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ABSTRACT

This thesis presents a recent research in the area of micro—processor relays for power
transmission line systems. An investigation is made to the possiblity of a protection scheme
based on the combination of three relaying algorithms in long line protection application.
The theoretical background of the three algorithms ( impedance measurement techniques,
travelling wave correlation and wavefront prediction techniques ) are introduced.
Simulations based on a model transmission line system are performed in terms of each
algorithm and the results are compared. A conclusion is given. A bibliography is included

for reference.
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Chapter 1
Introduction

1.1 GENERAL INTRODUCTION

The increase in the complexity of power systems has increased the need for fast
protective schemes particularly on important lines. For years reductions in protective
equipment operating times have been achieved by making improvements in relay designs
and by the introduction of new technologies, such as digital techniques. When we examine
the historical development in this area, we recognize two broad branches. The first utilizes
digital computers to make better power frequency relays, while the second strives to extract

information from transients to develop ultra~high—speed relay algorithms.

The conventional schemes continue to exploit basic physical principles introduced
decades ago, namely current comparisons and impedance measurements. Relay operation
is based on the measurement of power—frequency component parameters and therefore a
relatively long time delay is required before adequate information is gathered about the

various power—frequency quantities. Therefore, there is an inherent limit in such a system



to the increase in operation speed which cannot be overcome by improvements in relay
design. These difficulties are more acute in the case of compensated lines, Great interest
has always been shown in the so—called distance protective schemes which operate from
measurements taken at the relaying point alone. The absence of communication links

decrease cost and increase the speed of operation.

The emergence of UHV overhead lines and EHV cables in the modern bulk
interconnected power systems presents some new and difficult problems to the conventional
protective devices. These problems are caused by the transient behavior of the power system
after fault inception. Transients in power systems are initiated by a sudden change in circuit
conditions in which the system shifts from the steady state corresponding to the original
conditions to a new steady state appropriate for the new conditions. This transition does not
occur instantaneously but through an electrical transient, which is characteristic of the
network and the event occurring. The conventional relays, e.g. distance relays, which
assume that the electromagnetic {ransients are negligible, find difficulty in this situation
when transient currents are comparably high. Hence the protection system must be designed
to take account of such electromagnetic transients. Moreover, ultra-high-speed protection
is necessary to reduce the fault time clearing and in turn reduce fault damage and improve
power system stability. The use of fault initiated travelling—wave components in the
protection of transmission lines can provide for faster relay operation. The above
considerations are the reasons behind a recent interest in travelling—wave based schemes.
Despite being all based on travelling—wave theory, each scheme has its own unique approach

for fault detection and direction discrimination.

During the last few years, the developmeni of fast microprocessor—based
instrumentation with increased processing capabilities makes it possible to extract relaying
information contained in the voltage and current transient components set up by the faults.

These transients contain a wide spectrum of frequencies. The so—called travelling wave



protective schemes function by extracting information about faults from a broad-band of

frequencies and should, in principle, be capable of fast operation time.

Perhaps the most thought-—provoking technique for ultra~high-speed protection based
on transients is the correlation technique which still serves as the basis for all the travelling
wave distance protection schemes. It correlates the first wave approaching the fault from
the relaying point and the corresponding wave reflected from the fault as it passes the
relaying point, the maximum output of the correlation result corresponds to twice the

distance to the fault.

The proposed scheme by this thesis stems from the available theories but tries to
combine the advantage of each individual algorithm in a bid to achieve a better coverage of
the protection over the transmission line. In practice, three different algorithms are applied
to the same line system with a total length of over 500 km. Itis known that the relationship
between impedance and distance is linear for distance to fault for which a lumped parameter
model is appropriate. Such a distance is typically around 150 km at power frequency. On
long Tines, say 500 km, the remaining part of the zone 1 coverage up to 400km requires a
different technique for accurate measurement of distance particularly so around the 400 km
boundary. A short window impedance measurement algorithm is employed to measure the
impedance seen by the relay ( Chapter 2 ) but we know itis only good for the first 150 km.
The remainder of the zone up to 400km is covered by travelling wave distance measurement
based on a correlation technique to recognize wavefronts returning from the fault [3].
( Chapter 3 ) Should the fault occur at a point on wave giving very low levels of wavefront
on the line then a new waveshape prediction technique based on the telegraphers equations
isused. (Chapter 4 ) It is equally applicable for any point on wave but computationally more

complex than the correlation technique.

The proposed scheme is developed with reference to a transmission line model

established using EMTDC. Then the theory is examined by different fault situations along



the transmission line. { Chapter 2, 3, 4 ) Then the characteristic features of the result of each
algorithm are compared and a decision is reached ( Chapter 5 ). The detailed description of

the software is provided.( Chapter 6 } A conclusion is given. ( Chapter 7 )

In this chapter, and before we briefly review some of the existing ultra-high—speed
algorithm relays, it might be useful to mention some of the existing conventional relays

which, until today, still play the main role in line protection.

1.2 DIGITAL DISTANCE PROTECTIVE RELAY ALGORITHMS

In all the distance protection algorithms the goal is to extract the apparent impedance,
from the line terminal to the fault, by measuring the voltage and current at the line terminal.
‘The impedance seen by arelay in such a case is proportional to the distance between the fault
and the relaying point. The fault will be considered inside the protected zone if the measured
impedance is less than say, 80% of the impedance of the protected zone in the healthy state.
The basic equation relating the line impedance with the voltage and current measured at a

relaying point is given by

[WNES
I
<
P
=t

(1.1)

where Z is complex and V and I are phasors. The digital estimation is fairly accurate and easy
when both voltage and current are pure 60 Hz sinusoids. However, in the presence of

transients the accurate estimation becomes very difficult,

Mann and Morrison [16] proposed one of the first algorithms for digital distance
relaying. The method of calculation of line impedance involves the predictive calculation
of peak current and peak voltage, the impedance being determined by division of peak
voltage by the peak current. The peak voltage and current can be obtained through a very
simple notion. A digital computer sampling a sinusoidal waveform can determine the peak

values as follow:
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where i, i’, v and v’ are the instantaneous current and voltage sample and their derivative
respectively and  is the angular frequency of the sinusoid. The amplitude of the fault
impedance is the ratio of the peak voltage amplitude to the peak current amplitude and the

phase angle is the difference between the voltage and current phasors.

One computer based transmission line relaying system designed by Westinghouse
was placed in experimental service. In order to reduce the effects of dc offset transients and
subnormal frequency components caused by series capacitor banks during faults, they took
the Mann and Morrison algorithm described above and modified it to use first and second
differences, rather than raw sample values and first differences. Thus peak and phase values

leads to:

2
I
Uy =V —
w

L, o PR
‘f’:faﬂl(“l.,—,‘)~iaﬂl( i

)
{1.3)

It is obvious that this algorithm amplifies the high frequency noise and in return will greatly

affect the result if the signals are not prefiltered properly.

Sachdev et al. [7] developed a digital distance relay which uses least square filters. The
algorithm explicitly filters decaying exponential components and some harmonics,
determines the real and imaginary components for the fundamental frequency current and

voltage phasors and calculates the impedances as seen from the relay location. It suggested



that the voltage and current waveforms presented to the relay during the fault consist of
decaying exponential, fundamental frequency and high frequency components. For example

the voltage waveform after a fault can be approximated by

V(1) = ko exp P+ Ky sin (@y £+ 0y )+ ky sin (@, 1+ 6, )
(1.4)

Seven samples of voltage are needed in order to solve the above equation in terms of
real and imaginary components. The real and imaginary components of a voltage and a
current then can be used to calculate the real and imaginary components of the impedance

seen at the relay.

Another group of algorithm was going on in parallel to the above group of algorithms.
These algorithms are based on the lumped parameter representation of the transmission line

by a set of first order linear differential equation of the form:

di

V=Ri+L
TR

(1.5}

Meclnness and Morrison [16] proposed a solution for R and L parameters by integration
of the above equation over two successive time periods and solution of the resulting
simultaneous linear equations. The integrations are performed numerically using the

irapezoidal rule:

] 2]
I Vdr:Rf it + LT (2)y—T(d)l
i 1

t

fe.! “
I Va‘t:RI idt + LET(d)Y-T(33)1

3

(1.6)

An advantage of using an R-L line model is that the d.c offset current is considered
a valid fault component in the solutions. This is however valid only for short to medium

length lines where the shunt capacitance is small and can be neglected.



In the algorithm by Smolinski [7], the line model includes the shunt capacitance, A
single [1type circuit isused to model the transmission line from the relay location to the fault.

The voltage and current at the relay location can be shown to satisfy:

V:Ri-i-LEI——RCﬂ—LC—aﬁ
dt dt dr
(1.7)

Four successive sets of voltage and current samples are required to solve the four unknown,

R, L, RCand LC.

McLaren and Redfern [12] are among many who recognized the presence of the
transients but continued the effort to extract and utilize the 60 Hz components. The
fundamental voltage and current components were extracted by a fourier—series processor
and then were used to provide an impedance value for the system as seen at the relaying point.
The result indicate that the filter characteristics of the fourier—series processor, although not
ideal, nonetheless gave considerable rejection of non—fundamental signals in the time

available ( typically one cycle ).

A method of transmission line protection based on the use of the wave equation model
of the line was developed by Vitins[4]. The author proposed the decomposition of the
measured signals at the relay station into the two travelling wave functions:

Fy(e)=V{t)+Z,I(1)

Falt)y==-V{t)+Z, (1)
{1.8}

where Zg is the surge impedance of the line. It will be shown briefly in the next section and in
detail in the chapter 3 that Fy and F; are proportional to voltage waves which move in
opposite directions along the line. The fault distance appears as a time delay between these
two functions at the measurement site. Under steady state conditions and in quasi-stationary
steady state following the inception of a fault, Fy and F, are the phasors. After the
fauli~produced transient has died out, the phase angle between Fy and F; is proportional to

the fault distance. The algorithm recognizes the presence of travelling waves from the



occurrence of a fault in the power system, but its detection method is based on the estimation

of a 60 Hz signals.

1.3 LINE PROTECTION BASED ON TRANSIENTS

The algorithms described in the above section use low pass filters to attenuate the high
frequencies generated by transients. Such transients still have a substantial influence on 60
Hz relays in spite of this. Attempts which have been made to increase the impedance relay
speed and accuracy, show that an attempt to make an impedance relay faster inevitably
makes for a less accurate impedance measurement because of the transient phenomena
accompanying the fault. The best detection time that can be achieved by the algorithms

discussed so far is probably no less than 20 ms for faults at the boundary.

The need to improve fault clearance times and the development in digital techniques
has motivated several authors to consider transient relaying approaches. The common
feature of these algorithms is that they act on the transient—produced superimposed signals

and the transmission line is represented by a distributed parameter line model.

The use of transient superimposed signals constitutes the basis of this approach. The
inception of a fault in a transmission line will cause the post fault voltage and current at the
relaying point to deviate from the steady state pre—fault voltage and current respectively.

Hence we can write

V ( £ )po:lvfaulr = V ( 1 )pre—ﬁml! + A V ( t )

i ( f )pus!—fam’! =1 ( H )pnbﬁ:lu.ll + AI ( t)
(1.9}

where AV (t) and A I (t) denote the fault generated voltage and current deviation from
pre-fault steady state signals as the function of time. These incremental signals are

appropriate for high speed distance protection as they contain all the information regarding



the travelling waves injected by the fault. Under normal, unfaulted, steady state conditions
the incremental quantities are zero except for the presence of noise. In a distributed
parameter model representation of a transmission line, the relationship between voltage,
current, time and distance is fully described by the telegraph equation. If the losses are

negligible, it reverts to the well-known wave equation:

de (x, 1) _lai(x, t)
ax - at

~ai(x, £) _cb‘e(x, t)
ox - ot
(1.10)

where | and c are the inductance and capacitance per unit length. D*Alembert’s solution to

the wave equation, in terms of forward and backward travelling wave can be expressed as

e{x, t)=fi(x—-w)+H{(x+u)
i(x, t) :% [f[ (x—m‘)—fz(x+m‘)]
{1.11)
where Zg is the characteristic impedance of the line and u is the surge velocity. The backward

and forward travelling wave functions in terms of incremental signals can be represented as

SI(t)=2f(t)=AV(t)-ZAI(t)

S2(t)=2A0t)Y=AV(t)Y+Z, AT (¢)
{1.12)

S1 is the backward wave function, equal to twice the voltage wave moving in the negative
direction and S2 is the forward wave function, equal to twice the voltage wave moving in the
positive direction. The travelling wave theory and the travelling wave distance protection

scheme will be discussed in detail in chapter 3.

