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ABSTRACT

A distance relay as with other protecËíve equipment is

normally tested during. its facËory and initial commíssioning period

manually, using the conventíonal Ëest beneh methodþ] . hlith the ;,,i,
,,'.t.,

advent of low-power-requirement solíd state relays and mínicomputers, 
.,,,,,

Ëhe.re arises a possibility of automating the relay Ëesting technÍque ',:".'i

Such a test program has been writËen Ëo assess the staËic

and dynamic characteristic of a dÍstance relay. An experimental

Mhodistancere1aywasusedÍnËhedeve1opmentofthetestËechnique

The test method is highly automated with all data handlÍng

and processing automatically performed. The Ëest results in the

forms of the relay characteristÍc locus and opérating time are
I

fínally displayed on Ëhe graphíc display terminal of the minicomputeï. :

The proposed automated test technique can lead to valuable 
,,, .

savingsinËimeandexpenseandaswe]-1asincreasedf1exibí1ity

over the conventional method. i:.,',
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CHAPTER 1

INTRODUCTION

Distance relays such as the Mlo relays are used to protect

a section of a power system transmissíon line. The Mtro relay measures

the disËance of Ëhe inception of a fault from the terminal póint by

monitoring Ëhe impedance of the line and comparÍng it wiËh a Preset

value in the relay. The preseË value of the replica impedance of

the relay corresponds to the impedance of Ëhe section of the line

under protection. The relay recognises the occurrence of a fault

on the line when the impedance it monitors falls Ëo a value less

than the preset value. Subsequently, the relay inítiates a trip

signal to the círcuit breaker which opens the faulty line. In thís

!üalr the faulty line ís prevented from possíble destructÍon due Ëo

the high fault current. The removal of the faulty line may aÏso

prevent Ëhe system from swinging Ëo instabílity. A typical pro-

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

1.1 Principåê'and Characteristic of a Statíc Mho Relav

1.1.1 Unpolarised Mho Relay

The characterisËic of a Wro reLay was fírst introduced by

Aå.$. Van C. trrlarringto" [Z]. On an impedance díagram, the Mho

i ì:rr'''i
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characteristíc ís a circle passing Ëhrough the origin as shown in

Fig. L.2. The area whích is ínside the circle represenËs the trip

zone and ouËside Ëhe no Eríp zone.

The }4ho châracËeristíc can be realísed by either using a

phase or an amplitude comparator. In a typícal Mho reLay usíng a

phase comparator, Ëhe two inputs to the relay are

S, = g (1.1)
,t

Sr=I*Z*-V (L.2)

where

51 and 32 are ínputs to the comparator;

V Ís the voltage at the reLay;

I* ís the ínput current to the relay;

Z¡ ís the replíca impedance, a resistance-plus-inductance

built ínËo the relay and through whích Ig is passed,

(e.g., ZN = 802" of \); ana

Zg ís the impedance from the relay to a fault location

including the arc resistance.

The phase comparator measures the phase beËween the two in-

puts to the relay and initiates relay operation ürhen the phase angle

falls to less than nineËy degrees (9Oo). Thus, Ëhe criterion of

operation of the relay is

where
tttz< 0 <72

Ô t" the phase angle beËween the inputs of the comparator. Such

a criterion of operaËion as íllusËrated in Fig. 1.2 gives the familiar

circular characteristic of a Mho re1-ay.

,, -..,". ...,..;¡);it
': il
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L.1.2 PolarÍzed Mho Relay : :: :

The principal aspect of a poLarized Wro relay is that it has

an exËra memory element incorporated into the device.* The memory

element holds the voltage phase information for a few cycles afËer an

inceptíon of a fault on the lÍne. 
.,, , ,

tr{ithout a memory element, a r.d,ay may fail Ëo operate properly 
."::i::::":

for a close-in or terminal fault since the characteristic of an un-

polarized wro relay near Ëhe origín is a poÍnt of an uncertainty' 
,1 .:,:.,i.;1

The point of uncertainty is removed from the origin when Ëhe Mho ;';.:,',,,,',,¡.':
relay ís polarí.zed. The inputs to Ëhe phase comparator of. a poLarLzed ,.-,.1.',;¡.,,.,,

_; ::,-;:ì,'-:. :.:

Mho relay åre

51=V*Vn

Sr=I*Z*-V

(1.3)

(1.4)

where

V is the polarizing voltage from the memory elemenËp-

The polarízínç voltage (Vp) ensures that the phase informatíon

of the relay voltage prior to the fault is maintained for several ,.:....;,-,.'
,:'.,)..t,'.,l:,::,:

cycles after the inception. The voltage feeding the relay which is ,,,, , ' .t
::-t:. -:-t-:-:_: : 

:

obtained through the voltage transformer, may be reduced to zeto for :

close-ín fault but the memory element provídes the necessary phase

informatíon in a poLarLzed }4ho relay.
.,::;t.:..:-..
;:::lil:l::.1:- ì

* ttso,rnd phase polarizíngtr where the polar lrzLrrg voltage is derived
from the healthy phases of the line is another commonly used technique.



