of the electromagnet so that out-of-phase 

components of fluxes are produced.
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S ha d ing  Ring
n d u c tio n  D isc R o to r

A ctua t ing
SourceD ire c tio n  „  

o f  T orque S ha d ing  Ring

Figure 1 1.2.5 Use of Shading Ring gene ra t ing  
O u t - o f  — phase Fluxes to p roduce  Driving Torque 
f r o m  Single A c tua t ing  Source.

This will produce a nett torque to drive the induction disc to close the output contact.

On the same basis, if because of the non-symmetrical structure of the moving 

element, a single energizing quantity of current or voltage will also produce two out- 

of-phase fluxes generating spurious torque to drive the moving element. For a relay 

with two actuating quantities of voltage and current the torque produced to drive the 

moving element will, therefore, consist of a number of components:

Torque due to current signal acting alone.

Torque due to voltage signal acting alone.

Torque due to voltage and current signals acting together.
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Thus:

Torque = K j  I 2 + K v V 2 + K  V I  C o s ty - O )  11.2.10

For directional relay application it is important that the relay should not give an 

output in the presence of only one signal, either current or voltage. The torque 

components due to the current and voltage signal alone must be eliminated. In 

practical design [2.7] mechanical adjustments have to be made to eliminate these two 

torque components because it is not possible to achieve electrically and that a 

perfectly symmetrical moving element cannot be produced.
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Appendix 11.3 Analysis of a Single Phase Electromechanical Directional Relay

[2.7, 3.11]

Figure 11.3.1 shows the basic construction of a single-phase electromechanical 

induction cup directional relay.

Output
oC ontact

P o la r is in g  V o l ta g e

Figure 11.3.1 Construct ion of a Single —phase Induction 
Cup Directional Relay.

G------

O p e ra t in g
C u r re n t

The two series-connected current coils wound on the central horizontal limb of the 

core produce a horizontal flux whilst the four voltage wound coils on the outer 

horizontal limbs produce a vertical flux 4>v. The positions of these two fluxes are 

shown in Figure 11.3.2.
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Output
o C o n ta c tOperating

Current
Direction of 
«. Positive
\  C o ntact-c losing  

yorque

Polarising Voltage

Figure 1 1.3.2 Generation of Two Fluxes by the Current 
and the Voltage Input Signals.

They are displaced by 90° in space. A torque is produced by these two fluxes acting 

on the moving element as shown. The phasor diagram is shown in Figure 11.3.3.

Maximum
Torque
Angle
Position

Applied Current I

Applied Voltage V

Figure 1 1.3.3 Phasor Diagram showing the Input Voltage 
and Current and their associated Fluxes.
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The current Iv flowing in the voltage coil lags the applied voltage V by the voltage 

coil impedance angle (3. The two fluxes produced by the voltage-coil and current-coil 

currents are in phase with their respective currents. The torque produced by the 

interaction of the two fluxes can be derived from an examination of the phasor 

diagram.

The torque produced acting on the moving element given by equation 11.2.5 is:

Torque = Qv x <J>7 X Sin(4>+i8)

This can be expressed in terms of the maximum torque angle 0 and the phase angle 

<f> between the input voltage and the input current similar to equation 11.2.8:

Torque = Qv x <E>; x Sin[90o-(Q-<f>)]

= <$v x <J>7 x Cos {0-4))

The magnitude of the flux produced is proportional the current flowing and hence the 

voltage applied.

The torque generated is thus given by:

Torque = K  X V X /  X Cos(0 - 4>)

where K is a constant.

The direction of movement is from the leading flux due to the current signal to the 

lagging flux due to the voltage signal as shown in Figure 11.3.2.
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Appendix 11.4 Analysis of a Polyphase Single-element Electromechanical

Directional Relay [1.1, 1.2, 1.3]

Figure 11.4.1 shows the construction of an eight-pole single-element induction cup 

polyphase directional relay with all the input signals defined.

