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ABSTRACT

A distance relay as with other protective equipment is
normally tested during.its factory and initial commissioning period
manually, using the coenventional test bench methodﬁﬂ . With the
advent of low-power-requirement solid state relays and minicomputers,
there arises a possibility of automating the relay testing technique.

Such a test program has been written to.assess the static
and dynamic characteristic of a distance relay. An experimental
Mho distance relay was used in the development of the test technique.

The test method is highly automated with all data handling
and processing automatically performed. The test results in the
forms of the relay characteristic locus and opérating time are
finally displayed on the graphic display terminal of the minicomputer.

The proposed automated test technique can lead to valuable
savings in time and expense and as well as increased flexibility

over the conventional method.

iii




ACKNOWLEDGMENTS

The author gratefully acknowledges the help and supervision
he has received from Professor G.W. Swift during the course of this
study without whose guidance and encouragement this work would not
have been possible. The author also wishes to express his sincere
appreciation to the Dean, Professor L.M. Wedepohl, for the numerous
invaluable advice and suggestions. Last, but not least, the author
wishes to akknowledge his gratitude to Professor Lehn, Mr. N.J. Morphy,
and Mr. A.W. De Groot of the Electrical Engineering Department and
Mr. Jim Roik from the Manitoba Hydro for many helpful discussions.

The support provided by the Commonwealth Scholarship Committee
and the study leave granted by the University of Technology Malaysia
are gratefully acknowledged.

I also wish to thank Miss Judith Beard for her skillful

typing of the final copy of the thesis.

iv




TABLE OF CONTENTS

ABSTRACT

LIST OF FIGURES

LIST OF SYMBOLS

ACKNOWLEDGMENTS
CﬁAPTER 1 INTRODUCTION 1
1.1 Principal and Characteristic of a
Static Mho Relay 1
1.1.1 Unpolarized Mho Relay 1
1.1.2 Polarized Mho Relay 5
1.2 Performance Criteria of a Static
Mho Relay 8
1.3 Conventional Testing Method 8
1.4 Computer-aided Methods 9
CHAPTER 2 STATIC PERFORMANCE TEST 11
2.1 Brief Description 11
2.2 Description of System Architecture
and Software 13
2.2.1 System Architecture 13
2.2.2 System Software Support 16

2.3 Device Under Test (D.U.T.): a Static
Mho Relay 17




CHAPTER 3

CHAPTER 4

2.4

2.5

2.6

Simulation of Test Waveforms
Detailed Static Testing Procedure
2.5.1 Main BASIC Program

2.5.2 Assembly Language Subprograms

Results and Comments

DYNAMIC PERFORMANCE TEST

3.1

3.3

3.4

Brief Description

3.1.1 Determination of the Characteristic
Locus

3.1.2 Determination of the Operating
Time Characteristic

Simulation of Fault Waveforms
Detailed Dynamic Testing Procedure

3.3.1 Determination of the Locus of
the Dynamic Characteristic

3.3.2 Determination of the Operating
Time Characteristic

Results and Comments

CONCLUSION AND SUGGESTIONS FOR FUTURE WORK

REFERENCES

vi

21

22

22

28

32

36

36

36

36
39

43

43

49

51

58

61




APPENDIX A

APPENDIX B

APPENDIX C

APPENDIX D

APPENDIX E

APPENDICES

vii

63

73

84

94

96




LIST OF FIGURES

Figure Number Page

1.1 (a) An example of transmission line protection

scheme using a Mho distance relay 2
1.1 (b) Principle of impedance distance measurement 2
1.2 The theoretical characteristic of an

unpolarized Mho relay 3
1.3 Illustration of the characteristics of a

polarized Mho relay for the forward and

reverse faults 7
2.1 (a) Testing system eorfiguration 14
2.1 (b) PDP 11/40 system simplified diagram 14
2.2 (a) Photograph of testing equipment 15
2.2 (b) Graphic and teletype terminal 15
2.2 (c) Manual key input 15
2.2 (d) Experimental electronic relay 15
2.3 (a) Basic block diagram of an electronic Mho

relay using a block average comparator 19
2.3 (b) Mixing circuit using an operational amplifier 19
2.4 (a) Output of mixing unit 20
2.4 (b) Output of coincidence unit 20
2.4 (c) Output of integrator unit 20
2.5 (a) Test waveform relationship 23
2.5 (b) Amplitude of fourier coefficients 23

=

g:; (c) Buffer amplifier and filter ‘ 23

viii




List of figures (continued)

2.6

2.7

2.8

2.9 (a)

2.9 (b)
2.9 (c)
2.9 (d)
2.10(a)
2.10(b)

2.10(c)

2.10(d)

3.1 (a)

3.1 (b)

3.2 (a)

3.2 (b)

3.3

3.4

3.5

3.6 (a)

Impedance locus during steady state test

Flow diagram of main BASIC program for steady
state test

Flow diagram of the Assembly Language sub-
routine "SSCV'" for the steady state test

Typical computer generated test signals
before and after filter

Typical test current and voltage signals
Typical -test voltage and trip signals

Typical output of integrator and trip signals
Mho relay steady state characteristic with I=3A
Characteristic with I=2A

'Dimple’ effect in the characteristic with
poorly adjusted zero crossings of comparator

Characteristic with V & I unfiltered

The simplified diagram of the model of the
transmission line

Typical set of runs establishing one point
of the dynamic characteristic locus

Dynamic test signals

Illustration of relay operating time test

The flow diagram of the main BASIC program to
determine the locus of the dynamic character-
istic of the Mho relay

Flow diagram of the Assembly Language sub-
routine CALL "TACV'" for the Dynamic test of
the Mho relay

The flow diagram of the main BASIC program to
determine the operating time characteristic of

the Mho relay

Typical test voltage and current signals

ix

25

26

29

33

33

33

35

35

35

35

37

37

38

38

44

46

50

52




List of figures (continued)

3.6 (b)
3.6 (¢)
3.6 (d)
3.7 (a)
3.7 (b)
3.7 (c)
3.7 (d)

3.8 (a)

3.8 (b)

3.8 (o)

3.8 (9@)

3.9

3.10

4.1 (a)

4.1 (b)

Typical test signals when the relay trips
Typical current and trip signals

Typical output of memory circuit

Operating time: Polarized and Z 0.7 p.u:

S

Operating time: Polarized and ZS 10 p.u
Operating time: Unpolarized and ZS = 0.7 p.u
Operating time: Unpolarized and ZS = 10 p.u

Dynamic characteristic: Unpolarized, filtered
and max.d.c. offset

Dynamic characteristic: Unpolarized, unfiltered
and max,d.c. offset

Dynamic characteristic: Polarized, filtered
and max.d.c. offset

Dynamic characteristic: Unpolarized, filtered
and zero d.c. offset

Plot of normalized distance to fault as a
function of normalized source impedance for
an unpolarized Mho relay

Plot of a normalized distance to fault as a
function of normalized source impedance for
a polarized Mho relay

Voltage controlled voltage source

Voltage controlled current source

52
52
52
54
54
54

54

55

55

55

55

56

57

59

59




LIST OF SYMBOLS

c(D) The magnitude of current at the I?h sampling instants.

C.T Current transformer.

Cmax Maximum number of cycles of simulated test waveform:

d/dt First differentiation with respect to time.

E Source voltage.

I Integer number between 1 and 20 for number of sample.

IC Magnitude of the exponential component of fault current
at time equal zero.

Iy Fault current.

Iy The amplitude of the steady state fault current.

Ip Transient component of the fault current.

K The constant of the polarizing voltage.

L, The inductance of the fault impedance.

m Number of samples per cycle.

N Number of cycles.

Np The number of cycle at which the relay trips.

P.T. Potential transformer.

Ry Resistance of source impedance.

R2 Resistance of fault impedance.

R3 Fault resistance.

S Input to relay. =

xi




V(L)

V(M)

Time variable.

Sampling time.

Time constant of the system.

Magnitude of voltage at the sampling instant.
Amplitude of the voltage at the nth cycle.
Initial value voltage at N = 0.

Input relay voltaée.

Polarizing voltage.

Frequency in radians/sec.

Trip signal of relay.

Reactance of the source impedance.
Reactance of the fault impedance.
Impedance seen by the relay.

Impedance from the relay position to fault not
including the fault resistance.

Line impedance.
Replica impedance of the relay.
Source impeddnces.
Total system impedance.
System phase angle.
< - oKL
Multiplication factor for voltage in the static test.

Phase angle of the source voltage.

Phase angle between the inputs of the comparator.

xii




CHAPTER 1

INTRODUCTION

Distance rélays such as the Mho relays are used to protect
a section of a power system transmission line. The Mho relay measures
the distance of the inception of a fault from the terminal péint by
monitoring the impedance of the line and comparing it with a preset
value in the relay. The preset value of the replica impedance of
the relay corresponds to the impedance of the section of the line
under protection. The relay recognises the occurrence of a fault
on the line when the impedance it monitors falls to a value less
than the preset value. Subsequently, the relay initiates a trip
signal to the circuit breaker which opens the faulty line. In this
way, the faulty line islprevented from possible destruction due to
the high fault current. The removal of the faulty line may also
prevent the system from swinging to instability. A typical pro-

tection scheme using a Mho relay is shown in Figure 1.1 (a) and (b).

1.1 Principd® and Characteristic of a Static Mho Relay

1.1.1 Unpolarised Mho Relay

The characteristic of a Mho relay was first introducéd by

AiR. Van C. Warringtom [2]. On an impedance diagram, the Mho
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characteristic is a circle passing through the origin as shown in
Fig. 1.2. The area which is inside the circle represents the trip
zone and outside the no trip zone.
The Mho characteristic can be realised by either using a

phase or an amplitude comparator. 1In a typical Mho relay using a
phase comparator, the two inputs to the relay are

S, =V i.n

1

S

o = IpZy - V (1.2)

where

S1 and Sy are inputs to the comparator;

V is the voltage at the relay;

IR is the input current to the relay;

Zy is the replica impedance, a resistance-plus-inductance

built into the relay and through which Iy is passed,
(e.g., Zy = 80% of Z;); and

ZF is the impedance from the relay to a fault location

including the arc resistance.