Applications in this field can be generally categorized into directional, phase selection

and distance relay algorithms.



1.3.1 DIRECTIONAL COMPARISON SCHEME

Directional detector is intended for use with a transfer trip carrier communication
channel, i.e. with minimum communication requirements. Most of the algorithms for
detecting fault direction will make use of the modal components of the voltages and currents
which are caused to be superimposed upon the steady state pre—fault power frequency

components following the fault inception.

In the relay by Dommel and Michels [6,7], a directional discriminant function D was
proposed. The discriminant is a function of the fault initiated travelling wave characteristic
and its derivative withrespect to time. The changes in currentand voltage signals composing
this wave characteristic are measured as differences from steady state reference values. The
directional discriminant travelling wave function is zero for backward faults and a known

constant for faults in the forward direction. This discriminant is described as follows

1 d d 2
D(t)—_-[AV—ZOAI]z-*-.C_O?[EAV—ZOEN]

{1.13}

where A V and A T are the incremental voltage and current signals measured at the
relaying point respectively. Zg is the line surge impedance and  is the fundamental power
component angular frequency. The function D (t) isindependent of the fault inception angle
and the line termination. The above equation can be rewritten as a function of the backward

S1 signal as in equation :

i d B
D(r)=8P+— | — §I
) @? [ di ]
(1.14)
For reverse faults with respect to the relaying point, the travelling wave discriminant
function remains zero (D (t) =0) for a time equal to twice the travel time of the protected
line. For a forward fault, under the assumption of a lossless line, the travelling wave

discriminant evaluated at the relay point will remain constant from the time when the first

10



wave is sensed to the fime when its reflection comes back from the fault point for an internal
fault or from the opposite end for an external fault. The algorithm is designed to operate in
a directional comparison scheme which requires a carrier communication channel between
both ends of the line. Also, it is worth mentioning that although the discriminant function
is independent of the fault inception angle, it depends on the properties of the power

frequency voltage profiles that follow the wavefront.

In 1980 Vitins [4] presented a relaying technique based on the fault trajectory of the
scaled current deviation against the voltage deviation. The proposed technique can be

represented by fig 1.1. The deviation signals AV and Al measured at the relay location were

given by
AV([)—LECOS(G)!+9)
—X51+XL1
AI(:):——-—l—E[sin(wt-i-H)—sinB]
Xa + X

(1.15)

where 6 is the fault inception angle and the protected line is represented by lumped

parameters.

AV ¢ RAi
Vmax
Al
For\vmiiilk//
)
\: 1 DC affses o,
AV

Backward fault

Vmax

Figure 1.1 : trajectory

11



Figurel.l shows the typical boundary presented by the author for forward and
backward faults. A replicaresistance R introduced in the current deviation signal path leads
to areplica voltage deviation AVR. Aninitial excursion into the first or third quadrant means
a reverse fault( the trajectoy goes clockwise ), while an initial excursion into the second or
fourth quadrant indicates a forward fault ( the trajectory goes anti-clockwise ). This
information is exchanged with the relay at the opposite end of the protection zone. If the
combination of the locally detected direction and the information from the opposite relay
indicates a fault inside the protected zone, a trip signal is issued. Lanz, at. el. [17] described
the use of replica impedance Zg in the current circuit in the subsequent studies. This produces
a phase shift between AVy and Al equal to the source impedance angle and in turn the fault
trajectory becomes a straight line. Sometimes, the travelling wave components of higher
frequency may cause brief excursions of the trajectories into guadrants which do not
correspond to the actual direction of the fauit. To confirm the directional decision, the use

of an averaging function is suggested.

F(z):jf AV (YA V() dt
0

{1.16)
The function F( T ) is continuous and always lies in the negative half of the plane for

faults in the forward direction and in the positive half for faults in the reverse direction.

Johns and Aggarwal [5,10], presented a directional comparison scheme in conjunction
with a carrier communication channel. The sequence in which the derived fault-initiated
forward and backward wave characteristics exceed a given threshold was used to detect the
fault and determine its direction. The operating principle of this algorithm can be
conveniently explained by considering the iravelling wave functions S1 and S2 described
by equation 1.12. S1 is the voltage wave moving in the backward direction and S2 is the
voltage wave moving in the forward direction. As mentioned above, for a fault in the

backward direction and during a time equal to twice the travel time of the protected line 2,

S1>0
S2=90

12



In a multi-conductor line, the modal transformation matrix is used to decouple the

phase signals into modal signals.

1.3.2 FAULT CLASSIFICATION AND PHASE SELECTION

Single pole autoreclosure applications demand reliable phase selection. In
ultra-high-speed protection the need for ultra~high-speed phase selection becomes very
necessary. Faulted phase selection, and hence selective pole tripping, is an important
relaying capability because it increases the system stability as well as its availability.

Therefore fault classification as a relaying feature also enhances the protection scheme.

Crossley described a method of selecting the phase or phases involved in the fault. In
his method, the changes in the voltage and current signals caused by the disturbance are
converted into their frequency components by a Fourier transform based on a one cycle
window. The magnitude of the frequency components of the incremental voltage and current

signals are evaluated at four chosen frequencies as:

(1.17)

where ® = 27 f and f is the system frequency. The time varying current criterion Kj is
compared against the voltage criterion Ky. When the locus exceeds a pre—determined
admittance threshold the faulted phase or phases are confirmed. The operation time was

found to be 2 to 5 ms depending on the fault type and location.

Mansour and Swift [9] presented a faulted phase selection and fault classification
algorithm. Two discriminant functions derived from the forward and backward travelling

waves and their differentiation are used to construct a table based on a fransformation matrix

13



used to decouple the phase signals into their respective modal signals. The forward

discriminant function for earth and aerial modes are

1] a 1z

D= 2 — —_
ro = 5% + = K 520-
i [ g T

— 2 — el
DF] = 52] + w2 at S21 ]
1 [ d 12

Dp=8B+—{| —§
n=SH | G Sk

(1.18)

Calculating the value of these discriminant functions for certain faults but with
different phases as a basis, the fault can be classified and the faulted phase can be selected.

More details will be discussed in Chpater 4.

1.3.3 TRAVELLING WAVE DISTANCE PROTECTION

Estimating the location of the transmission line faults has been a subject of interest for
many years. The major reason for this activity is that a good estimate can reduce the time
required for repairing the damage caused by the fault and for restoring service to customers.
The prototype of the algorithm was first proposed in 1977 by Takagi by developing a current
differential carrier relay based on travelling wave theory. The relay simply compares the
current entering and leaving the protected zone. During normal operation or on occurrence
of an external fault the currents at the two ends of the protected zone are equally apart from
the travel time delay . For an internal fault the currents become unequal and their differences
exceeds a threshold which should then lead to the initiation of a tripping signal. This can be
explained by assuming that the voltage and current values from both line terminals are
available. Two functions can be formed at both line ends( say R and S ). These two functions
for an external fault satisfy the following relation:

S1(t)lr=S2(t-1)ls
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Si(t)lg=82(t-1)IRr
where 7 is the time taken for a wave to propagate from one line end to the other. The above

equations can be rewritten in discrete form as:
e() == [S1()hk-82(r-7)k]

e(tYk =

N N| -

[
[M(r)h—ﬂ(r—rﬂd
(1.19)

In the case of a perfectly modeled lossless transmission line, the function £ (t) I g and
€ (t)[s are zero in the absence of an internal fault. In practice a specified threshold level
is set on the difference function. When an internal fault does occur the above two functions
become non—zero. In a three phase line the algorithm required modal decomposition of the

phase voltage and current measured at both line ends,

A major disadvantage with the scheme is the requirement for a wide bandwidth data

communication channel between the ends of the protected line.

Ibe and Cory [18] presented an accurate method of fault location in transmission lines
using the telegraph equations as a line model. The voltage and current samples taken at one
end of a line within the first 5 ms after fault inception were used to generate instantaneous

voltage and current profiles for the rest of the transmission line.

Different criteria functions, involving the computed variables were applied to
determine the fault positions. The basic functions F( x ) involve any one of the square of the

voltage, the square of the current or the product of the two. The squared voltage function is

i T—x/uvq
PO =gy [, o

(1.20)

where T is the window duration, u is the propagation velocity and x is the discrete point on
the line at which the voltage V is calculated and goes from zero to the protected line

length.Fault position is determined by the turning point in the F( x ) function. Since a fault
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position is indicated by the turning point of F(x ), the variation of the tangent amplifies this
sudden change in its shape.

=0?F(x)

G(x) e

(1.21)

The result shows that the peak of the function G ( x ) determines the fault position, In
a three phase system a transformation matrix is used to decouple the three phase signals into

three independent modal signals.

In 1980, a single ended travelling wave protective relay was described by Ko [19]. The
algorithmis based on the fravelling wave functions S1 and S2 . The fault location is estimated
by detecting the first wave in the S2 signal arriving at the fault locater. The observation time
corresponds to twice the transit time of the protected zone length. The fault reflected wave
is recognized by calculating the first or second derivative with respect to time of the S1
signal. This scheme may mal—operate if there is more than one discontinuity point in front
of the relay. Moreover such mal—operation may occur even due to the reflection from the

remote end of the protected line.

Corssley and McLaren[1,11] presented a distance protection technique based on
travelling wave theory. The authors used, for the first time, a cross—correlation function to
recognize the initial wave reflected from the fault. The direction to the fault is detected first
by the sequence in which the forward S2 and backward S1 directional relaying signals
exceed a pre—determined threshold. For a detected forward fault, a section of S2 relaying
signal representing the wavefront is stored and cross—correlated with subsequent sections of
waveform on the S1 signal as follows:

L&
Pos (m M) = — > SU(kAr+mAr)S2 (kA

k=1

(1.22)

The cross—correlation reaches a maximum when the S1 section is similar to the stored

section of S2. The time delay to reach this maximum corresponds to twice the distance
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between the measuring point and the fault position. In order to obtain meaningful
correlation, the authors suggested that the correlation to be performed between sections of

S$2 and S1 from which the mean value has been removed.

In a three phase system, a Wedepohl transformation matrix for a fully transposed
transmission line was used to decouple the phase signals into their respective modal signals.
The performance of this technique was tested for a two terminal transmission line and some
limitations were reported, such as the influence of the reflection from the remote end,
close-up faults when cross—correlation output is a uni—directional and discrimination

between internal and external faults.

1.4 SUMMARY

As mentioned above, both travelling wave relays and impedance measurement relays
have their advantages and disadvantages. For impedance measurement relay, the way to
efficiently eliminate non-power frequency components is still not accurate enough. There
are many factors which affect the accuracy of fault location, introducing substantial errors
in measurements of the reactance between the Iine terminal and the fault such as the fault
resistance, pre—fault load current and transient errors of current transformers. One other flaw
is the system model itself, because as the line goes beyond a certain length, say 150km, the
distributed parameters are not negligible and thus will greatly affect the results of impedance
measurement. Moreover some problems are associated with certain transmission lines such

as the long series compensated line.

The traveling wave relay has a number of practical limitations as well, such as those
imposed by the bandwidth of conventional transducers, the presence of noise, very high
sampling rate requirements in the digital processors and the dependence of the presence of
travelling wave components on system and fault conditions. The problems get a little bit

serious in the case of close—up faults and those near voltage zero. There could, however, be

17



an advantage in long-line applications, where the travelling waves persist for much longer

times by virtue of the lower—frequency phenomenon associated with such lines.

One other advantage of the travelling wave relaying schemes over the conventional
methods is that the effects of load current are reduced to a minimum, and in some of them,
the UHS feature ( i.e. relay decision time of a quarter cycle or less) is achieved. However
each of the developed or suggested travelling wave schemes up till now has its own potential

limits or problems.