----------------------------  °VB

Figure 11.4.1 Construction of a Single—element 
Eight-pole Electromechanical Induction-cup Polyphase 
Directional Relay.

The torque produced acting on the induction cup moving element is due to the 

interaction of all fluxes generated by all the input voltage and current signals to the 

relay. This torque can be expressed as a function of the input power to the relay. 

This is given by :

Torque ocR<T  K Ln n
n=1

where n is the number of adjacent pairs of voltage and current coils.
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The physical construction of the relay is arranged so that only the interaction of fluxes 

generated by the adjacent coils produces significant torque components to make up 

the total resulting torque acting on the induction cup moving element.

Alternatively, the input power and hence the torque produced can be expressed in 

terms of phase sequence components:

Torque « E [KlV j l + K2V j2 ♦ K^Vj,]

For different directional relay connections using different input voltage and current 

signals intrinsic phase shifts are introduced. For example a 90°-connected directional 

relay has an inherent 90° phase shift between its input voltage and current signals.

The torque expression is thus modified to take into account of the inherent phase 

shifts. Thus:

Torque oc R [K]V j l l± X l + K2Vjf2/ .± \2 + KQV jQl± X Q]

where X1? X2 and X0 are the phase shift angles associated with the positive, negative 

and zero phase sequence quantities derived from the relay connection. The values 

change with connection types.

Maximum sensitivity corresponding to maximum power input depends on the angular 

displacement between the input voltage and current of the respective phase sequence 

components. This does not, however, necessarily occur for majority of forward faults 

the relay is required to detect. Therefore, maximum torque angles 6s are
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intentionally introduced to ensure that the forward fault profile corresponds as closely 

as possible the maximum sensitivity area of the relay.

The final torque expression is thus given by:

Torque « R + K2V j2L(±k2± e j  + W oZ(±Ao±0o)]

The polarities of 0s for the different phase sequence components are necessarily 

different to ensure that the resulting torque is always positive for forward faults. This 

is because of the different directions for the different phase sequence powers, positive 

phase sequence power flowing into a fault point whilst the negative and zero phase 

sequence powers flowing away from it.

It is also not necessary that all the phase sequence components are present depending 

on the connection used. For example, the 90° connection does not produce the zero 

phase sequence component of torque.

Consider the design of a single-element polyphase directional relay by McConnell 

[1.1]. The construction is shown in Figure 11.4.2 with the input signals to the 

various coils as indicated.
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AC CB

Moving
E l e m e n t

Figure 11.4.2 A Single —moving —element Polyphase 
Electromechanical Directional Relay with Input 
Signals for 60° —connection.

Each coil produces rotor currents which react with the flux produced by each other 

coil to generate torque. The torque produced by adjacent pairs o f coils is much 

higher than that produced by alternative pairs with the latter balanced out substantially 

to zero by the physical layout and connections of the coils. Finer balancing is 

provided by mechanical adjustment of the position of the moving element.

Assuming the reaction between each current coil and the counter-clockwise voltage 

coil as positive, whilst the reaction with the clockwise voltage coil as negative, the 

total volt-ampere input to the relay is given by:

V A ^  =  VAC IA - VCBIA - VCB IB - VAC IB - VBA Ic +  VCB Ic +  VCB IB +  VBA IB 

=  VAC IA - VCB IA - VAC IB +  VBA IB - VBA Ic +  VCB Ic  11.4.1
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The torque produced by this volt-ampere input is given by:

Torque « K {VAlnpJ

From equation 11.4.1 the torque produced may be expressed as the input active 

power given by:

Torque <x M ( V A c  I  a  ~ ^ c b  ~  ̂ a c  + ^ b a  ^b  ~ ^ b a  + ^ c b  ^

 11.4.2

This input power can be expressed in terms of the symmetrical components of 

voltages and currents. The various terms in equation 11.4.2 expressed in phase 

sequence quantities are given by:

vACiA =(vA- v c)iA

= [V0 + It + V2) - (V0 + aVj + a2 V2)] (I0 + I, +  I2)