The phase comparator measures the phase between the two in-
puts to the relay and initiates relay operation when the phase angle
falls te less than ninety degrees (90°). Thus, the criterion of
oﬁération of the relay is

where ”/2 s ¢ < ’J’Z

¢ is the phase angle between the inputs of the comparator. Such

a criterion of operation as illustrated in Fig. 1.2 gives the familiar

circular characteristic of a Mho relay.




1.1.2 Polarized Mho Relay

The principal aspect of a polarized Mho relay is that it has
an extra memory element incorporated into the device.* The memory
element holds the voltage phase information for a few cycles after an

inception of a fault on the line.

Without a memory element, a relay may fail to operate properly
for a close-in or terminal fault since the characteristic of an un-
polarized Mho relay near the origin is a point of an uncertainty.

The point of uncertainty is removed from the origin when the Mho

relay is polarized. The inputs to the phase comparator of a polarized

Mho relay &re
S{ =V+V (1.3
S, = 1,Z_ -V (1.4)

where

VP is the polarizing voltage from the memory element.

The polarizing voltage (Vp) ensures that the phase information
of the relay voltage prior to the fault is maintained for several

cycles after the inception. The voltage feeding the relay which is

obtained through the voltage transformer, may be reduced to zero for
close-in fault but the memory element provides the necessary phase

information in a polarized Mho relay.

¥ "Sound phase polarizing' where the polarizing voltage is derived
from the healthy phases of the line is another commonly used technique.




Suppose the polarizing voltage is given by the following

equation'Eﬂ

where

K may be complex and E is the source voltage.

The inputs to the phase comparator of the polarized Mho relay become

S1 = V + KE
S-2 = IRZN -V (1. 6)

where
Zp is the line impedance from relay to fault and

Zg is the source impedance.

Dividing equations (1.5) and (1.6) by current (IR) results in the

following equations:
Sp' =y - Zp (1.8)

Assuming (1 + K) is real, it is apparent that the characteristic of
the polarized Mho relay [3] is a circle whose diameter is defined by
pointé

Iy = %y

and

N
L]

-(K/ (L + K)Zy)
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In his work, Wedepohl [3] has also shown that for a reverse fault,

the circle has diameter defined by poiants

Zp = -2y

and

- (K/ (1 + K) Zg

Zy

The circular characteristics of the polarized Mho relay for the for-

ward and reverse faults are shown in Fig. 1.3.

1.2 Performance Criteria of a Static Mho Relay

In general, the performance of a static relay is expressed

in terms of Eﬂ

a) its immunity to surges

b) its static and dynamic characteristics .
The surge test attempts to establish the relay's immunity to power
system surges such as those caused by switching and lightning.

The statdic¢ performance test examines the characteristic of the
relay for different wvalues of current levels. This test would assess
the tendency of the relay characteristic to be deformed at low current
levels. The relay's accuracy and operating time under transient fault
conditions are investigated too. This is normally pursued using the

so-called dynamic test.

1.3 Conventional Testing Method

The conventional testing technique'[ll'which is used for a

Lot

relay performance test was first introduced by Hamilton and Ellis [?a.

The test procedure has to be done manually on a test bench. All test




parameters such as voltage, current, phase angles and trip conditions
have to be recorded and processed manually. Such a task can indeed be
laborious, time consuming and expensive too.

In the static test, the current is simply kept constant, but

the voltage is decreased manually until the relay trips. The pro-

cedure is repeated for different phase angles so that the circular
characteristic can be obtained.

In the dynamic test, the test waveforms representative of
typical fault conditions have to be generated under a variety of

conditions such as line length, lime angle, fault resistance, source

impedance and d.c. offset conditions. This could be an added cost
factor to the test expenses. The measurement of test paraméters is
more complicated since the operating time of the relay needszalso:to
be measured and recorded too.

Hence present testing techniques are tedious, time consuming
and expensive and as well may not accurately assess the performance

of a modern Mho relay.

1.4 Computer-aided Methods

Paul, Wright and Cavero [}i] introduced a programmable testing

technique to test a power system protective equipment. The technique
stores simulated fault waveforms on an analogue system analyser and

later the waveforms are reproduced to test distance relays or any

other protective equipment ;.
The programmable testing equipment is not capable of automatic
data handling and processing. All measurements and processing of

parameters have to be done manuaily. It should be noted that the
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whole sequence of the testing procedure is not integrated. Input test

and stored in one locality and reproduced for testing somewhere else.
The proposed automated method in this thesis attempts to
alleviate the shortcomings of the conventional method and that proposed
by Paul, Wright and Cavero. The new automated testing technique origi-
nates from the realisation that the new modern electronic and solid
state relay need only to be provided with information. The operating
power requirement is provided separately and at much réduced level.
The idea leads to the possible application of the minicomputer to
relay testing techniques.
The fault condition is simulated in the computer. Through
the computer interface system, the test waveforms are applied to
the relay on line and the trip signal is fed back to the computer.
All test data are handled and processed automatically. Hence the
characteristic of the relay can be plotted automatically on the
computer graphic terminal, permitting the performancé of the device

under test (D.U.T.) to be assessed.




CHAPTER 2

STATIC PERFORMANCE TEST

2.1 Brief Description

The test voltage and current waveforms of the static or the
quasi-steady stage are assumed to be sinusoidal in mature. This
assumption is consistent with the conventional test-bench method.

The test waveforms are simulated in the computer and are mpplied to
the relay via the 'Digital to Analogue Converrer®/A) of the computer.

In order that the impedance change slowly from a no-trip value,
the test current waveform is kept constant at a specified value while
the voltage is decreased exponentially. The voltage has the following

expression

v = v, - ¥)N (2.1)
where

V(N) is the amplitude of the voltage at Nth

cycle,
¥ is a small constant, e.g., 0.02, and

Vo is the initial value of voltage at N = 0.

It can be easily shown that equation (2.1) has also the following
recursige form

ERRA RO =2

11
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where
V(N 1) is the voltage amplitude at the (N + 1)th cycle, and

V(ﬁ§\ is the voltage amplitude at the (NDth cycle.

The expression in equation (2.2) is used in the test program to
simulates the exponentially decreasing voltage waveforms.

The trip signal emanating from the relay is fed back to the
computer through the 'Analogue to Digital Device' of the computer.
If the relay trips, the computer is programmed to calculate the

apparent impedance seen by the relay according to the following

equation
Magnitude of voltage at NTth cycle
YA ( N;I,) e —— =
Magnitude of current at NTt cycle
7P4(1-£ ¥) T
Vo(lco )N
where

NT is the cycle number at which the relay trips;
Cp is the specified level of current; and

Z(NT) is the impedance seen by the relay at tripping.

The impedance seen by the relay is assumed to be negligible if the
relay does not trip.

Subsequently, the computer transfers the impedance information
on the graphic display terminal. The procedures is repeéted auto-
matically for different phase angles between current and voltage
waveforms until the whole circular locus characteristic of the relay

is displayed.
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2.2 Description of System Architecture and Software

2.2.1 Svstem Architecture

The computer is a Digital Equipment Corporation PDP-11/40 [;,S,é].
The simplified system block diagram is shown in Fig. 2.1. The PDP 11/40

minicomputer which is available at the University of Manitoba's

Electrical Engineering Department, has a Central Processing Unit (CPU),
Core Memory, a Unibus, a Disc storage, a LA 30 Decwriter, a CRT screen
GT 40, and a Laboratory peripheral system. Further illustrations of
test system are shown in Fig. 2.2.

The Unibus is the principé& communication medium of the com-

puter system peripherals. Communication between any two devices is in
the form of a 'Master-Slave' relationship. All device peripherals can
control the Unibus and hence can communicate with each other without
the intervention of the CPU. When the Unibus is reIieyeﬂsbédité its
control, the Central Processor performs other internal routines such as
mathematical and logical operations.

The minicomputer has a 16K core memory. Of this, the operating
system uses 6K of memory locations. The remaining 10K is available
for the user.

The logical and mathematical operations are performed in the

Central Processor. It has eight 16 bit general puppose registers. The
sixth and seventh registers are known as the stack pointer (SP) and the

program counter (PC) respectively. The other six registers are avail-

able for normal programming usage. In addition, there are over four
hundred hardwired instructions available.
Many dg¢vices in the computer can be programmed to control the

. Unibus. This procedure is done through the device-interrupt routine.
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The clock-interrupt in particular, has been found to be very useful
in this work. The former is used to realise the sampling time required
to simulate the test waveforms.

The programs and instructions are normally input to the com-
puter through the terminal called the LA 30 Decwriter. Another form of
input/output peripheral is the CRT screen or what is also sometimes
called the Graphics terminal. The latter is used in this work to plot

the R-X diagram, and the operating-time characteristic.

One of the useful aspects of the minicomputer is that it has a

Laboratory Peripheral system. The D/A channels of the LPS support are

used to apply the simulated test waveforms to the device under test
(D.U.T.). The Lab support alsochas a set of A/D channels, light emit-
ting diodes display, a clock, and a set of relays. The A/D device

is used to receive the trip response from the relay device under test.

2.2.2 System Software Support

- The operating system on the Declab 11/40 is the RT 11 [};] . It
performs all the standard user: requests such as start and stop routines,
and writes new programs onto a disc.

It has been mentioned that only 10K of memory locations are

available in the core at a time. Such limited amount of memory may not
be sufficient for large programs as in this work. Some kind of a storage
economy may thus be desired. The large program which requires more than

the available space is divided into several sections. Only the active

sections of the program are allowed to reside in the core. The rest of
the sections of the program are stored in the mass storage device, the
so-called Disc Storage. Hence, a fairly large program such as the size

of this test program can be conveniently run.
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BASIC [é,;} is the only high level language that is available
on the computer. BASIC has a syntax which is similar to the familiar
FORTIRAN' Langaage. One of the differences between the two languages is
that BASIC is an interactive language.

