A Power System Protection Scheme Combining Impedance
Measurement and Travelling Waves: Software and Hardware

Implementation

by

Vajira Pathirana

A dissertation submitted to the Faculty of Graduate Studies in partial fulfillment of
the requirements for the degree of

Doctor of Philosophy

The Department of Electrical and Computer Engineering
The University of Manitoba

Winnipeg, Manitoba, Canada

© April 2004



THE UNIVERSITY OF MANITOBA
FACULTY OF GRADUATE STUDIES
L 2

COPYRIGHT PERMISSION

A Power System Protection Scheme Combining Impedance Measurement and Travelling
Waves: Software and Hardware Implementation

BY

Vajira Pathirana

A Thesis/Practicum submitted to the Faculty of Graduate Studies of The University of
Manitoba in partial fulfillment of the requirement of the degree
Of

DOCTOR OF PHILOSOPHY

Vajira Pathirana © 2004

Permission has been granted to the Library of the University of Manitoba to lend or sell copies of
this thesis/practicum, to the National Library of Canada to microfilm this thesis and to lend or sell
copies of the film, and to University Microfilms Inc. to publish an abstract of this thesis/practicum.

This reproduction or copy of this thesis has been made available by authority of the copyright
owner solely for the purpose of private study and research, and may only be reproduced and
copied as permitted by copyright laws or with express written authorization from the copyright
owner.



To my loving parents



Acknowledgements

I would like to express my sincere thanks to Prof.P.G. McLaren for his continuous advice,
guidance and encouragement throughout the course of this work. I consider myself privileged
to have had the opportunity to work under his guidance. I greatly appreciate the advice and
assistance received from Dr.Udaya Annakkage to complete my research. I am also grateful
to Mr.Adrian Castro of Manitoba Hydro for his advice and guidance. I must also thank
the technical staff at the Department of Electrical and Computer Engineering, especially
Mr.Erwin Dirks and Mr.Alan McKay for their valuable support.

I wish to thank Dr.Rohitha Jayasinghe and Dr.Dharshana Muthumuni of Manitoba,
HVDC Research Center, Mr.Tom Hendrick of Texas Instruments Inc., Mr.Steve Zachman
and Mr.Bill Pitman of Hyperception Inc., and Mr.Hugh Pollitt-Smith of Canadian Micro-
electronics Corporation for their technical assistance. The financial support received from
Manitoba Hydro, the Faculty of Graduate Studies at the University of Manitoba and the
National Science and Engineering Research Council is greatly appreciated. I must also ex-
press my gratitude to the staff of the Center for Advanced Power Systems and National
High Magnetic Fields Laboratory at the Florida State University, FL for their financial
support and providing facilities to carry out part of my research.

I would like ‘to thank all my friends at the Power Tower and the staff of the Department
of Electrical and Computer Engineering for their continuous encouragement and for making
my years at the University of Manitoba a pleasant experience.

This acknowledgement will not be complete without thanking my family. I extend my
heartfelt gratitude to my parents. They were always understanding and encouraged me
during my hard times. I would like to also thank my brothers and my sister for all the love

and support.

Vajira Pathirana

April 2004

iii



Summary

For the stability of the electrical network, it is important to clear faults on high voltage
transmission lines quickly with the aid of a high-speed protection system. The conventional
method of fault detection is mainly based on impedance measurement techniques. Under
fault conditions the measured impedance is proportional to the distance to the fault from
the relay location. To calculate the impedance, the fundamental frequency components of
the voltage and current signals have to be extracted. The filtering involved in this process
has an inherent delay. Any attempt to increase fault detection speed can affect the accuracy
of the distance estimation and hence the reliability of the protection scheme.

Fault generated transients or travelling wave signals provide the very first information
about a possible disturbance on the line and hence can be used to detect faults very quickly.
Ultra-high-speed distance protection schemes based on fault initiated travelling waves mea-
sure the distance to the fault using the time taken for a wave to travel from the relaying
point to the fault and back. However, travelling wave based protection schemes have re-
liability issues and have‘ not been well accepted by relay engineers despite their fast fault
detection capabilities.

In this thesis, a hybrid protection scheme is proposed which uses positive features of
both travelling Wave algorithm and impedance measurement technique in a single relay. The
travelling wave information is used to achieve fast fault detection speeds while the impedance
measurement is used to improve the reliability of the overall protection scheme. The thesis
also investigates the possibility of accelerating the zone 2 protection of an impedance relay
depending on the travelling wave information. The proposed algorithm has been verified
through simulations of a practical three phase power system. The relaying functions have
been tested using a laboratory prototype implemented on a Texas Instruments digital signal
processor. The results indicate that the fault detection speed is improved while maintaining

a high reliability level.
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Chapter 1

General Introduction

1.1 Introduction

The growing demand for power and high transmission efficiencies has prompted construction
of extra high voltage (EHV) transmission lines. These high voltage lines have become
the backbone of the bulk power transmission over long distances. The complexity of the
power network and the low stability margins at which they now operate have dramatically
increased the occurrence of catastrophic failures in electric power systems [1]. On the
other hand, the hardship and economic penalties associated with such events have become
more important since the society relies heavily on the availability of quality power supply.
Although complete immunity from such catastrophic failures is not easy to achieve, new
developments in the transmission line protection show promising signs that cascading system
outages can be minimized and mitigated. The greatest danger to a healthy power system
is instability resulting from faults that are not cleared quickly. High speed fault isolation is
required to ensure that the power system will not run into transient stability problems and
also to reduce the damage due to electrodynamic and thermal stresses on the equipment.
The stability of the power system can be greatly improved by reducing the fault clearance
time, especially of those faults in EHV lines.

The capital investment involved in generation, transmission and distribution of electrical

1
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power is so high that proper precautions have to be taken to ensure that the equipment
not only operates at high efficiency, but are also protected from possible faults. Protection
relays are designed to quickly detect possible disturbances and isolate the faulted system
from the rest of the network. The faster the fault is cleared, the smaller the disturbance the
fault will inﬂi-ct on the system. A protective relay is required to satisfy four basic functional
characteristics - reliability, selectivity, speed and sensitivity. Reliability of a protective relay
is a basic requirement. The protective relay has to be dependable, but secure: the relay must
always operate for a fault within its zone of protection, but should not operate otherwise.
The relay must operate when it is required and should not operate unnecessarily. Selectivity
is the basic requirement of the relay in which it should be possible to select which part of
the system is faulty and which is not and should isolate the faulty part of the system from
the healthy one. Fault detection speed of a relay is an important feature. The shorter the
time for which a fault is allowed to exist, the less damage the fault will inflict on the system.
The speed and reliability in protective relays have always been a compromise. The faster
the fault detection is, the less reliable the overall scheme becomes, especially for faults close
to the relay operating boundary. Finally, a relay should be sufficiently sensitive so that it
operates reliably when required under the actual conditions in the system which produce

the least tendency for operation.

1.2 Transmission Line Protection

The distance relays, the fundamental component of almost all EHV transmission line pro-
tection, operate on the impedance measured at the relay location. In a digital distance relay,
the impedance seen at the relay is calculated from the fundamental frequency (50/60Hz)
component of the voltage and current signals. When a fault occurs, the sudden changes
in the steady state values of voltage and current signals generate high frequency transient
signals. The high frequency components in fault waveforms present undesirable effects to

most distance protection algorithms based on the power frequency component. In a distance
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relay based on impedance measurement, the accuracy of the impedance estimation depends
on how accurately the fundamental components are extracted or, in other words, how well
the unwanted signal components are eliminated. The processes of sampling and extracting
the fundamental component involve filtering the signals, which inherently incorporates a
delay._ Since impedance is a phasor quantity, it takes time to change from a load condi-
tion (pre-fault) value to a fault condition (post-fault) value. This directly affects the fault
detection time, and hence the total fault clearing time. For an impedance relay, the accu-
racy of the impedance estimate may go down with the increase in the speed at which that
estimate is obtained [2]. The error caused by non-fundamental frequency signals depends
on the operating speed since the operating speed depends on the sampling window used
to extract the fundamental frequency components. On the other hand, the reach setting
of an impedance relay is determined by the error of its impedance estimate and hence an
impedance relay with a particular reach setting cannot operate at arbitrarily high speeds
[3]. For instance, a relay using a one cycle sampling window could be set with a reach
setting of 80% of the} line to assure dependable operation in the presence of noise. With a
half cycle window, the calculation error is high and the relay would be set to see only 60%
of the line. In adaptive impedance relay schemes, digital relays can accommodate the errors
caused by the transients by dynamically adjusting the sample window. However there is
always a compromise between the operating speed and the relay reach [3]. In essence, for
faults towards the reach of the relay, an impedance relay will have a longer operating time
than that for a close-up fault.

The inherent delay in filters makes it difficult to improve the speed of an impédance
relay any further. A directional teleprotection scheme in which the relays at the opposite
ends of the transmission line are connected thrdugh a communication channel could achieve
fast fault clearance time for line end faults. However, the reliabih'ty of such a scheme
will depend on the reliability of the communication channel. An alternative approach is

to use non-power frequency components in the fault signals, particularly travelling wave



4

components. When a fault occurs on a transmission line, the sudden discharge of line
charges at the fault location generates transient waves. Immediately after the fault, the
distortions caused by these transient waves can be observed superimposed on the steady
state voltage and current waveforms. In long EHV lines, these high frequency oscillations in
voltage and current waveforms become significant. These transient signals (travelling waves)
subsequently propagate along the transmission line at a velocity close to the speed of light
and reflect at discontinuities [4]. The repeated reflection of these transient wavefronts cause
the voltage and current signals to change from the pre-fault steady state values to the post-
fault values. These wavefronts contain valuable information about the fault type, location
of the fault and fault inception angle. The sign, magnitude and timing between the various
wavefronts arriving at the line end contain information from which the fault location can
be calculated within a few milliseconds of the fault initiation.

The travelling wave based protection schemes demonstrate fast fault detection times
since the wavefronts carry the very first information about a possible disturbance in the
system. Many suggestions for utilizing high frequency transient signals to achieve ultra high
speed fault detection were suggested in the late 70’s and early 80’s. The method suggested
by Crossley and McLaren [5] showed a way to find the distance to the fault with a reasonable
accuracy which allowed the relay to be selective. This algorithm uses a correlation techniqué
to recognize the initial reflected wavefront returning from the fault. The distance to the
fault is proportional to the time delay between the first wavefront detected at the relay
location and the associated reflected wavefront from the fault.

However, protection schemes based on travelling waves had to face reliability issues.
Such schemes have failed to detect faults under certain conditions [6, 7]. Two main concerns

have been identified:

1. When a fault occurs close to the relaying point (close-up fault), the repeated reflection
of wavefronts between the fault and the discontinuity behind the relay will create very

high frequency transients. The closer the fault is to the relay, the more prominent
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will be the high frequency components in the transient signals. Without high fidelity
transducers that will not degrade the wavefront information and a processor capable
of handling fast computations, a travelling wave protection scheme will find it difficult
to distinguish between the arrival of consecutive wavefronts. Although current trans-
formers (CT) are capable of reproducing an acceptable replica of the current signals
[8], capacitor éoupled voltage transformers (CCVT) have a relatively low bandwidth
[9, 10]. Unless an alternate method such as an optical voltage transducer (OVT) is
available to measure the voltage signals, most travelling wave schemes might fail to

detect close-up faults.

2. On the rare occasion when a phase to ground fault occurs near zero voltage level (small
fault inception angle), the fault generated transient waves will not contain any steep
wavefronts. The wavefronts are not distinct and difficult to isolate for measurement

purposes. A travelling wave protection scheme may fail detecting such a fault.

1.3 Motivation Behind the Research

The reliability of the relay algorithm is a major factor concerning the selection of a pro-
tection scheme. The fast fault detection capability of travelling wave relay schemes may
be tarnished by their inability to detect faults under all possible conditions. Although
impedance measurement technique might take a full 60Hz cycle to detect a fault near the
reach point, the operating time can become comparatively low for close-up faults [2]. Hence
there is less requirement for a travelling wave type measurement in order to speed up the re-
lay trip time. Where there is a need for speed up is towards the reach point of the impedance
measuring technique. In this thesis, a new method was investigated to combine the infor-
mation contained in the fault-generated wavefronts with the impedance measurement at the
relay location in a single relay to develop a reliable, but high-speed protection algorithm.

-If the fault is too close to be detected by the travelling wave scheme, the impedance relay
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acts as a fast backup. In addition, the measured impedance will fall within the protective
zone for faults with zero inception angles, thus enhancing the reliability of the combined
scheme.

The motivation behind cascading the travelling wave information and impedance mea-
surement in a hybrid scheme was to design a reliable and high-speed protection scheme.
The algorithms operate in parallel and need high speed processing. Modern digital signal
processors (DSP) and analog to digital converters (ADC) can handle various measurements
and extensive calculations involved in such complex algorithms [11]. The hybrid relay re-
quires an inter-trip signal for faults which occur on the line outside the maximum length
of the zone 1 protection zone. The maximum protection length depends on the accuracy
of the distance estimate. The accuracy hence depends on the resolution of the measuring

transducers and the processing power of the DSP.

1.4 Main Objectives of the Research

The main objectives of this research were:

1. Recognizing the problem areas associated with the existing transmission line protec-

tion _échemes;
2. Introducing a solution to those problems through a hybrid algorithm;
3. Developing the mathematical basis for the hybrid algorithm;
4. Simulating the proposed method to verify its operation;

~ 5. Identifying the hardware and software limitations in a real-time implementation of

the algorithms;

6. Evaluating the protection response of the hybrid scheme by building and testing a

laboratory prototype.
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The thesis investigates how the hybrid algorithm can overcome the limitations of both
travelling wave and impedance measurement schemes. Two hybrid algorithms have been
developed to analyze the possible improvements that can be achieved through the proposed

protection scheme.

1. Algorithm 1 analyzes how the hybrid scheme operates as the primary protection of a

power network.

2. Algorithm 2 analyzes how the travelling wave information and the zone 2 protection

of the impedance relay can be combined to achieve fast fault detection.

1.5 Thesis Overview

The thesis progressively discusses the approach employed to achieve the above targets. This
chapter gives a general introduction to the thesis.

Chapter 2 gives an overview of the history of protection schemes associated with trans-
mission line protection. More emphasis is placed on the digital distance relays of the last
three decades. The chapter then reviews the ultra high speed line protection relaying algo-
rithms. Algorithms with different protection philosophies are discussed. These algorithms
are mainly based on travelling wave theory but the principle of operation may be differ-
ent. This chapter also discusses other recent developments in transmission line protection
schemes.

The theoretical aspects behind the relaying scheme are described in chapter 3. The
chapter reviews the theory associated with the travelling wave protection and impedance
measurement of a transmission network. The basic theory of travelling wave protection was
developed for a single phase lossless line and was then extended to a three phase system.
The incremental phase voltage and current signals which contain transient information
were decomposed into their respective independent modes using modal analysis theory.

The concept and key issues behind the hybrid algorithm are explained next. This involves
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a discussion about the problem areas associated with both travelling wave and impedance
protection schemes. The last section of the chapter explains the operating principle behind
the hybrid relay and discusses the two main algorithms.

In chapter 4 the simulation results are outlined. The PSCAD electromagnetic transient
program [12] was used for the simulations. A three phase power system was modelled
with PSCAD to generate the voltage and current signals under fault conditions. Different
library modules were created in PSCAD for each block component of the hybrid algorithm.
Different fault scenarios were investigated to identify the limitations and advantages of the
new scheme. The fault type, fault inception angle, the fault distance and fault resistance
were all considered in simulations to decide on the relay threshold settings. Comparisons
were made between the proposed hybrid algorithm and the existing distance protection
schemes.

Chapter 5 details the hardware and software implementation of the proposed hybrid
distance protection scheme. The real time implementation of the algorithm required high
performance hardware due to the high sampling rates associated with the travelling wave
relay and the implementation of the two algorithms in parallel. However, to keep the cost
of the final product low, the hardware already available in the lab and inexpensive off-the-
shelf evaluation hardware were used. Because of this decision, the hardware implementation
became a lengthy process, but the cost of the final product was kept low. This chapter briefly
introduces the different hardware arrangements we tried and the reasons why some of them
could not be used.

Finally, in chapter 6 conclusions are drawn. Few suggestions suggestions are given for
future work covering the points which still need further research in order to increase the
relay speed and accuracy.

The appendices introduce the mathematical derivations and details about different theo-
ries used in the main chapters of the thesis. References are made to the appendices wherever

required. At the end of the appendices is a list of the acronyms used throughout the thesis.



Chapter 2

Transmission Line Protection

Algorithms

2.1 Introduction

Transmission line protection began more than ten decades ago with over-current protection
and since then has developed into a large industry. The majority of protection principles
were developed within the first few decades after the over-current principle was introduced.
These principles are still applied in protection schemes today, although the technology used
has changed substantially as summarized in Fig.2.1. The introduction of computers and
digital technology has been an important milestone in the history of power system protec-
tion. Digital relays have mostly replaced the pre—existing electromechanical and static relays
and introduced new relaying principles which were not feasible before. The advancements
in communication technology and new protocols that allow direct relay-fo—relay communi-
cation have lead the way to intelligent electronic devices (IED).

This chapter examines the developments in transmission line protection. More emphasis
is placed on the digital relays. The early digital distance protective relay algorithms based

on power frequency signals are discussed first. Only hoteworthy developments until the
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Figure 2.1: Development of protection relay

early 1980’s are ‘considered here since later developments were mainly based on the con-
cepts instigated during this period. The discussion then concentrates on non-power system
frequency methods, especially protection schemes based on travelling waves. For the com-
pletion of the review, some of the later developments such as adaptive schemes, methods

based on artificial intelligence and wavelet algorithms are discussed at the end.

2.2 Early Developments

The earliest‘relays to be used in transmission line protection were all electromechanical. The
very first relays were based on the over-current principle which was introduced around 1902.
Thé inverse time-current relationship was suitable for time graded over-current discrimina-
tion systems. These early devices not only had to detect fault conditions, but also had to
generate sufficient torque to trip the breaker on which the system was fixed. The latter
requirement placed very severe restrictions on the sensitivity of these devices. Due to the
inherent long operating times, they could not be used in networks where fast fault clearance

was needed. The over-current principle was followed by differential protection schemes after
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1905. These systems compared the line currents at opposite ends of the transmission line
and used a communication link to transmit required information between the ends. The
concept of directional discrimination of faults was introduced around 1909. The pilot wires
were used as a means of conveying information from one end of a protected feeder to the
other and a system was proposed to use the pilot wires to convey an interlock signal from
end to end. The application of a restraining force proportional to the system voltage to an
over-current induction disc type relay produced a time of operation roughly proportional
to the distance to the fault from the relaying point. The distance relay indicated a measure
of the impedance of the line at the relay point. The development of distance relays in the
form of impedance relays started with this concept in 1923. All of the relays developed
until 1940’ were electromechanical relays. These electromechanical distance relays later
achieved very high precision in the form of induction cup mho relays. The mho relay gave
a closed characteristic of the fault impedance locus and therefore allowed discrimination
against faults in other phases. Mho relays were therefore mainly incorporated as starting
units in the majority of distance relaying schemes. The mho characteristic is still widely
applied in distance relays [13].

The early 1940’s showed the way into the development of relays using electronic devices.
"These relays are known as static relays. The first static relays were designed using thermionic
valves. But all such relays had a disadvantage with respect to the electromagnetic relays due
to the relatively short life of thermionic valves. The advent of the tran51stor led the way to
the development of different distance protection schemes. Using tran51stor circuits several
new protection concepts were developed during this period: phase comparator, block spike
comparator, and block average comparator to name a few.

The concept of sampling and holding the voltage and current signals, and the devel-
opment of digital computers, led to digital (numerical) protection schemes [14]. Although
there was a lot of resistance to the adoption of computers for relaying functions by the relay

engineers, the relay technology has gone through rapid development since the digital com-
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putation was introduced in late 1960’s. Numerical impedance calculation methods allowed
digital techniques to be used in transmission line protection. Microprocessors started replac-
ing the digital computers by early 1980’s, but the concept of digital computing has stayed
the same. Today, extra high voltage transmission lines are protected with very reliable, se-
cure digital distance relays and they have virtually replaced all previous electromechanical

relays.

2.3 Digital Distance Relay Algorithms

Using digital technologies in protective relays started in the late 60’s with the rapid devel-
opment of digital computers. Digital techniques demonstrated added flexibility in design
as well as improved performance and reliability. In digital distance protective relays, the
apparent impedance at the relay location is calculated from the sampled voltage and cur-
rent signals. The impedance seen by the relay is proportional to the distance between the
fault and the relaying point. The digital estimation is fairly accurate when both voltage
and current signals are pure 60Hz sinusoids. However, in the presence of transients, the
accuracy can be affected. To remove the effects of transients, the signals must be low pass
filtered before sampling.

Rockerfeller [15] showed the possibility of utilizing a digital computer for protéction
applications. He proposed a complete group of programmes for the protection of equipment
both internal (transformers, busbars) and external (transmission lines) to the substation.
He introduced a new concept of protecting transmission lines as part of the function of a
master digital computer. Logic operations were assigned to detect a fault, locate it and
initiate the opening of the appropriate circuit breaker. He mentioned that there was no
reason to stop the application of a digital computer to perform the complete substation
protective relaying functions.

Mann and Morrison (16, 17] proposed a method of calculating the line impedance by a

predictive calculation of peak voltage and peak current. The impedance was calculated by
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dividing the peak voltage by the peak current. If the voltage and current signals were given
by Vpi sinwt and I sin(wt + ¢) respectively, a digital computer sampling sinusoidal waves

determined the peak as follows:

v = wVpcoswt (2.1)
12
Vi o= P+ |- 2.2
pk 7+ l:w:l ( )
R —pfwi| g [wy
¢ = tan {z" ] tan [ = ] (2.3)

where v, are the instantaneous voltage and current samples and v', i are their derivatives.
w 1s the angular frequency of the sinusoidal waveforms. The phase angle, ¢ was calculated
from the phase angle difference between voltage and current phasors. The transients gener-
ated due to a fault can include an exponentially decaying component (dc offset) in addition
~ to the high frequency signals. Such‘ exponentially decaying components on the current and
voltage signals can cause difficulties in the application of the above algorithm.

Gilcrest et al [18] suggested a method to reduce the effects of dc offset transients and
subnormal frequency components. The method suggested by Mann and Morrison [16] was
modified to use the first and second differences, rather than the sample values and the first

differences. Hence the peak and phase values were given by

i 2
12 v
Vi = — 2.4
pk v +[w} ( )
4 = tan! H_t [‘z_} 25)
v

where v" and i" are the second derivative of the voltage and current signals.
Ranjbar and Cory [19] used an equation of the form

di,

szzz—i—Ldt
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to find fault conditions. 4, and i, were made out of combinations of phase currents. R
“and L were the resistance and inductance of the transmission line. Integrating the above
equation over time instants ¢; to to and again over t3 to t4, the following equations were

obtained.

t2 t2
/ vdt = R izdt -+ L(iyg - iyl) (27)
t1 t1
tq tq
/ vdt = R imdt -+ L(iy4 - iyg) (28)
i3 t3

From the above integration, the values of R and L were calculated. This method improved
the accuracy of the resistance and inductance calculation to the fault. The integration also
filtered out the low order harmonics.

Gilbert and Shovlin [20] proposed an algorithm which calculated the apparent resistance
and reactance to the fault using voltage and current samples. The algorithm used three
consecutive data samples of voltage and current signals taken at known time intervals. The
apparent resistance to the fault (Rs) and the apparent reactance to the fault (X ) calculated

using the three consecutive data samples are given by

2Up—1%n—1 — Unln—2 — Un—2in
Ry = : —— 2.9
f 2(32_; — ip—2in) (2.9)
Xy = Ztn T Tntnolgng) (2.10)

2 - .
tp—1 — tn-20n

where d is the angle equivalent to the time interval between the samples. The calculated
value of the apparent resistance was independent of sampling rate and therefore was not
affected by the system frequency. However, the apparent reactance to the fault was sensitive
to the changes in system frequency.

Miki et al [21] explained how the reliability of a digital distance protection scheme can
be improved through redundancy of hardware. In their implementation, they suggested an

integral filter to suppress the higher harmonics. They investigated the operating character-
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istics of a mho relay and a reactance relay using a microcomputer.

Most of these algorithms really didn’t consider the presence of transients in the measured
signals. McLaren and Redfern [22] were among many others who recognized the presence of
transients in the waveforms. They suggested using Fourier Series based processing to extract
the fundamental voltage and current components. The extracted fundamental components
were used to calculate the apparent impedance. The filter characteristics showed that the
Fourier séries method gave a considerable rejection of non—fundamental components.

Different techniques were proposed during this time and later to extract the funda-
mental frequency information to estimate the impedance of the transmission line. These
algorithms focused on filtering decaying exponential component and some harmonics and
then determining the fundamental voltage and current phasors. The use of least squar’e
filters [23], Kalman filters [24], Fourier transform based filters [22], and correlation based
methods [25] suggested different methods of estimating the line impedance. Digital dis-
tance relays have come a long way from these early developments. The modern relays use
either Discrete Fourier Transform (DFT) or Fast Fourier Transform (FFT) based methods
to extract the fundamental frequency components. One cycle DFT or FFT is capable of
extracting the fundamental frequency components accurately while eliminating the higher
order harmonics. All modern distance relays are developed using high speed digital signal

Pprocessors.

2.4 Algorithms Based on Transient Signals

The algorithms discussed in the previous section use filters to attenuate the high frequency
signals generated by the fault transients. The presence of transients influences the accuracy
of the impedance estimate. The filtering process involved an inherent delay and could not be
eliminated from the algorithms. The attempts to increase the speed of the impedance relays
showed that making the relay faster affected the accuracy of the impedance measurement

[2]. The need to improve the fault clearance times motivated several researchers to consider



16

high frequency transient signals for relaying purposes. Different protection techniques based
on non-power frequency signals have been investigated with the developments in the digital
technology. In particular the use of incremental signals for directional comparison and
travelling-wave techniques for distance measurement gai;led wide acceptance. The reléys
developed using both these principles have the advantages of fast response, directionality,
and immunity to power swings and CT saturation. In this section, the transient based
relaying concepts are discussed. Transient based protection can be broadly categorized into

protection based on incremental signals and protection based on travelling waves.

2.4.1 Protection Based on Incremental Signals

A fault on a transmission line can cause the post-fault voltage and current at the relay
location to deviate from the steady state pre-fault voltage and current signals. This can be

shown as

9(t) = wv(t) + Av(t) (2.11)

i) = (t)+ Ait) (2.12)

where v,¢ are the pre-fault measurements and #,1 are the measured fault quantities. Av
and Ai denote the fault generated voltage and current deviations from the pre-fault steady
state signals. The incremental signals are obtained by subtracting the pre-fault steady state
signals from the fault measured signals. The most commonly used method to derive the
incremental components is using the measured signals taken exactly one cycle before as the
instantaneous estimate of the steady state signal. A low pass filter is used to get rid of
undesired noise in the estimate. Another approach is to use high pass filters to suppress
the steady state signals so that only the transient signals will be present in the relaying
signals. Under normal steady state conditions, the incremental quantities are zero except

for the presence of noise. These incremental signals have been used in ultra-high-speed
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(UHS) protection schemes.