In general the available relaying algorithms cannot stand alone but must complement
the existing relays where they are in difficulty. One would imagine an ideal relay which
embrace the following features:

1. Minimum communication requirements between the protected ends.
2. Independence of fault initiation angle.

3. Faulted phase selection and fault classification capability.

4. Ultra—high—speed fault clearance.

5. Insensitivity to parameter variation and different system configurations

The potential limits of the available schemes represent the motivation of this present
study. The relaying system described here is intended to include as many of the mentioned

capabilities as possible .

1.5 DORSEY FORBES CHISAGO TRANSMISSION LINE

The line used for this study is the 500kV transmission line from Dorsey to Forbes and
Chisago. The two parts of the S00kV line system were placed in commercial operation in
September, 1979 and May, 1980. It was jointly constructed by Manitoba Hydro, Northern
States Power and Minnesota Power. The transmission line system connects the three
companies. The southern section of the system is 220km long and connects Northern States

Power’s Chisago County Substation to Minnesota Power’s Forbes Substation. The northern
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section of the system is 538km long and connects Manitoba Hydro’s Dorsey HVDC
Converter Station to the Forbes Substation. This was the longest single-phase switched
section of 500kV transmission line in the world at one time [15). The excessive generation
in Manitoba in summer time can compensate the summer peak situation for Northern States
Power while in the winter, Northern States Power does the opposite, since the lakes are
frozen in Manitoba. The Dorsey—Forbes—Chisago line is transposed along the route in order

to yield more equal phase—to—phase capacitive coupling.

There are 4 transposition points on the line which is 538km long. Transposition points
4,5,6 and 7 are at distances from Dorsey of 88,191,324 and 444 km respectively. A model
of thé Dorsey—Forbes—Chisago 500kV transmission line system is simulated by using the
EMTDC program.

The system model can be seen in Fig 1.2

Forbes

Chisag()’%

88km | 103km ;| 3325km; 3325km; 33.25km, 33.25km, 120km , 93km
1 1 I I I 1 1

537km

220km

Figure 1.2 : Dorsey-Forbes—Chisago Transmission Line System
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In this model, the whole transmission line is segmented into virtually 9 sections which is
more than only the transposition points so that we can take a closer look at how the proposed
algorithm works at different locations along the line. We labeled the starting point of each
sectionas 4,5, 8,9, 10, 6,7, 2 and 3 which are 88, 192, 225, 258,291, 324, 444, 537, 664 km

from Dorsey respectively.

The reason for cutting the transmission line into so many fragments is for the easy
analysis of different algorithms we will apply in the later chapters. The total length of the
transmission line is 537 km from dorsey substation to Chisago. According to the requirement
of the EMTDC simulation program, each segment is separated by nodes. Each node has an

internal structure of the following diagram:

0.005Q 0.005€2

7
1 / AAAN AIAA——
0.0055 1.0e46 O 0.005Q
2 VNN 8 FAVV A 5
I// 0.005Q i%\| 0.0052
3

AN
R~ 9 =
_% i0et6 Q2 % 10et6 02

Figure 1.3 : substation diagram for transmission line system

In the diagram, numbers from 1 to 9 represent different positions in the node and we can see
resistors are used to connect these positions. It’s obvious that we can imitate all sorts of fault
situations by setting the corresponding phase to ground or phase to phase resistance to zero.

We will use this method to generate faulted signals for testing throughout this study.
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Chapter 2
Short Window Impedance N

leasurement

2.1 INTRODUCTION

This chapter is concerned with the algorithms which can be traced back to almost three
decades ago, namely, the impedance measurement algorithm. The essence of the technique
is to operate on the samples of voltage and current to produce estimates of the parameters
at power frequency for protection. In this particular application, we consider them as the

fundamental frequency voltage and current phasors.

The following algorithms are generally regarded as appropriate tools for application
in this field:
1. Fourier Algorithm:
In its simplest form a Fourier Algorithm extracts the fundamental frequency
phasor from samples for a periodic signal taken at equal intervals over a full period of the

signal. It is equivalent to one term of the Discrete Fourier Transform and has been
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represented as the convolution of samples of a reference sinusoid and a reference cosinusoid
with the input signal. Taken over a full period, the Fourier calculation rejects harmonics of
the fundamental frequency. The introduction of FFT ( Fast Fourier Transform ) further
makes it possible to implement this technique on a real time basis and also it can be modified

to work for intervals of less than a full period [3].

2. Walsh Type Algorithm:

The Walsh function algorithms are closely related to the Fourier algorithms
except for the use of periodic square waves rather than sinusoids and cosinusoids. The
convolution mentioned above is simplified because the sample values of the reference
square waves are either plus or minus in sign. Several of the square wave signals must be

used, however, to obtain the desired sinusoidal components.

3. Curve Fitting Algorithm;
Curve fitting algorithms [7] attempt to fit some parameterized representation of
the signal to the measurements. Parameterizations include polynomials, trigonometric

series, and mixtures of trigonometric and exponential functions.

To do this, a model of the system must be established. In particular a series R model
of the faulted line implies that the terminal voltage and current must satisfy a first order linear
differential equation. The parameters of interest for relaying are the values of R and L which

must be estimated from the waveforms in the system model .

2.2 SHORT WINDOW ALGORITHM

Among the above mentioned algorithms, the Fourier series analysis offers more
desirable benefits than the others in terms of simplicity and performance, and thus is

preferred by research engineers. By definition, the Fourier—series analysis of a waveform
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f( t ) which is periodic over the period T is

f(t) = GQ-E-Z Cocos{(net-g,)

n=l

(2.1)

where

e, = o (@ +b))

b,

¢n = tajrl (“ )

{2.2)

and

2
-3
It
=~

T
ff(t)sin(nwt)d!

=l

T
jf(r)cos(nwt)dt

2
T
{2.3)
This process separates the d.c. fundamental and harmonic components of £( t ) and we know

that the fundamental frequency components are a; and by, respectively.

The continuous integrals of eqn. 2.3 are not directly suitable for processing. The input
waveforms f( t ) are sampled at N samples per system cycle, and the integral is taken over
the system period which immediately precedes the sampling instant in question. The
processor exiracts the fundamental components of these inputs and uses eqn. 2.3 in its

discrete form:
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2« 2
@ == gf(t—k)cos(—ﬁck)
2 &« , 2w
b= ;f(f—k)sm(TV«k)
(2 .4)
or in a more general way
N1 J2znk
X, = xkeI[N]
k=0
{2.5)

where X, is the frequency component which is a complex number, and xy is the individual
sample within the sample window. This equation is commonly referred to as DFT (Discrete

Fourier Transform).

When N — oo, Aj— a1, Bj—b; and eqn. 2.4 will converge to eqn 2.3. The sampling
rate N, is chosen to be at least twice that of the greatest noise frequency likely to be present
in the input waveforms f ( t ). If there is any conflict between this and the processor’s
maximum sampling rate, a low—passfilter can be inserted before the processor input, but this

will cause the Ioss of response speed.

Using the system represented in the block diagram shown in Fig. 1, the magnitude and
phase angle of the fundamental component of an input waveform can be calculated with
respect to the reference waveforms cos(2nn/N )and sin (2xn/N ). For any input wave

form, we can obtain:

G o= (42 +B?%)
B
B =t ()

(2.8)

Using the above equation, the voltage and the current phasors can both be obtained

from the sampled voltage and current waveforms. The system impedance can be derived by
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dividing the two phasors. i.e,

¢z = fﬁv-‘f’r

(2.7)

The above computation is carried out at each sampling interval, and gives a value of

Z based on the previous cycle of the voltage and current waveform.,

cos(nwt)
| ; I A c=VAZ+B2
I,
= [(t-nt) | O=tan-1(B/A)
I
5 lsin(n{ot) | |
g impedance (2)
é calculation org (2)
< ’cos(?mt) | A |
Vin ! =+ A2+ B2
e [ S v — . c=VAZ+B
l ¢=tan-1(B/A)
lsin(nmt) l

impedance
monitor

trip

Figure 2 .1 : fourier analysis impedance measurement scheme

When using the Fourier Transform, the aliasing effect during waveform sampling

should be avoided since it introduces errors in the transform process. It is known that the

spectrum of a sampled waveform consists of shifted replicas of X ( @) at the harmonics of

the sampling frequency f;. If the sampling frequency is less than the highest significant

frequency component in the original waveform, the shifted replicas will overlap with each

other, This spectral overlap is called aliasing. In order to avoid higher frequency interference,

an anti-aliasing filter can be used. This is a low—pass filter which physically filters out the

frequency components above f; / 2 before sampling.
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To improve the speed and to reduce the influence from travelling wave transients, a
short window algorithm is suggested[ 10 ]. One other reason for this is that the concept of
power frequency impedance is no longer suitable when the window contains both pre and
post fault signals. The shortened window implies that we are extracting impedance at a
frequency higher than the fundamental frequency provided that the impedance we obtain

still satisfy the basic equation

vi(jo,t) =Ri(jw, t)+Li (jw, t)
(2.8)

where . is the extraction frequency. According to [2], the R and L can be considered to be
constant up to a frequency of 250Hz for a 500 kV line. ®, can be any value below this
upperbound. In practice, the short window R,L algorithm uses a 12.5 ms window length for
both voltage and current. If V4 i;; and V9 iy9 are the real and imaginary parts of the voltage
and current phasors from this short window Fourier analysis, then the algorithm solves the

two unknowns R and L:

(2.9)

where D(t) =1iqip’ —i i

The derivatives are calculated using a three—sample window, The measured resistance
and reactance applicable to any sample instant k are determined from equation 2.9 which,

when written in discrete form, yields R( k), X( k) as follows:
R(CE) = [ v (k)i (k) =va (k) I% (k)] /D (k)

LQE) = [va(k)ia (k) =va (k) ia ()] /D (k)

{2.10)

where
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D(k) = bn (k)i (k) =ia (k)ip (k)
(2.11)

The differential current terms iy (k ), ip (k)in equation 2.9 are usefully approximated by
assuming piecewise linearity between current samples so that, in terms of immediately

preceding samples (i (k—1), i (k —1)), they are replaced by

i (k) = [ (k) =ia (k= 1)]

iy (k) = [da (k) =ip (k- 1)]
(2.12)

The impedance can be easily found to be

Z =R (k)+jX (k)
(2.13)

where

X{(k)Y=wlL (k)
and thus the impedance trajectory can be established on the X — R plane.
The familiar R—jX impedance plane is a convenient tool for visualizing the results of
these calculations, Computed values of impedance for various fault and non—fault conditions

are plotted on the plane and compared with each characteristic.

impedance locus

Figure 2 .2 : mho relay characteristics
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Figure 2.2 shows the familiar mho circle which describes the zone of protection for
many conventional distance relays, along with a line representing the locus of short—circuit
impedances for faults along the protected transmission line. The mho circle under-reaches
the remote terminal so that the relay provides zone 1 or local backup non—pilot tripping. The
numbered marks represent a time sequence of computed impedance values, beginning with
a value computed entirely from pre—fault voltage and current samples, this does not normally
represent areal impedance element of the system, but rather an apparent impedance resulting
from load flow conditions, the particular pre—fault point corresponds to real power flow

away from the bus where the digital relay is located.

2.3 RESPONSE TO FAULT CONDITIONS

The Fourier—series processor extracts the fundamental component which can be used
to provide an impedance value for the system as seen at the relaying point. For power system
fault waveforms, there are exponentially decaying d.c. components. iransient harmonic and
non-harmonic frequency signals. Also, for the fransition period after fault incidence the
processor uses both pre—fault and posi—fault information. To investigate the behavior of the

processor with these wavefoms, a computer simulation has been used.

Input waveforms were generated from the EMTDC program using the line model
illustrated in chapter one. Single phase to earth faults and three phase to ground faults were
simulated for fault incidence at various locations along the line with variable fault resistance.
The sampling rate chosen was 64 samples per cycle, equivalent to 3.84 kHz on a 60 Hz
system, The input waveforms Ii and Vj, are sampled at the rate of 60N per second. Each
sample is fed into an N—element array which holds the sample history of the previous N
samples. As each new sample is entered into the first location of this array, all previous
samples shift one element to the right, and the sample at the Nth element is discarded. The

N elements of this array are then sent through the short window fourier transform with
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cos{ wk T )and sin (wkt ). From the result the corresponding current and voltage phasors

are obtained and the system impedance is calculated by the matrix multiplications.