BASIC can be easily interfaced with an Assembly language
routine. It can perform a routine of which BASIC is éot capable and
thus enhance the overall program capability. This may include the
users' own written programs.

The operating system has an Assembler which enables the users
to write their own routines in Assembly Eanguage. The Assembler which
is called the MACRO, produces object modules in Assembly language from
the user input ASCII format. The Lipggggg Editor (LINK) program
takes a group of BASIC object modules and the users own object modules,
if available, and links them together to produce a main machineé language
program. Another program that is available in the operating system is
the Text Editor (EDIT). It is used to write and input all assembly
language programs into the computer and can also be used to write

BASIC programs.

2.3 Devicée under Test (D.U.T.) - a Solid State Mho Relay

The experimental electronic mho relay which is used to test
the technique developed was constructed by A.W. Degroot. The design
of the relay was assisted and advised by Professor L.M. Wedepohl.

The additional memory element was incorporated by Professor G.W. Swift
and A.W. Degroot.

The block diagram of the static Mho relay is shown in Fig. 2.3

(a2). The block average comparator was preferred over the block instan-
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taneous comparator and the pulse comparison type in the design of the
relay. The block average comparator [?,14] is well-known to have good
immunity against transient offsets and surges. Also, the minimum
operating time [}4] of the comparator can be designed to be one-half
of the power frequency period without incurring transient overreach
and without requiring special filtering circuits in the input signals.

The mixing circuit used an operational amplifier as the
analog signal processor. The circuit configuration is shown in
Fig. 2.3 (b). The replica or the mimic impedance is realised by
setting the impedances Zl1, Z2, Z3, Z4 and Z5 to some specified values.
The detailed derivation of the necessary conditions is given in the
Appendix A. The outputs of the mixing circuit are the following
Signals:

S1 =1z, -V

V + Vp

52
where
S; and Sy are the outputs of mixing circuit unit;
I and V are fault current and voltage respectively; and

Vp is the polarizing voltage.

The coincidence circuit produces standard output pulses
which are positive when the input signals (S; and S,) are of the same
polarity and are negative when they are of the opposite polarity.

A typical output is shown in Fig. 2.4 (b).

The output of the coincidence circuit is fed to the integra-
ting circuit. The integrating circuit produces an output which in-
creases linearly when the input pulse is positive and falls at the

same rate when the polarity reverses as shown in Fig. 2.4 (c).-
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The final element of the relay is a level detector which
switches when the integrator output exceeds the set level and resets
when the output of the integrator falls below the reset level. This
is illustrated in Fig. 2.4 (c). Jackson, Patrikson and Wedepohl [}4]
suggested that the optimum set level of the detector is about two

thirds of the maximum integrator excursion limit.

2.4 Simulation of Test Waveforms

In this static test, it is necessary to generate simulated
voltage and current signals. The generated waveforms have a 'staircase'
shape as shown in Fig. 2.5 (a). Obviously when the sampling period
is infinitely small, the simulated waveforms approach the ideal
simusoid. However, the minimum sampling time or the maximum number
of samples that can be used is limited by the amount of memory locations
that are available in the minicomputer. In their literature, Mann
and Morrison [}5] and Rockefellor [26] recommended a sampling time
of 0.5 msec® For the present work, it is decided that a sampling time
of 0.833 msec of Ew;nty samples per cycle is sufficient. At this sam-
pling rate, the magnitudes of the 19th and 21St harmonics are each
about five percent. The table in Fig. 2.5 (b) gives the summary of
the harmonic contents for several typical sampling rates. It can be
shown that [}%]-the harmonics occur at frequencies

(WM + 1)60 Hz for N=1,2 ...
with corresponding amplitudes

1
MM + 1

*
Their work was, however, concerned with signal detection rather than

signal generation.
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where ;

M is the number of samples per cycle.

The test waveforms are filtered to reduce the harmonics using
the conventional RC filter as shown in Fig. 2.5 (c). The filter has
an added advantage in that it also provides a buffer between the com-
puter and the relay, and prevents possible loading of the D/A. The
details of the filter design are given in the Appendix D. The filter
causes a phase shift of about -21°:. However, two identical RC fil-
ters are used for the voltage and current chanmnels. Hence, there is
no relative shift that could cause possible error, being introduced to
the relay by the filters.

Tt should be made clear at the outset that the "current"
waveform to the relay is really a voltage. In other words, the relay
uses a voltage proportional to current, generated by the computer, as
its "current" input. ‘For some relays, it may be necessary to use
voltage-controlled-current-sources (large operational amplifiers) to

provide current to the relay under test.

2.5 Detail Procedure of Testing

2.5.1 Main BASIC Program

The flow diagram of the main BASIC program of the steady
state test is shown in Fig. 2.7. The main program in BASIC starts
with the initialization of the graphics for the display of the R-X
characteristic of the Mho relay under test. The initialization
routine is stored and saved separately as a display file. The display
file is called once during each run and is subsequently removed from

the core to save store locations.
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The main program proceeds to request the input parameters
such as the level of test current, the phase angle between current
and voltage and the number of iterative 'revolutions'. The phase
angle input specifieé the phase angle of the impedance in the relay
R-X plane.

Owing to the fact that the waveform of the voltage and current
that are used in the test is periodic in nature, the program is only
required to compute the initial ‘gyclecof thertestewaveforms. .

The expressions defining the twenty samples of the first cycle of the

simulated waveforms are:

C(1) = Gy Sin (WTy - §) D Tp < 201
W

\Y

V(1) 0 Sin (WTI)

where
I is the integer number between 1 and 20;
C(I), V(I) are the magnitude of current and voltage at the
sampling instances respectively;
Co> Vg are the amplitude of the initial current and voltage
respectively;

T, is the sampling time; and

I
¢ is the phase angle.

The decreasing amplitude of the voltage test waveform is
simulated in the Assembly Language subprogram. The magnitude of the
current is kept constant at a specified level. The magnitude of the
test waveforms can only take values betweent@e@oaaﬁdffivevvbiis. This
constraint is placed by the D/A device of the Lab peripheral system

of the computer.
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The D/A device holds the last value of the signal it received
until a new numerical value is sent to its buffer. Hence, it is
necessary to ensure that the outputs of the D/A channels are at zero
voltage level before the test waveforms can be applied to the relay.
This procedure of resetting the relay is incorporated in the subprogram-
"CLR" and is écéésséd from the main program.

The main program then requests for the second Assembly sub-
program via a command CALL "SSNV" (C, V, N, X), where

C and V are the array containing magnitude of voltage and

current samples;

N is the number of cycles of test waveform applied to relay; and

X is the state of tripping condition (1 or 0).

The Assembly subroutine "SSEW" applies the generated test voltage

and current waveforms to themreiay. The subroutine also checks for
tripping of the relay and stores the number of cycles of test wave-
form applied to the relay before returning to the main calling BASIC
program. The flow diagram of the Assembly program is shown in Fig. 2.8
and further detailed treatment of the subprogram is given in the next
section.

The main program now has all the necessary information to
prepare for the graphic display. The impedance at which the relay
trips, is computed from the tripping condition and the number of cycles
of test waveform applied to the relay. This impedance corresponds to
a point on the boundary or locus of the characteristic of the Mho
relay.

Simulation of the decreasing voltage but keeping the current

constant in the test program corresponds to the movement of a point
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at an angle towards the origin in the R-X impedance plane of the relay.
The graphic display support is used to simulate this impedance movement
during each iterative run. A special subroutine in the Assmebly
Language written by N.J. Morphy [}@] is employed to simulate the move-

ment of the impedance points in real time.

The impedance angle is then incremented by 50° and the "sec-
ond run'" starts. The diagram in Fig. 2.6 illustrates the first four
runs of the test.

After seven runs, each of which takes only a few seconds, the

general shape of the circular characteristic is apparent. The eighth
run is at 400° or 40°, the ninth at 90°, and so on. After five
"revolutions" the full characteristic is plotted, with points at
10° interval.

Of course, the increment in the impedance phase angle and
the number of revolutions are under program user's control and need
not be 50° if desired. The listing of the main BASIC program is

given in the Appendix B.

2.5.2 Assembly Subprograms

There are three specially written Assembly subroutines which

are used in conjunction with the main BASIC program for the steady
state test.
One of the Assembly Language subroutines [5,7,51 is requested

from the main BASIC Program via the command, CALL "CLR". This

Assembly subroutine which is labelled as "CLEARX' resets the relay.
Its input voltage and current are restored to zero level. This is

achieved by transferring into each of the buffers of the D/A devices
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a numerical value of 2048. Depending on the magnitude of the last
value of the outputs of the D/A devices, the process of resetting

the zero voltage level may cause relay false tripping. Hence, it

is necessary for the Assembly subprogram, labelled as CLEARX to

wait until the relay reverts back to the no-trip conditions. Sub-

sequently, the program pointer transfers back to the main BASIC
calling program. The program listing of the Assembly subroutine is
given in the Appendix B.

The command, CALL "'SSNV'" (C, V, N, X) in the mdin program

requests the Assembly Subprogram which is labelled as 'JAMAL'. Tts
flow-diagram is shown in Fig. 2.8. The Assembly subroutine is
accessed from the main calling BASIC program through the special
System Function Table [%, 7]}

The first part of the Assembly subprogram 'JAMAL' checks for
the syntax of the argument of the call statement, CALL "SSNV" (C, V,

N, X). Then, the sample and cycle counter, interrupt procedure and

3
clock registers are set according to the requirements of the test.
When clock is initiated, the Assembly subprogram enters into

an idle mode waiting for the clock to interrupt. The first voltage

and current samples are fed to the relay through the D/A's upon re-

ceipt of the clock interrupt. Before reverting back to the idle
mode, the sample counter is incremented and the locations of the data

are updated. The run is repeated for several cycles without checking

for relay tripping. This routine ensures that the relay is properly
brought to a steady state condition.
The test sequence then continues with the voltage being de-

creased exponentially until the relay trips. After each clock interrupt,
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the magnitude of the voltage for the next cycle is also computed
and stored in the same location. In addition, the relay is checked
for tripping. The magnitude of the voltage for the next cycle is
computed using the following expression:

VI(N-'+ 1) = VI(N) *# (1 -7%)

where
I is an integer number between 1 and 20 representing the

sample number;

Vi(N + 1) is the magnitude of the voltage at the sampling

time ty in the (N + 1)th cycle;

VI(N) is the magnitude of the voltage at the sampling time
ty in the (N)th cycle; and

(1 - ?r) is the constant multiplier which has the value of

0.981 in this test program.