In the RALDA relay [26], high speed fault detection and discrimination were achieved
using incremental components generated due to a fault. The decisions were taken by ob-
serving the direction of travelling wave phenomena on the line after the occurrence of a
fault. The concept was based on the fact that a fault initiates a voltage wave travelling
along a transmission line in the positive direction which is accompanied by a companion
current travelling wave of the same sign and a similar voltage wave travelling in the negative
direction is accompanied by a current wave of opposite sign. A comparison between the
polarities of the initial voltage and current deviations was used to determine the direction
to the fault. The polarity comparison was done at the opposite ends of the line by exchang-
ing the information through a communication channel. For an internal fault, the polarities
were different at both ends, while for an external fault the polarities were different only at
one end. The Fig.2.2! shows the actual sign of the observed deviations for different fault
scenarios.

Vitins [27] proposed a method in which the fault direction was determined based on the
fault trajectory of the scaled current deviation aga‘inst the voltage deviation. The simple
power system shown on Fig.2.3(a) is used to explain the concept. The deviation signals Av

and Ai measured at the relay location p were given by

X
Ait) = —~X—:l1_—X—fE[sin(wt +) — sinA] (2.14)
S

where F is the rated peak voltage and v is.the fault inception angle. The current deviation
contains a constant dc-offset, the magnitude of which depends on . The occurrence of a
fault was represented by a fault trajectory on the R.Ai - Av plane as shown in Fig.2.3(b).

Here R is the replica impedance(equal to the line surge impedance). The figure shows the

'Obtained from [26]
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Figure 2.2: Directional determination of RALDA relay

boundaries suggested by the author for forward and reverse faults. An initial excursion into
the first or third quadrant showed a reverse fault while an initial excursion into the second
or fourth quadrant indicated a forward fault. By exchanging the directional information
at the opposite ends of the line using a communication channel, the correct location of the
fault was detected.

Very recently, Thomas et al [28] developed a phase selection algorithm based on su-
perimposed voltage and current components initiated by faults. The output of the phase
selection algorithm can be used for single pole tripping schemes. The phase selection cri-
teria is based on a set of parameters (S) deduced by the incremental signals. Table 2.1
shows the phase selection scheme used and Table 2.2 shows the method used to identify

phase—to;phase—to-ground faults.
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Figure 2.3: Fault trajectory and operating principle of Vitins’ algorithm

The aerial phase voltages, Vy* are given by

VE=Vo -V (2.15)

where V,, is the voltage of phase p and V, is the calculated ground mode voltage. The
threshold § was set at 0.1 p.u. voltage. The test must be true for half a cycle of the power
frequency signals. The authors claimed that the proposed phase selection method is faster

than the traditional methods and valid over a broad frequency band.
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Parameter | Definition of Selection test for | Indicated fault

label the parameter this parameter type if test is true

St Vg —-vg S1<é phase c-to-ground

S Va2 -V2 Sy <6 phase b-to-ground

S3 V-V S3 < 4§ phase a-to-ground

Sy Ve Sy < § phase a-to-phase b

Ss Ve Sy <6 phase a-to-phase ¢

Sg Ve Sg < § phase b-to-phase ¢

Sy 1/3(Vo + Vo +V;) | S7 < & only symmetric three phase

Table 2.1: Phase selection scheme

Selection test Fault type

S4/87 < 2Z1/Zy | phase a-to-phase b-to-ground
S5/S7 < 27Z1/Zy | phase a-to-phase c-to-ground
S6/S7 < 2Z1/Zy | phase b-to-phase c-to-ground

Table 2.2: Phase-to-phase-to-ground fault identification

2.4.2 Travelling Wave Relaying Algorithms

In a distributed parameter model of a transmission line, the relationship between voltage v,
current %, time ¢ and distance z is fully described by the telegraph equation (see Appendix

A). The solution to the telegraph equation can be expressed in terms of backward f1 and

forward f, travelling waves as

v(z,t) = fi(z —at) — folz + at) (2.16)

i(z,8) = -ZL[ file — at) + folz + at)] (2.17)

[4

where Z, is the characteristic impedance of the line and a is the surge velocity. The backward
and forward travelling waves can be expressed in terms of incremental voltage Av and

incremental current Ai signals by

51) = 2£1(t) = Av(t) + ZoAi(d) (2.18)

£
fl

2f5(t) = Av(t) — ZoAi(t) (2.19)
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where S; is the backward wave relaying signal and Sy is the forward wave relaying signal.
The travelling wave protection schemes described in this section use the relaying signals S;
and Sy: A detailed discussion of travelling wave theory will be presented in section 3.2.

In 1978, Dommel and Michels [29] presented a directional discriminant travelling wave
function which showed a value zero for a backward fault and 2 known constant for faults in

the forward direction. The discriminant function, DF is given by

1 2
DF = [Mv+ ZAd + = [%Av + chiiim] (2.20)

1[d 1?2
_ 2
= Sl+<72 [ d~tle (2.21)

where w is the fundamental angular frequency. The function DF is independent of the fault
inception angle and line termination. For a reverse fault, DF = 0 for a time equal to twice
the travel time of the protected line. For a forward fault, the value of DF theoretically stays
constant (DF = 8V,2 ) from the time the first wavefront is sensed to the time its reflection
arrives back from the fault location for an internal fault and from the opposite end for an
external fault. The directional comparison was done by exchanging the information via a
carrier communication channel.

In 1980, Johns [30] proposed a directional comparison scheme based on the travelling
wave information. The sequence in which the forward and backward travelling wave signals
exceed a certain threshold was analyzed at both ends of the transmission line and this
~ information was shared through a communication channel. For a fault in the backward
direction, and a time duration equal to twice the travel time of the protected line, Sy > 0
and 81 = 0. For a forward fault, the signals S and Sy satisfies the condition S, < 5.

In 1983, Crossley and McLaren [5] proposed a distance protection scheme based on
travelling wave theory. The authors used a cross-correlation function to recognize the initial
wavefront reflected from the fault. The fault direction was determined by the sequence in

which 5 and Sy exceed a predetermined threshold. For a detected forward fault, a section
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of the relaying signal S; representing the forward travelling wavefront was stored and cross-
correlated with subsequent sections of relaying signal S;. To obtain a better correlation
of 51 and Sy, the mean values of the relaying signals were removed before calculating the
cross-correlation function. The cross-correlation between the mean removed signals S, and

So is given by

N
B5,5,(mA) = 3 [Sa(kAE) — T[S (kAL + mAY) — 5 (2.22)
k=1
where S; and S5 are the mean values of the signals 57 and Sy respectively. The cross-
correlation function shows a maximum value when the section 57 is similar to the stored
section S. The time delay to reach this maximum corresponds to twice the distance between
the measuring point and the fault location.

Rajendra and McLaren [31, 32] extended the techniques proposed in [5] to the protection
of teed circuits. The authors described several new travelling wave techniques to analyze
the faults on teed circuits. They suggested a polarity change criterion that enabled the local
end relay to distinguish between a fault on the local branch and that of a fault on one of
the tee branches by sensing the polarity changes in the first and second backward travelling
wave in 51. The polarity criterion was based on the fact that a fault on the local branch
will result in opposite changes in signal S; whereas a fault on an adjacent branch will result
in identical signal changes. The authors also suggested a method based on autocorrelation
function to classify faults between local and remote branches of a teed circuit. In this
method, the output section corresponding to the maximum of the cross-correlation function
is autocorrelated with sections of the entire cross-correlation function output. By doing so,
it was possible to determine the successive peaks of the cross-correlation output. It was
observed that the ratio of the time delays between successive peaks in the autocorrelation
output is approximately unity for a fault on the local branch whereas a low ratio is obtained

for an external fault or a remote branch.
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In 1986, Mansour and Swift [33] presented a multi-microprocessor based faulted phase
selection and fault classification relay. An algorithm based on two discriminant functions
derived from the forward and backward travelling waves and their differentiations was used
to identify faulted phases. A table based on the transformation matrix used to decoﬁple
the phase signals into their respective modal signals was proposed to ide—ntify different fault
scenarios. The backward and forward discriminant functions Dp and Dp respectively for

mode (k) were defined as

2 1 [d _m]?

Dp = [s@] +u7[d—ts§’“)} (2.23)
2 1 [d 2

Dr = [sgk)] +E[Jt‘5§k)J (2.24)

Here, the surge impedance Z, in (2.19) was replaced with the surge impedance associated
with mode (k) for each mode. The authors presented fault classification truth tables for
modal components found using Clarke, Wedepohl and Karrenbauer transformations.

Shehab-Eldin and McLaren [34] identified several problem areas associated with trav-
elling wave protection and suggested new techniques to improve the distance protection
scheme proposed by Crossley [5]. In Crossley’s method, a reference signal representing the
first wavefront which leaves the relay location is stored and then a corresponding reflected
wavefront is found through correlation. The duration of this stored section is inversely
proportional to the wave transit time. The authors found that by using a fixed storage
duration, the protection scheme may not be able to detect either faults close to the relay (if
the duration is long) or faults close to the remote bus bar (if the duration is short). They
suggested an improved method in which the final output is obtained by simple addition of
short and long window correlation outputs to form a composite correlation output. The
next improvement was suggested for close-up faults. For close-up faults, the travel time is
small and the relay bmay not be able to distinguish between the consecutive wavefronts. The

authors found that for close-up faults, the cross-correlation output is unidirectional and has
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a very high value in magnitude. This situation was identified by comparing the average
value or the root mean square (RMS) value of the cross-correlation function instead of the
peak magnitude. The RMS value, d was evaluated over a time period equal to twice the

travel time, 7 of the protected line length. The value of d is given by

27
d= \/ S (225)

If d shows a value high and unidirectional, the disturbance is identified as a close-up fault.

When a fault occurs with an inception angle near or equal to zero, the relaying signals
become very small in magnitude and have a slow rate of rise. The authors described a
method to determine the inception angle, 8 for single line to ground faults and suggested a
compensation method of relaying signal magnitudes. This modification did not affect the
cross-correlation shape, but increased the magnitude. The relaying signals were modified

as

Stm = S1[1 + | cos6|] (2.26)

Som = Sa2[1 + | cos 6] (2.27)

Christopoulos et al [35] proposed a method based on tra,vellbing waves to calculate the
distance to the fault. Initially, the magnitudes of the first voltage and current waves to
arrive at the relay location after a fault were measured. From the voltage and current,
apparent fault resistance was calculated. The magnitudes of subsequent voltage increments
and the time duration elapsed since the arrival of the first wave were then determined. For
each of the subsequent increments, the values were processed to find the apparent fault
resistance. When two values of fault resistance agreed, the elapsed time gave the distance
to the fault. This system could not detect faults with small inception angles. In addition,

the reflection coefficients of the busbar where the relay was located and the remote end



25

busbar were assumed to be constant, which may not be true in a real system.

In a separate publication, Christopoulos et al [36] discussed the limitations in their
previous approach [35] and suggested several improvements. To systematically decide the
arrival of travelling waves at the relay location, the authors developed a method based on
cross-correlation algorithm used by Crossley and McLaren [5]. rI_‘he values of the cross-
correlation output were used to estimate the reflection coefficient at the fault location, and
hence the fault resistance. The fault resistance estimate was used to determine whether
the surge reflected from the fault point rather than from some other discontinuity on the
transmission line. The authors have also suggested methods to offset the errors caused by
varying reflection coefficients at the relay busbar.

A method for fault location on transmission lines using the maximum likelihood estimate
of the arrival times of reflected travelling waves was presented by Ancell and Pahalawatte
[37]. The reflected travelling waves were expressed in terms of a set of incident waves which
were termed the basis signals s;. A model of the measured fault transient 9(k) was given

in the form
I

g(k) =D si(k —m3)a; k=1,---,N (2.28)
=1
where k is the sample index, s;(k) is the basis signal, a; is the associated reflection coefficient,

7; is the arrival time of the i** signal, T is the expected number of signals, and N is the

number of samples. Then (2.28) can be written in the matrix form

§=5(1)a (2.29)
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where

7= ®y@, - ,yV)]" (2:30)
S(r) = [si(m1),s2(ma), -+, 87(r7)] (2.31)
si(ti) = [l —7),8(2—75),- - ,éi(N —)]F (2.32)

a = [ai,a9, - ,ar]" (2.33)

T o= [r,7e,-, 7]t (2.34)

The maximum likelihood parameter method determines a set of parameters a ML and

Tmr. The maximum likelihood estimate of & is given by
apr = [SE)TVTIS(@H]TISH) TV Ny (2:35)
The maximum likelihood estimate of 75y, is the # which maximizes the function
J(#) =y VTISHISH) TV ISR IS(#) TV ly — 4TV (2.36)

Now, by estimating 7, the fault distance can be found. The authors claim that the
maximum likelihood method performs better than the correlation method, especially when
the faults have small inception angles. However, this method requires much more computa-
tional time than the correlation method and hence is difficult to implement as a real-time
application.

After 1995, many different algorithms based on travelling wave signals could be found in
the literature, especially using wavelet transform, artificial intelligenée methods and most
recently using high frequency current transients [38]. Some of them are described in section
2.5. Only two other interesting developments are discussed in this section.

Liang et al [39] proposed a pattern recognition technique for travelling wave protection.

The method suggested ways to eliminate problems associated with the standard correlation



27

method suggested in [5]. First, instead of using the correlation method to identify the re-
flecting wavefronts, the authors suggested a pattern recognition technique based on nearest
neighbor method. Then they suggested a composite function which is based on both corre-
lation function and the nearest neighbor method to improve the performance. The neafest
neighbor method states that the pattern of an-input vector is determined by the nearest
space distance between this vector and some reference vectors. The algorithm successively
measures the space distance between the stored section of the first forward travelling wave,
S and the section of backward travelling wave, S;. When d surge with the same shape as
the reference signal arrives, the output of the space distance will give the minimum value.
Before calculating the space distance, the mean values are removed and the signals are

normalized.

|S1(k) — 51|

Si(k) = (G (2.37)
5 _ |S2(k) = Sy
Sy(k) = (S (2.38)

Then the city block distance or Manhattan distance, djs of the two signals is calculated
by
N A ~
du(k) =) _1S1(k) = Sa(k)| (2.39)
k=1

The composite function, ¢.(k) is a combination of dy(k) and the correlation function

(k).
¢(k)

B = Gt o

(2.40)

where the constant C; avoids overflowing when the measured distance is zero. The maximum
¢c(k) can be used to estimate the fault distance. The composite function improves accuracy
of the distance calculation.

In another paper [40], the same authors proposed an adaptive travelling wave protection

algorithm using two correlation functions. This adaptive method allows the protection
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scheme to identify high impedance faults, which a travelling wave protection relay based
on standard correlation algorithm may fail to detect. According to the algorithm, for low
resistance faults, the fault distance is estimated from the standard correlation function,
while for high resistance faults, an auxiliary correlation function is utilized. An adapfive
strategy guarantees that the signal 'v\;ith most prominent feature is taken as the template

to find the correlation, which improves the accuracy and the reliability of the algorithm.

2.5 Other Recent Developments

Power system protection had traditionally relied on the measurement of power frequency
component. Digital technology did allow some new techniques to be investigated. The
directional comparison schemes, travelling wave algorithms, and éther transient based tech-
niques have become popular as ultra-high-speed protection methods. The adaptive protec-
tion schemes have been well accepted due to the improved stability they provide. Methods
that depend on artificial intelligence (AI) and wavelet transforms have shown improved

performance. This section very briefly discusses such recent developments.

Adaptive Protection

Adaptive protection is not a new concept. Time-delay overcurrent relays adapt their op-
erating time to fault current magnitude. Directional relays adapt to the direction of fault
current. These, however, are permanent characteristics of a relay or relay system and are
included as part of the original design or installation to perform a given function. The con-
cept of adaptive relaying is based on the fact that many relay settings are dependent upon
assumed conditions on the power system. With complex interconnected power networks
today, it is difficult to assume some of these conditions. To facilitate all possible scenarios
the protection scheme may have to handle, the actual protection settings in use are often
not optimal for any particular system state. If the relay needs to operate with an optimal

setting for a given condition of the power network, then the setting has to adapt itself to
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the real-time system states as the system conditions change. Phadke and Horowitz [41]
mentioned, “In every phase of the development of a system’s protection, a balance must
be struck between economy and performance, dependability and security, complexity and
simplicity, speed and accuracy, credible vs conceivable. The objective of providing adaptive
relay settings is to minimize compr(;mises and allow relays to respond to actual system
conditions.”

Rockefeller et al showed how the concepts of adaptive relaying can be introduced on
the existing power system [42]. They showed the situations where adaptive relaying can be

used and their advantages:

o Adaptive system impedance model (permits calculation of fault-distribution): Im-

proved relaying reliability and possible avoidance of future line construction;

¢ Adaptive sequential instantaneous tripping (detection of far-end breaker openings):
Faster back-up protection and possible elimination of the need for a second pilotv

scheme;

e Adaptive multi-terminal relay coverage (accounts for changes in infeed ratios): Im-

proved zone 1 and zone 2 settings;

o Adaptive zone 1 ground distance (accounts for large apparent impedance in fault

resistance): Greater sensitivity to high resistance ground faults;

e Adaptive response to defective relaying equipment: Minimizes need for second pilot

scheme and need to take affected line out of service;

e Adaptive reclosing: Faster restoration following incorrect trips, reduced number of

unsuccessful reclosures, reduced shaft fatiguing;

e Variable breaker-failure timing (detects failure to interrupt): Improves back-up timing

margins and eliminates unneeded tripping of back-up breakers;
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¢ Adaptive last-resort islanding (system splitting to isolate generators with manageable
load levels): Improved probability of maintaining units in service to facilitate load

restoration;
¢ Adaptive internal logic monitoring: Improved relaying reliability;

e Relay setting coordination checks (checks coverage and selectivity): Coordination
optimized, starting from existing power system conditions and minimizes operating

constraints.

They showed how the adaptive techniques can be implemented using the slow speed
responses of a SCADA system, in contrast to the high-speed channels used in pilot relaying
between interconnected transmission line terminals.

Horowitz et al presented an analysis of adaptive relaying concepts during the same time
[43]. They defined the adaptive concept as “Adaptive protection is a protection philosophy
which permits and seeks to make adjustments to protection functions in order to make them
more attuned to prevailing power system conditions”. In their paper, they had investigated
the adaptive techniques applied to multi-terminal transmission line protection, relay set-
tings and automatic circuit breaker reclosing control. They showed how the adaptive relay
settings can be used in situations such as pre-fault load effect, cold load pickup, source

impedance ratio, line charging and system asymmetries.

Protection Based on Artificial Intelligence

Artiﬁcial neural networks operate on the assumptions drawn on the behavior of biological
neural networks. An artificial neural network (ANN), or commonly known as artificial
intelligence (AI) provides a viable alternative to modelling nonlinear systems where it is
difficult to obtain a deterministic model to represent the system behavior. ANNs have
advantages as well as disadvantages: the implementation of the ANN does not require

complete understanding about the system behavior and hence can be used in extremely
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complex situations. However, training and testing of ANNs can take a long time and the
accuracy of the network depends on the size and the accuracy of the test set. The solutions
based on ANNs use different methods to increase performance in terms of speed of operation
and efficiency. ANNs have been used in various industries and have proved to be a vital tool
in applications related to power s_ystems. One of the areas of power systems engineering
that gained more attention with use of ANNs is distance protection. A lot of applications
of ANNs can be found in relay literature, but we will only consider three applications for
this discussion.

Sidhu et al [44] presented an ANN based approach to determine the direction to the
fault. The directional discrimination was achieved through a multi-layer feed-forward neural
network. The paper discusses important issues related to the implementation of the ANN:
preparation of suitable training data, selection of a suitable ANN structure, training of the
ANN, and evaluation of the trained network using test patterns. The data for training was
obtained by simulating the power system on EMTDC. During the selection process of ANN
structure, number of layers, transfer function, number of neurons and number of inputs and
outputs had to be chosen appropriately to identify all fault conditions.

Coury and Jorge [45] showed how the magnitudes of the three phase voltage and current
phasors can be utilized in an ANN based protection relay to achieve fast and precise opera-
tion under different fault conditions and changes in the network. The neural network they
used was based on the backpropagation algorithm. The backpropagation algorithm works
by adjusting the weights which are connected in successive layers of multi-layer perceptrons.
The ANN based approach made it possible to extend the zone 1 reach of distance relays,
hence improving the security.

Venkatesan and Balamurugan [46] developed a real-time fault detector for the distance
protection application based on artificial neural networks. The paper describes their ap-
proach to data analysis, feature extraction, software design and simulation, quantization,

performance analysis, hardware design and implementation of the ANN based relay. For
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the software design an ANN simulator has been developed using the C++ programming
language instead of using the commercially available simulators. The hardware implementa-
tion has been done using a single chip with both the preprocessors and the neural processor
on the same chip. The relay could detect faults in the transmission line within one third of

a power cycle from the inception of fault.

Wavelet Transform Methods

In recent years, researchers have developed powerful wavelet techniques for the multiscale
representation and analysis of signals. These new methods differ from the traditional Fourier
techniques. The Wavelet Transform (WT) is of interest for the analysis of non-stationary
signals. It provides an alternative to the classical Short-Time Fourier Transform (STFT)
or Gabor transform. In contrast to the STFT, which uses a single analysis window, the
WT uses short windows at high frequencies and long windows at low frequencies. Wavelets
localize the information in the time-frequency plane; in particular, they are capable of
trading one type of resolution for another, which makes them especially suitable for the
analysis of non-stationary signals [47].

The wavelet transform is an operation that transforms a function by integrating it with
modified versions of some kernel function [48]. The kernel function is called the mother
wavelet, and the modifications are translations and compressions of the mother wavelet.
For a function to be a mother wavelet, it must be admissible. A function g € L*(R) is

admissible if

cq = /oo lG((‘J)Pclw < 0o (2.41)

—_—l
where G(w) is the Fourier transform of g(t), L?(R) is the set of all square integrable or
finite energy signals, and R denotes the real numbers. The constant cg is the admissibility
constant of the function g(t), and the requirement that it is finite allows for inversion of the

wavelet transform. Any admissible function can be a mother wavelet. For a given function
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g(t), the mother wavelet of the transform is assumed to be admissible. Wavelet transform
canbein analog domain (Continuous Wavelet Transform, CWT) or digital domain (Discrete
Wavelet Transform, DWT). The mother wavelets can be orthogonal or non-orthogonal. In
much of the wavelet transform literature, dyadic orthogonal mother wavelets are chosen as
the mother wavelet.

The CWT of a function f(t) with respect to the wavelet function (t) is given by

— b]dt ' (2.42)

Wy f(a,b) = —j—g / " ro!

where a and b are the scaling (dilation) and translation (time shift) constants respectively.

The DWT as applied to sampled waveform f(k) is given by

n kao
\/_ > oyt 7 (2.43)

where the parameters a and b in (2.42) are replaced by o and ka}', k and m being integer
variables.

One important area of application where wavelet transform has been found to be relevant
is power engineering. Lee et al [49] did a literature survey to find application of wavelets
in power systems. They found that wavelet transform can be readily applied to power
disturbance detection and localization, power disturbance data compression and storage,
power disturbance identification and classification, power devices protection and power
disturbance network/system analysis. Robertson et al [50] showed how wavelet transform
can be used to identify the transients on the power system. In this section, we will discuss
few applications of wavelet transform in transmission line protection schemes.

Magnago and Abur showed how the high frequency travelling waves can be identified
with the aid of wavelet transform and how that information can be used to estimate the
distance to the fault [51]. Two different approaches to estimate the fault location have been

attempted. In one method, fault transients at the two ends of the transmission line are
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identified through synchronized recording of transient signals. The recordings are synchro-
nized using a GPS method. Time difference between the arrival of the wavefronts at the
two ends are used to estimate the distance. In the second method only the measurements
at one end are used for the protection. The arrival of the consecutive wavefronts are used
to estimate the distance to the fault. Different algorithms are used in the case of grounded
or ungrounded faults.

Shang et al [52] used wavelet transform to develop a high-speed protection algorithm for
transmission line protection. The wavelet modulus maxima (WMM) was used as a criterion
to detect fault conditions (the absolute local maximum values of the wavelet transform of
the signal are called wavelet modulus maxima). The WMM must satisfy the condition given
by

[Winazz(t)] < ks® (2.44)

Here, Wez2(t) is the WMM of signal z(t), k is a constant, s is scale and « is the
Lipschitz exponent. The polarity of the WMM associated with consecutive wavefronts
is used for the fault identification. Using this method, it is possible to identify special
situations such as switching onto unloaded lines and onto faulted lines.

Yibin et al (53] proposed a way to use wavelet transform to extract the fundamental
frequency components of the three phase signals and use the fundamental components
to calculate the fault location. The wavelet method has been compared with the results
obtained by using the standard Fourier transform methods.

Wai and Yibin [54] investigated a method to use wavelets for high impedance fault
identification. They describe how high impedance faults and capacitor bank switching
can be classified using wavelet analysis filter banks. The filter banks are implemented as
cascaded quadrature mirror filters. The high impedance faults are modelled in an improved
method to yield better simulation results. The wavelet transform of the transient signals

showed different characteristics under high impedance faults and capacitor switching.
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Wide Area Protection

In the early days, the primary function of protective relays was to simply protect the power
system components. However, with the advent of the microprocessor relays, it became ob-
vious that microprocessor relays can provide both protection and measurement functidns.
The ability of new microprocessor relays to communicate with each other and the avail-
ability of broadband communication links allowed them to share information that could be
used for supervisory, control and protection purposes. Because of the advancing technology
of protective relays and their communication capabilities, the new .relays are called Intelli-
gent Electronic Devices (IED) [55]. The high-speed communication links allowed relays to
quickly update their status to each other or to a central control station. This technology
advancements and the time synchronizing capability of GPS are used in the new wide area
backup protection algorithms. Wide area backup protection schemes are considered a pos-
sible solution for preventing blackout situations. We will briefly discuss two methods used
in wide area protection.

Serizawa, et al [56] proposed a wide area current differential backup protection scheme.
The current differential scheme provides a higher selectivity than the conventional backup
protection employing distance relays. The proposed system configuration utilized ATM
transmission networks and time synchronous systems. For the current differential protection
scheme, the current measurements of each busbar and transmission lines and transformers
connected to that bus bar are considered. For the backup protection of long transmission
lines GPS synchronized current measurements were taken at the ends of the line.

Tan et al [57] proposed a wide area backup protection scheme that could prevent cascad-
ing outages in power systems. The backup protection scheme prevents cascaded tripping in
two ways: 1) It determines the precise location of a fault so that only the circuit breakers
necessary to isolate the fault are tripped and 2) It avoids unnecessary trips, due to hidden
failure or dverloading, by blocking the trip signals of conventional backup protection relays.

To prevent cascading trips, a wide area backup protection expert system (BPES) is used.
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BPES is a wide area communication network based protection system designed to protect a
region of the network by providing selective and secure backups. The BPES operates in two
modes: normal and emergency mode. During normal operation, the BPES monitors the
open/ closed states of circuit breakers and the operational response of conventional protec-
tion relays on the network. It changes to the emergency mode when a fault is detected and
decides the best way to isolate the fault if the main protection has failed. The BPES may
block a conventional backup protection relay if necessary. The paper extensively discusses
the implementation details, the possible fault scenarios, and how the BPES can be used for

preventive control of wide area blackouts.



