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ABSTRACT

With recent advancements in micro-computer technology, the use of

micro-processors for distance protection has received much attention from

power system research groups. Different algorithms have been developed

over the years for use in digital distance relays. The performance of the al

gorithms need to be assessed off-line before any implementation in an actual

system. Some of the general characteristics of the algorithms that can be

examined are frequency reponse, effect of decaying de on the accuracy of cal

culated phasors and noise suppression qualities. The performance of an algo

rithm can also be assessed using power system fault data.

This thesis examines the suitability of four long window relay al

gorithms for protecting transmission lines. The frequency response, the effect

of decaying de on the accuracy of the calculated phasors and noise suppres

sion characteristics of each algorithm is examined. The ability of each algo

rithm to accurately detect faults and to estimate the distances of the faults

is also checked using data obtained by computer simulations. The speed

with which the algorithms detect faults, that are in the operating zone of a

relay, is illustrated using the movement of the trajectories of the calculated

impedances from their pre-fault values to the post-fault values.
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1. INTRODUCTION

1.1. Background

The primary objective of a power system is to generate, transmit and

distribute electric power with reasonable continuity. Generators, trans

formers, lines, switchgears and associated equipment function together to at

tain this objective. The power system, generally, operates with its major

components in good condition. Faults and abnormal conditions, however,

sometimes occur. The occurence of a fault may result in expensive damage

to the equipment, severe drop in voltage, loss of synchronism and losses in

revenue due to interruption of service. Shunt faults and open circuits are

two main types of faults in a power system. Physical accidents and insula

tion failure are two main causes of power system faults.

Protective relays continously monitor the power system. The relays

working in conjunction with circuit breakers, disconnect the faulty part of

the system with minimum time delay. Voltage and current transformers

reduce the voltages and currents to levels for which the protective relays are

designed.

1.2. Power System Protection

The present philosophy in protecting power systems IS to divide the

system into protective zones and to protect each zone by a set of relays [1].
A protective zone normally includes one major electrical component and a set

of circuit breakers to disconnect it from adjacent components. If a fault oc

curs in a zone, relays open the appropriate set of circuit breakers to isolate

the faulted zone to limit the damage to the system. Primary relays are the

first line of defense and are set to operate with minimun time delay.
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A fail-safe feature of protective schemes includes back-up protection

which may either be located physically near the primary relays or at a

remote location. If the primary relays fail to isolate a fault, either the local

back-up or the remote back-up relays should operate to isolate the fault.

Back-up relays, sometimes isolate more than one zone of protection and are,

therefore, time-delayed to allow the primary relays to isolate the fault. It is

also essential that different zones of protection overlap so that the entire sys

tem is protected.

1.3. Recent Trends in Power System Protection

The earliest power system protection device was the fuse. Its major

disadvantage is that it must be replaced after each operation. Protective

relays were used together with circuit breakers as an improvement. The

early designs of protective relays used electromechanical elements, such as,

induction discs, balanced beams and induction cups. Later, solid state relays

were developed using thermionic components. These relays were, however,

not popular with utility engineers because of their high failure rates. Later

developments used semiconductor technology. The solid state relays with

semiconductor components were more reliable and are still widely used in

power systems today.

The most recent developments in relay designs have been in the area of

digital relays and protection systems. The rapid advancements in computer

technology has been the main contributing factor in the development of these

relays. G.D. Rockefeller, in a pioneering work proposed the use of a single

computer for protecting all major components in a substation [2]. The first

digital relay was installed at the Tesla substation of the Pacific Gas and

Electric Company (PG&E) as a joint venture between the Westinghouse

Electric Corporation and the PG&E [3]. A lot of research work has since

been done [4]. Line relaying is the most elaborate and challenging function

in power system protection. The use of digital relays for line protection has,

therefore, received more attention than that received by other functions.
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1.4. Desired Characteristics of Digital Relays

In order for digital relays to be acceptable to utility engineers, they
must prove to be superior than electromechanical relays in some basic relay
characteristics. Four of these characteristics are :

1. Economic

2. Performance

3. Reliability

4. Flexibility

Economic: If digital relays are to replace existing electromechanical and

solid state ones, the digital relays must not cost more than the

electromechanical and solid state devices. The cost of electromechanical and

solid state relays has been increasing over the last two decades whereas the

cost of digital devices has been decreasing rapidly during the same period.
The cost of replacement of parts for electromechanical relays is similarly in

creasing. Digital relays are, therefore, becoming attractive in the design of

economical protective schemes.

Performance: Digital relays must perform at least as well as conven

tional relays in terms of operating speed, security and consistency. Improve

ments in the operating features of a digital relay are easily implemented in

the relay's software. Further developements in microcomputer technology
will also increase the capabilities of digital relays.

Reliability: Reliability of a protection relay refers to the degree of cer

tainty that a relay system will operate correctly when a fault occurs. Digital

equipment fails more frequently than presently used relays. A digital relay

can, however, be designed to monitor itself at specified intervals of time. An

operator can be notified in the event of an equipment failure or impending
failure.
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Flexibility: The characteristics of a digital relay can be modified by

simply altering the relay's software. Digital relays can, therefore, be made

more flexible than electromechanical and solid state relays without substantial

increase in cost.

Digital relays have some other advantages that come with the use of

digital technology [4]. For example, a digital relaying system can provide

system data to substation control and central control computers in addition

to using it for relaying functions.

1.5. Fundamental Functional Blocks of a Digital Relay

Digital Processor

Relay Relay 1--+-_

Algorithm Logic Trip
Power

system
Transducers

Analog
pre

rocessors

Voltage
& Current
Inputs Digital Relay

Figure 1.1: Functional block diagram of a digital relay.

Figure 1.1 shows the block diagram of the basic subsystems of a digital

relay. These subsystems consists of analog pre-processing, analog to digital

conversion, digital processor, relay output, and power supply units. The

digital relay receives low level signals proportional to power system voltages
and currents via the voltage and current transformers. These low level sig
nals are fed into the analog pre-processing unit.
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The analog pre-processing unit consists of auxiliary transformers, surge

suppression circuits and low-pass filters. The outputs of the auxiliary trans

formers are fed into current to voltage converters to convert the current sig

nals to voltage signals. The surge suppression circuits limit the level of volt

age signals during surges to protect the relay. Low-pass filters are used to

band limit the input signals to avoid aliasing. The cut-off frequency of the

low pass filter is chosen considering the sampling frequency of the input sig
nals. The outputs of the analog pre-processors are fed into an analog to

digital(A/D) converter.

The A/D converter changes the analog signals into digital values. The

digitized signals are then fed into a digital processor. The digital processor

has two main functions:

1. To evaluate parameters of interest usmg relay algorithms and

2. To use the computed parameters to decide if there IS a fault in
the zone of protection or not.

An independent power supply unit, consisting of rectifiers and a set of bat

teries, supplies power to the relay.

1.6. Objective of the Research

The objective of the research is to assess the performance of the follow

mg long window digital relay algorithms and to evaluate their suitability in

the protection of transmission lines.

1. A full-cycle Fourier analysis algorithm.

2. A 12-sample Least Error Squares algorithm in which the decaying
dc is modelled by two terms of its Taylor series expansion and
the remaining signal is modelled by a sinusoid of the fundamental

frequency.

3. A 12-sample Least Error Squares algorithm in which the decaying
dc is modelled by two terms of its Taylor series expansion and
the remaining signal is modelled by sinusoids of the fundamental

frequency and the second harmonic.
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4. A 13-sample Least Error Squares algorithm in which the decaying
de is modelled by two terms of its Taylor series expansion and
the remaining signal is modelled by sinusoids of the fundamental

frequency, and the second, third, fourth and fifth harmonics.

1.7. Thesis Outline

This thesis is organised into six chapters and three appendices. Chap
ter 1 provides an introduction to the subject of power system protection and

digital relays. The work done for this project is also outlined.

Chapter 2 describes the types of transmission line faults experienced in

power systems. An introduction to the forms of line protection is given.
The use of distance relays in the zonal protection of transmission lines is

presented.
described.

Some of the basic characteristics of distance relays are also

Chapter 3 describes fault simulation using Electromagnetic Transients

Program (EMTP). The types of faults simulated are a three-phase fault, a

two-phase fault, a two-phase to ground fault and a single phase to ground
fault. The design of a digital equivalent of an analog low-pass filter is

presented in this chapter. The use of the low-pass filter in pre-processing
the fault data for the testing of relay algorithms is also examined.

Algorithms for digital relays are presented in Chapter 4. The relay al

gorithms presented are trignometric algorithms, Least Error Squares technique
and correlation algorithms. The mathematical equations describing these al

gorithms are also presented. The assumptions that are used in developing

the mathematical equations are also given.

Chapter 5 evaluates the suitability of the algorithms for line protection.

Frequency response, effect of decaying dc on the accuracy of calculated cur

rent and voltage phasors and noise suppression are used to assess the general

performance of the algorithms. The ability of each algorithm to accurately
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detect faults that are in the operating zone of the relay is also examined

using EMTP simulated fault data. Graphical representations of the move

ment of the trajectories of the calculated impedances from their pre-fault
values to the post-fault values are used to show the speed with which the

calculated impedances enter the tripping zone of an impedance relay. The

ability of the algorithms to estimate the distances to the faults are also ex

amined.

A summary of the thesis is grven In Chapter 6. Conclusions drawn

from the work are also presented in this chapter.

A list of references used In this project IS shown after Chapter 6, fol

lowed by three appendices.
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2. TRANSMISSION LINE FAULTS
AND DISTANCE RELAYING

2.1. Introduction

Power system protection concepts were briefly described in Chapter 1.
This chapter gives a brief description of the different types of faults on
transmission lines. Transmission line protection is also briefly described.
The use of distance relays in line protection is also discussed.

2.2. Types of Faults on Transmission Lines

Faults on transmission lines are generally caused by mechanical damage
and insulation failure. These faults can be divided into two main categories;
shunt faults and open circuits. A three phase power system can experiencefour types of shunt faults and two types of open circuits as shown in Figure
2.1. These faults can be described as follows.

(i) Shunt faults:

1. Three-phase faults - a balanced three-phase fault resulting from a
short circuit between phases a, band c.

2. Two-phase faults - a two-phase fault can be experienced in three
ways. One possibility is a short circuit betweeen phase a and phase b. The
other possibilities are short circuits between phase b and phase c, and be
tween phase c and phase a.

3. Two-phase to ground faults - a two-phase to ground fault can be ex-
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Figure 2.1: Types of transmission line faults: (a)3-ph fault, (b )2-ph fault,
(c)2-ph to ground fault, (d)single-phase to ground fault,
(e)single open conductor and (f) two open conductors.
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perienced III three different ways. One possibility is a short circuit between

phases a and b and ground. The other possibilities are short circuits be

tween phases band c and ground, and between phases c and a and ground.

4. Single phase to ground faults - a single phase to ground fault can be

experienced as a short circuit between ground and any of the three phases.

(ii) Open circuits:

1. One open conductor - a single conductor open circuit can be ex

perienced on anyone of the three phases.

2. Two open conductors - a two-conductor open circuit can be ex

perienced in three ways. One possibility is an open circuit of phases a and

b. The other possibilities are open circuits of phases b and c, and open cir

cuits of phases c and a.

2.3. Protection of Transmission Lines

There are four main types of relays used III protecting transmission

lines.

relays.

These are overcurrent , directional overcurrent, pilot and distance

Overcurrent relays are simple devices and are used for the protection of

radial and distribution lines. There are three types of overcurrent relays :

1. instantaneous overcurrent relays,

2. definite time overcurrent relays and

3. inverse-time overcurrent relays.

Instantaneous overcurrent relays operate without intentional time delays.
Definite time overcurrent relays operate with pre-specified time delays, Ir

respective of the magnitude of the fault current. The operating time of an
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inverse-time overcurrent relay IS inversely proportional to the magnitude of

the fault current.

Directional overcurrent relays are more elaborate forms of overcurrent

relays. These relays are used in protecting transmission lines III a ring net

work or with multiple infeeds. Unlike the overcurrent relays. they utilize

both voltage and current signals as inputs. Figure 2.2 shows a directional

overcurrent relay with two main elements:

1. an overcurrent element (0), and

2. a directional element (D).

LINE A

TRIPPING DIRECTION

Figure 2.2: A directional overcurrent relay.

C.T.
LINE B

= <: .•.•.•.•.....•. ;

o : Overcurrent Element

D : Directional Element

P.T. : Potential Tranformer

C,T. : Current Transformer

...................................

>
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The overcurrent element IS sensitive only to current input and operates as an

inverse time overcurrent unit. The directional element has both voltage and

current inputs and evaluates the phase angle between the voltage and cur

rent signals. The direction of the fault is the sole criterion for the operation
of the directional unit [5]. This unit can, therefore, be made very sensitive.

If a fault occurs m the protection zone, the directional element will close its

contacts. Once the contacts of the directional elements are closed, the over

current element will trip if the current is above the pick-up level.

Pilot relays are mainly used in the protection of short transmission

lines. Pilot protection schemes utilize information from both ends of the

transmission line being protected. There are four main types of pilot protec

tion schemes. These are named according to the method of transmitting in

formation from one end of the protected line to the other

1. WIre pilot protection,

2. carrier pilot protection,

3. microwave pilot protection and

4. fiber optic pilot protection.

In WIre pilot protection, an auxiliary pair of pilot wires carry the infor

mation from one end of the line to the other. Carrier pilot protection uses

high frequency carrier signals transmitted over the protected line. In the

case of microwave pilot protection, the information IS transmitted on

microwave communication channels. In fiber optic pilot protection, electrical

signals are converted to light signals. The converted signals are then trans

mitted through a fiber optic cable. The fiber optic cable eliminates any

electromagnetic interference.
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2.3.1. Distance protection

Distance relays are the most common devices used for the protection of

transmission lines. A distance relay is similar to a directional overcurrent

relay in that both receive inputs from the potential and current transformers.

A distance relay, however, differs from a directional overcurrent relay in that

a distance relay essentially calculates the impedance of the protected line

from the relay location to the fault point while the directional overcurrent

relay determines the magnitude and direction of the fault current. The com

puted impedance in a distance relay is then compared to the relay settings
to determine if the fault is in the protected zone. If a fault lies in the zone

of protection, the relay issues a trip command that opens the circuit breakers

protecting the line.