Fig 2.3 depicts the typical voltage and current waveforms for 3 phase to ground fault
and Fig 2.4 represents single phase to ground fault, respectively. We can see at the 0.03
second instant the fault happens, and after a short transient period, the voltage and current
begin to converge on their postfault values. These are the signals we are going to use in our

algorithm and our task is to find out the change in the impedance during this period.

v phascA X phaseB

ITATAYATAVA

Y\ ARlm

LT
NIRRT
AR

ol .
VYV

-380
.00 001 0.02 063 004 005 008 007 003 0 o190 O.1i .12

AT
AL

—
-~

B——
B
-

voltage { kV )

time ( sec}
three phase to ground fault vaoltage

O phaeC % phawB

. /\ N n
RN

)
TR

[\
K

e |

current ( k4 )
]
]
fsmr e ]
s
————
4—-"‘__’

\A/Y\A\’ [
| Y

firin
TRy
ey RN iy A
TNV

200 001 c02 003 004 005 006 007 00 009  21¢ Ot G.52

o

time [ sec)
three phase to ground fault current

Figure 2 .3 : The current and voliage waveforms at location 6

29



380

W[\

AAA A

AN AN QAL A
AT i
LA R LA TR A
VY Y
A UL A A L A A

VYVYVY yVivy YU v

0.00 0.01 002 Lelec) 0.04 005 008 0.07 043 0.09 019 &6 0.12

voltage (kv }
g

tme ( sec}
single phase to ground fault voltage

O phsC % pheseB

NPV W N T AR P AN A N

LAV ATV ALY
S ][X/\\ AU

| VT

=
=]
=

current { kA)

3
000 001 .02 0.03 008 005 008 Q7 008 009 0.10 o1 012

time ( sec)
single phase to ground fauit current

Figure 2 4 : The current and voltage waveform at location 6

Our first case is to look at a three phase to ground fault at location 5 which is about
191 km away from the relaying point. The top two figures in Fig 2.5 are the voltage and
current signals before and after the fault. The fauli happens at 10 ms. The two figures at the
bottom shows the result of the change of the impedance by the short window impedance

measurement algorithm,
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Figure 2 .6 : Measured resistance and retactance at location 5

Then we examine another fault situation at the same location for comparison. The

figures are displayed in such a way that we can see the corresponding parts of different

signals on the same time axis.
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We can clearly see after the fault happens, that the system resistance will drop while
the reactance will increase and the power transmission line system will change from the
pre—fault steady state to fault steady state after a short while of transients. In the case of a
three phase to ground fault the resistances in three phase will all drop down to about 20 ohm
while the reactances increase to about 280 ohm. In the case of a single phase to ground fault,
the resistance drops to about 80 ohm and the reactance increases to about 240 ohm only in

the faulted phase, in the other phases the resistance and reactance will stabilize at the original
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value after a while of transients caused by the coupling between the phases. In both cases,
the transition periods are short ( about 10 ms ), and we can expect the response of the

algorithm will be fast enough for reliable operation.

One thing that interests us is how good the algorithm will be when the fault happens
at some remote location far away from the relay. Figure 2.9 illustrates the change in
resistance and reactance after a single phase to ground fault atlocation 10 which is about 300
km from Dorsey. We can see that the impedance still has the same features as we have seen
infigure 2.7 for location 5 but that they are less attenuated. The transient phenomena become
very serious and in some cases some oscillations become so obvious that even a healthy

phase behaves like a fault is happening for the initial transient period.
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Figure 2 .9 ; impedance measurement

The dynamic response of the technique can also be demonstrated by plotting the

transient—-impedance trajectory between the pre~fault and posi—fault impedances.
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Fig 2.10 shows the typical impedance trajectory of the result we obtained from the
faulted waveforms at location 10. We can see from the graph that the original impedances
for the three phases were centered at around 230 ohms for resistance and 80 ohms for
reactance. At the inception of the fault the impedance begins to change dynamically. For two
healthy phases the impedance trajectory loops around the central original impedance but in
the faulted phase the impedance trajectory moves away from the original impedance, goes

towards its new value and begins to loop around it.

Now we would like to make a comparison of three phase to ground fault happening
at location 4 and location 7 which are 88 km and 444 km away from the relaying point,
respectively. The resistance and impedances we obtained from both cases can be illustrated

in figure 2.11 and figure 2.12.
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Figure 2 .11 : location 4 resistance and reactance after fault inception
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These figures further confirm the influence of distributed parameters towards the
result of our computation using the fourier transform. At location 4, we can see the
resistances and reactance converge to its steady state value within 10 ms after the fault
inception for a very short period of transients. At location 7 which is 444 km away, the
resistance and reactance we obtained from the fourier algorithm takes a lot more time to

converge. By comparing the results, the impedance converges much more quickly and more

attenuated at the location 4 than location 7.
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2.4 PROBLEM AREAS AND LIMITATIONS

The impedance measuremeni algorithm using the fourier transform gives
considerable rejection of non—fundamental components in the time available. The algorithm
itself is rather straight forward and does not require the use of special high fidelity

transducers.

The simulation results show that despite the fact that this algorithm gives an excellent
response to the sudden change in the waveform, it suffers from the deterioration caused by
dc offset, harmonics, and other high frequencies. The short window technique uses samples
of less than 1 cycle and will certainly enhance the usual speed of about a cycle, but it is more
susceptible to noise arising from features of the line which are not present in the lumped
parameter model, thatis, the travelling waves. Furthermore the concept of a power frequency
impedance is not directly applicable to the period when the window contains both pre— and

post—fault data.

If the fault happens at locations which are far away from the relaying point, the
distributed capacitance makes the original R-L. model no longer appropriate. This effect
results in the vulnerability of the fourier impedance measurement algorithm in long distance
cases. Thus some more effective methods of protection against faults at relatively long
distances is required in order to ensure the correct operation of the device, or to reinforce the

information that is already available.
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Chapter 3
Travelling

Wave Algorithm

3.1 INTRODUCTION

Travelling waves and surge phenomena in power systems are of importance in solving
problems relating to protection of very long lines, faultlocation, switching of unloaded lines

and calculation of recovery voltages on circuii~breakers under short-line fault conditions.

A significant advance in the solution of such problems was made by Fallou [20], who,
with an assumption of complete symmetry of the conductors, applied the concept of
symmetrical components to the solution of travelling wave phenomena. This method is
limited, however, in that it yields average values for surge impedances and propagation
coefficients, and this unfortunately masks important effects produced by asymmetry of

conductors.

In this chapter a distance protection algorithm based on travelling wave information

is briefly described. The algorithm first outlined by Crossley and Mclaren [1] uses the
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distance relaying approach to detect a fault inside the protection zone. It has essentially two
modules, the first detects the direction of the fault sensed at the relay station and the second
determines the distance from the relay station to the fault when the fault is in the forward
direction. A correlation technique was proposed to recognize the returning wave from the
fault. A computer simulation based on this travelling wave distance protection algorithm
is performed using the voltage and current signals generated by the EMTDC program. The
results are analyzed in terms of different locations and different fault inception angles on the

transmission lines.

It is necessary to start by introducing the concept of travelling wave in a single
conductor transmission modal. The arrangement of a single conductor in the presence of an

infinite earth plane is shown schematically in Figure 3.1 .

I;o® 1,®) DA L,® + AL @) 1®
Vie® | v,® Y1 Ax V0 4 AV, ® Vi ®
x=0 X X=i

Figure 3 .1 : Equivalent circuit of single conductor system

The wave equation of a single phase, lossless line at a time t and point x on the line

can be expressed as follows

e (x t) _  8i(xt)
ax - ot

_af(x,t) _Cae(x,r)
dx - a¢

(3.1}

This equation establishes the relationship between the voltage and current at a certain
time and a certain point on the line. The solution of these two equations produces two

independent second order differential equations involving voltage and current :
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Fe(xt) _lcaze(x,t)
ox? " or
Filx t) ai(x, )
LA LA A SR
ax® ar

(3.2)

where | and c are the series inductance and shunt capacitance per unit length of the line. A
general solution of the wave equations was first given by d’Alembert. This solution for

equations (3.2) can be expressed by the following two equations:

e{x,t) = fi(x-ut)+fr(x+ut)

. 1
i(x, t) = Z[fl(x—ut)+f2(x+ut)}
(3.3)
where Zg is the line characteristic impedance and u represents the line propagation
velocity which corresponds to the velocity of electromagnetic waves in the ambient medium.
Thus, the voltage and current at any time and any position along the line can be viewed as

the superposition of two waves travelling in opposite directions.
A little mathematical manipulation gives us the following equations:

2Hi(x~ut) V+iZ

2H(x+ur) V-IZ

(8.4)

where f1 and £2 are voltage waves passing through a measuring point x at time t. V and I are
the measured voltage and current at the same point and at the same time. Substitute the time

variables and we get the backward and forward relaying signals S1 and S2

SL(r) =20(8) =V(t)-2Z1(¢)

S2(t)y =2/ (1) =V(1)+ZLI(t)

(3.5)

The occurrence of the fault is equivalent to the injection of a voltage at the point of

fault, equal and opposite to the pre—fault steady state fault point voltage. Thus the so called
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superimposed signals become very important for the travelling wave algorithms. The
superimposed signals are obtained by subtracting the non—fault portion which is considered

the same as the pre—fault signal one cycle ago from the faulted signal,

A 14 ( I) =V ( i )pon*~faldl -V ( f )pre—faui't

A I ( ‘ ) =1 ( i )po:f»ﬁ:ull -1 ( f )pre—faui‘f

(3.8)
The equation 3.5 can now be rewritten by using superimposed signals as:
S1(t) =AV(t)-Z,AI(t)
S2(t) = AV (tY+Z,AI()
(3.7)

The incremental voltage and current phase signals are decoupled into three

independent modes using the Karrenbauer Transformation.

a[14 4]ie

Applying the above equation to three phase voltage and current signals, we can get the

(3.8)

superimposed voltages and currents. The values are further decoupled into mode values

using the Karrenbauer Transformation.

Figure 3.2 shows the various voltage and current signals used to locate the fault, Tt
shows single—-phase—to—ground fault voltage and current waveforms. ( the first row in fig
3.2 ) This signal will be processed to get the superimposed value by subtracting the pre—fault
value. ( the second row in fig 3.2 ). Then the superimposed value will be multiplied by the
Karrenbaurer transformation matrix to get the corresponding modal superimposed current

and voltage which become our subject to work with. ( the third row in fig 3.2 )
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Figure 3 .2 : voltage and current signals used to Iocate the fault
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Ithas beenreported that this algorithm has some problems areas, particularly for single

line to ground faults, such as reflection from the remote line end when interference with the

reflection from the fault point causes mal-operation. The variation of the fault inception
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angle affects the relaying signals and in turn the protection accuracy. Using a fixed
correlation reference is not a valid representation of the wavefront for different fault types
and positions. In addition, the close—up fault introduces another problem when no peaks
corresponding to the fault location are found. All these problems limit the application of the
proposed distance protection algorithm, although it is fast and accurate for faults involving
two or more conductors since the fault appears as the total reflection point in front of the
relay. In this chapter we discuss these problem areas in detail in order to develop some

possible solutions.

It will be shown that the time delay between the initial forward wave, initiated by the
fault, and entering the protection zone, and the associated reflected wave leaving the zone
can be translated into the distance to the fault. The non—fault transients, the attenuation and
distortion caused by other reflections and the frequency dependence of the transmission line

parameters all interfere and may prevent true fault detection and location.