Chapter 3

Theoretical Aspects

3.1 Introduction

The hybrid relay utilizes both travelling wave information derived from the high frequency
transient signals and the impedance calculated from the fundamental components of the
voltage and current signals. Before understanding how the hybrid relay works, it is impor-
tant to have an idea about basic principles behind the travelling wave protection as well as
impedance measurement scheme. In this chapter, we introduce theory behind these algo-
rithms. The theory associated with the travelling wave protection will be discussed first.
In order to simplify the explanation, a single phase lossless line will be used to introduce
the theory. This explanation will then be extended to a three phase system. The travelling
wave theory will be folléwed by an introduction to the impedance algorithm. Finally, we
will discuss how the two algorithms are combined and the operating principle of the hybrid

algorithm.

37
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3.2 Theory of Travelling Wave Protection

3.2.1 Transient Waves

Faults which occur on a high voltage transmission line at an instant of a non-zero voltage
will cause the pre-fault line charge to rapidly discharge. This can generate heavy surges on
the transmission line which will propagate as waves. These waves will travel close to the
speed of light along both directions of the transmission line from the fault point and reflect
at discontinuities along the line, including the fault point itself. The repeated reflection
of these surges or waves produces decaying high frequency voltage and current transients.
Each wave is a composite of frequencies, ranging from a few kilohertz to several megahertz,
having a fast rising front and a slower decaying tail [58]. These composite waves have a
characteristic impedance that will depend on the line parameters. The waves continue to
exist until they are damped out and a new power system equilibrium is reached. In an extra
high voltage (EHV) transmission line, where the line length and the system capacitance
are large, these transients become significant, specially with small resistance in the faulted
network. These transient signals, which will be identified as travelling waves, can be utilized

to detect faults in power transmission lines.

3.2.2 Basic Principles Developed on a Single Phase Model

The principles developed will be for lossless single-phase transmission lines. The lossy case
has to be considered separately. However on EHV transmission lines, the effects of resistance

in the fault loop is minimal and may be neglected in the derivations.

Principle of Superposition

The faulted network can be described using the principle of superposition as shown in
Fig.3.1. The voltage and current signals are measured at the relay location R. Consider a

line to ground fault at point F in Fig.3.1(a). The inception of a fault in the power system will
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cause the post-fault voltage vg and current ig at the relay location R to deviate from the
steady state pre-fault voltage vy and current i%. The deviation signals or the incremental
components can be considered to be generated by switching on a fictitious voltage source
at the fault point with a voltage equal in magnitude and opposite in sign to the pre-fault
voltage at the fault point, and with all other sources suppressed.

The superposition of the pre-fault signals in Fig.3.1(b) and the deviation signals in

Fig.3.1(c) produce the post-fault signals. We then have

vR(t) = op(t) + Ava(t) (3.1)

int) = iglt) + Air®) (3.2

where Avg(t) and Aig(t) are the fault generated voltage and current deviations from the
steady state pre-fault values at the relay location respectively. The deviation signals Avg(t)
and Aig(t) are readily obtained from the measured post-fault voltage vg and current ip
signals by subtracting the sinusoidal pre-fault steady state voltage v and current iz com-
ponents. These superimposed quantities are used in the travelling wave relaying algorithms,
as used by others in the past [5],[26]-[36].

The voltage deviation Avg will depend on the amplitude of the voltage at the fault
location at the instant of the fault, impedance values of the sources and line and the fault
resistance. The magnitude of the initial voltage deviation is maximal for faults occurring
at the moment of a voltage maximum, while it is zero for faults occurring during a voltage
zero. The current deviation Aigp contains an exponentially decaying component commonly
known as a constant dc-offset, the magnitude of which depends on the fault inception angle.
The exponential component is maximal for faults incepted at a voltage zero and zero for
faults occurring at a voltage maximum. The resistance in the fault loop will cause the offset
in thé current signal to decay. These resistances will further reduce the magnitude of both

voltage and current deviations.
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Figure 3.1: Principle of superposition applied to a faulted network

Travelling Waves

To illustrate the travelling wave phenomena, the Bewley Lattice diagram [4] can be used.
Fig.3.2 shows the Bewley diagram of a single phase power system. The transmission lines
connect two sources at busbars A and B to the middle busbar R. The voltage and current
signals are measured at the busbar R. For a relay which protects line RB located at busbar
R, the forward direction is considered as RB and the reverse direction is RA. When a
line to ground fault in forward direction occurs at point F' as shown, the fault generated
wavefronts will travel along both directions of the line from the fault location.

The wavefronts which travel from the fault location F' towards the measuring point R
under a forward fault are known as backward travelling waves. These wavefronts will travel
past R and reflect at busbar A. The reflected waves will then travel back towards the
fault location F'. The wavefronts which travel towards the forward direction from the relay

location R are known as forward travelling waves. When these waves reach F, part of it
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will reflect from the fault point F' while the remaining part propagates towards the busbar
B. These two components are known as reflected and transmitted waves, respectively.
The magnitude of the reflected and tfansmitted wavefronts will depend on the fault
impedance and the impedance of the transmission line. The reflected wave componeﬁts
will travel back towards R again. The wavefronts which travel towards the busbar B from
the fault location F' will reflect from busbar B and reach F again. Part of them will be
transmitted towards R and the other part will be reflected back towards busbar B. The

wavefronts will continue to propagate and reflect in this manner until they are damped out.

Figure 3.2: Bewley lattice diagram of wavefronts generated by a fault

The voltage and current signals on a transmission line can be considered to be a sum-
mation of a backward travelling wave Fy and a forward travelling wave Fy (see Appendix
A). These waves propagate with a constant amplitude at a velocity slightly less than the

speed of light. The am_plitude and the shape of these waves may change in a lossy line. The
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general solution of the wave equation is given by

v(z,t) = Fi(z— at) — Fy(z + at) (3.3)
i(z,1) = Zi (Fi(z — at) + Fy( + at)] (3.4)

where Z. is the surge impedance of the line and ‘@’ is the propagation velocity of the waves
in the line.
If only the incremental components are considered as in 3.1 and 3.2, the fault generated

voltage and current deviations can be expressed as

Av(z,t) = fi(z — at) — fo(z + at) ' (3.5)
Ai(z,t) = ~Z£ [f1(@ — at) + folz + at)] (3.6)

where f; and f; are the backward and forward travelling waves calculated from the incre-
mental components of the voltage and current signals. Hence from (3.5) and (3.6), it can

be shown that

Av(z,t) + Z,.Ai(z,t) = 2.fi(z —at) =5 (3.7)

Av(z,t) — Z,.Ai(z,t) = —2.fo(z+at) =5, (3.8)

The signals S; and S represent the backward and forward travelling waves and will be

used as the backward and forward relaying signals in the travelling wave algorithm.

Forward Fault -

- Fig.3.3 shows the propagation and reflection of waves generated due to a forward fault
on a transmission line. The wavefronts reflect at the fault point F, and the busbars A
and B. The voltage and current signals are measured at busbar R. In order to derive

the mat;hematical equations, the measured signals are considered to be the incremental
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components as described in (3.3) and (3.4).

The first backward trévelling wave f; reaches R at 7 seconds after the instant of fault
inception and will reach busbar A at time 7. The wave f; reflects from busbar A and
travels towards the fault location passing R at time 7. When the forward travelling \;vave
fa reaches F' at time 27, part of it will reflect from F while the remaining part propagates
towards the busbar B. The part of the travelling wave f, that reflected from F (shown as

fir) will reach the busbar R at time 73 and reflect from busbar A at time 37.
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Figure 3.3: The propagation and reflection of wavefronts in a forward fault

As already mentioned, a fault can be described as introducing a voltage source equal in
magnitude and opposite in sign at the fault point, at the time of the fault. If the pre-fault
steady state voltage is given by V} sin(wt + ¢), the voltage deviation Avp due to the fault
is then

Avp(t) = —vgp(t) = —V,sin(wt + ¢) (3.9)

where, vy is the pre-fault steady state voltageiat point F. The voltage waveform is assumed
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to be sinusoidal with a peak value V, = V2Vorns-
If the fault occurs at time ¢, considering the wave propagation times shown in Fig.3.3,
the voltage and current deviations seen at the relay point R can be combined to obtain the

following relationships:

Avp(t) + ZeNigp(t) = Avg(t+ 1) + ZeANip(t+ 1) (3.10)

Avp(t) — Zo.Dipp(t) = Avg(t+71) — Zo.Nig(t + 1) (3.11)

where Aigp is the deviation in current with current measurement taken as positive in the
direction from relay point R to fault location F. 71 represents the travel time for the waves
from F to R.

But at time 71, the forward travelling wave f; is equal to zero at the relaying point.

Hence from (3.8) and (3.11)
AUR(t+T1) — ZC.AiR(t+T1) =0 (3.12)

The condition in (3.9) combined with (3.12) yields

Avp(t) _ % sin(wt + ¢)

Aipp (t) = Z. 7.

Using the above results, (‘3.10) can be solved to give

Avg(t+ 11) + Ze Aig(t + 71) = —2V, sin(wt + ¢) (3.13)

~ By introducing a time shift, from (3.7) we thus obtain

filt+71) = —2V, sin(wt + ¢)

f1(t) = -2V, sin(wt — wry + @) (3.14)
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for 7y < ¢ < 27+471. The backward travelling wave f; is initially independent of the terminal
conditions. If 7, is small compared to the period of the 60Hz signal, for a lossless line, it is

possible to approximate f; of (3.14) to have a constant value of
J1(t) ~ =2V, sin(¢) (3.15)

for the time period 3 <t < 27 + 74.

When the backward travelling wave arrives at the line terminal, the wavefront will
reflect and travel towards the fault again. This reflected wave will have a reduced amplitude
compared to tha,t‘ of the incoming wave depending on the terminal conditions. The reflected

wave will be of the “form”

fa=¢&f (3.16)

for 3 < t < 27 + 75 where £ is the reflection coefficient of the termination. Hence from

(3.15), the forward wave front of f, will have the “shape”
fa(t) = 2V} sin() (3.17)

The shape of this reflected waveform will mainly depend on the terminal characteristics.
For eﬁcample on a lossless line with surge impedance Z,, if an incoming wave of the shape

given in (3.15) reflects from a source consisting of a pure inductance L,
t—T
fa(t) = V, sin(¢) [1 - 26‘(1‘3)‘20] (3.18)

for T2 <t <27+ 75. The high frequency steep signal will be reflected immediately and the

low frequency signals will reflect with an exponential decay.
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time

Figure 3.4: Wave propagation for a reverse fault

Reverse Fault

For a reverse fault with respect to the relaying point R, as in Fig.3.4, the relay first sees
the forward travelling wave fo. The travelling waves will propagate past R along the line
and reflect at the remote busbar B. The first forward wavefront fs reaches R at time 7.
This will reach busbar B at time 7. The wavefront fo will reflect from busbar B and travel
towards the relay location R at time 7o.

If the pre-fault steady state voltage is given by Vj sin(wt + ¢), the voltage deviation Avg
due to the fault then is

Avp(t) = —Vp sin(wt + ¢) (3.19)

If the fault occurs at time ¢, considering the wave propagation times shown in Fig.3.4,
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the voltage and current deviations seen at the relay point R can be combined to obtain

Avp(t) + Zc.AiRF(t) = A’UR(t + 1)+ Z..Aig(t + 1) (3.20)

Avp(t) — ZeDNigp(t) = Avg(t+ 1) — Zc.ANig(t + T1) " (8.21)

where Aigp is the deviation in current with current measurement taken as positive in the
direction RB. 71 represents the travel time for the waves from F to R.
However, initially the backward travelling wave f; is equal to zero at the relaying point.

Hence from (3.7) and (3.20)
A’UR(t-i-Tl) +ZC.AiR(t+T1) =0 (3.22)

The condition in (3.19) combined with (3.22) yields

_Avp(t) _% sin(wt + ¢)

Aigp(t) = Z Z (3.23)
Using the above results, (3.21) can be solved to give
Avp(t+ 1) — Zo. Aig(t + 11) = —2V, sin(wt + ¢) (3.24)
By introducing a time shift, from (3.8) we thus obtain
fa(t) = -2V, sin(wt — wry + @) (3.25)

for 71 <t < 27+ 11. The forward travelling wave fs is initially independent of the terminal
conditions. If 71 is small compared to the period of the 60Hz signal, it is possible to

approximate fo of (3.25) for the period 1 < ¢ < 27 + 71 with

fo(t) = ~2V, sin(¢) (3.26)



48

3.2.3 Three Phase Systems
Background

On a three phase transmission system, when a fault occurs on one conductor, transient
currents will be induced in the healthy conductors due to the mutual coupling between
them. The mutual elements of the surge impedance matrix allow the travelling waves to
couple across the phases. The waves induced on sound phases from the faulted phase travel
between the two ends of the line and subsequently interact with the waves on the faulted
phase [59]. This could distort the waves on all three phases. Due to the coupling effect, the
set of equations describing the propagation of waves on each phase become interdependent.
According to the theory of natural modes [60], using modal transformation a three-phase
coupled line can be decomposed into three independent modes of propagation or three
single-phase lines (see Appendix B). The travelling wave theory applied for a single phase
circuit can be readily applied to the independent modes separately to analyze the faults

and hence to analyze a three phase system.

Modal Transformation

In developing the travelling wave theory for the single-phase system, the line was assumed
- to be ideal (no-loss). In a lossless line, the current and voltage waves are subject to the same
attenuation and have the same velocity at all the frequencies. Attenuation and distortion
are due to resistive elements and the effect of frequency dependent elements in the network.
The frequency dependent, nonuniform distribution of the ground currents due to the earth
conductivity has to be considered when dealing with an actual system. Appendix A discusses
the formulation of travelling wave signals for a lossy line and Appendix B deals with the
voltage current relationship in a three phase system and how the three phase system can

be transformed into three independent single phase systems or modes.
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The relationship between the three phase signals and modal components for voltage and

current signals is given by
()] = [S]fo(™ (2)]

(3.27)
[i(8)] = [QIE™ (¢)] '

where [S] and [Q)] are the voltage and current modal transformation matrices respectively.
[0(™) ()] and [i(™)(£)] are the modal voltage and current matrices. The inverse relationship
is given by ‘

[ ()] = [S]7[v(#)]

[{™) ()] = [Q7 (1))

The modal signals are assumed to have a single propagation velocity for each mode.

(3.28)

The aerial modes will not cause a significant error over the frequency range considered and
hence can be assumed frequency independent. However, for a single phase to earth fault,
the dominant mode of propagation is the earth mode (model). The earth mode parameters
depend on the earth resistivity and may cause significant variations in the propagation
velocity [61]. The ground mode has lower velocity and greater attenuation and distortion
than the aerial modes (mode2 and mode3) because of the frequency dependence of their
parameters. The velocity of waves in aerial modes is close to the speed of light. The
velocity and attenuation of the aerial modes for a fully transposed single circuit three phase
system are identical. In the studies reported in this thesis, a fully transposed transmission
system is assumed and the modal transformation matrices mentioned in Appendix B are
used for the transformation like many others did [5, 31, 34, 33, 35]. Since the earth mode is
frequency dependent and the‘velocity varies with the frequency, the earth mode was found
to be difficult to use for the fault analysis. Hence for deriving the relaying signals, the aerial

mode 2 will be used.
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Travelling Waves in a Three Phase System

To derive the travelling wave signals in a three phase system, the modal components of
the incremental voltage and current are used. The incremental voltage, Av and current,
Ai components are calculated separately for each phase to find the deviation from‘ steady
state components. The modal components of the incremental voltage and current signals
are found by using a modal transformation matrix described in Appendix B. For example,

if the Clarke transformation is considered,

] i 17T

Av) 1 1 1 Av,
1
Av®@ | = 3 2 -1 -1 Ay (3.29)
3 1 1
_Av()_ _O 7 ——ﬁ__Avc
and ) } } o
AiD) 1 1 1 Nig
1
Ai? | = 312 -1 -1 Adp (3.30)
(3 1 1 .
_Az()_ _O 7 —%‘_Azc

The modal voltage components Av(™ and Ai(™ for each mode m can be used to
derive the forward and backward waves for individual modes of propagation. The backward

relaying signal S’§m) for mode m is given by

5™ = Av™ 4 A (3.31)
and the forward relaying signal Sém) for mode m is given by

S5 = Au{™ — Z{m) Al (3.32)

where Avgn) and Aign)_ are the incremental voltage and current quantities of mode m at

relay location R. Z" is the surge impedance for mode m.
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The wave components S* and S3* can be used in the same way as in a single phase
transmission line model described in section 3.2.2. Here onwards in this thesis, the notation
S1 and S will indicate the backward and forward relaying signals that belong to the aerial

mode 2.

3.2.4 Fault Direction
Travelling Wave Functions

The travelling wave functions S; and Sy calculated using incremental components of the
voltage and current signals must ideally have zero magnitude when the power system op-
erates under steady state conditions. Even with the numerical errors associated with the
calculations in practice, they show extremely low values. However, when a fault occurs in the
system, the voltage and current signals deviate significantly from their steady state values
and hence 51 and S will show large magnitudes. A change in magnitude of the travelling
wave signals (from near-zero values) could indicate a disturbance on the line. Depending on
the fault direction and relay location, the sequence in which the signals S; and Sy become
non-zero can vary. The direction of the fault can be determined by the sequence in which
51 and S; exceed a predetermined threshold. If Sy ezceeds a certain threshold before Si,

then the fault is in the backward direction, else the fault is in the forward direction.

Discriminant Functions

The backward and forward travelling wave functions S; and S5 are dependent on the fault
inception angle ¢. In an unlikely situation when a fault occurs near a voltage zero (ie. fault
inception angle is close to zero), the signals S; and Sy will have small magnitudes. Under
such conditions, it might be difficult to detect a fault only using the S; and S, signals.
Identification of fault conditions and direction can be improved by using a method tﬁat will
be independent of the fault inception angle. To improve the reliability in fault detection, a

discriminant function which does not depend on ¢ can be used. The discriminant functions
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are calculated using the travelling wave functions and their differentiations [29]. The back-
ward discriminant function Dp and forward discriminant function Dg for a single phase

system are given by,

1 [d 2

Dp = (AVg + Z..AIp)? + = [E(AVR + ZC.AIR)] (3.33)
1 [d 2

Drp = (AVg — Z..AIg)? + > [EE(AVR - ZC.AIR)} (3.34)

The discriminant functions are initially termination independent and the performance
of the functions do not depend on the fault inception angle. Dp and Dr are zero for
a healthy line and show very high values in case of a fault. The highly decisive nature of
these functions can be utilized to classify forward and reverse faults. If D exceeds a certain

threshold value before Dpg, it is a backward fault, otherwise it is a forward foult.

3.2.5 Determination of Fault Location

The travelling wave relaying signals S; and S2 can be used to determine the direction of
the fault. The relay is set up to operate on a forward fault. However, the relay must
be able to determine whether the disturbance occurred within its zone of protection. To
determine whether the fault is within the zone of protection, the distance to the fault can be
used. The distance to the fault is evaluated using the time difference between an identified
forward wavefront at the relay point and the corresponding wavefront reflected from the
fault point. To match the two wavefronts correlation techniques are used. The correlation
techniques provide a method to distinguish the required wavefront from other surges on
the line. Recently, there has been an increasing interest in applying wavelet transform
methods to detect transienfs. However, it is difficult to find a clear method of choosing a
suitable mother wavelet which could identify different fault conditions. Due to the robust
and simple implementation of the correlation algorithm, a cross-correlation function will be

used to calculate the distance to the fault in the proposed method.
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When a fault occurs, the fault generated wavefronts will propagate along both directions
of the line, as shown in Fig.3.3. The first wavefront f; reaches the relay location at time
71. Since signal Sy is still low at this time, a forward fault is detected. When the signal
S9 goes above a certain threshold at time 79, a forward wavefront is detected at R. Once a
forward fault is detected, the relay starts storing the forward travelling wave signal Sy. This
wavefront Sy is stored in a window of N samples as a reference signal. The storage time
is selected so that the stored signal will contain both pre-fault and post-fault information.
The wavefront fo will reflect at the fault point and a portion of the wavefront will return
to the relay location at time 73. The reflected wave front is identified by matching the
backward relaying signal S; to the stored signal S;. To identify the correct wavefront, the
cross-correlation is found between the stored and returning signals [5]. The time 73 at which
the reflected wave S; matches the stored signal S is estimated by finding the instant at
which the cross-correlation of the two signals shows a peak value.

The distance to the fault can be calculated by,

Tf= L ; 2 4 (3.35)

where a is the velocity of propagation of waves on the line. If the distance z; is less than

the line length, the fault falls within the protection zone of the relay.

3.2.6 Correlation Techniques

Correlation is a measure of a linear relationship between two variables. Correlation can be
readily applied to both random variables and deterministic functions. Correlation methods
are widely used in applications where a signal has to be detected in the presence of noise
(see Appendix C). ‘The correlation technique can be applied to both analog and discrete

signals.
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Correlation in the Analog Domain

The purpose of autocorrelation is to analyze the relation between the values of the same
random process at different times. The autocorrelation function of a time invariant signal

z(t) is defined as

T—oo T

R,(7) = lim —/ t).z(t + 7)dt (3.36)

"This reveals the presence of a recurrence in a random signal. For a periodic signal, the

autocorrelation function is also periodic. R,(7) is an even function;
Ry(7) = Ry(—7) (3.37)

The auto-covariance ®4(7) of signal z(t) shows the correlation of the signal z(t) at

different times, if the signal is made to be of zero mean.
D4(7) = Re(1) —2° (3.38)

"The value of the autocorrelation function without a delay, R.(0), gives the time average

of the square of each value of z, known as mean-square of z.

m@:%/ﬂﬂwﬁ (3.39)
0

The mean square value of the signal can be used to normalize the autocorrelation result

since

R3(0) = Re(7) (3.40)

The cross-correlation function provides the relation between two signals which may be
time shifted. The cross-correlation function of two time invariant signals z(t) and y(t) is
given by

T
R(ﬂwﬁﬁé/x@Mwa | (3.41)
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The cross-covariance function is the cross-correlation of two signals with the mean values

of the signals removed. The cross-covariance function of two signals z(t) and y(¢) is

T
Boy(r) = Tim = [ [o(t) = ) [y(t + ) — Gt (3.42)
T 0

where the mean values of the signals z(t) and y(t) during the time period T are given by

8
I

% /0 ’ z(t)dt (3.43)

i~
i

T
= /O u(t)dt (3.44)

and [z(t) — Z], [y(¢t) — 7] give the deviation of the signal from the mean value within the
period concerned. The covariance function shows the similarity between the high frequency
components of the signals z(t) and y(¢).

If the signals are assumed to be time invariant, (3.42) can be further simplified to (see

Appendix C)
@my(T) = Ra:y('r) -z (3.45)
If y(¢) is time variant,
Py (1) = Ray(7) —T.7(7) (3.46)
where :
1 T
W) =7 [ e+ (3.47)
0

The correlation coefficient oy, is a normalized version of the cross-covariance, and is

defined as the covariance divided by the product of the standard deviations of = and y.

Oay(T) = Bay(r) — 5 (3.48)

Here, —1 < 04y < 1. When |ogy| >~ 1, z and y are said to be highly correlated.
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Correlation in the Digital Domain

In the digital domain, sampled values of the signals are used in place of continuous signals.
The same definitions used in the analog domain can be extended to the digital domain. The

autocorrelation of function z(k) is given by

N
Ru(7) = Yir" > w(kAt).o(kAt + ) (3.49)
k=1

where 7 = m.At and m is the number of samples the two waveforms are shifted from each
other. Here, At is the sampling interval and N is the total number of samples in the time
interval T'.

The cross-correlation function of the two signals z(k) and y(k) is given by
T
Rey(T) = N ,62_31 z(kAt).y(kAt + 1) (3.50)

The cross-covariance function of the mean removed signals z(k) and y(k) is given by

N
By () = Z (kAL) — Z).[y(kAt + T) — F(7)] (3.51)
where
T
T = NZm(nAt) (3.52)
1 n]rfl
g(r) = NZy(nAt—i-T) (3.53)
n=1

The cross-covariance function ®g, 5, can be effectively used to find a match between the
relaying signals S1 and S;. The relaying signals S; and Sy have different mean values on
which the travelling wave signals are superimposed. If the cross-correlation output between

the two signals is considered, it will be difficult to find the correct match due to effect
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of mean values. Hence the mean values are removed to obtain a meaningful correlation
between the two signals. The wavefronts reflected from the fault location will have a sign
opposite to the forward travelling wavefront. In order to obtain a positive peak from ®g, s,
at the time when the two signals match, the sign of S is changed before correlating with S;.
The discrete cross-covariance function (3.54) between the stored signal Sy and the reflected

signal S is given by,

Bs,s,(T) = XN: [Sa(kAt) — So].[S1 (kAL + 1) — §1(7)] (3.54)
NS
where o
=5 T; Sy(nAt) (3.55)
and
Si(r) = Z Si(nAt+ 1) (3.56)
N=

where 5] and S5 are the mean values of the signals S; and Sy in their respective sample
groups. The time shift 7 corresponding to the peak value of ®g, s, can be used to calculate
the distance to the fault. The literature on travelling wave protection uses the term cross-
correlation to refer to cross-covariance mainly because both are used to find correlation
between two signals. Although the two terms have distinct meanings, adhering to the
standard usage, the term cross-correlation will be usedk in the rest of the thesis to refer to

CT08s-covariance.

3.3 Theory of Impedance Measurement Algorithm

3.3.1 Background

Any disturbance on an EHV transmission line has to be identified and cleared from the
system in a time which will preserve system stability. At high voltages, the fault has to

be detected at least within one power frequency cycle and the faulted section has to be
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then isolated. Distance protection schemes based on impedance measurement have long
been used to achieve fast fault detection times. With the introduction of digital techniques
to protection, new methods of estimating impedance emerged [16, 17]. In a digital relay,
the fundamental frequency component of the voltage and current signals are calculated
* using frequency analysis methods. The high-speed microprocessors today are capable of
calculating impedance in real-time at high sampling rates.

The basic principle behind impedance relaying is to calculate the impedance “seen” at
the relay location using fundamental frequency components of the voltage and current sig-
nals [14]. The voltage and current signals must be sampled at a sampling frequency greater
than twice the frequency of the fundamental component, f,,. The sampling frequency, f,
has to be synchronized to any variation in the power frequency for proper estimation of
the fundamental frequency component and in order to avoid ripples. The signal component
with frequencies above f, is considered as high frequency noise for the impedance algo-
rithm. In order to remove the noise, the signals are filtered before sampling. A bandpass
filter can be used to remove most of the noise, but this may introduce additional delay in
the process. The most commonly used are the anti-aliasing filters, which is essentially a low
pass filter. In addition to the high frequency noise, there can be unwanted noise due to the
exponentially decaying components, especially in the current, and sub-harmonics.