The detailed derivation of the multiplication factor is given in the
Appendix E.

The storage requirement for this steady state test is small
because the test waveforms are taken as pure sinusoids. The same

memory locations are used to store the samples of the next cycle.

Hence, only twenty memory locations are required for each test

waveform.

The present minicomputer PDP 11/40 does not have a hardware

multiplier. All multiplications are done through the operating system
sdftwgre. The software multiplier is too slow for the present re-
quirements of the test program. The multiplication in the Assembly
program which is labelled as 'JAMAL' is realised using a combination of

adding and shifting the register containing the data.
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The Assembly subprogram returns to the main BASIC calling
program when -

a) the relay trips, or

b) all the specified number of cycles (Cp,,) of the simulated
test waveforms are applied to the relay. The relay is then assumed to
have not tripped.

The listing of the Assembly_program is given in the Appendix B.

The third and last Assembly subprogram which is used in con-
junction with the main BASIC program is labelled as 'TMEX and TMRX'.
It was written by N.J. Morphy of the computer centre. The subprogram
is used to simulate the movement of the impedance point on the R-X
plane of the graphic display in real time. The listing of the sub-

program is given in Appendix B,

2.6 Results and Comments

The test waveforms are simulated and generated using a samp-
ling rate of 20 samples per cycle. The diagram in Fig. 2.9 (a)
illustrates a typical test waveform. It comprises a series of steps,
each occurring for a duration of the sampling period which is 0.833
msec. The test waveform is Similar to the output of a 'zero order
sampling and holding' device [}é] with a sinewave as the input. The
other waveform is the resulting filtered waveform using the RC filter.
It is typical of the test waveforms that are applied to the relay.

In the performance test, the input current level is kept
constant, while the voltage is decreased exponentially. The diagram
in Fig. 2.9 (b) exemplifies the typical test voltage and current

waveforms. When the relay is found to have tripped, no more test
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waveforms are applied and the program pointer reverts back to the

main BASIC program. The diagram in Fig. 2.9 (c¢) illustrates a tripping
condition of the relay. The trip signal is initiated when the output
voltage level of the integrator falls to less than the preset value.
Such condition is shown in Fig. 2.9 (d).

When the test is rum, the program initially requests the test
current level andrthe iterative specifications. When the computation
starts, the points on the circular characteristic of the Mho relay in
the R-X plane are plotted automatically on the graphic display of the
computer. The pictures in Fig. 2.10 (a) and (b) are typical of the
results. It is noticed that there is some reduction in ithe size of
the circular characteristic with the smaller current level. This may
be attributed to the sensitivity of the relay to small current level.

The test program illustrated one of its virtues when it de-
tected the imperfections of the experimental static relay in the first
test run ever attempted automatically. The defect manifests itself
in the form of a 'dimple' in the circular characteristic of the relay
as shown in Fig. 2.10 (c). The 'dimple' effect can occur for instance
if the zero crossings of the relay comparator are not adjusted
properly.

The picture in Fig. 2.10 (d) shows the same circular charac-
teristic of the relay but with the filters removed. There appears
to be a 3light reduction in size of the characteristic and hence
filters may be désirable for the test.’ |

Hence, the proposed automated testing technique can be
utilized to establish the static performance of a solid-state Mho

relay.
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CHAPTER 3

DYNAMIC PERFORMANCE TEST

3.1 Brief Description

3.1.1 Determination of the Characteristic Locus

The determination of the characteristic locus of the Mho
relay enables its accuracy under transient fault conditions to be
assessed [?,1%]. A simplified model of a single phase transmission
line initially on no-load as shown in Fig. 3.1 (a) is used to simulate
the fault Wavéform conditions. In this test, only the impedance
characteristic of the first quadrant is determined. The locus is
found by simulating a fault at a fixed distance but with varying
fault resistance. When the point on the boundary of the characteris-
tic is established, the point of inception of fault on the line is

moved to another position. The diagram in Fig. 3.1 (b) illustrates

a typical routine. The procedure is repeated until the section of
the locus of the dynamic characteristic of the Mho relay under test

in the first quadrant of the impedance is plotted.

3.1.2 Determination of the Operating Time Characteristic

It is imperative that the operating time performance E;,l{‘

of a Mho relay under fault conditions be appropriately checked. The

36
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operating time is found by simulating fault inceptions along the line
from outside the protected zome (the no-trip zone) right up to the
relay location. A similar simplified model of the transmission line
as shown in Fig. 3.1 (a) is used. However, the fault resistance is
assumed to be negligible. The diagram in Fig. 3.2 attempts to illus-

trate the test procedure.

3.2 Simulation of Fault Waveforms

In a digital simulation as in this work, it is, at first
glance, apparent that a numerical technique is the best form of analy-
sis. The dynamics of the system under consideration are represented
by the differential equations and can be subsequently solved by the
numerous numerical methods and routines that are available such as
Euler's and Runge-Kutta methods [ié]. However, the accumulated
errors inherent‘in these techniques are quite substantial unless high
order sophisticéted numerical techniques are employed. Before this
approach was pursued further, it was realised that because of the sim-
plicity of the system model as shown in Fig. 3.1 (a), a direct analyti-
cal solution of the fault current and voltage waveforms is possible.
Hence, it was decided to use the direct analytical approach.

In the simplified transmission line system model, the following
assumptions are made:

a) Capacitance to ground is neglected, thus the relay sensi-
tivity to higher harmonics is not determined.

b) that a fault arc is assumed linear. It is well-known that
a fault arc is nonlinear [?], but the added computational complexity

did not seem justified.
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¢) A no-load condition exists prior to the fault.

With reference to the diagram in Fig. 3.1 (a) and using the
basic theory of differential equations, the following voltage and
current equations are established:

Ly = IcExp (-t/T)

where
VS is the source voltage;
Igg is the steady state component of the current after the
inception of fault;
IT is the transient component of the fault current;
IC is the magnitude of the exponential part of the fault current
at time zero;
Vy is the amplitude of the source voltage;
Iy is the amplitude of the steady state fault current;
€ is the phase angle of source voltage;
Oﬁis the system phase angle;
t is the time wvariable;
T is the time constant of the system; and
W is the system power frequency (/120ffridians )

The fault current is easily deduced and has the following form -

=1 +
I,=I +1I

F SS
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and hence,

Ip = IgExp (-t/T) + L,Sin (Wt +© - o) 3.1)

At the inception of fault when time is zero, the fault current
(IF) is negligible. Thus, the initial value of the fault current

(Iz) is as follows:

Io = "Iy Sin (€& -&K) (3.2)

Hence, the following expression of the fault current is obtained.

H
]

. IM{Sin (We +© - ) - Sin (© - &) Exp (-t/T)}

In {Sin (Wt) Cos (& - ) + Sin (& - L) [Cos (We)

- Exp (—t/Tzl} (3.3)

The amplitude of the fault current has the following form:

V
L, = M

M g
| ]
where

ZT is the maghitude of the total system impedance.
The total system impedance is given by

ZT = ZS + ZF + RF

where
ZS=(R1 + JXP is the source impedance;
ZF=(R2 + jX2) is the fault impedance; and

RF=(R3) is the fault resistance.
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It follows that from the expression in equation (3.4), that the

magnitude of the system impedance has the following form:

ZTI = ERl + R, + Ry)2 + (X + XZ)Z:I%‘J (3.5)

Substituting /3= € - o, equation (3.3) becomes

Ip = IM{Sin (Wt) Cos (Ia) + Sin (B) [COS We) -
- Exp (—t/?ﬂ ‘ (3.6)

With reference to equation (3.6), the two conditions for maximum
and minimum d.c. offset are as follows:

a) A maximum d.c. offset is obtained in the fault current
when Sin (,B) = -1 or ﬁ = 270°.

b) A minimum d.c. offset is obtained in the fault current
when Sin (B) =0 or /8 = 0°.

In the dynamic test, it was decided to keep the d.c. offset
component of the fault current at a constant level. This implies
that the phase angle of the source voltage must be adjusted continously
depending on the value of the fault resistance. In the special case
to determine the operating time of the relay the fault resistance is
kept. zero and hence, the phase angle of the source voltage need only
to be set once during the initial part of the test. The phase angle

of the source voltage is given by the following expression:
S =/8 + oK 3.7
The value of the system phase angle (e€) has the following form:

= Arctan [?Xl + Xz)/(R1 +R, + R%ﬂ (3.8)
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Using the usual basic circuit theory, the expression for the fault
voltage is easily determined.
Vg = IF(RZ + R3) + ng_(IF) (3.9
dt
where
Vp is the fault voltage waveform; and

L, is the inductance of the fault impedance.

Substituting for the fault current (Ip) in equation (3.9) gives

Vg = Ig(Rp + R3) + Ly IM{W Cos (ﬁ) Cos (Wt) + Sin (/B)

[1/T Exp (-t/T) - W Sin (Wtil} (3.10)

The current and voltage expressions as given in the equations (3.6)
and (3.10) respectively, are used to simulate the fault conditioms
for the dynamic test. Typical test current and voltage waveforms

are shown in Fig. 3.2 (a2) and 3.6 (2).

3.3 Detailed Dynamic Testing Procedure

3.3.1 Determination of the Locus of the Dynamic Charactéristic

The software support that is required to determine the locus
of the dynamic characteristic of the Mho relay entails the use of
BASIC and as well as the Assembly routines. The general structure
of the BASIC and Assembly programs dse similar to that which is
used for the steady state test.