3.2 CORRELATION TECHNIQUE

The earth mode is frequency dependent, highly attenuated and has a slower velocity
compared with the aerial modes. The distance obtained by using this mode was found to be
inaccurate for faults occurring inside the protection zone. In this study, the aerial modes are
examined since they give a more accurate result than the earth mode. The relaying signals
for mode 2 in particular, are derived to process the protection technique. Mode 2 has a
propagation velocity of 295km/ms and a modal surge impedance of 276 ohms. The relaying

signals S1 and S2 describing the mode 2 propagation are rewritten once again:

Sl2 A Vm2 - A imZ Zm2

S22 A sz + A 117:2 Zm2

(3.9)
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The fault location is determined by correlating a stored section of the S2 relaying
signal describing the wave approaching the fault against sections of the corresponding S1
relaying signal describing wave returning from the fault. The delay which gives a
cross—correlation maximum is multiplied by the corresponding propagation velocity to
measure twice the distance between the relay and the fault. The S2 relaying signal illustrated
graphically is multiplied by —1. This is extended to the cross—correlation in order to produce
a positive peak corresponding to the fault location instead of a negative peak if the
correlation performed between S1 and S2 is described by equations(5.13) and (5.14).
Therefore S2 can be rewritten as:

2 = = [ A Vo + ALy Z,]
(3.10)

The distance algorithm described by Crossley and Mclaren uses a discrete
cross—correlation of samples of the forward travelling wave function S2 with samples of the
backward travelling wave function S1 in order to obtain the distance to the fault and avoid
mal—operation. The discrete cross—correlation measures the degree to which sections of
sampled signals X correlate with the delayed signal Y, that is , it measures the similarity of
the two signals as a function of the delay

b=N-1

By (1) = > x (k+ 1)y (K)

k=0

{3.11)

The practical implementation of the cross—correlation technique requires that a section
of the forward travelling wave function, S2 to be stored. This section should represent the
initial wavefront in the S2 relaying signal. To ensure the best representation of the wavefront,
the stored section should include some samples recorded before the disturbance and some
samples recorded after the disturbance. The manner in which this cross—correlation is done

is as follows: the stored section of the backward travelling wave function S1 is constantly
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being refreshed with the latest data. Cross—correlation is performed repeatedly as each new
version replaces the existing one.
Paan{mAt) =l§S1 (EAT+mAIS2(LEAD)
' N

k=t

(3.12)

wherek=1,2,... N and m=0,1,...¢ .,
Also, mAt is the delay between the sections, N is the number of the sample in every section

and k is the sequence number of every particular sample in its corresponding section.

The cross—correlation function has a maximum when the section of the backward
travelling wave signal S1 resembles the stored section of the forward wave signal S2. The
difference in time between the arrival of the first disturbance in S2 and the peak of the
cross—correlation function is then a measure of the total travel time corresponding to twice

the distance to the fault.

The sections of the relaying signals S1 and S2 have different mean levels on which the
travelling wave components are superimposed. When the discrete cross—correlation
function is applied to such signals, the different mean levels prevent a meaningful correlation
between the stored section of 52 signal and the S1 signal. To avoid this problem the
correlation is performed between sections from which the section mean levels have been
removed. The elements of these new sections are defined as follows,

=N

SiR(kAt+mAt)=Sl(kAf+mAt)—-%ZSl(kAr+mAr)

A=t

- K=
S2R(kAf)=S2(kAf)—1—tfZSZ(kAr)
=1

(3.13)

The cross—correlation between sections of S1 and S2 with zero mean can be defined

as;
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1£=N
Paa (ALY =5 SL(kAt+mALIS2(kAT)

k=1

{3.14)

Maximum output of the correlation function indicates the best match between the
wave—shapes. The time delay, myazAt, when this occurs can be used to determine the

distance to the fault;

u
X = mmuAra-

{3.15)

where u is the velocity of the mode being considered.

The cross—correlation fault locator commences its operation after the direction
detector indicates a forward fault. A forward fault decision occurs when the S2 signal
exceeds a pre—determined threshold after the S1 signal has exceeded the threshold. The
length of the stored section of S2 relaying signal depends mainly upon the fault position and
is proportional to the mode propagation velocity. To ensure that the cross—correlation
reference contains a section of the S2 signal describing the initial wave approaching the fault,

the stored section contains samples included both before and after the direction decision.

3.3 PROTECTION SIMULATION

A computer simulation of the distance protection algorithm is used to process the
voltage and current signals generated by the power system program in order to determine
the fauli location. The protection simulation provides an ideal implementation of the
protection technique described in the preceding section. The simulation is ideal because it
analyses the discrete numerical data exactly as expressed in the equations describing the
protection algorithm without the distortion or noise associated with the hardware. The
voltage and current signals generated by the simulation are calculated at a rate of 64 samples

per 60 Hz cycle.
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The power system program is used to calculate the post—fault actual voltage and
current signals for one power—frequency cycle duration. The incremental voltage and
current signals are derived by subtracting the pre—fault steady state voltage and current

signals from the corresponding posi—fault signals,

These signals are monitored at the relay station located at Dorsey. To start the
correlation process, a section of the S2 signal representing the wavefront is stored. The
duration of this section of S2 signal should include some samples before and some samples
after the fault disturbance to ensure the best representation of the wavefront, Before the
correlation process takes place, the mean values of the stored section of the S2 signal and

the S1 section are removed.
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Figure 3 .3 three phase to ground fault at location 6
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Figure 3 4 : single phase to ground fault at location 6

system configuration.

In order to examine the validity of this distance measurement algorithm, the relaying
signals and the protection responses for two different fault types are illustrated in figure 3.3
and figure 3.4. The faults are a three line to ground fault and a single line to ground fault

respectively. The faults occur at location 6 which is about 330 km from the relay, on the given

Comparing the protection response for different faults will help in examining the
advantages and limitations of the technique as a distance protection. The correlator output

for the three line fo ground fault indicates a time delay for a well defined peak at time delay
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of 2.5 ms which gives a 750 km distance to the fault. The result indicated for the single line

to ground fault gives a delay time to the first peak of 2.5 ms corresponding to a distance of

375 km. This result roughly matches the available fault information.

voltage (kV)

amplitude

120

w N

w RIS

%0 N

A6

-0
0.000 0.001 0.002 6.003 0.004 0.003 0.008 0007 0008 0.009 0.010

time ( sec)

forward and backward travelling wave signal

240

TN/ L
N TN\

RV

240

-3.80
0.000 2.001 0.002 0.003 0.054 0.005 0.003 0.007 0.008 o003 0.010

Hme { sec)

correlation resulf

Figure 3 .5 : Single phase to ground fault at location 7

Fig 3.5 shows the correlator response at location 7 which is 444 km away from the

relaying station. We notice that in this situation, the position of the peak moves back a little

as a result of the increase in the distance to fault from the relaying station. We can see the
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first peak is at about 3.0 ms which corresponds to 450 km in distance to the fault . This is

about the position for location 7 where the fanlt happens.

The magnitude of the high frequency transient initiated by a fault is dependent on the
fault inception angle on the phase voltage wave. This means that the magnitude of the
travelling wave on the relaying signals initiated by a fault is dependent on the fault inception
angle. The relaying signals for a fault occurring at or near the zero crossing on the voltage
wave become very small in magnitude and have a slow rate of rise relative to those for a fault
occurring at 90 degrees. Asaresult, the stored section of S2 signals used in the fault location
process may not describe the initial wavefront, so the cross—correlation function and the

distance to the fault will not be valid.
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Figure 3 .6 : Single phase to ground fault at inception angle near ( at location 9

Fig 3.6 shows a single phase to ground fault at location 9 which is about 260 kms away
from the relaying point. The relaying signal magnitude is small and has a slow rate of rise,
particularly in the first few milliseconds as is shown in the left figure. The correlator output
magnitude in such a situation will increase as a ramp function similar to the S1 signal. The
correlator output is shown at the right. The first peak gives the correct distance to the fault
but has a magnitude less than that of the successive peaks representing the other reflections
from the fault. This can be explained if we refer to the relaying signals in figure 3.6. The

stored section of the S2 relaying signal is correlated with sections of the S1 signal
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representing the waves returning from the fault point. These waves are similar in shape to
the stored section because the fault is considered as a total reflection point, but the slope of
successive wavefronts increases and the correlator output for successive wavefronts thus
increases. Therefore the peaks corresponding to the 2nd and the 3rd wavefronts returning
from the fault have magnitude larger than that of the first peak. A well-defined peak at 2.0
ms corresponding to a fault distance of 300 km from the relay is indicated by the correlator
output, for faults near the remote end, mal-operation is expected. Faults involving two

conductors sometimes also give rise to such problems.
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Figure 3.7 ; phase to phase fault at inception angle 0 at location 6

56



Figure 3.7 shows the relaying signals and the correlator output for the double line to
ground fault. The fault inception angle of phase A is zero degrees and the fault occurs at
location 6 which is about 330 km from the relay. The reflection from the fault point is clearly
evident in the relay signals. The correlator output indicates peaks at 2.5 ms corresponding

to the twice the distance from the fault.

In general, fault inception angle near or at zero crossing reduces the protection
accuracy and the protection reach for single line to ground faults. This is particularly true
in the case of a fault which occurs at the remote end of the protection zone when the

frequencies and amplitude of the tfravelling waves are low.
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Figure 3 .8 : Close up three phase to ground fault at location 4

Fig 3.8 shows the relaying signals and the protection response for a close—up fault, The
fault occurs at location 4 which is 88 km from the relay located at busbar 1. The successive
reflections from the fault appear very clearly on the relaying signals for a duration of 0.5 ms
and the relaying signals follow the basic frequency of the faulted phase voltage thereafter.
A stored section duration greater than 0.5 ms will fail to recognize the first reflection wave
returning from the fault point. The 0.5 ms roughly corresponds to a distance of 75 km, which

is about 17% off the location of the fault,
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3.4 PROBLEM AREAS AND LIMITATTIONS OF THE ALGORITHM

In order to examine the original distance protection algorithm based on travelling
waves, the current and voltage signals are generated by simulating the power system under
fault conditions. The phase signals are decomposed into three independent modes by using
modal analysis theory. The features of the forward and backward relaying signals have been
discussed and the results indicate that these signals could be used as the basis for an
integrated relay with multiple functions such as directional discrimination,fault location,

fault classification and phase selection.

The distance protection algorithm based on the travelling waves provides a number
of significant advantages but not without some limitations, The travelling waves initiated
by a fault depend not only on the fauli position but also on the fault type, the fault inception
angle and the power system configuration. Such factors as these will consequently have an
influence on the decision made by the relay. The effect of the fault position, resistance and
inception angle upon the frequency and the magnitude of the high frequency transients will
appear directly on the first wave initiated by the fault. After this wave has been refiected at
the discontinuity point behind the relay, the reflection coefficient will introduce a new factor
affecting the magnitude and shape of the forward wave travelling towards the fault point.The
distance to the fault is measured by observing the return of the initial forward wave to the

relaying siation after being reflected at the fault location.

In general, the correlation technique has some distinct advantages over the impedance
measurement algorithm in that it responds faster because we are using the high frequency
travelling waves. It has established itself as a major protection scheme in long line
applications. The only limitation is the case when the fault happens at the inception angle
close to or at the zero crossing point. Some other schemes have to be introduced to tackle

the problem.
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Chapter 4
Wavefronts Prediction Algorithm

4.1 INTRODUCTION

1t has already been established that the travelling wave protection technique is the
fastest way in the transmission line protection. In order to estimate the fault position this
technique uses the rapid change of the wavefront, i.e. the superimposed current and voltage
signals, to correlate its reflection.Then the position of the peak value of the correlator
indicates the two-way travelling time between the test and fault points. Despite the fact that
this technique may handle most situations, especially as we know faults almost always occur
closer to the 90° of POW, when fault occasionally occur at or near 0° of POW where there

is no rapid change at the wavefront, correlation technique may not give a good result.

In this chapter, a new theory of wavefront prediction is described. This algorithm
makes use of the voltage and current measurement at the sending end to predict a fault
wavefront occurring in multiconductor transmission lines under the condition that the type

of fault is clearly known. Then this information is used to estimate the fault distance.
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Asweall know, upon faultinception two components of travelling wave are generated,
one in the forward direction the other in the backward direction. As shown in Fig.4.1 the
propagation of the fault wave is rather messy at the later stage due to the multi-reflections.
The proposed wavefront prediction technique is only valid in the initial period before other
reflecting waves reached the relay point. The wavefront herein is restricted in the sense of
strictly at the initial period of the fault inception without considering multi—action generated

by the fault.