Three zones of protection are normally used to protect a transmission

line section and to provide backup protection for the adjoining sections.

Zone 1 relays are usually set for approximately 80 percent of the line. The

time delay for zone 1 relays, T1, is so small that zone 1 tripping is con

sidered to be instantaneous. The 20 percent margin provides a safety factor

to accomodate overreaching errors due to inaccuracies in relays, current and

potential transformers, auxilliary devices and infeed effects [6]. Zone 2 relays
are set for 100 percent of the line plus approximately 50 precent of the ad

jacent line. The operation of the zone 2 relays is delayed through a timer,
T2. The time delay for zone 2 relays is typically in the range of 0.25 to

0.30 seconds. Zone 3 relays are set for 100 percent of both lines plus ap

proximately 25 percent of the third line. The zone 3 relay which also acts

as a backup for zones 1 and 2 operates through a timer, T3, to coordinate

with zone 2 relays. The time delay for zone 3 relays is about 0.8 seconds.

The relays are similarly coordinated in the opposite direction at each bus.

Figure 2.3 depicts the reach of the three zones of distance relays in the im

pedance plane.

Figure 2.4 shows the step time application of distance relays for dif-
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ferent zones. L1, L2, L3 and L4 represents the loads at busses A, B, C and

D respectively. Relay, RABI is a relay located at bus 1 to protect Line AB

and relay 1 RAB2 is the other relay at bus 2 to protect Line AB. Relays

RBC2
and RBCS

are relays located at busses 2 and 3 to protect Line BC etc.

Most distance relays have six measuring elements, three of which are

used for measuring impedances during single phase to ground faults. The

other three elements are used for measuring impedances during inter-phase

faults. Table 2.1 lists the input signals provided to each relay. The inputs

to the measuring units are selected in such a way that at least one of the

units measures the positive sequence impedance.

Table 2.1: Inputs to distance relay elements.

Relay element Voltage input

Phase A-G V
a

Phase B-G Vb
Phase C-G V

c

Phases A-B V
a

- Vb
Phases B-C Vb - v,
Phases C-A V - V

e a

Current input

Ia + kIo
Ib + kIo
Ie + kIo

For single phase to ground faults, the ratio of the faulted phase voltage

and the zero sequence compensated phase current is used. The zero se-

quence compensation factor, k, is defined as:

k (2.1)

where:

Zo IS the zero sequence impedance of the line and

Zl is the positive sequence impedance of the line.
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For line to line faults, the impedance is calculated as a ratio of the line to

line voltage to the phasor difference between the currents in those lines.

Distance relays are classified according to the shape of their characteris

tics in the impedance plane. The following are some of the classifications :

1. Impedance relay
The characteristic of this type of relay is a circle in the im

pedance plane with its center at the origin as shown in

Figure 2.5(a).

2. Admittance relay
The characteristic of this relay is a circle that passes

through the origin as shown in Figure 2.5(b). It is also

referred to as a mho relay.

3. Reactance relay
The characteristic of this relay is a straight line parallel to
the resistance axis as shown in Figure 2.5(c).

4. Blinder The characteristic of this relay is a straight line In the Im

pedance plane as shown in Figure. 2.5(d).

There are other types of characteristics obtainable by different combina

tions of the above characteristics. For example, a quadrilateral characteristic

can be obtained either by combining three blinders and a reactance relay or

by using four blinders and a suitable logic. The presence of fault resistance

can appreciably alter the value of the apparent line impedance. This effect

is most profound in short transmission lines. The reactance relays are there

fore more suitable for protecting short lines, whereas the admittance and

quadrilateral relays are used for the protection of long lines.
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2.4. Summary

Transmission line shunt faults and open circuits have been described in

this chapter. The various kinds of relays used for protecting transmission

lines have been briefly outlined. The most commonly used relays in this

field are the distance relays. A brief description of these relays has been

provided in this chapter.
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3. FAULT SIMULATION AND

DATA PRE-PROCESSING

3.1. Introduction

This chapter briefly describes the simulation of transmission line faults

on a digital computer. A brief description of the Electro-Magnetic Tran

sients Program (EMTP) used for this purpose is given. Voltages and cur

rents obtained from simulating faults using the EMTP contain high frequency

components in addition to the fundamental frequency component. Analog

low-pass filters are normally used in digital relays to band-limit the voltages

and currents. A digital equivalent of a fourth order analog filter was

designed and used in this project. A brief description of the filter design is

grven, The effects of the use of this filter in pre-processing the fault data

are also examined.

3.2. EMTP Simulations

Digital computer programs for simulating electrical transients in power

systems have been developed and documented [7]. Most early programs were

written for single-phase networks. Recent programs have extended the

simulations of single-phase networks to multiphase networks. The Electro

Magnetic Transients Program (EMTP), developed as a joint venture between

the Bonneville Power Administration and the University of British Columbia,

is one such program [8]. The single-phase simulation technique has been ex

tended to handle multiphase networks by replacing the variables in single

phase equations by matrix representations. The equations describe arbitrary

interconnections of the elements of the power system. Algebraic, differential

and integral equations are used to represent resistive, inductive and capaci-
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tive elements of the power system. For obtaining a digital solution, the dif

ferential and integral equations are transformed to the form of algebraic

equations '[9, 10]. The EMTP uses the trapezoidal rule of integration to

solve the equations.

The EMTP simulates a transmission line shunt fault by closing time-

dependent switches at the fault location. Since the switches can not be

directly connected to the transmission line, an imaginary node is created at

the fault location. For example, a single phase to ground fault at the mid

point of a line can be simulated by first creating an imaginary node at the

midpoint of the line and then closing a switch between the imaginary node

and ground. One way of varying the location of the fault is by moving the

imaginary node along the length of the transmission line.

3.2.1. Modelling of system components

The EMTP can use different models for generators, transformers, trans

mission lines and loads during fault simulations. The components of the test

system used for this thesis were modelled as follows.

Generators The generating units were modelled as constant voltage
sources. All units were assumed to be operating in a

steady-state before the inception of a fault. Each generator
was represented by the voltage magnitude and phase angle
computed from a load-flow program. The generator im

pedances were combined with the transformer impedances
into an equivalent impedance. The equivalent impedances
consist of resistance and inductance (R-L) elements con

nected in series.

Transmission lines
The resistance, inductive reactance and capacitive reactance

of transmission lines were modelled as distributed

parameters. The lengths of the transmission lines were also

specified. The transmission lines were assumed to be con

tinously transposed.

Loads It was assumed that the load at each bus is balanced.
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The EMTP modelled these loads as constant impedance
loads.

3.2.2. Voltage and current measurements

The EMTP output consists of voltages and currents as if they had

been sampled at intervals of the inter-sampling time. The voltage measure

ment at a node was obtained by inserting a very large resistance between

the node and the ground, and measuring the voltage drop across the resistor.

The current measurents were obtained by inserting a very small resistance in

series with an element, and measuring the current flow through the resistor.

s.s. Low-Pass Filter Design Requirements

The voltages and currents presented to the relay during a fault consist

of decaying de, fundamental frequency and high frequency components. The

high frequency components, whose frequencies depend on the distance of the

fault, are due to the travelling wave phenomenon. Additionally, harmonics

of 60Hz components are produced because of the non-linearities in the power

system [11]. Depending on the rate at which the voltages and currents are

sampled, some of the high frequency components can appear to be com

ponents of power frequency (approximately) [4]. Figure 3.1(a) shows a 600

Hz voltage that is sampled at 660 samples per second. The sampled infor

mation is shown in Figure 3.1(b). It is obvious from Figure 3.1(c) that, in

the absence of additional information, the signal appears to belong to a 60

Hz voltage. This misrepresentation increases the relay's chances of making

incorrect decisions. Low-pass filters are, therefore used to avoid aliasing.

The filters should effectively attenuate frequencies of equal to or more than

one half the sampling rate [11].

The transfer function of a first order low-pass filter 1S

k

H(s)=(s+k) (3.1)

where:
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(a)

(b)

(c)

Figure 3.1: (a) A 600 Hz voltage sampled at 660 Hz.

(b) The sampled information as a function of time.

(c) Interpretation of the sampled information.
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k is a constant and

S IS the Laplace operator.

The fourth order filter was designed by cascading four first order filters.

The cascaded filter gives a better roll-off characteristic than a single first or

der filter. The transfer function of the cascaded fourth order low-pass filter

is

k
H(s)={_}4.s+k

(3.2)

In order to obtain the frequency response of the filter, the Laplace operator,

s is replaced by jw. Equation 3.2 can then be re-written as Equation 3.3.

k
H(jw)={-._}4.;w+k

The cutoff frequency of a filter is the frequency at which the magnitude of

the gain drops from 1.000 in the passband to 0.707. The magnitude of the

(3.3)

voltage gain at the cutoff frequency, wc' IS

k 1
I. 14=_.
;wc+k J2

The solution of this equation provides the value of k as

(3.4)

k=2.29896wc.
(3.5)

The -equation of the digital equivalent of an analog filter can be ob

tained by using the bilinear transformation. In this transformation, there is

a mapping of the s plane to the z plane by

1 -1
-z

s-+{21 ( )}
8·1+z-1

(3.6)

where:

Is is the sampling frequency.

The cut-off frequency of the analog low-pass filter IS related to the cut-off

frequency of the equivalent digital filter [12] by
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Wae:
Wde:=2!sarctan{2! }s (3.7)

where:

Wae: 1S the cut-off frequency of the analog filter and

W de: 1S the cut-off frequency of the equivalent digital filter.

If the cut-off frequency of the analog filter is very small compared to the

sampling frequency, Equation 3.7 becomes

(3.8)

The group delay, Td' is

filters [13]. It is defined as:

an important characteristic of cascaded

d�(w)
T- -d-- dw

(3.9)

where:

� (w) 1S the argument of the transfer function of the filter.

3.4. Pre-processing of Fault Data

3.4.1. Fault data generation

Figure 3.2 shows the test system on which faults were simulated using

the EMTP. This IS a six-bus model of the transmission network of the Sas

katchewan Power Corporation (SPC) [14]. The system consisted of three

generating stations, (Boundary Dam, Poplar River and Queen Elizabeth), six

transmission lines and three load busses. The electrical parameters of the

test system are given in Appendix A.

The faults were simulated on line Pl.C. In each case, the fault was ap

plied after the system had operated normally for two cycles. The fault was

created by closing the appropriate time-dependent switches which were

selected depending on the fault type. For use in distance relays, the vol-
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tages and currents were measured at the relay location. The EMTP output

consists of voltages and currents as if they had been sampled at intervals of

1/23040 seconds.

Figure 3.3{a) shows the waveforms of phase voltages plotted from the

EMTP output for a three-phase fault at the midpoint of line P2C. Figure

3.3{b} shows the waveforms of phase currents plotted from the EMTP output

for the same fault condition. After the inception of the fault, the waveforms

are distorted due to the presence of decaying de component and high fre-

quency components. The distortions in the voltage waveforms are more'

severe than those in the current waveforms. The de component in the cur

rent is, however, more significant than in the voltage. The high frequency

components attenuate substancially after about two cycles.

Figures 3.4{a) and 3.4(b) show the simulated voltage and current

waveforms for a two-phase fault. Figures 3.5(a) and 3.5{b) show the SImu

lated voltage and current waveforms for a two-phase to ground fault. The

voltage and current waveforms for a single phase to ground fault are shown

in Figures 3.6(a) and 3.6(b). In all three situations, the fault is located 87.2

km. from the bus at Poplar River(PR}. The output voltages and currents

for the faulted phases contain decaying de components and high frequency

components in addition to the fundamental frequency components. In these

figures, the distortions of voltage and current waveforms due to high fre

quency is not as severe as the distortions in the three-phase fault. The

figures also show that some voltage and current waveform distortions are ex

perienced on the unfaulted phases of the transmission lines during un

balanced faults.
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3.4.2. Implementation of low-pass filter design

A sampling frequency of 720 samples per second was chosen for the al

gorithms used in this project. This sampling frequency has considerable ad

vantage in terms of computations by relay algorithms [151. The voltages and

currents must, therefore, be band limited to frequencies less than or equal to

360 Hz. A cut-off frequency of 360 Hz was chosen for designing this low

pass filter.

The constant, k in Equation 3.5, for a cut-off frequency of 360Hz was

calculated to be k=5200. The transfer function of the fourth order filter is

therefore

H 8 =
5200

4() {(8+5200)} . (3.10)

The frequency response of this filter is shown in Figure 3.7.

shows the frequency response of the first order filter.

Figure 3.8

Substituting 18=23040, samples per second, in Equations 3.2 and 3.6

and re-arranging, the transfer function of the first order filter is

O.101404(1+z-1)
H(z) .

1-0.797192z-1
The corresponding equation for the fourth order digital filter is

(3.11)

O.101404(1+z-1) 4H(z)={ } .

1-0.797192z-1
(3.12)

Or

(3.13)

Replacing H(z) by the ratio of the output, Y(z) to the input, X(z), Equation

3.13 becomes
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Y(z) 1.0574 x 1O-4(1+4z-1+6z-2+4z-3+z-4)
X(z) 1-3.18877z-1+3.81309z-2-2.02651z-3+O.40388z-4

(3.14)

This fourth order recursive filter in terms of the samples of a con

tinuous waveform is

y(n )=.0001057Ix(n)+4x(n-1 )+6x(n- 2) +4x(n-3)+x(n-4)]
+3.1888y(n-1)-3.8131y(n-2)+2.0265y(n-3)-.4039y(n-4).

(3.15)

The argument of this filter IS

�(w)=4 arctan(w/k). (3.16)

Using Equation 3.9, the group delays at the fundamental frequency and at

the cutoff frequency were found to be -0.7652 millisecond and -0.6470 mil

lisecond respectively.

3.4.3. Filtering and resampling of fault data

The antialiasing low-pass filter described III the previous section was

used to band limit the voltages and currents calculated by the EMTP to

reduce the errors due to the high frequency signals. The sampling frequency
of the filtered data, which was 23040 samples per second, was then converted

to 720 samples per second as inputs for the relay algorithms. Figures 3.9(a)
and 3.9{b) show the waveforms of the phase voltages and currents for the

three-phase fault after filtering. Comparing these waveforms to the unfiltered

waveforms shown earlier in Figures 3.3(a) and 3.3(b), it is obvious that the

low-pass filter has significantly reduced the waveform distortions. Digital

relay algorithms are generally designed to minimise the effect of the lower

order harmonics that might still remain in the currents and voltages after fil

tering.