Similarly, all other terms in the expression 11.4.2 may be expressed by using the 

symmetrical components. The result is given by:

Torque oc R {-9a Vl - 9a 2 V2 I2}

-9 a 2 V2 I2 = 1/180° x  9 x  1/240° x  V2 x  I2 = 9V2 12 Z+60°

-9 a V1Il = 1/180° x  9 x  1/120° x  Vl x  Ix = 9V1 Z-60°
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If (h = the angle by which Ix lags V\ 

and <t)2 = the angle by which I2 lags V2i

The torque is given by:

Torque = 9 x A ’x [ |K 1| x  |/J  xCos((f)r 60o)+\V2\x  |/2 |x G w (0 2+6O°)]

...1.4.3

where K is a constant

The phase displacement between the voltage and current phasors to produce maximum 

torque may be changed to suit a particular application by introducing a maximum 

torque angle 0 in equation 11.4.3. The final expression for the torque produced is 

thus given by:

Torque = 9A’[|K1| x  |/21 x Cos(<f>l -60°+6/)+ \V2\x  \I2\xCos((f>2+6O°+0)] . . n . 4 . 4
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Appendix 11.5 Analysis of a Single-phase Product-type Electromechanical 

Directional Relay in Terms of Symmetrical Components of Voltage and Current 

[1.2].

Consider the case of a directional relay having 90° connection and 45° leading 

maximum torque angle. The phasor diagram of the input signals is shown in Figure

11.5.1 for the A-phase relay. The operating characteristic is also shown with the 

given input signals.

M a x i m u m
T o r q u e

A n g l e
L i n e

Operat ing 
Curren t = I

Po lar is ing 
Voltage =  V0 0

^ •O pe ra t ing  Zone
Restra in t Zone

90°-connected +45°Maximum Torque Angle Single-phase 
Electromechanical Directional Relay for A—phase and 
its Operating Characteristic.

The torque produced by the interaction of flux due to the polarising voltage Vbc and 

that due to the operating current IA acting on the moving element is proportional to 

the input power to the relay.
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Thus:

Torque « R (y BC I  a)
V = V -V  
y  bc y  b  y c

- (a2VsaV2+V0)-(aVsa2V2+V0)

= (a2-a)Vl+(a-a2)V2

V  A  -  W o

It is only possible to obtain a volt-ampere product of the same phase sequence. The 

operating torque produced is, therefore, given by:

Torqueoc R + (a-a2)V2 I2]

a R y/5 [V j l Z(-90°) + V j2 Z(+9 0°)]

This shows that:

it is possible to analyse the resulting torque produced into phase sequence 

components.

for 90°-connected directional relays there is no torque component produced 

due to the zero phase sequence components of voltage and current, 

there is an intrinsic phase shift between the input polarising voltage and 

operating current signals dependent on their selection. A 90° phase shift 

results in this 90°- connected directional relay.
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In order to ensure that maximum torque is produced corresponding to majority of 

forward faults a maximum torque angle 6 is introduced. Thus the torque is given by:

Torque oc r  ^ [ V j l Z(-9O°±01) + V j2 Z(+9O°±02)]

The signs of 6s for the different phase sequence components are selected differently 

due to the difference in power flow directions on occurrence of a fault, positive phase 

sequence component flowing towards the fault point whilst negative and also zero 

phase sequence components flowing away from the fault point.
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Appendix 11.6 Analysis of a Rectifier-bridge Type Directional Relay [3.11].

Figure 11.6.1 shows the basic construction of a rectifier-bridge type directional relay.

[ Polarising
*  \ / n i t n n o  \ /

Opera t ing  
C u rren t I

Polarisec
Relay

Type Direc t iona l  Relay wi th a Po la r ised E lement .

The principle of operation of this type of directional relay is based on an amplitude 

comparison of two input signals to determine their angular displacement range and 

hence the direction of fault points.