Figure 4 .1 : Propagation of the fault wavefront as a result of multi-reflections

4.2 MODAL EXPRESSION OF THE FAULT CONDITION

For a multiconductor transmission line, in order to decouple the mutual effects
between lines, modal transformation can be used to transform the n+1 conductor line system
into an n independent modal line system . After modal transformation, in a three—phase
transmission line system, a phase to ground fault may not be a short circuit in the
corresponding modal line system. As a result, it is necessary to take a closer look at modal

representation of different fault conditions.

In a three phase line configuration, the fault condition can be expressed by the

following Y—matrix at the fault position
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Yaa ab }’ ac
Y, = Yoa  Yeb Vi
yax Y ch Yec

(4.1)

where yaa, Yba, .. €tc. are the fault admittance between phases or between phase and ground.

For instance, for a phase A to ground fault, it is

v, 0 0
Y,=| 0 00
0 00
(4.2)
where y, is the fault admittance between the phase and ground.
For a phase A to phase B fault, it is
Yap — Yar 0
Yp = _yab yai‘: 0
0 0 0
(4.3)

where ygp is the fault admittance between the two phases.

The corresponding modal voltage and modal current matrix are obtained by

multiplying the phase voltage and current by the inverse of a modal transformation matrix,

namely, S :
V=S5V,
IL.=5 IIP
(4.4)
Accordingly, the fault modal admittance matrix can be expressed by
Y,=8Y,8
(4.5)
If the modal transformation matrix uses Karrenbauer transform, then
(4.8)

62



It’s inverse matrix will be

(4.7)

As an example, for the above phase A to ground fault, the corresponding modal

admittance at the fault point is

Ym =

w
—_
—_

— b
S |

(4.8)

From this matrix we may find out thatin the modal representation, a phase A to ground fault

will affect all three modes and is no longer a single mode to ground fault.

For a phase B to ground fault, the corresponding Karrenbauer modal admittance is

{4.9)

It is obvious that this matrix is different from the phase A to ground fault case in which the

mode 2 is not affected.

For a phase A to phase B fault, the Karrenbauer modal admittance is

00
Y, =3y, 02
01

We may find that for this kind of fault, the ground mode is not affected. The physical meaning

oo <

(4.10)

is easy to imagine.
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In the same manner, we can obtain the modal representation of the admittance in all
types of fault situations and find that they are all different from each other. We will use this

information at a later stage.

4.3 PHASE SELECTION ALGORITHM

Faulted phase selection, and hence selective pole tripping , is an important relaying
capability because it increases the system stability as well as its availability. Fault
classification is an indispensable part of the wavefront prediction scheme because prediction

demands a priori knowledge about fault sitnations.

A slightly different approach is adopted for the modal transformation. We use the
Clarke transform instead of the Karrenbauer transform because the former can discern more

cases. The Clarke transform can be expressed as

1 | 0
v,={ 1 -12 2]V,
L -1/2 _f3p
{4.11)
or its inverse
! 1 1 1
Vm= E 2 -1 -1 Vp
3 0 _73
(4.12)

Subtracting the corresponding value from one cycle ( 64 samples ) ago, we can get the

superimposed modal signals.

The discriminants for fault detection in a three phase line are defined by utilizing the

superimposed modal voltages and currents at the relaying point as follows

2
D = (AR~ 20 APy ;1,1‘2 [ ?j}“ (AWY - Z0 A ]

(4.13)



for the forward discriminant and

. . I
Dy = (AW + Z0 AP P+ —

2
— [Ed? (A + Z09 AP )]

(4.14)
for the mode ( k ) backward discriminant, where Z (¥)is the mode (k) surge impedance, and A

v and A ig® are the mode (k) superimposed voltage and currentrespectively atrelay point

R. In discrete form, the forward discriminant equation becomes:

D[ k] = (s10 [k])2+4N;2 {Sl“) [£]-s10 [k~1]}2
(4.15)

where SO [&] = (Ave[k]-z0 A0 k])
(4.16)

and the differential term can be found by subtracting S1 signal at k instant by itself one

sample instant ago.

In real practice, the above equation is further simplified because the phase selecting
scheme is based entirely upon the truth table of the discriminants, what concerns us is the

binary value of the disciminants, i.e whether it is above a threshold or below it.

The new forward discriminant equation is :

D[k]=|Sl[k]!+%lS1'a[k]I for |Sl[k]|>|31'a[k]|
(4.17)
or
D[k]:i—lSl[k]l+lS11a[k]l for iSI[k]I<ISI‘a[k]i
(4.18)
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The accuracy of this approximation is acceptable, because of the binary nature of the
algorithm. The main advantage of this discriminant function is the independence of the fault
initiation angle and the possibility of combining the different modal components to achieve

faulted phase selection and fault classification.

If we change the base phase to band to ¢ , we get all disciminant values corresponding

to each phase. A threshold value is used to change the discriminants into binary numbers:

Df=1 when Dy > threshold
Df =0 when Dy < threshold

Now, we just look at the truth table of the Clarke transform

FAULT L-G L-L L-L-G 3L-G
Basis D a b ¢ |a-b{b-c|c-a |a-b|b-c|c-a
Do 1 1 1 0 0 0 1 1 1 0
Pir”a” D! 1 1 1 1 0 i 1 1 1 i
D2 0 1 1 1 1 1 1 1 1 1
po | 1 1 1 ol oijfo 1 1 1 0
Ph”b"” Dl i 1 1 1 1 0 i 1 1 1
D? 1 0 1 i 1 1 1 1 1 1
DY 1 1 1 0 0 0 1 1 1 0
Ph”c” | D! 1 1 1 0 1 i 1 1 1 1
D2 1 1 0 1 1 1 1 1 1 1

Table 4 .1 : Truth Table for Clarke Transform

We can use a small subroutine to search among the truth table to get the fault type
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Figure 4 .2 : flowchart diagram for discriminant algorithm

thus by comparing with the truth table, we will be able to know exactly what type of fault is

involved. Also, we find out the base phase that we can use later in the algorithm.

4.4

PREDICTION OF THE WAVEFRONT

In order to predict the fault wavefront we use the fact that any disturbance induced in

the line system spreads in the form of travelling wave. So, before the disturbance’s arrival,

the state of any point keeps its stationary condition.

Now we have to switch back to the Karrenbauer Transform because it performs better

in the travelling wave situation

1 i i
V] =11 -2 1]
1 1 -2
For modal admittance matrix
1 1 1 7=
[v,] =] 1t -2 1
1 1 -2
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Using modal transformation and referring to the system in fig 4.3, in the pre—fault

condition we can calculate the modal incident wave and reflection wave by means of the

phase voltages and currents of the sending end S.

Vy
Vo

V.
I ot I

Iof

Figure 4 .3 : Three phase transmission line

The corresponding modal incidental current matrices I; and the reflection current I,
at the sending end are

L{t)=L(t)-Yo V. (1)
L{t)y=-L(t)-YoV, (1)
{4.21)

If the distance between sending end and the fault point is I, then the incident and
reflection currents at the fault point F are

I;f(f)=11(t+%)=1,(t+'r)

() =h(1-S) =k (1-7)

(4.22)

where v is the speed of the travelling wave of the corresponding mode, and t is wave
travelling time along line 1.
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D[] ] @ e

Figure 4 4 : system model under fault conditions

If the fault inception time is t0 , at time t0+ the situation can be depicted by Fig 4.4,
where Yy, is the fault admittance matrix,. Then the network Yy, is excited by the current
sources If ( t0+ ) and Iz (t0+ ) which can be considered as the stored energy in the form of

travelling waves just arriving at point F form both directions.
The following equation can be readily established

—IU([)—I?;(I) = Y,,,,,,V_,«(t)

(4.23)
where
Ymm = 2 YO + },m = 2 O Yoa O +Ym
0 0 g
{4.24)

Yoy, Yoo and yop are the surge admittances for the 3 modes, and Yy, is the fault admittance

matrix. Equation 4.23 can be rewritten as
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V(o = —xa {(ow o)

(4.25)
The incident current at the sending end is
(4.26)
It can be further expressed by all the values measured at the sending end only, as
L(t+7) = —f2(1+t)+2YGK;L,,{fl(t+r)+f2(r—r)}
(4.27)

All the values with a hat sign indicate that they are the prediction values of the corresponding

signals.

Subtracting both sides of the above equation by the predicting value of I; which is

based on the measurement of pre—fault state, we get

Lt+r)-Hh(t+7) = —fl(¢+r)—f2(x+r)+2nm,,{ﬂ(z+r)+?2(z—r)]

If we define

Ss(t+t) = h(t+z)y-h(r+7)
which means the discrepancy of post—fault incidental current and pre—fault steady state

incidental current and thus we get

S (t+7) = (ZYDY,;,},,—I){fl(t+r)+f2(t—r)]
(4.28)

where

A=2Y, Y -1
{4.29)

A is named as fault condition matrix. This equation gives the relation between the incident

fault incremental signals and the pre~fault signals.
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One more thing to notice is that we don’t use the superimposed signals anymore, we
use the actual measured values in this algorithm.
Reorganizing the algorithm we get

S (t+1)-AL(t+71)Y = AL(1~-7)
(4.30)

Notice that all the values with respect to the instant t+7T are on one side and all values with
respect to instant t—T are now on the other side. Two new signals F1( t) and F5 (t) can be

generated:

i

Fy(t) Si(t+t)-AL{+7)

Fo(t) =AL{(t-1)
(4.31}
We know from equation 4,30 that
Fi{t+r) = F(i-1)
(4.32)

The above equation is only valid for a short period before the secondary reflection occurs at

the fault point.

Now we can easily construct Fy and F, signals using all the information we have
obtained so far. Comparing the phase shift between the two signals Fy and F5, we will be able
to find the difference

d=1F(ti )-Fa(tp)]I

{4.33)

which is a constant over a period of time Ts. The T is the searching range which is

determined by the protéction zone of the line.

Then the distance to the fault can be determined as :
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T, v
T
{4.34)
where v is the propagation speed of the phase which can be approximated as the speed of

light.

A complete reference of Fy and F, in terms of different fault situations can be found

in the appendix.

As an example, for a phase A to ground fault:

Yo 0 O 111
Yoo = 2% ¥, =21 0 you O +% 111
0 0 vy 111

Note the last term is the phase A to ground modal admittance matrix

A=2Y, Y1 -1
If we substitute the inverse matrix of Y,,,, into the above equation, we can obtain the fault
condition matrix A. Usually the fault resistance is much smaller than the surge characteristic
impedance of the modal line, yq will be a big number compared with Yoy Yoo OF yog. We

can make the assumption A can be approximated as the limit of A when y¢, goes to infinite:

| a b c
lim A = "b ab ¢
where
a = Yo Yop b = yg Yoy € = Yoy Yea

If we plug these results into equation 4.31 and note in the steady state the ground mode

components of the modal signals are equal to zero .

Ja (1)

1 A A
Sm(f)+——[blm(t)+r:!m(t)]
a+b+c¢

——1—-——~—[bfm(t)+cfw(t)]

a+b+c

faa (1)

Comparing the f1¢, f2¢, we can find the distance to fault.
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4.5 SIMULATION RESULT

A complete computer simulation is conducted using the proposed wavefront
prediction technique. The transmission line data is obtained from the EMTDC simulation
programme. The testis conducted at different locations along the transmission line. The fault
types involves single phase to ground and double phase to ground faults and all happen at
inception angle of zero degrees. All the result figures will show the 1 and 2 signal and their

phase difference at the range where the difference is approximately a constant.

