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ABSTRACT

Recent trends in electric power systems are analyzed to identify the impacts on extra
high voltage (=EHV) transmission line protection. They call for high speed relaying under
complex fault transients for reliable system operation. To achieve a solution meeting this
requirement, this thesis undertakes systems approach as a scientific basis and computers
approach as a technological basis.

A concept of the travelling wave difference is introduced for the first time as a
protection principle for EHV transmission lines, Through the theoretical and simulation
study, this thesis demonstrates that the concept is very effective to the design of an EHV
computer relay meeting the basic requirement. One of the new trends in EHV network
protection is to use the system transient for fast speed relaying. This thesis presents an
effective computational technique to analyze the network transient for digital directional
protection. Although lack of validation was felt on the working principle of such relays
depending on system transients, a theoretical basis is established to the very fast directional
protection. It appeared that the accurate eastimation of the distance to a fault would be
impossible because of the phaseshifting effect of a fault impedance. This limit is overcome
by two computational techniques. The algorithms depending on Fourier and Laplace
transform technique are shown to be able to estimate the accurate fault distance in spite
of the presence of a fault impedance. The final contribution is a provision of a method to
deal with the uncertainty which seéms innevitable in decision making in protection. A
hypothesis testing approach is undertaken to make decision and extended to determine the
sampling rate in computer relays.

Two areas are described as a future research: extension to total system protection and
integration of protection and control system. Each arises from a system and technological
need. The research in these areas is very vital to the reliable and efficient future power

system operation.
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INTRODUCTION

This thesis deals with a Systems approach to the extra high voltage pbwér transmission
line protection with digital computer. The scientific basis is placed on the systems method-
ology, and the technological basis is on the digital computer. The systems approach here
is applied to the design problem of a protection algorithm for computer relaying. The design
of a protection algorithm is involved with three subproblems: definition, verification and
optimization of the algorithm. The systems approach plays an essential role in solving each
subproblem of computer relaying. The following is a brief overview of the current problems
in substation protection. An effort is concentrated on identifying the transmission line pro-
tection problems.

The efficient and reliable electric power supply is the final objective of electric utilities.
At this time (1981), the largest unit capacity reaches well above 1,000 MW. Although the
future unit capacity may not exceed the present record, the total capécity of a generation plant
continues to increase. One can see an example in the power plant project. The electric power
system has developed to a huge and complex network, because of a continu"ing effort made to
operate the system more efficiently through a stronger interconnection. These result in an
increase of current density.: At the same time, great efforts have been made to incorporate
new transmission technologies into present networks: UHV, HVDC, multi-terminal, and under-
ground transmission {1, 2, 3]. Each novel scheme has its own opportunity for incorporation.
These trends in systems and technologies have strong impacts on the transmission line protec-
tion. The increase of current density results in the reduction of transient stability margin. To
keep the stability margin at the same or higher level, one must reduce the critical clearing time.
In other words, the system needs high speed relaying. The new technologies, on the other
hand, accompany complex fault transients largely due to an increase of the capacitive element.
Accordingly, EHV relays must meet the severe requirements [4].

The new téchnology in electronics, particularly digital computer, has advanced and will
keep advancing for the future. There are tremendous penetrations of computer systems into
electric power system. Looking over carefully, one finds that the penetration is surprisingly
slow in transmission [5]. Why have the computer systems moved so slow? Although one can
see several reasons, the primary one for this is an attitude to replace the existing systems.
However, the cost-effectiveness of computer systems has a great potential for transmission
applications. Main objective of this thesis is to find more effective way of solving.lhe substation

protection problems with the digital computer systems.



To find the best solution, one must characterize the design problem of transmission line

protection. This is done at each subproblem level as follows.

Definition level: the algorithm must work correctly over a wide band in frequency
spéctrum.

Verification level: the algorithm must be verified in more realistic environment.
Optimization level: the algorithm must be optimized on various factors that might affect

the working principle.

The approach of this thesis is a systems analysis methodology and digital computer systems.
In other words, scientific basis is placed on systems analysis and technological basis is on digital
computer in the problem solving. Although the economical aspect is not dealt in this thesis,
the cost-éffectiveness of computer relaying seems to be maximized by an attempt to integrate
the protection and control system in the transmission substation [6, 7, 8].

The following are the organization of this thesis. CHAPTER I describes the problem
solving methodology of this thesis. It also contains a brief overview of the state of the art of
computer relaying [9, 10]. A travelling wave concept regarding the transmission line protection
is defined in CHAPTER II. As the concept is applied to the differential protection for the
first time, substantial efforts are made to establish the theoretical basis of the concept in line
protection. CHAPTER 1II is devoted to the verification and optimization of the protection
algorithm through digital simulation and mathematical analysis techniques. CHAPTER IV
defines a high speed directional protection algorithm, whose theoretical basis is upon the
Laplace transform theory. Verification and optimization are also made here. The next two
chapters deal with the fault location problem. The Laplace transform theory is applied to the
fault location problem in CHAPTER V, where the algorithm is verified and optimized.
CHAPTER VI defines a simplified version of the location algorithm studied in the previous
chapter. The key here is an application of the Fourier transform theory. CHAPTER VII
spots the decision making process of computer relay, which was not analyzed much before.
A statistical approach is defined in the decision making process, and the sampling rate of
computer relays is optimized with both the degree of uncertainty and operating time
requirement. CHAPTER VIII summarizes main results of experiments which are performed
using a prototype computer relay tested at an artificial transmission line. In CONCLUSION,
séveral results obtained in each chapter are summarized. Also described are some future

problems in computer protection of a transmission substation.



CHAPTER I 'SCOPE AND METHODOLOGY OF THE THESIS

1.1 INTRODUCTION

The main problem is the deoign of a high Speed digital protection a]go'rilhni of a trans-
mission line under complex fault transients. As the technological basibs is placed on digital
computer, a brief overview of the computer relaying is given with a particular reference to
high speed protection. Three subproblems comprise the whole design problem.

--- Definition of the algorithm

--- Verification of the algorithm

--- Optimization of the algorithm

Systems approach is undertaken to each of these as a problem solving methodology.

1.2 BRIEF OVERVIEW OF COMPUTER RELAYING

Three logical processes comprise a relaying function, whatever technology is adopted.
These are sensing, evaluating, and discriminating process as is shown in Fig. I-1 [1]. In the
sensing process electrical system quantities such as voltage and current are measured with
sensors, transmitted through cables or fibres, and conditioned appropriately. The evaluating
process makes some computations to put out a fault criterion. The discriminating process
makes a final decision whether a fault exists or not in the protected zone. When at least
the last two processes are implemented with a digital computer, the whole process is referred
to a computer relaying. This is a concept of computer relaying that is most widely accepted

now [2]. An overview is made, emphasizing the key concept of each process.

J{v(f),i(t) }—’ Sensing > Evaluating [ Discriminating -—>{ foult,unfoult}

Fig. I-1 Functional decomposition of relaying process



Signal conditioning characterizes the first process. There are two problems here: deter-

mination of sampling rate and filter characteristics. Hope and Malik [3] tried to determine

the sampling rate by minimizing the Fourier transform error. Another approach was to determ-
ine it by facilitating the computation at the middle process. Twelve samples per one cycle at
the nominal frequency, for instance, are convenient to calculate the magnitude of voltage
and current. Once the sampling rate is determined, the problem to determine filter character-
istics simplifies because of the Nyquist sampling theorem [4]. Accordingly, the solution of
major problems here highly depends upon the algorithm at the middle process.

Fault measuring is the key concept of the evaluating process. Each fault measuring

algorithm is defined on its own transmission line model. Ordinary differential equation was

used in many literatures.

v(t) = R i(t) + L di(t)/dt 11
There are two variations here. One is to measure the impedance Z(jw):

Z(jw) = R + jwL (I-2)

Mann and Morrison’s method [5] was the first approach to measure Z(jw).supposing that
voltage and current are completely in their steady state sinusoidal forms. Obviously, their
algorithm had a drawback in measuring Z(jw) unless their assumption is true. Ramamoorty
applied the Fourier transform algorithm to voltage and current [6]. The impedance Z(jw),
then was measured by V(jw)/I(jw). His original algorithm required one cycle data at the
nominal frequency. Phadke and et al. speeded up by proposing the half cycle transform
algorithm [7]. Recently, John and Martin extended these approach to finite spectral analysis
[8]. Their idea will be discussed in CHAPTER Iv.

The other way is to measure R and L directly. This idea originated at McInne and
Morrison’s paper [9], where R and L are solved from a linear equation that is derived by

integrating the eqn. (I-1) for two time periods. That is;

f2ynydt = R [Pi(t)dt + L i) ' (1-3)
ty t) ty

f::v(t)dt R f:‘;i(t)dt + L f;‘;di(t) (1-4)

—4-



There may be large possibility that higher harmonics are included in the faulted voltage and
current waveforms. To guarantee high accuracy in such a case, Ranjbar and Cory proposed
an unique algorithm of integration [10] to filter out any higher harmonic components.
Although their idea is very interesting, it has a disadvantage such that the long window data
is needed to implement.

Partial differential equation is the other way of modelling a transmission line.

vy _ Citt) + 8 9i(x,t) (1-5)
ax ot '

B ai(ax,t) - g v(t) + ¢ av(x,t) (1-6)
X ot

This telegram equation had not been used for relaying application for long time. Kohlas was
the first to apply these to fault location problem [11], but not for relaying. Since the
late seventies, many attempts have been made to develop a new type of relay.
That is the travelling wave relay, whose theoretical basis lies in the above equations. This
branch of relay engineering has grown rapidly in connection with a (very) high speed relaying.
It appears that the operating time of the travelling wave relays is set at a quarter cycle at the
nominal frequency or shorter. As CHAPTER II and III are devoted to the travelling wave
relay, Table I-1 summarizes all of the travelling wave relay that are known at this time (1981).
The relay of the first column was developed and demonstrated by Chamia, Esztergalyos,
and et al. [12, 13]. Suppose that the notation (- )” be referred to a transient quantity, Their

principle was:

If v’(t) and i”(t) have opposite signs, then a fault is before the relay.
If v’(t) and i”(t) have same signs, then a fault is behind the relay.

CHAPTER IV will discuss their idea in detail. Dommel and Michels proposed another direc-
tional protection scheme [14]. Their directional discriminant is consistent during the short
time period after a fault inception. To the author’s knowledge, the demonstration has not
yet been made. Vitins published two papers [15, 16] on travelling wave relay. One paper
dealt with a distance protection, and the other with a directional. His distance protection
was defined as comparison between forward and backward wave vectors. His directional

scheme was almost identical to the approach by Chamia and Esztergalyos [13].



ASEA University of British BBC TEPCO
D
eveloper | ppa Columbia ' MELCO
Classification | directional directional distance differential
Date of 1977 September 1978 January 1977 July 1977 July
disclosure CIGRE SC-34 IEEE Winter Meeting IEEE Summer Meeting | IEEE Summer Meeting
(Austria) (New York) (Mexico City) (Mexico City)
For fault in forward For fault in forward For fault within the For internal fault
direction, direction, distance, £E=0.
vi <0 (v-Zi)? + B(w)e 2%3R and | For extemal fault
Principle For fault behind, 1 dv Zdi 2 > B(w) will come £%0.
vi >0 'w—z(’a o E) >0 opposite side with
For fault behind, A(w).
Field Since 1976 April at Not known, but may Not known. Since 1977 June at
Experience 500 kV s/s of BPA not be tested yet. 275 kV s/s of TEPCO
Directional discriminant | Directional discriminant | Data of remote end is | Discriminant is good
: is good at earlier time | is good at earliest time | not necessary. at any time, ‘
Feature & after fault, but it is after fault. Original assertion It requires high
problems not so afterwards. Exact detection of b(t+2ax) = r-a(t) capacity of data link.

discriminant is
questionable,

is questionable with
non-metallic fault.

Table I-1

Comparative overview of travelling wave relay




Decision making is the last, but not the least concept in computer relaying. However,
there have been no papers which deals with this concept explicitly. Heuristic method such
as the majority decision rule was used. Most approaches were based on the fault measuring
algorithm. For instance, consider an algorithm using successive three samples. If three
successive decisions were idential to either trip or non-trip, then these were considered to
be the final.

One can note a clear trend in the development of computer relays from the technological
point of view. A prospect of digital protection with minicomputer was first cited by
Rockefeller [17] in the sixties. Several joint development activities were started in the early
seventies between the utility and manufacturing companies [18, 19, 20, 21, 22, 23]. These
initial prototypes were designed to replace the existing protection system, and implemented
with minicomputer. Although the field test results gained confidence in the computer
relaying, the cost-effectiveness of minicomputer based systems was felt at that time not
enough for fast penetration into protection. While these systems were being tested, there
were two major technical breakthroughs in the seventies: microcomputer and fiber optic
technology. The microprocessor is particularly suitable to improve the cost-effectiveness
of computer systems. Accordingly, major projects were started to develop a microprocessor
based prototype in the mid seventies. Japan has been most active in this field. The Tokyo
Electric and the Kansai Electric Utility Companies have developed and tested the prototype
systems with Mitsubishi [24], Toshiba [25] and Hitachi [26] Manufacturing Companies.
The microprocessor based system :is now accepted to be vital to the best architecture for
computer relay design. The most recent trend is a concept of the integrated protection and
control system [27]. There seems to be a concensus among the protection and control
engineers such that the cost-effectiveness of computer systems will be maximized by the

integration, and that computer systems will start penetrating fast into transmission.

1.3 SYSTEMS APPROACH TO DEFINITION OF PROTECTION ALGORITHM

There are three basic requirements in the fault protection of a transmission line. They
are fault detection, fault selection, and fault location. As an algorithm for each is defined
on the mathematical model of the transmission line, modelling is very vital to meet each
requirement. On the other hand, modelling is the fundamental concept in systems analysis.
In other words, one starts his systems analysis with building a model of the object. Accordingly,

systems analysis has a great opportunity for definition of a protection algorithm.



Fig. 12 illustrates the most general idea to make a fault detection. Suppose that one

knows a mathematical equation of an unfaulted object:

F(x,y, a) =0 1))

Object yi
to be protected

Xi Y di

Mathematical
Model - f(xi,a)
Xi, yi = actual measurement
a = parameter

di = model difference

Fig. 12 General idea of fault detection

where x and y are measured quantities, and a is a parameter. Let f(x, a), be a function relating

x and a with y:
y = f(x, a) (1-8)

Now suppose that x; and y; are measured at the time t;. From the eqn. (I-8), one can define

a quantity d; which measures a correctness of the model.

di =vy; — f(x;, a) (1-9)



Ideally d; is zero unless a fault takes place inside the object. However, if a fault happens inside,
d; is no longer zero. In this way one derives a general definition of the fault detection

algorithm.

If d; = 0, then no fault exists inside.

If d; ¥ 0, then a fault exists inside.

The fault selection is an essential requirement in the protection of a multi-phase system.

One has a set of fault measure [d;] in the N-phase system.

dio

ldi} =| : (1-10)

The k-th component of [d;] is defined on the k-th decoupled modal system. A proposition

pik is defined here as follows:

Pik é(dik is zero) (I-11)

Then one has a vector of propositions, [p;].

Pio
[pi] =| : (1-12)

Pi,N-1

As pjx takes the value of true (= T) or false (= F), there are 2" combinations in [p;]. The
fault selection algorithm is thought as a function from {[p;]} to {fault type). The fault type
means a phase-a-to-ground fault, - - ., phase-a-to-b short circuit, - - -, three-phase short
circuit,

The fault location is considered to estimate the parameter value a using x and vy,

From the eqn. (I-7), one must define a function g such that:.

a= g(x7 Y) . (1-13)



This is -a general definition of the fault location algorithm. The problem -gets solved

when one can find an algorithm g to calculate a.

As one can see in the discussions above, the definition of each algorithm depends
highly upon the modelling of a transmission line. Fig. I-3 ‘illustrates a set of transmission line
models in the increasing order of complexity. The simplest is a lumped-constant R-L series
circuit representation, while the most complex is a distributed-constant circuit. There are
many between two models. To determine an appropriate model, one needs to find the best
compromise between model adequacy and algorithm simplicity. The model adequacy gets
increasingly important when one wants to define an algorithm which works correctly
under transient conditions. The first model of Fig. 1.3 may be adequate for a
phenomehon at the nominal frequency, but it will not at high frequency regions. On the
other hand, the simpler model may be better from the algorithmical point of view.
Accordingly, the ultimate objective is to define a simple algorithm based on an
adequate transmission line model. The distributed-constant circuit representation is

undertaken in CHAPTER II to meet the objective.

2 e R
7777 7777
2 e R

oL

Fig. I3 A set of transmission line model
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1.4 SYSTEMS APPROACH TO VERIFICATION OF PROTECTION ALGORITHM

Once one defines a protection algorithm, what must be done next is the
verification. An analytical and analogue method is well justified to be used for an
algorithm that has a theoretical basis on modelling at the nominal frequency. One can
see a good example in the distance protection. As the network reduction is made easily
at the nominal frequency, the simple analytical method can be applied to verify the
algorithm. However, this is no longer true for high speed computer relays that have their
working principles on the transmission network transient phenomena. One cannot make
the network reduction in a straight forward way. The analytical method here is not
enough to be used for verification of the algorithm.

There is at least one way to do this. That is a digital simulation method. Systems
methodology has advanced the computation techniques for power system dynamic
behavior. Dommel and Scott recently overviewed its state of the art [28]. In connection
with computer relays, the computation of electrical and magnetic transient in
transmission system [29, 30] is the most important technique. Two simulation techniques
are well known: frequency transform method, and travelling wave method. The
former was developed mainly in Europe. A frequency response to an input time function
is calculated at many points in the complex frequency plane. An output time
function is obtained through the inverse frequency transform [31, 32, 34, 37]. The latter
method was developed mainly in the North America. This is based on. the solution
of the telegfam equation. A nodal equation at time t; is established using the previous
solution until time t;., referred to the past history term, and it gives the solution at time
tj [33, 38]. Table I-2 compares the advantages and disadvantages of the two methods

The travelling wave method is used for the verification purpose throughout this thesis
with the following reasons. This method is easily applied to a large scale transmission network.
System changes like faults and switchings are easily manipulated. The frequency dependent
nature of line constants is treated with an enough accuracy [39, 40] by Semlyen’s [35] or
Ametani’s [36] convolution. The nonlinear characteristics of power transformer are also
taken into account very well. Fault transients in tran§n1ission network are calculated with
the digital simulation technique [41], and they are used as primary circuit quantities put
into computer relays. It is very easy to verify the protection algorithms defined at the previous
step by using the theoretical fault data. This methodology is undertaken in CHAPTER III,
IV, V, and VI.
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Method
- Item

Travelling Wave Method

Fourier Transform Method

Distributed Constant
Elements

Solved directly

Solved directly

Lumped Constant
Elements

Solved directly

Solved directly

Non-linear Elements

Both non-linear resistor
and reactor have been
built in.

Non-linear resistor has
been built in, while
reactor has not.

Multi-phase and
Untransposed Line

Both multi-phase and
untransposed lines have
been modelled.

Both are taken into
account upon operational
solution.

Large Scale Network

Very easy to extend to
large scale network.

Very difficult to extend
to large scale network.

Computation Time

Relatively small.
Approximate convolution
method has been coded.

Relatively large.

Speed up is possible with
Fast Fourier Transform
technique.

Accuracy Good Good
Both method are accurate when compared with
Comment analytical solution. Actual field data are too small to

judge their accuracy.

Table I-2 Digital technique for electromagnetic transient computation
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1.5 SYSTEMS APPROACH TO OPTIMIZATION OF PROTECTION ALGORITHM

The opportunity for optimization exists at each process of Fig. I-1. Optimization is
made on the sampling rate and signal filtering in the sensing process. One must keep in mind
that these depend upon the fault measuring algorithm. In the evaluating process, optimization
is made over the fault measuring algorithm. Two types of optimization are possible: functional
optimization, and parametric optimization. Finally, the optimal decision making is searched
in the discriminating process. The optimization at the second process is primary and vital
to an effective design of a protection algorithm. Accordingly, the methodology at the
evaluating process is dealt first.

There are two ways of optimizing an algorithm: direct method and simulation method.
In terms of control theory, a transmission line protection can be considered as a decentralized
state estimation problem. However, no attemps were made to define the objective function
explicitly nor to write the system equation so as to facilitate the application of the control
theory. It seems impractical to make the direct optimization at this time. Nevertheless, there
is again a great opportunity for the simulation method. The digital simulation technique is
so advanced as to be used for many engineering problems. Through a medium size computer
one can access a simulation program which used to be run on a large digital computer. The
Electro-Magnetic Transient Program (= EMTP) on VAX 11 system is a good example. Several
alternative measuring algorithms are compared for their computational burden to accuracy
analysis. In CHAPTER III, 1V, V, and VI attempts are made to find the optimal measuring
algorithm through the digital simulation method.