The flow diagram of the main BASIC program is shown in
Fig. 3.3. The main BASIC program initially requests for:

a) a starting line (fault) impedance somewhat greater than

the anticipated replica impedance ZN;
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b) maximum or minimum d.c. offset;

c) Zg to Z; impedance ratio; and

d) initial fault resistance for the first iterative run.

The main BASIC program then initializes the graphic display for the
plot of the R-X plane of the relay.

Next, the test current and voltage are generated. A certain
number of cycles of prefault current and voltage waveforms is necessary
to bring the relay to proper steady state condition. In the actual
test it was felt that three to five cycles of the prefault test
waveforms are sufficient. Since the system is assumed to be initially
on no-load prior to the fault, the prefault current is zero. The
prefault voltage waveform is generated using the following expression

derived earlier:
V(I) = VMSin (WtI +9)

where
V(I) is the magnitude of prefault voltage at sampling instances;
and
I 1is the integer number between 1 and 20.
The phase angle of the source impedance has been shown to be dependant
on fhe system phase angle ﬁhich in turn is related to the fault resis-
tance. Hence, during each iterative run the system phase (&) needs
to be computed so that the phase angle of the source voltage .can be
determined. The source voltage and prefault voltage have the same

expression for the case of no-load prior to the fault.
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The fault current and voltage are generated using the fol-

lowing expressions which were derived earlier.

C(I) IM{S:'Ln (Wty) Cos (/B) + Sin B Cos [(WtI) Exp (-tI/T)]}

V(D) = c(D ®,+Ry) +1L, IM{W Cos (B) Gos (Wt ) +

Sin (IG) E/T Exp (-tI/T) - W Sin (WtI]}

The relay is reset when the main BASIC program calls for
the Assembler subprogram 'CLR'. The routine ensures that the relay
input conditions are at zero level and the relay condition is at
no-trip.

Once the relay is reset, the simulated and generated waveforms
of the fault conditions are applied to khe relay. As in the steady
state test, an Assembly subprogram transfers the stored data of the
samples of the simulated test waveforms to the D/A's which are connmec-
ted to the input channels of the relay. The test waveforms are
filtered too.

The Assembler subprogram which is accessed via a command,

CALL "TACV" (C, V, N, X) is similar to that which was used for the
steady state test. The flow diagram is shown in Fig. 3.4. 1Its
listing is given in Appendix C., The Assembler subprogram begins with
the checking of the syntax of the argument of the call statement,
CALL "TACV" (C, V, N, X). Then the interrupt procedure, the sample
and cycle counter and the clock registers-are set according to the
requirements of the test.

When the clock is initiated, the Assembly subprogram enters

into an id%é mode waiting for the clock to interrupt. The first
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samples of the voltage and cﬁrrent are applied to the relay upon re-
ceipt of the clock interrupt. Next, the relay is checked for trip-
ping. If the relay trips the program control returns to the main
BASIC program. Otherwise, the sample counter is incremented and the
address of the next locations of the sampled waveforms are updated.
Subsequently, the program reverts back to the idle mode. Similarly,
the rest of the test waveforms are fed to the relay. The program
pointer returns to the main calling program either when the relay
trips or the whole of the simulated waveforms have been applied to
the relay.

When the main BASIC program regains control, it places a
temporary point on the R-X plot of the graphic display corresponding
to the particular value of the fault resistance. The value of the
fault resistance for the next iterative run is calculated using its
previous value and the trip conditdon of the relay. The run is re-
peated with the newly established value of the fault resistance until
a sufficiently accurate point\on the boundary of the locus of the
dynamic characteristic is found.

In the actual test program, the incremental fault resistance
is reduced by half for the next rum. Seven runs are used altogether
and this ensures that the horizontal resolution in the impedance
plane is one part in 128 or less than 1% of the initial fault resis-
tance [}Z]. The diagram in Fig. 3.1 (b) attempts to illustrate a
typical set of runs.

The value of the line impedance is then reduced (by say 10%)
and the whole process is repeated to establish another point on the

characteristic. The test is complete when the portion of the charac-
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teristic in the first quadrant of the relay's R-X plane is established

on the graphic display.

3.3.2 Determination of the Relavy Operating Time Characteristic

The flow diagram of the BASIC main test program is shown in

Fig. 3.5. 1Its structure is similar to that which is used to determine

the characteristic locus of the relay.

A faultiis.applied on-thé line of 5;¢,1 Gt e
the simplified system as shown in Fig. 3.1‘(a). An additional
assumption is made here. The fault resistance is assumed to be
negligible. The fault current and voltage waveforms are computed
using the expressions in equations (3.6) and (3.10) respectively,
with the fault resistance assumed to be zero.

The test waveforms are applied to the relay via the Assembly
subroutine "TACV". The flow diagram of the Assembly subroutine has
the same structure as that which is used for the 'locus' dynamic
test. The outputs of the D/A's are filtered using the RC filter
before they are fed to the relay.

The program counter returns to the main BASIC test program
either when the relay is tripped or when the whole generated test
waveforms is applied to the relay. When the relay trips, the infor-
mation regarding the number of samples and cycles at the instant of
tripping are transferred to the main program. If all the test wave-
forms are applied, the relay is assumed not to have tripped.

The operating time of the relay is computed from the sample
and cycle counters data. The operating time i§ plottedzagainst the

line impedance (fault) on the graphic display. If the relay has




INITIALISE GRAPHICS
FOR R-X DIAGRAM

SET Zg,%p,Ry,D.C OFFSHT

Y

GENERATE PREFAULT C&V

GENERATE FAULT C&V

RESET RELAY-CALL 'CLR'
APPLY C&V TO RELAY«
CALL 'TACV'(C,V,N,X})

DOES \_ NO
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The flow diégram
of the main BASIC
Program to deter-
mine the operating
time characteristic
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RIP
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INITIATE GRAPHIC DISP-
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TIME ¥ Z_ A

YES
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not tripped, the corresponding operating time is assumed to be in-
finite and no graphic display is initiated. A teletype output of the
operating time, corresponding fault impedance, source impedance,
cycle and sample counter is also produced.

The procedure is repeated for different fault impedances

until the operating characteristic of the Mho relay is displayed

on the graphics terminal of the computer.

3.4 Results and Comments

The first dynamic test which determines the locus of the
dynamic characteristic of the relay has a facility which enables the
d.c. offset condition of the test waveforms to be specified in the
initial part of the test program. Typical test waveforms are shown
in Fig. 3.6 (a) and (b). In the prefault stage, the current is zero
since the system is assumed to be initially on no-load. Three M
cycles of voltage waveforms are simulated before the fault is applied.
The maximum fault duration is sixteen cycles. The diagrams in Fig.
3.6 (b) and (c) illustrate typical tripping conditions of the relay.

The trip signal is shown in Fig. 3.6 (c).

The accuracy of the relay under transient fault conditions
can be assessed from the locus of the dynamic characteristic. A
typical plot of the locus in the first quadrant of the R-X impedance

plane is shown in Fig. 3.7 (a). The characteristi¢ -of the relay

under test is sensitive to filtering as shewn in Fig. 3.7 (b), where
the RC filters are removed. The plots in Fig. 3.7 (c) and (d)

illustrate the cases of polarization and zero d.c. offset.
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Typical test voltage and Typical test signals
current signals (max d.c when the relay trips.
offset). .

(a) (b)

Typical current and
trip signals.

(c)

Typiéal~output of memory
circuit and test voltage
signal. 3

(d)

Fig. 3.6
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The operating time performance test enables the speed of
operation of the relay under transient fault conditions to be
checked. The pictures in Fig. 3.8 (c) and (d) are typical of the
operating time characteristic when the relay is unpolarized. The
plots clearly show the point of uncertainty at the relay position.
For a terminal fault, the relay would possibly not trip, especially
for large source impedance.

The diagrams in Fig. 3.8 (a) and (b) attempt to illustrate
the effect of polarization on the operating time characteristic.

The operating time of the relay at its position is now definite and
well-defined even for fairly large source impedance.

The plot of Zg/Zy versus Zp/Zy of the relay has been utilized
to check its inherent weakness and defects [}4]. Typical of such
plots of the experimental relay uander test are shown in Fig. 3.9 and
3.10.

Hence, the proposed automated technique permits the assess-

ment of the dynamic performance of the relay too.




Dynamic characteristic.
Unpolarised, filtered,
and with max d.c offset.

(a)

Dynamic characteristic.
Polarised,V and I filtered
and max d.c offset.

(c)

Dynamic characteristic.
Unpolarised,V and I
unfiltered and max d.c
offset.

(b)

‘Dynamic characteristic.
Unpolarised, V and I
filtered but zero d.c offset.

(d)

Fig.3.7
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Operating time ¢ 2.. Operating time ¢ Z_.
Polarised and ZS is 0.7 p.u Polarised but Zsis large
10 p.u '

(a) (b)

Unpolarised and small Z
0.7 p.u

Unpolarised but large 2

10 p.u S

(c) | (@

Fig. 3.8
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CHAPTER 4

CONCLUSION AND SUGGESTIONS FOR FUTURE WORK

In this work, an automated technique to test a protective
relay has been presented. The software support for the static
test is developed in Chapter Two. The test routine for the dyna-
mic test is formulated in Chapter Three. The test results are
automatically displayed on the graphic terminal of the minicomputer,
permitting immediate on-line evaluation of the performance of the
relay under test.

In addition, to the short tuwmnover test time with the con-
sequential cost saving, there is also increased flexibility over
the cnnventionai’method.

The main- limitation of the proposed method is that it
assumes the availability of a minicomputer. However, the present
modern minicomputer is so versatile and powerful that its acquisi-
tion may be justified ultimately.

Even though it is ideal for solid state protective relays,
the technique can as well be used to test the classical electro-
mechanical relay. 1In such a test, a power amplication interface
between the minicomputer and the relay is required. In cases where

the relay requires actual input current, the circuit configuration

58
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in Fig. 4.1 (b) may be used. The diagram in Fig. 4.1 (a) illustrates
a possible amplification circuit for the voltage channel.