Figures 3.10(a) and 3.10(b) show the voltage and current waveforms

after filtering and re-sampling for the three-phase fault.



34

1.5

_0.75
='
0..
�

O++����������������������

Q)
OD
�
:='0.75
�

-1.5 -.....-...--...................-----.--.-----...---..........---------..........

0.00 0.02 0.04 0.08 0.08 0.10

Time (sec.)
(a)

32

� 16

-.J
�

� 0���������_+�������4_�����

s..

a
-18

-32+-.....--�,.......,.-----.--.-----.....------------�-..........

0.00 0.02 0.04 0.08 0.08 0.10

Time (sec.)
(b)

Figure 3.0: (a)Voltage and (b)current waveforms for a 3ph fault
after filtering.
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Figure 3.10: (a)Voltage and (b)current signals for a 3ph fault,
filtered and re-sampled.
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3.5. Summary

A digital computer simulation of faults on a transmission line has been

briefly described in this chapter. The output voltages and currents obtained

from the simulation of the faults were presented. The design of a digital

equivalent of an analog low-pass filter and its use in the pre-processing of

the fault data was also examined.
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4. DIGITAL RELAY ALGORITHMS

4.1. Introduction

A brief description of the simulation of power system faults and the

processing of the fault data for the testing of digital distance relay al

gorithms was given in Chapter 3. In this chapter, digital relay algorithms
are presented. The mathematical equations used in these algorithms are

given. The assumptions that are used to justify the mathematical techniques

in these algorithms are also given.

4.2. Digital Relay Algorithms

Digital relay algorithms are programs, III the microprocessor, that use

samples of voltages and currents to calculate numerical estimates of

parameters needed in power system protection. The algorithms consist of

sets of mathematical equations describing the voltage and current waveforms.

An adequate model of these waveforms is required in order to obtain an ac

curate estimation of their parameters by the relay algorithms. In digital dis

tance relay algorithms, the solution of the equations in the algorithms yield
numerical estimates of peak values and phase angles of the voltages and cur

rents.

Relay algorithms can be divided into the following two categories based

on the window size.

1. Short window algorithms and

2. long window algorithms.

Short window algorithms use fewer samples, typically III the range of two to
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six (up to half a cycle with 720 samples per second). The computation time

of short window algorithms is smaller than that of long window algorithms
but the results of the short window algorithms are not as accurate as those

of the long window algorithms.

Long window algorithms, on the other hand use a large number of

samples usually spanning about one cycle or more. More computation time

is involved since more samples are used in the estimation. The most

desirable feature of long window algorithm is the high degree of accuracy of

its estimates.

As micro-processor technology progresses, it will become possible to

complete the computations of long window algorithms in shorter periods.

Computation time can also be greatly reduced by computing some of the

parameters of the algorithms off-line.

Digital relay algorithms can also be classified by their mathematical

models or their derivations. Some of the categories are listed below:

1. Trignometric algorithm.

2. Least Error Square algorithm.

3. Correlation algorithm.

4.2.1. Trignometric algorithm

A trignometric algorithm assumes that the current and voltage

waveforms are sinusoids of the fundamental frequency only. Some harmonics

and noise are however present in power system voltages and curents espe

cially during faults and transient conditions. It is, therefore, neccessary to

use analog devices to reduce the level of the noise and the non-fundamental

frequency components.
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For a sinusoidal voltage of the fundamental frequency, the instan

taneous voltage can be expresed as follows:

v=V sin (w t+O )p 0 V (4.1)

where:

v is the instantaneous value of the voltage,

Vp IS the peak value of the voltage,

w
0

IS the nominal frequency,

t is the time in seconds and

o
v
is the phase angle at time t = o.

This equation and its derivatives form the basis of the trignometric al

gorithms. The first and second derivatives can be expressed by the following

equations:

v'=w V cos (w t+O )o p 0 V (4.2)

and

v' '=-w 2V sin (w t+O ).o p 0 V (4.3)

Three trignometric algorithms based on these equations are briefly described

in this section. These are, the Miki and Makino algorithm, the Mann and

Morrison algorithm and the Gilcrest, Rockefeller and Udren algorithm.

4.2.1.1. Miki and Makino algorithm

Miki and Makino proposed an algorithm that requires two successive

samples of voltages or currents to compute the peak value and phase angle

representing its phasor [16]. The instantaneous values of a voltage at

(k-l)�T and k�T seconds are

and
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(4.5)

Using trignometric identities, Equations 4.4 can be rewritten as Equation 4.6.

(4.6)

Substituting

in Equation 4.6 and re-arranging, the following expression IS obtained:

(4.7)

Also,

(4.8)

Combining Equations 4.7 and 4.8 the following equations are obtained.

(4.9)

(4.10)

Miki and Makino used Equations 4.9 and 4.10 to estimate the peak values

and phase angles of voltage and current phasors.

4.2.1.2. Mann and Morrison algorithm

Mann and Morrison proposed an algorithm that uses three successive

samples. They derive the peak value and the phase angle of a phasor from

the instantaneous values and the rate of change of these instantaneous

values [17]. Considering three samples of a voltage taken at (k-l)�T, k�T

and (k+l)�T seconds, the rate of change at time t=k�T is approximately

given by
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(4.11)

Combining Equation 4.2 and Equation 4.11 gives Equation 4.12 below:

(4.12)

Combining Equation 4.12 with Equation 4.5, the following equations are ob

tained.

(4.13)

and

2VkwodT
wot+Ov=arctan( ).

Vk+1-Vk-1
(4.14)

Mann and Morrison used the above equations to obtain estimates of the

peak values and phase angles of voltage and current phasors.

4.2.1.3. Gilcrest, Rockefeller and Udren Algorithm

Gilcrest et al. proposed an algorithm which, like the Mann and Mor

rison approach, uses three samples to estimate the peak values and phase

angles of a voltage or current phasor [3]. It uses the first and second

derivatives of Equation 4.5 as follows.

Consider three samples taken at (k+1)dT, kdT and (k-1)dT seconds.

The first derivatives at times t=(k-O.5)dT and t=(k+O.5)dT seconds can be

approximated by Equations 4.15 and 4.16.

V -0.5 (4.15)

and
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(4.16)

The second derivative at time t=k�T is now given by

1
v" r:�T (v' +0.5 - v' -0.5)' (4.17)

Using Equations 4.15 and 4.16 to substitute for the first derivatives In Equa
tion 4.17, the second derivative becomes

v"k
(Vk+1-2vk+vk-1)

(�T)2
(4.18)

Combining Equations 4.18 and 4.3, the following equation IS obtained.

(4.19)

Combining Equations 4.19 and 4.12, the peak value and phase angle of the

voltage waveform can be estimated from Equations 4.20 and 4.21.

(4.20)

and

(4.21)

Gilcrest, Rockefeller and Udren used the above equations to estimate the

peak value and phase angle of a voltage or current phasor.
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4.2.2. Least Error Squares Technique

The use of the Least Error Squares technique for estimating the peak
value and phase angle of current or voltage phasor was first proposed by
Luckett et al [18J. Brooks [19J also used the Least Error Squares approach
in a distance relay scheme. Sachdev and Baribeau [20J in a further develop
ment demonstrated that the Least Error Squares technique can be applied
without pre-specifying the rate of decay of the de component. Sachdev and

Baribeau also showed that the on-line computation time for applying the

Least Error Squares technique can be greatly reduced by computing the filter

coefficients off-line. This technique is briefly described below.

The current waveform seen by a relay during a fault can be

represented by the following equation.

N

i(t)=koe-t/T+L knsin (nwt+lJn) (4.22)
n=1

where:

k
0
is the magnitude of the de component at t 0,

T is the decay time constant of the dc signal,

kn is the peak value of the nth harmonic and

(J
n

is the phase angle of the nth harmonic.

Assuming that the current contains 'decaying dc, fundamental and second

harmonic components only, the above equation reduces to

(4.23)

The Taylor series expansion of the exponential term IS

kot ko t ko t ko t
k e-t/T=k __+_(_)2__(_)3+_(_)4_ .

o 0 T 2! T 3! T 4! T
..

Using the first two terms of this expansion as an approximation to the ex-

(4.24)

ponential and expanding the sinusoids, Equation 4.23 can be written as:



44

(4.25)

At time t=tl' Equation 4.25 becomes

(4.26)

Equation 4.26 can be written as Equation 4.27 by making the following sub

stitutions.

xl=ko
x2=-ko/T
xS=klcos (Jl
x4=klsin (Jl
x5=k2cos (J2
x6=k2sin (J2
Thus

au=l
a12=tl
a13=sin (wtl)
al4=cos (wtl)
al5=sin (2wtl)
al6=cos (2wtl)

(4.27)

At the next sampling time t2=tl+At, the current can be represented in a

similar form as

(4.28)

For a set of p samples taken, p simultaneous equations can be obtained.

These equations can be represented in a matrix form as follows.

If the number of equations p is greater than the number of unknowns q, a

least error squares solution can be obtained for the vector of unknowns [X]
using the left pseudo-inverse of [A] as follows.

where:

[A]+=the left pseudo-inverse of [A] and is [[Af[All-l[Af.
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The elements of the 3rd and 4th rows of [A1+ are the filter coefficients for

computing the real and imaginary components of the fundamental frequency

phasor of the current. The determination of the filter cofficients in an off

line mode reduces the on-line computations considerably.

4.2.3. Correlation algorithms

The process of corrrelating an input signal with a pair of orthogonal
functions can be used to extract components of selected frequencies from the

input signal. Two orthogonal functions commonly used in digital relaying
are

1. Sine and cosine function and

2. Even and odd rectangular waves.

A power system signal can also be correlated with itself or with another

power system signal. When a signal is correlated with itself it is referred to

as auto-correlation while correlating a signal with another is called cross

correlation.

4.2.3.1. Orthogonal Functions

Two functions f(t) and g(t) are orthogonal if the integration of the

product f(t)g(t) over a specified time window is zero. For example, the in

tegration of sin (wt)cos (wt) over a half-cycle or integer multiples of a half

cycle is zero, and therefore sine and cosine functions are orthogonal.
Another pair of orthogonal functions is the even and odd rectangular waves

shown in Figure 4.1. The Fourier technique, described below, correlates the

signal with sine and cosine functions.

Fourier algorithm

Ramamoorty [21] suggested the use of the full-cycle Fourier Analysis al

gorithm for calculating the peak values and phase angles of voltage and cur

rent phasors. He proposed that the voltages and currents be correlated with

sine and cosine waveforms of unit amplitude. Figure 4.2 shows the use of
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this technique in correlating a voltage waveform sampled at 12 samples per

cycle [22]. This technique is mathematically described as follows:

1 1211"Vr=-Vp sin (wot+8 )sin (w t)d(w t)
11" 0

V 0 0 (4.29)

1 1211"v.=-v sin (w t+8 )cos (w t)d(w t)I 11" Po 0 V 0 0 (4.30)

where:

Vp is the peak value of the voltage signal,

Vr is the real part of the fundamental frequency voltage phasor,

Vi is the imaginary part of the fundamental frequency voltage
phasor and

w
0
is the nominal frequency of the voltage signals.

In digital relaying, the input signals are available at discrete instants of time

and, therefore, numerical techniques are used to perform integrations. Using

the rectangular rule of integration, Equations 4.29 and 4.30 can be re-written

for the kth estimate as:

2
m-l

211"n
V (k)=_ '"" V sin-
r m L- k-n+m+l m

n=O

2m-1 2
V.(k)=- '"" V cos

1I"n

I m L- k-n+m+l m

n=O

(4.31)

(4.32)

where:

m IS the number of samples In one cycle.

The peak value and phase angle of a voltage or current phasor can be ob

tained from the above equations.
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Even and odd rectangular waves algorithm
The even and odd rectangular waves algorithm correlates a signal with

a pair of orthogonal rectangular waves of a specified frequency [23]. The ref

erence rectangular waves are sampled at the frequency that is used for sam

pling the signal. Figure 4.3 shows the correlation of the samples of a volt

age waveform with an even and odd rectangular waves. The kth estimate of

the real and imaginary part of a voltage phasor extracted from sampled
values are obtained usmg the following equations.

1
m

2�n
VR(k)=AL Vk+n_msignum{sin-;;-}

n=O

(4.33)

(4.34)
n=O

where:

signum(x) = -1 for x < 0
o for x = 0

= +1 for x > 0

and

m
2�n

A=L [sin -;;-1.
n=O

The advantage of correlating the signal with even and odd rectangular waves

is that the weighting factors are negative one, zero and positive one. This

eliminates multiplication operations in the computations.

4.2.3.2. Auto and cross-correlation techniques.

Gilbert and Shovlin [24] used auto- and cross-correlations for estimating
the resistance, r

f'
and the reactance, z

f'
as seen by a distance relay. The

technique is explained below.
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Consider three samples of a current taken at times (k-l)AT, kAT and

(k+l)AT. The instantaneous values of the current at these instants can be

expressed as follows.

Ipsin (wo+Oi-woAT)=ik_l

Ipsin (wo+Oi)=ik

(4.35)

(4.36)

(4.37)

Multiplying the left and the right hand sides of Equation 4.35 with cor

responding sides of Equation 4.37 and performing trignometric manipulations,

Equation 4.38 can be obtained.

I 2

; {cos (2woAT)-cos {2(wot+Oi))}=ik_1 ik+l (4.38)

Squaring both sides of Equation 4.36 and performing trignometric manipula

tions, Equation 4.39 can be obtained.

I 2

+{I-COS (2(wot+Oi))}=ik2 (4.39)

Subtracting Equation 4.38 from 4.39 yields the following expression.

I 2

; {I-cos (2(WoAT))}=ik2_ik_lik+l (4.40)

Expressing I-cos (2woAT) as 2sin 2woAT, Equation 4.40 can be rewritten as

(4.41)

Using similar trignometric manipulations, Equations 4.42 and 4.43 can be ob

tained.