Once the measuring algorithm is defined, the decision making is then optimized. The
objective function that is used in this thesis is a probability of relay misoperation. The concept
of probability density function is introduced into the fault criterion, and the discriminating
process is formulated with a statistical decision making. A sequential algorithm is optimized,
taking into account the real time computation of the decision value. One of the outcomes of
this approach is that it is possible to optimize the sampling rate. CHAPTER VII is devoted

to study the optimization at the sensing and discriminating process.
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CHAPTER II ALGORITHM DEFINITION OF TRAVELLING WAVE DIFFERENTIAL
PROTECTION FOR TRANSMISSION LINES [13,14]

2.1 INTRODUCTION

The emergence of UHV transmission lines and EHV cables produces some new and
difficult problems to the conventional electromechanical or static protective devices. The
problems include (1) the leakage current caused by the increasing stray capacitances, (2)
7the transient current of a few kHz caused by surge travelling after fault inception, (3) the
transient current of a few hundreds Hz caused by the oscillation between the total
inductanée and capacitance of the system, and (4) the transient dc current weakly damped
by the increasing L/R ratio. As is easily noted, these problems are featured by the “transient”.
behavior of the power system after fault inception. The conventional relays assume that the
electromagnetic transients in a power system would be small and disappear very soon. This
assumption, however, might not be true in recent systems and the protection system must
be designed to take much account of the transient behaviors [1].

Another problem is the transient stability in modern power system [2]. The protection
system must meet the requirement that the fault detection is made as fast as possible to
maintain the transient stability. As one of the solutions to the problems above, a new
protection method which is realized efficiently with digital techniques is proposed here.

In an earlier application of a digital computer to protection [3], the relaying principles
of the conventional devices were shifted in use. The distance relaying of [4] and [5] used
current, voltage, and their derivatives for impedance calculation. The relaying of [6] integrated
a differential equation numerically for R and L calculation, and that of [7] improved this
numerical integration by eliminating arbitrary harmonic components. The digital relayings
proposed so far are all directed to calculate an impedance, assuming that a transmissidn line
is represented by an L-R lumped circuit.

This chapter starts with modelling a transmission line as a distributed circuit rather
than a lumped one. Then one can apply the travelling wave theory and introduce Bergeron’s
equation as a basis of the protection method. Fundamental properties of this equation are

studied in a single phase line, and it is shown that the equation has several features desirable
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to fault detection. High speed detection of internal fault, highly reliable discrimination of
intermal and external faults, and low sensitivity to transient phenomena on a transmission
line are some of them. It is well known that a three phase line can be decomposed into three
single phase ones, namely modal lines. Therefore one can extend the protection method to
three phase line applying modal transform. Also is studied its extension to multi-terminal
line. Here another equation, Kirchhoff’s 1st law, is required besides Bergeron’s one. The new
protection method is applied to fault selection. Bergeron’s equation in each modal line
defines a predicate on fault detection. One can build a truth table of each predicate to all types
of internal faults, where fault selection is made by this table look up. Finally, two schemes
of fault location are discussed.

The travelling wave differential protection scheme can detect an internal fault very
rapidly. It hardly operates for an external fault, since Bergeron’s equation is not violated by
any external disturbances. These considerations conclude that the proposed method is quite

promising for fault protection of the modern high voltage transmission lines and cables.

2.2 THEORY OF FAULT DETECTION

A theoretical basis of fault detection is presented with the assumption of no loss

transmission lines.

2.2.1 Single Phase Two-Terminal Transmission Line
A single phase line in Fig. II-1 is represented by a distributed circuit with per unit length
inductance ¢ and capacitance c. The current and voltage at two terminals satisfy the eqn.

(II-1), which is known as Bergeron’s equation [8].
. 1 . 1
—-ls(t) +';Vs(t) = IR(t — T) +;VR(t - T) (Il-l)

where 7 = \/fcd: surge travel time

/2
z= ?: surge impedance
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Fig. II-1 Single phase distributed constant transmission line

See APPENDIX I for its derivation. The equation implies that a travelling wave leaving R will
arrive at S with the tiﬁe delay 7. Let us consider the wave propagation in three states of the
network. First, no fault has occurred anywhere in the network. The wave is not disturbed
and the eqn. (II-1) is satisfied. Second, a fault external to the line S-R has occurred. The wave
is not disturbed either and hence eqn. (II-1) is satisfied. Third, a fault has occurred in S-R.
The wave is deformed in its propagation with reflecting and refracting at the fault boint, and

the eqn. (II-1) is not satisfied anymore. Here a time function £(t) is defined as
. . 1 -
E1) L ig(t) + lR(t_T)_7{VS(t) — vr(t-7) } (I1-2)

It has the property that

£(t) = 0 implies no internal fault.

£(t) % O implies internal fault.

Thus one can detect an internal fault by £(t).

The principle of fault detection proposed has some desirable properties for fault
protection in modern transmission network. One can use the instantaneous values of i(t)
and v(t), which are suitable for implementation with digital techniques. It is also noted that
the detection is not disturbed by any transient phenomeha due to a fault. One can detect

a fault very rapidly. Theoretically, the detection is made within the total of surge travelling
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time and data communication time. The former is less than a few hundred microsecond, and
the latter is about a few milliseconds. Therefore it can be said that the detection speed mainly
depends on the time for data communication, which will be expected to become faster in
future. Reliability is one of the important factors in relaying. In this respect, the travelling
wave differential method cannot be affected by any external disturbances, like faults and
switching operations. Thus it hardly operates for an external fault.

In the above, () is defined by the wave proceeding from R to S. The other wave from

S to R defines a time function {(t) as

(1) 2 ir() + is(t-7) —'Zl— {vr() — vs(t-1)} (11-3)

which can be used for detection in the same way as £(t). It is noted that the functions £(t) and
$(t) are independent of each other. :

Let F in Fig. II-1 be an internal fault point, 7, the surge travelling time from F to S,
7, the surge travelling time from F to R, and ip(t) the fault current. It is shown in
APPENDIX II that

() = ip(t — 711) (I1-4)
§(t) = ip(t — 72) (11-5)

This is a physical meaning of £(t) and {(t), which is used in later sections.

2.22 Three Phase Two-Terminal Transmission Line
Fig. 1I-2 shows a three phase line with series per unit length inductance matrix [L]
and shunt capacitance matrix [C]. It is a well known fact that a three phase line can be

separated into three single phase lines by a modal transform 91,

[v(H] = [S][v(mede)(t)] (11-6)
[i()] = [Q] [i(mode)(t)] (1-7)
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Fig. 112 Three phase- distributed constant transmission line

The discussion in a single phase line is applicable to each modal line. Thus the fault criteria

in a three 'phase line are written as

‘ 1
gR)(t) = ig((t) + ig )t — 7(K)) —'—(6{Vs(k)(t) — vg)(t — 7(K))} (I1-8)
Z

1
$() = ig®() + is®(t — 7(0) '—'(—k){ ve (1) — vs®)(t — 7))} (I1-9)
z

where z(®) is the mode-k surge impedance, 7(k) the mode-k surge travelling time, and
k= 0,1,2. Let Il and X be the logical operations AND and OR. Fault detection in a three

phase line can be done as the following logic.

2
If 1 £K)(t) = 0 is true, it implies no internal fault.

2
If £k)(t) £ 0 is true, it implies internal fault.

As in single phase line, each of {¢(*)(t)k = 0,1,2}is defined by the differential value
of each modal travelling wave from R to S, and each of {{(¥)(t)lk = 0,1,2 }by each modal
vs-/ave from S to R. One can calculate modal current and voltage by the eqn. (I1-6) and (!1-7),
where [S] and [Q] are determined from a solution of eigen value problem on matrix [L] -
[C] or [C] - [L]. In a transposed line, the eigen value problem has a solution independent

of [L] and [C] matrix [10, 11]. Some well known are:
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(i) Fortesque transform

11 1
] =[Q ={1aa|a-= exp(j%) | (11-10)
1 a a?

(ii) Clarke transform

.
\/g (1I-11)

[S] =[Q] =1 —

(iii) Karrenbauer transform

1 1 1
[S1 =[Q =12 1 (11-12)
1 1 =2

The physical meanings of £(k)(t) and ¢(k)(t) are given by the equations:

gR(t) = ip®)(t — 7,(K) v (I1-13)
k =0,1,2
() = ip® — 7,(0)) (11-14)

where ip(K)(t) is a fault current, 7,(%) surge travelling time from F to S, and 7,() that from

F to R in the modek line.
2.2.3 Single Phase Multi-Terminal Transmission Line

An attempt is made to extend the theory to a multi-terminal line, using three-terminal

single phase line in Fig. II-3. The Bergeron’s equation is satisfied in two-terminal zones.
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Fig. 1I-3 Single phase three-terminal transmission line
(zone S-X)
. 1 . 1
ia(t) +—Z-vx(t) = —ig(t+rg) +7vs(t+1's) (11-15)
. 1 . 1
—ia(t) +—va(t) = is(t-7s) +—vs(t-15) (11-16)
(zone R-X)
1 ) 1
ib(t) +7Vx(t) = —lR(t+TR) +;VR(t+TR) (11-17)
. 1 . 1 .
o))+ ¥a(t) = ir(t-TR) + - VR(t-R) 1)
(zone T-X)
. 1 . 1
ic(t) +—va(t) = —ip(ttr1) +;VT(t+TT) (11-19)
. 1 . 1
—ie(t) +—vx(t) = ix(t-7) +— vr(t-11) (11-20)
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where 75, TR, and 71 are surge travelling times in each zone. Another equation is the

Kirchhoff’s current law at X:
() + ip(t) + i) =0 (1-21)
Elimination of v,(t), i,(t), ix(t) and i.(t) leads to a new equation:

1
is(ttrg) + ig(t—rg) + ip(ttrR) + ip(t—7R) + ir(ttry) + ip(t—-77) — ;{VS(HTS)

— Vs(t—Ts) + VR(t+TR) - VR(t—TR) + VT(t+TT) - VT(t—TT)} =0 (11'22)
A fault criterion £(t) is defined by
£(t) = the left hand side of eqn. (1I-22) (11-23)

Then it has a property that

£(t) = 0 implies no internal fault

£(t) % 0 implies internal fault

Thus one can detect an internal fault in a 3-terminal line S-R-T by &(t). Assume that F in

Fig. II-3 is a fault point. The physical interpretation of £(t) is the sum of two fault currents,
E(t) = ip(t + 72) + ip(t — 72) (11-24)

where 7, is the surge travelling time from F to X.
One can extend the eqn. (II-23) to a three phase three-terminal line, using modal
quantities at each terminal.
£09() = i) (t4r5®) + igt(t-rs®) + i OHtrr(9) + i O (t—r ) +
1
ip (O (t+r (k) + ir(O(t—rp(K)) — _(_‘z;{vs(k)(ﬁ..rs(k)) _ vs(k)(t_TS(k))
z

+ VROVt ) — v (a7 W) + vyt ) — vr(t-rr )]

(k = 0,1,2) (11-25)
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Fault detection logic is that
2
kgoz(k)(t) = 0 implies no internal fault

2
k§°£(k)(t) % 0 implies internal fault

From the result in a single phase line, one can deduce that
F() = ip0(thr, ®) + ip0)(t—r, () (1126)

which is the physical meaning of £(k)(1).

Thé extension of the theory to an arbitrary multi-terminal line is possible, but only
basic principle for extension is described here. In Fig. II-4 let (n—1) and (n) be internal
points, and assume that the electrical values up to (n—1) are known, but those after (n) are

unknown. From the equations of

1 1
in() +—vp(t) = —ip_ (tt7ry) +—va_y (t+7,) (11-27)
Zn Zy
and
. 1 . 1
~ip(t) +—Va(t) = in_ 1 (t—1n) + V1 (t—7p) : (11-28)
Z, Zn

in(t) and v,(t) can be solved as

in() = 5 linr (47) + a7 =~ Pua (1) — Vo (o] (1129)

va(t) =_;_[zn{in—l(t_7n) - in—l(t+7n)}+ Va1 (t=70) + vo_y(tt7y) | (11-30)

Therefore, the unknown voltage and current are calculated inductively, and their combination

with Kirchhoff’s current law will give a fault criterion £(t) for the multi-terminal line.
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Fig. 11-4 General multi-terminal transmission line

2.3 THEORY OF FAULT SELECTION

Selection of a faulted phase is important as well as fault detection. Consider an internal
fault at F in a transposed line (Fig. II-5). Let a fault current vector in phase domain be

[ir(]. Then modal fault current vector is given by

lig(mode)(©)] = [S] ' [ir(t)] (11-31)
F
o)t s —1
; i(: %) 5
(b) —
(¢c) L—|; . j—i

(0) = ;
é ’%—‘ ig (1) §
() —
AT
(2) : —-

(o}
%3'— iFo(r)

(modal domain)

Fig. II-5 Representation of a single-phase fault in phase and modal domain
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The fault criterion function of mode-k, £(K)(t), corresponds to the fault current of mode-k.

£0(1) = ip((t-7, )

k =

0,1,2

(11-32)

To a phase-a-to-ground fault, the Karrenbauer transform gives the modal fault current vector

as follows.

EF(O)(t)_

i 2)(1) |

i) | =

(8]~

EF(")(‘)—

1
‘_3iF(a)(t)

: -
—ip(a)(t
31F ®

1
?iF(a)(t)

|

(11-33)

Thus £©)(t) % 0, £€1)(t) % 0, and £2)(t) % 0. It is noted here that phase-a is the basis of

modal transform in the eqn. (II-33). If one changes the basis of transform from phase-a to

-b, the modal current vector also changes to

ip(@(t)

ip)(t)

lF(l)(t) =

0

1
—i-(@)(t
31F ®

1
‘é‘lF(a)(t)—

(11-34)

In this transform £()(t) % 0, £(1)(t) = 0, and £(2)(t) % 0. Another basis change from phase-b

to - is possible, giving modal fault current vector as

ir(®)(t)

ig(() | =

ir®)(1)

1
[~ i (a)
31F (

0

1
—ip@)1
3 ()

)

—J
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where £0)(t) %0, £(1)(t) %0, and £(2)(t) = 0. It is shown that the modal fault current vector
is not invariant with the transform basis change. The calculations of 2(0)(0 5(‘)(0 and
£(2)(1) to all types of fault are listed in Table II-1: It is noted that one can select correctly
only lLG fault when using the Karrenbauer transform. The same calculations as the above
using the Clarke transform, are also listed in Table II-2. In this case the Clarke transform can
select faulted phase not only in 1LG fault but also in 2LS and 3LS fault. It is interesting to
note that the ability of fault selection is dependent on the transform method. This
dependence seems due to the symmetfy of transform matrix. Karrenbauer’s transform matrix is
symmetric, while Clarke’s is not symmetric. As a matter of fact, asymmetry of [S] is desirable
to fault selection. The inspection of two tables shows that two transforms can select the
faulted phase in 1LG. This is promising in application, because the percentage of 1LG fault is
very high in fault statistics.

fault 1LG 2LG 2LS 3LG|3LS
predicate a|b | c |a-blb-c|c-ala-b|b-c|c-a
e | $990]0|0|0|0|0| x| x|x]0O]x
g3 ¢MO[O[x[O[O|0|0[O]0[0]0
g | 2O |x|0|0|0|0|0]Ol0]0]0
E| 3910|0000 |0[x|x|x|O]x
%3] M| x|[OJ|O[O]0[O[0]0][0]0]0
£ @200 |x|0O]|O|O]O]O|O]0O]O
E 1 3900|0000 x| x[X][O]x
29 MO [X|O|O|O|0O|0]O|0|0]0O
£ | :@IX[O|O[O]O|O]O|O]O]O]O

Table 1I-1 Truth value table of fault criterion E(k)(t) defined by Karrenbauer transform
‘O’ means £)'(t) %0, and X’ means £'%) (t) = 0.
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fault 1LG 2LG 2LS 3LG[3LS
|predicat a b | c |la-bb-c|c-aja-b|b-c|c-a
[E [ 39 |O|O[0[0O|O|O[X|X|X]|O]|X
%5 31 |O]0|0|0|0|0|0|X 0|00
£132 | XIO|O|0O|0|0O|O0|O|O0|0]|0
E1 9 10[00|0|0|O|X|X[X|O]X
%3 3 [O[O]O][O]0|O]olo[x[0]|O
£ | 32 |O[X|O|0O|00]|0|00|0]0
E [ 3910|0000 |O|X[X [X|O|X
we! $MIOO[O]O[O]O[Xx[O|0]0O]O
£ ] $@20|O0|X[O|O|0|0O|0O|0|0O|0O

Table II-2 Truth value table of fault criterion £()(t) defined by Clarke transform

24 THEORY OF FAULT LOCATION

Two schemes of fault location based on the travelling wave theory are proposed in a

single phase line. Its extension to a three phase line is made simply.

2.4.1 Fault Location Scheme-1

An internal fault can be located by using v(t) and i(t) of single terminal [12]. Consider
a fault at F in Fig. II-1, and assume that only vg(t) and ig(t) are available. According to eqn.
(I1-30), vg(t) is estimated by

p(tire) = [¥s(tm,) + vs(tore) — 2fis(tm) — is(t-m)}] (1136)

where 7, is the unknown surge travelling time from F- to S. It is possible to calculate

Vr(t,ry) with 7, as a parameter. Suppose that the voltage at F be as

) ¢ % 0 before fault inception
0 f (11-37)
= 0 after fault inception

—26—



Then one can locate a fault by finding 7y which satisfies

V[:(t,T;) =0 (11-38)

for any time t after fault inception. Fig. II-6 illustrates the location scheme-1. It would
become less reliable when a fault impedance Zy- is not zero. In a case of Zg %X 0, vg(t) is not

identically zero even after fault inception.

t+T

t+'tx/

Fig. 1I-6 Fault location scheme-1



2.4.2 Fault Location Scheme-2
Two travelling waves propagating backward and forward are utilized in this method.

The fault detection functions, £(t) and ¢(t), measure the fault current at the point F:

&) = ip(t — 1) (11-39)
§(t) = ip(t — 712) (11-40)

Before fault inception both £(t) and {(t) are identically zeré. But once fault happens they
are neither identically zero nor equal each other. Fig. II-7 illustrates the idea of location
scheme-2. The criterion {(t+At) is not equal to £(t), for two waves pass through F at different
time. The _criterion. t(t+At") is equal to £(t), because two waves meet at the point F. In the

latter case, the estimate given by the equation:

T — At

> (1141)

Tx

t+ At

t+at*

Fig. II-7 Fault location scheme-2

coincides correctly with the surge travelling time from F to S. Thus one can locate a fault
by finding At*. It is noted that the fault location by this method is possible regardless of
the fault impedance, because it depends upon not the estimated values of fault current but

the comparison of these.
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When applied to a three phase line, two schemes are implemented in the modal lines.
The ability of fault location is discussed here. When the Karrenbauer transform is applied
to modal analysis, the fault current source is injected in the modal line where the symbol
O is entered in Table II-1. For instance, the current source appears in every modal line at
the 2LG of phase-a and b. The inspection of Table II-1 shows that at least one symbol X
is entered in every row. This symbol is entered when a modal line does not contain the
current source to a fault. In this case both £(t) and {(t) are always zero in spite of a fault.
Therefore one cannot locate all types of fault with single modal line. Of course, when using
more than two modal lines, one can locate all types of faults.

The above discussions are also valid in applying Clarke transform. Single modal line is
not enough to locate all types of fault, since every row of Table II-2 contains at least one

X entry. The use of more than two modal lines, however, are sufficient to locate them.

2.5 CONCLUSION

This chapter has presented a new fault protection method based on the travelling wave
theory. Its applications to fault detection, selection and location have been studied. The
fundamental properties of the new protection method have been clarified, some of which
are high speed in detection, high reliability in external fault, and low sensitivity with transient
phenomena in a transmission line. It has been also shown that the method can be applied
not only to three phase lines but also to multi-terminal lines. In a three phase case fault
detection is performed in each modal line. One can build a truth table in which the decisions
in modal lines are listed for all types of fault, and fault selection is made by this table. This
chapter have also proposed two methods for fault location, and studied their ability.

The theoretical basis of the new protection method has been developed on a no-loss
transmission line. An actual line, however, has series resistance, frequency dependent
parameters and tends to be untransposed recently. Furthermore it is problematic whether
one can know the precise line parameters. The effects of these factors in practical

implementation will be discussed in CHAPTER 1II.
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CHAPTER III ALGORITHM VERIFICATION AND OPTIMIZATION OF
TRAVELLING WAVE DIFFERENTIAL PROTECTION FOR
TRANSMISSION LINES [10, 11]

3.1 INTRODUCTION

In the previous chapter, the use of distributed parameter transmission line model was
proposed. A fault transient analysis in this model leads one to note the behavior of the
“travelling wave”. Thus a new type of differential relay, referred to the d’Alembert relay
was developed [1, 2]. The relay computes the travelling waves at local and remote ends, and

takes their difference for the fault criterion. In a three-phase line,
£00(1) = i) + i ®(t — 7))

1
7):vs(k)(t) — vp®)(t — 7(k))! (I11-1)
z

defines the modal fault detecting function (k = 0,1,2). The direct implementation of the

eqn. (I1I-1), however, makes the hardware system and the detection algorithm complex. So, a

simplified version of the eqn. (III-1) is proposed here.