Fourier transform based methods can be used to derive the fundamental components of
the voltage and current signals. A one cycle DFT is capable of calculating the fundamental
components, while rejecting any harmonic of the power frequency (see Appendix D). The
introduction of the FFT has made it possible to calculate the fundamental frequency and

the harmonic components on a real time basis.

3.3.2 Impedance Relay Implementation

The task of the impedance relay is to calculate the impedance from the voltage and current

phasors and determine whether the impedance falls within a safe region. If the impedance
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seen by the relay is less than its reach setting the relay operates. The most widely used
distance relays are based on mho characteristics (see Appendix D). The impedance relay
calculates the impedance as seen at the relay location. Under a three phase short-circuit or
phase-phase fault condition, the impedance measured by the relay is equal to the positive
sequence impedance of the line between the fault point and the relay location. A standard
distance relay implementation will have six impedance measuring elements - three for phase
to ground faults and three for phase to phase faults.

Before voltage and current signals are sampled, an anti-aliasing filter removes the high
frequency noise. The fundamental frequency components are extracted from the voltage
and current samples using a DFT filter. Then these fundamental frequency components
will be used to derive the sequence components (see Appendix D). The zero sequence
current is required in the calculation of line to ground impedance and the positive and
negative sequence components may be useful for directional elements. The impedance seen

by the ground element of a three phase system with phases a, b, and c is given by,

Va

Ty = X
" I+ kI (3.57)

where n = a,b, or ¢ and Ij is the zero sequence current. The factor & compensates for the
difference between the positive and zero sequence impedances of the fault loop and allows
the relay to measure the positive sequence impedance to the fault. The factor & is calculated

from
_Zo— Iy

k 7

(3.58)

where Zy and Z; are the zero sequence and positive sequence impedance of the line respec-
tively.

The impedance measured by the phase elements of the relay is evaluated from

T, = (3.59)
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where n,m = a,b,c. The value of Z,,, will be the positive sequence impedance to the fault

when there is a short circuit between phases n and m.

3.3.3 Impedance Zone

The ce;,lculated impedance is a complex quantity; the real part gives the resistive compo-
nent and the imaginary part shows the reactive component of the impedance. When the
resistance R and reactance X are known, the impedance trajectory can be established on
an X-R plane. The zone of protection can be described as a mho circle as in Fig.3.5(a)

along with a straight line representing the impedance of the transmission line.

X X

/o\

prefault prefault

(a) (b)

Figure 3.5: Mho and quadrilateral characteristic of impedance relay

Under normal operating conditions, the measured impedance stays outside the mho
circle. This is shown as the pre-fault point on Fig.3.5. This is an impedance resulting
from a load flow condition and can be calculated from the voltage and current samples.
Under fault conditions, the impedance will fall back inside the mho characteristic. A trip
signal can be issued once the impedance is inside the circle. The impedance locus shows the
sequence of impedances calculated, when the impedance changes from the pre-fault value
| to the post-fault value. The mho circle characteristics can be replaced with quadrilateral
characteristics shown on Fig.3.5(b) to achieve a more flexible protection zone.

A block diagram of the impedance measurement algorithm is shown on Fig.3.6.- It

indicates different stages involved in a digital impedance relay.
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Figure 3.6: Block diagram of a digital impedance relay
3.4 Combined Algorithm

3.4.1 Concept

The motivation behind combining the travelling wave information and the impedance mea-
surement in a single protective relay was discussed before under section 1.3. A protection
scheme based on travelling wave information could fail to detect a disturbance on a trans-
mission line under certain fault conditions. If the fault is too close to the relay location, it
will be difficult to distinguish the successive reflections of the wavefronts between the relay
location and fault point due to the bandwidth limitations in the measuring instruments.
On the other hand, if a single phase to ground fault occurs (in the rare occasion) when the
voltage at the fault location is near or equal to zero, the travelling waves generated will
not contain steep wavefronts. Hence it will be difficult to detect such disturbances on the
line. However, a distance protection scheme based on impedance measurement will move
quickly inside its protection zone for a close-up fault. It is capable of detecting a close-up
fault within a few milliseconds. The need for speeding up the distance relay is towards the
reach point of the relay. In addition, impedance relays can detect faults occurring at the

instant of a zero-crossing.
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A protection scheme which makes use of the positive features of both of these algorithms
will be able to rapidly detect all faults on a transmission line. When the travelling wave
relay detects distinct wavefronts it responds quickly while the impedance relay will act as a
backup in case the travelling wave relay cannot detect steep wavefronts. This will improve
the reliability of the relay while achieving very rapid fault detection in most cases. The
travelling wave algorithm not only detects faults fast, but is also capable of calculating the
distance to the fault accurately. Since the relay operates with the information available at
only one end of the line, it reduces the reliance on a communication channel for the vast
majority of faults on the line. The two algorithms use the voltage and current samples
available through a single set of transducers. There is no need for separate transducers
and A /D converters for the two algorithms. Hence the overall cost of the combined scheme
will be low. The combined features of the two algorithms make it an ultra-high-speed and

reliable relay.

3.4.2 Key Issues

As discussed before, a protection scheme based on travelling waves may mal-operate under
certain conditions. The magnitude of the high frequency transients initiated by a single-
phase-to-ground fault depends on the fault inception angle of the phase voltage and fault
resistance. The travelling waves do not contain steep wavefronts if a line to ground fault
occurs near a voltage zero. Dommel and Michels [29] suggested a discriminant function
(as described in section 3.2.4) to identify faults that occur near voltage zero. The value of
the discriminant function does not depend on the fault inception angle. Mansour [33] later
deyeloped a microprocessor relay based on the discriminant functions to detect faults with
small inception angles. However, the discriminant function does not provide a means for
identifying the fault location.

The other problem area associated with travelling wave protection is related to the

faults close to the relay station. For faults very close to the relay, the travel time becomes
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very small. The signals contain very high frequencies and the relay requires high fidelity
transducers having a wide bandwidth and a linear output throughout the dynamic range.
The small travel times make it difficult to identify adjacent wavefronts and find a matching
reflection through correlation.

On the other hand, the protection resolution for close-up faults will be affected by the
duration of the stored reference So. The duration of Sy (as described in 3.2.5) is inversely
proportional to the wave transit time. The optimum duration (or the number of samples N)
of the stored section of Sy is a concern. As N increases, the protection scheme’s ability to
distinguish between a reflection from the fault and a reflection from a remote discontinuity
reduces. On the other hand, when N decreases, the protection scheme’s ability to distinguish
between waves reflected from the fault and reflections from discontinuities beyond the faults
increases. But a low value of N increases the risk of mal-operation on non-fault transients.
Shehab-Eldin and McLaren suggested a composite correlation reference [34] which includes
both a short section and a long section of reference Sy to detect close-up faults. This
method still showed difficulties in identifying faults very close to the relay due to bandwidth
limitations of the transducers and identifying faults with small inception angles.

However, the impedance relay is capable of identifying close-up faults as well as faults
with small inception angles. The measured impedance moves rapidly inside the protection
zone if the fault is close to the relay location. Hence impedance measurement is a good
alternative for detecting close-up faults. By combining the impedance measurement with
the travelling wave algorithm in a single relay it is possible to rectify the problems associated
with the travelling wave scheme. The main concern in the combined approach is how to
decide which algorithm should issue the trip signal in case a fault is detected by both

algorithms.
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3.4.3 Decision Process

‘The decision to use impedance relay output instead of the travelling wave relay output is
based on several criteria. If the travelling wave relay does not detect a disturbance (this
may happen for faults with small inception angles), the impedance relay automatically acts
as a backup. If the fault inception angle is found to be smaller than a certain value or
the fault is found to be too close to the relay location or the value of the cross-correlation
function is below a certain threshold, the trip decision will be made by the impedance relay.

All these scenarios are discussed below.

Fault Inception Angle

The travelling wave relay finds the matching wavefronts to the stored reference signal Sy
through cross-correlation. In the relay, the cross-correlation process is started only when a
disturbance in the forward direction is detected. The first backward travelling wavefront,
fi1 which appears at the relay location after a disturbance is used to identify a forward
fault (as explained in section 3.2.2). The wavefront f; contains information about the fault
type, fault inception angle, fault direction etc. By analyzing fi, it is possible to find an
approximate value for the fault inception angle.

In (3.15), it was shown that the wave front f; of the backward relaying signal S; is of
the form

S1(t) = —2V, sin(¢) (3.60)

if the pre-fault voltage at the fault location is Vpsin(wt 4+ ¢) and the transmission line is
assumed to be lossless. For a short period of time W, fl may be assumed to stay constant

at this value. Now if the mean square value of S1 within this time period is considered,

w
Rs,(0) =~ % /0 4V;2 sin®(¢) dt

= 4V} sin’(9) (3.61)
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A small value of Rg, (0) will indicate a fault with a small inception angle ¢. If ¢ is close
to zero, the travelling wave relay is disabled and impedance relay output can be used to

trip the breaker.

Close-up Fault

Since the travel time of wavefronts is very short for a close-up fault, the successive reflections
cannot be distinguished in the relaying signals. As a result, the correlation process may
not provide a clear peak corresponding to the fault location. However, for a close-up fault,
the amplitude of the relaying signal can be high (depending on ¢) and may increase rapidly
following a ramp characteristic within the first few milliseconds. The cross-correlation
function output ®g,s, may show several peaks, but may lack any distinct peak. For a close-
up fault, a high dc level can be observed in the correlation output. The mean value ®g,s, of
the cross-correlation function can be used to identify such a situation where there are several
peaks in the output, but without any distinct peak. The output ®g,5, is averaged over a
time period equal to the travel time I' of the transmission line being protected. The average
value ®g,s5, is compared with the root mean square value of the cross-correlation output
®5,5,rms- The ratio A between 55251 and @g,5,rms could be used to identify situations

when the correlation output does not have a clear peak.

®s,5,
by w291
®5231 Tms

1 rl
LT ®g,s,dt
S (3.62)

/ T
%fo ®%251 dt

For a fault very close to the measuring location, A shows a value close to unity. However,

the indication given by A is not always reliable and could show lower values for some close-up
faults.
On the other hand, the cross-correlation output of the travelling wave relay will show

a short fault distance for a close-up fault (the maximum peak among the several peaks
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observed corresponds to this short distance). However, this distance estimation may not be
correct due to low sampling resolution (bandwidth limitations of the transducers). There-
fore, if the fault distance given by the travelling wave relay is smaller than a certain limit,
then the travelling wave relay is disabled. The distance relay based on impedance measure-
ment moves rapidly into the trip :zone for close-up faults. When ) is close to unity or the
fault distance given by the travelling wave relay is below a certain limit, the travelling wave

relay is disabled and the impedance relay output will be activated.

Value of the Correlation Function
In the travelling wave algorithm, the correlation coefficient s, s, is used to find a match

between the signals S; and S;. The correlation coefficient 0,5, is defined as

Rs,5,(1) — 81.55
\/(Rsl 0) — S_12) (sigmaR52 0) — 5—22)

05,5, (T) = (3.63)

Here, —1 < 05,5, < 1. When |og,5,| >~ 1, S; and S, are said to be highly correlated. In
the algorithm, the calculation of g, g, is started once the reference signal S is stored and
will be carried out for a time duration equal to twice the travel time I" of the line. Hence the
operating time of the travelling wave relay depends on the travel time I" and T" depends on
the total length of the line being protected. The positive peak with the maximum amplitude
of 0g,5, within the window 2I" from the instant Sy is stored will be used to calculate the
fault distance X;. bThe magnitude of 05,5, can be affected by the fault inception angle, the
distortion of waveform due to line attenuation, the phases involved in the faulted network
and the fault resistance. To improve the reliability of the relay, only positive peaks above
a certain threshold 1 are considered when finding the peak value of 05,5, within the time
window 2T'. If 05,5, < % within the time window 2T, the impedance relay will be allowed

to make the decision.
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3.4.4 Design Considerations
Combining the Algorithms

The derivation of the travelling wave information from the measured voltage and current
signals and the calculation of impedance -are carried out simultaneously. The travelling
wave relay and the impédance relay use the same voltage and current signals, but what is
useful for one relay becomes the noise for the other. The travelling wave relay depends on
the high frequency transient signals, and hence the 60Hz main frequency component has to .
~ be removed from the measured waveforms. On the other hand, the impedance relay uses
the fundamental frequency component and the high frequency noise has to be filtered out.

The travelling wave signals contain high frequency transients and hence the voltage
and current signals need to be sampled at a high sampling rate. A travelling wave fault
detection scheme must consider transient generated frequencies as high as 5kHz [58]. Hence
the voltage and current signals will have to be sampled with a sampling rate of at least
10kHz according to the Nyquist theory [62]. The frequencies present in the transient signals
might vary depending on the fault location and other line conditions [4, 58].

Since only the fundamental power frequency component is of interest for a distance
relay based on impedance measurement, the impedance relay does not need such a high
sampling rate. When the two algorithms are cascaded, the sampled values used for the
travelling wave algorithm may contain frequency components that will become noise to
the impedance algorithm. In order to avoid sampling the same signals at two different
frequencies, the samples of voltage and current obtained for the travelling wave relay are
decimated to achieve a lower sampling rate for the impedance relay. To avoid aliasing,
the sampled signals have to be filtered using an anti-aliasing filter with a suitable cut-off
frequency before decimation [63]. A one cycle DFT is capable of calculating the fundamental

components, while rejecting any harmonics of the power frequency.
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Block Diagram

A block diagram of the cascaded algorithm is shown in Fig.3.7. The calculations of the two
algorithms are carried out in parallel. The voltage and current signals are sampled at a
rate required for extracting transient information from the waveforms. The same voltage
and current samples are supplied to both travelling wave relay and impedance relay. The
travelling wave algorithm is executed on each sample of the input signal. The input samples
to the impedance algorithm are decimated by a decimation factor Np. The impedance of
the line is calculated only once in every Np samples. This saves the processor time which
can be used for the fast travelling wave algorithm.

In the impedance algorithm, the samples are filtered and decimated before extracting
the fundamental frequency components using the DFT. The extracted 60Hz signals are
used for the impedance calculation. The ground and phase relays calculate the phase to
ground impedance and phase to phase impedance respectively. They also check whether
the calculated impedance falls within the zone of protection set by the mho characteristics.
In the case when the impedance falls within the protection zone, a trip signal is issued.

In the travelling wave algorithm, the delta filter removes the fundamental component
from the measured waveforms to derive the incremental components of the voltage and
current signals. The Clarke transformation is used to obtain the modal quantities. The
modal components of the aerial mode 2 are used to derive the travelling wave signals. The
fault detector checks for possible disturbances in the forward direction. A disturbance is
detected when the values of the relaying signals S; or Sy goes above a certain threshold. The
direction of the fault is determined by the sequence in which S; and S» exceed the threshold
value. In the case when it identifies a forward fault, both correlator and wavefront analyzer
are activated. The wavefront analyzer checks the conditions on (3.61) and (3.62). This
block determines whether the fault inception angle is small or the fault is close to the relay
location.

The correlator stores a reference signal of the forward travelling wavefront S and a
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timer is activated (say at time ¢;). Then it finds the cross-correlation between the stored
reference S5 and the reflections of the wavefronts S; from the fault. The correlator passes
the correlation coefficient pgs, s, to the peak detector. The peak detector finds the maximum
positive peak within a time period set according to the travel time of the line and register
the time (say f3) at which the maximum peak is detected if the peak ié above the threshold
1. The distance estimator uses the times ¢; and ¢» as inputs and estimates the distance to
the fault. If the distance is within the protection zone, a trip signal is issued.

For the protection zone of the travelling wave relay, there is a lower limit and a higher
limit. The lower limit is set to avoid discrepancies arising from distance calculations of close-
up faults and the higher limit is set to avoid faults on the adjacent line being recognized as
internal faults. The wavefront analyzer investigates the initial wavefront S7 and estimates
whether the fault originated with a small inception angle or the fault is too close to the
relay location for the travelling wave relay to give an accurate result. Depending on the
decision of the wavefront analyzer, the algorithm selector determines which algorithm can
be confidently used to issue the trip signal. Even if the wavefront analyzer decides to use
the travelling wave relay, in the case where the fault distance falls below the lower limit,

the trip decision is left to the impedance relay.

3.5 Operating Principle of the Hybrid Algorithm

The distance protection scheme based on impedance measurement moves rapidly into the
trip zone for close up faults. The need for speeding up is towards the reach point of the
relay. The travelling wave relay is capable of quickly detecting faults close to the reach
point of the impedance relay as well as faults beyond the reach point depending on the
maximum distance setting of the travelling wave based algorithm. The maximum setting
of the distance which can be accurately calculated depends mainly on the accuracy of the
measuring transducers. The remaining fraction of the line beyond this setting can only

be covered in a zone 1 time by some kind of inter-trip scheme. Hence the travelling wave
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information will be effectively used to identify faults towards the reach point of the line while
impedance measurement will be utilized to handle the faults close to the relay location. The
output of the two algorithms can be combined in different configurations to satisfy various
protection requirements while improving the reliability and speed of the overall scheme.
In this thesis, we look at two methods (or two algorithms) of combining th;a travelling
wave information with the impedance measurement to achieve reliability and speed in the

proposed cascaded protection scheme.

3.5.1 Algorithm One

The first algorithm investigates how the speed of the primary protection can be improved
while maintaining a high reliability level. Here, the trip decision is always made by the

travelling wave relay except under the following conditions:

e the fault detector completely fails to identify a disturbance on the line. This could
happen when the fault inception angle is zero and the fault is away from the relay

location.

e the wavefront analyzer decides that the initial wavefronts do not carry enough infor-
mation to detect a fault condition. This could happen when the fault inception angle

iS near zero.

e the wavefront analyzer may decide that a fault is too close to the relay location for

the travelling wave measurement.

o the fault distance calculated by the travelling wave relay is smaller than the lower

limit (the upper limit is higher than the reach of the impedance relay)

e the cross-correlation output doesn’t show a clear peak above the set threshold and is

hence unable to estimate the distance to the fault.



72

Under any of the above circumstances, the impedance relay acts as a backup to the
travelling wave relay. A flowchart explaining the first algorithm is shown in Fig.3.8. The
impedance is calculated after every Ng‘ sample. The figure is self-explanatory. If for any

reason the travelling wave relay does not detect the fault condition, the impedance relay

Next sample
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Figure 3.8: Flowchart for algorithm 1
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3.5.2 Algorithm Two

The second algorithm investigates methods of improving the reiay reach and reliability of
the combined algorithm. Here, the trip decision is always “¢riggered” by the zone 2 element

of the impedance relay. The main objectives of the second algorithm are:

e to improve the reliability of the combined protection scheme;

to increase the relay reach;

to accelerate the zone 2 protection of the impedance measurement technique;

to increase the reliability by reducing the dependency on an end-to-end communication

channel.

The measured impedance enters the zone 2 of the impedance characteristic before reach-
ing the zone 1. Therefore, for faults that occur in zone 1, the combination of zone 2 element
and travelling wave information could provide faster operating times than that provided with
the zone 1 of the impedance relay alone. The zone 2 element prevents possible mal-operation
of the travelling wave relay from non-fault transients caused by switching operations. Since
the zone 2 element triggers the cascaded algorithm, the reliability of the protection scheme
is very high, but the fault detection time will be shorter than the primary protection of the
impe.dance relay.

 The faults that occur at the far end of the line have long travel times. The transient
waves generated by such faults will have a low bandwidth. The bandwidth requirement
of measuring transducers are low for such faults. When a fault occurs towards the end
of the line, the travelling wave relay can calculate the distance to the fault accurately.
Therefore, the relay reach of the combined scheme can be extended almost to the far end
of the line. The resolution of the distance measurement will depend on the sampling rate

of the waveforms. With the high sampling rates used in the travelling wave algorithm, it is
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possible to extend the relay reach to about 90%-95% in long EHV lines depending on the
accuracy of the measuring transducers used.

The standard practice in distance protection is to set the primary reach to about 80%
of the line length. A fault on the remaining 20% of the line will fall into zone 2 of the
protection scheme. The zone 2 element in a distance relay involves an added delay to allow
a primary element in the adjacent line to operate first for a fault on the adjacent line which
falls within the zone 2 reach. However, this delay can be too long to maintain the stability
of a highly loaded system. A directional protection scheme with two relays at the opposite
ends of the line connected through an end-to-end communication protocol will be a solution
to improve the fault isolation time. A transfer-trip or permissive signal is used to command
the relay at the remote end of the transmission line to trip the breakers open. The transfer-
trip signal travels via the communication network and when received by the remote end
relay a breaker trip signal is issued.

However, the reliability of teleprotection schemes will depend on the reliability of the
communication channel. Besides, the communication equipment can be very expensive. As
an alternative sblution, the output of the travelling wave relay is utilized to accelerate the
zone 2 element of the impedance relay in the hybrid algorithm. When the calculated distance
of the travelling wave relay shows a fault on the protected line and the measured impedance
enters zone 2 of the impedance characteristic, the zone 2 element is accelerated. This
method not only eliminates the necessity of the costly communication channel, but is also
capable of achieving faster tripping times compared to a teleprotection scheme. An analog
teleprotection scheme using frequency-shifting techniques to transmit the transfer-trip signal
can have back-to-back latencies greater than 10 milliseconds. Adding the operating time of
the remote relay and the propagation delay of the communication channel to this latency
results in higher values for the fault detection time than the combined algorithm.

The Fig.3.9 shows a flow chart of the protection algorithm. Zone 2 acts as the “starter”

-element for the travelling wave technique. If the travelling wave relay is unable to detect
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a fault (in the rare event of a line to ground fault that occurs when the line voltage at the
fault location is zero), the zone 1 or the zone 2 element of the impedance relay will detect
the fault depending on the fault location. If the travelling wave relay fails to detect the
fault in fhe second zone, the zone 2 element will have the standard (eg. 30 cycle) delay. The
hybrid algorithm operates faster than the zone 1 or zone 2 element of the impedance relay
alone. The travelling wave relay enables a. “fast zone 2 element” and allows the impedance
relay to detect faults quickly on almost the full length of the line. The overall result is a

secure and fast protection scheme.
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Chapter 4

Simulation Studies

4.1 Introduction

The ideal approach to study the transient phenomena in a power system is to capture
and record the transients using wide bandwidth transducers and recording equipmeht and
then analyze these waveforms. However, capturing transient signals this way representing
all possible scenarios is not realistic. An alternative technique is to simulate the power
system using a suitable electromagnetic transient program (EMTP). The EMTP programs
available in the market today represent the power system components with realistic models.
These models usually match the main characteristics of the components while keeping the
complexity of the models to a minimum. The power system simulation programs not only
present a convenient way to generate the signals required to analyze a certain feature (eg.
the protection scheme in this case), but also allow the user to study the worst case scenarios
that are unlikely to be generated in the real world.
In order to verify the concept of the hybrid relay discussed in the previous chapter, sim-
ulation studies were carried out on a three phase power system using an EMTP program. A
power network can have many possible system configurations. The main objective here was
to select a more practical system configuration to identify the feasibility of the proposed

protection scheme. Rather than testing the protection scheme on many different configura-
77
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tions, it was decided to choose a single configuration based on a real system and prove the
concept with different fault situations. Since the main application of the hybrid protection
scheme is in EHV long transmission systems, a model based on 500 kV system from Man-
itoba to Minnesota was used for simulation studies. The 500 kV system was modelled as
a simple power system represented by a single circuit, three phase transmission line with
lumped parameter equivalent sources at each line end. The simulations were carried out
using PSCAD/EMTDC T [12] software. This chapter presents the details of the power

system configuration chosen, the simulation studies carried out and the simulation results.

4.2 System Configuration

The three phase power network chosen for simulation studies is based on Manitoba Hydro’s
Dorsey-Forbes-Chisago network which spans from Southern Manitoba to Minnesota. A
detailed diagram of the power network with its main electrical components is shown in
Fig.4.1. The two major 500 kV transmission lines connect the Dorsey and Forbes, and
Forbes and Chisago substations respectively. The Dorsey-Forbes line is 537 km long and the
Forbes-Chisago line is 224 km long. The Chisago substation is connected to King/Kohlman
with a 345 kV double transmission line. The Dorsey-Forbes-Chisago EHV long transmission
network gives a model of a real system for testing the performance of the proposed hybrid
scheme.

For simulation purposes, only the 500 kV transmission system was considered. For sim-
plicity, the series compensation on the two lines were removed. The 345 kV system was
replaced with its lumped parameter equivalent source at the Chisago busbar. When evalu-
ating the surge propagation along a transmission line, the significantly shorter delay within
the windings of a transformer and generator enable these elements to be considered as
- lumped parameter approximations [6]. Hence the power system was represented by a single
circuit, three phase transmission line with its lumped parameter equivalent sources at each

end. The generators were modelled in their three phase equivalent circuit in which the posi-
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Figure 4.1: Network diagram for 500 kV system
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Figure 4.2: Line transposing intervals of the 500kV line

tive sequence lumped reactance was calculated from the fault levels (short circuit capacity).
This short circuit capacity value can be varied according to the simulation requirements.
The overhead transmission lines were assumed to be uniformly distributed along its length
and the line impedance values were calculated, for all frequencies chosen, from the line
physical construction by taking into account the effects of line spacing, conductor geome-
try, conductor internal impedance, and earth return path. The line was considered fully
transposed since the physical line transpositions in the 500 kV line were incorporated in
the simulation model. The line transposing positions are shown in Fig.4.2.

The simplified circuit equivalent used for simulations is shown in Fig.4.3. The trans-
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Figure 4.3: The 500kV three phase power system used for simulations

mission lines were represented with the frequency dependent model available in PSCAD.
The pre-fault conditions were set by using data available from load flow calculations. The
calculations are done in the pu system using a base of 100MVA and system nominal voltage

of 500kV. The line configuration and parameters are given in Appendix E.

4.3 Protection Simulation

The different components of the hybrid relay shown in Fig.3.7 were implemented as library
modules in PSCAD. The modules were programmed using FORTRAN [64] and interfaced
to PSCAD. The PSCAD simulation provides an ideal environment because it analyzes the
discrete numerical data exactly as expressed in the equations describing the protection
algorithm without the distortion or noise associated with the hardware. The voltage and
current signals measured at different locations are available in their discrete format and
hence the error associated with A/D conversion was not considered for simulation. The
PSCAD simulation calculate the voltage and current values at a rate of 256 samples per 60
Hz cycle (15.36 kHz), or in other words, the simulation time step is 65.1us. A sample time
“of 65.11s means that the travelling wave protection has a distance resolution of 9.8km at
the velocity of light. Faults can be applied and timed at any point in the system during the
simulation. The fault path is simulated by a constant resistive element in which the fault
resistance could be varied according to the requirement. Multi-phase faults are assumed to
occur simultaneously on all the faulted phases. The point on wave at the fault inception

can be chosen at will for single phase to ground faults.
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PSCAD generates instantaneous voltage and current signals at different locations. The
voltage and current measurements taken at the relay location are used in the protection
algorithm. The calculations of both travelling wave and impedance algorithms are carried
out in parallel. The signals sampled at 15.36kHz are low pass filtered and re-sampled at
480Hz before using them for the impedance calculations. A third order Butterworth filter
was ‘used for filtering. The down-sampling provides 8 samples per a 60Hz cycle for the
impedance estimation. The procedures involved in the simulation of the travelling wave

and impedance algorithms are described separately below.