The line used for this study is the 500 kV line from Dorsey to Forbes and Chisago and
has been shown in Figl.3. There are 4 transposition points on the line which is 539 km
overall. The test values are waveforms for voltages and currents at Dorsey. The simulation
results of the phase to ground fault at location 9 are given in Fig 4.5 . The distance from the
location 9 to the relay is roughly 260 km. The horizontal shift between the corresponding

parts of curves f1 and {2 is 27 as expected from eqn 4.32.
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Figure 4 .5 : Single phasc to ground fault at location 9

Fig 4.5 shows the single line to ground fault of 0 inception angle at location 9. From
the fig. 4.5 we can clearly see that the initial part of f5 (t ) is approximately a sine wave of
the same shape as f1 (t). The time displacement of the two signals is shown the at the bottom
figure. It shows the signal d=111-f21 as defined in Eqn 4.33. The difference function shows
a period when d is relatively flat, approximately from the instant of 6.5 ms to 8.5 ms. This
period is defined as T and theoretically can be defined as the period the derivitive of d is
within a certain threshold. As we can see in the later cases that this definition sometimes

will be confusing because when the difference is not that ideal, we just use the turning point
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of the signal as the start and the end of Ty . The time for which T remains a constant for is
about 2.5 ms which is roughly twice the travel time between the fault and the relay. This is

a further reinforcement of the basic measurement for the travel time to and from the fault

from Dorsey.
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Figure 4 .6 : single phase to ground fault at location 6
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For a single phase to ground fault at location 6 as shown in fig 4.6, the wavefront
predicting algorithm also gives a correct result. It shows a flat peak of about 2 ms which

corresponds to twice the distance from the fault location ( location 6 ) to the relay station.
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Figure 4 .7 : f1 2 signal for phase a to phase b fault at location 6

Fig 4.7 depicts a phase to phase fault at location 6. In the upper figure, the 1 signal
looks slightly like f2 just after the turning point, and in the lower figure we can see the

absolute value of the difference between the f1 and 2. It shows that the constant portion of
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| f1 —f2 |is about 2.2 ms which corresponds to 646 km in distance . This matches what we

know about location 6.
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Figure 4 .8 : single phase to ground fault at pow 0 degree at location 7

Fig 4.8 depicts the situation for a single phase to ground fault at location 7 which is

about 450 km away from the relaying station. It is very interesting to see that the 1 signal

even curves a little bit to match the £2 signal . The bottom figure shows that the constant part

of difference between f1 and f2 lasts about 3 ms. This corresponds to twice the distance from

the fault at location 7 to the relay station,
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Figure 4 .9 : single phase to ground fault at location 4

There are cases when even at 0° PO.W the wavefront predicting algorithm will not
work as in the situation shown in Figure 4.9. This is a close—up single phase to ground fault
at location 4. From the bottom figure we can see that the algorithm fails to give a flat peak,

this is because of the reflection from the close source which changes the shape of the

wavelront after the fault.
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4.6 PROBLEM AREAS AND LIMITATIONS

The wavefront algorithm is an effective method in support of the travelling wave
correlation scheme. The fault wavefront in a multiconductor transmission line depends on
the fault condition matrix, the pre-fault incident and reflection waves which can be
measured at the sending end. At the fault point, not only reflection occurs but also mode
mixing. The wavefront is more complicated than the situation in single-conductor
transmission line. Two matrices Fy and F; are introduced, which can be calculated easily
from the measurements at the sending end. The simulation results give good agreement with
the proposed algorithms. But invariably, some limitations exist. Theoretically, it is
applicable for any point on the wave but computationally more expensive than the
correlation technique, and it does require to know what type of fault is involved in order that
the model mixing at the fault point be correctly incorporated. On the other hand. the system
really has to be an ideal system with very low high—frequency noise and this limits its scope
of application. Even the effect of the travelling waves will affect the result of the prediction
algorithm and make it Iéss effective. On the other hand, it does not work as well in close—up
fault because a strong source behind the relaying station will inevitably change the shape of
the wavefront. Maybe one would look at another example of a close—up fault at location

4.
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Figure 4 .10 : Phase a to phase b fault at Pow 0 at location 4

The above figure shows a phase to phase fault at location 4 which is 88 km away from
the relay station. The beginning of f1 shows some resemblance to the 2 signal especially
at the top where the signal turns around. From the bottom figure we can find a ill-shaped
platform where the difference comes to a nearly constant area and we can see that this area
is about half a millisecond which is about 150 km, or twice the distance from relaying
position to location 4. It seems we are having a difficulty in trying to define in what range

the difference can be called a constant.
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As we mentioned earlier, the waveform matching requires a very “clean ” wave
without noise because we have to match the waveform point by point. Any unexpected

deviation will result in error in the relay judgement and has to be treated with caution.
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Chapter 5
Comparison of the Algorithms

5.1 INTRODUCTION

As we can see in the previous chapters, all three algorithms have their special
advantages in their applications and they all have some limitations in some particular
situations. However, the response of each algorithm is robust in terms of the fault situation
and it is obvious that the response is closely linked with the fault situation. It will be
interesting to examine their individual behavior under the same fault situation. By studying
the results from different algorithms, we can at least have some clue of what type of fault

is involved and preferably, the location of the fault,

5.2 COMPARISON

First, let’s look at a close—up fault situation. The fault is a phase to phase fault at
location 4 which is 88 km away from the relay. The fault happens when one of the phases

is at 0 POW. The responses of the three algorithms are shown in the following figures.
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Figure 5 .1 : response of impedance measurement algorithm
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From fig 5.1 5.2 and 5.3, we can see that, in the impedance measurement algorithm,
the resistance and reactance go to their steady value after about 30 ms ( this is not very fast
) and the new impedances of the two faulted phases are relatively attenuated. The travelling
wave measurement algorithm also gives the peak at 0.5 ms which corresponds to 150 km
( twice the distance to fault ) but as in one phase the fault inception angle is zero, the
magnitudes of the following peaks are bigger than the first, this will result in mal-function

of the corresponding relay. The wavefront predicting algorithm doesn’t function too well,
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either. Because it is a close~up fault, the reflection of the source will affect the waveshape
and we can not get a flat period in the signal If1 — f2I. We can only see a rough ramp there
which convinces us that there is something happening because the difference between two
sinusoidal signals will still be sinusoidal unless one of the sinusoidal signals starts to change
(i.e.afault happens ). But one can imagine that it is still very difficult to make a trip decision

upon a ramp signal.

The next situation to consider is the situation when a single phase to ground fault
happens at location 9 at inception angle of zero. The distance to the fault is about 260 km.

The results are shown in fig5.4, 5.5, 5.6.
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This time the response of the impedance measurement algorithm will not converge.
We can see after 30 ms the reactance still does not converge and we can see from the
impedance trajectory that the impedance on the faulted phase shows signs of oscillation, The
travelling wave algorithm also gives an unsatisfactory result because of the weak nature of
the superimposed signal. However the wavefront prediction algorithm gives a correct

response by showing a flat period in [ f1 — f2 | signal which corresponds to the phase shift
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of about 2 ms. This equals 600 km in distance, roughly twice the distance from the fault

location to the relay.

The next case is slightly different from the previous example. The fault is a three line
to ground fault at location 10 which is 290 km away from the relay. The results of each

algorithm are shown in fig 5.7, 5.8.
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Figure 5.7 : response of impedance measurement algorithm
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The figures show that the impedance measurement algorithm works much better,
partly because we are dealing with a three phase to ground fault and the change in the signals
are much stronger. We can see that the impedance in all three phase goes to its steady state
value after about 15 ms, and the impedance irajectory shows a strong sign of convergence.
The travelling wave algorithm also gives a correct result. It gives the first peak at 2.1 ms
which corresponds to a distance of 630 km, roughly twice the distance between location 10
and the relay. The wavefront predicting algorithm can not work because the Clarke

transformation is not able to distinguish three phase to ground fault.

The last case is a fault happening at location 7 which is 450 km away from the relay.
Itis a single line to ground fault. The difference is that the inception angle is now 60 instead
of zero because we want to see how the wavefront prediction technique will behave in such

a case.
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90



240

120 I,
; SN AN T
o
B 000
£ \/
: N7 \_/

-4

~3.60

0.000 0.001 o.002 0.003 0.004 0005 0.005 0.007 0.00% 0.009 0.010
tme ( sec)
Figure 5 .10 : response from the travelling wave correlation algorithm
o fi o 2
1550
/"1
000 \
\:

: . /
g A \X
:

) /
N

:
e N
-1500
0.000 2.002 0.004 0.005 2008 2.050 o012 0018 0018

tflme ( sec)
Figure 5 .11 : response of the wavefront predicting algorithm

The impedance measurement algorithm gives a slow response and the impedance
trajectory shows that the impedance will not converge after 30 ms. The travelling wave
algorithm gives out a correct response by indicating a peak at 3 ms which points out that the
distance to fault is 450 km. This is exactly the distance from location 7 to the relay station,
The wavefront predicting algorithm does not give any result simply because the magnitude
of the travelling wave is too big and it affects the waveshape too much, there is no way we

can tell the phase difference because the two signals are just too similar,
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5.3 CONCLUSION

The case study in the previous section shows that, in the applications of the individual
algorithms, two things are certain. First, each algorithm will have a robust response towards
the fault signals and each algorithm caters for some special applications. Second, these
responses overlap each other. These two features lay the ground work for a composite
relaying system which is able to combine and compare the results of the three algorithms to

reach a more reliable decision,

Due to the complexity of power transmission line systems, including different fault
situations ( type, inception angle, etc. ) and system configurations, itis very difficult to define
quantitatively the decision to trip based on the results of the three algorithms, But some basic
rules apply, for instance, when the impedance measurement algorithm gives a stable result
and the superimposed signal levels are high but neither the correlation algorithm nor the
wavefront predicting algorithm gives a clear answer, the fault is most likely to be a close—up
fault; when some signs of oscillation are shown in the impedance measurement algorithm
and the correlation technique gives a well—defined peak, then the result of the correlation is
more believable; when both correlation and impedance measurement techniques show some
hesitation while the signal level is low and the wavefront predicting algorithm gives a clear
flat peak, this probably reflects the true situation in the transmission line. Fortunately, the
most common case is thatat least two algorithms will overlap each other. So even if the result
of one of the algorithm is hesitant, we can still determine what is happening. This requires
that the result of each algorithm should always be procurable within a certain scope, and
should not be just in the form of ” trip ” or ” not trip ”, which will certainly bring some

advantage into the decision making stage.
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Chapter 6
Implemetation

6.1 INTRODUCTION

All three algorithms ( the short window impedance measurement algorithm, the
travelling wave correlation algorithm, the waveshape predicting algorithm ) are realized
using software in C++ language on a Borland C 3.0 platform. The initial fault data were
generated by EMTDC version 3. using the Dorsey—Forbes—Chisago transmission line
model. The system configuration can be found in Fig 1.2 in Chapter 1. The line voltage and
current are sampled at a rate of 640 samples per cycle, namely 38.4 kHz. After the fault
voltage and current samples have been obtained, they are filtered through a low—pass filter
which takes in the average of every 10 consecutive samples. The result we get is the
pre—filtered samples and the sampling rate seen by the PC computer is 64 samples per cycle
or 3.84 kHz, which is more convenient for processing on a PClevel. The results are obtained
by running the pre—filtered data samples through all three programs which can be plotted
using EMTDC at a later stage. The complete listing of all the source codes of the three

algorithms can be found in Appendix B.
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6.2 FLOWCHARTS

The flowchart diagrams for all the three algorithms can be found in the following

figures.
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6.2.1 IMPEDANCE MEASUREMENT ALGORITHM

The flow chart for the impedance measurement algorithm can be represented in the

following diagram:

Read Data file

= % VaVb Ve, la b lc
Karrenbauer Transform
% Io I I Vo V4 Va
F%urier Transform
A = % g Flet-kr)cos(wkt)
g &
B = = gf(r—kr)sin(wkt)

Y

Get impedance

R — i ir?. _iri V,;
L1 oy -t in[[ Ve

plot impedance trajectory

o

inside fault zone irip

save result

Figure 6.1 : flowchart for impedance measurement algorithm
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6.2.2 TRAVELLING WAVE DISTANCE PROTECTION ALGORITHM

Read ata file

% Va Vb Ve, la b Ic

Get superimposed values

y

Karrenbauer Transform

é oty l2Vo Vi Vp
Get Travelling Waves

g

subtract mean value
k=N
Sig(kAt+mAt) =51 (kAf+mAt)—lN ZS‘; (kAt+mATt)

ket
kN
1

2 (kAt) =82 (kAt)-— > S2(kAt)
k=1

N
correlation

1k=N
r,b,j,,z(mAr)=EZS§(kAr+mAt)SZ(kAI)

—1

Find correlation peak position

v

Find distance to fault

y

save resul

Figure 6 .2 : flowchart for the travelling wave algorithm
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6.2 .3 WAVEFRONT PREDICTION ALGORITHM

Read Data file

¥ VaVbVglalble

Clarke Transform

Y

change base

get superimposed value

¥ lolilaVo Vi Vo

Get Discriminants

w2

dr

Detd = (AR + 20 AP Y 4 [—‘-i— ( Avg”

2
o ai]

Y

phase selection

¥

fault type

distributor

Y

Karrenbauerr Transform

¥

Create travelling waves

¥

Get {1 and {2 signals

¥

find comparison length

¥

find phase difference

Y

find distance to fault

y

save result

Figure 6.3 : flow chart for the wavefront prediction algorithm
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6.3 SOURCE CODES

All source code listings can be found in Appendix B,
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Chapter 7
Decision Making and Conclusions

7.1 INTRODUCTION

There are three different protection techniques used. The short line algorithm is based
on a 6.4 ms window and the extraction frequency used has a period of 6.4ms. When there
is evidence of large wavefronts in the signals a correlation technique based on the a certain
sampling window described in [5] is used. High speed fault location requires high sampling
rates. When there are no significant wavefronts but the incremental signals indicate the
presence of a disturbance then the waveshape predicting technique is employed to find out
the fault distance. All three algorithms have their advantages and disadvantages in practical
applications, and the results always vary according to different fault type, location and the
configuration of the syétem. The results indicate that they overlap each other and thus it is
necessary to look at the results in light of the fault situation and the algorithm that has been

used so that right decisions can be reached.