As shown in Figure 11.6.1 two identical voltage signals K, I are produced at the 

secondary windings of the current input interface unit which are proportional to the 

input current. The third winding on the interposing transformer supplying a resistor 

provides adjustment for the angular displacement fa between the output voltage and 

the input current signals with the voltage K, I leading the current I.

496



Similarly, two voltage signals KvV are produced at the secondary windings of the 

voltage input interface unit which are proportional to the input voltage V. There is 

no phase displacement between the input voltage V and the output voltage KvV.

With the two interface units for input current and voltage interconnected as shown 

two composite signals are derived:

E ^ = K J /  + K f  

E2 = KvV - K f

These two signals are rectified by the two rectifier bridges before being applied to a 

polarity detector in the form of a polarised relay for an amplitude comparison of the 

two signals.

The potential difference across the polarity detector changes with variation of the two 

signals Ex and Ej. The criterion for operation of the polarity detector is when the 

potential difference v satisfies the following:

V = |E J - |E 2|>  0

= \KvV+K/\-\KvV-K/\>  0
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This operating criterion is illustrated in Figure 11.6.2.

Type D i rec t iona l  Relay based

As shown, the amplitude comparison process generates an angular operating range of 

±90° between the two signals KvV or V and K,I.

This angular range can be adopted as the directional range of a directional relay by 

selection of the appropriate input voltage V and current I signals and also phase shift 

0 ,  adjustment to the current signal. This is illustrated in Figure 11.6.3a.
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Maximum
Torque
Angle
Position

>> Operating Zone

R estra in t Zone “3-

Figure 11.6.3 Design of a Rect i f ie r -br idge Type 
Directional Relay based on Amplitude Comparison of a 
Polarising Voltage and an Operating Current Signals.

For operation, the range of the angle a between KvV or V and K,I is given by:

-90° <  a  <  +90°

This indicates that the phase displacement o between V and I must be:

-(90° +  o ,) <  o <  +  (90° - o,)

When a =  ±90° , v — | Ej | - l l ^ l  =  0. This defines the boundaries o f operation.

When a =  0° , v is maximum. This defines the maximum torque angle or relay 

characteristic angle position. This corresponds to a phase displacement 0 j between 

the voltage V and current I.

The operating zone o f the directional relay is thus defined as shown in Figure 

11.6.3b.
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It can, therefore, be seen that by phase shifting the current signal with the angle </>, 

producing an output signal Kjl and with appropriate selection o f voltage V and 

current I inputs a particular directional relay can be designed with a given operating 

zone.

For example, consider a directional earthfault relay with zero phase sequence voltage 

V0 and current I0 as input signals and an adjustment of 4>i =  45°. This produces a 

directional earthfault relay with -45° maximum torque angle. The operating 

characteristic is shown in Figure 11.6.4.

M aximum
Torque
Angle
Position

O perating Zone

R estra in t Zone *«&■

Figure 11.6.4 A Directional Earthfault Relay with —45" 
Maximum Torque Angle based on the Rect i f ie r -b r idge  
Type Design and Amplitude Comparison Principle.
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Appendix 11.7 Phase Selection Capability of the Proposed Polyphase Directional 

Detection Method [1.10, 1.11]

Phase selection capability in addition to fault detection is always desirable in power 

system protection. For transmission systems where single-phase tripping and auto

reclose facilities are employed phase selection is a necessary part of the associated 

protection and control schemes. For distribution systems phase selection facility is 

required in protection schemes such as switched distance relaying in which 

identification of the faulted phase(s) is needed to enable the measuring element to be 

switched to the faulted phase(s) for measurement. The identification of faulted 

phase(s) also helps to improve system operation efficiency in that useful information 

is provided to assist in post-fault analysis of both the primary and the secondary 

systems.

Phase selection within a composite scheme provides cost-effectiveness compared with 

the present practice of using individual hardware elements to implement the function. 

Typically, the use of separate three overcurrent and an earth fault elements in 

distribution system protection illustrates the current practice. This arrangement may 

also be considered a very simple form of phase selector which can only operate 

satisfactorily if the fault current always exceeds the settings of the elements involved 

in a particular fault.
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11.7.1 Phase Selection Requirements

A phase selection relay should meet a number of requirements as illustrated below. 