1
£(t) = ig(t) + ig(t—7) oy Lvg(t) — vr(t—7)| (I11-2)

e
e

Fig. 11I-1 Comparison between travelling wave differential

criterion and current differential one
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which is a phasor implementation. Parameter 7 (surge travel time) and z (surge impedance)
are set to, for instance, the positive sequence values. To illustrate the unique protection
scheme, a typical simulation result for an external fault by Transient Network Analyzer
(=T.N.A) is shown in Fig. III-1. f(t) and b(t) (see 3.4.1 for their definitions) are travelling wave-
forms at two terminals. Since f(t—7) is nearly congruent to b(t), £(t)=0. On the other hand, the
differential current d(t) has an undesired output before and after fault inception. Thus d(t) may
cause a misoperation to the external fault, but £(t) does not.

The simplified d’Alembert relay (simply d’Alembert relay) is based on the eqn. (1II-2).
Since this is an approximation of the exact relation, studies on various factors affecting its
performance are necessary. First of all, the d’Alembert relay neglects the mutual coupling.
It approximates 7(%) and z(®) with 7(1) and z(1). Thus one has to evaluate this effect in the
zero sequence circuit. Secondly, the line parameters more or less contain some amount of
uncertainty. So the exact values of (1) and z(1) could not be known. This necessitates the
parameter sensitivity analysis in the positive sequence circuit. Thirdly, £(t) of the eqn.
(II1-2) is calculated from the sampled values at time t and t—7. The sampling signals may
deviate slightly from their preset times. This might be equivalent to the uncertainty of 7.
Fourthly, the eqn. (III-2) neglects the series resistance of a line. It is necessary to evaluate
its effect on the d’Alembert relay. Last, the actual line parameters are frequency dependent,
especially the zero sequence resistance [3]. The eqn. (I1I-2) is correct for frequency
independent model, so this aésumption must be evaluated. These considerations call for
studying the performance of eqn. (III-2) when some amount of uncertainty exists in 7 and
z, and when series resistance and frequency dependency are modelled exactly.

This chapter presents the verification and optimization studies of £(t) with respect
to 7 and z, based on the transient analysis in a model power system. From these studies, the
performance is optimized at the positive sequence parameter values. Let Ar and Az be the
deviations from optimal values. It is shown that Ar affects £(t) much, but Az does little.
The former must be carefully suppressed, but the latter may be ignored in practical
implementation. It is also shown that the series resistance adds only a negligibly small error
to £(t). On frequency dependency, the independent natu}e proves more sensitive to £(t).
Thus, the dependent nature is preferable to the d’Alembert relay. The above conclusions

are derived from a lot of case studies. Their theoretical validations are followed.
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32 VERIFICATION OF TRAVELLING WAVE DIFFERENTIAL PROTECTION FOR
TRANSMISSION LINES

3.2.1 Digital Computation of Fault Transient -

To verify the performance of the d’Alembert relay, one needs to prepare the relay
input data whose frequency spectrum spreads well above the nominal frequency. In other
words, one needs the data reflecting well the transient behavior of a transmission network.
Digital computation of fault transients was performed. to meet the requirement. Fig. III-2
shows a one-ine diagram, and Table IlI-1 gives the line constants of the model transmission
system. The model network consists of 500 kV and 275 kV overhead transmission lines, and
275 kV underground cables. One should be aware of the low surge impedance at the
undergroﬁnd cables, which likely causes a waveform distortion, particularly -a current
waveform distortion. This has already been shown in Fig. III-1. The primary reason for the
low surge impedance is the magnitude of a per unit length capacitance at the underground
cable that is far greater than at the overhead line.

As is written in CHAPTER 1, there are two alternatives in digital computation of fault
transients: travelling wave method, and frequency transform method. The former method
is used throughout this thesis, because of the simplicity in modelling system changes and

the flexibility in applying to a large scale transmission network [4].

«—— overhead line e————digem—— Cable ————

F4
F3

Fig. 1112 One line diagram of a model transmission system
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A phase-a-to-ground fault and a phase-a-to-b short circuit fault were chosen to simulate.
The choice is partly because of their high probabilities in actual systems and partly because
of a motivation to examine an effect of the zero sequence circuit. Fig. I1I-3 illustrates some
of the fault voltage and current waveforms for a phasg;a-t(_)-b short circuit fault at the point

F4. The severe waveform distortion, particularly at the cuirent waveform is observed there.

If one applies the conventional current dlfferentlal protectlon scheme to the zone EF, the relay

would be likely to misoperate for this fault.

33~

zOngnS' ((0) 2t o) o | o
A-B | 0.00047 |0.00252|0.00066 | 0.2321 | 1.954
C-D |0.00152 | 0.00955 |0.00013 0.03OI 8.571
D-E 0.00246 0.00228 0‘.00834' 0.0972 | 0.529
E-F |0.00246 |0.00234 |0.00834 |0.0985 | 0.530

Zonenst r(,) 2(1) 'C(1) 7:(1) ' z(i)
A-8B | 0.00008|0.00114 {0.00099(0.1912 1.073
C-D | 0.00026|0.0033! |0.00034|0.0286 | 3.120
D-E | 0,00027 |0.00156 | 0.00844|0.0819 | 0.432
E-F | 0.00027 |0.00153 {0.00844{0.0797 | 0.428

Table 11 Line constants of the model transmission system




1.5 7]

Voltage p.u.
@)
O

Current pu.

Fig. III-3 Fault voltage and current waveform in a phase-a-to-b short circuit
at the point F4

(a) phase-a voltage at E
(b) phase-a voltage at F
(c) phase-a current at E flowing toward F
(d) phase-a current at F flowing toward E
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3.2.2 Travelling Wave Differential Relay Simulation with Theoretical Fault Data

As digital computation of fault transients was made every 40.0 usec, the travelling wave
differential relay simulation, that is the computation of £(t) of the eqn. (I1I-2), is also made
at the same interval. Fig. III-4 shows typical results of the fault criterion function &(t)
calculated at the zone DE and EF. The top three are £(t)’s of the faulted and unfaulted zones
at a single phase-to-ground fault, and the bottom three are those at a double phase short
circuit fault., The criterion £(t) of the faulted zone indicates the capability of detecting the
fault in a short time period. On the other hand, the criterion of the unfaulted zone stays
either at zero or around zero. One can see a difference in £(t) between a ground fault and
a short circuit fault. This is because of the simplification of the eqn. (1II-1) with the eqn.
(III-2). In other words, the zero sequence wave propagation is approximated by the positive
sequence parameters. As there are no quantities of mode zero at the short circuit fault, the
fault criterion indicates the zero value at the unfaulted zone even after the fault. But the
criterion of the unfaulted zone is not identical to zero at the ground fault.

One can find a great advantage of the d’Alembert relay over the conventional current
differential relay when comparing Fig. I1I-3 and Fig. 11I-4. Although a fault happens in the
external zone, the magnitude of fault criterion of Fig. III-3 is so large as likely to make a
misoperation. On the other hand, there is no possibility of misoperation in the bottom of
Fig. 1114,

33 NUMERICAL APPROACH TO THE OPTIMIZATION OF TRAVELLING WAVE
DIFFERENTIAL PROTECTION

3.3.1 Determination of Optimal Value of 7

Positive sequence line parameters were used for 7 and z of the eqn. (I1II-2) to verify
the protection performance of the d’Alembert relay. Here, an attempt is made to search the
optimal setting in the (7, z) plane. The reference point is taken at (7(1}, z(1)), This is the
positive sequence surge propagation time and surge impedance. The optimization is made

first on 7. Let Ar be a deviation of 7 from the reference 7(1):

Ar =7 — (1) ' (111-3)

and £p.(t) be the fault criterion using 7 = 7(1) + Ar and z = z(1):
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Fig. IlI-4 Some results of fault criterion £(t) calculated at the zone DE and EF
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Ear(®) = is() + iR(t = (D + A7) —vs() — ve(t = (D + Br) | (1L4)

The fault criterion £A.(t) of the phase-a relay protecting the zone EF is simulated changing
the fault point from F1 through F4. Fig. III-5 illustrates the criterion with Ar = £0.157(1)
for a short circuit fault at the point F4. One needs a measure to compare the relaying
performance. The measure, referred to a performance index, is defined as the maximum value

of |EpL(t)| for the external fault. That is

grex 4 m:tix HEA- (DI} (111-5)

Fig. I1I-6 plots the index &A; , indicating the optimal value at 7 = 7(1),

This analysis has shown that the surge propagation time be set at the positive sequence
parameter 7¢1), One must deal with uncertainty in the parameter 7(1) of a transmission line
at the design of an actual relay. There are several reasons for uncertainty. An ideal
transposition assumed in CHAPTER II may not be made at recent EHV and UHV transmission
lines. An actual line may not be modelled by an uniform distributed-constant circuit. A
computer relay calculates the fault criterion £(t) using voltages and currents sampled at time
t and t—r(1). However, one will see a slight deviation of the sampling time at both ends.
Finally, the d’Alembert relay approximates the zero sequence parameters with the positive
sequence ones. These factors create the uncertainty of 7(1). Fig. I11-6 shows clearly an impact
of the uncertainty on the performance index. A small error in setting the surge propagation
time constant results in degrading the relaying performance. Accordingly, one needs some

countermeasures. The use of a low pass filter is discussed in the section 3.5.5.

3.3.2 Determination of Optimal Value of z
An attempt is made to search the optimal value of z, keeping the surge propagation
time constant 7 at 7(!) and changing the surge impedance setting around z(1). Let Az be a

deviation of z from the reference z(1):
bz =z — 2(1) (111-6)

and £p,(t) be the fault criterion using 7 = 7(1) and z = z(V) + Az:

Ea () = is(®) + in(t — 7)) — )

i s = vr(t = #)] (7
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3.01(p.u.) AT =15%

Fig. I1I-5 Fault criterion §A7(t) with Ar = +0.157")

The criterion §p,(t) is computed for the faults at Fl, F2, F3 and F4. Fig. l1I-7 shows the
fault criterion with z = #0.15z(1) for a short circuit fault at the point F4. The performance

index here is defined as

g 8 m?X% EA (O (111-8)

That is the maximum value of |g5,(t)] for the external faults. Fig. [11-8 plots the index
EN2* and indicates that the optimal value of z be z(1),

Like setting the surge propagation constant, one must deal with uncertainty in the
parameter z(1) of a transmission line at the design of a relay. As is shown in Fig. 11I-8, the
performance is not much degraded even if one sets a wrong value to the surge impedance
constant. Therefore, a small error may be ignored at the implementation of the d’Alembert

relay. One should compare the impact of the uncertainty in z with that in 7.
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Fig. 117 Fault criterion £a,(t) with Az = *0.15z(")
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3.3.3 Numerical Evaluation of Transmission Line Loss Effect

A lossy transmission line can be treated putting a series resistance of (R/2) at the
midpoint of no-loss line and that of (R/4) at both ends [5], as in Fig. I1I-9. In this model,
a backward wave is expressed by the sum of two forward waves leaving both ends

simultaneously. So the exact form of the wave difference should be written by the equation,

—h
(D) = ig(0) + (S hin(=) + (5 higt—r)

1 1+h 1-h
—— —(— —-) — (—— — 1119
v ® — (SR — (vl (o)
where,
R
£
- (111-10)
TR
4
R
)=z +— II-11
Z=z+ ( )

The eqn. (III-9) can be rewritten as

£r(t) = (backward wave at s) + a-(forward wave at R) +
(1—a)(forward wave at s) (111-12)

1+h
2

o=

In most cases, the actual value of a is very close to unity. For instance, a = 0.995 in the
section EF in Fig. I1I-2. Therefore one can conclude ¢g(t) = £(t). The simulation results also
show that £r(t) is almost congruent to £(t). Thus the existence of the series resistance does

not cause £(t) to produce a critical error even if neglected.

R/4 R/2 R/4

—W—_ Vo

no-loss
line

no-loss
line

Fig. III9 An approximate modelling of transmission line loss
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g. III-11  Effect of low pass filter on fault criterion £AL(t)
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3.3.4 Numerical Evaluation of Frequency Dependent Line Parameter Effect

As one of the clues to evaluate the frequency dependency, a frequency spectrum of
£(t) is calculated for post-fault one cycle data. Fig. III-10 plots the spectrum, which is
obtained from the £a,(t) in Fig. III-5. It should be noted that the high frequency components
contribute much to the peaky output of £a.(t). Roughly speaking, these components will
be damped to small values when frequency dependency is assumed in the line parameters.
This will result in smoothing the peaky output of £a,(t). This is mainly due to the resistance
highly dependent on frequency. Thus, the frequency dependency has a desired property to
the d’Alembert relay.

Mathematical validations of the conclusions so far, are described in the section 3.4.

3.3.5 Discussion on Practical Protection Algorithm

Now a method is discussed to suppress the undesired output in £(t), like in Fig. III.5,
by means of a filter. Since the suppression of high frequency components has proved
effective for the purpose, the use of a low pass filter with comparably high cutoff frequency
is introduced. It should be noted here that most of the conventional relays utilize the band
pass filter to extract the system frequency. Here is used the K/(14sT) type of filters. First,
the original v(t) and i(t) are fed into the filter, and then into the relay. A typical example
is illustrated in Fig. III-11, where the filter damps the peaks of £p,(t) to small values. Fig.
III-12 summarizes the improvement of £a,(t) by using filters. The low cutoff frequency is
more preferable from the viewpoint of the relaying sensitivity. It, however, causes a long

delay time in relay operation. So there would be a trade-off between sensitivity and speed.

mak
8at
2.0 (p.u.) /
7
% /
AT =30% , A
1.0 / /
R 7
. /®’ /A/
~ 77 at=15%
A X
7
ad
- =0 .
AT =0% (1)
102 T 1 LA lfji‘(l’):} A 4 1 c]:t_:)f'f”
frequency

a

Fig. I1I-12 Improvement of performance index EZT" by the use of low pass filter
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34 ANALYTICAL APPROACH TO THE OPTIMIZATION OF TRAVELLING WAVE
'DIFFERENTIAL PROTECTION

3.4.1 Travelling Wave Propagation Characteristics

In a transposed line shown in Fig. II-13, new variables f(t) and b(t) are defined:

f0) = i(t) +-—i—v(t) (1I1-13)
b(t) = —i(t) +—iv(t) N (II1-14)
S F R
o0— o —o
(A11sh5q) (A1psh20)

Fig. I1I-13 Definition of forward and backward response

As Snelson showed in his paper [6], the Fourier transforms of f(t) and b(t) satisfy the

following relation:

B{)Gw) | _| A1®w) A,9Gw) | [ Fs®ew)
Br®)(w) | | A ®Ww) A, E)w) | | Fr®(ew)

k=012 (I11-15)
where
Al(k)(jw)
) (Zo (R jz(&) — 2(K) /7, (K))sinha(k)d (IL16)
2coshA(K)d + (Z,(®)jz(K) + z(k)/Z,(K))sinha(K)d
Az(k)(jw)
2
(11-17)

2coshA()d + (Zo(K)fz(k) + z(K)JZ, (N)sinha(K) ¢
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O 1 o0 '
z,00 = /! L (111-18)
g(k) + jwc(k)

(characteristic impedance)

AR = /() + jrK) (g8 + jwck)) (111-19)

(propagation constant)

z(k) = real constant
The real constant z(¥) is usually selected as in [7] to be

zK) = lim Z,®) . (I111-20)

W

in the transient analysis for handling the transmission line loss and the frequency dependent
nature [8, 9]. Unlike the transient analysis, one needs to use a real constant z(X) common
to all modes in the d’Alembert relay. The positive sequence surge impedance at the nominal

frequency

(1
2K = 4 = /_6)(‘*’0) (111-21)
C(l)(wo)

has been used. Although the use of z(X) of the eqn. (III-21) may modify A, *)(jw) and
A,®)(jw), the eqn. (I1I-15) is still satisfied. Suppose that f(t) be a forward wave and b(t)
a backward wave. As A, ®)(jw) is defined to be (a backward wave at the local end)/(a
forward wave at the local end), it is referred to a backward response of the transmission line.
On the other hand, as A,(K)(jw) is defined to be (a backward wave at the locan end)/(a
forward wave at the remote end), it is referred to a forward response of the transmission

line.



3.4.2 Analytical Evaluation of Practical Protection Algorithm

The Fourier transform of the Bergeron’s equation is given by
B(jw) = e IWTF (jw) (111-22)
Thus, the d’Alembert relay assumes that the wave propagation characteristics are

A, ®)jw) = 0 (111-23)
A, () = emiwT (111-24)

This approximations will produce an undesired relay output.
< For external fault >

The eqn. (11I-15) represents the exact relation between B()(jw) and F(K)(jw). Define
A (jw), D(w), A3(jw) and As(jw) as follows:

Ay (jw) = Ay (D(jw) — emiwr ’ (111-25)
Da(jw) = Ay ®(w) — A, (D(jw) (111-26)
As(jw) = A, O(w) (111-27)
Da(w) = A1 O(w) — A (D (jew) (111-28)

Transforming the model relations of the eqn. (III-15) into the phasor relations by using

Aj(jw), one obtains a new relation

B(jw) = ePWTFp(jw) + A;(w)FRr(jw) + A;(jw)Fr©)jw) +
B3 (w)Fiw) + As(w)F@(jw) (111-29)

where Bs(jw) and Fr(jw) define the phasor quantities. Thus the error component e(jw) of

the simplified d’Alembert relay becomes

e(jw) = D(w)FRr(w) + Ay (jw)FRrOGw) + Az(w)F(w) +
Da(jw)FO jw) (111-30)
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The physical interpretation of A, (jw) is  the difference between the forward response of
mode-1 and ¢J@7, That of A,(jw) is the model difference of two forward responses. As(jc)
is the backward response of mode-1. And A4(jw) is the model difference of two backward
| responses. It should be noted that A,(jw) and As(jw) will not contribute to e(jcw) for a short
circuit fault. -

< For internal fault>

When an internal fault occurs, B()(jw) and F(K)(jw) are related as follows:

B{OGw) = A, ®)(w)Fr®(w) + A ®([w)E® () — -
A®(G) K (jw) (113D

where

AOGw) = Ay M(w) {1— Ay BIGw)AL; Fw) 7
1+ AL®Gw) (111-32)

I:(K)(jw) = fault current in modek circuit

A1 ®)(jw) and A,; ®)(jw) are the wave propagation characteristics in subsection SF.
A, (®)(w) and A,,(*)([jw) are those in subsection FR. Define As(jw) as

As(jw) = A®(Gw) — AD(w) (111-33)
Like the eqn. (I1I-29), the phasor form of the eqn. (III-31) becomes
B((jw) = eIWTFR(jw) + A (w)Fr(w) + 82(w)Fr®Gw) + As(w)Fiew) +

B4G6)FO(w) — AsGe)lp@(Gw) — AV (w) (I11-34)

Thus one has an additional error component As(jw)lg(®)(jw) for the internal fault case.

It should be noted that A(1)(jw) Ig(jw) does not contribute to the error. The physical
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meaning of As(jw) is clear from the eqn. (I11-33). A(jw) defines the total effect of the wave
travelling which is due to the existence of a fault current source. A(jw) can be expanded

in power series form,

A

An(l — ApAL) (1 + Ayy)
= As {1+ Ay + ApAyy + ARAGALHALRAG)? + oeenees i (I11-35)

which defines all forms of propagation from F to S. All the error components of the
d’Alembert relay are identified in terms of the transfer responses A;(jw) ~ As(jw). The
followings are analytical considerations on the optimization of the d’Alembert relay.