2IpVpcos (0v-O i)sin 2(WoAT)=2vkik -vk+1 ik-l-vk-l ik+l

IpVpsin (Ov-Oi)sin (WoAT)=vkik+l,-vk+lik'

(4.42)

(4.43)

The equation for the resistance, r
/' can

be obtained by dividing the left and

the right hand sides of Equation 4.43 by corresponding sides of Equation
4.41. For the left hand side,
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Vp
r ,=JCos (8v-6J

p

The above equation can also be written III terms of the instantaneous values

(4.44)

of voltage and current as follows.

2vki k -vk+! ik-l-vk-l ik+l
. 2· .

'k -'k+ltk-l
(4.45)

Similarly, the equation for the reactance, z
f'

can be obtained by dividing

Equation 4.42 by Equation 4.39. In terms of peak value and phase angle of

voltage and current phasors, the reactance is

V
;c ,=fsin (8 v

-6 i)·
p

This equation can be re-written III terms of the instantaneous values of the

(4.46)

voltages and currents as

. .

Vktk+l-vl+l Z k
. 2. .

in (wo�T)·
tk -'k+l'1-1

(4.47)

The disadvantage of this method is that the reactance, xI is dependent _

on

sin (wo�T), and will be sensitive to changes in the power system frequency.

4.3. Summary

This chapter has briefly described digital relay algorithms. The math

ematical equations underlining the algorithms have been presented. The as

sumptions used in the mathematical formulations have also been given.
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5. EVALUATION OF DIGITAL
RELAY ALGORITHMS

5.1. Introduction

Algorithms for digital relays were presented in Chapter 4. One ap

plication of these algorithms is in the area of digital distance relaying. In

this chapter, the suitability of four long window algorithms for use in digital
distance relays is examined. The frequency response and noise suppression
characteristics of the algorithms are presented. The effect of decaying de

component on the accuracy of the calculated current and voltage phasors is

examined for each algorithm. The ability of the algorithms to accurately
detect faults, that are in the operating zone of a relay, and to estimate the

distances to the faults are checked by using fault voltages and currents ob

tained from studies of a test system on the Electro-Magnetic Transients

Program.

5.2. Performance of Algorithms

The four long window algorithms whose performance was investigated

during this project are:

1. a one-cycle Fourier analysis algorithm. In the subsequent
presentation, this is referred to as the first algorithm.

2. a 12-sample Least Error Squares algorithm in which the decay
ing de is modelled by two terms of its Taylor series expansion
and the remaining signal is modelled by a sinusoid of the fun
damental frequency. In the subsequent presentation, this is
referred to as the second algorithm.
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3. a 12-sample Least Error Squares algorithm in which the decay
ing de is modelled by two terms of its Taylor series expansion
and the remaining signal is modelled by sinusoids of the fun
damental frequency and the second harmonic. In the sub

sequent presentation, this is referred to as the third algorithm.

4. a 13-sample Least Error Squares algorithm in which the decay
ing de is modelled by two terms of its Taylor series expansion
and the remaining signal is modelled by sinusoids of the fun
damental frequency, and the second, third, fourth and fifth har
monics. In the subsequent presentation, this is referred to as

the fourth algorithm.

The sampling frequency used for each algorithm was 720 Hz.

The following criteria were used for assessmg the performance of the al

gorithms.

1. Frequency response of the algorithm.

2. Noise suppression characteristic of the algorithm.

3. Effect of decaying de component on the accuracy of the calculated
current and voltage phasors.

4. Speed with which the trajectory of the calculated impedances
enters the characteristics of an impedance relay.

5. Accuracy of the estimated fault distances.

5.2.1. Frequency response of a digital algorithm

Frequency response is a measure of the filtering characteristic of an al

gorithm. The algorithms listed in section 5.2 are non-recursive digital filters.

These filters use a finite number of samples to provide the required output.

The transfer function of a non-recursive digital filter in the z domain

[25] IS

(5.1)
n=O

where:
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Cn are the filter coefficients and

z is a z-transform operator.

This function transforms to a function III the frequency domain if z is

replaced by eiwt:J.T. The transformed function is

m

H(w)=L cne-iwnt:J.T.
n=O

(5.2)

In general, H(w) is complex and can be expressed as

H(w)=IH(w) I(e(:j8w)) (5.3)

where:

8w=arg{H(w)}.
w,

Varying w, from 0 to "2' the Nyquist frequency, the magnitude and phase

response of the transfer function can be obtained.

5.2.2. Frequency response of the designed algorithms

The voltage and current phasors are expressed in two parts, real and

imaginary components. The algorithms used for estimating the phasors also

have two distinct filters. One filter estimates the real part of a phasor and

the second estimates the imaginary part. The filter that estimates the real

component of the phasor is called the cosine filter. The one that estimates

the imaginary component of the phasor is referred to as a sine filter.

5.2.2.1. Frequency response of the first algorithm

The coefficients of the filters of the full-cycle Fourier analysis algorithm
are

[e]r [0.0000 0.0833 0.1443 0.1667 0.1443 0.0833

0.0000 -0.0833 -0.1443 -0.1667 -0.1443 -0.0833]

[eli [0.1667 0.1443 0.0833 0.0000 -0.0833 -0.1443
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-0.1667 -0.1443 -0.0833 0.0000 0.0833 0.1443]
where:

[e], are the coefficients of the filter that estimates the real part
of the phasors and

[eli are the coefficients of the filter that estimates the imagmary

part of the phasors.

The frequency responses of the sine and cosine filters of the Fourier analysis

algorithm, calculated using Equation 5.2 and the filter coefficients are shown

in Figures 5.1(a) and 5.1(b). These figures show that the Fourier analysis

algorithm attenuates the harmonic frequencies. The non-decaying part of the

dc signal is also attenuated.

5.2.2.2. Frequency response of the second algorithm

This is a Least Error Squares algorithm in which the decaying de is

modelled by the first two terms of its Taylor series expansion and the

remaining signal is modelled as a sinusoid of the fundamental frequency. It

was shown in Chapter 4 that the elements of the third and fourth rows of

the left pseudo-inverse of the [A] matrix are the coefficients for obtaining the

real and imaginary components of a phasor.

If [e] is the left pseudo-inverse of [A], the coefficients for the cosine

and sine filters are

[e], [0.2823 0.0100 -0.1778 -0.2501 -0.2069 -0.0793

0.0793 0.2069 0.2501 0.1778 -0.0100 -0.2823]

[eli = [-0.1610 -0.1179 -0.0431 0.0431 0.1179 0.1610

0.1610 0.1179 0.0431 -0.0431 -0.1179 -0.1610]
where:

[e], are the coefficients of the filter that estimates the real part
of the phasors and

[eli are the coefficients of the filter that estimates the imaginary
part of the phasors.
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Figure 5.1: Frequency response of Fourier analysis algorithm:
(a) Sine and (b) Cosine filters
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W8
Varying W from 0 to

2
in Equation 5.2 and using the filter coefficients

listed above, the frequency responses of the Least Error Squares filters were

calculated. Figures 5.2{a) and 5.2(b) show the frequency responses. These

figures show that both filters attenuate the non-decaying component of the

de. The sine filter also attenuates the harmonic frequencies.

5.2.2.3. Frequency response of the third algorithm

This is a Least Error Squares algorithm in which the decaying de is

modelled by the first two terms of its Taylor series expansion and the

remaining signal is modelled as sinusoids of the fundamental frequency and

the second harmonic.

The coefficients for the sine and cosine filters are

[CJr [0.4163 -0.1483 -0.3227 -0.1915 -0.0170 0.0225

-0.0225 0.0170 0.1915 0.3225 0.1483 -0.4163J

[Cli [-0.1610 -0.1179 -0.0431 0.0431 0.1179 0.1610

0.1610 0.1179 0.0431 -0.0431 -0.1179 -0.1610J
where:

[CJr are the coefficients of the filter that estimates the real part
of the phasors and

[CJ i are the coefficients of the filter that estimates the imaginary
part of the phasors.

The frequency responses of these filters were calculated using the Equation
5.2 and the filter coefficients. Figures 5.3{a) and 5.3{b) show the frequency

responses. In this filter, the second harmonic frequency is completely at

tenuated in both the sine and cosine filters. One of the limitations of this

algorithm is that the cosine filter has a high gain at frequencies close. to the

third harmonic. Components of the input signals in the frequency region

around the third harmonic will be amplified. In order to reduce the har

monics antialiasing filters with a lower cut-off frequency will have to be used.
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5.2.2.4. Frequency response of the fourth algorithm

This is a Least Error Squares algorithm in which the decaying de IS

modelled by the first two terms of its Taylor series expansion and the

remaining signal is modelled as sinusoids of the fundamental frequency, and

the second, third, fourth and fifth harmonics.

The coefficients for the sine and cosine filters are

[Clr=[0.3110 -0.0833 -0.1443 -0.1667 -0.1443 0.0833

0.0000 0.0833 0.1443 0.1667 0.1443 0.0833 -0.31101

[Cli=[-0.0870 -0.1371 -0.0906 0.0072 0.0761 0.1516

0.1594 0.1516 0.0761 0.0072 -0.0906 -0.1371 -0.08701
where:

[Clr are the coefficients of the filter that estimates the real part
of the phasors and

[Cli are the coefficients of the filter that estimates the imaginary
part of the phasors.

The frequency responses of the filters were calculated using Equation 5.2 and

the filter coefficients. Figures 5.4(a) and 5.4(b) show the frequency response

of the sine and cosine filters. These figures show that both filters attenuate

the non-decaying component of the de and the harmonic frequencies.

The frequency responses for the Least Error Squares algorithms used in

this project show that the harmonics present in the voltages and currents

can be attenuated by modelling the ac components as sinusoids of the fun

damental and the harmonic frequencies.

The ability of an algorithm to attenuate the decaying de components

present in the voltages and currents cannot be assessed from the frequency

response of the algorithm. The effect of the decaying de components on the

accuracy of phasors computed by the algorithms is shown in the following
section.
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5.2.3. Effect of the decaying de component on the accuracy of the

calculated phasors

Two sets of input data, one with and the other without a decaying dc

component were used to determine the response of the filters in the presence

of a decaying de component in the input voltages and currents. Figure

5.5(a) shows the sampled values of a current of a fundamental frequency

component whose peak value 1S 1.0 pu. Figure 5.5(b) shows the sampled
values of a current which has a fundamental frequency component of 1.0 pu

and a decaying dc component of 1.0 pu initial value. The time constant of

the de component is 50 msec. The algorithms were used to estimate the

peak value of the fundamental frequency component using the two data sets.

First algorithm

Figure 5.6(a) shows the estimates of the peak values and phase angles
of the phasor representing a current whose waveform was a sinusoid of the

fundamental frequency. The maximum steady state error in the peak value

estimates was 0.02 percent. Figure 5.6(b) shows the estimates of peak values

and phase angles of the phasor representing the current containing a decay

ing de component. The steady state maximum error in the peak value es

timates was of 8.79 percent. Table 5.1 lists the estimates of the peak values

and phase angles of the phasor whose parameters are depicted in Figure

5.6(b). These results show that the estimates of phasors using the full-cycle
Fourier analysis algorithm are not accurate if the input signal has a sig
nificant amount of a decaying dc component.
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Table 5.1: Estimates of peak values and phase angles
using the Fourier analysis algorithm.

Time (msec) Peak Value Phase Angle

0.000 0.000 0.000
1.389 0.245 120.000

2.778 0.529 133.414

4.167 0.793 147.305
5.556 0.983 162.752

6.944 1.073 181.028
8.333 1.079 203.530
9.722 1.059 230.867

11.111 1.068 261.241
12.500 1.104 291.532
13.889 1.121 321.196

15.278 1.096 352.817
* 16.667 1.088 29.092

18.056 1.066 56.952

19.445 1.029 85.602

20.833 0.986 115.408

22.222 0.948 146.510

23.611 0.926 178.653

25.000 0.926 211.155

26.389 0.947 243.190

27.778 0.981 274.192
29.167 1.017 304.041

30.556 1.047 332.951

31.945 1.063 1.298

33.334 1.063 29.496

34.722 1.047 57.946
36.111 1.020 86.998

37.500 0.989 116.903

38.889 0.962 147.725

40.278 0.947 179.253

41.667 0.947 211.013

43.056 0.961 242.456

44.445 0.986 273.190
45.834 1.012 303.107

47.222 1.033 332.337

48.611 1.045 1.144

*
- Time of filling data window.
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Table 5.1 (contn'd.)

Time (msec) Peak Value Phase Angle

50.000 1.045 29.838
51.389 1.034 58.721
52.778 1.014 88.054
54.167 0.992 118.011
55.556 0.973 148.617
56.945 0.962 179.710
58.334 0.962 210.959
59.723 0.972 241.987
61.111 0.990 272.521
62.500 1.009 302.474
63.889 1.024 331.928
65.278 1.032 1.071
66.667 1.032 30.130
68.056 1.024 59.330
69.445 1.010 88.861
70.834 0.994 118.842
72.223 0.980 149.287
73.611 0.972 180.072
75.000 0.973 210.964
76.389 0.980 241.700
77.778 0.993 272.087
79.167 1.006 302.059
80.556 1.017 331.672
81.945 1.023 1.059
83.334 1.023 30.386
84.723 1.017 59.815
86.112 1.007 89.484
87.500 0.996 119.478
88.889 0.986 149.803
90.278 0.980 180.370
91.667 0.980 211.011
93.056 0.986 241.540
94.445 0.995 271.819
95.834 1.004 301 . .802
97.223 1.012 331.527
98.612 1.016 1.091
100.001 1.016 30.612
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Second algorithm

Figure 5.7(a) shows the estimates of the peak values and phase angles
of the phasor representing the current whose waveform was a sinusoid of the

fundamental frequency. The maximum steady state error in the peak value

estimates was 0.07 percent. Figure 5.7(b) shows the estimates of peak values

and phase angles of the phasor representing the current containing a decay

ing de component. The maximum steady state error in the peak value es

timates of the current containing a decaying dc component was 0.45 percent.

Table 5.2 lists the estimates of the peak values and phase angles of the

phasor whose parameters are depicted in Figure 5.7(b).