Under fault conditions its operation must be independent of the followings: 

the system configuration and operation, 

the fault location and fault resistance.

the prefault load condition and sound phase currents under fault conditions, 

the operation of the phase selector, the protective system and the circuit 

breaker located at the far end of the same circuit if installed.

In addition a phase selector should:

continuously select correctly when the fault evolves 

have a fast speed of operation 

be insensitive to system instability

not reduce the sensitivity or increase the operating time of the associated 

protection

Under post-fault conditions on systems where auto-reclose facilities are employed i.e. 

when the fault has been cleared and the auto-reclosing sequence is in progress a phase 

selector should:

be insensitive to the position of the poles of the breaker both at the near and 

far end of the same circuit.

measure correctly evolving faults occurring when the pole(s) of the faulted 

phase(s) are open.
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remain inoperative on circuit breaker closing with the fault cleared.

11.7.2 Existing Phase Selection Methods

Phase selectors can be classified into following types:

Selectors using current signals only as the deciding parameter.

Selectors using voltage signals only.

Selectors using voltage and current signals together.

These selectors are designed to operate either on the absolute magnitude or the change 

in magnitude of the input signal(s). Alternatively, the phase sequence components 

of the input signal(s) is also used to determine the faulted phase(s). The following 

sections give an outline of some of the available methods of phase selection.

11.7.2.1 Phase Selection using Current Signal as the Input

The simplest method is to employ overcurrent detectors with preset levels and with 

one unit in each phase using line current as the input parameter. This method of 

phase selection can be used satisfactorily except for the following limitations:

For multiple-earthed systems large sound phase currents on occurrence of an 

earth fault can exceed overcurrent level detector setting and cause 

maloperation.

With large fault resistances the setting on the faulted phase may not be
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exceeded causing malfunction by not being able to operate.

To ensure the satisfactory performance of phase selector employing overcurrent 

detectors the following logics have been implemented [2.34] in commercially 

available phase selector:

Phase A is selected if IA > 4IN and IB <2IN and Ic <2IN and Ir > (0.2 IN +  0.24IP) 

where IN = rated current of the phase selector 1A or 5A 

Ir = residual current 

Ip = highest current of the three phases

The selection of phases B and C follows the same logics and can be derived by cyclic 

permutation.

Phases AB is selected if [IA > 2 IN and IB > 4IN] or [IA > 4IN and IB > 2IN]. 

Similarly, phases BC and CA are selected using the same logics.

Another method of current-signal-based selection used is to examine phase sequence 

components. This has been employed in practical relaying equipment [2.34].

11.7.2.2 Phase Selection using Voltage Signal as the Input:

One phase selector that employs only voltage signal is the undervoltage detectors in 

which selection is made when the phase to neutral voltage falls to a preset level e.g.
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70% of nominal. This has been used [2.35] for resistance-earthed systems and for 

selection of earth faults only. For solidly-earthed systems with multiple sources the 

selection fails to occur for medium to higher resistance earth faults.

Another phase selector using voltage signal alone is based on a comparison between 

the phase to neutral voltage raised by a factor of a/3 and the quadrature phase to 

phase voltage. Selection is made when the phase to neutral voltage falls below 

quadrature voltage.

11.7.2.3 Phase Selection Using Voltage and Current Signals as the Inputs

An example of this type of phase selector is the impedance or distance relays which 

have been used extensively as phase selector for distance protection schemes [2.26, 

2.36, 2.37, 2.38] and phase comparison scheme [2.39]. The major limitations are 

the inability to cover high-resistance earth faults and the loss of discrimination on 

close-up fault operations [3.8].