The study is done using a typical 500 kV long transrﬁission line of r(®) = 0.,00114,
¢(0) = 0.00066, and ¢(1) = 0.00099 (all values are p.u./km). This model line has the mode-1
surge impedance of 268 and surge travel time of 338 usec. One can plot A, (jw) in Fig.
I1I-14 when the uncertainties of 7 are 15% and 30%. If r is correctly set to the mode-1
parameter, A;(jw) is almost equal to zero. Fig. I1I-14 shows that the sensitivity of A, (jw)
to 7 is fairly big. On the other hand the uncertainty of z affects the vector diagram of
A2 (M(jw) very little. So it can be concluded that the sensitivity to Az is negligibly small.
Fig. II-15 shows A,(jw) when line parameters are frequency dependent. For comparison
purpose A,(jw) is also drawn when frequency independent. It should be noted that the
frequency dependency has retained A,(jw) in the vicinity of the origiri more than the
frequency independent case. This is explained as follows. In general the surge travel velocity
of mode-1 is faster than that of mode-0, and this difference causes A;(jw). When line
parameters are dependent on frequency, the higher the frequency is the smaller the difference
is. And it has been proved that 2(°) contributes to this phenomena best of all parameters.
It is ideal for A,(jw) to be zero, since this causes no error output to the d’Alembert relay.
In general it can be said that the smaller A, (jw) the smaller the error is. As is noted above,
the frequency dependent nature has the effect of shrinking the vector diagram of A,(jw).
This implies that the nature works for decreasing the error output caused by A,(jw). It can
be shown that other vectors, A;(jw), A3(jw), As(jw) and As(jw) have the same property as
Az(jw). Thus, the frequency dependent nature does have the desired property to the
d’Alembert relay. ‘
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Fig. 11I-14 Vector diagram of A,(jw) with Ar being
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Fig. I1I-15 Vector diagram of A,(jw) with and without
frequency dependent line parameter
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3.5 CONCLUSION

Following the theoretical development [2], this chapter has presented some sensitivity
studies on the d’Alembert relay for its practical implementation. The study has covered the
analysis on the effect of parameter uncertainty, series resistance and frequency dependent
nature. The uncertainty of 7 has proved more critical to the relay, but that of z less critical.
Some countermeasures will be needed for suppression of £a,(t). In this chapter a low pass
filter has been proposed to suppress it and the filter method has worked effectively for this
purpose. It has also been shown that the series resistance can be ignored without affecting
£(t). On the frequency dependency of line parameters, it has proved to be preferable to the

d’Alembert relay. These results have been validated by a mathematical analysis.
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CHAPTER IV HIGH SPEED DIRECTIONAL PROTECTION FOR TRANSMISSION
LINES BASED ON LAPLACE TRANSFORM THEORY [9]

4.1 INTRODUCTION

One of the ideas -identifying the functional requirements of a computer relay is to
divide the process into 3 blocks: signal sensing, fault measuring, and decision making. The
first block deals with signal acquisition and conditioning for later processing. The second
block generally provides a fault criterion as an output. As there are many fault measures,
there have been many computer algorithms to measure the criterion to identify a fault. The
most common is an imﬁedance observed at a relaying point. The final block is to decide
whether to issue or not to issue a trip signal, and it begins to interest relay engineers with
particular reference to computer relaying [1].

The following equation is widely used for distance protection of a transmission line.

W(t) = Ri(t) + Ldi(gtt) | (IV-1)

Two approaches are possible to measure the fault distance. One is to make the Fourier

transform of the eqn. (IV-1), that is
V(jw) = RIjw) + jwll(jw) (Iv-2)
and to measure the impedance Z(jw) by the equation [2],

Z(jw) é% = R + jwL (1V-3)

The major concern of this approach is how to get V(jw) and I(jw). The other is to solve R

and L from a set of algebraic equation, for instance
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fzzv(t)dt R f:zi(t)dt + L[i(ty) — i) - - o (1V-4)
1 1 B . .

f:4v(t)dt R f:4i(t)dt + L[i(ts) — i(ts)]- . . , (IV-5)
3 3

which are obtained by integrating the eqn. (IV-1). The major concern here is how to do an
effective integration [3]. The distance concept has provided relay engineers with an effective ,
measure to identify a fault and its direction,

The prime purpose of this chapter is to present a new concept of directional detection
and to provide more effective measure for high speed computer relaying. On the condition

that i(t) = 0 for t < 0, the Laplace transform of the eqn. (IV-1) is written as
I(s) = —I—V( ) IV-6
R+sL © (IV-6)
which leads to an equivalent equation in the time domain,

i(t) = f;v(t — u)y(u)du av-7)

where y(t) is the inverse Laplace transform of 1/(R + sL), and called a Weighting function
(or an impulse response). The eqn. (IV-7) is a Volterra’s integral equation of the first kind,
and y(t) can be solved when i(t) and v(t) are known. This chapter explores the ability of y(t)
to identify a fault and its direction through theoretical studies, comparing with the Finite
Spectral Approach by John and Martin [4]. This chépter also discusses the effect of a filter
used for signal conditioning on the accuracy of the directional detection. Finally, the new
scheme is discussed with relation to a recent development of the directional protection
based on the travelling wave concept [5]. A numerical solution method of the Volterra’s
integral equation of the first kind is provided in APPENDIX III.
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4.2 THEORETICAL BASIS OF HIGH SPEED DIRECTIONAL PROTECTION FOR
TRANSMISSION LINES

4.2.1 Signal Requirement for Laplace Transform

In applying the Laplace transform to the eqn. (IV-1), the voltage v(t) is chosen such
that v(t) = O for t < 0 and v(t) ¥ O for t > 0. On the other hand, the current i(t) must be
- carefully chosen such that i(t) be the response of a network to the input of v(t). Although the

object was different, John and Martin’s idea [6] was felt adequate to meet the requirement.
They proposed to pick up the voltage and current such that

_0 t<o0

Vro(t) =1 W0 £>0 (IV-8)
... _ .0 : t<0 '

fro(t) = | i(t) — i(0)exp(—t/T,) t>0 (Iv-9)

where T, is the time constant of a line. Then, the fault direction was identified from the
solution of the eqn. (IV-7) in a way that if y(t) > 0, the fault is ahead and if y(t) <O, the
fault is behind. This scheme proved effective to detect a fault direction, but it turned out
to be susceptible to failure in a limited case. One major drawback of their scheme is the
possibility to measure a wrong direction of the fault when the current has a dc offset
component. APPENDIX IV explains why. As one of the solutions to circumvent the
difficulty, the following approach is presented.

-4.2.2 Protection Algorithm Definition for Single Phase Transmission Line
According to the superposition principle of the linear network theory, a faulted
network is decomposed into a pre-fault and pure-fault network. Fig. IV-1 shows the

decomposition. The voltage v’(t) and current i”(t) of the pure-fault network are represented

by

v(t) = v(t) — V(1) (IV10)
() = i(t) — () (IV-11)
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where v’(t) and i’(t) are defined in the pre-fault network. Let viy(t) and i, (t) be defined as

iy (1) & V(D) (IV-12)
i () & —i°(t) . (IV-13)

Then, v,,(t) and i, (t) satisfy the following equation.

in(t) = f:)vn(t — u)y(u)du (IV-14)

Ls g F RLr

> )
Vmi(t) close at t=0

Re

T
o

(@) a faulted network
Ls g F R Lr

lt — L
Vi

}—®—%
o

(b) a pre-fault network

Lsg = F R Lr
v"('r)ﬁ” close at 0

RF

2
-

(c) a pure-fault network

Fig. IV-1 A faulted network and its equivalent decomposition.
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“where the time zero is chosen at the instance of a fault occurrence..It should be noted that
from th.eir definitions v, (t) and i, (t) are theoretically zero for t <0, and both satisfy the
signal requirement for Laplace transform.

“ Assume that both the behind loop and ahead loop impedance of the pure-fault network
be inductive, that is jwLy, and jwLy respectively. As the transfer function Y(s) corresponding

to y(t) is 1/sLy for an ahead fault, the weighting function becomes
1
y(t) =—>0 (IV-15)
Ly
As Y(s) at a behind fault is —1/sL¢, the weighting function becomes
) L <o | ’ (IV-16)
y = — — - X -
S

Therefore, the fault direction is decided from the rule such that if y(t) > 8, the fault is in
the forward direction otherwise the fault is in the backward direction, where 6§ > 0 is a pick

up constant value.

4.2.3 Protection Algorithm Definition for Three Phase Transmission Lines
A mutual coupling exists in a 3-phase line. Taking into account the main object that

is to detect a fault and its direction, a simplified scheme represented by the equation:

t
iy (P)(1) = J vey Pt — wy®(u)du

p =i{a, b,IC} ~ava)

is studied throughout this chapter, ignoring the mutual coupling effect. The directional
detection is carried out independently at each phase in a way that if y(P)(t) > & then the

fault is ahead at phase-p, otherwise it is behind.
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43 VERIFICATION OF HIGH SPEED DIRECTIONAL PROTECTION FOR
TRANSMISSION LINES

4.3.1 Outline of Digital Computer Simulation
The theoretical data of fault transients in a model power system shown in Fig. IV-2
is calculated by the electromagnetic transient program [7], and stored in a disk file for later
simulation. The relaying program consists of 3 subprograms: signal sensing, fault measuring,
and decision making subprograms. The signal sensing subprogram reads the theoretical data
and simulates a filter for signal conditioning. The filter whose transfer function is given by
S2
Ki(l +—)
w
Fi(s) = P 7 (1V-18)
s
Q+—)(d +a—+—)
(352 (O5) Wy

where K, =1.03386, f; = w,/2n = 188.46 Hz, f, = w, /27 =243.69 Hz, f;, = wp /27 = 600.00
Hz, a = 1.2633, is simulated by an equivalent digital filter. The fault measuring subprogram
solves the eqn. (IV-17) by the MacLaurin’s method of the first order {8]. According to the

method, a numerical solution of the eqn. (IV-17) is obtained as follows. Let T be a sampling

interval and let b{xl , Xa, - - -} be a set of sampled value {x(T), x(2T), - - -} of a time function
x(1).
att = T, i] = V1'Y1'T (lV'lg)
at t = 2T, i, = Vz'yl'T + v, '}’2'T (IV'ZO)
at t = 3T, iy = v3.y,-T + vp-y,-T + vy y3-T (1v-21)

First, y, is obtained from the eqn. (IV-19), then y, is obtained from the eqn. (IV-20), and

then y, is obtained from the eqn. (IV-21), and then - - - . Thus, the solution y(t) ={y,, y2,
- - - }is reached.
The decision making subprogram accumulates|{y,, y;, * - } to get a scalar function
n(t) ={n1, na, - -} defined by
K
nx & i (1IV-22)
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Fig. IV-2 A model power system and its line constants.
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and makes decision whether a fault has or has not taken place in the forward direction by
the rule that for a threshold 8 >0 and a positive integer K> 0, if ng > & then a fault is ahead,
otherwise a fault is behind. In the later simulations, the sampling interval time T is chosen

at 800 usec.

43.2 Some Examples of Simulation Results

The results are discussed for a single phase fault and a double phase fault at the point
F3 in Fig. IV-2, in which the maximum dc offset current exists in the fault current. Fig. IV-3
(a) and (b) show y(t) of the faulted and unfaulted phase for the single phase fault. The
decision function n(t) goes up rapidly at the faulted phase, while n(t) increases slowly at -
the unfaulted phase. The latter phenomena comes from the neglection of the mutual
coupling. Thus, it seems reasonable to adopt an inverse-time characteristics for making final
decision.

Fig. IV-3 (c) shows y(t) of the faulted phase of the phase-b to phase-c circuit fault.
Like the case of Fig. IV-3 (a), the decision function n(t) increases steeply enough to detect
the fault direction. On the other hand, both v, (3)(t) and i, ®)(t) are zero throughout the
simulation period. (Note that phase-a is unfaulted.) This is because the voltage and current
of the unfaulted phase keep their steady state value even after the double phase short circuit
has taken place. It is noted that the fault measuring subprogram starts solution of y(t) as soon
as it detects nonzero vr(t).

For another fault condition, for instance the fault without dc offset current, the
decision function n(t) shows almost the same nature as the above one. The heart of the
scheme lies in the idea applying the eqn. (IV-12) and (IV-14) to the solution of a weighting
function. The idea shows some advantages over the previous one [4] which was based on the
eqn. (IV-8) and (IV-9). First, it is easier to have a signal satisfying the requirement for the
Laplace transform. The computational burden of the relay program is reduced. Second, as
shown in Fig. IV-1 (c), a weighting function y(t) is invariant with a fault resistance Rg. This
nature plays a central role in making the directional detection stable and accurate. Third,
iy (1) and i, (t) satisfy the eqn. (IV-14) exactly, assuring that the scheme detects a fault
direction correctly. Last, the time to reach the final decision is very short. As shown in Fig.
IV-3, one quarter cycle is long enough to identify a fault and its direction. Therefore, the
scheme will find its application in the high-speed line protection, that is primary protection

use.
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Fig.1V-3  Result of y(t) (= weighting function) and n(t) (= decision function) based
on theoretical data. . .
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44 OPTIMIZATION OF HIGH SPEED DIRECTIONAL PROTECTION FOR
TRANSMISSION LINES

4.4.1 Optimization on Filter Characteristics

The filter expressed by the eqn. (IV-18) has been used for signal conditioning for both
theoretical and experimental studies. As a filter transient is overlaid on a fault transient just
after a fault inception and the proposed scheme has the working principle on the latter one,
it is very important to design a filter so that it will not mask the actual fault transient. To
discuss such an effect, two filters are studied. One is the filter of the eqn. (IV-18), and the

other is a Butterworth low pass filter whose transfer function is

K
Fas) =——— (1V-23)
BRI CEEY)
where
sk = we expjn[1/2 + 2(k — 1)/14]
k=12,-.-,7 (1V-24)

and f. = w:/27 = 500.00 Hz.

The theoretical data for v, (t) and i;,(t) of the eqn. (IV-14) are shown in Fig. IV4,
where the solid curves are obtained by the filter F,(s), while the dashed curves are obtained
by the filter F,(s). F,(s) reproduces the original fault transient faithfully, but F,(s)
modulates the original transient, making the relay susceptible to failure in detecting a fault
direction. _

The scheme bases its operating principle on the fault transient which is observed in
the pure-fault network of Fig. IV-1 (¢). Much care must be taken for the filter selection,
prior to applying the scheme.
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Fig. IV-4 Comparison of the' theoretical signals prdvided by different filter.

4.42 Optimization on Solution Method of the Volterra’s Integral Equation

As the fundamental idea is to identify the fault direction through the weighting
function y(t) of the eqn. (IV-17), it is mandatory to solve the integral equation. For the

type of the eqn. (IV-17), that is the Volterra’s integral equation of the Ist kind, the
MacLaurin’s numerical solution method goes following way.

Consider a numerical integration of

| T

1= £ f(x)dx

~|::: ~

by a weighted summation

A=@R]fy + R} f, +-.-R"

where f; is the value of f(x) at x = x;,

weighting values are determined so as

(IV-25)

fo)H

(IV-26)

and R{ is the weight attached to the value f;. The

to minimize the difference |I-Af. The MacLaurin’s
method partitions the interval [—— >

] into n subintervals each having an equal length,
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and selects x; at the center of the i-th subinterval. Then {R?, R'2‘, c e, R: }is determined

as follows,

for n=1, x, = 0 , R: =1 ; 1st order formula

1 1
for n=2, x;, = ——H, Rf =—2—
- Ly R2——l—-2d der formul
Xy = et 2—2,norer0rmua
1 3
for n=3, x, =——3"H, R:: =T
2
Xy, T 0 s Rg =_8
- 1 3 - 3 . fi
X3 = ——3—H, R =5 3rd order formula
3 13
for n=4, x, =~—H, R =—
or n=4, x, g Ry =72
1 4 _ 11
X, = H, R2 = 48

1,11
x; = —H R} =—

3 13
>§4 = _SH’ R: = 3_8; 4th order formula

The n-th order formula is applied iteratively to the intervals [0, nT], [nT, 2nT], - - -
[n(k—-1)T, nkT], ---.

Table 1V-1 shows a comparison of y(t) calculated by the 1st, 2nd, 3rd, and 4th order
formula. As easily noted, there is no significant difference among these results. The
MacLaurin’s method of the 1st order, which has been used in the digital simulations, will

be sufficiently accurate.
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E3=x10>

(trlnrgeec) Ist order 2nd order 3rd order 4th order
0.040 0.335 E3 0335 E3 " 0335 E3 0335 E3
0.120 0279 E3 0279 E3 0279 E3 0.279 E3
- 0200 0232 E3 0232 E3 0231 E3 0.231 E3 -
0.280 0193 E3 0193 E3 0193 E3 0193 E3
0.360 O.1el E3 0161 E3 016! E3 O.161 E3 .
0440 0134 E3 0134 E3 0133 E3 0.134 E3
0.520 o111 E3 ot E3 Ot11 E3 O111ES
0600 0923 E2 0923 E2 0.923 E2 0921 E2
0.680 0. 766 E2 0.766 E2 0763 E2 0.767 E2
Table [IV-1 Comparison of the MacLaurin’s numerical solution methods in solving the Volterra’s integral equation

of the 1st kind



4.5 THEORETICAL COMPARISON WITH TRAVELLING WAVE BASED HIGH SPEED
DIRECTIONAL PROTECTION o A

A very high-speed directional relay has been recently developed based on the travellif\g
wave concept ‘[S]. The relay applies the signals of the eqn. (IV-12) and (IV-13), that is
vr1(t) and iy (t), to ‘the analog relaying circuit. If a transmission line is modelled by a
distributed-constant circuit, and -if a back impedance is pure resistive R, then i, (t) is

represented by the equation

i (t) = f;vﬂ(t — u)y(u)du (Iv-27)

where y(t) is a weighting function satisfying

for 0. < t < 27,

Y1) =550 - N (1v-28)

for 27 <t < 4r,

Z+R

y(t)i=%[6(t) +2 . 8t —21) + -] ' | (1v-29)

where 7 is the surge travel time of the behind line, and Z is the surge impedance of the line,
and &(t) is the Dirac’s delta function. After a forward fault takes place, i (t) and v, (t) are

related as follows,

for 0 <t < 27,

i1'1 (t) = _li_vrl (t) | ([V-30)

for 27 <t < 47,
Z

1 — R
in® = B + 222 valt = 20] $2va () av-31)
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Therefore, the basic princfple that iy, (t) and v;;(t) take the same sign for all t > 0, is satisfied
during the first short interw}al 0 <t <27, and it is not satisfied any longer for t > 27. An
extensive analysis has been done for other type of the back impedance, leading to the result
which -supports the conclusion.

The above analysis seems to place a theoretical limit to the travelling wave based
directional relay. It is interesting to note that this travelling wave relay extends the signal fre-
quency to a wide range, but limits the time period to a narrow range for a correct operation.
On the contrary, the scheme of this paper has limited the frequency to a relatively narrow
range, and has extended the time period to a wide range, assuring sufficient time for the relay

decision making.

4.6 CONCLUSION

The time domain analysis of a faulted network has provided relay engineers with a
new concept in a directional protection of a transmission line. The concept is mathematically
expressed by the Volterra’s integral equation of the first kind, whose solution noted as a
weighting function prdvides an ability to detect a fault direction.

The mathematical background and effectiveness of the integral equational approach
have been studied throught the theoretical fault transient date. A particular reference has been
made to the design consideration of a filter used for signal conditioning. Finally, the discus-
sions have been extended to compare the proposed scheme with a travelling wave based
directional relay, clarifying a theoretical relation of each other.

As it is man&atow to solve an integral equation, the scheme essentially needs a
numerical calculation capability, and it will be suitable for a digital processor based relaying

application.
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CHAPTER V ACCURATE FAULT LOCATION ALGORITHM ON TRANSMISSION
LINES BASED ON LAPLACE TRANSFORM THEORY (6]

5.1 INTRODUCTION

One of the important tasks of substation protection and control is the fault location,
which means locating a faulted point on a transmission line. An accurate fault location is
very critical to a rapid and reliable restoration of electric power transmission. The fault
location scheme widely used now relies its operating principle on the travelling wave
propagation on a transmission line. One approach is to observe the time at which a locator
of each terminal detects the first incoming fault surge from a faulted point. Another one is to
transmit an electrical pulse into the line, and to measure the time period from emission to
return of the pulse, thus known as a pulse radar method. Both methods depend upon the
travelling wave propagation, which is a complex phenomena difficult to analyze perfectly.
Wave propagations are influenced by the system parameters and network configurations.
Accordingly, those fault locators would have to solve problems concerned with wave
propagations before getting higher accuracy than they have now.

Computer relays for distance protection [1, 2] can be applied to the fault location,
because a reactance jx they measure is proportional to the distance to the faulted point. The
measured reactance provides the exact distance particularly when a fault resistance is zero.
In other words, this resistance is fully compensated for by the reactance measurement. On
long lines carrying heavy load and infeed from both sides, the fault resistance acts as a phase
shifter. The locator at the sending end measures a lower reactance while the locator at the
receiving end does a higher reactance. Fig. V-1 shows clearly the measured reactance
dependent on the fault resistance [3]. Accordingly, the computerized distance relays tend
to failure in measuring the exact reactance to the fault.

Westlin and Bubenko recently presented a computation algorithm of the fault location
[4] . They applied the Newton-Raphson method to the non-linear algebraic equations to solve
the distance to the fault. Their scheme is superior to the others, because all variables they
use are locally available except the source impedance at the remote end. Although their
theory is correct, it seems impractical to update the source impedance of the remote end

every time a system change occurs.
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This chapter presents a computation algorithm for an accurate fault location. Applying
the law of superposition to the transient state fault analysis, one can obtain an algebraic
equation which includes an unknown variable corresponding to the fault distance, and
Laplace transforms of current and voltage at the local end. It should be noted that the
equation does not include a fault resistance. Therefore, the location algorithm can measure
the distance based on the locally measurable data set without being influenced by the fault
resistance.