The biggest limitation of the present test equipment are
space (core memory) and speed (computer multiplication time). A
link to the large IBM 370 computer and an addition of a hardware
multiplier will permit more sophisticated testing such as:

a) the effect of transmission line capacitance to ground;

b) three phase simulation so as to find the effect of faults
in other phases and 'sound phase polarizing';

c) the representation of nonlinear fault arc resistance; and

d) the effect of system power swing.
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- APPENDIX A

DESCRIPTION OF THE CIRCUIT CONFIGURATION OF

" THE MHO RELAY

This appendix describes the detailed circuit
configuration of the Mho relay ‘which is used to run.the test
programs. The block diagram of the relay is shown in
Fig. A.l., The diagramﬁ'in Fig. A.2 attempts to illustrate
the signal processing unit in the initial part of the
relay. The block average comparator is?refet;@d; and the
circuit diagrams of the relevent parts of the compérator
are shown in Fig. A.3 and Fig. A.4. The integrator and
the %rigger circuits are shown in Fig. A.5. The memory
circuit is éhown in Fig. A:6.

With reference to the diagram in Fig. A.7, and
using the conventional mesh current analysis, the following
voltage expression is established.

Vi-vT o, VoV _ Vv (a.1)

Z7 22 Z3

where,
IN
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VA
+ N 5
Vv = V3
Z4 4+ Z5
. _ vy -V
1 Zl
_ V2 -V
I =
2 A
2
v - v,
13 = ,
3
— +
VO = A (V v )
I3 = 12 + Il

Upon simplification, equation (A.l) becomes

Vi/Zq + Vo /Ty = Vi/Zy = -V [ /24 +

l/zl + 1/22-+ 1/23J
A

where,

1/2., = > [ 1/2, + 1/2, *+ 1/23]
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Hence,

| -V Z3/Zl -V, Z3_/Z2 + V3 Z3/ZT
v = : : (A.2)
1 + 1 + z3/Z + Z3/Z2

A

The : expression in 1‘equation (A.2) is used to realise
the inductance of the replica: impedance (ZR) of the relay.
The differentiating circuit is shown in Fig.A.7.2

Tts transfer function has the following form.

ijCd

H Gw) =
1+ JWR4Cq

The cutoff ffrequehcy is set at I80 Hz. The following

parameters are subsequently deduced.

1./RdCd =  2mI80
= 1
Cq /377R
Ry = 0.333R
Z = R+ Ry + l;/jWCd
= 1 /4 =
Ze Rg+ 1./3wCy Z,
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APPENDIX B

This appendix gives the listing of the main BASIC program,
the Assembly Language subprogram and the System Function Table of
the static relay test. The BASIC main program is accessed via the
command OLD "JJSS2'". When the test is run, the program requests
for the relay input current level and the angle and number of revo-
lutions for the iteration. The Assembly Language subprograms
which reset the relay, apply the signals to the relay and simulate
the time are listed under the title JJSCON. The BASIC version
Wh%Ch contains the main test program and the Assembly subprograms

)

is called JJSS2.
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178 B 11
ol 0
[

J1

ERRSYH

ERRARG

e
-,
M
-~

[x]

=1
E-e -

ENEE RN
Doyl

DoUN

o)
X
w3
P o]
[ O R 8

EHIvELLE

INTSIG

CRZ2).

Ef1vEdic
-4

!F SEHFLTRLZZ

[
o
o
[xn}
ol

.
. T )
1

fun}
L
[xx]
=

aa T DO

ey g TR e @ AR e T
o3k Lel 3
o
- @
T
JFe
o Al
Pl

= b

.
£,

f"|

s LR

@ELTESS

4

@ T4

@#1?a4cc'

Ill__,.l

[
~

ERROR"

35!

i ADDRESS OF
SBETTING CORRECT LOCATION
s ADDRESS OF
s GETTIHG
s HUMEER OF

s INITIALISE
PINTERRURPT

i INTERRUFT
i SET RAD

'.&

adEse s CLOCK
14 i DTHRET
sMAIT
3 GO FINE

i STOF
s CLERR ERROR FLAG
s MOYE DATA FROM REBISTER

G PRINT EREQOR

; CHECK
IF HOT.
; QUPUT SAMFLED CURREHNT

s OUPUT

;i TEST FORE HAD
;IF S
s CHECKE IF

T sSET LEWEL
; CHECK
s IF HNOT.

; TRANSFER
FSKIF FIRST o

78

CURRENT AREAY

YOLTAGE FRRREAY
CORRECT LOCATION
SAHMPLESZCCOUNTERD
COUNTER SAMFLES
YECTOR-REOQUTINE RALRDE
YECTOR-FPROCESSOR ABDE
STATUS REGISTER-TLEK OVFL

COUMTER SET=. SXZMSEC
CLOCE AT 4FHZ '

UNTiL INTERREUPT

WAIT AGARIH

i SYH ERROR

i ARG ERROR

ELUCK

FEG

IF LAST bAA DONE
MAIT TILL DONE

SAMFLED YOLTHGE

OF RELAY ZET
G0TO EREQOR HFSG

LRZT RS LiaME

FOr TEIF

TRIF

GOTO JE ,
TRIF SI1G TO K8
CYCLES

Fok

JERANCH TO QUTPOT ROUTINE




J3:

—-‘
pea

[n B b o R e s

M= L e L

CHF
EGE
cHe
CHF
DED
ELQ
RT1
T=T
TsT

Moy
Moy
SUR
EFL

"HEG

NEG
Moy

CLR

'_‘j_‘t";l:lIx bos s e S o Wb o et e 5 B |
[l i a]

Ly B B wc IR Wy BT B we B W S 0 B o
]

-l

L

_ROL -

RGO
ALC
ACRD
Moy
Moy

P B RS Ao el el sl sl sl all el Sl

om oA
o Ry W RN |

v L

o
-

ECLCR. #5
J 4

[P%)
-
a3
- e

W fa L) 1) 3 b T
Loy B o]
R

e B i

FEE;

F4 FE -1
(1]

B4

Ed. RESYL

. RESZ

R4

RS

R4

RS

R4, RES1
RESZ
RS. RESZ
RESL. R4
RESZ. RS

R
RS
R4

R

F:
R

FC
R4
=
SSRY+
L4

RS
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;UFDATE SIGHAL ARDRELS

JUPDATE CURRENT LOCATION
;oInitArRLY

s RULT YOLTAGE SAMPLE BY @ 221
sOBTAIN AES WALWE OF SAMFLE
s TEST FOR SIGH

sFRACTOR 1
s DOUELE PRECIZION HD[ITIHH
; THE SECOND MORD OF EESULT

;FACTOR OF 4

FRCTOR OF 1%

‘e

FUT CRERY EBIT INTO K3

*ns

G FACTOR OF &4

sRESL & RESZ CONTAHINS MULT &3

sDIVISION BY. 2 TO POMER 11

: CHECK FOR
FF

SIGH
;i 1F HEG. IKE FPSITIY




o
iy

FRORE:
FEOR

HY

LFORC:
CCLOR:
REZ1 .

RESEZ:

TIME FUNCTIONE:

FRC1
FRCZ

PUTHMER™ (3

THEX :

SUE
TST
DEC
EEQ
BTI
THC
CHE
ENE
ER
Moy
7T
Moy
ADD
Moy
HOD
BT
CLE
Moy
CHEE
RTS
CWORE
. HORD

CWORD

. WORD

. WORD

. HORD

CGELOEL
=03
=43

)

MOy
[0y
TSR
CEYTE
MY
BEQ
Moy
JSE
hi
Moy

JS

RS, (RIY+
CRTIH
fri

BOLOR
BLLOR, #36
JE :

\.TF

LFOAC. KL

-
fror

Fi
CFROAC. K2

#1z. k2
FROMAY. RZ

#1z, kX

i)
- T

R

TR e R
T =

[xn] e} Dt By We n SR N O]

[ind ]

+

R
S

GETARG, STORE. INT

FC,R2
#A1.RE
FC.GETARG

o
[hon]

Al, FRC1I(RES?
L1

Rz, FRCEZCRED
FC.INT
FRCZURS Y AE
FRCLCRSY . AL

80

s OBTHIN NEXT SHRHMFPLE
s DECRE SAMPLE COUNTER

; TNCRE CYCLE COUNTER
;UHECKE IF COUNTER = Zo@
s RESET SAMRLE COUNTER

G OETARIN ARDRESS OF C-RARRAY

JOETHIN HDDRES? OF Y-fREAY




m

Li:

CRDD

My
MOy
Moy

Moy

P UTHRE" (K

THEE :

RTZ
3

Moy
J5R
. EBYTE
Mow
Moy
Moy
IR
RTS

CWORE

L WORD
WORD

HCLKINT, 2
R, EHT44
BIA0, BETIE

FC

o
JOURE MY

-
1250 ¥
—
10

s IHTERRUFT ROUTINE

CLEKINT:

RETURN :

DEC
ENE
DELC
ELE
Moy
ER
CLK
CLE
RT1
. END

Az

RETURN

A1

I
#-1. A2
FETUREN
BHIVESEL
Fi

81
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THIS SYSTEM SYMEOL TRELE IS USEDR BY THE MAINM BRASIC TEST FROGRAM
T0 ACCESS THE USER WRITTEN ASSEMELY LANGUAGE SUEBFREOGRAMS

R EDIT
*EDERJJIJTEL. HACSHF

. CSECT EBARSICE
. GLOEBL FTEL

. CSECT

FTEL :
GLOEL AGET. AFNT, AFUT, CONT. ERAS, ESUE, FRUT
.GLOEL FIGR.FPUT. INIT., LFEN, RDOT
.GLOEL SCAL.STHT. RSTF. SUBF. TEXT, TRAK
CGLOEL YECT. XGRA. YGRA. FI1X. FREE
_GLOEL NOSC, GN, OFF. SAYE: -
CGLOEBEL  RSTR. JAHMAL, CLEARX. THEX. THREX
DASCIT ASCHLS
. WORD SCHL
.ASCIT1 AYECTS
. MORD VECT
DASCIT ARDOTS
. KHORD RDOT
CRSCI1 ARAPHT/A
. HORD AFNT
.BSCII ASTHTS