11.7.3 Phase Selection using Symmetrical Components

Phase selection using the symmetrical components of voltage and current has been 

employed by protection relay manufacturers [2.4, 2.34]. The principle of operation 

is based on the measurement of the phase difference between symmetrical components 

of either currents or voltages or of currents and voltages.
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The use o f symmetrical components in the proposed directional detection method, 

therefore, also provides a convenient method of identifying the faulted phase(s). This 

overcomes the drawback of not having phase selection capability within a polyphase 

directional relay especially in the use of composite signals to decide on the fault 

direction.

An example o f phase selection using symmetrical components is the phase sequence 

current selector. Figure 11.7.1 shows the relationships between the various 

symmetrical components o f currents for different phase-to-earth faults.

(A-E Fault)

C2

( B - E  Fault)

A2A1
C2

(C -E  Fault)

A2 B2

Figure 11.7.1 Phase Relationships between the Three 
Symmetrical Components of Currents for different 
Phase-to-earth Faults.

By examining the phase relationship between the various phase sequence currents it 

is possible to deduce the faulted phase. For a A-phase-earth fault the symmetrical
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components networks are connected in series to represent the fault such that the 

positive, negative and zero phase sequence currents for "A" phase are all in phase. 

For other phase-to-earth faults the faulted phase negative phase sequence current in 

the fault is in phase with the zero phase sequence current. This relationship provides 

a possibility of identifying the faulted phase.

However, a BC-phase-earth fault causes zero phase sequence current to be in phase 

with the negative sequence current of the "A" phase as well, assuming equal phase 

angles for the zero and negative phase sequence networks. This is shown in Figure

11.7.2

C2 B2

A2

Figure 11.7.2 Phase Relationships between the 
Three Symmetrical Components of Currents 
for B -C -e a r th  Fault.

This obviously creates confusion with a genuine A-phase-earth fault producing the 

same phase relationship between zero phase sequence and negative phase sequence
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currents.

To overcome this problem [2.4] logic can be added to examine the phase relationship 

between zero phase sequence and negative phase sequence currents for each phase and 

the cross polarising voltage. The conceptual logic is illustrated in Figure 11.7.3.

4  XA0

(A-earth Fault)

(B-C  —earth Fault)
BC

A0-

A2-

fec-
AND

A - e a r t h  F a u l t

A—phase —to —earth Fault.

Similar comparisons for the other two phases would allow B or C phase to be 

identified for B-phase-earth or C-phase-earth faults respectively.

Alternatively, the phase sequence voltages can be considered to derive the faulted 

phase information. Figure 11.7.4 shows the phase relationship between the various 

phase sequence components of voltages for the different types of faults using the "A"
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phase as the reference.

60 '
3 c r

(A -earth  Fault)

(C -e a rth  Fault)(B -e a rth  Fault)

120"

M A - 0  Fault) (B—C Fault) (C -A  Fault)

120'

(CA-earth Fault)(AB-earth Fault)
(BC—earth Fault)

Figure 1 1.7.4 Phase Relationships between the Three 
Symmetrical Components of Voltages for different 
Types of Faults.

From an examination of the phasor relationships on a similar basis as in the case of 

using phase sequence currents, the angle between V0 and V2 will identify the fault to 

be either A-phase-earth fault or BC-phase-earth fault. This can be further 

distinguished by the phase angle between V2and Vj. For phase faults only, indicated 

by non-operation of a separate zero-phase-sequence current detector, the fault is 

identified by the phase angle between V2and Vj. It can, therefore, be seen that for 

faults related to "A" phase the logics of the other two phases would not produce an 

output. The logic detection is illustrated in Figure 11.7.5.
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Figure 11.7.5 Phase Selection Logics based on the 
Phase Relationships between the Three Symmetrical
Components of Voltages.

The foregoing illustrations show that the identification o f faulted phase(s) is possible 

from a knowledge of the symmetrical components. The new method of detecting 

direction using symmetrical components of voltages and currents can, therefore, 

implement this phase selection facility with only the addition of extracting the zero 

phase sequence components of voltage or current. It is known that this method of 

phase selection has limitations [1.10, 1.11] which are mainly confined to transmission 

systems protection where high resistance earth faults with load transfer are o f concern 

and single-phase tripping and auto-reclosing are used. For distribution systems, 

single-phase tripping and auto-reclosing are not employed and high resistance earth 

faults with significant load transfer simultaneously are not generally common.
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Appendix 11.8 The Use of Pre-fault Voltage in Fault Analyses for Balanced 

Three-phase Faults [1.9].