The transient state fault analysis is made with the Laplace transform theory. In this
chapter the theoretical basis of the Laplace transform-based fault location is first given. Then,
the location scheme is simulated using the theoretical fault data to estimate the performance.
Such factors as transmission line loss, fault resistance, dc offset current, and back impedance
angle are studied to understand their effects on the locating accuracy. Finally, efforts are

made to determine the optimal values of the complex variable s.
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Fig. V-1 Measuring error due to fault resistance under load flow conditions
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52 THEORETICAL BASIS OF ACCURATE FAULT LOCATION BASED ON
LAPLACE TRANSFORM THEORY ‘

5.2.1 Fault Location Theory for Single Phase Transmission Line

Suppose that a fault happens at time zero and at the point F on the transmission line
shown in Fig. V-2 (a). With the superposition principle applied to the faulted network, fault
voltages and currents are calculated by summing these in the pre- and pure-fault networks.
Let ()’ be referred to the quantity in the pre-fault network, and ( -)” be in the pure-fault
one. The steady state voltage at the point F of Fig.V-2 (b) is calculated by the voltage and

current at the terminal S.

Ve = cosh(qx)Vg — z sinh(qx)ig (V-1)
where
q = jwoVic
= jwoA : propagation constant (V-2)
and
Z = /8¢
=z : characteristic impedance (V-3)

Then, the point F voltage at time t is given as:
ve(t) = Vg sin(wet + 62) cos(wohx) — z Ig cos(wot + 07) sin(wgAx) (V4)

Applying the Laplace transform to the eqn. (V4), one obtains

k4

ve(s) = S+ ot (s sinfy + wq cosfy)cos(werx) —
2l . s
ST g (s costi — wy sinf; )sin(wyAx) (V-5)
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Fig. V-2 A faulted network and its equivalent decomposition.

Vé and Is, are the crest values, and 0 and 8] are the voltage and current phase angle at time
zero the fault happens. vg”(s) be the Laplace transform of v’s’(t), and ig”(s) be that of i,s’(t)
in Fig. V-2 (c). The operational voltage at F is calculated by v& (s) and i§ (s):

vp(s) = cosh(sAx)vs (s) — z sinh(sAx)i& (s) (V-6)

Define k(s, x) as the ratio of i;R(s) to i’l;s_(s), that is the fault current distribution factor,

then the eqn. (V-7) gives the fault current ip(s).

ir(s) = —{irs() * irr©)} -
= {1+ kG, 0] irs(®), ki, = R V-7
iFs(s)
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and

i;s(s) =—l sinh (sAx) v& (s) — cosh(sAx) i§ (s) V(V-8)
From the equatibn:

ve(s) = Rf ip(s) (V-9)
the following is obtained.

vE() + VE(S) = —{1 + kG5, %)} Rf ips(s) (V-10)

If k(s, x) takes the same value at two distinct points s; and s,, the fundamental equation

for fault location is derived.

VEGs1) + VE(s1)  VE(2) + VE(s))
" = = (V-11)
irs(s1) irs(s2)

In the eqn. (V-11), the locator must start the Laplace transforms at the time the fault
happens at the point F. As is shown in Fig. V-3, there is a time delay until the locator
detects a sudden change of the voltage waveform. The time delay is identical to the time
that an incoming fault surge propagates from F to S. It should be noted that the locator can
only start the Laplace transform at time t,, instead of time zero. This is simply because of
the causality. So, the locator must compensate the time delay to perform the correct

Laplace transforms for v§ (s), is (s), 0%, and 0;. This is done as follows:

6y = 0, — wolx (V-12)
07 = 0; — wokx (V-13)
v§ (s) = exp(—sAx) vs(s) (V-14)
i57(s) = exp(—sAx) is(s) (V-15)
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Fig. V-3 Time delay in detecting voltage sudden change at the relaying point

where 0, and 6; are the voltage and current phase angles at the time the voltage makes
a sudden change at the point S, on the other hand v’s’(s) and i,s’(s) are the Laplace transforms
obtained by starting at time t,. Substituting the eqn. (V-12) to (V-15) to the eqn. (V-11),
one derives the final equation to locate a fault on a single phase transmission line. Final

equation for fault location is represented as follows.
Fx) =0 (V-16)
where

F(x) = Vé cos(woAx) (s; sinfy + wq cosfy) — z Ié sin(woAXx)
(51 cosfi — wo sind}) + (5,2 + wo?) {cosh(s;Ax)v3 (s, )
z sinh(s; Ax)ig (s1) }

1 ” k2]
x (552 + woz){? sinh(s,Ax)vg (s2) — cosh(s;Ax)is (s2)}

Vg cos(wohx) (s sinfy + wy cosfy) — z Ig sin(wohx)
(s cosOf — wq sind]) + (532 + wg?){cosh(sAx)vg (s3) —

z sinh(s, Ax)i§” (s5) }
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1 a?? ."9
x (9% + woz){—z—sinh(sl)\x)vs (s1) — cosh(syAx)ig (s1) } V-17)

5.2.2 Fault Location Theory for Three Phase  Transmission Line

(Phase-a-to-ground fault): Let (-)U) be referred to the modeq quantity. The equation:

ve@(G) + ve(1(s) + vp(2)(s) = 3 Ry ip(m)(s) (V-18)
m =1{0, 1, 2}

holds at the faulted point F. If the mode-m fault current distribution factor k(m)(s, x) is
determined independently of s, that is k(M)(s;, x) = k(m)(s,, x) for s; % s,, then one

obtains the following:

2 ) . . 2 s . .
.ZO{VF(’)(Sl) + vpld(sy)) .EO{VF(’)(Sz) + VF(’)(Sz)}
i= _iF

5 = 3 V-19

irs(™)(sy) irs(M)(s,) (-19)
Accordingly, the final equation to locate a single phase ground fault is reached.

Fiie(x) = 0 (V-20)

where

2 > . . .
FiLg(x) = jz:o [VsWcos(woA®x) {sy5infy B + wocosgy @) | —

201 Dsin(weA®x) {51 costi @ — wosing? D]+ (5,2 + wg?)

{cosh(s; \Dx)v§ "W)(s;) — zWsinh(s; \Dx)i§ (s, ) H

1 »? I 2ad
x (522 + wo?)| ) sinh(s;A™)x)vg (s3) — cosh(sA(Mx)ig (s5))

z(m

2 ). . . w* (7
-1 2, [Vs®cos(wor@x) {s; cosdy@ + wocosty @)} —~
iz

201 Wsin(weAx) |5, cosd () — wosind M) + (5,2 + wy?)

{cosh(s, NDx)vg"U)(s;) — zWsinh(s, A Dx)is G)(s,) N
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x (512 + wo?)| sinh(sy A(M)x)vg” (51)

z(m)
_ - cosh(sl)\(m)x)ig”(sl)} (V-21)
(Phase-a-to-b fault): From the equation holding at the faulted point F

vr(1)(s) — vp)(s) = Rp ip(™)(s) (V-22)
m ={12}

the following is derived.

viD(s1) + vi(s1) — vi@s;) — vi@(sy)
irs(M)(s;)
_vEWGsy) + vi(sy) — vi@)(s5) — viE)(s,)

irs(M)(s,)

(v-23)

The final equation is in the form of
Fais(x) = 0 (V-24)
where

2 ). . . .
Fyis(x) = j=21 [VsWeos(woA@x) {s;sindy ) + wqcosdy @D}~

z(i)Ié(i)sin(w(,)\(i)x){sl cosf; ) — wosind M} + (5,2 + wp?)

{cosh(s; A Dx)vg " G(s;) — zDsinh(s; \Dx)ig @(sy) 1]

1 i o
x (522 + wg?){—— sinh(s;A(™)x)vg (s5)
z(m)

- coéh(sz}\(m)x)ié”(sz)}

2, ) . .

Z [VsWcos(woA@x) {s5sinfy B + wocosfy @) }—

J:

z(j)_ls’(j)sin(w(,?\(j)x){szcosei'(j) — wosing] O) } + (5,2 + we?)

{cosh(s,ADx)vg "0)(s,) — 2Wsinh(s, \Dx)i§"0)(s;) }]

x (512 + wo?){ sinh(s; AMx)vg " (s;)

z(m

— cosh(s; A(™)x)ig "(s1) } (V-25)
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As the fundamental equations are nonlinear, the iterative solution technique like the

Newton-Raphson method is essential to the scheme.

53 VERIFICATION OF LAPLACE TRANSFORM BASED FAULT LOCATION
ALGORITHM

5.3.1 Digital Simulation of Fault Location Algorithm

The locating performance is estimated through the digital computer simulations using
the theoretical fault data. The digital fault transient analysis [5], which is now well known
among the relay engineers, is performed on a model power system shown in Fig. V4.
Voltages and currents are computed every 40 psec for 100 msec time period, and faults are
initiated at time t = 40 msec. The locator detects a fault with a voltage sudden change, and
it is assumed that the locator picks up the crest values of the relaying voltage and current
during the pre-fault period. In the base case study, no-loss lines are assumed.

Fig. V-5 illustrates a locating process at the locator disposed at the terminal E for a
phase-a-to-ground fault. The estimated distance settles at 10.88 km, which is 0.12 km short
to the fault. The locator uses s; = 200.0 and s, = 300.0 for the complex variable s. These
two values are determined empirically at this time, and the optimal value setting problem
will be discussed in the following section. The estimation error to the true distance ratio has
been at most (+)1.5 percent for all the base case studies.

As is shown in Fig. V-1, one needs to bear in mind five percent location error when he
depends on the impedance measuring type fault locator. On the other hand, the present
scheme can reduce the estimation error below one percent and a half, Accordingly, the
schemne is more than three times as accurate as the distance relay scheme. The key thing here

is the following equation:

k(s1, x) = k(s3, X) for s; % s, (V-26)

In what follows we will study the correctness of the eqn. (V-26) at an actual transmission

system.
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Fig. V-4 A model power system and its line constants.
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Fig. V-5 Fault location process until settling at 10.88 km

5.3.2 Numerical Evaluation of Transmission Line Loss Effect

The effect of line loss on the accuracy is studied using the fault data from transient
analysis, where the line loss was modelled exactly. The curve@in Fig. V-6 shows the result
of a fault at 11.0 km, indicating the estimated distance at 7.93 km. The locator estimated
the fault at a significantly short distance. The reason for this is explained as follows, Let the
line constants be r £/km, & H/km, and ¢ F/km. Then, the propagation constant A(s) and the

surge impedance z(s) are given by

M) = sv/Rc VT + (i/s9) ' (V27)
z(s) = VR/c V1 + (1/sR) (V-28)

The term +/1 + (1/s®) of each line is calculated at s; =200.0 and s, = 300.0 and shown in
Table V-1. While the locator assumes the term to be 1.0, the mode-0 value at the line L4
is significantly larger than 1.0. This is the primary reason for the inaccurate result in
Fig. V-6.

There are two countermeasures for this. One is to use a large value for the complex
variable s, making the term /1 + (r/s€) approach to 1.0. The other is to use the mode-1
quantity for v:s’(s) and i;(s) of the eqn. (V-11), taking advantage of the mode less sensitive
to the line loss. The curve @ settling at 10.66 km is obtained by applying the former
measure, and the curve @ settling at 11.43 km by the latter one. Both measures have been

effective to improve the accuracy. Although these might have the similar effect on the
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accuracy improvement, the latter will be preferred to the former because of the potential
for the numerical calculation error by the use of large value for s. Accordingly, the use of

mode-1 quantities will be recommended.

Distance (km)

30.0
200
10.0-
]
0.0 AP N LA NN AR S S LA S
46 052 os5 064 070 076 082 088 094 1.00
Time (x107' sec)
-10.0
-20.0- @ $1=200.0 ’ S$2:300.0
. ] @ S$1:=150.0 ’ S$2:2250.0
-30.0- ® $1=100.0 , $2:200.0

Fig. V-6 Effect of transmission line loss on the accuracy and two countermeasures for

performance improvement

zone L1 L2 L3 L4

S mode O |mode { [mode O {mode { {mode O [mode 1 {mode O|mode 1

2000 1118 [ 1.056 | 1.119 | 1.060 | 1.119 | 1.060 | 1.946 | 1.148

300.0 1.080 | 1.038 | 1.081 | 1.040 } 1.081 | 1.040 | 1.690 | 1.101

" Table V-1 The term 4/1 + (r/sQ) evaluated at each line section

© 5.3.3 Numerical Evaluation of Fault Resistance Effect

Although the eqn. (V-11) has guaranteed the high immunity to the fault resistance
effect, some simulations are carried out to confirm the effect of the fault resistance on the
working principle. Faults with the fault resistance of 10.0, 20.0, and 40.0 ohm are simulated
at the point F3. Fig. V-7 summarizes the distances estimated by the locator at the terminal

E. The locating errors are well below 0.5 km.
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‘Fig. V-7 Summary of distances estimated by the locator at the terminal E

5.3.4 Numerical Evaluation of DC Offset Current Effect

It was assumed until now that the fault happened at the voltage maximum. Here, the
fault at the voltage zero is examined. Using 200.0 and 300.0 for the complex variable s, the
locator calculates the distance at 9.73 km, that is 1.27 km short to the fault of voltage zero.
The accuracy is checked with the various settings for s. Table V-2 summarizes the relation
of the accuracy versus the variable values used, and Fig. V-8 plots each locating process.
Table V-2 implies that the small values of s have improved the locating accuracy. This is
understood in terms of the numerical accuracy of Laplace transform. Roughly speaking, the
use of small values is quite effective to do an accurate Laplace transform of the waveform

which has the dc offset component. As a fault of voltage zero causes the dc offset current,

the small values are desired for better locating performances.

s s Estimated Estimated

! 2 distance {km)| error (%)
200.0 300.0 9.73 12.0
150.0 | 250.0 9.98 9.2
100.0 200.0 10.38 6.0

Table V-2 Estimated distance dependent on the values of s; and s,

-77 —




Distance (km)

30.0}

20,01

10.01 [ ST T N g o e

0.0 —Tr—
2 088 094 100
Time (x107 sec)

-10.0
200 i ® $1:2000, S2:300.0

1l ® $1:150.0 , S2:250.0
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‘Fig. V-8 Fault location process dependent on the values of s; and s,

5.3.5 Numerical Evaluation of Short Circuit Angle Effect

All discussions so far have been concentrated on the analysis of the locating scheme
applied to a line at which the power system has the fault point to the infeed short circuit
angle equal at both ends. In other words, the scheme has been applied to a strong system.
With the practical application in mind, it is necessary to examine the scheme when it is
applied to a weak system. In such cases, load characteristics might affect the working of the
principle. Three types of load are studied. Assume that the operational impedance be Z(s)

beyond the remote end of the line.

(1) Z(s) = R, + sL, : inductive load
) Z(s) = R, : pure-resistive load

(3) Z(s) = R, + —s—él—: capacitive load
2

Fig. V9 illustrates the settling distance for the double phase short circuit fault. As is
expected, the accuracy is highly dependent on the load type. The error is maximum for the
capacitive load.

The reason for this is explained as follows. Assume that the operational impedance

behind the locator be sL,. Then, the current distribution factor k(s, x) is given by

k(s, x) = -;IE—sl) : : (V-29)
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Fig. V-9 Effect of load characteristics on settling distance

For the inductive load, the factor is in the form of

_ sL, _ L_l R,/L,
Ko X =g vn - s/

On the other hand, the factor for the capacitive load is

sL L 1 1
Ks, %) = — = — = (=R fs— = ( )]
1 R, C,R, 1
R, + s +
SC2 Csz

(V-30)

(V-31)

The distribution factor of the inductive load approaches to a constant value L,/L, for a

large s, while the factor of the capacitive load becomes a linear function of s. The eqn.

(V-11) supposes that k(s, x) be constant for the range of s considered. The capacitive load

does not meet the requirement, and accordingly, the locator will be succeptible to failure

in estimating the faulted point for the system with the capacitive load. Fig. V-10 gives a clear

idea how k(s, x) varies with the complex variable s.
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Fig. V-10 Operational cﬁrrent distribution factor k(s,x) as
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54 OPTIMIZATION OF NUMERICAL LAPLACE TRANSFORM ALGORITHM

The substantial efforts must be made to do a numerical Laplace transform. Two
values, 200.0 and 300.0, so far have been substituted to the complex variable s. Now,
discussions are made to determine the optimal values. The objects of the transform are

voltages and currents. These are considered to consist of three components.
(1) exp(—t/T) : dc offset component
(2) exp(—t/T)sin(wt + 8) : higher harmonic component

(3) sin(wpt + 9) : nominal frequency component

Accordingly, the numerical transform practice used in this paper is examined with its

accuracy when applied to these functions.

5.4.1 Numerical Laplace Transform Error of DC Offset Current

Consider a function y(t) given by

y(t) = 1.0 exp(-t/T) (V-32)
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The analytical Laplace transform of y(t), referred to y*(s), is

y'@) = 1—1 (V-33)

+__—
ST

On the other hand, the numerical transform of y(t) is calculated with the following formula:

¥s) = 3, y(kat) exp(~sk Af) At (V-34)

where the time step is taken at 40 usec and the integration period at 60.0 msec. Also is

calculated an accuracy index e.

ed YO YO 4 (V-35)
y ()

Fig. V-11 plots the index € for various parameter settings and time constant T. The

following conclusion can be drawn. Higher accuracy is expected with the large time constant

for a fixed variable value. Higher accuracy is also expected by choosing the variable value

as small as possible.
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Fig. V-11 Accuracy index of numerical Laplace transform for y(t) = 1.0 exp(-t/T)
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5.4.2 Numerical Laplace Transform Error of Higher Harmonic Component:
Let y(t) be

y(t) = 1.0 exp(—t/T) sin(800nt + 6) (V-36)

Then, its analytical Laplace transform is given as

(s +%) sin + (800m) cosf
Yy’ = (V-37)

(s +7;—)2 + (800m)?

The index € is calculated for various T and s at =0 as is shown in Fig. V-12. General con-

clusions drawn are follows. For any value s, small time constants give rise to more accurate
transform. Setting large values to s results in more accurate transform, too. Finally, the benefits
can be expected by setting a large value to s for a large time constant. Accordingly, the large
operator value is preferred for the waveform including a slowly damped higher harmonic com-

pohent.

E(%)
2-!
10 o—o— S3150.0
2 Co--0- $:2000
8/42:_,,;—--—&--4\-- $=300.0
e R
/;.A/ ’D_"_u___._u_..u_.. $:=500.0
Z2"" o=
e
o
10’ §=
10° S S
10° 10! 102
T (msec)

Fig. V-12 Accuracy index of numerical Laplace transform for
y(t) = 1.0 exp(-t/T)sin(800xt)
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5.4.3 Numerical Laplace Transform Error of Nominal Frequency Component -

Consider a nominal frequency component:
y(t) = 1.0 sin(100xt + 6) (V-38)
The analytical transform of the eqn. (V-38) is

. s sind + (1007) cosh
y(s) =—3 2
s2 + (100m)

(V-39)

Fig. V-13 plots the index e for various values of phase angle. Although it seems hard to make

a simple comparison, an ordering among operator values such as

300.0 <:: 1500 <:: 200.0 <: 500.0

can be established applying the min-max rule to Fig. V-13. The relation means that the

maximum error for s = 300.0 is smaller than that for s = 150.0, and so on.

€ (%)

300 600 900 1200 1500
B(deg.)

Fig. V-13 Accuracy index of numerical Laplace transform for
y(t) = 1.0 sin(100xnt + 0)

83—



5.4.4 Determination of Optimal Value for Complex Variable :

One way of evaluating the optimality of s is to look at both the accuracy and the
speed of numerical transform. The variable value 150.0 through 300.0 may be justified to
be used in terms of the accurécy. Taking into account the data length, at least four cycles

data at nominal frequency are available. The condition:

exp(—0.08s) < 1.0 x 1076 (V-40)
which is equivalent to

s 2 173.0

seems to guarantee a stable convergence of numerical transform. Therefore, the variable

values 200.0 and 300.0 are the most appropriate settings.

5.5 CONCLUSION

As one of the numerical fault location schemes using the fault current distribution
factor, the Laplace transform method has been described. Some conclusions have been drawn
from the Laplace method.

(1) High accurate location can be expected at the strong AC system, that is the system
with large short circuit kVA,

(2) Accuracy will be degraded at the weak AC system, especially at the system supplying
to capacitive loads.

(3) CEither a large value of the complex variable s or mode-1 quantity, is perferred when
the scheme is applied to high r to ¢ ratio networks.

(4) The value of s is set as small as possible for a fault at voltage zero or around.

(5) The optimal values for s are considered to be 200.0 through 300.0

The numerical fault location scheme will be implemented best in the integrated digital

protection and control system which is expected to be a main trend of substation system

engineering in the eighties.
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CHAPTER VI ACCURATE FAULT LOCATION ALGORITHM ON TRANSMISSION
LINES BASED ON FOURIER TRANSFORM THEORY[8]

6.1 INTRODUCTION

The theoretical basis and computer simulation of the Laplace transform based fault
location were discussed in CHAPTER V. The superposition principle was applied there to
the transient state analysis of a faulted network. The location scheme made use of the
operational fault current distribution factor k(s, x), which is defined in the s-plane of the

Laplace transform. The key idea behind the scheme is written by the following equation:
k(s;, x) = k(sz, x) for s; # s, (VI-1)

which means that the distribution factor is independent of the complex variable s. It was
shown that the scheme is able to indicate an accurate distance to a fault at a transmission
network satisfying the eqn. (VI-1), and also that an EHV/UHV transmission network is such
the case.