4.3.1 Travelling Wave Algorithm

The program calculates the instantaneous values of the incremental components of the
voltage and current waveforms. The incremental signals are generated by subtracting the
measured signals taken exactly one cycle before from the present samples. The incremental
voltage and current phase signals are decoupled into three independent modes (mode 1,
mode 2 and mode 3) using the Clarke transformation matrices given by (3.29) and (3.30).
Since the three phase system is fully transposed and has balanced line terminations, the
effects of frequency dependence of the modal decomposition matrices is ignored. Mode 1
is the earth mode and mode 2 and mode 3 are aerial modes. The earth mode is frequency
dependent, highly attenuated and has a slower velocity compared with the aerial modes.
The distance obtained using earth mode was found to be inaccurate. The aerial modes are
not much affected by the varying ground resistivity over a wide frequency band and give
sufficiently accurate results [59]. In our implementation, the relaying signals of mode 2 are
used for the travelling wave algorithm. Mode 2 has a propagation velocity of 295km/ms
and a modal surge impedance of 2762.

Fig.4.4 shows the three phase voltage and current waveforms, the incremental phase
components, and the incremental modal quantities for a three phase to ground fault at a

distance 325 km away from the relay location (zgr = 325km) on line DF in Fig.4.3. The
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incremental components clearly show the presence of travelling wavefronts in the voltage
and current signals.
The incremental components of the aerial mode 2 are used to derive the relaying signals

Sl and Sg.

SP = Av® 4z A (4.1)

SO =A@~z A (4.2)

where Zc(2) is the surge impedance of mode 2.
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Figure 4.4: The fault transients generated by a three phase to ground fault: zgr = 325km

The fault detector checks for possible disturbances on the transmission line by checking

the sequence in which the relaying signals S; and S5 go above a predetermined threshold.
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When the fault detector identifies a disturbance in the forward direction, it issues a forward
trigger signal that triggers the correlator. The correlator stores a section of the forward
relaying signal S2. A storage window of 10 samples, (N = 10), or in other words a sample
window of duration t,, = 0.651ms was found to be optimal for detecting most of the fault
conditions. |

The storage window includes some samples before and some samples after the fault
disturbance to ensure the best representation of the wavefront. The literature [36] and the
simulations showed that a storage window containing 3 samples before (n, = 3), and 7
samples after the disturbance (n, = 7) was capable of producing clear peaks in the cross-
correlation output. The correlator finishes storing a section of the relaying signal Sy at time
71. The correlator finds the cross-correlation between the stored signal S and sections of
backward relaying signal S;.

The sections of the relaying signals S; and Sy have different mean levels on which
the required travelling wave components are superimposed. To find a useful correlation,
the mean values of the signals S and Sy are removed before finding the cross-correlation.
The cross-correlation function is then normalized to find the correlation coefficient. The
correlation output is calculated for a time period equal to twice the travel time of the line
being protected, 2I' from the instance the correlator finishes storing the signal S,.

Fig.4.5 shows the relaying signals, the forward trigger signal and the correlator output
for the above fault. The forward trigger signal is kept high for a time period equal to 2T
plus the storage time of the signal S, ie a total duration of [2I" + (n,/N)t,]. For the line
DF, 2T" = 3.64ms.

The peak detector finds the positive peaks of the correlator output above a certain
threshold. The threshold was set to 0.25 p.u. to eliminate false peak identification due to
the effect of noise. The maximum positive peak of the correlator output within the time
period 2T isv used by the distance estimator to calculate the distance to the fault. The

time at which the correlator output becomes maximum, 75 corresponds to the distance to
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Figure 4.5: The relaying signal for a three phase fault: zgr = 325km
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the fault. For the three phase fault described above, 71 = 1.63ms, 5 = 3.84ms, and the

calculated distance to the fault zpr = 325.98km.

4.3.2 Impedance Measurement Algorithm

The apparent impedance seen at the relay location is calculated using the voltage and cur-

rent signals. In our simulations, we use 8 samples of voltage and current signals per 60Hz

cycle for impedance estimation. That means, the samples used for travelling wave algorithm

are decimated by a factor of 32. Instead of using a DFT (as shown in Fig.3.7), the FFT

block component available in the PSCAD program was used to extract the fundamental

60Hz components of voltage and current signals. Separate FFT blocks were used to find

the 60Hz voltage, 60Hz current and symmetrical components. The fundamental compo-
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nents were then used to calculate the line-to-ground impedance (ground relay) for each
phase and line-line to impedance (phase relay) for each line pair. The ground and phase
relays check whether the calculated impedance falls within the protection zone. For the
simulations, the protection zone was specified by mho characteristics. The settings for the
mho characteristics were calculated as follows:

Zero sequence resistance of the line, Ry = 0.3211 x 10~3 Q/m

Zero sequence reactance of the line, Xy = 0.1218 x 102 Q/m

Positive sequence resistance of the line, R; = 0.1756 x 104 Q/m

Positive sequence reactance of the liné, le =0.3378 x 1072 Q/m

For line DF, the positive sequence impedance, Z; = 9.43 + j181.4 Q

Positive sequence impedance for primary protection (80%) = 7.54 +7145.12 Q

Sequence compensation factor, k = (Z; — Z1)/Z, = 2.56

Fig.4.6 shows the impedance loci for the ground elements and phase elements. Since the
fault involves the three phases and the ground, all six impedance elements (A-G,B-G,C-

G,A-B,B-C,and C-A) fall within the mho characteristics.

Impedance plane — Ground Relay Impedance plane — Phase Relay
300 300 - .
260 200
100 100}
> [
0 0
-100 A ~100 o "B
v B-G v B-C
o C-G o C-A
=200 -200
~100 0 100 200 300 400 -100 0 100 200 300 400
R R

Figure 4.6: The impedance loci for the three phase fault: RF = 325km
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4.3.3 Combining the Algorithms

Fig.4.7 shows the three phase voltage and current signals and the trip signals issued by the
travelling wave and impedance algorithms separately for the three phase to ground fault
discussed above. The travelling wave relay estimates the distance to the fault to be 325.9
km. Since this is within the protected line length, a trip signal is issued by the travelling
wave relay 5.4ms after the fault inception. The impedance relay detects the fault 11.7ms
after the fault inception. The wavefront analyzer analyzes the first wavefront that appeared
at the relay location to see whether a steep wavefront was created by the fault transients.
For this fault, the wavefront analyzer decides that the travelling wave algorithm can make
a reliable estimation of the fault distance. Since the fault distance is within the reach, the
hybrid algorithm issues a trip signal without waiting for the decision of the impedance relay.
The combined algorithm speeds up the trip decision by 6.3ms in comparison to the case

when only the impedance relay was present.

4.4 Simulation Cases

The operating principle of the hybrid algorithm was explained in the above section using
a three phase to ground fault example. However, the most frequent disturbances present
in transmission networks are the single line to ground faults. The operating principle of
the hybrid relay is similar for single-phase-to-ground faults, but special cases can be found
when the fault inception angle becomes very small. In order to show the operating strategy
of the hybrid relay, several examples are considered here. The reach of thé impedance relay
is set to 80% of the line length while the travelling wave algorithm accepts disturbances
between 15% and 95% of the line.

Fig.4.8 shows the waveforms related to a phase B to ground fault at xgr = 270km. The
fault inception angle, ¢ = 60°. The fault detector identifies a forward disturbance at 0.92ms

after the fault inception. The correlator shows a peak at 3.39ms which corresponds to a
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Figure 4.7: The trip signals issued for the three phase fault: zgrp = 325km

fault distance of 277 km. The wavefront analyzer approves the decision of travelling wave
algorithm and hence a trip signal is issued at 5.2ms. For comparison, the fault identification
time of impedance relay is also provided. The impedance relay identifies the fault at 13.2ms.

Fig.4.9 shows the waveforms related to a phase C to ground fault at zgrr = 195km.
The fault inception angle, ¢ = 3°, which is very small. The fault generated transients do
not carry any steep wavefronts. The fault detector fails to identify a forward disturbance.
However, the measured impedance moves inside the protection zone and the impedance
algorithm detects the fault. The impedance relay identifies the fault after 10.9ms. This
shows that although the travelling wave relay alone would have failed to identify the fault,
the hybrid relay is capable of identifying faults with small inception angles.

Fig.4.10 shows the waveforms of another special case. A phase A to ground fault is
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Figure 4.8: The relaying signal for a phase B to ground fault: zzp = 270km, ¢ = 60°

applied at zpr = 220km. The fault inception angle, ¢ = 154°. The fault detector identifies
a forward disturbance at 0.76ms. However, the correlator does not show a peak above the
set threshold level. The peak at 2.9ms corresponds to a fault distance of 229 km, which is
the correct fault distance, but since the peak was below the correlator threshold that value
is not considered. However, the measured impedance moves inside the protection zone and
the impedance algorithm identifies the fault at 11.9ms.

Simulations were done to observe the behavior of the algorithm under close-up faults.
One such example is shown in Fig.4.11. A phase B to ground fault is applied just 25 km
away from the relay location when the voltage of line B is at its maximum. The wavefronts
from the fault appear at the relay location within the first 100us. The calculated distance

is 38.4 km and this is below the lower limit of 78 km. Hence the travelling wave relay
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Figure 4.9: The relaying signal for a phase C to ground fault: zgr = 195km, ¢ = 3°

is disabled. The measured impedance rapidly moves inside the protection zone and the
impedance algorithm identifies the fault at 5.3ms.

The waveforms for a fault outside the reach of both travelling wave and impedance relay,
but on the protected line is shown in Fig.4.12. A three phase to ground fault occurs close
to the Forbes busbar, 525 km away from the relay location R. The peak of the correlator
output at 3.58ms corresponds to a distance of 526.3 km, but since this is outside the setting,
a trip signal is not issued by the hybrid relay. The impedance loci on Fig.4.13 show that
the calculated impedénces fall outside the protected zone.

Table 4.1 summarizes simulation results of different fault scenarios. Line-to-ground,

- line-to-line, and line-to-line-to-ground faults were applied at different fault locations both

inside and outside the protected zone. The results show that the travelling wave relay always



90

Voltage

Correlator Cutput
1 1] T T T T

021 ]
0 & = = = = = &
=3
& 0.2 E
-04f o CC
i { i ] i 1
Trip Signals from the Individual Relays
s T T T T T
05
ob——e & o a el t 1
0 2 4 6 8 10

time(ms)

Figure 4.10: The relaying signal for a phase A to ground fault: zrr = 220km, ¢ = 154°

detects the faults quickly when steep wavefronts are present. The impedance relay is slow
compared to the travelling wave algorithm, but detects faults under all possible scenarios
within its reach. The overall performance of the hybrid relay is superior to either travelling

wave or impedance relay alone.

4.5 Accelerating Zone 2 Protection

In section 3.5.2, we discussed how the hybrid relay arrangement could be used to accelerate
the zone 2 protection of a distance relay. The hybrid relay is a single-ended scheme, or in
other words, the relay uses the information from only one end of the line. The idea of using
a single-end information is to get rid of the expensive communication channel. In order

to study the behavior of the hybrid relay scheme in the proposed algorithm, simulations
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Figure 4.11: The relaying signal for a close-up B to ground fault: zgp = 25km, ¢ = 90°

were carried out on the 500kV three phase power network mentioned before. The Zone
.1 reach of the distance relay was set to 80% of the line length and the Zone 2 reach was
set to 120%.  To compare the results with the performance of a standard teleprotection
relaying scheme, a teleprotection system was simulated on the same power network. Two
distance relays, R, Ry at the two ends of the Dorsey-Forbes line were connected by a
transfer-trip teleprotection system as shown in Fig.4.14. An analog teleprotection scheme
using frequency-shifting techniques to transmit the transfer-trip signal can have back-to-
back latencies greater than 10 milliseconds. For the simulations, we set the transfer trip
latency at 10ms. The propagation delay of the communication channel was introduced as a
fixed delay. For the line DF, the propagation delay is about 1.8ms if other possible delays

are ignored.
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Figure 4.12: The relaying signal for three phase to ground fault: zgr = 525km
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Figure 4.13: The impedance loci for three phase to ground fault: zrp = 525km
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Table 4.1: Simulation Results

Fault zy ¢° tp tiw t, th Tiw
A-G 325 90 3.84 5.4 14.5 5.4 325.4
B-G 270 60 3.39 5.2 10.3 5.2 277.2
C-G 195 4 - - 10.9 10.9 -

AB-G | 425 - 4.9 5.8 13.5 5.8 421
A-G 220 154 2.9¢ - 11.9 11.9 2291
AC 490 - 5.5 5.96 - 5.96 488

ABC-G 325 - 3.84 5.4 11.7 5.4 325.4
B-G 25 270 - - 53 | 5.3 -
C-G 245 45 3.0 5.1 9.3 5.1 239.2

AC-G 95 - 1.6 4.7 7.2 4.7 95.7

ABC-G 525 - 5.9 - - - 526.31

zy = The distance to the fault

¢ = The fault inception angle

tp = The time at which the peak of correlator output occurs

ttw = The fault detection time of the travelling wave relay

t; = The fault detection time of the impedance relay

tn = The time at which the hybrid relay issues the trip signal
Ztw = The distance calculated by the travelling wave relay
TThe correlator peak is below threshold

I1The calculated distance outside the reach

Let us consider a three phase to ground fault to demonstrate the operating principle of
the algorithm. The fault occurs at a location 500 km away from D towards F. The voltage
and current signals seen by the relays R;, and Ry are shown in Fig.4.1‘5.

‘The loci of the impedance seen by the two relays R; and Ry are shown in 4.16. The
impedance calculation of the relay R; falls inside zone 2 while the impedance loci of the
relay at the other end enters inside zone 1.

Fig.4.17 shows the relaying signals of the travelling wave relay, the correlator output,
and the various trip signals issued by relays at both ends of the line. The fault detector

detects a forward fault 1.7ms after the fault occurred. The correlator output shows a peak
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Figure 4.15: The fault transients generated by three phase to ground fault: zgr = 500km



95

Impedance plane — Ground Relay R1 Impedance plane — Phase Relay R1
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Figure 4.16: The impedance loci for three phase fault: Tpr = 525km, (a) R; (b) Rs

signal at 5.6ms which corresponds to a distance of 507 km. Since the calculated distance
is on the line, the travelling wave relay issues a trip signal at 6.0ms, but the hybrid relay
waits for the trip signal from the zone 2 element of the impedance relay. The calculated
impedance enters the zone 2 of relay R; at 10.5ms and hence the hybrid relay issues a trip
signal at 10.6ms. The impedance calculated by relay Ry at the remote end falls within its
zone 1 after 8.5ms. After the delay involved in communicating the trip signal, the transfer
trip signal arrives at relay R; at 20.5ms.

Table 4.2 summarizes simulation results of different fault scenarios of algorithm 2. Line-
to-ground, line-to-line, and line-to-line-to-ground faults were applied at different fault lo-

cations both inside and outside the protected zone. The simulation results show that the
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hybrid relay can detect faults faster than a teleprotection scheme when steep wavefronts are
present in fault transients. When a fault on the line falls in zone 2 of the impedance relay
and the travelling wave relay does not detect the fault, a 30 cycle delay is introduced to the
zone 2 trip signal. By using some kind of an inter-trip signal, such faults can be cleared
within a satisfactory time. The overall performance of the hybrid relay is superior to either

travelling wave or impedance relay alone.

Table 4.2: Simulation Results IT

Fault Ty ¢° iy tiw t.o ta th, t, tip Ty
A-G 32561 35 | 383 54| 84 9.5 84 | 10,5 22.5| 325.4
B-G 500 | 270 | 5.8 | 6.0 | 14.7 - 147 64 | 183 | 507.1
C-G 420 | -3 - - 10.2 | 16,5 16.5 | 11.2 | 23.2 -
A-G 470 | 174 - - 10.1 - 411 | 10.1 | 22.0 -
B-G 445 240 | 5.0 | 58| 13.6 - 13.6 | 7.4 | 19.4 | 449.7
C-G 95 50 1.5 | 4.6 9.0 11.1 9.0 - - 95.7
AC-G | 525 - 59 | 6.0 12.2 - 122 | 5.9 | 17.9 | 526.2

ABC-G | 500 - 5.7 | 6.0} 10.5 - 10.6 8.4 | 204 | 507.1

zy = The distance to the fault

¢ = The fault inception angle

tp = The time at which the peak of correlator output occurs

ttw = The fault detection time of the travelling wave relay

tz2 = The fault detection time of the zone 2 of the impedance relay R;

le = The fault detection time of the zone 1 of the impedance relay R

t; = The fault detection time of the zone2 of the impedance relay Ro

tn = The time at which the hybrid relay issues the trip signal
ttp = The time at which the transfer trip signal of R; is received by R;

Ty = The distance calculated by the travelling wave relay
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Chapte‘r 5
Laboratory Prototype

5.1 Introduction

A laboratory prototype of the hybrid relay algorithm was developed to test the real-time
performance of the relay. One of the main aspects of the design was to keep the cost of
the relay as low as possible. Choosing and designing hardware and software capable of
handling the extensive calculations in real time while keeping the cost low was a difficult
task. It was decided to develop the prototype with the hardware resources readily available
in the industry, identify their limitations and study the requirements for the final prod-
uct. Several configurations were attempted and numerous technical difficulties had to be
addressed before the final implementation. The simulation algorithms had to be modified
and special calculation procedures had to be chosen to decrease the processing time. In this
chapter, the hardware and software aspects of the laboratory prototype implementation are
discussed. The biggest challenge faced during the implementation was capturing voltage
and current signals at high sampling rates required for the travelling wave relay and hence

more emphasis will be made to the details of the data acquisition system.
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Figure 5.1: A typical digital relay configuration
5.2 Design Considerations

5.2.1 System Requirements

The simulations in the previous chapter were done in an ideal environment. The voltage
and current signals measured at the relay location were in their discrete format and hence
the error associated with the measuring process was not considered. Some knowledge about
signal acquisition for digital relaying is useful for the design process. Fig.5.1 shows the main
components associated with signal measurement.

The current and voltage at the relay point are measured with current transformers
(CT’s) and voltage transformers (VT’s) respectively. The current transformers usually have
a bandwidth of several hundred kilohertz [8]. In EHV lines, the voltage is usually measured
using capacitive voltage transformers (CVT’s). CVTs have a limited bandwidth and show
a linear frequency range of about 1kHz [9]. Hence the measured voltage waveforms will lack
the information of the high frequency transients. The recently developed optical voltage
transformers (OVT) have high bandwidths and are capable of reproducing a fairly accurate
replica of the high frequency wavefronts [65]. For transient based protection schemes used
in EHV lines, OVT must be preferred over CVT. The magnitudes of the measured signals
on the secondary side of the voltage and current transducers are further reduced using
secondary transformers in order to bring the signal levels down to acceptable levels for

microprocessor relays. All these stages in the measuring process introduce noise to the
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measured signal. In order to improve the signal to noise ratio, high fidelity transducers
must be used.

No signal is truly deterministic and therefore in practice has infinite bandwidth. How-
ever, the energy of higher frequency components becomes increasingly smaller so that at
a certain value it can be considered to be irrelevant. For an impedance relay the signals
above 60Hz become noise, but a transient-based relay needs information contained in the
high frequency transients. The signals used for the travelling wave relay need not have an
upper limit for the frequency since the correlator compares the shape of the stored reference
with the reflected signals. However, analog to digital conversion will introduce an aliasing
effect due to the sampling of the continuous signals. In order to reduce the effect of aliasing,
the signals used for the travelling wave relay should have an upper limit in the bandwidth.

The amount of aliasing that can be tolerated is eventually dependent upon the resolution
of the system. If the system has low resolution, then the noise floor is already relatively
high and aliasing does not have a significant effect. However, with a high resolution system,
aliasing can increase the noise floor considerably. One way to prevent aliasing is to increase
the sampling rate. However, the maximum sampling rate is limited by the type of data
converter used and also by the maximum clock rate of the digital processor receiving the
data. Therefore, to reduce the effects of aliasing, analog filters must be used to limit the
input signal spectrum.

For faults on a high voltage transmission line, the transient signals can have a bandwidth
as high as 5kHz [58]. It was decided that considering frequencies below 5kHz is quite
adequate for travelling wave measurements. Hence signals above 5kHz will have to be
filtered out in the prototype implementation. Hence the sampling rate has to be at least
10kHz. For the implementation, it was decided to consider a sampling rate of at least three
times the Nyquist rate. In order to calculate the fundamental frequency component using
an Fast Fourier Transform (FFT) algorithm, the number of a samples within one 60Hz

cycle has to be a poWer of two. It is quite adequate to use 8 samples/cycle to calculate
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the 60Hz signals. With a sampling rate of about 15kHz and a suitable decimation factor, 8
samples/cycle can be obtained. It was found that a decimation factor of 32 and a sampling
rate of 256 samples/cycle (15.36kHz) was suitable for our application.

The voltage and current transducer outputs are captured by the sample and hold circuit
at pre-specified time instances. These samples are then converted to discrete values by an
analog to digital converter (ADC). The ADC chosen must have a linear gain throughout
the input voltage range, and should not have any offset or non-linearity errors. When
nonlinearity errors are present, the values on the actual transfer function of the ADC can
deviate from a straight line. The analog input to an ADC is a continuous signal with an
infinite number of possible states, whereas the digital output is by its nature a discrete
function with a number of different states determined by the resolution of the ADC. Hence
some information can be lost and distortions may be introduced into the signal. This is
known as quantization noise. A high resolution ADC minimizes the effect of quantization
noise. However, the cost of the ADC increases with the increase in resolution. Analysis
of the waveforms showed that an ADC having a 12-16bit resolution can provide adequate
resolution while keeping the cost down.

The travelling wave algorithm needs to analyze information as high as 5kHz. Hence
an ADC which supports a sampling rate of at least 10kHz per channel has to be chosen.
For a three-phase system, the A/D board must have at least six analog input channels to
measure the three voltage and three current signals. All six channels must be sampled
simultaneously to facilitate the recognition of the relative position of the wavefronts. In
addition, the system must have a digital output to be used for the trip signal.

The sampled voltage and current signals are then sent to the microprocessor for pro-
cessing. A high-speed digital signal processor (DSP) capable of handling the extensive
calculations involved in the hybrid algorithm has to be chosen to implement the proposed
system. The processor must be able to carry out the calculations of the two algorithms in

parallel in real time. Rather than considering a configuration with parallel processors, it
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was decided to go for a fast single digital signal processor board due to the simplicity in
handling data. A parallel processor configuration would require special software routines to
handle the inter-processor communication and hence the implementation can become very

complex.

5.2.2 Relay Test Setup

Fig.5.2 shows a typical laboratory test setup of a digital relay. The waveforms related to
fault situations are generated by an EMTP software like PSCAD if data recorded in a real
system is not available. The voltage and current waveforms are then regenerated as analog
signals using a playback system such as Real Time Playback (RTP) [66]. The waveforms
' frbm the playback generator are sampled and converted to discrete values by the ADC
(data converter). The sampled data is then processed in the DSP which performs the relay
algorithms. A host processor is used for configuring the DSP and monitoring the relay
status. When a fault is identified, a trip signal is sent back to the playback generator which

accepts it as a digital input and records the trip time.

Waveform Playback Data DSP
Generator System Converter (Relay) Interface
(Host Processor)

Figure 5.2: Laboratory test setup of a digital relay

- 5.3 Choice of Hardware and Software

One of the main objectives of the hardware implementation was keeping the cost of the final
. product as low as possible. At the same time, the chosen hardware must be capable of han-

dling high sampling rates and processing requirements. Hardware already available in the
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laboratory was examined first to assess their capabilities and identify the special hardware
and software requirements that could emerge when the two algorithms are combined. Once
the resources already available in the laboratory were found to be inadequate, alternatives
were considered. The configuration selected not only depends on the speed of the signal
processor, but also on the availability of data acquisition systems, user-friendliness of the
software and previous experience on the products from a particular manufacturer.

The sections to follow discuss the different configurations considered for the implemen-
tation of the relay prototype, and the reasons for the failure of some of them. Four different

configurations were tested during the development phase:
1. Spectrum Dakar board with DL3-A1 ADC
2. Texas Instruments TMS320C6711 DSK with THS1206 ADC
3. Texas Instruments TMS320C6711 DSK with TLV2548 ADC

4. Texas Instruments TMS320C6711 DSK with ADS8364 ADC

5.4 Spectrum Board Configuration

5.4.1 Spectrum Dakar F5 Carrier Board

Spectrum Dakar F5 board [67] provided as a grant by the Canadian Microelectronics Cor-
poration (CMC) under a product evaluation program was considered as an option to imple-
ment the relaying algorithm. This board was used to identify the main requirements of the
real-time prototype. Dakar F5 is a configurable DSP platform based on Spectrum Signal
Processing Inc.’s Dakar boards and has an embedded Texas Instrument (TI) TMS320C44
processor [68]. The board is supported with Spectrum Signal Processing Inc.’s Software
Development Kit (SDK) [69]. The configuration utility tool box [70] was used to generate
configuration files for the DSP system. The code was generated using Texas Instruments

Code Composer Studio (CCS) integrated development environment (IDE) [71]. The CCS
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allows the users to edit, build, debug, profile and manage projects with its MS-Visual C++

like single unified environment [72].

Specifications for Dakar F5:

- Embedded TMS320C44 50MHz processor

- Up to 50 MFLOPS, 25 MIPS performance

- Scalability up to 4 parallel processors

- 2 general-purpose timers

- 6 channel DMA coprocessor

- IMByte SRAM memory for Node A embedded processor
- 32-bit PCI interface with 132 MBytes/s peak transfer rate
- 10 external COMM ports (8-bit parallel communication ports)
- JTAG real time debugging interface

- On-board DSP-LINK3!connector module

- TIM-402compliant code boot-strapping through onboard EPROM

5.4.2 Spectrum DL3-Al

Choosing a signal acquisition system with six or more analog inputs and which could be
interfaced with the Dakar F5 board was challenging. Finally, Spectrum Signal Processing
Inc.’s DL3-A1 DL3ADA100 Analog Module [73] was selected as the analog to digital con-
verter. This is an add-on board that connects to Dakar board via a DSP-LINK3 module
connection [74]. The module acts as a slave on the DSP-LINKS bus. The DL3-A1 provides
four analog input channels and two analog output channels. The objective was to stack two

DL3-A1 analog modules in parallel on the two DSP-LINK3 ports to obtain the six inputs.

'DSP-LINKS3 is an open standard for 32-bit 40 MByte/s I/O interface from Spectrum Signal Processing
Inc

>TIM-40 modules define a family of DSP modules, based on TMS320C4x processors, designed for use in
multiple DSP systems
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The analog front end of the DL3-A1 has built-in adjustable input anti-aliasing filters and

output smoothing filters. The gain and offset of the input signals can also be adjusted.