Third algorithm

Figure 5.8(a) shows the estimates of peak values and phase angles of

the phasor representing the current whose waveform was a sinusoid of the

fundamental frequency. The maximum steady state error in the peak value

estimates was 0.02 percent. Figure 5.8(b) shows the peak value and phase

angle estimates for the current containing a decaying dc component. The

maximum steady state error in the peak value estimates in this case was

0.44 percent. Table 5.3 lists the estimates of the peak values and phase

angles of the phasor whose parameters are depicted in Figure 5.8(b).

Fourth algorithm

Figure 5.9(a) shows the estimates of peak values and phase angles of

the phasor representing the current whose waveforms was a sinusoid of the

fundamental frequency. The maximum steady state error in the peak value

estimates was 0.06 percent. Figure 5.9(b) shows the estimates of the peak
values and phase angles of the phasor representing the current containing a

decaying dc component. The maximum steady state error in the peak values

estimates in this case was 0.47 percent. Table 5.4 lists the estimates of the

peak values and phase angles of the current whose parameters are depicted
in Figure 5.9(b).
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Table 5.2: Estimates of peak values and phase angles
using the second algorithm

Time (msec) Peak Value Phase Angle

0.000 0.000 0.000
1.389 0.479 209.698
2.778 0.702 221.483

4.167 0.658 243.033

5.556 0.553 288.394
6.944 0.742 339.566
8.333 1.045 8.813
9.722 1.184 31.602
11.111 1.134 59.473
12.500 1.106 97.319
13.889 1.253 133.792
15.278 1.316 161.664

* 16.667 1.002 195.332
18.056 1.004 225.267
19.445 1.004 255.173
20.833 1.004 285.072
22.222 1.004 314.984

23.611 1.002 344.928
25.000 1.000 14.925
26.389 0.998 44.988
27.778 0.997 75.106
29.167 0.997 105.244
30.556 0.998 135.356

31.945 1.000 165.411
33.334 1.001 195.406
34.722 1.003 225.361
36.111 1.003 255.298
37.500 1.003 285.234
38.889 1.003 315.177

40.278 1.002 345.139

41.667 1.000 15.136
43.056 0.999 45.182
44.445 0.998 75.273
45.834 0.998 105.380

47.222 0.999 135.465

48.611 1.000 165.506

*
- Time of filling data window.
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Table 5.2 (contn'd.)

Time (msec) Peak Value Phase Angle

50.000 1.001 195.501

51.389 1.002 225.470
52.778 1.002 255.431

54.167 1.002 285.393
55.556 1.002 315.358

56.945 1.001 345.331

58.334 1.000 15.328
59.723 0.999 45.363

61.111 0.998 75.434
62.500 0.998 105.518

63.889 0.999 135.585

65.278 1.000 165.615

66.667 1.001 195.611

68.056 1.002 225.590

69.445 1.002 255.568

70.834 1.002 285.548

72.223 1.002 315.529
73.611 1.001 345.511

75.000 1.000 15.508

76.389 1.000 45.535

77.778 0.999 75.591

79.167 0.999 105.660

80.556 1.000 135.713

81.945 1.000 165.736
83.334 1.001 195.731
84.723 1.001 225.717
86.112 1.001 255.708

87.500 1.001 285.702
88.889 1.001 315.693

90.278 1.001 345.682
91.667 1.000 15.679
93.056 1.000 45.699
94.445 0.999 75.746
95.834 0.999 105.803

97.223 1.000 135.847
98.612 1.000 165.864

100.001 1.001 195.860
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Table 5.3: Estimates of peak values and phase angles
using the third algorithm.

Time (msec) Peak Value Phase Angle

0.000 0.000 0.000
1.389 0.657 201.140

2.778 0.710 220.958

4.167 0.589 264.610
5.556 0.671 308.605

6.944 0.730 339.223
8.333 0.801 11.532
9.722 1.009 37.962
11.111 1.153 57.912
12.500 1.099 86.760
13.889 1.194 130.756
15.278 1.444 163.337

* 16.667 1.002 195.334

18.056 1.003 225.271
19.445 1.004 255.175

20.833 1.004 285.072
22.222 1.004 314.983

23.611 1.002 344.927

25.000 1.000 14.926
26.389 0.998 44.990
27.778 0.997 75.107
29.167 0.997 105.242
30.556 0.998 135.353

31.945 1.000 165.410

33.334 1.001 195.408

34.722 1.003 225.364

36.111 1.003 255.300

37.500 1.003 285.234
38.889 1.003 315.175
40.278 1.002 345.138

41.667 1.000 15.137
43.056 0.999 45.184
44.445 0.998 75.274
45.834 0.998 105.378
47.222 0.999 135.462
48.611 1.000 165.504

*
- Time of filling data window.
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Table 5.3 (contn'd.)

Time (msec) Peak Value Phase Angle

50.000 1.001 195.502

51.389 1.002 225.473
52.778 1.002 255.433
54.167 1.002 285.392

55.556 1.002 315.355
56.945 1.001 345.330

58.334 1.000 15.329
59.723 0.999 45.365

61.111 0.998 75.435
62.500 0.998 105.517
63.889 0.999 135.582

65.278 1.000 165.614

66.667 1.001 195.612

68.056 1.002 225.592

69.445 1.002 255.569

70.834 1.002 285.547
72.223 1.002 315.526

73.611 1.001 345.510

75.000 1.000 15.509

76.389 0.999 45.537
77.778 0.999 75.592
79.167 0.999 105.658

80.556 0.999 135.710
81.945 1.000 165.734
83.334 1.001 195.733

84.723 1.001 225.720
86.112 1.001 255.709

87.500 1.001 285.701
88.889 1.001 315.691

90.278 1.001 345.681

91.667 1.000 15.680
93.056 1.000 45.702
94.445 0.999 75.747
95.834 0.999 105.801
97.223 1.000 135.844

98.612 1.000 165.862

100.001 1.001 195.861
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Table 5.4: Estimates of peak values and phase angles
using the fourth algorithm.

Time (msec) Peak Value Phase Angle

0.000 0.000 0.000
1.389 0.476 195.621

2.778 0.569 219.194

4.167 0.596 246.947

5.556 0.582 281.848
6.944 0.656 321.402

8.333 0.811 356.774

9.722 0.975 24.236

11.111 1.080 50.375
12.500 1.094 77.789
13.889 1.105 109.670

15.278 1.165 144.455

16.667 1.314 176.476
* 18.056 1.003 210.318

19.445 1.004 240.232
20.833 1.005 270.124
22.222 1.004 300.020

23.611 1.003 329.941

25.000 1.001 359.910
26.389 0.999 29.943
27.778 0.997 60.039

29.167 0.996 90.174
30.556 0.997 120.306

31.945 0.999 150.394

33.334 1.000 180.423

34.722 1.002 210.397

36.111 1.003 240.338
37.500 1.003 270.267
38.889 1.003 300.199

40.278 1.002 330.147
41.667 1.001 0.125

43.056 0.999 30.150
44.445 0.998 60.222

45.834 0.997 90.325
47.222 0.998 120.426
48.611 0.999 150.493

*
- Time of filling data window.
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Table 5.4 (contn'd.)

Time (msec) Peak Value Phase Angle

50.000 1.001 180.513
51.389 1.002 210.495
52.778 1.002 240.457
54.167 1.003 270.412
55.556 1.002 300.370
56.945 1.002 330.336
58.334 1.001 0.321
59.723 1.000 30.339
61.111 0.999 60.395
62.500 0.998 90.476
63.889 0.999 120.554
65.278 1.000 150.605
66.667 1.001 180.620
68.056 1.001 210.608
69.445 1.002 240.584
70.834 1.002 270.558
72.223 1.002 300.534
73.611 1.001 330.513
75.000 1.001 0.503
76.389 1.000 30.517
77.778 0.999 60.561
79.167 0.999 90.625
80.556 0.999 120.688
81.945 1.000 150.728
83.334 1.001 180.739
84.723 1.001 210.730
86.112 1.001 240.716
87.500 1.001 270.705
88.889 1.001 300.694
90.278 1.001 330.683
91.667 1.001 0.676
93.056 1.000 30.686
94.445 0.999 60.721
95.834 0.999 90.774
97.223 0.999 120.825
98.612 1.000 150.857
100.001 1.001 180.865
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Table 5.5 is a summary of the maximum errors in the calculated peak
values if a decayirig dc component is present in the input signal.

Table 5.5: Maximum error in peak value estimates.

Algorithms

Current First Second Third Fourth

Without
dc 0.02% 0.07% 0.02% 0.06%

With
dc 8.79% 0.45% 0.44% 0.47%

The results show that the Least Error Squares algorithms attenuate the

decaying de component while the Fourier analysis algorithm does not.

5.2.4. Noise suppression characteristic of the algorithms

Power system voltages and currents are not pure sinusoids, but contain

an appreciable amount of noise. Although low pass filters can be used to

reduce the noise, they do not totally eliminate the noise. It is, therefore,
desirable to have some noise suppression quality in the algorithms. Since

the sampled values of voltages and currents are multiplied by the coefficients

of the algorithms, the smaller the coefficients less is the noise amplification.

Quantitatively, the sum of the squares of the coefficients of an algorithm is a

measure of the algorithm's noise suppression ability [26]. If the noise sup

pression factor is less than unity, the noise is attenuated.

Using the coefficients listed in section 5.2.2 for the cosme and sine fil

ters of the algorithms, the noise suppression quality of each algorithm was

obtained. Table 5.6 shows the sum of the squares of the coefficients for the

selected algorithms.
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Table 5.6: Sum of the squares of the coefficients of algorithms.

Algorithms

Filter First Second Third Fourth

Cosine 0.16671 0.44610 0.67380 0.36007

Sine 0.16671 0.16671 0.16671 0.15221

The I3-sample Least Error Squares algorithm has the smallest noise suppres

sion factor among the Least Error Squares algorithms. The improvement in

the noise suppression factor is due to the larger size of its data window.

The Fourier analysis algorithm, however, has the best overall noise suppres

sion factor.

5.3. Detecting Faults at Different Locations

In this section the performance of the algorithms was examined for

faults at different locations on the transmission line. The performance was

evaluated using the data obtained from simulating faults on the six-bus

model of the transmission network of the Saskatchewan Power Corporation
decribed in Chapter 3. The types of faults used in the studies were

1. a single-phase to ground fault,

2. a two-phase fault,

3. a two-phase to ground fault and

4. a three-phase fault.

The performance of each algorithm was evaluated for faults
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1. at the midpoint of the line,

2. close to the end of the line and

3. at the relay location.

The results reported in this chapter are for faults at the midpoint of

the line. The results for faults at the other locations are reported in appen

dices Band C.

5.3.1. Faults at the midpoint of the line

In this section, the ability of the algorithms In detecting faults at the

mid-point of the line is examined.

5.3.1.1. Dynamic response of the algorithms

The dynamic response of a relay algorithm shows the manner in which

the algorithm responds to a change in the power system from a pre-fault
state to a post-fault state. The information in a data window is updated by

taking a new sample and discarding the oldest sample. In the pre-fault state

the computations provide a consistent value for the estimate of the peak
value of the waveform. When a fault occurs, the data window starts incor

porating the post-fault data. The computations that use a mixture of the

pre-fault and post-fault data can yield unpredictable results.

Figures 5.10, 5.11, 5.12 and 5.13 show the estimates of peak values and

phase angles of the A-phase voltage and current phasors using the selected

algorithms. The voltage and current data were obtained by using the

EMTP to simulate a single phase to ground fault. The peak value estimates

calculated by the first, second and third algorithms took 12 samples (1 cycle)
to reach a steady state after the occurence of the fault. The estimates of

the fourth algorithm took 13 samples.
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Figure 5.10: Estimation of phasors using the first algorithm:
(a)voltage and (b)current.
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5.3.1.2. Speed of the trajectory of the calculated impedances

The impedance-plane trajectory shows pictorially the movement of the

impedance estimates from the pre-fault values to the post-fault values. The

impedance relay used in this project is an admittance relay. The relay's

tripping logic was designed to issue a trip command only after a specified

number of impedance estimates had been observed to be in the tripping

zone.

Figures 5.14, 5.15, 5.16 and 5.17 show the trajectories of the calculated

impedances for single phase to ground, two-phase, two-phase to ground and

three-phase faults respectively. These impedances were calculated using the

voltage and current phasors estimated by the Fourier analysis algorithm. In

all cases, the trajectories of the impedances of the faulted phases entered the

relay's tripping zone. The trajectories of the impedances of other phases

moved towards the relay characteristics but did not enter the tripping zone.

Due to the uniqueness of the trajectories of the faulted phases, an ap

propriate logic was used to flag the faulted phases in addition to tripping

the line.

Figures 5.18, 5.19, 5.20 and 5.21 show the trajectories of the calculated

impedances for a single phase to ground, two-phase, two-phase to ground
and three-phase faults respectively. In these cases, estimates of the voltage

and current phasors were obtained using the second algorithm.

Figures 5.22, 5.23, 5.24 and 5.25 show the trajectories of the calculated

impedances for a single phase to ground, two-phase, two-phase to ground

and three-phase faults respectively. In these cases, estimates of the voltage

and current phasors were obtained using the third algorithm.

Figures 5.26, 5.27, 5.28 and 5.29 show the trajectories of the calculated

impedances for a single phase to ground, two-phase, two-phase to ground

and three-phase faults. In these cases, estimates of the voltage and current

phasors were obtained using the fourth algorithm.
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Figure 5.14: Impedance trajectory using the first algorithm:
Single-phase to ground fault at 50% of the line.
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Figure 5.15: Impedance trajectory using the first algorithm:
Two-phase fault at 50% of the line.
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Figure 5.16: Impedance trajectory using the first algorithm:
Two-phase to ground fault at 50% of the line.
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Figure 5.17: Impedance trajectory using the first algorithm:
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Figure 5.18: Impedance trajectory using the second algorithm:
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Figure 5.19: Impedance trajectory using the second algorithm:
Two-phase fault at 50% of the line.
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Figure 5.20: Impedance trajectory using the second algorithm:
Two-phase to ground fault at 50% of the line.
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Figure 5.21: Impedance trajectory using the second algorithm:
Three-phase fault at 50% of the line.
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Figure 5.22: Impedance trajectory using the third algorithm:
Single-phase to ground fault at 50% of the line.
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Figure 5.23: Impedance trajectory using the third algorithm:
Two-phase fault at 50% of the line.
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Figure 5.24: Impedance trajectory using the third algorithm:
Two-phase to ground fault at 50% of the line.
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Figure 5.25: Impedance trajectory using the third algorithm:
Three-phase fault at 50% of the line.
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Table 5.7 gives a summary of the results of the relay operations for the

selected faults for the four algorithms. The number of sampling intervals

taken for the impedance to reach the tripping zone are also indicated. The

table shows that the selected algorithms did not differ significantly in the

number of sampling intervals taken by the impedances to enter the tripping
zone of the relay. The table also shows that the impedances calculated by
each algorithm for the faulted phases entered the tripping zone of the relay
within one cycle after the fault occured.