. HORD STHT
ASCIT ATEXTAS
. HORD TEXT
.ASCIT ASUEBFRS
. HORD SUEF
.HSCII  ZESUES
. WORD ESUE
L RASCIT  ALPERS
. WORD LFEN
.RSCIT ZHOSCH
. HORD HOsSC
LASCIT ADONS
. BYTE 5]

. HORD OH
.ASCIT AO0HS

. HORE @ :
. NORD (N i SECOMD NAHRE
.A5CI1 CFOFF/
. BYTE a

. HORD OFF
.ASCIT  ATRRKS
. WORD TRAK




.ASCI]
. WORD

L ASCII

. WORD
.[HSCIT
. NORD
CRSCId
. NORD
.RSCII
. NORD
.ASCIT
. WORLE
.RASCI1
. WORD
.ASCIT
. HORD
. RB&eClI1l
. HORED
.ASCII
. WORD
.R=CI1
. BYTE
. WORD
.RSCId
. HORD

. ASCII
. HORD

L ASCII

. HGRD
.ASCI]
. HORD
. ASCI]
. HORD
. ASCI
. NORD
. RSCI1
. HORD
. R&CI1
. HORE

L ESCII

. BYTE
. HORD
CASCII
. HORD
CHSCII
. HGRD
. HORD
. END

FERAS/
ERAS
AINITY/
INIT
fDSTR/A
L=TR
STOR/

bSTF
JOCHTA
CONT
JCONTA
CONT
FHGRAS
“GRA
SYGRAS
YGERA
JAGET/
AGET
JDFIX/
FIX
AFIXA
@
FIx

AFREEZ

FREE

AAPUTA
AFUT
AFIGR/
FIGE
JFRUT/
FFUT
SfDSAYS
SHYE
SSARYES

SHYE
SRETRS
RSTE
ATRCY/A

JRMAL
JCLES
@
CLERRX
fTIMES
THEX
fTIHRS
THREX

5!

; SECOND MAME

;s SECOND HAME

i SE

M

JONE MAME

; SECOND NAME

; ENDr OF THE ERSIC
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FUMCTION THELE.




APPENDIX C

This appendix gives the listing of the Main BASIC program
and the Assembly Language subprograms of the dynamic relay test.
The BASIC main program is assessed via the command OLD "JJIRL".
The command OLD "JJTR3" calls for the BASIC main program which
tests the relay for its operating time characteristic. The Assembly
Language subprograms are listed under the title JJTALR. The BASIC
version which contains the main test program and the Assembly sub-

program is called JJBVL.
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JJIT

14
29
30
4@
o8
v
s
118
124
1348

)

0o SN Ol e S W

PR PA RO B b B B R B

I I DU Py Y

pRH]

PN
TR E RN R DSOS &G

oo T

(RPN I PRI PRI PN IR PR PRES LG I L JR AV TR LV

BB B~ IO (s B xR wx ]

I I CE IV e B B e R (R P L)

2N T S S R T S
[ex D

TEST PROGREAM

THIS DYHRRAIC JJTQE FLOTES THE OFERATIHG
CHRARACTERISTIC OF THE RELAY
R1 T@-JUN-7&  EASIC VYB1-035

REM H FROGRAM TO INYESTIGATE THE TRAMSIENT
REM CHARACTERISTIC OF SOLID STHTE KELAY

REM JRMAL JARJSIS MESC THESIS MAY 1%7c
DIM Coladad, ¥(i1aa) ‘
CALL "INIT"\EHLL "DFIE"(Z2B)NCALL "RETR"(PJITRL")
LET XKi=-1. 5\K2=Z SYi1=-1, S\WY2=3, O
CALL "fLHL"(ﬂl Y4, KE,Y2)

LET Z1=. 2nWFREM 21 [&  SOURCE

LET Zz=4NEREWM 22 1S LINE

LET RX=1. SNEEM RZ IS5 FAULT

LET P1=854, A17453\PE=85+ A1F453

LET R7=. 2N\ REM 7 15 THE INCRE
Re=Z2+C0S(P2I\KZ=22+STN(FZ

CALL "AFHT®C@.8, 8. -ZINCALL “VECT" (kz, x2)

Fd‘;¢*FH”'Fa)\A =2 SINOFE)

Fl—glifﬂ"Fl)\XL—Li*CIN(Fl)

LET W=2?7s¥=3

H='F1+R +R<)*M/(‘l+ 22
=YD A CRL+HRZINDL=CERID Z AT 2 ™2 Y

DZ=SQR(E/(N*01)3‘Ei‘*HTN(M F) '

La=k2 WNTi=8 I3XT0L, QEABOE~E4
LE=(1’5+‘””+R1’”+R£’2+R<

29=S0R {22
IF Z294{=. aG0
REM STERDY
YW=V d4 @9 GNT=T1
FOrR 1=1 TO Z@
Cela=2@47 Y ([)=2
T=T+T1
NEXT 1
REM TRHANSIENT
T=8
FOR I=2z1 TO &a
Ce=Da+SIN(WxT+EL)Y
Celo=DlkELP{-A+TI+CE)
L-I)-INT CeIdzedan. Sr+2947

Wi= LJ+Dl*'~H+EnF\—HﬂT))*4@Q ]
“'=L=ibla0¢iNﬁFU’(N*T+E1)+4u .G

VA I)—INT"R1+F¢)*(C(I)—LH4 YH(VL+Y 2+
T=T+T1

TO 1x14
STHTE FART OF STGNAL

B4 7+INT(YSHSINCHET))

@47 ))
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p—y
[ax]

fuw]

iy
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HEXKT 1
REM STERDY STAHTE
Fl=R1+RZ+RINFE=K1+KZNEL=ATN(FZ/F1)
FX=SOR(F1TE+FE72INF4=RI+RENFS=XZ
B2=RTNC(FS/F4IMNFE=SRR(F472+FE™2)
FRINT Z2.RX, FE, FZ
T=8a. :
FOR I=81 TO 186 A
COId=INTLOYSAFZD#SINCWT-EB1)+2647)
WO T)=INTIYS#(FE/F IS INCU*T-BL+ES) +2047)
T=T+T1
NEXT 1
REM QUTFUT CURRENT AND VOLTRGE
CALL "CLE"
CALL "TRCY"{C. ¥ N ®D
REHM
IF K>204760 TO 1aza
REM NO TRIF
K= RE=R4\Kd=RZ
IF R4ESGE0 TO 1428
RI=R4-iRI-R4D72E0 TO 1168
REM TRIF
RI=R4-(R4-RSIAZNGE0O TO 11068
REM TRIF :
“=A“RS=R4\Ed=RZ
IF R4ZRSGO TO 187
RI=R4+(RI-R4I /2560 TO 14
Ri=R4+{R4-KEI /2
REM GRAFPHICS
M=M+1“CHLL “SUEF" (M)
K9=Z2¥COSCPLI+RANY Q=224 SINC(FL)
CHLL “"HFHT" (XS, %9, @8, 3 o
S4=STREMINCALL "TEXT" (SEINCALL "ESUE®
TEF=STREF(HKINCALL "APNT" CE9, Y2+, 1, 8, 3)
CALL "TEXT"<T#)>
CHLL "TIRE"{. S+&@)
CALL "TIRRYCED
IF E<>@ THEN 1ite@
CALL "ERAS" M)
IF M<=6G0 TO 186
CALL "APNT" (X2, Y%, 8,7
Ze=22- 13NKEZI=1. GNIF Z2<¢=aG6G0 TO 14aa
R4=@RE=8M=@

(]
D}
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THIZ LYWHARIC TEST PROGREAM JITEL FLOTS THE LOCUE I#l THE

FIRZT QUADKRAMT 0OF THE RE-¥ FLANE OF THE RELAY

JITRE BASIC YEL-G5

128 - REM A FROGRAM TO INVESTIGATE THE OFERATIHNG
28 REM TIME OF sOLIC STHTE RELAY
@ REM JAWMAL JARJIS MSC THESIS MAY 1976
48 DIM C{ia@y, Y(laa)
S CHLL "INIT"SNCALL "BFIxXt(Z20@)\REM CARLL "RSTR"("JJTRE4L")
78 LET ¥i=- 5%K2=4. SA\Yi=- S3\VYZ=4. G
28 CHLL "SCHRL"™(X1, Y1, X, ¥&)
€2 RENM SCALE Z ARIS
g4 FOrR 1=1 TO &
Ja=1/25Je=J5"85J8%= G/ 1
CALL "APHT"{JS5+1. 5, . 65,8, ~3%)
C'HLL IlllEl TII(L1 —_— ml:")
CHLL "HFNT"'JS+1 S.-. 1.6, -3
A1$=STR${JIE)D
CHLL "TEXT"{ALi$)
NEXT 1 :
FRINT "SOQURCE"., "LINE", "FARULT", "TIHE"
LET 2i=. 7~KEM SOQURECE
LET Z2=41~“REM 22 1S LINE
F3=_ B17452
Fl=aS#*FaNF2=F1\FZ=17S+Fa\FP4=08+F&
RZ=Z22+%C0OS(P2INKE=22%SIN{P2)
CHLL "APHNT"C@, 1.8, -ZOXNCALL "VECT"(Rz. xz+1)
R2=222CAS(FP2IN2=22+STN(RF2) '
Fl‘giﬂcﬂ"Fi).nl“al*“IN(Fi)

LN O e o A ROTO R T Yy e PO R 00Ty
Do

RO ETE@EDDEED OO NTR@ RS

REH ”HA CFFEET =175., FIN=8S

Ti=3. Z3:zzabE-g4

REM STERDY STATE FPART OF SIGNAL

Va=Yx4@E9, SNT=T1

FOR I=1 TO 2@

CLl3=2047Y( 17 47+INT(Y SRS INC(NET+FZ) )