Specifications of DL3-Al:

- Four analog input channels and two analog output channels

- 100kHz, 16-bit converter

- DSP-LINKS interface

- Triggered by on-board timer or external trigger input

- Input/output range: £10V

- DC or AC coupled input configuration

- Offset and gain adjustment

- Input anti-aliasing filters (6 pole Butterworth : 340Hz-49kHz)

- Output smoothing filter (single pole : 50kHz)

5.4.3 Limitations of Dakar Configuration

The Dakar board configuration showed several difficulties during the implementation of
the relay algorithms. The communication between the host processor and the DSP was
intricate. The data handling functions available in the SDK were integer based and exchange
of floating point numbers involved longer time periods due to the conversion time delays.
The library module provided with the SDK was not sufficient for certain requirements
such as handling the interrupts. The processor speed (MFLOPS) of C44 was found to be
inadequafe to handle the calculations of both algorithms in parallel. In addition, interfacing
the DL3-A1 analog module to the Dakar board as expected was not feasible. We realized
that the stacking of analog modules to obtain six channels could cause contention in the

DSP-LINK3 bus. Hence, it was decided to search for another DSP configuration.
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Figure 5.3: Functional block diagram of the C6711
5.5 Texas Instruments C6x Configuration

5.5.1 C6711 DSK

Texas Inst%rument’s C6711 Digital Signal Processor Starter Kit (DSK) was considered as an
alternative to the Dakar board. DSK provides an excellent basis for developing prototypes.
The C6711 DSK has an embedded TMS320C6711 floating point digital signal processor
[75, 76]. The TMS320C6711 processor is based on very-long-instruction-word (VLIW) ar-
chitecture and is faster than the TMS320C44 processor. In addition, the C6711 DSK costs
less compared to the Dakar board and has a lot more attractive features [77].

The C6711 DSK is a parallel port interface platform and the host machine is connected
to the DSK through the HPI. The basic functional block diagram of the TMS320C6711 is
shown on Fig.5.3 3,

The C6711 DSK provides dual DSP clock support (see Appendix F), which allows

the CPU to run at one frequency and the EMIF to operate at another frequency. This is

3The figure was obtained from [78]
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important in interfacing daughtercards to the DSP at data rates required by the application.
One of the McBSP ports is connected to an onboard codec and the other can be used to
interface a daughtercard connected to the expansion peripheral interface. The EDMA
controller is directly connected to the two McBSP ports and EMIF. This allows the EDMA
controller to control and access a daughtercard without interrupting the CPU, a very useful

feature that helps to reduce the workload of the CPU.

Specifications of C6711 DSK:

- 150 MHz clock speed

- Operating speeds up to 900 MFLOPS

- PPC interface to standard parallel port on a host PC (EPP or bi-directional SPP)
- Eight 32-bit instructions/cycle

- 6 ALU’s and 2 multipliers

- 16MB of 100MHz SDRAM

- 32-bit external memory interface (EMIF)

- 16-bit host-port interface (HPI) access to all DSP memory

- 16 EDMA channels with simultaneous data handling capabilities
- 2 multi-channel buffered serial ports (McBSP)

- 2 general-purpose timers

- Phase-locked-loop (PLL) clock generator

- 128KB of EPROM

- HPI and 32-bit ROM boot modes

- L1/L2 memory architecture

- 16-bit audio codec

- Expansion memory and peripheral connectors for daughterboard support
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5.5.2 Programming the DSK

The software development for the laboratory prototype involved several tasks:
¢ developing a software interface for the communication between the host and the DSP
e interfacing a chosen ADC to the DSK for the real time signal acquisition
e creating efficient relay algorithms to improve DSP performance

e developing a graphical user interface (GUI) to monitor the relay performance and

adjust the relay settings.

A host (a stand-alone PC) can access the HPI of the C6711 DSK through its parallel port.
The host-DSP software interface had to have provisions for downloading the DSP code,
reading DSP memory locations and interrupt information, and uploading and downloading
data between the host and the DSP. The C6711 DSK allows interfacing both serial and
parallel data acquisition daughtercards. Serial daughtercards are interfaced through the
multi-channel serial ports (see Appendix F) while parallel daughtercards are connected
through the external peripheral interface (EPI) by configuring the EPI pins to act as general
purpose input/output (GPIO) pins. The relay algorithms were optimized for fast execution

‘and hence the compilers had to be configured to optimize the execution speed.

Code Composer Studio

Texas Instruments Code Composer Studio Integrated Development Environment (CCS
IDE) for C6x was used to program the DSK. The CCS extends the basic code genera-
tion tools of TI compilers with a set of debugging and real-time analysis capabilities [79].
The CCS IDE supports all phases of the development cycle shoWn on Fig.5.4. The Cé6x
version of the CCS [80, 81] provided more flexibility and debugging features than the CCS

version for C4x chips. The in-built C-compiler and C and Assembly language debuggers
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help easy debugging of the codes, code optimization for speed and accessing the CPU regis-
ters [82, 83]. Texas Instruments also provided TMS320C6000 Chip Support Library (CSL),
which is a set of application programming interfaces (APIs) used to configure and con-
trol all on-chip peripherals and run-time support libraries (RSLs) that are used during the

execution stage [84, 85].

Code & Build Debug Analyze
Design create project, syntax checking, real—time
; - . — . - .
conceptual planning write source code probe points, debugging,
configuration file logging, etc. statistics, tracing

A i 4

Figure 5.4: CCS development flow

The GUI of the relay runs on a PC. The GUI shows the voltage and current waveforms,
protection coordinates of the impedance relay, the relay status and in case of a fault, the
trip signals, impedance loci and the estimated distance to the fault. Developing the GUI
and interfacing the PC to the DSK required knowledge about Windows programming and
parallel port interfacing. At the beginning Visual C+-+ [86] along with the C6x CCS
studio was used to develop the GUI and interface the parallel port of the PC to the HPI
of the DSK. Although using Visual C+-+ was possible, programming the GUI with C++
became strenuous. In order to shorten the relay algorithm development time and the GUI
implementation time, an alternative software package called Hypersignal RIDE (RIDE) was
used [87].

RIDE

RIDE is a program capable of both simulating algorithms in a graphical environment using
a library of software building blocks or from the same environment, running the algorithms
directly on a DSP board [87]. RIDE provides libraries for both DSP-based and PC-based
analysis. It also supports user-written and user-defined functions or algorithms. RIDE was

used for simulation, analysis, and design of the relaying algorithms.
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We used a component based approach in developing relaying algorithms which was
supported by RIDE. This was accomplished by the utilization of dynamic link libraries
(DLLs) that were designed to run with RIDE. These DLLs (or block DLLs) were designed
to do specific tasks. The blocks were then connected together according to the data flow
between them. Only the required components that were not included in the standard library
of general blocks and the standard library of DSP blocks of RIDE [88] were additionally
created. Fach created block has two parts associated with it; a DLL file that runs on the
host and an object code that runs on the DSP. The block DLL is responsible for data transfer
from the host to the DSP. The host program or the DLL was created using Microsoft Visual
C++ version 6.0 [89]. To create the object code that runs on the DSP, C6x CCS was used
[80].

To create the relaying algorithms using RIDE, the real-time function blocks were ar-
ranged according to the requirements of the algorithm on a worksheet under the RIDE
graphical user environment. The function blocks were connected to establish the data flow
and then the parameters of the blocks were set. The parameters were selected to set DSP
resources and handle synchronization, interrupt, and profile configurations. The real-time
block functions in a worksheet communicate with the DSP board driver and other blocks to
transmit data flow information. The DSP board driver performs the linking of DSP object
files, downloads code, data, and parameters to DSP memory, controls the execution of the

DSP, monitors DSP activity, and provides DSP resource allocation information.

5.5.3 Choice of Analog to Digital Converters for C6711 DSK

To acquire the three voltage and three current signals required for the relay algorithm,
an analog to digital converter having six or more channels, which can be interfaced with
i:he C6711 DSK, had to be chosen. Texas Instruments provided several daughterboards
which could be directly interfaced with the C6711 DSK through the EMIF and peripheral

connecter [90]. However, at the time the search for ADCs started, it was not possible to find
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a unit with six or more channels from the selection of TI daughterboards. Hence, third-party
companies had to be sought for their products which satisfied the above requirements. The
cheapest solution that could be found through web search was Signalware Corporation’s
AED-106 board. In this board, four Texas Instruments THS1206 data converters [91] were
multiplexed in a single configuration and hence provided 16 analog inputs and 24 digital
1/0. However, AED-106 was considered expensive for this implementation. That could have
made the overall cost of the relay high. Thinking along the design of the AED-106, it was

decided to use THS1206 for data acquisition.

5.6 THS1206EVM Analog to Digital Converter

THS1206 is a four channel 12bit 6MSPS simultaneous sampling data converter. An inte-
grated 16 word deep FIFO allows the storage of data in order to take the load off of the
processor connected to the ADC [92]. Fast data throughput is achieved with the integrated
FIFO.

Specifications of THS1206EVM:

- High-Speed 6MSPS ADC

- 12-bit resolution

- 4 single-ended or 2 differential inputs
- Simultaneous sampling channels

- 16 word, 12-bit integrated FIFO

- Parallel glueless uC/DSP interface

The block diagram of the THS1206 with the inputs and outputs is shown in Fig.5.5 4.
The THS1206EVM has a parallel interface and is connected to the C6711 DSK through the
common connector interface [78]. Interfacing an ADC having a parallel interface to a DSP

can become complex compared to an ADC equipped with a standard serial interface and

“The figure obtained from [91]
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Figure 5.5: THS1206 block diagram

usually there are many ways to build the interface. In our implementation, the read and
write inputs (RD, WR) and the programmable control signal DATA_AV were used to read
the data from the THS1206 to the DSK [93]. Fig.5.6 shows the signals associated with the
connection of EVM to the DSK.

In order to program the THS1206 into the desired mode, two 10-bit wide internal control
registers (CR0O, CR1) were used. Several steps had to be followed to program the registers.
The THS1206 was reset at the beginning of initialization by writing 0x401 to CR1. Then
the reset was cleared by writing 0x400 to CR1. The user configuration required for sampling
four channels was written to CRO and CR1 after that. The write access was required to
reset and configure the THS1206 to the desired operation mode. The read access transferred

converted samples from the THS1206 to the DSP. The conversion clock was generated by
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THS 1206 TMS320C6711
AIN1 — AINP CSO = CE1l
AIN2 > AINM CS1 = EA20
AIN3 —— BINM . _
RD = ARE
AIN4 — BINP
WR |- AWE
DATA_AV » EXT_INT4
DATA = - = DATA
CONV_CILK |- TIMER

Figure 5.6: Connecting THS1206 to the C6711 DSK

timer0 of the DSK (see Appendix F). It provided a clock signal with a 50% duty cycle. The
conversion synchronization was achieved by connecting interrupt EXT_INT4 of the DSK to
DATA_AV signal of EVM. When EXT_INT4 becomes active, the DSP is directed to execute
the interrupt service routine (ISR) dedicated to the interrupt 4. ISR allows the processor
to perform other functions, until an off-chip device needs attention. When an interrupt is
detected, the processor checks to see if any interrupts are enabled; if it finds that a particular
interrupt is enabled, it looks in the interrupt vector table for the next instruction, which
is typically a jump instruction to an ISR. In THS1206, new samples are automatically
written to the FIFO with every falling edge of the conversion clock (CONV_CLK). Hence
write, read, and trigger pointers were used to control the writing and reading processes.
The converted values were written to the circular buffer in a predefined sequence (autoscan
mode). The trigger level was set to 4 for the circular buffer in order to obtain the sample
values of the four channels ’at every sampling step to continuously sample the four input
channels at 15.36kHz. More information about these registers can be found in [91].
THS1206 was able to read data from four analog input channels at 15.36kHz. How-
ever, extending the four channels to six using two boards was not straightforward. The
C6711 DSK did not have a method to physically connect two THS1206EVM boards. An

intermediate hardware board has to be designed to direct the data from the two boards to
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the DSK. To do that, the timing of the DATA_AV signals from the two boards has to be
synchronized properly to read the data sampled at the same instant. The DATA_AV signal
has to control the data bus to avoid possible bus contentions. Considering all these factors,
it was decided to discard the idea of using THS1206EVM and move onto a data converter
board with six or more input channels.

At the time of the decision, we could not find a data converter having six or more
channels, which could be directly interfaced with the C6711DSK from Texas Instrument
‘or any of their third party hardware manufacturers. However, we realized that Texas
Instruments TLV2548EVM with eight analog input channels could be interfaced to the

C6711DSK with the use of an off-the-shelf intermediate adaptor board.

5.7 TLV2548EVM Analog to Digital Converter

TLV2548EVM is a 12-bit analog-to-digital converter (ADC) with eight analog input chan-

nels, an 8-level FIFO, and four different conversion modes [94].

Specifications of TLV25/8EVM:

- Maximum throughput 200-KSPS

- 12-bit resolution

- Built-in reference, conversion clock and 8 xFIFO

- DSP-compatible serial interface with SCLK up to 20-MHz
- Hardware controlled and programmable sampling periods

- Programmable auto-channel sweep

The ADC can be interfaced to the C6711DSK using the Multichannel Buffered Serial
Port (McBSP) of the DSP. The EVM has three digital inputs and a 3-state output [chip
select (CS), serial input-output clock (SCLK), serial data input (SDI), and serial data output
(SDO)] that provide a direct 4-wire interface to the serial port. A frame sync (FS) signal

is used to indicate the start of a serial data frame. The sample-and-hold function can be ,
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controlled by a special pin, CSTART if required. Functional block diagram of the TLV2548

is shown in Fig.5.7 5.

Vee
|
REFP |- 42NV
REFm ol Reference - l FIFG
it~ 8
2548 N 12 Bit »
Al 2 Low Power
Al =3 SH 12-BIT ¥
A2 3= . SAR ADC
A3 >
A4
A5
ﬁg ng’c’zzgd Conversion
P Clock SDO
SOt e
CMR (4 MSBs) | pyy
SCLK
cs - _
Fs > Control Logic W EOCINT)
CSTART P
PWDN »

!
GND

Figure 5.7: TLV2548 functional block diagram

The TLV2548EVM can be directly interfaced with the Texas Instruments TMS320C54x
type DSKs [96], but cannot be directly connected to the C6711DSK [97]. In C6711 DSK,
two 80-pin headers are used to bring signals to the daughtercards. One of the headers
is primarily used for peripheral signals while the other is primarily used for the external
memory interface (EMIF). The daughtercard interface on the DSP motherboard has several
set requirements concerning signal drive, timing delay, and voltage tolerance [98]. When a
daughtercard is connected to a DSP, these requirements have to be satisfied. TLV2548 has
a serial interface. Most currently-used data converter EVMs that feature a serial interface

use the first serial port (McBSP1) when interfacing to the DSP. The 80-pin EPI header

®The figure obtained from [95]
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TLV2548 SPRA711 TMS320C6711
AINI — Al SDO =  EVM_DXa = DXI
AIN2 —— A2 SDI = EVM_DRa |= DRI
AIN3 ——{ A3 CLKX = EVM_CLKXa |= CLKX1  McBSPI
AIN4 —— A4 CLKR > EVM_CLKRa = CLKRI
AINS —{ AS FSX = EVM_FSXa [ FSX1
AIN6 ——! A6 FSR > EVM_FSRa »| FSRI
AIN7 —={ A7 EOC = EVM_INTa = EXT_INT4
AINg —| A8 CS = DC_CNTLa |- CEl

Figure 5.8: Connection between TLV2548EVM and C6711DSK

on the DSK provides access to McBSP1, but TLV2548EVM is not compatible with this
interface. Hence an off-the-shelf adaptor board, SPRA711, provided by Texas Instruments
was selected and modified to interface the signals between the EVM and the DSK.

The SPRA711 [99] is a cross-platform daughtercard adapter board designed to be used
in conjunction with the data converter EVM’s from Texas Instruments. This allows daugh-
tercards designed for one motherboard to be used on the others. The interface is developed
according to the TMS320 Cross-Platform Daughtercard Specification [98]. The interface
provides a serial interface to the daughtercard. The C6711 DSK provides two 7-signal se-
rial ports to the daughtercard. This includes clock (CLKX, CLKR), frame (FSX, FSR),
and data signals for both the transmit and receive data streams, as well as a clock input
to operate the serial port asynchronously to the DSP. In addition, the adaptor board al-
lows the daughtercard to access the two timer outputs (TOUT), external interrupt signals
(EXTINT), and other general purpose input/output (I/O) signals. Of the two serial in-

“terfaces present on the DSK, one is dedicated to the daughtercard and one is selectable
between the daughtercard and system hardware. With switches available on the DSK, the
McBSP port used to access the daughtercard can be chosen. In this design, McBSP port 1

was used.
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Fig.5.8 shows how the TLV2548EVM was connected to the C6711DSK through the
SPRA711. The McBSP drives serial-line transmit clock CLKX and transmit frame sync
FSX signals, and accepts receive clock CLKR and receive frame sync FSR signals as inputs.
Serial lines CLKX and CLKR, as well as FSX and FSR, are connected together on the
TLV2548EVM. An interrupt signal is issued by the EVM at the end of each conversion.
The TLV2548 interrupt line was tied to INT4 of the DSP [100] in our application. A low
sampling rate (1920Hz) was attempted at the beginning and it was increased to a higher
value (15.36kHz) later.

The McBSP was used to generate the required clock pulses for the conversion using the
sample rate generator (SRG) (see Appendix F). The SRG is composed of a three-stage
clock divider that allows programmable data clocks (CLKG) and framing signals (FSG).
These McBSP internal signals were programmed to drive receive and transmit clocking
(CLKR/X) and framing (FSR/X). The sample rate generator register (SRGR) controls the
operation of the various functions of the SRG. The transmit control register (XCR) and
receive control register (RCR) were programmed to set the mode of the transmitter and
receiver. The McBSP had to be initialized in order to use it as a serial buffer [101]. Fig.5.9
shows the sequence in which the McBSP serial port was initialized and how the TLV2548
was programmed to sample six analog input channels. Different steps and the register
contents associated with each step are described in sequence.

In the step 1, EXT_INT4 was enabled and assigned to the ISR associated with reading
data from the EVM. In the next step, the McBSP1 was initialized. The transmitter, the
receiver, the frame-sync generator, and the sample rate generator were first disabled by
asserting the serial port reset state (MCBSP1.SPCR = 0x0). The McBSP configuration
‘registers were programmed while the serial port was in the reset state. The pin control
register (McBSP1_PCR), receive control register (McBSP1_RCR), transmit control register
(McBSP1_XCR), and sample rate generator register (McBSP1_SRGR) of serial port 1 were

programmed as follows:



Disable Global Interrupts
Enable INT4
Clear Interrupt Flag Register
Enable Global Interrupts

\

McBSP1:
Set Transmitter and Receiver
Set Sample Rate Generator
Set CLKX/R, FSX/R, DX/R signals
as serial port signals

Y

TLV2548:
Write configuration word to EVM
Set FIFO level =5
Sweep mode = 00
Dummy read to clear McBSP receiver

i
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FIFO read
command sent

Y

Read new sample
from receiver

Y

Y

Toggle FSX by doing a dummy write
Dummy read to clear receiver

#

FIFO level = Filled?

DSP idle until INT4
Then go to ISR

L

NO

Store new sample
in the right order

'

FIFO level = Empty?

Y

Continue until stopped

by the DSP

Figure 5.9: Interfacing the TLV2548 to the McBSP




119

McBSP1.PCR = 0x00000A00:

e DX, FSX, CLKX are serial-port pins

e DX is the data-transmit pin

o FSX is the frame-sync pin, and is driv—en by the SRG

e ISR is an input pin driven by an external source

e CLKX is an output pin driven by the internal SRG

e CLKR is an input pin driven by an external clock

e FSX and FSR are active high

e The transmit data is sampled on the rising edge of CLKX
e The receive data is sampled on the falling edge of CLKR

McBSP1_RCR = 0x00420040:

¢ Receive one 16-bit word per frame

Single phase - only one data word per FSR

Last four LSBs are zero-padded

Data transfer to start with the MSB

1-bit data receive delay

Data sent out by ADC immediately after FSR falling edge

McBSP1_XCR = 0x00420040:
e Transmit one 16-bit word per frame

e Single phase - only one data word per FSX
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o Last four LSBs are zero-padded
e Data transfer to start with MSB first
e 1-bit data transmit delay

¢ Data sent to ADC immediately after FSX

McBSP1_SRGR = 0x301C0111:

SRG clock is derived from the internal clock

FSX is driven by the SRG clock

e Frame-sync pulse width (FWID) = 1 CLK period

SCLK = (CPU clock / (1+CLKGDV)). Desired SCLK = 6.25MHz. Since the CPU
clock is equal to 75 MHz, CLKGDV = 11 to generate the required SRG clock frequency

To generate the required frame sync (FSG = 215.5kHz), FPER = 28

After setting the McBSP1 registers, the transmitter, the receiver, the frame-sync gen-
erator, and the sample rate generator were enabled (McBSP1_SPCR, = 0x0C50023).

The next step was configuring the TLV2548EVM. TLV2548 can be controlled by writing
a 16-bit word through SDI. Different commands can be used to select the channels, read
data from the EVM configuration register (CFR), write values to CFR or read data from
the FIFO. TLV2548 uses the first 4 bits as command bits. Tablé 5.1 shows the command
set associated with the TLV2548.

The EVM is configured at initialization by writing the first bits as 0xA and the follow-
ing 12 bits contain the configuration data. Table 5.2 shows the configuration register bit
definitions.

To read the six channels continuously from the ADC, the CFR was programmed as

follows:
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Table 5.1: TLV2548 command set
SDI [15-12] | COMMAND

0000 Select analog input channel 0

0001 Select analog input channel 1
0010 Select analog input channel 2
0011 Select analog input channel 3
0101 Select analog input channel 5

0110 Select analog input channel 6

0111 Select analog input channel 7

1000 SW power down (analog + reference)

1001 Read CFR register data shown as SDO D[11 — 0]

1010 Write CFR followed by 12-bit data

1011 Select test, voltage = (REFP-+REFM)/2

1100 Select test, voltage = REFM

1101 Select test, voltage = REFP

1110 FIFO read, FIFO contents shown as SDO D[15 — 4], D[3 — 0] = 0000
1111 Reserved

TLV2548_CFR = 0xA8C1:

e Internal 4V reference voltage

Short sampling

o Conversion clock source = SCLK

Sweep mode

Sweep auto sequence 0-1-2-3-4-5-6-7

EOC/INT pin used as INT

FIFO trigger level 3/4 (for six channels)

The EXTINT4 of the DSP was used to serve the interrupt signal issued by the EVM

when the FIFO trigger level was reached.
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Table 5.2: TLV2548 configuration register bit definitions

Bit Definition Selection
D11 Reference select 0: External
1: Internal
D10 Internal reference 0: Internal ref =4V
voltage select 1: Internal ref =2 V
D9 Sample period 0: Short sampling 12 SCLKs (1x sampling time)
select 1: Long sampling 24 SCLKs (2x sampling time)
D(87) | Conversion clock 00: Conversion clock = internal OSC
source select 01: Conversion clock = SCLK
10: Conversion clock = SCLK/4
11: Conversion clock = SCLK /2
D(6,5) | Conversion mode 00: Single shot mode
select 01: Repeat mode
10: Sweep mode
11: Repeat sweep mode
D(4,3) | Sweep auto 00: 0-1-2-3-4-5-6-7
sequence select 01: 0—-2—-4-6—-0—-2—-4--6
10:0-0—-2-2-4—-4—-6-6
11: 0-2-0-2-0-2-0-2
D2 EOC/INT pin 0: Pin used as INT
function select 1: Pin used as EOC
D(1,0) | FIFO trigger level 00: Full (INT generated after FIFO level 7 filled)
(sweep sequence length) | 01: 3/4 (INT generated after FIFO level 5 filled)
10: 1/2 (INT generated after FIFO level 3 filled)
11: 1/4 (INT generated after FIFO level 1 filled)

The TLV2548EVM caused two unexpected problems: First, when the sampling rate was

increased from a low sampling rare (1920Hz) to a high sampling rate (15360Hz), the pro-

cessor was unable to handle the high sampling rate. Secondly, the sampled signals obtained

from the waveforms generated by the Real Time Playback (RTP) [66] were distorted. In

order to accommodate the high sampling rates, it was decided to read the EVM data using

the direct memory access channels (DMA) instead of using the processor. An extra analog

buffer circuit had to be introduced to the front end of the EVM to reduce the distortions.

The DMA controller of C6711 can be used for background off-chip data accesses to max-

imize the achievable bandwidth {78, 100]. The CPU can be used for non-periodic accesses

to individual locations. This prevents the real-time system’s performance degradation.
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Although the CPU and the DMA controller function independently of one another, it is
necessary to properly schedule and configure them in order to minimize conflict and waiting
while meeting real-time requirements. After referring to several application notes from the
Texas Instruments [96, 103, 104] and attempting to program the DMA to read from the
TLV2548, we realized that the DMA cannot access six different channels at the same time in
the sweep mode. The DMA could access the six channels under single-shot mode by reading
one channel at a time and then rotating between the channels. However, this method did
not achieve the high sampling rates required due to latency involved in switching between
channels. Hence the idea of improving the data transfer speed through the DMA had to be
abandoned.

During this period, Texas Instruments introduced the ADS8364, a new ADC EVM
with six analog input channels which could be directly interfaced to the C6711DSK. Due
to the difficulties associated with interfacing the TLV2548EVM, it was decided to use the

ADS8364EVM to acquire the voltage and current signals.

5.8 ADS8364EVM Analog to Digital Converter

The ADS8364 is a high-speed, 6-channel, 250kHz, simultaneous sampling parallel ADC
with the 6 channels grouped into three pairs for high-speed simultaneous signal acquisition.
ADS8364EVM can be directly connected to the C6711DSK through the 80-pin interface
connectors [105].

The AD88364 contains six 16-bit ADCs that can operate simultaneously in pairs. The
three hold signals (HOLDA, HOLDB, and HOLDC) initiate the conversion on the specific
channels. A simultaneous hold on all six channels can occur with all three hold signals
strobe together. The converted values are saved in six registers. For each read operation,
the ADS8364 outputs 16 bits of information. The Address/Mode signals (A0, A1, and A2)
select how the data is read from the ADS8364. These Address/Mode signals can define a

selection of a single channel, a cycle mode that cycles through all channels, or a FIFO mode
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Table 5.3: ADS8364EVM address map

Mode Address
Select Channel AQ 0xA000 0020
Select Channel A1 0xA000 0024
Select Channel B0 0xA000 0028
Select Channel B1 _ 0xA000 002C
Select Channel CO 0xA000 0030
Select Channel C1 0xA000 0034
Select Cycle mode 0xA000 0038
Select FIFO mode 0xA000 003C

that sequences the data determined by the order of the hold signals as shown in Table 5.3

[106].

Specifications of ADS8364EVM:

- 250KSPS throughput

- 6 independent fully differential 16-bit inputs

- 4 ps total throughput per channel

- Direct connection to C6x DSK platforms through the 80-pin interface connectors
- High-speed parallel interface

- Built-in reference

For this design, the address 0xA0000020 was used as the base address. Channel A0 could
be aécessed from this location, with channels Al through C1 located at the base address
+ (0x04)n. The signals ADD, A0, A1, A2, RESET, HOLDA, HOLDB, and HOLDC are
accessible through the data bus and control word. The HOLDA, HOLDB, and HOLDC
hardware pins on the ADS8364 are controlled by the CLKRI, FSX1, and FSR1 pins (as
GPIO) of McBSP1. When the MSB is HIGH, the device is in the configuration mode. MSB
LOW will start conversion or reset the part. The EVM uses four address lines to access

the data converter. The lower address lines control the AQ, Al, and A2 pins of the ADC,
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while the upper most address line is sent through a single gate inverter to act as chip select
(CS). Fig.5.10 shows a block diagram representing how the ADS8364 was connected in the

implemented system using software control mode with the C6711DSK.