5.3.1.3. Estimation of fault distances

The distance of a fault from the relay location can be estimated from

the calculated apparent impedances. These estimates were obtained from the

ratios of the calculated impedances to the total impedance of the line. Table

5.8 shows the fault distance estimates for a single phase to ground fault at

the midpoint of the line for the four different algorithms. Tables 5.9, 5.10

and 5.11 show the fault distance estimates for a two-phase fault, a two-phase
to ground fault and a three-phase fault at the midpoint of the line for the

four algorithms. Figure 5.30 is a graphical representation of the tabulated

fault distance estimates for a single-phase to ground fault at the midpoint of

the line. Figure 5.31 shows the fault distance estimates listed for a two

phase fault at the mid-point of the line for the four algorithms. Figure 5.32

shows the fault distance estimates for a two-phase to ground fault at the

mid-point of the line using the four algorithms. Figure 5.33 shows the es

timates of the fault distances for a three-phase fault.
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Figure 5.27: Impedance trajectory using the fourth algorithm:
Two-phase fault at 50% of the line.
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Figure 5.28: Impedance trajectory using the fourth algorithm:
Two-phase to ground fault at 50% of the line.



102

._

Legend
o Zab

6 Zbc

+ Zca

0.2 0.3

R in pu

Figure 5.29: Impedance trajectory using the fourth algorithm:
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Table 5.7: Summary of relay operations for faults at the midpoint
of the line

Sampling intervals taken to enter the tripping zone

Fault Tripping First Second Third Fourth
Type Relay Algorithm Algorithm Algorithm Algorithm

A-G A-G 8 7 7 8

B-C B-C 7 8 9 9

B-C-G B-C 7 8 9 9

A-B-C A-B 9 10 10 10
B-C 7 8 9 9
C-A 7 7 8 8
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Table 5.8: Ratio of calculated impedances to the total line

impedance for a single-phase to ground fault.

ALGORITHMS

Time(msec.) First Second Third Fourth
30.556 3.752 3.752 3.752 3.752
31.945 3.752 3.752 3.752 3.752
*33.334 3.752 3.752 3.752 3.752
34.722 3.026 3.503 3.595 3.483

36.111 2.137 3.283 3.169 3.197
37.500 1.660 3.135 2.917 2.911
38.889 1.450 3.527 2.400 2.765
40.278 1.367 1.952 1.494 1.932
41.667 1.306 1.146 1.144 1.329
43.056 1.097 0.879 0.954 1.018
44.445 0.848 0.793 0.870 0.882
45.834 0.684 0.763 0.833 0.825
47.222 0.600 0.663 0.721 0.770
48.611 0.556 0.551 0.565 0.668

**50.000 0.524 0.503 0.504 0.553
51.389 0.510 0.490 0.487 0.506
52.778 0.506 0.506 0.508 0.486
54.167 0.496 0.496 0.491 0.512
55.556 0.489 0.502 0.506 0.490
56.945 0.489 0.499 0.498 0.506
58.334 0.486 0.496 0.497 0.496
59.723 0.490 0.497 0.498 0.496
61.111 0.492 0.494 0.494 0.497
62.500 0.497 0.495 0.494 0.493
63.889 0.499 0.495 0.495 0.495
65.278 0.501 0.496 0.496 0.495
66.667 0.500 0.496 0.496 0.497
68.056 0.501 0.499 0.499 0.496

69.445 0.498 0.496 0.496 0.500
70.834 0.497 0.498 0.499 0.495
72.223 0.496 0.496 0.495 0.500
73.611 0.494 0.497 0.497 0.495
75.000 0.495 0.497 0.497 0.497
76.389 0.495 0.496 0.496 0.497
77.778 0.496 0.497 0.497 0.496
79.167 0.497 0.496 0.497 0.497
80.556 0.497 0.496 0.497 0.496
81.945 0.498 0.496 0.496 0.497
83.334 0.498 0.497 0.497 0.496

*
- Time of fault.

**
- Time of filling the 12-sample windows with fault data.
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Table 5.9: Ratio of calculated impedances to the total line

impedance for a two-phase fault.

ALGORITHMS

Time(msec.) First Second Third Fourth
30.556 3.752 3.752 3.752 3.752
31.945 3.752 3.752 3.752 3.752
*33.334 3.752 3.752 3.752 3.752
34.722 3.724 3.563 3.499 3.564
36.111 3.257 2.736 2.576 2.762
37.500 2.264 2.116 2.024 2.160
38.889 1.490 1.865 1.797 1.864
40.278 1.088 1.788 1.690 1.733
41.667 0.906 1.727 1.564 1.637
43.056 0.823 1.363 1.308 1.427
44.445 0.774 0.954 0.999 1.103
45.834 0.720 0.763 0.798 0.861
47.222 0.641 0.662 0.692 0.729
48.611 0.558 0.583 0.603 0.651

**50.000 0.502 0.534 0.535 0.583
51.389 0.468 0.526 0.525 0.534
52.778 0.450 0.518 0.519 0.522
54.167 0.448 0.511 0.511 0.515
55.556 0.459 0.504 0.504 0.508
56.945 0.480 0.501 0.501 0.502
58.334 0.508 0.501 0.501 0.501
59.723 0.535 0.503 0.503 0.501
61.111 0.551 0.507 0.507 0.504
62.500 0.553 0.511 0.511 0.508
63.889 0.542 0.514 0.513 0.513
65.278 0.525 0.516 0.516 0.515
66.667 0.509 0.516 0.516 0.517
68.056 0.497 0.515 0.515 0.515
69.445 p.490 0.513 0.513 0.514

70.834 0.490 0.510 0.511 0.512
72.223 0.494 0.509 0.509 0.510
73.611 0.502 0.508 0.508 0.508
75.000 0.511 0.508 0.508 0.508
76.389 0.519 0.509 0.509 0.508
77.778 0.523 0.510 0.510 0.509
79.167 0.524 0.511 0.511 0.510

80.556 0.521 0.512 0.512 0.511
81.945 0.515 0.512 0.512 0.512
83.334 0.510 0.512 0.512 0.512

*
- Time of fault.

* *
- Time of filling the 12-sample windows with fault data.
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Table 5.10: Ratio of calculated impedances to the total line

impedance for a two-phase to ground fault.

ALGORITHMS

Time(msec.) First Second Third Fourth
30.556 3.752 3.752 3.752 3.752
31.945 3.752 3.752 3.752 3.752
*33.334 3.752 3.752 3.752 3.752
34.722 3.724 3.563 3.499 3.564
36.111 3.257 2.736 2.576 2.762
37.500 2.264 2.116 2.024 2.160
38.889 1.490 1.865 1.797 1.864
40.278 1.088 1.788 1.690 1.733
41.667 0.906 1.727 1.564 1.637
43.056 0.823 1.363 1.308 1.427
44.445 0.774 0.954 0.999 1.103
45.834 0.720 0.763 0.798 0.861
47.222 0.641 0.662 0.692 0.729
48.611 0.558 0.583 0.603 0.651

** 50.000 0.502 0.534 0.535 0.583
51.389 0.468 0.526 0.525 0.534
52.778 0.450 0.518 0.519 0.522
54.167 0.448 0.511 0.511 0.515
55.556 0.459 0.504 0.504 0.508

56.945 0.480 0.501 0.501 0.502
58.334 0.508 0.501 0.501 0.501

59.723 0.535 0.503 0.503 0.501
61.111 0.551 0.507 0.507 0.504

62.500 0.553 0.511 0.511 0.508
63.889 0.542 0.514 0.513 0.513
65.278 0.525 0.516 0.516 0.515
66.667 0.509 0.516 0.516 0.517
68.056 0.497 0.515 0.515 0.515
69.445 0.490 0.513 0.513 0.514
70.834 0.490 0.510 0.511 0.512
72.223 0.494 0.509 0.509 0.510
73.611 0.502 0.508 0.508 0.508
75.000 0.511 0.508 0.508 0.508
76.389 0.519 0.509 0.509 0.508
77.778 0.523 0.510 0.510 0.509
79.167 0.524 0.511 0.511 0.510
80.556 0.521 0.512 0.512 0.511
81.945 0.515 0.512 0.512 0.512
83.334 0.510 0.512 0.512 0.512

*
- Time of fault.

**
- Time of filling the 12-sample windows with fault data.
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Figure 5.33: Ratio of calculated impedances to the total
line impedance for a three-phase fault.
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Table 5.11: Ratio of calculated impedances to the total line

impedance for a three-phase fault.

ALGORITHMS

Time(msec.) First Second Third Fourth
30.556 3.752 3.752 3.752 3.752
31.945 3.752 3.752 3.752 3.752
*33.334 3.752 3.752 3.752 3.752
34.722 3.724 3.563 3.499 3.564
36.111 3.257 2.736 2.576 2.762
37.500 2.264 2.116 2.024 2.160
38.889 1.490 1.865 1.797 1.864
40.278 1.088 1.788 1.690 1.733
41.667 0.906 1.727 1.564 1.637
43.056 0.823 1.363 1.308 1.427
44.445 0.774 0.954 0.999 1.103
45.834 0.720 0.763 0.798 0.861
47.222 0.641 0.662 0.692 0.729
48.611 0.558 0.583 0.603 0.651

**50.000 0.502 0.534 0.535 0.583
51.389 0.468 0.526 0.525 0.534
52.778 0.450 0.518 0.519 0.522
54.167 0.448 0.511 0.511 0.515
55.556 0.459 0.504 0.504 0.508
56.945 0.480 0.501 0.501 0.502
58.334 0.508 0.501 0.501 0.501
59.723 0.535 0.503 0.503 0.501
61.111 0.551 0.507 0.507 0.504
62.500 0.553 0.511 0.511 0.508
63.889 0.542 0.514 0.513 0.513
65.278 0.525 0.516 0.516 0.515
66.667 0.509 0.516 0.516 0.517
68.056 0.497 0.515 0.515 0.515
69.445 ,0.490 0.513 0.513 0.514
70.834 0.490 0.510 0.511 0.512
72.223 0.494 0.509 0.509 0.510
73.611 0.502 0.508 0.508 0.508
75.000 0.511 0.508 0.508 0.508
76.389 0.519 0.509 0.509 0.508
77.778 0.523 0.510 0.510 0.509
79.167 0.524 0.511 0.511 0.510
80.556 0.521 0.512 0.512 0.511
81.945 0.515 0.512 0.512 0.512
83.334 0.510 0.512 0.512 0.512

*
- Time of fault.

**
- Time of filling the 12-sample windows with fault data.
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The results of the fault distance estimates show that the distances es

timated by the Fourier Analysis algorithm is not consistent. The effect of

the fluctuation in estimated distances is that the calculated impedances will

move in and out of the tripping zone of the relay for faults near the bound

ary of the relay characteristics. Such inconsistencies in the calculated im

pedances may cause the relay to operate incorrectly.

5.4. Summary

The performance of the selected relay algorithms has been examined in

terms of the frequency response, noise suppression characteristics and effects

of the decaying de components on the accuracy of the calculated current and

voltage phasors. The speed with which the trajectories of the calculated im

pedances enter the characteristics of a distance relay has been presented

graphically. The accuracy of the estimates of the distances to the fault

using the algorithms has also been examined.
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6. SUMMARY AND CONCLUSIONS

The mam objective of this research was to assess the performance of

digital distance relay algorithms and to evaluate their suitability in the

protection of transmission lines. Four long window algorithms were used in

the study. The test system used to generate the fault data was a six-bus

model of the transmission network of the Saskatchewan Power Coporation.

A general introduction in power system protection has been presented
in Chapter 1. The fundamental functional blocks of a digital relay have also

been presented in that chapter. Chapter 2 has briefly described the types of

faults that can be experienced on transmission lines. Various relays for

protecting transmission lines have also been briefly described. The use of

distance relays in line protection has been presented.

Chapter 3 has briefly described a digital computer simulation of power

system faults. The design of a digital equivalent of an analog low-pass filter

that was used to band-limit the fault data has been presented. The effects

of using the filter to process fault voltages and currents has been examined.

The Electromagnetic Transients Program was used to show that digital com

puter simulation of faults can be used to obtain the fault data needed to as

sess the performance of digital relay algorithms. This procedure provides a

convenient method of obtaining fault data. It has also been shown that the

analog antialiasing filters required for pre-processing the fault data can be

modelled by their digital equivalents.

Digital relay algorithms have been presented in Chapter 4. The math

ematical equations underlining the various algorithms have been given. The

assumptions used to justify the mathematical equations have also been given.
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Chapter 5 briefly describes the evaluation of the selected algorithms.
Five different criteria have been used for the evaluation. Frequency

response, the effect of decaying de component on the accuracy of the cal

culated phasors and noise suppression are three of these criteria. The other

criteria are the ability of the algorithms to accurately detect faults, that are

in the operating zone of a relay, and the ability to estimate the distances to

the faults. These methods of assessing the perfomance of digital distance

relay algorithms were used to show the strengths and weaknesses of the

selected algorithms. The movement of the trajectory of the calculated im

pedances from the pre-fault values to the post-fault values was used to show

how the faulted phases can be identified.

It can be concluded that the selected relay algorithms are suitable for

protecting transmission lines. Also, the times taken by the selected al

gorithms to detect the faults do not differ significantly. The impedances cal

culated by the selected algorithms entered the tripping zone· of the relay
characteristics within one cycle after the occurence of the faults. Though the

relative performances of the algorithms were slightly differrent, the I3-sample
Least Error Squares algorithm has the best overall performance.