7.2 COMPARING SIMULATION RESULTS

The output from all three techniques can be investigated to produce reinforcing

information. The relationship between impedance and distance is linear for distance to fault
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for which a lumped parameter model is appropriate. Such a distance is typically around 150
km at power frequency. On long lines, say 500 km, the remaining part of the zone 1 coverage
up to 400km requires a different technique for accurate measurement of distance particularly
so around the 400 km boundary.Long lines tend to be critical from a stability point of view
and speed of detection for faults is an important factor in increasing stability margins. The
remainder of the zone up to 400km is covered by travelling wave distance measurement
based on a correlation technique to recognize wavefronts returning from the fault[3]. Should
the fault occur at a point on wave giving very low levels of wavefront on the line then a new

waveshape prediction technique based on the telegrapher’s equations is used.

The concept of an estimate is important since it is necessary to model the system or
the waveforms in order to develop an algorithm. As the system or waveforms do not exactly
fit the assumed model, errors are introduced which lead to errors in the computed parameters.
The response of the algorithms to these non—model signals is an important consideration in

the selection of an algorithm.

From the results we can see that the impedance measurement algorithm is more stable
when there are no substantial wavefronts on the system; if neither the correlation nor the
waveshaping algorithm gives a well defined fault location but the incremental signals are
high, then it is probably a close—up fault which the impedance measurement algorithm
should measure accurately; if the correlation technique gives a good result indicating a
strong correlation for the distance to the fault at some relatively long distance, then the
impedance measurement algorithm is likely to have a difficult time to converge to its
post—fault value and some kind of oscillation is likely to happen. If the magnitude of the
superimposed signal is low and the correlation technique cannot give a good result, the
waveshapes prediction technique will play the major role when we have enough evidence
that a fault exists in the system. This is a further reinforcement of the basic measurement

for the travel time to and from the fault from Dorsey.
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7.3 CONCLUSIONS

From the above research, we can see that a parallel processing procedure running three
different algorithm can be incorporated to detect a distance measurement technique on a long
line. There are many features in the output of each algorithm which can be used to reinforce
the result from the algorithm which is most accurate for the particular distance in question
and a fuzzy logic control modal will be required to process these results in order to get a

correct decision.

The conclusion we can obtain is that each algorithm has its own advantages and
disadvantages. The short window impedance measurement scheme is more accurate when
we talk about short line protection; the travelling wave algorithm is faster in terms of the
response and the distance to fault can be found at the same time, butit works better with long
lines and the accuracy is greatly affected by the fault inception angle and the other
discontinuities along the line; the wavefront prediction technique is a good complement to
the travelling wave algorithm in that it helps to tell the incident wavefront of the faulted
signals before they arrive. All three schemes combined together can offer a much larger
coverage of the power system network. Laboratory experimental results of these three
schemes have shown the advantages offered by each so that we can begin to envision a more
reliable protection system in which the three schemes work simultaneously, each with its
individual merits, but on a combination basis. In spite of the fact that the cost of such a
centralized protection system can be a little bit more expensive, and that we still cannot make
itruninreal time owing to the limitation in the processing speed of the available hardware,
we believe that in the near future, using cheaper and faster processing chips, we could make

such a system into a reality to achieve better protection performance in the power system.
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Appendix

This appendix is intended to give a comprehensive result of the fault condition matrix
and construct corresponding Fy and F, in accordance with different fault types in the

application of wavefront predicting algorithm.

As has been stated in the Chapter 4, the fault condition can be expressed by the

following admittance—matrix at the fault position

yﬂa yab ym:
Y, = Yoo Yeb  Yee
yoa Yeb ycc

WhEre Vaa, Ybas .- €tC. are the fault resistance between phases or between phase to ground.
Thus when we want to express a certain type of fault, we can justlet the related phase to be the
fault resistance, and let those admittance at non related phase to be zero. For instance, for a

phase C to phase A fault, the fault admitiance matrix can be expressed as :

Yoo O Yoo
Y.,=}10 0 0
ycﬂ O ym

Thus the fault modal admittance mairix can be expressed by

Y, =8"Y,$
The fault condition matrix, according to the equation 4.29

A=2Y¥v1_J
where

Yoy G O
Yoo = 2Y+ Y, =21 0 yp O +Y,,
0 0 Yog

Now we can start calculating the fault condition matrix in all sorts of cases, keep in
mind that we shall neglect fault resistance because they are much smaller than the surge
impedance. As a result, all the matrices converge to its ideal form when we assume that the

corresponding fault admittance to be infinite,
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(1) for phase A to ground fault

(3 ) for phase C to ground fault :

| -a ~-b 2¢
A = — 0 0 0
a+2c¢
a

b -2¢

(4 ) for phase A to phase B fault :

0 0 0
A=}10 -1 0
¢ -05 0

{ 5) for phase B to phase C fault:

) 0 0 0
A = 0 -b c
b+ec 0 b -

( 6 ) for phase A to phase C fault:

0 0O 0
A=10 0 -05
0 0 -1

Rewrite equation 4.32, note in steady state the ground mode components of the modal

signals are equal to zero.

Syl{t+1) 0
S (t+7) = A fm(r+r)+f?a(t+r)
Sip (1+7) Lp(t+r)+lp(t—-7)

Signal F1 and Fy now can be obtained using equation

Fi () Si{(t+r)y~-AL{G+7)

Fa(t)y=AL(t-7)
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Wave function Fy and F; in accordance with different fault types are listed below.

( 1) for phase A to ground fault

Sie +

]

bha ()4 Cli ()]

fra a+b+c[

1 A
fom s [P (e C (0]

(2 ) for phase B to ground fault

1 s A
fo = Sar———= |20 b ()= cly ()]

1
a+2b

fu = - [ 205 (1) -cly ()]

{ 3 ) for phase C to ground fault

Sig +

Il

fis C[bf,a(t)—2cfw(t)]

fo = - [bfh(r)-ch%(f)]

a+2c¢

(4 ) for phase A to phase B fault
Ja = Sla+fta(t)

fau = =Dy (1)

( 5) for phase B to phase C fault

) 1 T ’ A
fu = S+ [bhaﬁ)—CLpU)]
b+ c

1
b+ec¢

fia [—bia(:)uiﬁ(r)]

(6 ) for phase A to phase C fauli

1 a
fla S§a+513ﬂ(f)

i

fa = — 1y (1)

104



REFERENCES

[1] P.A.Crossley and P.G. McLaren, ” Distance Protection based on Travelling Waves ”,

IEEE Trans. PAS, Vol. PAS— 102, No. 9, Sept. 1983, p. 2971.
[2] EMTDC User’s Manual, Manitoba HVDC Research Centre, November 1988.

[3] P.G. McLaren and Y.P. Wang, ” High Speed Relaying on Long EHV AC Transmission
Lines ”, Proc. of Canadian Conference on Electrical and Computer Engineering,

Ottawa, Canada, Sept. 4-6, 1990, Vol. 1, pp. 1.3.1 - 1.3.4,

[4] M. Vitins,” A Correlation Method for Transmission Line Protection ”, IEEE Trans. PAS,

Vol. PAS- 97, No. 5, Sept/Oct. 1978, pp. 1607 — 1617.

[5] P. Agrawal, ” An Investigation into A Method of Detecting the Fault Induced High
Frequency Voltage Signals of EHV Transmission Lines for Protection Applications ”,

IEEE / PES 1990 Summer Meeting, Minneapolis, July 15 —19, 1990.

[6] Y. V. V.S Murry and W. J. Smolinski, ” A Kalman Filter Based Digital Percentage
Differential and Ground Fault Relay For a 3 —Phase Power Transformer ”, IEEE Trans

on Power Delivery, Vol 5. No 3, July 1990,

[7] M. M. Giray and M. S. S_achdev, 7 Off — Nominal Frequency Measurements in Electric
Power Systems ”, IEEE Trans on Power Delivery, Vol 4, No 3, July 1989.

[8] A.T. Johns and R.K. Aggarwal, ” Digital Simulation of faulted EHV Transmission Lines
with Particular Reference to Very-high—speed Protection ”, Proc. IEE, Vol. 123, No. 4,
April, 1976, pp. 353 - 359.

[9] M.M.S. Mansour, ” A Travelling Wave Relay Featuring Fault Classification and Phase
Selection 7, Ph. D. Thesis. Dept. of Electrical Engineering, Univ of Manitoba.

Winnipeg, Canada, 1984.

[10] A.T. Johns and M. A. Martin, ” New Ultra High Speed Distance Protection Using Finite
Transform Techniques ”, Proc. IEE, Vol 130, Part C, No.3, May 1983, p127.

105



[11} E.S. Shehab-Eldin, P.G. McLaren, ” Travelling Wave Distance Protection — Problem
Areas and Solutions ”, IEEE Trans on Power Delivery, Vol. 3, July 1988, p990.

[12] P.G. McLaren and M. A. Redfern, ” Fourier Series Techniques Applied To Distance
Protection ”, Proc. IEE, Vol. 122, 1975, p1301.

[13] H.W. Dommel, J.M. Michels, ” High Speed Relaying using Travelling Wave Transient
Analysis 7, IEEE PES Winter meeting, New York 1978, paper no. A78 214 -9,

[14] D.W.P. Thomas and C. Christopoulos, ”” Ultra — High Speed Protection of Series
Compensated Lines ”, IEEE PES 1991 Summer Meeting, San Diego, California, July
28 — August 1, 1991,

[15] J.G. Kappenman, G.A. Sweezy, V. Koschik and K.K. Mustaphi, ”Staged fault tests with
single phase reclosing on the Winnipeg-Twin cities 500kV interconnection,” TEEE

Transactions on Power Apparatus and Systems, Vol. PAS—101, No. 3 March 1982,

[16] A.D. McInnes and I.LE Morrison, ” Real time calculation of resistance and reactance for
transmission line protection by digital computer ”, IEEE Trans. PAS, Vol. 79, No. 5,

pp. 1546-1551, October 1979

[17] F. Engler, O.E. Lanz, M. Hanggli and G. Bacchini, ” Transient signals and their
processing in an ultra high speed directional relay for ehv/uhv transmission line

protection”, IEEE Trans. PAS, Vol. 104, June 1985, P. 1463

[18] A. O. Ibe and B. J. Cory, ” A travelling—wave based faultlocator for two and three
terminal networks”, IEEE Trans. PAS, Vol. PWRD-I, No. 2, 1986

[19] Y. M. Ko, "Single ended high speed distance relay based on travelling wave
phenomenon”, PhD Thesis UMIST, Manchester 1980.

[20] Fallou, I. A, ”Propagation des courants de haute frequence poly—phases Ie long des
lignes aeriennes de transport d’energie affectees de courts—circuits ou de defauts

d’isolement” Bull. Soc.Franc.Elect., 1932, Series 3, 2, P787

106