ADS8364 TMS320C6711
AINI —| CH A0 —~ A2
AIN2 —| CH Al PR D B
A4
AIN3 —{ CH B0 s
CS OE = CSa
AIN4 — CHBI e -
RD [= ARE
AIN5 —{CHC0 WR | . AWE
AIN6 —{ CHCI CLK TOUTO
EOC »| EXT_INT4
DATA[0] Do
DATA[15] D15
HOLDA [« CLKR1
HOLDB |= FSX1
HOLDC |~ FSR1

Figure 5.10: Connecting the ADS8364EVM to the DSK

The ADS8364 can operate from a maximum clock frequency of 5 MHz. The sam-
ple/ conversion process is completed within 20 conversion clock cycles. All six channels of
the ADS8364 can be sampled/converted simultaneously, providing a maximum 250 KSPS
throughput rate. In our implementation, the ADS8364 was operated from a 307.2kHz clock,
providing 256 samples per 60Hz cycle per channel. The McBSP1 of the TMS320C6711 was
used as a general-purpose I/0 port to interface the ADS8364. The McBSP was used to
control the HOLDx pins, the ADD pin and the RESET pin. The first data (FD) signal was
used as an input to the McBSP to indicate when data from channel Al was present. The
DSKs read enable (RE), write enable (WE), and daughtercard chip select (DC_CSa) were

all used in the parallel interface.
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Figure 5.11: Interfacing the ADS8364 to the C6711 DSK
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The different steps involved in interfacing the ADS8364EVM to the DSK are shown in
Fig.5.11. In the first step, the external interrupt 4 of the processor was assigned to the
ISR that handles reading data from the EVM. The EOC signal is active low once for each
channel pair converted and in our implementation the EOC signal was routed to EXT_INT4
on the C6711 DSK. In the next step, the McBSP1 port on the DSK was configured as a
general-purpose I/O port. To set up McBSP1 as a GPIO port SRGR and SPCR were
cleared (McBSP1.SRGR = 0x0; McBSP1.SPCR = 0x0) and then, PCR was set for the
desired functions:

McBSP1_PCR = 0x3FOF:

e FSX is a general purpose I/0
e FSR is a general purpose I/0
e CLKX is a general purpose I/0

e CLKR is a general purpose 1/0

DX is a general purpose output

DR is a general purpose input

HOLDx lines are set

. ADD line is cleared

In the next step, the conversion clock was set. The DSKs internal timer, TOUTO, was
used as the conversion clock source for the ADS8364EVM. The clock was set for 50 /50 duty
cycle and a division multiple of 244. This provided approximately a 307.2kHz conversion
clock to the converter.

| The last step of the initialization was configuring the EVM. The data inputs and com-
mands associated with the EVM are given in Table 5.4. The commands are set by writing

to the base address of the ADC (ADC_BASE). First the ADS8364 was reset to ensure that
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Table 5.4: ADS8364 data input/command

Command D7 | D6 | D5 D4 D3 D2 D1 Do
Convert 0 | x | X X RESET | HOLDA | HOLDB | HOLDC
Configuration | 1 | x | x | BIN/2s | ADD A2 Al A0

the read pointer was pointing to the first data register (ADdBASE = 0x0007). The EVM
was then configured for continuous data sampling in CYCLE mode and binary data output
format (ADC_BASE = 0x90). The EVM was then activated and first conversion command
was issued to sample all six channels (ADC_BASE = 0x04).

The HOLDx hardware pins are active low sampling triggers. When the three HOLD
lines are brought low together, all six analog inputs are simultaneously sampled and the
conversion process begins with the next rising clock edge. The conversion results are auto-
matically stored in the data registers starting with channel A0. The conversion is completed
after 20 clock cycles, at which time the end of conversion (EOC) pin goes low for 1/2 clock
cycle on all three channels. When EOC is detected, the ISR is activated and the sampled
data values are read from the EVM. When all six channels have been read, the EVM is
issued the next conversion (HOLDx) command. To get the maximum throughput from the
ADS8364, the HOLDx command was set to be issued prior to reading the contents of the
data registers. This allows the ADC to start a new conversion sequence while the host
processor reads the results of the current conversion. ISR makes sure that the read process
is completed before the new conversion cycle is finished.

The ADS8364EVM solved the problems associated with capturing voltage and current
signals to the C6711 DSK. Several difficulties associated with the three EOC commands

had to be solved before the required sampling rate of 15.36kHz could be achieved.
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5.9 Hybrid Algorithm Implementation

The C6711 DSK provided a feasible, but inexpensive platform to implement the hybrid
relaying algorithm in real-time. The ADS8364EVM was capable of sampling voltage and
current signals at the high sampling rates required. As explained before, a modular compo-
nent based approach was utilized in programming the relaying algorithms using RIDE. In
this approach, each step of the relaying algorithm (including signal acquisition and conver-
sion) which could be defined as an individual task was implemented as a block component.
Each block component had two parts: a DLL file which runs on the host and takes care of
the data transfer from host to the DSP and an object code which runs on the DSP.

The DLL files were compiled using MS Visual C++ [89] and the object files were com-
piled using Texas Instruments CCS [80]. These blocks were then connected according to
the execution order and dataflow requirements of the relaying algorithm. The PC and DSP
code run in parallel with the PC side assigned to handle the user interface and the DSP
side assigned to perform the relaying functions. The real-time blocks run at full speed on
the DSP without requiring any intervention from the PC side during execution. The data
can be uploaded to the PC user interface when required.

In the hybrid relay, the relaying functions are performed only when a new set of voltage
and current samples is provided by the data acquisition system. The presence of new data
is indicated to the DSP by the interrupt EXT INT4. When the processing of the present
set of samples is finished, the processor idles until the next set arrives. The impedance
of the line is calculated at a rate lower than that used for the travelling wave relay. The
travelling wave relay derives the relaying information 256 times in a 60Hz cycle while the
impedance is calculated only 8 times within the same period. This approach saves valuable
processor time.

The different execution speeds of individual block components were achieved through

synchronization of real-time blocks. Synchronization was implemented using a pair of in-
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dependent sync flags on each real-time block for input and output synchronization. An
output sync flag was used by each block to indicate when its output data was valid for
other blocks to use. A real-time blocks input sync flag was matched with another real-time
blocks output sync flag to control its execution. Subsequent blocks that use an input sync
will only execute during that specific execution cycle if the previous block or blocks have set
their output sync flags. When the project is compiled, the linker builds a main execution
loop that sequences through a worksheets blocks in the order that data flows and makes
sure that the data is processed according to the sync flags.

The user interface allows the user to change the relay settings and monitor the relay
performance. The user interface shows the voltage and current waveforms, impedance loci,
the trip signals of the hybrid relay and the calculated distance to the fault. Settings of the
travelling wave relay and impedance relay can be adjusted through user-input dialog boxes.
The DSP uploads data to the PC only when the processor is not used for calculations. Hence
the graphical user interface does not show all values of data, but gives a clear indication
about the performance of the relay. A section of the user interface developed using RIDE

is shown in Fig.5.12.

5.10 Test Results

A setup similar to the one described in section 5.2.2 was used to test the hybrid relay.
Voltage and current waveforms related to different fault conditions were generated and
recorded using PSCAD/EMTDC. A 50us time step was used to record the signals. The
waveforms were generated using the same 500kV network used for simulations in section 4.2.
The recorded waveforms were then played back using the Real Time Playback (RTP). The
RTP produced analog waveforms between +5V proportional to the voltages and currents.
The ADS8364EVM sampled the waveforms at 15.36kHz. The ADC block in RIDE also
“converted the samples back to the original values using the PT and CT ratios specified by
the RTP.
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The hybrid relay algorithms processed the samples and issued a trip signal if a fault
condition within the protection zone was identified. The C6711 DSK does not have a
digital output channel. Hence the trip signal was “tapped” from one of the user outputs of
the C6711 DSK. This signal was fed back to the RTP to record the trip signal and measure
the fault detection time. The user output signal of the DSK is a TTL output (5V). However
the RTP required an input voltage of 20V or more to identify a digital input as “high”. The
TTL output of the DSK was “amplified” using a peripheral drive array integrated circuit

Motorolé MC1413 before connecting it back to the RTP. The relay prototype and the test

setup are shown in Fig.5.13.

Figure 5.13: The setup used for testing the hybrid relay

Waveforms were generated for single-line-to-ground, line-line, and line-line-ground faults
using PSCAD/EMTDC. These waveforms were played back using the RTP and were used
for testing the relay. The RTP displays the trip signal along with the waveforms played
back and hence can be used to measure the trip time of the relay. The current and voltage
waveforms and the relay trip signals captured by the RTP for a three phase to ground fault
are shown in Fig.5.14. These waveforms correspond to a fault that occurred 325km away

from the relay location R. Out of the two trip signals shown, the bottom one corresponds
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to the travelling wave relay trip signal while the top one belongs to the impedance relay.

The hybrid trip signal is not shown here, but is used for the tripping of the breakers.

Figure 5.14: The waveforms and trip signals obtained from RTP for a three phase fault

Table 5.5 summarizes the results of the tests carried out on the real-time laboratory
prototype. The results confirm that the hybrid algorithm is reliable and detects faults

quickly.



Table 5.5: Test Results
Faoult Tf ¢° tw t, ty Ty
A-G 195 86 5.14 14.84 5.14 201.8
B-G 195 285 5.15 144 5.15 201.8
C-G 95 168 - 10.07 10.07 -
A-G 270 36 4.61 13.26 4.61 288.1
B-G 95 252 4.79 11.74 4.79 96.1
C-G 245 45 5.33 13.13 5.33 249.8
AB-G 445 - 5.88 17.05¢ 5.88 451.4
AC-G 325 - 5.42 15.75 5.42 3324
ABC-G 325 - 5.47 15.15 5.47 334.2
zy = The distance to the fault in km
¢ = The fault inception angle
tyy = The fault detection time of the travelling wave relay
t, = The fault detection time of the impedance relay

tp, = The time at which the hybrid relay issues the trip signal
T4y = The distance calculated by the travelling wave relay in km

1The impedance relay over-reached.
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Chapter 6

Conclusions and Recommendations

Conclusions

The thesis examined how the measured impedance at the relay location and the fault
generated high ‘frequency transient wavefronts can be combined in a single relay to find
solutions for the negative features associated with each method and improve both speed
and reliability of the protection scheme. Distance protection algorithms based on transient
signals provide a number of significant advantages but not without some limitations. The
travelling waves initiated by a fault depend not only on the fault position but also on the
vfault type, the fault inception angle, fault impedance and the power system configuration.
These factors consequently have an influence on the reliability of the decision made by a
travelling wave protection scheme. The first wavefront initiated by a fault that appears
at the relay location contains information about the fault direction, fault type and fault
inception angle. This initial information can be used to determine whether the travelling
wave algorithm will be able to identify a disturbance and classify it as an internal or externél
fault. Internal and external fault classification is achieved by measuring the distance to the
fault. The distance is measured by observing the return of the initial forward wave to the
relaying station after being reflected at the fault location. Two main problem areas have

been identified with travelling wave protection: close-up faults and single phase faults that
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occur near a voltage zero.

Distance protection schemes based on impedance measurement have shown their re-
liability over several decades. But the fault detection speed of impedance relays cannot
be further improved without compromising the reliability of the reach setting. However,
impedance relays are capable of detecting faults with small inception angles and the mea-
sured impedance quickly moves inside the protection zone for close-up faults. The hybrid
protection scheme proposed in this thesis takes advantage of these features so that the
impedance relay will detect the fault in case the travelling wave relay fails. The simulations
carried out on a simple 500kV three phase power system have sh0§vn that the hybrid relay
not only improves the speed of fault detection, but also maintains the reliability of the
overall scheme.

The theéis also looked at how the zone 2 protection of a distance relay can be accelerated
without the aid of a teleprotection scheme. The proposed algorithm improves the reliability
of the travelling wave protection algorithm by combining the output of the zone 2 element
with the travelling wave distance calculation. Since the zone 2 element of the impedance
relay “monitors” the trip decision of the travelling wave relay, possible mal-operation of the
travelling wave relay due to switching transients is avoided. Since both algorithms check
for the presence of a fault, the inherent redundancy improves the reliability of the relay.
However for faults oﬁ the line which occur beyond the maximum allowable measurement
distance of the tfavelling wave scheme, a suitable inter-trip scheme will have to be utilized
fo clear such faults in a timely fashion.

A laboratory prototype of the hybrid relay was implemented on Texas Instruments
TMS320C6711 DSK. The voltage and current waveforms were obtained using ADS8364
EVM. The ADC is capable of providing samples at a high sampling rate while the DSK
performs the relaying functions of the two algorithms in real-time. The cost of the prototype
was kept as low as possible considering the needs of commercial production. The tests

carried out in the laboratory using generated waveforms showed the capability of the hybrid



137

relay prototype in detecting faults quickly with a high reliability.

Suggestions for Further Research
Further work is recommended as an extension of this thesis in the following areas:

1. The current and voltage at the relay point are measured with current transformers
and voltage transformers. In EHV lines, the voltage is usually measured using ca-
pacitive voltage transformers (CVT). All these transducers have a limited bandwidth,
especially the CVT which has a bandwidth of around 1000Hz. Hence the measured
signals of the voltage waveform may not include the information of the high frequency
transients. This can reduce the relay algorithm’s ability to detect faults using travel-

~ ling waves. However, the current transformers have a fairly high bandwidth of several
hundred kilohertz [8]. The measured waveforms of the current will contain most of the
high frequency transient components of the wavefront. The possibility of modifying
the travelling wave algorithm to detect faults only using current signals has to be

studied.

2. In the second algorithm of the hybrid relay, the zone 2 operation is used to monitor the
‘ travelling wave relay. The travelling wave relay waits until the measured impedance
enters zone 2 before issuing a trip signal. The speed of the hybrid relay can be further
improved by reducing this “wait time”. Any movement of the measured impedance
towards the protection zone can be used as an indication for the presence of a fault.
Since the travelling wave relay already determines the location of the fault, the initial
movement of the impedance towards the protection zone may be used to trigger the
travelling wave trip signal. Since the travelling wave scheme is immune to power

swings or load variations, the reliability of the hybrid relay will still be high.

3. The proposed hybrid scheme was only simulated and tested on a simple three phase

power network. Further tests have to be carried out to study the behaviour of the
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scheme in a complex power system.

. The hybrid relay was not tested on a system with series compensation. It is evi-
dent that series compensation will not cause a significant effect on travelling wave
relays because the relay makes its decision before the operation of the series capacitor
protection circuit. The high frequency transient signals see the series capacitor as a
short circuit and hence will not be much affected. However, the re-insertion of capac-
itor compensation after an external fault may develop transient signals and requires

further study.

. This thesis did not consider the fault impedance values higher than 25Q. A high fault
resistance affects the reflected wave quantity and increases the transmitted component.
A detailed study has to be done how the results of the two algorithms can be effectively

combined to detect high impedance faults.

. The fault which occurs at a fault inception angle near zero requires further investiga-
tion. A proper differentiation method of the relaying signals for such cases must be

developed to make correct identification of such faults.

. The hardware implementation requires further improvements in order to simplify the
relay functions, improve the speed and lower the cost. Also, the use of high bandwidth
field data instead of the off-line simulation data would be very helpful to permit the

study of the effect of noise.



Appendix A

Transmission Line Theory

‘When the length of a transmission line increases, both potential and current at any instant
may vary appreciably with the distance along the line. When the lines are too long, the
lumped parameter models of transmission lines no longer would give valid results. In such
circumstances, distributed parameter model is used. This section will describe the behaviour

of voltage and current signals in long transmission lines.

Lossless Line

The propagation characteristics of signals on transmission lines can be determined by a
transient solution of the basic equations. First, an ideal lossless line which has no series

resistance and shunt admittance will be examined.

Characteristic Equations

Suppose that at some instant, voltage v and current ¢ are distributed along a lossless
transmission line of inductance L per unit length and capacitance C' per unit length as

shown in Fig. A.1. The distributions will be both functions of distance z and time ¢. The
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I(x,1) LAx I(x+Ax 1)
Vix,1) CAx == Vix+Ax 1)
l X x+Ax
(a)
Xs LAx LAx LAx

(®)

Figure A.1: The distributed parameter model of a transmission line (a) a section of unit
length(b) the transmission line

voltage and current distributions are given by,
v="V(z,t) and i = I(z,t) (A.1)

Now, consider two points on the line at distances z and z + Az. Then the total capacitance

current over the section Az is

z+Az v
I(z,t) — I(z + Az, 1) =/ C.a.dm
T
Now if Az is made to tend to Z€ro,
THAT By ov
li —.dz = Az.C.—
Ami | Cgpde=aely
Hence
. I(z,t) - I(z+ Az,t) Ov
AI;;I—EO Az = G ot
0i Ov
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Similarly, the potential difference between the two points at distances z and z + Az is

given by the inductive drop over the section Az, i.e.

V(z,t) - V(z + Az, f) = /

x

Using the same argument as above, it is possible to show that

ov Lai

ox ot
Differentiating (A.2) with respect to time,

otdr “ot2

and differentiating (A.4) with respect to distance

Fv_ g 0%
Oz? Ozt
From (A.5) and (A.6),
2 2
gxg = LC. g;t]
‘and a similar elimination yields
2 2;
g.'z; B LC’%

Solution of the equation

(A.3)

(A.4)

(A.5)

(A.6)

The solution can be found in the same way for both wave equations (A.7) and (A.8). A

solution method was introduced by dAlembert for this type of equations. The wave equation

(A.7) is of the form
v 32'0 2 62'0
—_— =t —
ot? Oz2

(A.9)
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where a = 1/VLC. (A.9) is first transformed by introducing the new independent variables
r=z+at and s=z—at (A.10)

Then voltage v and current ¢ become functions of » and s. Hence using the chain rule, left

hand side of (A.4) can be expanded to give

8v_8v or Ov s Ov OBv

o~ oozt o5 o T Bs (A.11)
Squaring (A.11),
v 0% v %
7 = 92 T 25,85t o2 (A-12)
Similarly,
dv Ov dr Ov 9s Ov Ov
Squaring (A.13)
8% 5 (% v %
5@ =0 (W ~25.35 a—z) (A.14)
Substituting (A.12) and (A.14) in (A.9),
8%
ords — 0 (415

Now, (A.15) can be solved with two successive integrations. Integrating with respect to r
— = w(s) (A.16)
~where w(s) is an arbitrary function of s, independent of 7. Integrating with respect to s

vo= /sw(s)d8+f2(r)
= fi(s)+ folr) (A.17)



143

where fo(r) is an arbitrary function of r. Substituting r and s in (A.17)
v(z,t) = A(z — at) + B(z + at) (A.18)

where A and B are arbitrary functions. Equation (A.18) is known as the dAlembert solution
of the wave equation. Here A(z —at) represents a wave travelling in the positive z direction,
and B(z + at) represents a wave travelling in the negative z direction. These waves are
known as travelling waves that move with speed a. The voltage and current signals are

represented by

o(e,f) = filo—at) - folz+at) (A.19)

i(z,t) = Zicfl (x — at) + Zicb(m + at) (A.20)

where f; and f; replace the arbitrary functions A and B in (A.18). Z, = \/g is the surge

impedance of the line.

Lossy Line

The distributed parameter model of a transmission line with losses is represented by an
inductor of inductance L per unit length in series with a resistor of resistance R per unit
length and a shunt capacitor of capacitance C per unit length with a parallel resistor with
Conducta,nce G per unit length. The distribution of voltage v and current ¢ will be both
functions of distance z and time ¢ as in the lossless case. The distributed parameter model
of a lossy line for an incremental distance Az is shown in Fig. A.2.

- Now the voltage drop between two points on the line Az apart is given by

c+Az .
(Ri + L.-a—z) dz (A.21)

V(z,t) = V(z+ Az, t) = / 5

z
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I(x,t) RAx LAx I(x+Ax,t)
Vix.1) CAx 1~ % GAx V(x+Ax,t)

i
-

X x+Ax

Figure A.2: The distributed parameter model for a lossy line

By simplifying as in the lossless case

v . o1
7o = (Rz + L.(—%) (A.22)

The current is shunted through both the capacitor and the conductance. Then the total

leakage current over the section Az is given by

T+Az S
I(z,t) — I(zx + Az, t) = / (G’U + C—a—t—> dz (A.23)
T
and this yields
i ov

Solving (A.22) and (A.24) in the time domain is very much involved. It will be easier to
consider the steady state frequency domain solution for the fundamental frequency of the

excitation voltage. Considering a source of
X (t) = X cos(wt) = Re[X eIt (A.25)
the voltage and current distributions are given by

V(z,t) = Re[V(z)e!] (A.26)

I(z,t) = Re[l(z)e™!] (A.27)



145

Considering only the real part of the voltage and current

v

e (R+ jwL) .1 (A.28)
and

—(?i—-——(G+' C) (A.29)

B = jwC) v .

Differentiating (A.28) and substituting from (A.29) lead to

(92

é?‘; = (R + jwL) (G + jwC) v (A.30)
and

0% ) . .

9 = (R+ jwL) (G + jwC) i (A.31)

The coefficient /(R + jwL) (G + jwC) is known as propagation constant, y. Then

&%y
5 = Y (A.32)
0% .

The solution for (A.32) and (A.33) is given by

vy =VTe " LV ” (A.34)
and
vt V-
= e _ Yz )
iy 7 e 7 e (A.35)
where
7, = | \BHswl) (A.36)



Appendix B

Three Phase Transmission Lines

Derivation of 3-Phase Transmission Line Equations

Equivalent Circuit

A 3-phase transmission line composed of three conductors parallel to the ground is shown
in Fig. B.1. The sending end is considered as the generating point while the receiving end
normally consists of a load. The voltage and current signals will be functions of position
z along the line usually measured from the sending end and time ¢ measured from some
reference time.

The equivalent circuit approximation of a differential length of the transmission line

V0 Vy(x,t) V(L)
L0t Lixt LL.Y)
[ 2 @ =
V0.0 Vi (x,0) V(L0
140.0) 1(x0 LY
SENDING ¢ PY ® RECEIVING
END END
V(0.0 Velx0) Ve(L.0)
1£0,0) I Ly
[} L L ]
x=0 . x=L

[117T777777 7777777777 7777777777777 7777777777777777777777

Figure B.1: Representation of a three phase transmission line with an earth return
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| X X+ Ax
Vx,t) V(x+ Ax,b)
I(x,t) R Ax LAx Ix+ Axt)
— W

R,Ax L,Ax
— W

RAX L Ax
—— W

C,Ax ‘,‘J: CAx =T _/—:C|Ax

/1

3 ClCO)
(C,'Co ax

R -R L,-L A
( o I)Ax ( o I)Ax
3 3

— W\ /00—

GND

Figure B.2: Equivalent circuit of unit length of a 3-phase transmission line

is shown in Fig. B.2. A uniformly distributed parameter line model is considered which
includes the frequency dependent variations in the line parameters and the effect of the
earth return. The conductors are described by their positive-sequence parameters, while

the effects of ground return are taken care of with zero-sequence parameters.

Voltage-Current Relationship

Applying Kirchhoff’s voltage law to the loop formed by each conductor and ground,

Va(z, t) Zs Zm m I(z,1)
b 1
3z | ¥W@ | =3 | Zn Zi Zm Iy(z, 1) (B.1)
| Ve(z,1) Zm I Zs | | L(z,t)
where
Zy; = (Ro+L 2)+2(R +L _a_) (B.2)

0

5;) (B.3)

15)
I = (R0+L0—)—(R1+L1
ot
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Also, using Kirchhoff’s current law at the junction of each conductor with the capacitive

branch to the ground,

Va(mat) Yo Yo, Yo Ia(x, t)
0 1 1o}
o | V@) | =3 | Ya Yo Ym | 5o | Bi=9) (B-4)
Ve(z, t) Ym Yo Y I(z,t)
where
1 2
_ (L. 2 B.
No= (gtg) (B:)
1 1
Yo = (50 ~ &) (B-6)
Taking the Laplace Transform of (B.1) and (B.4) results in
Valz, s) (Zo+221) (Zo—21) (Zo— Z7) I (z, s)
d 1
7 | Ve@s) | =35 | (G-2) (Z+221) (Z—2) Iy(z, s) (B.7)
V};(m, s) (Zy — Zl) (2o — Zy) (Zo -+ 221) Ic(a?, S)
and
Va(, 5) (%+%) H-%) H-%) Io(z,5)
1
Hs) | =3| G-8) G+2) G-8) | x| b (B.5)
Ve(z, 5) (%% G-%) FH+3) I(z, )

where Zg = Ry + sLg,Z; = Ry + sL1,Yy = sCy and Y; = sCy.

The relationships (B.7) and (B.8) can be written in the general form

(B.9)
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Solution to the equations

By eliminating the current matrix [I] of (B.9), a second order differential equation involving

the voltage matrix can be obtained.

d2
= V- [1[V]=0 (B.10)

where
(ZoYo +221Y1) (ZoYo — Z1Y1)  (ZoYo — Z1Yh)

1
Wl=3| (ZY%-2ZY1) (ZYo+2Z:Y1) (ZoYs — Z1Yh) (B.11)
(ZoYo — Z1Yh)  (ZoYo — ZiYh)  (ZoYo + 221 Yh)
The equation (B.10) does not have a simple solution because the coefficient matrix (1] is

not diagonal. Using a transformation of variables, the actual voltages V can be transformed

to another set of components U.

V= 710] B2
U] =[117" V]
where [T7] is the transformation matrix. Now (B.10) can be written as
d2
W)~k =0 (B.13)
where
[r] = [T [ [T] (B.14)

With a proper choice of [T7, it is possible to make [7] diagonal. Now (B.13) can be
readily solved since it is a set of an ordinary second-order differential equations with constant

coefficients.
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With proper transformation, the transmission line components of (B.11) become,

ZoYo 0 0
=T WT=| 0o Zvi o (B.15)

0 0 Ziy

Hence, the three-phase system is now represented with three independent systems or

modes. This method is known as modal transformation.

Modal Transformation

Basic Principles

A line consisting of n conductors and ground has n modes of propagation. Each mode has
a particular voltage-current relationship, velocity and attenuation constant at any given
frequency. To analyze the transient behaviour of a 3-phase system, the voltages and cur-
rents are converted into modal quantities. The modal transformation techniques convert a
dependent n-line system to n independent modes.

A transformation matrix as in (B.15) is used to find the modal quantities. The trans-
formation of voltage and current signal use two transformation matrices. (B.16) shows the

relationship between phase and modal quantities.

[®] = [SIv™ ()]
()] = [QIE™ (¢)]

(B.16)

where [S] a,ndv [Q] are the voltage and current modal transformation matrices respectively.
[v™ ()] and [i(™ (¢)] are the modal voltage and current matrices. The inverse relationship
is given by (B.17).