T=T+T1

NEXT 1

FEM TRANSIENT

F1 RI+RZNF2=K1i+x2NBl= HTN(F&/Fi)
I=LRRIFLTZAF27ED)

PL-HTN( (EARSINFE=SRRIRZETZ24+XETE)

Ta=FzAF1lxHI\NLE=N2 N

Si=aREM =COS{F4)> MAX

S2=1~REM =SIH{P4)

RN NI M 15 T O U SNy 1y B I O R SOy ¥ VS T BV I Ve s o B

o0

P D A0 0 O O L T3 A0 - Lm0
[xv]

PR IR RN Y

[xcw}
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Co=¢YS/FIINT=0
FOR I=21 TO c@
C5=S4#SINCH*T)
CE=SZH(COSCNRTI-EXF(-T/TS))
CrII=INTC(CO#(CS+CE) I +204E
Y1=N#SA#CaSCH*T)

WE=SEa (L TEIHERF(=T/TE) —H+SINCH*T) )
YEI=CCC1)~2R4E) #RE
YoT)=INTOYIHLZ# (YL +VE) #08) +204
T=T+T4“NEXT I

FOR I=84 TO 1@
CoII=INTL(YE/FZI#SINCH#T-EL+PE) +2847)
VET)=INTCYEHCFEAFTIRSINCUAT-EL+EZ+PT) +2647)
T=T+T1“NEXT 1 '

REM OUTFUT CURRENT AND YOLTAGE

CALL "CLEY _ :

CALL "TACY"(C, ¥ No ¥)

REM :
IF N3>16G0 TO 935
TO=(N-3) /EE+{C(L

BRI SN
U = R Ly I - N VU )
G & oo 0 G

[ax
[

Ne
ey

T4 T N S A
ﬂ'a

LY a BN RS A BRSNS B S I« IEATTR £ 208 4}
[T I B o [ CURR P O PY B LU B P S R P B N el -]

/L@)XEG\TQ Taxl@vaNGu TO S4@
FRINT G P

FRINT 24,22, R2, TS

IF X>z@e4&G0 TO taia

REM NG TRIF

w=q

GO TO 1146

1818 REWM TRIF

la4@ HK=1

1188 REM GRAFPHICS

a1 M=K+l

1128 9=72*COSCPLONYS=Z24SINCRFL)
11xa CHLL “HFNT“(X9;?4+1 B €D
1158 T$=5TR$KD

1168 CALL "TEXT"(T#$

1176 CALL "TIHME"{(S*&@)

11ea CALL "TIMRYCED

IF Ef‘@ THENii&®

gz=2z-.1

8
a
@ 1IF 22/ BaG0 T 1Ga
3
0

A AR R I R I R IO

l\o (,I( Lo 0 LNy WO
l:;;l

[

END

DR e
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JHE

. REGEHEF
CGLORL
L GBLBEBL

1

—4
Ly
=17 — - F
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-

i —
—
JEH WU

ey
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- T bt
[ En]
—i

- Ly
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=

1

. -
LI

Pk L0 o
a4

Dap O i

TEL

RR|

TiE=,

i
T Ak
S WY
a

Bl el
ta i

Ha

RO

1

CEAN . #. LFAR
SYNERFR

CEire L RE
HERE

OYHAMIC

TEZT FROGREAM

(]
T

mio—

e UG

D ]
T

L
S
T
40
ir
i3

T
[l

Tt

—_

[y}

m

T =
YD ASR R
T [

]

d
0
=]

Ty — W
=1

bt
ST
r

-

CEOIF
1}
__'__ l:{ -:‘ l:! ?Y ot

OSUBFROGRAMN JITALE IS UZER WITH
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1
]
'
1
1
!
i
i

CHREE
ENE

ﬁ’-l”

PN
SRR

GRS RN
AL
My

Cimlat X
SYMERR

Rz

CRLa+, RE

B S I e
LRI $LTFTTE

HThrF

FROAY
E Lr RTE T

FoCOMA

SR COMMA
ARGERR

CRL+ R
"”HFFF

ClRiy e f RFAR
SYHERR

i 1F

L]

T —-«'
o T

D I = B S

CHECK IF "1 FRE
fIF 20, YR ERROR

90

G, ZYR ERREOR

JOBTAIN OFFZET pkbE OF YO

CETHIN AEBS FADDRESES OF YO

PCHECK FOR RERRAY
PIF 0. HEG ERELDE
s HRDEESS OF
POHECE E@UALITY OF AREAY
PIF =0, HREG ERFOR

s TEST FakR i-D RRERAY

i IF =

YOLTHGE RERAY

=, HEG EREGE

CHECE IF """ PRESENT

IR =0, SYH OERROR

-
R
(X
(]
i
—Z
—
"
=
il
Do
exl

[

I SRR RR OF CYCLE
For WUMERID SCRLAR

Ly —d

b T e e

L
EOLOGHER BYTE M
FOHIGHER EBYTE N

m

FCHECK IF "." FREZENT

IF S0, SYN ERROR

(=
¥
Do}
[

ZYH ERROR

-1
s
—-—

i % ARDR OF TRIF
FOoR HUKMERIT SCRLAR
. ARG ERREOR

IO —d

-4

1 in
L

-

THIGHER BYTED

FGDRESS OF TURRBENMT RRRAY
GETTIMG CORRECT LOCHTION
P RLERESS OF VOLTRGE ARERY
FOETTING CORRECT LOCRATION
SHUFEER OF SAMFPLESCCOUNTE

LTHGE RERAY
LTHGEE ARERAY

LEMGTH

COUNMTER

SIGHAL

Fd




g4

SYNERR :

FRGERR

EIALD:

IRT= TG

g

T=T
fay
[T
P

[RUAY

My
WEIT
ER
THP

JHE

-CLE

CLE
(KRR
TRAF

CRECTE

TETE
EFL
F
Moy

T=T
B 1
TETE
BFL
[0y
SUE
EFL
Hiy
CHF
GLE

iy
AL
1oy
ER

(e
-

S S
— M E
[ N A e

RETL:S

mi

HINTSIG, @344
#2483, pHEI4E
@#1?@45@

: LEgLFR
?»m#17ﬂ43

4
4

ERESY

—
=

EREARG
aHlvodad
gEivadon
BHIVE4AZ, (RAED

)

oD ERRORY

i
A &m0 Iw
A
O

‘_&

e
5=
[

1]
()
g

)
[
w1
bl

o

CEOLCR. $E

[,

JIMITIALTIAE
s INTERRLUFT
FSET ORASD

F UL
L STEET

SHETLT
HREii

P SN

J CLERE ERER!
P PR E

SPEINT ERREOR

i CHECHK
f ITF O MOT.
P OURUT
FOURPUT

PEET L
i CHECK

PEBRANCH TO

FUFLRATE _dE

i DECRE
FEEANCH TO 4T
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COUNMTER SAMFLES

INTERRLFT
STAaTUS

COUHTER S

CLOCE H

L BEEMSED

D

E1=
LFHZ

LHTIL
JATT

INTERREURT

F# D FGHIN

ERRCE

i fHRG ERROE

CLOcE
TR CFLAG
RO FLbL-TEF

STOF

-

DHRTH

[z

IF LAST D/R DONE
WAIT TILL DONME
SANFLED CURRENT

SHMPLEDR YOLTHGE

Shv OF RELAY SET
n EREOR HSG
ST

Fie'lr LOME

YEL FOR
Foar TRIPF
IF WOT, GOTo JX

TRIF

CUTFUT EGUTIME

UFRFLDATE woLT

:HHF;”

VECTOR-REOUTINE RDDR
YECTOR-FPROCESSOR REDR
REGISTER-CLE

Oy FL




ey
T

FRORC:
FEOAY:

LFORC:

CLOR:

s TIME FUHCTIOHNS

=
]
(RN

_......,__,
0
]

—

— mu 1y

=N .

= I
b

= T
KR}

THC
CHP
EGT
pce
SR
SR
RTI
CHF
BEGT
Moy
BT1
CHp
BLT
RN
SR
SUE
ET1I
CLRE
po
CHEFE
RTZ

- WORD

CWORD

CHORD

- WORD

. GLORL
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APPENDIX D

The voltage and current signals from the D/A's
of the computer are filtered before they are applied to fﬂf
the relay under test. Two identical filters are used for~
each channel. The filter also has a dual role of providing
a buffer stage between £he relay and the computer. The

circuit configuration of the filter is shown in Fig. (D.1)

The transfer function of the filter has the

following form.

R, /R;.
CGw) = 2/ 71

I + 3wR2C

The upper cutoff frequency is set at 180 Hz.

Hence,

R, = 8.8 k ( say 10k')

where C has a value of 0.I uF.

The gain at the fundamental frequency (60 Hz) is 0.995.
This could be compensated by making the filter gain as

1/0.995.

A phase shift of (—Zio) is introduced at the
fundamental freguency by the filter.Since two identical.
filters are used, there is no relative phase shift being

introduced in the input current and voltage signals of the

. relay.
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APPENDIX E

In the static test, the current is kept constant
while the voltage is exponentially decreased to zero as shown in
Fig.(E.I).The value of thé voltage initially in the first
cycle is taken as 4.5 volts. This constraint is placed by
the D/A of the computer. Two coﬁficting requirements are
imposed on the duration of the decay of the voltage signal.

The volage decay should.be sufficient to ensure that the
change is slow enough for a static test. But it must not
be excessive otherwise the test turnover time would be
too long.

The following expression describes the voltage

relationship.

VernanL = VINITIAL (1 %)Y
where, |

Vpinar = 0-001=0

YINITIAL= 4.5 Volts

N - = 360 cycles.

From the above expression, the value of T is deduced and
has a value of 0.0I9 or (1 -¥) = 0.98I. This is the
value of the multiplying factor which is used in the static

test to simulate the decreasing voltage signal.
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