As the Laplace transform scheme depends on the transient state analysis of a faulted
network, it requires an accurate replica of a fault transient voltage and current at the
locator input circuit. It also needs an accurate measurement of the voltage or current phase
angle at the time of a fault inception. Furthermore, the high frequency data sampling must
be made to calculate the operational voltage and current at the point s. Accordingly, a great
burden lies in both measurement and computation process.

An attempt is made with the use of Fourier transform to ease the burden associated
with the Laplace transform based location scheme. Unlike the Laplace transform, the
Fourier method can pick up an operational value, particularly at the nominal frequency,
with the less burden at measurement and computation process. The theoretical basis of
CHAPTER V, however, must be reformed when one applies the Fourier transform method.

This chapter presents the fundamental theory of the fault location scheme based on
the Fourier transform. The superposition principle is applied here to the steady state
analysis of a faulted network. The operational fault current distribution factor is used again,

but in a different way. The property that the factor becomes a real number at s = jew:

Imaginary part of k(jw, x) = 0 (VI-2)
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is exploited to define a fault location algorithm. The algorithm is analyzed in more detail
particularly on its relation to the Laplace transform scheme.

Digital computer simulations are extensively performed to verify the location theory
on a model power system. Efforts are made to study the effects of such factors as a
transmission line loss, load characteristics and waveform distortion that might affect the
working principle. Then, the orthogonal transform process is optimized to speed up the
computation. Short window Fourier transform and Walsh transform are examined. It is shown
that the Fourier transform scheme is easy to implement, because the measurement and

computation burden is greatly reduced.

6.2 DEFINITION OF FAULT LOCATION ALGORITHM BASED ON FOURIER
TRANSFORM THEORY

6.2.1 Fault Location Theory for Single Phase Transmission Line

Consider a midway fault at the point F which is x away from S on a transmission line SR
in Fig. VI-1 (a). The law of superposition in the linear network theory separates a faulted net-
work into a pre-fault and pure-fault ones, which are given in Fig. VI-1 (b) and (c) respectively.
Let Vg be the voltage vector at F, and let Ip be the current vector at the fault resistance R in
the faulted network. Then,

Rplp
—Rg(irs + IFr) (VI-3)

Vg

where I’F’S is the line current at F flowing to S and I;-’R is that to R, both of which are
defined in the pure-fault network. Define an operational fault current distribution factor
K(x) by

Kx) = k(jw, x)
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Fig. VI-1 A faulted network and its equivalent decomposition

It is noted that the ratio K(x) is a function of the distance x to the fault. Substitution of
the eqn. (VI-4) into the eqn. (VI-3) yields

Vi = —Rp Ips(l + K(x))

(VI-5)

On the other hand, VF and i;s are estimated by the locally measurable vectors,
Vi = A®)Vs — B()ig (VI-6)
Irs = CEIVs — D(x)is (VI-7)
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where A(x), B(x), C(x) and D(x) are the four terminal constants of the line SF, and defined

as follows for a distributed-constant circuit.

A(x) = D(x) = cosh(dx) , (VI-8)
B(x) = z sinh(gx) (VI-9)
C(x) = sinh(§x)/z (VI-10)

where q is the propagation constant, and z is the characteristic impedance.
The faulted vectors Vg and Ig are directly measured at the local end S, while the pure-
fault vectors V’S’ and i; are computed as the difference between the pre-fault and faulted

ones:

VE A Vg — Vg | (VI-11)
s &g — Ig (VI-12)

Therefore, the eqn. (VI-5) is written by the locally available vectors.
Ax)Vs — B)is = —Rg{l + K®)}{CVs — D®Is } (VI-13)
which leads to

A(x)Vg — B®)ig

Re{l + K(x)}= - ——F——""2
C(X)VS - D(X)IS

(VI-14)

As the fault impedance is purely resistive, R is a real variable. The ratio K(x) also becomes
real one on the condition that the transmission line is loss-less, and the source impedances
at two ends are purely inductive. See the APPENDIX V for the proof. These facts imply
that the left hand side of the eqn. (VI-14) be a real value. Therefore, the right hand side of

the eqn. (IV-14) must also be a real value. The basic equation is obtained as follows.

A)Vs = B(x)ig
C(x)Vs — D(x)is

=0 | (VI-15)
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where Im[ - ] denotes the imaginary part of a complex' variable. The solution x of the eqn,
(VI-15) is the distance from the local end ‘to the faulted point. As the eqn. (VI-13) is a
non-linear equation, the iterative solution technique is needed. The Newton-Raphson
method is applied throughout this chapter.

The basic equation contains an unknown variable x, locally available vectors, and line
parameters. Thus, the fault location can be made without any remote end data. No
communication channels are required. Furthermore, the eqn. (VI-15) does not include the
fault resistance Rg. This means that the algorithm is able to locate a fault without being
affected by the fault resistance. Accordingly, the Fourier transform based scheme preserves

the properties of the Laplace transform method of CHAPTER V.

6.2.2 Fault Location Theory for Three Phase Transmission Line
The basic equation is extended to a three phase line in a straightforward way. Let

(-)&) denote a modal quantity. For a single-phase fault,

Ve(©® + V(1) 4+ Ve _
COVD” ~ PO’
j el0,1,2}

(VI-16)

and for a double-phase fault,

Vell) + Vo(2)
Im [——————————1=0 (VI-17)
COEWVsD” — DO (x)igh

jef12}

The modal voltages at F are estimated by the eqn. (VI-18).
Ve = A (x)Vgk) — Blk)(x)ig(K) (VI-18)
k = 0,1,2
The fault locator characteristics for a single-phase case are of course applicable to a 3-phase

case. In the succeeding sections, the eqn. (VI-16) and (VI-17) are applied to the fault

location on the 3-phase lines.

—89 —



6.2.3 Relation to Laplace Transform Based Fault Location
As is shown in CHAPTER V, the following is the basic equation of the Laplace

transform method:

vE() + V() _

o —{1 + k(s, X)|Rf (VI-19)

The point is that the operational factor k(s, x) was evaluated at two points on the real axis
of s-plane. Generally speaking, there are three ways to evaluate k(s, x) in the s-plane.
Fig. VI-2 illustrates these.
(Case 1): s=a+j 00

In this case the eqn. (VI-19) was not enough to solve x when k(s, x) is evaluated at a
single pbint a,. However, it was shown that k(s, x) takes the same value at two different
points @; and a;. One can make use of the property to establish an equation, eliminating
k(s, x) and Rg. The unknown variable x is solved without knowing the values of k(s, x) and
RE.

(Case 2): s = 0.0 + jﬁ‘

The operational fault current distribution factor takes a real value at s = j§, while the
left hand side of the eqn. (VI-19) takes a complex value. One can solve the distance x by using
the imaginary part relation. In other words, single evaluation of k(s, x) is sufficient for the
location purpose.

(Case 3): s =a+jb

As is shown in APPENDIX V, one can not draw a general conclusion on the possibility
to solve the problem without knowing the values of k(s, x) and Rg. However, if the
operational impedance angle of one side of the network is equal to the other side (at the
faulted point), the factor k(s, x) takes a real value, and hence the case 3 turns out to be
equivalent to the case 2.

This chapter is intended to study the case 2 and 3, completing the theoretical
development of the féult location scheme based on the fault current distribution factor
k(s, x).
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Fig. VI-2 Comparison between Laplace transform method and Fourier transform one

6.3 VERIFICATION OF FOURIER TRANSFORM BASED FAULT LOCATION
ALGORITHM

6.3.1 Digital Simulation of Fourier Transform Based Fault Location Algorithm

The computer simulation is outlined in Fig. VI-3. First, the primary data of transient
waveforms is smoothed out by a digital filtering program. Second, a transformation program
extracts the voltage and current vectors. Last, the Newton-Raphson program is executed
to solve the eqn. (VI-16) and the eqn. (VI-17).

Primary) | Digital Orthogonal | |Solutionof | (i ocated
Dat ] Eilt _)T ¢ —>1Non-linear [—><Distance
ara Lirer ranstorm Equotion e

Fig. VI-3 Functional block diagram of computation for fault location
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A model power system and its line constants for computer simulations are shown in
Fig. VI-4 and Table VI-1, respectively. Fault transients are computed on the model system
by the electromagnetic transient program [4], with the time step of 0.04 msec. These
original transient waveforms are recorded in a disk file for later processing.

Data sampling for the Fourier transform is assumed to be every 1.0 msec, namely
1,000 Hz. Therefore, the digital filter is programmed to simulate a 500 Hz Butterworth filter
of seventh order. There is no special intention of using the Butterworth filter. It was used
simply because of its popularity. Fig. VI-5 shows its frequency response. The one-cycle
Fourier transform (= OFT) of a function f(t) is defined by the eqn. (VI-20), and it is applied

to a steady state vector extraction.

-. t —_
F(jwe) = fo(u)e jweu du (VI-20)
12850
19.62mH
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A0 f 2 00,
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T
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w
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Fig. VI-4 A model transmission system



Constant r(o) Q fe I(O)mH Vkm c(°),uF e a_(o)”‘,‘('j?':“ Z(o) Q
A R e

line f(')Q/Km l(”mH/Km c(l)pF/Km z(')"’d/Km z(|) Q
0.11480] 22686 | 000523] 10869 | 662 |

L1 16.05083| 08984 |0.01291] Losss | zea
[0.11570] 22985 | 000826 | 10925 | 661 |

L2 Tooio7a| 07068 |0o1ase| 1.0701 | 234
|o.11570 | 22989 | 000526 10%25 |__ee

L3 o.oto74 | 07o68 | oo14s6| 10701 | 234
[0.55400] 09942 | 035%7| 59076 | _ 53 |

L4 502849 04020 | 0.35567| 37565 34

Table VI-1 Line constants of the model transmission system

IGly LG
dB| rad

Fig. VI-5 Frequency response of a 500 Hz Butterworth filter of seventh order
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where T = 2nfwg and wg is the system angular frequency.
Fig. VI-6 shows a result of the fault location at the local end E for a single-phase fault

at F3 with the zero fault resistance. The relay settings are as follows.

A®) = (55 /20)c(®) = 5908 x 1073 rad/km
A = o VM) = 3756 x 1073 rad/km
Z0) = /g©)/c(0) = 53,0 ohm

ZW) = MDD = 34,0 ohm

Two statistics X and ¢ are computed to evaluate the locating performance: X is the mean
value of the located distance x during'a period T, and ¢ is the standard deviation of x during
the same period. As is shown in Fig. VI-6, T, is defined as a half-cycle period beginning one
cycle after the fault. The distance X of Fig. VI-6 is 11.02 km and o is 0.28 km, while the
true value x* is 11.00 km. Therefore, the location is very accurate and stable. The word
“stability” is used to measure the fluctuation of x. The smaller the standard deviation, the
more stable is the location. The sélution of the eqn. (VI-16) converges in most cases after
two iterations. Fig. VI-7 shows an iteration process.

To cover the various situations in an actual power system, digital simulations are
carried out extensively. Among them, the effects of a fault resistance, a transmission line
loss, a load characteristic, and a waveform distortion are discussed below on the accuracy
of fault location. The locator is disposed atAthe end E, and the fault point is chosen at F3

throughout the simulations.
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Fig. VI-6 Fault location process until settling at 11.02 km
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Fig. VI.7 Typical iterative solution process by Newton-Raphson method

6.3.2 Numerical Evaluation of Fault Resistance Effect

The solid line of Fig. VI-8 is the located distance for the same type fault as in Fig. VI-6,
but with the fault resistance of 10.0 ohm. For comparison, the result of Fig. VI-6 is
superimposed by the dashed line.

Both locations converge to the same distance, which is very close to the true one. The
basic equations guarantee an accurate location not affected by the fault resistance, and the
property has been confirmed through the digital simulation. Comparing the two schemes,
one can conclude that the Fourier method gives almost ten times as accurate as the Laplace

method.

6.3.3 Numerical Evaluation of Transmission Line Loss Effect

The Fourier transform method assumes that K(x) of the eqn. (VI-4) takes a real value.
The assumption seems unsatisfied when a transmission line loss effect is taken into account.
Fig. VI-9 compares the result of a loss-less line case with that of a lossy line. For the lossy
line case, X is 10.85 km and ¢ is 0.32 km. This is a single-phase fault case that is worst to
the Fourier transform method, because the ratio R/X of mode 0 is largest of all modes. Even
though Fig. VIO shows the worst case, the location error is very small. The same degree of
or higher accuracy can be expected for the multiple-phase short circuit, because the mode
0 does not participate in these. It is concluded that the transmission line loss will not

degrade the fault location accuracy.
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6.3.4 Numerical Evaluation of Load Characteristics o

The source impedance must be purely inductive to guarantee‘an accurate fault location.
An inductive load (= Ry + jXp) at the remote end is studied. The located distance converges
to the value slightly-different from the ‘true one. Fig. VI-10 illustrates it. For the double-
phase fault of Fig. VI-10, X is 1292 km and ¢ is 0.35 km. Thus, Ithe type of source
impedance at the local and remote end must be carefully studied whether they satisfy the

condition of K(x) or not, prior to applying the algorithm to the fault location.

6.3.5 Numerical Evaluation of Filter Characteristics

The waveform distortion is created by non fundamental frequency components in the
voltage and current, which are caused by the transient phenomena due to a fault. The
prefilters of different cut off frequencies f, are used to study the effect. Fig. VI-11 shows
the correlation of X and ¢ for the cutoff frequency. As is expected X is uncorrelated with
f. but ¢ increases alohg with f;.. The filtered data is sampled every 1.0 msec for the Fourier
transformation. According to Fig. VI-11, the instability of x appears beyond 500 Hz, which
is the half of the sampling frequency. This is caused by the frequency folding error in digital

signal processing. The stability will be guaranteed by choosing an appropriate pre-filter.
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Fig. VI-10 Load characteristic effect onE location process
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Fig. VI-11 Fault location accuracy and stability versus filter characteristics

6.4 OPTIMIZATION OF NUMERICAL FOURIER TRANSFORM

The developed algorithm basically consists of two numerical computations. One is the
Fourier transform of voltage and current waveforms, and the other is the solution of non-

linear algebraic equations. Of the two computations, fast and approximate algorithms of the

Fourier transform are studied through the digital computer simulations.

6.4.1 Half Cycle Fourier Transform

One cycle Fourier transform (= OFT) defined by the eqn. (VI-19) has been used in
the digital computer simulations of the section 6.3. F(jwo) of the egn. (VI-19) has been
evaluated at the angular frequency of wq = 2nfy, where fy is the system frequency. A half-
cycle Fourier transform (= HFT) is defined here by the eqn. (VI-21).

E(iwo) = J f(u)eiwou du (VI-21)
t— '
T = 2n/wo (V1-22)
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The HFT algorithm is substituted into the Fourier transform block of Fig: VI-3. In Fig. VI-12,
the result of the HFT algorithm is compared with that of the OFT one. While the distance

to which both algorithms converge are almost equal with each other, the HFT algorithm

converges two times faster than the OFT does. As any other differences are not-noticed, the

HFT algorithm is

effective to speed up the fault location.
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Fig. VI-12 Half-cycle Fourier transform method compared with one-cycle transform

6.4.2 Truncated F

ourier Transform

John and Martin proposed a fundamental digital algorithm [5] for the Fourier

transform, which is temporarily referred to the truncated Fourier transform (= TFT). The
TFT is defined as follows.

For a voltage v(t)

’

V(jwe) = f;_v(u)e‘j“’e“ du

2

—-99 _

(VI-23)



and for a current i(t),

jwe) = f;i(u)e-iweu du — 7[i(t - ;)e‘jwe(t‘%')

2

— i(t)eTiWet] (1 + jweTc) (VI-24)

where w, (= 2nf,) is an arbitrary angular frequency, and T, (= L/R) is the time constant of
a transmission line. As is shown in the eqn. (VI-23), the integral interval is chosen at a half
cycle.

It should be noted that the angular frequency e is selected at an arbitrary value. In
this study, w, is set to 80w (namel.y fo = 40.0 Hz). The TFT algorithm is used for the
Fourier transform of Fig. VI-3. Fig. VI-13 illustrates a simulation result. The solution by
the TFT converges within a half cycle to the final value, which is also the solution by the
OFT. As tile TFT algorithm provides an accurate and stable solution, it contributes to the

acceleration of the fault location speed.

6.4.3 Walsh Transform
To speed up the orthogonal transformation, the Walsh function is frequently used.
In the relaying literature, it was applied to the distance protection [6]. An arbitrary function

f(t) is expanded as follows:

ft) = k:z"o wy wal(k,t) (VI-25)

For fault location, the voltage and current are expanded by wal(1,t) and wal(2,t). The two
functions are shown in Fig. VI-14. As no multiplications are needed and only additions are
used, the computation time for the orthogonal transformation is greatly reduced. The
solution by the Walsh method is shown in Fig. VI-15. It is almost the same distance as the
one by the OFT algorithm. The standard deviation ¢ is 0.64 km and slightly large, since the
first two coefficients w; and w, of the eqn. (VI-25) are used, and the other coefficients are

neglected.
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Fig. VI-13 Truncated Fourier transform method compared with one-cycle transform
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Fig. VI-14 Walsh functions wal(1,t) and wal(2,t)
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Fig. VI-15 Walsh transform method compared with one-cycle Fourier transform

6.5 CONCLUSION

An algorithm based on the Fourier analysis has been developed for accurate fault
location in an EHV/UHV transmission line. The algorithm has made it possible to locate a
fault accurately with locally available data set, and without being affected by a fault
resistance. Digital computer simulations have confirmed these properties. With practical
applications in mind, fast algorithms such as a half-cycle Féurier, a truncated Fourier, and a
Walsh transform have been studied, providing promising results. .

The scheme requires a strong power for numerical calculations, and it therefore will

be suitable for digital processor use, that is computer relaying use.
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CHAPTER VII DECISION MAKING ANALYSIS IN COMPUTER RELAYING [6]

7.1- INTRODUCTION

From the decision theoretic point of view, it appears that the algorithms so far have
provided the criterion value to discriminate the fault condition. The final decision, trip or
nontrip, is usually made through a very simple method. This is done as follows, for instance.
The criterion value is compared with the threshold value which is pre-determined. If the
former goes above the latter in some successive comparisons, the relay issues a trip signal.
This process is very heuristic and scems to be unjustificd until now from the mathematical
standpoint. The prime purpose of this chapter is to give a mathematical background to the
discriminating process. So far any statistical approach has been excluded in the relay
engineering. It, however, must be recognized that certain probabilistic nature really exists
in the boundary conditions of fault. The fault impedance, fault angle, and fault point are
some of them, affecting the criterion value respectively. With this nature in mind, the concept
of random variable is introduced to the criterion value, and the discriminating process is
formulated through the statistical decision theory.

Another problem, which is important but attacked little [2], is the determination of
sampling rates for the digital relay. It has been solved mostly within the frames of speed of
the processor andfor the capaﬁity of the communication channel. The formulation of this
chapter through the statistical decision theory gives the concept of average number of samples
required to reach a final decision, fault or unfault. It is possible to estimate the least sampling
rate for digital relay necessary to discriminate the fault condition, given parameters of
statistics of the criterion value and the fault detecting speed.

The decision directed approach has been very rare in the relaying field. In analog relays,
it seems difficult to incorporate the elaborate decision mechanism due to its weakness in
power for logical and numerical calculations. On the other hand, the digital relays have strong
capability for information processing. Thus, more attentions should be paid to the ability
of making decisions in digital systems, which is one of the important strengths over analog

ones. This chapter presents one of the approaches toward this direction [6].
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7.2 CONCEPT OF RANDOMNESS IN COMPUTER RELAYING

7.2.1 Formulation of Fault Measure with Random Variable

As one of the mathematical formulations for discriminating process, a statistical

decision theoretic approach is applied in this capter. For example, consider the current

differential relay with the discriminant value d; :
d; =1, + 1y (VII-1)

where i, and iz are current vectors at local and remote terminals. Note that the restraining
practice is omitted for the sake of simplicity. Assume that d; is a random variable. Two

probability density functions (p.d.f.) can be defined:

p(d, funfault) = p.d.f. of d; under unfault condition
p(d, /fault) = p.d.f. of d; under fault condition

If the two density functions are disjoint with each other, as in Fig. VII-1 (a), a threshold
value §; can be determined so as to separate the two events perfectly. In this case, the
heuristic strategy widely employed so far is justified as the discriminating process. Practical
situation, however, is not a simple one. The two p.d.f.’s overlap generally as in Fig. VII-1 (b).
The shape of the p.d.f. depends upon the fault resistance, back impedance, fault point, power
flow, and so on. The boundary conditions of these have probabilistic natures, more or less,
thus enabling the formulation of the discriminating process with the statistical decision
theory.