For an energised power supply system supplying loads at various points on the system 

the occurrence of a fault at a point on the system will result in the flow of fault 

currents through various branches of the power network. The branch currents consist 

of two components, the pre-fault load current and a current resulting from the 

occurrence of the fault.

One method of calculating the current distribution in a system when there is a 

balanced three-phase fault at a particular point is to consider all the generator em f s 

at the moment of fault.

Consider a system fed from two sources of generation EA and Eb as shown in Figure 

11.8. 1:
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Figure 11.8.1 Generation of Pre — fault  Voltage for  
Balanced Three -phase  Fault Calculations.

The currents in the various branches are the pre-fault currents.

Consider a point F where a balanced three-phase fault is to occur. The pre-fault 

current flow generates a pre-fault voltage VPF between this point F and the neutral.

A short circuit at the fault point F will lead to fault currents flowing through various 

branches as shown in Figure 11.8.2.
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Figure 1 1.8.2 System Representation of a Balanced 
T h ree -phase  Fault at a Point F.

These branch currents together with the current through the fault point can be 

determined from all the known impedances and also all the source e m f s, both 

magnitudes and relative phase angles.

With a simple system this method of calculation is easily achieved. However, with 

multiple-end fed systems it is generally difficult to establish the magnitudes and 

angles o f all generator e m f s at the moment of fault and even when these are 

available, the calculation o f distribution of fault current is complicated.

An alternative method is to run a load flow study o f the system and establish the pre

fault voltage at the fault point. This use o f pre-fault voltage can simplify the 

calculation of complicated system.
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Consider the system shown in Figure 11.8.1 again with a fault at point F. This 

circuit can be Thevenised across the fault point F to determine the current in this fault 

path. This Thevenised circuit is shown in Figure 11.8.3.

LOAD LOAD

P F

Figure 1 1.8.3 Thevenised Circuit Looking at the Fault 
Point F on the System shown in Figure 1 1.8.2.

The equivalent source em f in this Thevenised circuit is the pre-fault voltage VPF at the 

fault point. The fault current can be easily determined by working through this 

equivalent circuit.

Apart from the current through the fault path the values of currents in each branch 

of the Thevenised circuit are not the same as the currents obtained from the 

calculations based on the system shown in Figure 11.8.2 i.e. the actual currents in the 

branches.
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Consider the circuit shown in Figure 11.8.1 again but with a fictitious em f VPF 

inserted across the fault point F without affecting the load current. This is shown in 

Figure 11.8.4.

LOAD LOADPF

and Current Distribution in Various Branches.

This circuit can be analysed by superposition theory in two parts as shown in Figure 

11.8.5:
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Figure 1 1.8.5 Analysis of the System shown in 
Figure 1 1.8.4 by Superposition.

From an examination of Figure 11.8.5 it can be stated that in terms of currents:

Part (i) is equivalent to the circuit shown in Figure 11.8.2 which is the faulted 

system.

Part (ii) is equivalent to the circuit shown in Figure 11.8.3 which is the Thevenised 

equivalent looking at the fault point, but with the source em f shown in reverse 

polarity.

It can therefore be established that in any branch of the network:

The load current IL =  Fault current IF - Thevenised current IT
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The fault current IF is thus given by:

Ip — IL +  IT

where IL is determined from a pre-fault load study whilst IT is determined from the 

Thevenised circuit using pre-fault voltage at the fault point.

For the majority of applications pre-fault load currents are small compared with 

current obtained from the Thevenised circuit and can be neglected.

i.e. Ip ® I'p

In this case the value of VpF used in the Thevenised circuit is the no-load open-circuit 

voltage at the fault point.
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