[ ()] = [S] 7 o(®)]

[i) ()] = [Q1'[i(¥)]

(B.17)
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The relationship between voltage and current of an n line system is given by (B.18) and

(B.19).
LU 11 (B.18)
5‘% = —[¥I[V] (B.19)

where the matrices have the dimensions corresponding to the number of modes. Applying

modal voltage quantities to (B.18) yields

vy = —@ieir™)
LY = s BRI

= —[Z™r™) (B.20)

where [E(m)] = [S]71[Z}[Q]. Similarly from (B.19), it is possible to show that

Ez% (™)) = —F T (B.21)

where [V(m)] = [Q]7[Y][S].

‘Modal Transformation Matrices

"The modal transformation matrices [S]and [Q] can be chosen to give independent modes
of propagation. The most commonly used transformations are Karrenbauer, Clarke and

Wedepohl transformations.



Karrenbauer Transformation:

1 1 1
S] = Q=11 -2 1
1 1 -2
1 1 1
- _ 1
5170 = @7 =511 -1 o0
1 0 -1
Clarke Transformation:
1 1 0
S=f@l=]1 -1 &
Ly op
1 1 1
- _ 1
S =@t =52 -1
1 1
0 7%
Wedepoh! Transformation:
1 1 1
51 = @Ql=]1 0o -2
1 -1 1
1 1 1

)
|
-
il
L
|
-
i
Qo] =
[T
<
|
N
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(B.22)

(B.23)

(B.24)

(B.25)

(B.26)

(B.27)
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The modal quantities evaluated will have 3 modes, two aerial modes and an earth mode.
e Earth mode [Mode 1]

This is the zero sequence component of the phase voltages and currents. Its velocity and at-
‘tenuation will be affected by the resistivity of the earth and hence it is frequency dependent.

Velocity at low frequencies may be approximately 756% of the speed of light.
e Aerial modes [Modes 2 and 3]

In these modes, the current in the 3 phases tend to cancel. Therefore the effect of earth resis-
tivity in that mode is very small. Hence the aerial modes are almost frequency independent
and the velocities approach the speed of light.

Modal Impedance and Velocity

For a three phase system

V] =z (B.28)
where “ﬁ” )is the phase characteristic impedance matrix. Using modal transformation, we
get

™ = S EZPr™)
= 2™ (B.29)

where ng)is the modal characteristic impedance matrix.

For a fully transposed line section (symmetrical configuration), [Zﬁ’") ] is diagonal.

Zo 0 0
ZM =10 z o (B.30)

0 0 =
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where Zj is the impedance of the earth mode and Z; and Z, are the impedances of the

aerial modes. In (B.30)

Zy = Zgs+2Zom

Zn = Za=Zps — Zom

where
Zys = self impedance term of phase characteristic impedance matrix
Zom = mutual impedance term of phase characteristic impedance matrix

The two é,erial modes and the earth mode have different velocities. The earth mode
velocity depends on the ground impedance. The aerial mode velocities are almost indepen-
dent of the ground resisfivity, hence frequency, and are close to the speed of light. Mode 3

velocity is usually slightly higher than that of Mode 2.



Appendix C

Signal Processing Techniques

Different signal processing techniques are used in practice to detect required signals from
the measured waveforms under noisy conditions. The most commonly used technique in
detecting wavefront reflections in travelling wave based protection schemes is the correlation
method. The theory behind the correlation function and its applicability to detect faults

under noisy conditions are described in this section.

Correlation in Analog Domain

The cross-correlation function of two time invariant signals z(t) and y(¢) is given by

1 (T
Ryy(7) = lim 7 ), z(t).y(t + 7)dt (C.1)

T—o0

The covariance function of two signals z(¢) and y(¢) is
: .17
®uy(r) = Jim 7 [ [olt) =@t + ) — e (c.2)
where the mean values of the signals z(¢) and y(t) during the time period T are given by

_ 1 /T . 1 /T ‘
F= /0 sd , T=o /0 v (C.3)
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and [z(t) — 7], [y(t) — 7] give the deviation of the signal from the mean value within the

period concerned. Now expanding C.2,

. T T -

alr) = i 1{/ wl0)-ylt + )t~ 2. / y(t+7) -7 / o(t)dt + .7}
= i T * _.-- i —_ t -——' 3 — t —._
%LIEOT/O )yt +r)dt =7 lim 7 | y(t+7) yTl—I)]goT/(; z(t)dt + T3

T—o0

T
= lim % / z(t)y(t+7)dt —TY - TG+ T.Y
0

T—oo

T
= lim l/ z(t)y(t+7)dt — .7
T Jo

= Ry(r)-T.3 (C.4)
If y(t) is time variant,

T
oy(r) = lim _/ {:z;(t)—:z:][ (t+7)—~—/ y(t + 7)de]}dt

Tooo T
1 L e+ 5.l [yt +r)dear)
0 = Jo

= lim ~ () y(t + 7)dt — T.y(7) — BY(7) + Ty(7)

T-—)OOT 0

T J—
= lim % fo o(t).y(t + 7)dt — T.5(7)

T—o0

= Ray(r) 2307 (C5)

" Correlation in the Digital Domain

In the digital domain the continuous variable ¢ is replaced with the sample number k.
The signals are sampled at a frequency at least twice higher than the maximum frequency

concerned. The autocorrelation function of a sampled signal z(k) is given by

N
Ry(mAt) = — Z (kAL).z (kAL + mAt) (C.6)
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where m is the number of samples the two waveforms are shifted by each other. Here, At
is the sampling interval and N is the total number of samples in the time interval 7.

The cross-correlation function of the two signals z(k) and y(k) is given by
.
Rgy(mAt) = — > " z(kAt).y(kAt +mAL) (C.7)

k=1

The covariance function of two signals with the mean removal is given by

2

B,y (MAL) = — Zm(kAt ) — Z).[y(kAt + mAt) — G(mAL)] (C.8)

where

z(kAL) (C.9)

o
1
A

8

1
2| -
M=

g(mAt) = y(kAt + mAt) (C.10)

2| =
M=

o
1
st

Expanding the relationship given by (C.8),

N
Buy(mAY) = % S {2 (kA8 y (kAL + mAL) — Fy(kAt + mAt) —
k=1
 g(mA).z(kAL) + (mAt)}

N
= —]%/: Z z(kAt).y(kAt + mAt) — T.— Z y(kAt + mAt)
k=1 k 1
N N

—y(mAt).% S (kA + E.ij(mAt)Fl/; S

k=1 k=1

N
= % > o(kAt).y(kAL + mAL) — ZH(mAL) — F(mAY) T + Zy(mAt)
k=1 .

N
= —]1\—, > z(kAt).y(EAL + mAt) — T.H(mAL)
k=1 . '
= Ryy(mAt) — T5(mAt) (C.11)
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Detection of Signals of Known Shape in Noise

The electrical signals produced by the voltage and current transducers may contain un-
wanted signals or noise. The noise can be due to thermal effects, defects in the transducers
or high frequency “noise” injected due to the occurrence of a fault. The noise component
has to be removed in impedance measurement algorithms, before processing the waveforms.
This is done through filtering. However, these high frequency signals are essential for the
travelling wave algorithms. In a travelling wave relay, the outgoing wavefront is stored and
correlated with the reflected waves which contain unwanted noise components. The best
filter for detecting the presence of a known signal in white noise is a ‘matched filter,” where

the received noisy signal is correlated against an uncorrupted version of itself.

In a system using travelling wave techniques, a portion of the forward wave f is stored
and correlated with the reflected wave f;. The signal f; is an attenuated, delayed form of
the signal fo. The attenuation can be considered as frequency independent. If the known

signal is zo(t) , then the reflected signal y(¢) can be assumed to have the shape
y(t) = yzo(t — AT) + €(t) + n(t) (C.12)

where vy is the attenuation of the line, €(t) = Esin(wt + ¢), the offset due to the signal
of the system frequency, AT - the delay, and n(t) - the noise signal. AT is the required
information. If the prefault steady state signal is removed from zy(t), €(t) can be assumed
as zero. To recover the wanted signal from the noise, this signal is fed to a “filter”. Now,
the input to this filter is

y'(t) = yzo(t — AT) + n(t) (C.13)

The output of the filter £(t) contains output due to the wanted signal, p(¢) and output
due to noise, o(t).

£(t) = p(t) +o(t) (C.14)
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If the delayed signal of z¢(¢) is given by z(¢),

z(t) = yzo(t — AT) (C.15)

Consider the frequency spectrum of z(t).

X () = yXo(w)e I9AT (C.16)
where
Xo(w) = / ” zo(t)e It dt (C.17)

If the frequency response of the filter is H(w), then the required signal at the output of the
filter is given by
1 [ . |
o(t) = - / H(w). Xo ()& dw (C.18)
2r J_o

If the power spectral density of the noise signal n(t) is given by S,(w), then the average

power of the noise signal is

52—(5; %/Tnz(t) dt
A :

1 o0
- /_  Sufwd (C.19)

At the output of the filter, the total power of the noise signal N is given by

: 1 o0
N =lo() = 5- / (@) [ .S () dow (C.20)
T J-o
Now, it is required to maximize the signal to noise ratio x4 at the output of the filter at
some instant in time, say ¢ =T. i.e.
. 2
= [2° H(w).Xo(w)e! dw

_ AT |
- N & [% |H(w)[*.Sn(w)dw (C21)
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The maximization of the expression can be accomplished by applying the Schwartz inequal-
ity
2 o0 o0
< [CIP@itas [ QWP (©22)
—00 -

5 / P(w).Q* (w)e’dw

where Q* is the complex conjugate of (). The equality applies when P = constantxQ.

Therefore,
(T _ o lH(w)ldwf |[Xo ()] duw
N7 e [ H@) Sn(w)dw

~ The optimum filter is a filter that maximizes y, i.e. the optimum filter is obtained at ¢ = T,

when

H(w) = Ke‘j“’T)S(S((Z)) (C.23)

where K is a constant. The frequency response is proportional to Xo(w) which emphasizes
frequencies which contain large signal components and inversely proportional to S, (w) which
de—emphasizés frequencies which contain large noise components. If the noise is considered
to be additive white noise, I.E.I,S'n(w)|2 = 1, then the optimum filter is the matched filter

or correlator. The transfer function of the correlator is given by
H(w) = e T X} (w) (C.24)
Then in the time domain, when Xy{w) is réal, i.e. when the input signal z(t) is symmetrical,
h(t) = Kz(t —T) (C.25)

That is, the impulse response of the filter is matched to the delayed replica of the input
signal to which the filter is matched. Hence the correlation technique becomes an effective

method to extract a known signal in white gaussian noise.



Appendix D

Impedance Measurement of

Transmission Lines

Introduction

The basic principle behind impedance relaying is calculating the line impedance seen by
the relay at the relay location using the fundamental frequency components of voltage and
current signals. The impedance is a function of the voltage and current. Fourier transform
based methods can be used to derive the fundamental components of the voltage and current
signals. In this section, the basic theory behind the impedance measurement algorithm is

introduced.

Impedance Calculation

Fourier analysis can be used to calculate the fundamental frequency component. According
to the definition of Fourier Series, in the analog domain, a signal z(¢) which repeats with

period T" can be expressed as a sum of cosines and sines as

n=oo n=0oo

z(t) = ap + Z an cos{nwpt) + Z by, sin(nwot) (D.1)

n=1 n=1
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where

2 T
a, = —/ z(t) cos(nwgt) dt
T Jo
2 T
b, = = / z(t) sin(nwot) dt
T Jo
1 T
w = /0 2(t) dt (D.2)

and qg represents the dc component. Here, wy = 27 /T. The Fourier analysis separates the
dc, fundamental and harmonic components of f(t). For the n*® harmonic, the amplitude is

given by

len| = +/(a, + ) (D.3)

and the phase angle is given by

6, = tan™! (-b—’i> (D.4)

an
The fundamental frequency components are given by a; and b;.

The Fourier series has certain practical limitations in its use. It assumes that the time
function is of infinite duration, whereas practical data in the case of a fault are often
a transient having finite duration. Further, it assumes that the data are periodic over an
unﬁmited extent, whereas practical data are usually non-periodic. It is possible to represent
non-periodic data by a Fourier Transform (FT). The FT of the time function z(¢) is given
by

)
X(f) = / z(t) e It (D.5)

—00
where w = 27 /T. The absolute value of (D.5) yields the frequency amplitude content and
the argument gives the phase content.

In digital algorithms, sampled values are used instead of the continuous variables. Hence
the continuous integrals given by (D.2) cannot be applied directly to find the fundamental

components. Instead the integral is taken over N samples within the time interval T' which
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immediately precedes the sampling instant in question. The digital domain equivalent of
(D.1) is given by,

(N-1)/2 (N-1)/2

(k) = A + Z Ap cos (2—nk) Z B, sm(—nk) (D.6)

where n = 0,1,2,....... (N —1)/2 and k& = 1,2,........ (N — 1). The discrete form of the

integrals are given by

2 W=D 2m
A, = N Z (k)cos(Nnk)
k=0
w-1)
2 . [ 2x
B, = i Z z(k) sin (Nnk>
k=0
;1 VoD
Ay = i z(k) (D.7)
k=0

where z(k) represents individual samples within the sampling window. This is known as

the discrete Fourier series. The amplitude and the phase of the n* harmonic is given by,

|Cnl = V(43 + B}) (D.8)

and

B
6p, = tan™? (;—1—:—> (D.9)

The fundamental frequency components are given by A; and Bj.

The discrete form of (D.5) is given by

1 (N-1)
f 27
X(n)=5 Y a(k)e () (D.10)
k=0
where k,n = 1,2,.......... N. The above relationship is known as the DFT. A major use

of the DFT is the translation of a time series into an equivalent frequency series. Hence
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the DFT can be used effectively to calculate the fundamental components of voltage and
current signals. An alternative method of obtaining the DFT, termed as the FFT, can be
used to improve the speed of calculation when a number of DFT’s are sought (e.g. the
fundamental and several harmonics).

Using (D.8) and (D.9), the fundamental components of the voltage and current can be

obtained.
|C1] = 1/ (A} + BY) (D.11)
and
B
— -1 (21
61 = tan (A1) (D.12)

Using the above equation, the voltage Cy, 8y and current Cy, 6; fundamental phasor

components can be obtained. The impedance Z and phase angle 6 can be derived by using

- Cv
Zl = = 1
izl = & (D.13)
07 = Oy —0; (D.14)

The above computation is carried out at each sampling interval. This will give an
impedance value based on the voltage and current samples of the previous cycle preceding
the current sample.

In a three phase system, the mutual coupling between transmission lines affects the
sound phases when there is a fault on one phase. If the voltage and current signals from
each phase are used to find the impedance according to the above method, the impedance
value obtained will not be proportional to the distance to the fault. Transforming phase
variables to symmetrical component variables avoids mutual effects between variables except

at the fault location.
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Symmetrical components

If a fault occurs in a three phase network, the mutual impedance between the phases allows
fault induced effects to couple across from the faulted phase to the sound phases.If the
impedance is calculated from the line voltages V, V, V. and currents I, Ij I. of the three
phases, the calculated values will not have a simple relationship to the distance to the fault.
To decouple the phases, the three phase network can be transformed into a new set of
phasors known as symmetrical components. The new set of components are labelled the
012 set. They are referred to as the zero sequence, positive sequence and negative sequence
components [108].

The three phase system can be expressed in a concise form as in (D.15),

Vase] = [Zase] L] (D.15)

where V. is the voltage vector, I, is the current vector and Z,, is the impedance matrix
of the network. The matrix Z,;. has mutual elements. This can be transformed into a new

set of variables:

[Voi2] = [Zo12] [To12] (D.16)

The elements in (D.16) are related to the values in (D.15) by,

Vabe] = [F][Vore]

[Labe] = [Fllo12]

[FI ™ Zasl[F] = [Zow2] (D.17)
where
1 1 1 1 1 1
[Fl=11 a® a |, [F]‘1=% 1 a a (D.18)
2 2
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Here,

1 V3 9 1 V3
a (2+32) 12120, a (2 ]2> 1/240 (D.19)
The matrix Zpg in (D.17) is diagonal and the diagonal elements are the eigenvalues of

the Z,p. matrix if the system is assumed to be perfectly balanced. The diagonal elements

Zy, Z1, and Zy are known as zero, positive, and negative sequence impedance, respectively.

Mho Relay

The mho type distance relay is most suited for protecting long transmission lines. The mho
relay has inherent directional discrimination properties. The concept of the mho relay can

be explained using the universal relay torque equation [109] given as follows:
T =K I? + KoV2 4+ KsVIcos(0 —7) + K (D.20)

where 0 is the angle between I and V, 7 the maximum torque angle, K is the fixed restraining
torque and K,, Ks, K3 are constants.

In the mho relay, the operating torque is obtained by the V-I element and the restraining
torque is due to the voltage element. Hence in D.20, K; is set to zero. Neglecting K, the

torque equation becomes

T = K3VIcos(8 — 1) — KyV? (D.21)
For the relay to operate
K3VIcos(d —7) > KyV? (D.22)
or
Z < KsV1 cos(f — 7) (D.23)
K,

This characteristic when drawn on an impedance plane depicts a circle passing through the

origin. The relay operates when the impedance seen by the relay falls within this circle.



Appendix E

Line Configuration and Parameters

The transmission line configuration and parameters of the three phase power network used
for simulations in Chapter 4 are given here. The line parameters were generated by the
“line constants” program in PSCAD. The transmission line is assumed to have uniform sag

and conductor spacing along the total span. The tower configuration is shown in Fig. E.1.

G] ’< ___________ * G2
I eC
hg' !
! o
ce "’ e --0 G
e
¥

Figure E.1: Tower configuration
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Line Configuration Data:

The height of outer conductors, h, = 28.956 m

Height of center conductor, h, +h, = 38.648 m
Horizontal space between phases, . = 6.7056 m
Conductor radius, r, = 1.65354 % 10_2_ m
No of conductors in a bundle, n =3

Conductor bundle spacing, d, =45.72x10"% m
Sag for all conductors, S, =12.192 m

Height of ground wires, h; + hy = 45.659m
Spacing between ground wires, x, = 10.11928 m
Ground wire radius, 4 = 0.54864x1072 m
Sag for ground wires, S, =7.62m

Line Parameters:

Conductor DC resistance, R, = 0.0489 Q/km
Ground wire DC resistance, R, = 2.8651 Q/km
Ground resistivity, oy = 100 Qm

Zero sequence resistance, Ry = 0.3211 x 1072 Q/m
Zero sequence reactance, X =0.1218 x 102 Q/m
Positive sequence resistance, R; = 0.1756 x 107* Q/m
Positive sequence reactance, X; =0.3378 x 1072 Q/m
Negative sequence resistance, Ry = 0.1756 x 107* Q/m
Negative sequence reactance, Xy = 0.3378 x 1072 Q/m
Mode 1 surge impedance, Z; = 6754 —6.3 Q
Mode 2,Mode 3 surge impedance, Zo = 2644 —0.9 Q
Mode 1 surge impedance, v; = 204.4 km/ms

Mode 2,Mode 3 surge impedance, v = 294.6 km/ms
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Appendix F

Hardware Information

Multichannel Buffered Serial Port

The multichannel buffered serial port (McBSP) consists of a data path and a control path,
which connect to external devices. Data is communicated to these external devices via
separate pins for transmission and reception. Control information (clocking and frame
synchronization) is communicated via four other pins. The device communicates to the
McBSP via 32-bit-wide control registers accessible via the internal peripheral bus. The
McBSP block diagram is shown in Fig.F.11.

The main functional units of the McBSP are described below:

Transmitter The transmitter section is responsible for the serial transmission of data that
is written in DXR. The contents of DXR are copied to the transmit shift register XSR.
The transfer starts as soon as the transmit frame sync (FSX) is detected. One bit of
data is transmitted or shifted out of XSR on every transmit clock CLKX. New data

- can be written to DXR using either the CPU or the DMA.

Receiver The data received on the DR pin is shifted into the Receive Shift Register (RSR)

on every receive clock (CLKR). Again, the actual shifting in of data begins after

'Obtained from [78]
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McBSP
Compand P
DR —¥) RSR RBR Expand DRR
oX XSR Compress DXR J——
_SPCR -
CLKX ¢— [SPeR e
CLKR <4—¥ RCR
Clock and 32-bit
FSX «— frame sync XCR peripheral
FSR <M generation bus
CLKS —M and control SRGR
PCR
l MCR Il:
FAultichannel
selection RCER
I XCER 'l:
‘\/'
RINT ——f—
XINT et Interrupts to CPU
REVT ——4-# Synchronization
XEVT ———» eventsto DMA

Figure F.1: The McBSP block diagram

detection of a receive frame sync (FSR). The data in RSR is copied to a Receive
Buffer Register (RBR) and then to the Data Receive Register (DRR). The DRR can
be read by either the CPU or the DMA.

Sample Rate Generator This module generates control signals such as the transmit /receive
clocks and frame sync signals necessary for data transfer to and from the McBSP.
Clock generation circuitry allows the user to choose either the CPU clock or an exter-
nal source via CLKS‘to generate CLKR/X. Frame sync signal properties such as frame
period and frame width are also programmable. FSR/X, CLKR/X are bidirectional

pins, and therefore can be inputs or outputs.

Events/Interrupt Generation The McBSP generates sync events to the DMA to indi-
cate that data is ready in DRR or that DXR is ready for new data. They are read
sync event REVT, and write sync event XEVT. Similarly the CPU can read/write to

the McBSP based on interrupts (RINT and XINT) generated by the McBSP.
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The TableF.1 gives the McBSP register information. These registers have to be properly

initialized in order to use the serial port.

Table F.1: McBSP registers
McBSPO | McBSP1 | Abbr. | Description

- - RBR | Receive buffer register

- - RSR | Receive shift register

- - XSR | Transmit shift register
018C0000 | 01900000 | DRR | Data receive register
018C0004 | 01900004 | DXR | Data transmit register
018C0008 | 01900008 | SPCR | Serial port control register
018C000C | 0190000C | RCR | Receive control register
018C0010 | 01900010 | XCR | Transmit control register
018C0014 | 01900014 | SRGR | Sample rate generator register
018C0018 | 01900018 | MCR | Multichannel control register
018C001C | 0190001C | RCER | Receive channel enable register
018C0020 | 01900020 | XCER | Transmit channel enable register
018C0024 | 01900024 | PCR | Pin control register

The McBSP allows choosing different clocking and framing for both the receiver and
transmitter. Fig.F.2! is a block diagram of the clock and frame selection circuitry.

The sample rate generator is made of a 3-stage clock divider that provides a pro-
grammable data clock (CLKG) and framing signal (FSG), as shown in Fig.F.3!. CLKG
and FSG are McBSP internal signals that can be programmed to drive receive and/or
transmit clocking, CLK(R/X), and framing, FS(R/X). The sample rate generator can be
pfogrammed to be driven by an internal clock source or an internal clock derived from an

external clock source.

- Obtained from [78]
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Figure F.2: The McBSP clock and frame generation circuitry
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Figure F.3: The McBSP sample rate generator

- Timers

The TMS320C6711 has two 32-bit general-purpose timers. The timers have two signaling

modes and can be clocked by an internal or an external source. The timers have an input

pin and an output pin. The input and output pins, (TINP and TOUT) can function as

timer clock input and clock output. Fig.F.4! shows a block diagram of the timers.
TableF.2 gives details about the timer registers:

" Configuring a timer requires three basic steps:

e If the timer is not currently in the hold state, place the timer in hold (HLD = 0).
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Figure F.4: The C6711 timers

e Write the desired value to the timer period register (PRD).

e Write the desired value to the timer control register (CTL). Do not change the GO

and HLD bits of the CTL in this step.
e Start the timer by setting the GO and HLD bits of the CTL to 1.

In pulse mode operation, the output clock frequency is given by;

Frequency of clock source
Timer period register value

Frequency = (F.1)
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Table F.2: Timer registers
Timer0 Timerl Register Description

01940000 | 01980000 | Timer Control | Determines the operating mode of the timer,

(CTL) monitors the timer status, and controls the
function of the TOUT pin.

01940004 | 01980004 | Timer Period | Contains the number of timer input clock

(PRD) cycles to count. This number controls the
: TSTAT signal frequency.

01940008 | 01980008 | Timer Counter | Current value of the incrementing counter.

(CNT)

In clock mode operation, the output clock frequency is given by;

Frequency =

Frequency of clock source

(F.2)

2 x Timer period register value



ADC
Al
ALU
ANN
API
ASIC
CCVT
CFR
CLKR
CLKX
COFF
CT
CWT
DAC
DFT
DLL
DMA
DRR
DSK
DSP
DWT
DXR
- EDMA
EHV
EMIF

Acronyms

Analog to Digital Converter
Artificial Intelligence

Arithmetic Logic Unit

Artificial Neural Network
Application Programming Interface
Application Specific Integrated Circuit
Capacitor Coupled Voltage Transformer
Configuration Register

Receive Clock

Transmit Clock

Common Object File Format
Current Transformer

Continuous Wavelet Transform
Digital to Analog Converter
Discrete Fourier Transform
Dynamic Link Library

Direct Memory Access

Data Receive Register

Digital Signal Processor Starter Kit
Digital Signal Processor

Discrete Wavelet Transform

Data Transmit Register

Extended Direct Memory Access
Extra High Voltage

External Memory Interface
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EMTDC
EMTP
EPI
EPP
EPROM
FFT
FIFO
FPGA
FSR
FSX
GPIO
GUI
HPI
HPRC
IED
IRQ
ISR
IDE
JTAG
L1/L2
 LSB
McBSP
MFLOPS
MIPS
MSB
MSPS
OVT
PCI
PCR
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Electromagnetic Transient Program for Direct Current
Electromagnetic Transient Program

External Peripheral Interface

Enhanced Paraliel Port

Erasable Programmable Read Only Memory

Fast Fourier Transform

First IN First Out

Field Programmable Gate Array

Receive Frame Sync

T‘ransrhjt Frame Sync

General Purpose Input Output

Graphical User Interface

Host Port Interface

High-Performance Reconfigurable Computing architecture
Intelligent Electronic Device I/O Input and Output IDE
Interrupt Request

Interrupt Service Routine

Integrated Development Environment

Joint Test Action Group

Levell / Level2

Least Significant Bit

Multi-Channel Buffered Serial Port

Million Floating Point Operations Per Second

Million Instructions Per Second

Most Significant Bit

Mega Samples Per Second

Optical Voltage Transformer PC Personal Computer

Peripheral Component Interconnect

. Pin Control Register



PEROM
PLL
PnP
PPC
RCR
ROM
RSL
RTP

- SOLK
SDI
SDK
SDO
SDRAM
SPCR
SPP
SRG
SRGR
TIM
VLIW
VT
XCR
XSR

Programmable Erasable Read Only Memory
Phase-Locked-Loop

Plug and Play Architecture
Parallel Port Connector
Receive Control Register
Read Only Memory

Runtime Support Library
Real Time Playback

Sample Rate Generator Clock
Serial' Data Input

Software Development Kit

Serial Data Output

Synchronous Dynamic Random Access Memory

Serial Port Control Register
Standard Parallel Port

Sample Rate Generator

Sample Rate Generator Register

Texas Instruments Module

' Very Long Instruction Word

Voltage Transformer
Transmit Control Register
Transmit Shift Register
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