In Fig. VII-1 (b), there are four regions Dgo, Dio, Do: and D;,. Their meanings:

Dgo = probability of deciding unfault as unfault
D,o = probability of deciding fault as unfault
Dy, = probability of deciding unfault as fault
D,, = probability of deciding fault as fault
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Fig. VII-1 Probability density function of d; under fault and unfault condition
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On the one hand, the discriminant value d; comes to the region D,, for an internal fault
with a high arcing resistance, therefore causing the relay not to operate. On the other hand,
d, of the relay with very small value of § possibly comes to the region Dy, even for an
external fault, making the relay misoperate.

The random variable formulation-of fault criterion is made in another type of
protection. An impedance R + jX measured by a distance relay has some extent of the
random nature, because it is affected by the amount of a pre-fault power flow and an arcing
resistance. The power transformer protective relay takes into account the random nature
implicitly in its working principle by employing the harmonic restraining. The following is
a close look at the power transformer protection from the probabilistic point of view.

It is critical, and difficult at the same time, to separate a fault and inrush current. In
both casés, the transformer relay measures a large magnitude of the differential current that
is sufficient to make a trip decision. The most popular technique has been the use of the
second harmonic restraining. The technique depends on the experienced knowledge such
that the second harmonic shows a large magnitude in the inrush current, while showing a

small one in the internal fault current. The fault criterion is written as

(=7
=3
>

1 — Klig, I/iig,
1 — K (VII-2)

The second harmonié iq2 to the fundamental bomponent I4 ratio r varies with several factors.
The line time constant L/R is dominant to determine the ratio r in the fault current. Fig. VII-2
gives the ratio versus time constant relation. On the other hand, the residual flux is a
dominant factor to the ratio in the inrush current. Fig. VII-3 illustrates the dependency of
r to the residual flux. These two factors can be treated as random events. Accordingly, the
probability density function of dy, is drawn like Fig. VII-4. One must make a decision under

such an uncertain environment on the fault criterion.
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7.2.2 Estimation of Probability Density Function for Fault Criterion

Consider another type of differential relay to estimate the p.d.f. with the discriminant
value d,. ' '

B = 1) + i) — () - va(tr) i)

where 7 is the surge propagation time between two ends and z is the surge impedance of the
line. The eqn. (VII-3) is known as the d’Alembert relay [3]. Fault transients are calculated
by the EMTP [4] with the following parameters.

04+t
0371
027

O.1'¥ T
30 50 100 msec

i(t)= b(e'"tT'—cos Wot)

T : time constant .

Fig. VII-2 The second harmonic to the fundamental component ratio
r versus line constant L/R relation
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@r : residual flux

Fig. VII-3 The second harmonic to the fundamental component. ratio r versus residual
flux ¢, relation

prob.

p(r/fault)

p(r/inrush)

A

01 02 03 04

As two density functions overlap, the setting
value K must be determined carefully.

dyy=1-K-r 20

Fig. VII-4 Probability density function of dy under fault and inrush condition
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(i) pre-fault power flow = {heavy, light}

{big, small}
10°, 90°}

{large, small}

(i) back power

(ili) fault angle

(iv) fault resistance
(v) fault point = {close-in, remote}

(vi) fault type = {phase-a-to-ground fault}

Based on the data of 25 = 32 cases, two histograms (or frequency polygons) are drawn in
Fig. VILI-5. One is drawn from the data of the faulted phase, and the other is from the
unfaulted phase. It is unfair to estimate both p(d,/unfault) and p(d,/fault) through these
very limited number of samples. The normal distributions, however, seem to be reasonable
assumptions for both of them. The parameters of normal distribution are not known, but
zero for the mean value and the r.m.s. value of the fault current for the standard deviation
are the reasonable ones. It is the author’s belief that the setting for parémeters is a matter

of designing, just like a pick up value for the conventional relay.

7.3 PROBABILISTIC APPROACH TO DECISION MAKING IN COMPUTER RELAYING

7.3.1 Sequential Probability Ratio Testing
Assume that the conditional probability density functions of the random variable

{x} are known.

Frequency
x102
— :unfault
--—: fault
A o G2(pu)
-30. 20, -10 0. 20 20

Fig. VII-5 Estimated frequency polygons of the criterion d, under fault and unfault
condition
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p(x/Ho) = p.d.f. of x under hypothesis H, ‘ (VII-4)
p(x/H;) = p.d.f. of x under hypothesis H, - (VII-5)

Then a likelihood ratio 6, for a sequence of {x}, Xx, defined by the eqn. (VII-6)

= p(Xx/H,)

Ok = (Ko

Xk = X(Xg oot Xk (VII-6)

is used to test the two hypotheses {Ho, H,} in the following way.
If 8 < B, then the hypothesis Hy is accepted,
If B < 6, < A, then the testing is continued, and
If A < 6y, then the hypothesis H, is accepted.

Two constants A and B are defined by

A
B

(1 - e)le (VIL7)
er/(1 — €) (VII-8)

where ¢, is the probability of identifying Ho as H,, and e, is that of identifying H, as Ho.
The testing process is illustrated in Fig. VII-6. This is called the sequential probability ratio
test [5], one of the statistical decision methods. When x is independent and identically

distributed, 8y is given by the eqn. (VII-9).

_ p(xa/Hy)p(xa/Hy) - - - - plc[Hy) _
o p(x1/Ho)-p(x2/Ho) - - - - p(x/Ho) (VII-9)

Taking the logarithm of this equation, one obtains the recursive formula:

p(xk/Ho)
A loghi_, + loghdy (VII-10)

logfy = loghy_, -+ log
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take sample
Xk

!

calculate
O = p(Xk/H))
K p(XK/Ho)

accept
“fault”

accept
“unfauit”

( end )

Fig. VII-6 A flow chart of sequential probability ratio testing

This is very effective in real time calculation of the probability ratio. In terms of the relay
engineering, Ho, H, and x read unfault, fault, and the discriminant value respectively. The

error probabilities €9 and €, are equivalent to the region Do; and D, in Fig. VII-1 (b).
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7.3.2 Probabilistic Decision Making in Travelling Wave Differential Relay

Consider that the d’Alembert relay of the eqn. (VII-3) is applied to the evaluating
process, or equivalently thé measuring algorithm, and the sequential probability ratio test
to the discriminating process. Assume that the sequence of the criterion value d, is the
independent and identically distributed random variable with the p.d.f. of normal

distribution.

exp(—d3/20?) i=0,1 (VII-11)

1
p(dZ/Hi) = \/270—
1

Ho: unfault
H,: fault

oi2: variance of d, for Hj

The testing is applied to the four cases with the parameters of

(@) go = 0.15, 0, =150, € =€ = 0.01
(b) 0o = 0.15, @, =150, € = ¢ = 0.001
(©) g0 =015, o6, =15, € =¢ =001

=015 o0, =15, € = ¢ = 0.001

(@ oo

The solid line in Fig. VII-7 is the criterion value d, for a faulted phase, and the dashed line
in Fig. VII-7 is that for an unfaulted phase. The testing procedure for the case (a) is carried
out as follows. The initial value of 8, is set to 1.0, therefore logf, = 0.0. First consider the
faulted phase. The details of numerical results are summarized in Table VII-1. The relay
evaluates the eqn. (VII-2), getting 0.01 for d, at time step 1. Then it calculates the likelihood
ratio logAf, at this time step, which becomes —4.603. Since this value goes below the
threshold value logB = —4.595, the relay accepts the hypothesis of unfault and initializes
the testing procedure for restart. In the same way, the relay accepts unfault for the next four
observations. At time step 6, the criterioh d, rises to 2.55 (due to actual fault), and the
likelihood ratio also jumps to 139.9. This ratio is far higher than the other threshold value
logA = 4.595. Thus, the relay accepts the hypothesis of fault, which means issuing the trip
éignal to circuit breaker. The fault hypothesis is accepted at every time step thereafter, with
the exception of step 15. At time step 15, the calculated d, is —0.17, which is too small to
reach the fault region. Next value of d,, however, brings the procedure to termination with

accepting fault hypothesis.
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Fig. VII-7 Fault criterion d, at fault and unfault phase

Grep | % | levedy | Log o | gtk
[ 0.0l | -4.603 | -4.603 u
2 0.0l | -4.603 | -4.603 u
3 0.0l | -4,603 | -4.603 u
4 0.0l | -4.603 | -4.603 u
5 0.0l | -4.603 | -4.603 u
6 255 [139.9 |139.9 F
7 2.88 [179.0 |179.0 F
8 4.16 |379.3 |379.3 F
9. 4.88 |524.8 |524.8 F
10 4.22 |390.4 [390.4 F
K 3.98 [346.5 |346.5 F
12 3.91 [335.1 335, F
13 232 [115.0 |115.0 F
14 0.76 8.095 | 8.095 F
15 -0.17 | -3.998 | -3.998 ?
e -1.84 | 70.17 | 66.19 F
17 -3.34 |238.7 |238.7 F
18 -4.19 |384.6 |384.6 F
19 -490 |529.4 |529.4 F
20 -5.29 |6164 |616.4 F

Log A = 4,595 ’ Log B =-4,595
U: unfault

F: fault

? ¢ suspended

Table VII-1 Decision making process at fault phase by hypothesis testing method
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Next consider the unfaulted phase. Refer to Table VII-2 for the details of numerical
results. The hypothesis of unfault is accepted until time step 5. The fault brings the value
of d, to 0.38 at time step 6, for which the likelihood ratio becomes ~1.770 and thus the
final decision is suspended to the next step. At time step 7, the likelihood ratio logABz of
—2.852 is added to the previous one, resulting with the total ratio of —4.622 which is smaller
than logB. Therefore, the relay accepts the hypothesis of unfault at time step 7. The testing
procedure is initialized and restarted. Thereafter, it takes a few time steps for the relay to
reach the unfault decision.

The process of the testing mentioned above is illustrated in Fig. VII-8. Other testings
for the case (b) to (d) are shown in Fig. VII9 to Fig. VII-11. Throughout these cases, the
hypothesis of fault is accepted just after the actual fault takes place, and there is no
signiﬁcaﬁt difference among the testing procedures. On the other hand, a significant
difference can be observed in the unfaulted phase. The time to reach the final decision varies
significantly with both ¢ and o;. Table VII-3 shows this fact. It is easy to note that the
smaller ¢, the longer the time step required for final decision is. This is due to the
conservativeness in decisi.on which tries to keep the error rate within the specified value.
It is also noted that the closer o and o, with each other, the longer the time step is. The
closeness of ¢, and 0, means that the part which is overlapped in the two distributions is
large, therefore causing the time step to be longer until coming to the final decision.

Now let us try to interprete the heuristic discriminating procedure, in which the relay
issues the trip signal after some number of successive discriminations satisfy the relation of

d, > &,. Select the pick up value so as to satisfy the eqn. (VII-12):

1
g -
If at least n successive discriminations end in fault (d, > 8,), then the final decision as fault
can be justified by the termination of the sequential probability ratio test with the same
discrimination, It can be said that the héuristic method is based on the counter concept,
compared with the accumulator 'concept of the probabilistic method. The counter counts
up everytime the simple test, d; > §,, succeeds and it is resct cverytime the test fails. On
the other hand, the accumulator sums up the likelihood ratio until it overflows (fault) or

underflows (unfault), and it is cleared everytime either one takes place.
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Trep_| %2 |Log ey [Log o |G,
I -0.01 | -4.603 | -4.603 u
2 ~0.01 -4.603 | -4.603 U
3 -0.01 | -4.603 | -4.603 u
4 -0.01 -4,603 | -4.603 u
5 -0.01 -4.603 -4,603 U
6 0.38 | -1.770 | -1.770 ?
7 -0.28 ~-2.852 | -4.622 U
8 0.29 | -2.815 | -2.815 ?
9 0.50 0.943 -1.872 ?
10 0.27 -2,966 | -4.838 U
11 0.32 -2.358 | -2.358 ?
12 0.0l -4,603 | -6.960 U
13 0.0l -4.363 | -4.363 ?
14 0.23 -3.447 | -7.810 U
15 -0.10 -4.396 | -4.396 ?
16 =0.11 -4.319 | -8.715 U
17 -0.14 -4.200 ~4,200 ?
18 -0.07 -4,507 -8.707 U
19 -0.03 | -4.595 | -4.595 ]
20 -0.17 -3.942 | -3.942 ?
Log A = 4,595 ’ Log B = -4,595

U: unfault

F: fault

?: suspended

Table VII-2 Decision making process at unfault phase by hypothesis testing method
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Fig. VII-8 Result of the hypothesis testing for ¢, = €; = 0.01, 6o = 0.15
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£ g;! 150 1.5
0.01 2 8
0.001 3 10

Table VII-3 Actual number of samples until accepting the hypothesis unfault

74 APPLICATION OF PROBABILISTIC CONCEPT TO DETERMINATION OF
SAMPLING RATES

7.4.1 Average Number of Samples to Final Decision
In the probabilistic method, the incremental value of likelihood ratio is obtained at
the k-th step of its testing. It is written as the difference between the log-conditional

probability densities of xy.

I}

logABy = logfy — logfx_1

logp(xk/H,) — logp(xk/Ho) (VII-13)

1

Assume the normal distributions, then the eqn. (VII-13) becomes
loghfy = log =2+ — (=) — (Z2)2) (VIL-14)
gy Jo gy

Thus it is possible to calculate the expected value of logAfy when xy is known to come from

the hypothesis H;. Taking the expectations of the eqn. (VII-14),

' 1
1og 2% + —{1 — (223 (VII-15)
g, 2 (23]

E{logAdy [Ho|

E{logAgy /H,}

1]
—
@]

oc
+
=
l

[ 8]

|

=

(VII-16)
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are obtained. Each equation implies that E{logAd, /H;} is the average value of one sample
effective to discrimination for the hypothesis H;. Since the value for termination is either

logA or logB, the average number of samples to termination is easily calculated as follows.

ElnfHol = log(——/[log 2 + 2 fi-(22 ] (VIL-17)

] —
Ei{n/H,} = log(——1

e )/llogg—‘l’ + %{(Z—;)’—l}] (VII-18)

7.4.2 Determination of Optimal Sampling Rate

The sampling rates for digital relaying have been discussed in terms of the specific
algorithm for distance protection, or the communication capacity for the carrier protection.
The concept of the average number of samples can be used to determine the sampling rates.
Table VII-4 shows the simple calculations of E{n/H,} for v = 2.0, 5.0, 10.0 and ¢ = 0.1,
0.01, 0.001, 0.0001. Here v is the ratio of g, to gy and € = €y = €,. Table VII-5 gives the
result of the same calculation of E{n/H,}. Let i be the average number of samples. When
the relay must discriminate the fault no later than the half cycle (180°) with ¢ = 0.001 and
v = 10.0, 2 for unfault is 4 (>3.8) and f for fault is 1 (>0.14). Since 180°/4 = 45°, the
sampling rate of every 45° is at least necessary to detect either unfault or fault. This is the
determination process of the sampling rates for digital relay through the probabilistic

approach.

e~J3 1] 20! 5.0 |10.0
0.1 69| 1.9 ] 1.2
0.0t 144 | 41 | 25
0.001 |21.7| 6.1 | 3.8
0.0001 | 289 | 82 | 5.1

Table VII-4 Average number of samples to reach “unfault” region
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E~JF]| 20| 50 |10.0
0.1 27| 02 |0.04
0.01 57| 04 |0.09
0001 | 86| 07 |0.14
0.0001 | 11.4| 09 |019

Table VII-5 Average number of samples to reach “fault” region

It is straightforward to nbtice that for fixed e the larger v, the smaller i is, and that
for fixed vy the smaller ¢, the larger fi is. The large y implies the well-separation of the two
p.d.£.’s. On the other hand, the small e implies the conservativeness in discriminating process.
It is an interesting result that f for unfault is always larger than that for fault. This fact
means the longer time for the relay to take to identify an unfaulted condition than a faulted
one. It coincides well with the common knowledge of the engineers that the unfault

condition is hard to be identified.

7.5 CONCLUSION

This chapter has analyzed the digital relaying process, separating into sensing,
evaluating, and discrimihating ones. The evaluating process is understood as the algorithm
how to calculate the criterion value, which is used to discriminate a fault at the last process.
With the probabilistic natures of the fault condition in mind, it is shown that the
discriminating process can be formulated with the statistical decision theory. The statistical
approach has been so far very rare in the relay engineering, but it can give a mathematical
background for the final decision process, which has been treated as a heuristic problem.
This formulation is also shown to be very effective in determination of sampling rates for
the digital relay.

The digital relay has drastically changed the operating principle from the torque so
far to the information. One of the purposes of this chapter has been to stress an important
Strength of the digital systems over analog ones, which is the strong ability of making
decisions. Very few have been concerned with it until now, therefore more attentions should

be paid to this ability.
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CHAPTER VIII DESIGN OF A PROTOTYPE COMPUTER RELAY AND
EXPERIMENTAL STUDIES AT ARTIFICIAL TRANSMISSION
LINE

8.1 INTRODUCTION

A minicomputer based prototype relay was designed and connected to an artificial
transmission line to test the actual performance of the high speed protection algorithms that
have been dealt in this thesis. From viewpoint of the cost-effectiveness, microprocessors are
best as a commercial computer relay. It was felt, however, that a minicomputer relay might
be better than the microprocessor for the research purpose. The prototype relay had to
simulate a wide spectrum of protection algorithm that extends from travelling wave
differential protection to fault location. A computer system was needed to analyze the
signal processing made at the prototype relay. Accordingly, it was decided that the prototype
relay be based on a minicomputer.

Three algorithms were tested: travelling wave differential protection, directional
protection, and Fourier transform based fault location. Although the Laplace transform
based fault location was dealt in CHAPTER V, it was felt that the Fourier method would
be more promising to an immediate application, and therefore it was tested in the prototype

relay.

8.2 OUTLINE OF EXPERIMENTAL FACILITIES

Experiments were performed in a mini-scale power system to test the practical ability
of the proposed schemes for high voltage transmission line protection, Fig. VIII-1 shows the
facilities for experiments, A three-phase single circuit line is connected at each end to a 10
kVA power transformer, whose rated voltage is 220/220 V. One transformer is connected
to a micromachine rated 4 kVA, and the other one is connected to a 220 V bus line. The
transmission line consists of four serially connected line units. The whole system simulates

10 GW power transmission over 100 km length by a 500 kV line.
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At each end of the artificial transmission line, phase-to-ground voltages are measured
by potential transformers, whose secondary windings are connected to the input circuits
of analog to digital converters (= ADC). Line currents are- picked up through coaxial
resistances which are serially disposed in the transmission line, and whose voltages are brought
into DC isolation amplifiers. The outputs of DC amplifiers are then connected to the input
circuits of the ADC. The signals are filtered and sampled at the input circuits every thirty
degree of electrical angle. Data sampling at each end of the line is made at the same time,
while sampling at one end can be synchronized to the other end or delayed by a short time
period that is pre-settable. The delayed sampling is vital to simulate the travelling wave
differential protection. Eleven bits plus one sign bit of data are transferred from the ADC
to the minicomputer MELCOM 70/25. The CPU has 500 nsec cycle time and 32 kilowords
of IC mémory, and 10 M bytes of magnetic disk memory to save the pre- and post-fault

waveforms.

i25Km| l2skm! i25km| {25km| 220V
iLine <" ILine | iLine | Line | Bus Line
:Unit | tUnit 1 lUnit ! ‘Unit |
2207220V
4k VA I0kvA| | |[AMP o - I0kVA
Generator Trans. SH CPU : Transformer
& :{) . |
[}
409 Disk | SH = Sample and hold
Circuit Memory] |

Computerized Relay

Fig. VIII-1 Experimental facilities for a prototype computer relay
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8.3 EXPERIMENTAL STUDY OF TRAVELLING WAVE DIFFERENTIAL
. PROTECTION

The following are line constants of one unit transmission line:

2(0) = 0.756 mH/km

2(1) = 0300 mH/km

() = 0012 pF/km

¢(1) = 0.02328 uF/km

d =250 km (line length)

The setting values of the d’Alembert relay are computed as

T = Q(l)c(l)d

= 264 usec (VIII-1)
z = /o) /(1)

= 114 ohm (VIII-2)

The threshold value & was set at 1,024 which corresponds to 1.2 A at the artificial
transmission line. As the per unit bases for voltage and capacity were 220 V and 4,000 VA
respectively, the threshold means 0.11 p.u. current. This value implies 1,270 A at real power
system, because 1.0 p.u. current amounts to 11,547 A.

Fig. VIII-2 shows a curve of the fault criterion £(t) at the faulted phase. The fault was
detected within one quarter cycle at the nominal frequency, although the communication
time was not taken int account. The total computation time requires 0.6 msec, which

amounts to 40% of the sampling interval. The oscillogram measured at this experiment is
shown in Fig. VIII-3,

8.4 EXPERIMENTAL STUDY OF DIRECTIONAL PROTECTION

Voltage and current at one end of the line were used to study the performance of
directional protection. Fig. VIII-4 shows a result of the directional detection at a faulted
phase for a double-phase short circuit fault, and the fault transients are recorded in

Fig. VIII-5. The MacLaurin’s method of the first order is applied to the solution of the eqn.
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(IV-17). The fault criterion function 7(t) increases monotonously, and it will soon reach the
threshold level at which a fault is identified in the forward direction. Because of the existence
of a loss in the laboratory system, the weighting function looks like an impulse response of
~ 1/(R+sL), R < L. This effect makes the increasing rate of n(t) slow down as the time passes,
but will not affect the high speed relay operation.