This research has demostrated that the performance of digital relay al

gorithms can be evaluated off-line before on-line implementation. The

suitability of the algorithms for protecting transmission lines has also been

shown.
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Appendix A

ELECTRICAL PARAMETERS OF THE
SIX-BUS SPC TEST SYSTEM

A six bus representation of a portion of the Saskatchewan Power Cor

poration (SPC) transmission system was considered for the simulation of

transmission lines faults described in Chapter 3.

The system consisted of SlX load busses and SlX transmission lines.

Three of the load busses were directly connected to generating units. The

generating units were located at Poplar River (PR), Boundary Dam (BD)
and Queen Elizabeth (QE) generating stations. The other substations were

located at Condie (CON), Regina (RG) and Wolverine (WOL). A base volt

age of 230 kV and a base power of 100 MVA were used.

Table A.1 lists the transmission line data. Generator and load data

are given in Table A.2 and A.3. Table A.4 lists the pre-fault load flow

data.

Table A.l: Transmission line data

Line Line
Name Length RI Xl BI Ro Xo Bo
B2R 182.8 0.0210 0.1214 0.4506 0.0940 0.3877 0.2404
B3R 182.8 0.0210 0.1214 0.4506 0.0940 0.3877 0.2404
C1W 158.5 0.0172 0.1428 0.2909 0.0950 0.3614 0.2016
P2C 174.4 0.0151 0.1134 0.4377 0.0966 0.3568 0.2612
R4C 21.4 0.0023 0.0181 0.0362 0.0118 0.0469 0.0235

Q1W 104.6 0.0913 0.2651 0.0685 0.2308 0.7811 0.0450
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Tllble A.2: Generator data

Gen No. Gen Bus RI Xl Ro Xo
1 BD .000606 .037343 .000543 .016062
2 PR .000897 .054236 .000807 .023177
3 QE .002160 .096514 .001291 .045230

Tllble A.3: Load data

Bus Name P (pu) Q (pu) Equivalent Impedance
BD 0.798 0.177 1.3158 jO.2919
PR 0.250 0.100 3.7996 j1.5198
QE 2.709 0.680 0.3549 jO.0891
CON 0.608 0.0545 1.6859 jO.1511
WOL 0.419 0.075 2.4277 jO.4346
RG 2.925 0.735 0.3280 jO.0824

Tllble A.4: Pre-fault load flow data

Bus Load Load Gen. Gen. Voltage Voltage
Name P (pu) Q (pu) P (pu) Q (pu) Mag(pu) Ph. (deg)
BD 0.798 jO.177 '2.784 jO.129 1.0496 0.00
PR 0.250 jO.100 2.910 jO.184 1.0497 11.81

QE 2.709 jO.680 2.200 jO.775 1.0110 -20.40
CON 0.608 jO.055 0.000 jO.OOO 1.0165 -4.33
WOL 0.419 jO.075 0.000 jo.ooo 1.0246 -12.01
RG 2.925 jO.735 0.000 jo.ooo 1.0099 -6.27
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Appendix B

FAULTS NEAR THE FAR END
OF THE LINE

B.I. Detecting Faults Near the Far End of the Line

The ability of the relay algorithms to detect faults at the far end of

the line is examined in this appendix. The faults were located at about SO

percent of the line.

B.I.I. Speed of the trajectory of the calculated impedances

Figures B.l, B.2, B.3 and B.4 show .the trajectories of estimated ap

parent impedances for single phase to ground, two-phase, two-phase to

ground and three-phase faults respectively, in the complex impedance plane.
In these cases the estimates of voltage and current phasors were obtained

using the Fourier analysis algorithm. In these figures, the trajectories of the

calculated impedances of the faulted phases entered the tripping zone of the

relay.

Figures B.5, B.6, B.7 and B.S show the trajectories of estimated ap

parent impedances In the complex impedance plane for single phase to

ground, two-phase, two-phase to ground and three-phase faults respectively.
In these cases, the estimates of voltage and current phasors were obtained

using the second algorithm.

Figures B.9, B.I0, B.ll and B.12 show the trajectories of the apparent

impedances calculated for single phase to ground, two-phase, two-phase to
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Figure B.l: Trajectory of impedances using the first algorithm
Single-phase to ground fault at 80% of the line
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Two-phase fault at 80% of the line
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Figure B.3: Trajectory of impedances using the first algorithm
Two-phase to ground fault at 80% of the line.
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Three-phase fault at 80% of the line
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Figure B.5: Trajectory of impedances using the second algorithm
Single-phase to ground fault at 80% of the line.
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Figure B.6: Trajectory of impedances using the second algorithm
Two-phase fault at 80% of the line
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Figure B.1: Trajectory of impedances using the second algorithm
Two-phase to ground fault at 80% of the line.
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Figure B.8: Trajectory of impedances using the second algorithm
Three-phase fault at 80% of the line
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ground and three-phase faults respectively. In these cases, the estimates of

voltage and current phasors were obtained using the third algorithm.

Figures B.13, B.14, B.IS and B.16 show the trajectories of estimated

apparent impedances for single phase to ground, two-phase, two-phase to

ground and three-phase faults respectively. In these cases, the estimates of

voltage and current phasors were obtained using the fourth algorithm.

Table B.l is a summary of the number of estimates taken for the

relays to operate for the faults using each algorithm.

B.l.2. Estimation of fault distances from calculated impedances

Table B.2 shows the fault distance estimates for a single-phase to

ground fault. This fault is located at 80 percent of line 'P2C' away from

the relay location. Table B.3 shows the fault distance estimates for a two

phase fault located at 80 percent of line 'P2C' away from the relay location.

Table B.4 lists the estimates of the fault distances from the relay location

for a two-phase to ground fault at 80% of the line for the four algorithms.
Table B.S shows the fault distances estimated from a three-phase fault lo

cated at 80 percent of line 'P2C' from the relay location. The estimates are

tabulated for all four algorithms.
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Figure B.9: Trajectory of impedances using the third algorithm.
Single-phase to ground fault at 80% of the line
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Legend
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Figure B.lO: Trajectory of impedances using the third algorithm.
Two-phase fault at 80% of the line.
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Figure B.ll: Trajectory of impedances using the third algorithm.
Two-phase to ground fault at 80% of the line.
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Figure B.12: Trajectory of impedances using the third algorithm.
Three-phase fault at 80% of the line
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Figure B.13: Trajectory of impedances using the fourth algorithm
Single-phase to ground fault at 80% of the line
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Figure B.14: Trajectory of impedances using the fourth algorithm
Two-phase fault at 80% of the line
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Figure B.IS: Trajectory of impedances using the fourth algorithm
Two-phase to ground fault at 80% of the line
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Figure B.16: Trajectory of impedances using the fourth algorithm
Three-phase fault at 80% of the line



138

Table B.l: A summary of number of estimates taken by relay
to reach tripping zone

Sampling intervals taken to enter the tripping zone

Fault Tripping First Second Third Fourth

Type Relay Algorithm Algorithm Algorithm Algorithm

A-G A-G 10 11 11 12

B-C B-C 10 10 10 10

B-C-G B-C 10 10 10 10

A-B-C A-B 11 11 12 12

B-C 10 10 10 11

C-A 9 9 10 10
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Table B.2: Fault distance estimates for a single-phase
to ground fault at 80% of line P2C

ALGORITHMS
Time First Second Third Fourth
30.556 3.757 3.757 3.757 3.757
31.945 3.757 3.757 3.757 3.757

* 33.334 3.757 3.757 3.757 3.757
34.722 3.158 3.649 3.812 3.631
36.111 2.406 3.866 3.894 3.636

37.500 1.965 4.278 3.940 3.673
38.889 1.775 4.648 3.112 3.472
40.278 1.729 2.701 2.097 2.613

41.667 1.706 1.640 1.617 1.846
43.056 1.532 1.282 1.376 1.455
44.445 1.246 1.172 1.279 1.279
45.834 1.027 1.155 1.244 1.218
47.222 0.907 1.038 1.115 1.169
48.611 0.851 0.873 0.896 1.039

** 50.000 0.818 0.792 0.794 0.875

51.389 0.822 0.788 0.786 0.795
52.778 0.823 0.794 0.791 0.789
54.167 0.818 0.796 0.794 0.795

55.556 0.809 0.799 0.801 0.798
56.945 0.799 0.799 0.801 0.800
58.334 0.791 0.798 0.799 0.799

59.723 0.784 0.795 0.797 0.798
61.111 0.780 0.791 0.791 0.795

62.500 0.780 0.789 0.786 0.790
63.889 0.782 0.789 0.788 0.788

65.278 0.786 0.789 0.789 0.788

66.667 0.790 0.790 0.790 0.789

68.056 0.792 0.791 0.791 0.790
69.445 0.793 0.792 0.793 0.791

70.834 0.794 0.792 0.793 0.793

72.223 0.794 0.792 0.792 0.793
73.611 0.794 0.793 0.792 0.793
75.000 0.794 0.793 0.793 0.793
76.389 0.795 0.793 0.793 0.793
77.778 0.795 0.793 0.793 0.793
79.167 0.795 0.793 0.794 0.793
80.556 0.795 0.793 0.793 0.793
81.945 0.793 0.792 0.792 0.793
83.334 0.792 0.792 0.792 0.792

*
- Time of fault.

**
- Time of filling the 12-sample windows with fault data.
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Table B.3: Fault distance estimates for a two-phase
fault at 80% of line P2C

ALGORITHMS
Time First Second Third Fourth
30.556 3.757 3.757 3.757 3.757
31.945 3.757 3.757 3.757 3.757

* 33.334 3.757 3.757 3.757 3.757

34.722 3.757 3.765 3.769 3.765
36.111 3.481 3.155 3.022 3.152
37.500 2.693 2.582 2.498 2.609
38.889 1.915 2.363 2.303 2.333
40.278 1.453 2.363 2.233 2.237

41.667 1.228 2.403 2.134 2.190

43.056 1.131 2.016 1.861 1.994
44.445 1.089 1.439 1.480 1.608

45.834 1.056 1.143 1.193 1.279
47.222 0.990 1.006 1.045 1.091

48.611 0.891 0.919 0.949 0.989
** 50.000 0.804 0.854 0.856 0.922

51.389 0.749 0.845 0.845 0.854

52.778 0.722 0.834 0.834 0.841
54.167 0.721 0.821 0.821 0.828
55.556 0.742 0.810 0.811 0.815
56.945 0.780 0.803 0.803 0.806

58.334 0.826 0.802 0.802 0.801

59.723 0.866 0.805 0.805 0.802

61.111 0.887 0.811 0.811 0.807
62.500 0.882 0.817 0.817 0.814

63.889 0.859 0.822 0.822 0.820

65.278 0.830 0.824 0.824 0.824

66.667 0.804 0.823 0.822 0.824

68.056 0.786 0.819 0.819 0.821
69.445 0.778 0.815 0.815 0.817
70.834 0.779 0.811 0.811 0.813

72.223 0.787 0.809 0.809 0.810

73.611 0.799 0.808 0.808 0.808

75.000 0.813 0.809 0.809 0.808

76.389 0.825 0.811 0.810 0.809
77.778 0.832 0.813 0.812 0.811

79.167 0.834 0.814 0.814 0.813

80.556 0.830 0.816 0.816 0.815

81.945 0.823 0.817 0.817 0.817
83.334 0.815 0.817 0.817 0.817

*
- Time of fault.

**
- Time of filling the 12-sample windows with fault data.
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Table B.4: Fault distance estimates for a two-phase to ground
fault at 80% of line P2C

ALGORITHMS
Time First Second Third Fourth
30.556 3.757 3.757 3.757 3.757
31.945 3.757 3.757 3.757 3.757

* 33.334 3.757 3.757 3.757 3.757
34.722 3.757 3.766 3.769 3.765
36.111 3.481 3.155 3.022 3.152
37.500 2.693 2.582 2.498 2.609
38.889 1.915 2.363 2.303 2.333
40.278 1.453 2.363 2.233 2.237
41.667 1.228 2.403 2.134 2.190
43.056 1.131 2.016 1.861 1.994
44.445 1.089 1.439 1.480 1.608
45.834 1.056 1.143 1.193 1.279
47.222 0.990 1.006 1.045 1.091
48.611 0.891 0.919 0.949 0.989

** 50.000 0.804 0.854 0.856 0.922
51.389 0.749 0.845 0.845 0.854
52.778 0.722 0.834 0.834 0.841
54.167 0.721 0.821 0.821 0.828
55.556 0.742 0.810 0.811 0.815
56.945 0.780 0.803 0.803 0.806
58.334 0.826 0.802 0.802 0.801
59.723 0.866 0.805 0.805 0.802
61.111 0.887 0.811 0.811 0.807
62.500 0.882 0.817 0.817 0.814
63.889 0.859 0.822 0.822 0.820
65.278 0.830 0.824 0.824 0.824
66.667 0.804 0.823 0.822 0.824
68.056 0.786 0.819 0.819 0.821
69.445 0.778 0.815 0.815 0.817
70.834 0.779 0.811 0.811 0.813
72.223 0.787 0.809 0.809 0.810
73.611 0.799 0.808 0.808 0.808
75.000 0.813 0.809 0.809 0.808
76.389 0.825 0.811 0.810 0.809
77.778 0.832 0.813 0.812 0.811
79.167 0.834 0.814 0.814 0.813
80.556 0.830 0.816 0.816 0.815
81.945 0.823 0.817 0.817 0.817
83.334 0.815 0.817 0.817 0.817

*
- Time of fault.

**
- Time of filling the 12-sample windows with fault data.
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Table B.5: Fault distance estimates for a three-phase
fault at 80% of line P2C.