8.5 EXPERIMENTAL STUDY OF FOURIER TRANSFORM BASED FAULT
LOCATION

Two computer programs are stored in the CPU. One is to detect a faulted condition
in the transmission line, and the d’Alembert relay is applied to this end. The other is to
analyze the pre- and post-fault waveforms and to solve the basic equation (VI-16) or (VI-17).
The first program initiates the second one, after detecting a fault and recording a data in a
disk file for later processing.

The related parameters are set to the following values, and the experiments are

performed.
AO) = (55 /200).¢(0)
= 1.135 x 1073 rad/km ‘ (VIIIL-3)
}\(1) = Wo (1).c(1)

0.996 x 1073 rad/km (VIII-4)

z{0) = /2(0)/c(0)

= 251 ohm . (VIIL-5)

z(1)

N/ OSY

114 ohm ' (VIIL-6)

It

Fig. VIII-6 shows a location process, where a fault is initiated at t = 0.0 sec. The located
distance settled at 48.7 km, while a fault was actually 50.0 km away from the relaying point.
The oscillogram recorded in this case is shown in Fig. VIII-7, Other faults were located within

the same degree of accuracy as the case presented here.
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Fig. VIII-2 A curve of fault criterion £(t) at a faulted phase
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Fig. VIII-3 Oscillogram recorded at an experiment for d’Alembert relay
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Fig. VIII-4 Result of y(t) and n(t) based on experimental data
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Fig. VIII-5S Oscillogram recorded at an experiment for directional relay
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Fig. VIII-6 Estimated distance by a prototype computerized locator
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Fig. VIII-7 Oscillogram recorded at an experiment for fault location
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8.6 CONCLUSION

Although the primary objective of this thesis is to design the high speed digital protection
algorithm, a need for experimental studies is felt to evaluate the performance at a small scale
power system. A minicomputer based prototype relay was designed and connected to the
artificial transmission line. Three algorithms have been tested: travelling wave differential
protection, directional protection, and Fourier transform based fault location. The ability
to detect a fault within one quarter cycle at the nominal frequency has been verified in the
first two algorithms, while the ability to locate a fault with measuring error of less than three

percent has been confirmed in the last algorithm.
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CHAPTER IX CONCLUSIONS AND AREAS OF A FUTURE RESEARCH

9.1 CONCLUSIONS

Impacts of system characteristics of recent UHV/EHV transmission networks are first
analyzed to identify the requirements of protection system. They crystalize as the need of
high speed operating time under severe fault transients, which implies the increasing potential
of systems analysis in the power system protection. On the other hand, the new electronic
technologies could have a strong impact on the power system protection as a technological
basis. With these impacts in the background, the thesis presents a systems approach to the
high speed digital protection for transmission lines.

In CHAPTER I, the problem solving methodology undertaken in this thesis is described.
The systems methodology is applied to define, verify and optimize a digital protection
alogirthm. Also described is a brief overview of computer relaying to make clear the status
of this thesis in the state of art of the new relaying practice,

In CHAPTER II, the protection algorithm based on the concept of travelling wave is
defined regard to the carrier protection for the first time. Efforts are made mainly to
establish a theoretical basis for fault detection, fault selection, and fault location. The main
contribution here is that the travelling wave differential protection meets the fundamental
requirement calling for high speed operating time under severe fault transients. The new
scheme is shown to be a generalized concept of differential current in a transmission line.

Following the theoretical development, CHAPTER III has made assessment studies
of the new scheme. A need of simplifying the original scheme was felt in its practical
application because of the computational complexity, and single phase algorithm was
decided to be used as a reasonable compromise between speed and accuracy. Sensitivity
study in regard to system characteristics has shown that the new scheme shows high
sensitivity to the surge propagation time 7 while its sensitivity to the surge impedance z and
the line loss R is very low. It has been also shown that the frequency dependent nature of

line constants turns out to be preferable to the working principle.
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CHAPTER IV describes a high speed directional protection algorithm whose working
principle depends upon the network transient response. There has been a new trend in
transmission line protection that measures a fault criterion using the transient components
in voltage and current. This thesis has made clear the ability of the fault criterion to identify
the fault direction through a rigid mathematical analysis. As somewhat artistic taste was felt
in other literatures, this chapter has contributed to establish a scientific basis of the new
fault criterion. It has been also shown that the scheme would be fittingly implemented as a
computer relay.

The following two chapters are devoted to the development of an accurate fault
location algorithm that can estimate the distance with locally measured data. CHAPTER V
presents a Laplace transform based - scheme. As the working principle depends upon the
transient state analysis of a faulted network, the scheme is inherently able to estimate the
distance under fault transients. The accurate location has been verified in digital simulation
‘studies, and the optimal computation has been made clear in regard to the numerical Laplace
transform. In CHAPTER VI, an effort has.been made to ease the burden of the Laplace
scheme at measurement and computation. A Fourier transform based scheme is shown to
be more promising to the immediate application. The present technologies have advanced
so much as to embody the Fourier scheme. In both approaches, a fault current distribution
factor plays an essential role in developing the algorithms. The contribution of this thesis
here is an addition of the new concept to fault location practices.

CHAPTER VI has identified a new éomputation in computer relaying. It was well
known that a signal conditioning and fault measuring are fundamental computations for
computer relaying. Most efforts were made to develop algorithms for these computations.
This thesis has pointed out a decision making as the third, but as important as the first two
computations. This chapter has emphasized an uncertainty in decision making, and presented
a probabilistic method as a reasonable approach. It has been also shown that the computer
relay has a potential to control a decision making. As a result of the control, a requirement
of the sampling rate Has been determined.

In CHAPTER VIII, a need of experimental study is identified. The design of a
prototype computer relay is described with the relaying performance at a mini-scale power
system. Experimental studies have confirmed those conclusions derived by the digital

simulation technique.
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9.2 AREAS OF A FUTURE RESEARCH

Two areas of a future research are felt at this time (1981):

(1) Extension to total system protection

(2) Integration of protection and control system
The first area arises from a system need. Power system protection so far has been developed
as a local and direct control equipment. The principal mission of protection is to remove
a faulted element as fast as possible. There seems to be an assumption that the power system
would go into another stable equilibrium after removing the fault. However, there is a
growing possibility in a recent transmission network that the assumption is not true because
the system can not localize the fault disturbance. Here is an opportunity of a research on
total system protection. The second area arises from a technological need. As is discussed
in INTRODUCTION, one reason for the slow penetration of computer systems lies in a
disadvantage of their cost-effectiveness over existing systems. One way of improving cost-
effectiveness is to integrate protection and control system. There is a growing trend of an
integrated system design in substation digital control. As the system design is critical to
maximize the cost-effectiveness of computer systems, there is a great need of research in

the integration methodology.
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APPENDEX I BERGERON'S EQUATION

The wave equation in a single-phase line of Fig. II-1 is written as

av di
—— =0 Al-1
ox ot ( )
ai av
——=c— Al-2
ax ¢ at (AL-2)
The solution of the above equation is given by d’Alembert as
X X
v(x, t) = z{F(t—;) + f(t+)! (Al-3)
i 1) = Ft-2) — f(t+2)) (AL-4)
where
v 1 ( travelli locity) (AL-5)
= surge travelling veloci -
\/% 8 g y

/
z = T(surge impedance) (AI-6)

F(-) and f(') are arbitrary functions defined by the boundary conditions. f(-) can be
eliminated from eqn. (Al-3) and (Al-4).

0,0 ¥ 0 V%) = 2 F (t-2) (AL7)
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This equation is written at both terminal S. and R.

is(t) +%vs(t) =2F (@) (AI-8)
—ip(t) +%vk(t) =2F (t—g—) (AI9)
Substituting t—(d/v) in t in eqn. (AI-8) gives the Bergeron’s equation,
is(t—7) +%vs(t—r) = —ig(t) + 5 vr(t) (AI-10)
where )
(AL-1D)

1 = d/v (surge travelling time)

The elimination of F(-) from eqn. (AI-3) and (Al-4) leads to another Bergeron’s equation,

i I
—ig(t) +7v5(t) = ig(t—-7) +—£-vR(t—r) (Al-12)
The wave equation in a three-phase line of Fig. 1I-2 is written as
a[v] o[i]
- = [L Al-13
- M5 (AI-13)
afil a[v]
—_—= Al-14
9x [€] at ( )
The modal transforms defined by
(AIL-15)
(AlL-16)

[S] [v(mode)]
[Q] [i(mode)]

(v}
(il

1]
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give the new equations

Sl PR Rl (AL17)

e R [ i (AL18)
which lead to

EEIL - (1 ey sy ZET (AL19)

%ﬂ = - (1 o 2B (A120)

The eqn. (AI-17) and (AI-18) are decoupled by solving the eigen value problem. The

decoupled equations are given as

o [v(mode)] F) [i(mode)]
L . (mode)y " "3 .
- [L 1 (Al-21)
9 [i(mode)] 9 [v(mode)]
A L retmodeyy 2V Al-22
P [ 1= (AI22)
where
Q(0)
[L(mode)] =

g(n-1)
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c(0)
[C(mode)] =
c(“—l)

n = dimension of [v(t)]

The derivation procedure in a single phase line is applicable to each modal equation (AI-21)

and (AI-22). Thus one obtains the Bergeron’s equation in a three phase line as

1 1
ig®)(t—1®)) + — vgK)(t—7(K)) = —jp C)(t) + —— v (K)(1) (AI-23)
z(K) 2(K)

| 1 1
.—is(k )(t) +— vs(k)(t) = iR(k)(t—T(k)) + —VR(k)(t—T(k)) (Al-24)
z(K) z(k)

k = 0, 1, — (n—l)

where
7)) = SaK).c(k) g (AI-25)
(k)
c
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APPENDEX II PROPERTY OF TRAVELLING WAVE DIFFERENCE

In Fig. II-1 the following equations are satisfied.

1 ) 1
—ig(t) +—vs(t) = ips(t—7y) +— Vvp(t-11) (AII-1)
. 1 ) 1
iR(t-11—72) + VR(t-71—73) = —ipr(t—71) +— vg(t—1,) (All-2)
Thus,
, 1 _ 1 . .
is(t) — - vs(t) + ir(t—7) +—5-VR(t—7) = —ipg(t—7;) — ipr(t—7y) (AII-3)

which means
gt = ig(t—ry) : (All-4)

The eqn. (II-5) is derived in the same way.
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APPENDIX III NUMERICAL SOLUTION OF INTEGRAL EQUATION

In order to obtain a numerical solution of the integral equation:
i) = f:)v(t — uwy(u)du -  (AIILD)

provided that i(t) and v(t) are known, first consider a numerical calculation of the integral

|=

1= f(x)dx (AIIL-2)

ool

[

S|

A formula to approximate the eqn. (AIIl-2) is given as

A = (R{"f; + Ry, + ... + Ry )-H (AlI-3)
where f; is the value of f(x) at x = x;, and Ry is the weight corresponding to the value f;.
The weighting values are determined such that the formula of the eqn. (AIII-3) will be the
best approximation of the eqn. (AIIl-2). Let a Maclaurin series expansion of f(x) be

f(x) = a5 + a;x + 32X2 + ... 4+ anxn + ... (AHI'4)

where a5 = f(0), and a, = f(®) (0)/n!. Substituting the eqn. (AIII-2) yields

H3 5
I=a,H +i322—2'+-‘;4%+ (AIIL-5)

whereas by the equation

fi & f(x)

a9 + a1 Xj + 32Xi2 + ..+ anxi" + .. (AIII'6)
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A is evaluated as follows:

A= aOHilRin + aIH_EDI Rx; + azn_ﬁlRinxﬁ P (AIIL7)
1= 1= 1=

Subtracting the eqn. (AIII-7) from the eqn. (AIIIl-5), one obtains

[-A=-a[ER" — 1] - ;[ 2 R"x; ~ OJH

n 2
- [ 2 R"x? - 3“2—2]H -
?,3 Ny.2j HZj H
~ AR T )
= Gy [Z RO — OJH — - (Al1I-8)

In order to satisfy the equation I = A, each coefficient of a; must be zero. Assume

that the first n coefficients be zero, then 2n variables of Ry, Ry™, .-+, Ry" and x, X,,
-+, Xp satisfy the n independent relations. Therefore, additional constraint conditions

must be placed between the variables. The MacLaurin’s method does it by giving X, Xa,
-+, Xp in an a priori way. The interval [-H/2, H/2] is equally partitioned into n

subintervals, and x; is chosen at the center of the i-th subinterval. Then {R;"|i=1,2, - - -, n}is

determined as follows:

for n=1,x, = 0 , Ry! =1 ; Ist order formula
for n=2, x; = —I-H R,2 -1
> 1 4 ’ 1 2
o , |

Xy = :H, R, =-5' ; 2nd order formula
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3
for n=3, x; = ——H, R;3 Ny
2

= 0 ,R,3==
X2 s IN2 8
3

8

1
X3 = —3H, R;3 = ; 3rd order formula

for n=4, x; = —%H, R;% = %
N
X3 = —;H, R;4 =j:;—
X4 = —zH, Ry4 =;—§ ; 4th order formula

The eqn. (AIII-19) to the eqn. (AIII-21) is obtained by applying the 1st order formula
iteratively to the intervals [0, T], [T, 2T1, --- [(k — 1)T, kT], - --. The MacLaurin’s

method of the first order is derived in this way.
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APPENDIX IV SIGNAL SELECTION FOR LAPLACE TRANSFORM

The discussion is first made on the relay voltage and current selection by the eqn.
(IV-8) and (IV9). Assume that the transfer function Y(s) corresponding to y(t) be 1/(R+sL),
that is a R-L lumped constant line model. To apply the Laplace transformation, the primary

circuit voltage v(t) is written as the sum of v,(t) and v,(t). See Fig. AIV-1.

V() 2 vy (1) + vs(t) (AIV-1)
where
vi(t) & {Z)(t) : ; 8 (AIV-2)
0 t <0
va(0) [ o NN (AIV-3)

Then, the primary circuit current i(t) is also expressed by

i(t) & 1(1) + ix(1) (AIV-4)
where
(1) = Y(s)va (1) (AIV-5)

i2(1) = Y(s)va(1) (AIV-6)

Let v(t) be coswt. For the case that i(t) does not include the transient component, i(t) is

written by

1

i(t) = \/ﬁ cos(wt — ) ' (AIV-D)
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Fig. AIV-1 Relay voltage and current selection scheme
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where tany = wL/R. On the other hand, the current i,(t) due to the voltage v,(t) is

iz(t) = _m e + \/ﬁ COS(wt - lp)

Ry
_ R L

R eD e i . (AIV-8)

As i(0) = —R/[R? + (wL)?], i,(t) is written by

R
-t

(1) = i(t) — i) = = ig(t) | (AIV-9)

In this case, the relay voltage and current selection is consistent with the eqn. (IV-9). Next

consider the case that i(t) includes the dc transient component, that is

t

o 1 b
l(t) = \/m—z COS(O)t - l}/) + ae (AIV-]O)
As i(0) = —R/[R? + (wL)?], it is clear that

R

-t

L
i(t) ® i(t) — i(0)e (AIV-11)
Therefore, the relay voltage and current selection is inconsistent with the eqn. (IV-9).
One method to circumvent the above difficulty, is to use a differential filter to remove
the dc offset component of the eqn. (AIV-10). The differential filter having the
Z-transform of
F(z1) = A(1 — z7%) (AIV-12)

where

27l = esT) T = 40 psec (AlV-13)
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is added after the Butterworth low pass filter in the signal conditioning subprogram.

Fig. AIV-2 shows the frequency response of the filter F(z™!) and the simulation result

y®e)(t) for a fault initiating the maximum dc offset current. The differential filter has

proved effective in alleviating the dc offset current effect.

1G1
20.01

1007
00Tt

10.01

-20.071 \

10" 102
5000 ~==—==—y=——————————---=-c-o—==-
y(bc) -
without F(Z ) filter

250.0- _
with F(Z™) filter
0.0 } TR + 7 T } i
6.18 635 653 671 688 706 724 741 759
t
<2

-250.01 (x10" sec)

-500.0+

Fig. AIV-2 Frequency response of the filter and its effect on improvement of the

directional detection
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APPENDIX V PROOF OF PROPERTY OF K(x)

Consider a loss-less transmission line. Let £ be the inductance per unit length and let
c be the capacitance per unit length. Fig. AV-1 shows a transmission line connected to a
source impedance jwLg, and also shows a fault at F x away from the local end S. The total im-

pedance Zgg viewing one side of the network from the faulted point becomes

Zps = 2 tanh(hx + 6g) ' (AV-1)
where

i = Vi | (AV-2)

A = jwRe (AV-3) "

. iwL

bs = ag + jfs = tanh‘l(]wi—s) (AV-4)

Substituting the eqn. (AV-2) to (AV-4) into the eqn. (AV-1) obtains

Zgs = jz tan(wvRex + Bg) (AV-5)
In a similar way, the total impedance ZFR looking at the other side of the network becomes

Zer = ji tan(w v/Rc(d—x) + Br) (AV-6)

S F
i
|

R
Ls | i LR
< X e d- X —

Fig. AV-1 Model system with inductive source impedance
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The ratio K(x) is defined by the eqn. (AV-7).

A dfe 2
KRG &R =52 (AV-7)
Ipgs  ©FR

Therefore, K(x) is represented by

tan(w VEcx + Bg)

Kx) = AV-8
) tan(w v/%c(d—x) + BRr) ( )
which means that K(x) be a real variable. Q.E.D.
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APPENDIX VI MATHEMATICAL BACKGROUND OF STATISTICS

Some of the mathematical background for statistics are provided to define terms and

to make the present thesis selfcontained.

A6.]1 Distribution and Density Function

A random number x, which is used throughout CHAPTER VII, is characterized by
probability distribution function P(x).
Definition The distribution function P(x) is defined by

P(x,) = Prix < x,! (AVI-])

whe‘re Prix < x4} is the probability that the value of x is smaller than or equal to x,. In the
context of relaying, P(6§) means the probability that the discriminant d comes below a
threshold value of 3.

Definition The probability density function p(x,) is defined by

) i Prix,<x<x,+Ax,!
x =
PiXy Arroo Ax,

(AVI-2)

Therefore, p(d,) Ad, is the probability that the discriminant d lies between d = d, and
d =d, + Ad,.
Definition The conditional distribution function of x, given the hypothesis H, is defined
by

P(x;/H) = Prix < x,/H! (AVI-3)

where Pr{A/B/!is the conditional probability of event A, given the event B has occurred.
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A6.2 Sequential Hypothesis Testing

Hypothesis testing is a pfocess of making decisions which event has taken place, given
the sample which is generally a vector. In some problems, all of the information is provided
at one instant, and the decision is made immediately. In other problems, however, the
obse_rvations are sequential, and the information becomes richer and richer. The latter seems
to model more of the practical problems. In the digital relays, the voltage and current are
observed to determine whether a transmission line is in unfaulted or faulted condition. A
sequence of observed waveforms should be analyzed to aid this determination. The distance
relay updates the impedance each time new samples are given, and make decision for
protection. A basic approach to this problem is the averaging of the sequence of the
measured impedance. However, it is not clear when to terminate the observations, namely
when to issue the final decision. The sequential hypothesis test is a mathematical tool for
this type of problem.
The Wald Sequential Test The Wald sequential test is run as follows. Let x,, X, --- be

the random number observed sequentially, and assume that they are independent and

identically distributed with the expected value #; and variance oj. The log-likelihood ratio is

calculated for x;

p(xi/H;)

p(xi/Ho) (Avi4)

z; = log

where Ho and H, are two hypotheses to be decided. Since z; is also a random number, the

total likelihood ratio of k samples is

p(x1X, - - - x¢/Hy)

ug = .
k p(X1X; - - - xk/Ho)
- og p(xi/H,)
i=1 7 p(xi/Ho)
k
= 2 (AVI-5)
i
The expected values and variances of uy for Hy, and H,; are
ni = Elue/Hi} = kin; (AVI-6)
ou? = El(ux — m)2/H;} = ko? (AVL7)
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Thus, as k increases, n; increases for n; > 0 and 7y, decreases for n; < 0. oy, also increases

for g; > 0, and oy, decreases for o; < 0, but the rate of increase and decrease is slower than
that for n;,. Therefore, the decision rule such that

ifu, <a - X;X; - Xi belongs to Hy

if a <u, <b — continue to test

if b < uy = X3X, -+ Xy belongs to H, (AVI-8)

will terminate in making decisions with probability 1. Two values of threshold are given [5]
by

= log A = log(1 — €;)/eo (AVI9)

b = log B = loge, /(1 — €p) (AVI-10)
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