ALGORITHMS
Time First Second Third Fourth
30.556 3.757 3.757 3.757 3.757
31.945 3.757 3.757 3.757 3.757

* 33.334 3.757 3.757 3.757 3.757
34.722 3.757 3.766 3.769 3.765
36.111 3.481 3.155 3.022 3.152
37.500 2.693 2.582 2.498 2.609
38.889 1.915 2.363 2.303 2.333
40.278 1.453 2.363 2.233 2.237
41.667 1.228 2.403 2.134 2.190

43.056 1.131 2.016 1.861 1.994
44.445 1.089 1.439 1.480 1.608
45.834 1.056 1.143 1.193 1.279
47.222 0.990 1.006 1.045 1.091
48.611 0.891 0.919 0.949 0.989

** 50.000 0.804 0.854 0.856 0.922
51.389 0.749 0.845 0.845 0.854
52.778 0.722 0.834 0.834 0.841

54.167 0.721 0.821 0.821 0.828
55.556 0.742 0.810 0.811 0.815
56.945 0.780 0.803 0.803 0.806

58.334 0.826 0.802 0.802 0.801
59.723 0.866 0.805 0.805 0.802
61.111 0.887 0.811 0.811 0.807
62.500 0.882 0.817 0.817 0.814

63.889 0.859 0.822 0.822 0.820
65.278 0.830 0.824 0.824 0.824

66.667 0.804 0.823 0.822 0.824
68.056 0.786 0.819 0.819 0.821
69.445 0.778 0.815 0.815 0.817
70.834 0.779 0.811 0.811 0.813

72.223 0.787 0.809 0.809 0.810
73.611 0.799 0.808 0.808 0.808
75.000 0.813 0.809 0.809 0.808
76.389 0.825 0.811 0.810 0.809
77.778 0.832 0.813 0.812 0.811

79.167 0.834 0.814 0.814 0.813
80.556 0.830 0.816 0.816 0.815
81.945 0.823 0.817 0.817 0.817
83.334 0.815 0.817 0.817 0.817

*
- Time of fault.

**
- Time of filling the 12-sample windows with fault data.
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Appendix C

FAULTS AT THE RELAY LOCATION

C.I. Detecting Faults at the Relay Location

The ability of the relay algorithms to accurately detect faults at the

relay location is examined. The results for this evaluation are presented in

this appendix.

C .1.1. Speed of the trajectory of the calculated impedances

Figures C.1, C.2, C.3 and C.4 show the trajectories of estimated ap

parent impedances for single phase to ground, two-phase, two-phase to

ground and three-phase faults respectively, in the complex impedance plane.
In these cases, estimates of the voltage and current phasors were obtained

using the first algorithm.

Figures C.S, C.6, C.7 and C.8 show the trajectories of estimated ap

parent impedances In the complex impedance plane for single phase to

ground, two-phase, two-phase to ground and three-phase faults respectively.
In these cases, estimates of the voltage and current phasors were obtained

using the second algorithm.

Figures C.9, C.lO, C.ll and C.12 show the trajectories of the apparent

impedances calculated for single phase to ground, two-phase, two-phase to

ground and three-phase faults. In these cases, estimates of the voltage and

current phasors were obtained using the third algorithm.



144

0.5
Legend
o Za

0.4 Zb4
-

�
� 4 Zc
�
._
-- 0.3

:x
.-.

Pre-fault

0.2 0.3

R(in pu)
0.4 0.5

Figure C.1: Trajectory of impedances using the first algorithm.
Single-phase to ground fault at the relay location
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Figure C. 2: Trajectory of impedances- using the first algorithm.
Two-phase fault at the relay location
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Figure C .3: Trajectory of impedances using the first algorithm.
Two-phase to ground fault at the relay location
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Figure C.4: Trajectory of impedances using the first algorithm.
Three-phase fault at the relay location
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Figure C.S: Trajectory of impedances using the second algorithm.
Single-phase to ground fault at the relay location
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Figure C.6: Trajectory of impedances using the second algorithm.
Two-phase fault at the relay location
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Figure C.7: Trajectory of impedances using the second algorithm.
Two-phase to ground fault at the relay location
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Figure C.8: Trajectory of impedances using the second algorithm.
Three-phase fault at the relay location
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Figure C.9: Trajectory of impedances using the third algorithm.
Single-phase to ground fault at the relay location
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Figure C.IO: Trajectory of impedances using the third algorithm.
Two-phase fault at the relay location
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Figure C.II: Trajectory of impedances using the third algorithm.
Two-phase to ground fault at the relay location
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Figure C.12: Trajectory of impedances using the third algorithm.
Three-phase fault at the relay location
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Figures C.13, C14, C.15 and C.16 show the trajectories of estimated ap

parent impedances for single phase to ground, two-phase, two-phase to

ground and three-phase faults. In these cases, estimates of the voltage and

current phasors were obtained using the fourth algorithm.

One difference between the results for faults at the relay location and

the previous results is that all the inter-phase relays operate for two-phase to

ground faults. The flagging of targets of relay operations for faults can,

therefore, be misleading for faults at the relay location.

The number of estimates taken for the relays to operate for the dif

ferent faults can be summarised as in Table C.l.

C.l.2. Estimation of fault distances Crom calculated impedances

Table C.2 shows the fault distance estimates for a single-phase to

ground fault. This fault is located at the relay location. Table C.3 shows

the fault distance estimates for a two-phase fault at the relay location.

Table C.4 lists the estimates of the distance of the fault from the relay loca

tion for a two-phase to ground fault. Table C.5 shows the fault distances

estimated from a three-phase fault. The estimates are tabulated for all four

algorithms.
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Figure C.13: Trajectory of impedances using the fourth algorithm.
Single-phase to ground fault at the relay location
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Figure C.14: Trajectory of impedances using the fourth algorithm.
Two-phase fault at the relay location
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Figure C.15: Trajectory of impedances using the fourth algorithm.
Two-phase to ground fault at the relay location
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Figure C.16: Trajectory of impedances using the fourth algorithm.
Three-phase fault at the relay location
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Table C.I: A summary of number of estimates taken by relay
to reach tripping zone

Sampling intervals taken to enter the tripping zone

Fault Tripping First Second Third Fourth
Type Relay Algorithm Algorithm Algorithm Algorithm

A-G A-G 3 5 4 4

B-C B-C 5 4 4 4

B-C-G B-C 6 4 4 4
C-A 5 7 7 7
A-B - 9 9 10

A-B-C A-B 7 6 5 6
B-C 6 4 4 4
C-A 4 5 4 4
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Table C.2: Fault distance estimates for a single-phase
to ground fault at the relay location

ALGORITHMS
Time First Second Third Fourth
30.556 3.748 3.748 3.748 3.748
31.945 3.748 3.748 3.748 3.748

* 33.334 3.748 3.748 3.748 3.748
34.722 1.910 2.277 2.082 2.259
36.111 0.906 1.114 0.916 1.113
37.500 0.585 0.758 0.627 0.809
38.889 0.456 0.694 0.508 0.676
40.278 0.381 0.436 0.327 0.447
41.667 0.295 0.269 0.230 0.283
43.056 0.184 0.186 0.184 0.209
44.445 0.117 0.112 0.160 0.156
45.834 0.092 0.034 0.099 0.109
47.222 0.076 0.046 0.042 0.061
48.611 0.059 0.036 0.060 0.036

** 50.000 0.043 0.038 0.036 0.035
51.389 0.041 0.042 0.042 0.038
52.778 0.041 0.042 0.042 0.042
54.167 0.042 0.042 0.042 0.042
55.556 0.042 0.042 0.042 0.042
56.945 0.042 0.042 0.042 0.042
58.334 0.042 0.042 0.042 0.042
59.723 0.042 0.042 0.042 0.042
61.111 0.042 0.042 0.042 0.042
62.500 0.042 0.042 0.042 0.042
63.889 0.042 0.042 0.042 0.042
65.278 0.042 0.042 0.042 0.042
66.667 0.042 0.042 0.042 0.042
68.056 0.042 0.042 0.042 0.042
69.445 0.042 0.042 0.042 0.042
70.834 0.042 0.042 0.042 0.042
72.223 0.042 0.042 0.042 0.042
73.611 0.042 0.042 0.042 0.042
75.000 0.042 0.042 0.042 0.042
76.389 0.042 0.042 0.042 0.042
77.778 0.042 0.042 0.042 0.042
79.167 0.042 0.042 0.042 0.042
80.556 0.042 0.042 0.042 0.042
81.945 0.042 0.042 0.042 0.042
83.334 0.042 0.042 0.042 0.042

*
- Time of fault.

**
- Time of filling the 12-sample windows with fault data.
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Table C.S: Fault distance estimates for a two-phase
fault at the relay location

ALGORITHMS
Time First Second Third Fourth
30.556 3.748 3.748 3.748 3.748
31.945 3.748 3.748 3.748 3.748

* 33.334 3.748 3.748 3.748 3.748
34.722 3.626 2.989 2.763 2.993
36.111 2.508 1.654 1.466 1.719
37.500 1.261 1.103 1.019 1.147
38.889 0.663 0.893 0.817 0.906
40.278 0.435 0.748 0.679 0.766
41.667 0.354 0.555 0.541 0.628
43.056 0.316 0.287 0.361 0.435
44.445 0.278 0.204 0.224 0.265
45.834 0.225 0.175 0.185 0.195
47.222 0.154 0.132 0.147 0.162
48.611 0.095 0.095 0.097 0.129

** 50.000 0.079 0.079 0.080 0.095
51.389 0.080 0.079 0.079 0.079
52.778 0.081 0.080 0.080 0.079
54.167 0.081 0.080 0.080 0.080
55.556 0.081 0.080 0.080 0.080
56.945 0.081 0.080 0.080 0.080
58.334 0.081 0.080 0.080 0.080
59.723 0.081 0.080 0.080 0.080
61.111 0.080 0.080 0.080 0.080
62.500 0.080 0.080 0.080 0.080
63.889 0.080 0.080 0.080 0.080
65.278 0.080 0.080 0.080 0.080
66.667 0.080 0.080 0.080 0.080
68.056 0.080 0.080 0.080 0.080
69.445 0.080 0.080 0.080 0.080
70.834 0.080 0.080 0.080 0.080
72.223 0.080 0.080 0.080 0.080
73.611 0.080 0.080 0.080 0.080
75.000 0.080 0.080 0.080 0.080
76.389 0.080 0.080 0.080 0.080
77.778 0.080 0.080 0.080 0.080
79.167 0.080 0.080 0.080 0.080
80.556 0.080 0.080 0.080 0.080
81.945 0.080 0.080 0.080 0.080
83.334 0.080 0.080 0.080 0.080

*
- Time of fault.

**
- Time of filling the 12-sample windows with fault data.
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Table C.4: Fault distance estimates for a two-phase to

ground fault at the relay location

ALGORITHMS
Time First Second Third Fourth

30.556 3.748 3.748 3.748 3.748
31.945 3.748 3.748 3.748 3.748

* 33.334 3.748 3.748 3.748 3.748
34.722 3.626 2.989 2.763 2.993
36.111 2.508 1.654 1.466 1.719
37.500 1.261 1.103 1.019 1.147
38.889 0.663 0.893 0.817 0.906
40.278 0.435 0.748 0.679 0.766
41.667 0.354 0.555 0.541 0.628
43.056 0.316 0.287 0.361 0.435
44.445 0.278 0.204 0.224 0.265
45.834 0.225 0.175 0.185 0.195
47.222 0.154 0.132 0.147 0.162
48.611 0.095 0.095 0.097 0.129

** 50.000 0.079 0.079 0.080 0.095
51.389 0.080 0.079 0.079 0.079
52.778 0.081 0.080 0.080 0.079
54.167 0.081 0.080 0.080 0.080
55.556 0.081 0.080 0.080 0.080
56.945 0.081 0.080 0.080 0.080
58.334 0.081 0.080 0.080 0.080
59.723 0.081 0.080 0.080 0.080
61.111 0.080 0.080 0.080 0.080
62.500 0.080 0.080 0.080 0.080
63.889 0.080 0.080 0.080 0.080
65.278 0.080 0.080 0.080 0.080
66.667 0.080 0.080 0.080 0.080
68.056 0.080 0.080 0.080 0.080
69.445 0.080 0.080 0.080 0.080
70.834 0.080 0.080 0.080 0.080
72.223 0.080 0.080 0.080 0.080
73.611 0.080 0.080 0.080 0.080
75.000 0.080 0.080 0.080 0.080
76.389 0.080 0.080 0.080 0.080
77.778 0.080 0.080 0.080 0.080
79.167 0.080 0.080 0.080 0.080
80.556 0.080 0.080 0.080 0.080
81.945 0.080 0.080 0.080 0.080
83.334 0.080 0.080 0.080 0.080

*
- Time of fault.

**
- Time of filling the 12-sample windows with fault data.
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Table C.S: Fault distance estimates for a three-phase
fault at the relay location

ALGORITHMS
Time First Second Third Fourth
30.556 3.748 3.748 3.748 3.748
31.945 3.748 3.748 3.748 3.748

* 33.334 3.748 3.748 3.748 3.748
34.722 3.048 3.419 3.616 3.397
36.111 2.070 3.122 2.914 2.810
37.500 1.402 2.890 1.819 2.059
38.889 1.070 1.245 0.936 1.213
40.278 0.745 0.795 0.684 0.837
41.667 0.475 0.571 0.521 0.613
43.056 0.339 0.381 0.399 0.456
44.445 0.256 0.245 0.315 0.327
45.834 0.198 0.149 0.211 0.230
47.222 0.152 0.115 0.117 0.155
48.611 0.109 0.088 0.120 0.100

** 50.000 0.081 0.076 0.074 0.086
51.389 0.080 0.080 0.080 0.076
52.778 0.080 0.080 0.080 0.080
54.167 0.080 0.080 0.080 0.080
55.556 0.081 0.080 0.080 0.080
56.945 0.081 0.080 0.080 0.080
58.334 0.081 0.080 0.080 0.080
59.723 0.080 0.080 0.080 0.080
61.111 0.080 0.080 0.080 0.080
62.500 0.080 0.080 0.080 0.080
63.889 0.080 0.080 0.080 0.080
65.278 0.080 0.080 0.080 0.080
66.667 0.080 0.080 0.080 0.080
68.056 0.080 0.080 0.080 0.080
69.445 0.080 0.080 0.080 0.080
70.834 0.080 0.080 0.080 0.080
72.223 0.080 0.080 0.080 0.080
73.611 0.080 0.080 0.080 0.080
75.000 0.080 0.080 0.080 0.080
76.389 0.080 0.080 0.080 0.080
77.778 0.080 0.080 0.080 0.080
79.167 0.080 0.080 0.080 0.080
80.556 0.080 0.080 0.080 0.080
81.945 0.080 0.080 0.080 0.080
83.334 0.080 0.080 0.080 0.080

*
- Time of fault

**
- Time of filling the 12-sample windows with fault data.
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