Suppose the polarízlng voltage is given by the following

equation [3]

vP =ffi

where

K may be complex and E is Ëhe source volËage.

The inputs Ëo Ëhe phase comparator of the polarízed Mho relay become

Sr=VfKE

= rs(Zg + Kzs + KzF)

52=IgZ¡-V

sl'=KzS+(1+K)ZF

szt=zN-zp

(1.s)

(1. 6)

where

Zg is the line impedance from relay to fault and

Zg is the source impedance.

Dividing equations (1.5) and (1.6) by current (IB) results in Ëhe

following equaËions:

(1.i)

(1 .8)

Assuming (1 + K) is real, ít ís apparent thaË Ëhe characteristic of

the polarized Mho relay t ] ís a circle whose díameter is defined by

poínts

zg=zñ

and
zF= -(K/(1 +K)zS).
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and

In hís work, l,rledepohl þ1 has also shown that for a reverse fault

the circle has diameËer defined by poinËs

zF = -zN

zF=-(K/(1+K)ZS

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

ward and reverse faults arie shown in Fig. I.3.
.:.-
.:-.1 -.:.::j
. .:.Ì_-:.'.:.: I l

.'.: :.: .:
l:lt: .

I.2 Performance Criteria of a SËatíc tr{ho Relav r: ,..;

rn general, the performance of a static reray is expressed i.t;;"::':""';','";

in terms 
" [q]

a) its immunity to surges

b) its static and dynamÍc characterÍstics

The surge test attempËs to establish the relayrs ímmunity to po\^rer

system surges such as those caused by switching and 1íghtníng.

The stat¿i.e performance test examines the characteristic of the

relay for different values of current levels. This test would assess

the tendency of Ëhe relay characterÍstic to be deformed at low current 
,.:,,..,,.,:.,

levels. The relayts accuracy and operating tíme under transient fault '1""''"'":

condiËions aïe investigated too. This is normally pureued using the ,''1'.tt,,.:'¡ '

so-called dynamic test.

1.3 Conventional Testing Method

The conventíonal testing technique JiJ *rictr is used for a

reLay performance Ëest was firsË introduced by Hamilton and El1ís fe
The test procedure has to be done manually on a test bench. All test



parameters such as volËage, current, phase angles and trip condítions

have to be recorded and processed manually. Such a task can Índeed be

laboríous, time consuming and expensive too.

In the static Ëest, Ëhe current is simply kept constant, but

Ëhe volËage is decreased manually until Ëhe relay trips. The pro-

cedure ís repeaËed for dífferent phase angles so that Ëhe circular

characterístic can be obtained.

In the dynamÍc test, the test waveforms represenËative of

Ëypical fault conditíons have to be generated under a varíety. of

condítíons such as line length, line angle, fault resistance, source

ímpedance and d.c. offseË conditions. This could be an added cost

facËor to the test expenses. The measurement of test parameters is

more complicated since the operating time of Ëhe relay needsaålso'. to

be measured and recorded too.

Hence present ËesËing techníques are tedious, time consuming

and expensive and as well may not accurately assess the performance

of a modern Mho relay.

L.4 CompuËer:aided Methods

Paul, trrlríght and Caver. [tt]. introduced a programmable testÍng

technique to test a po\der system protective equípment. The technique

stores simulated fault r¿aveforms on an analogue system analyser and

later the wavefolrns are reproduced to test distance relays or any

other protective equipment i.

The programmable testing equipmenË is not capable of automatic

data handling and processing. All measurements and processing of

parameters have to be done manuå[ly. It should be noËed that the



'I -'r ':.

1^

whole sequence of the testíng procedure is not ínËegrated. InpuË test

waveforms in: the form of fault current and voltage have Ëo be generated

and stored in one locality and reproduced for Ëesting somewhere e1se.

The proposed automated method in this thesis attempts to

alleviate the shortcomings of the oonventional meËhod and that proposed

by Pau1, ïIright and Cavero. The new auLomated testing techniqr¡e origi-

nates from the realisation that the new modern electronic and solid

state relay need only to be provided wíth informaËíon. The operatíng

pohTer rqquiremenË is provided separately and at much rd.duced level.

The idea leads Ëo the possible application of the minÍcomputer to

relay Ëestíng techníques.

The fault condiËiôn is símulated in the computer. Through

Èhe epmputer ínterface system, Ëhe test waveforms are applied to

the relay on line and the trip signal is fed back Ëo the computer.

All test data are handled and processed automatícal1y. Hence Ëhe

characterístíc of the relay can be plotted automatically on the

computer graphic Ëerminal, permitting the performance of the device

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



C}TAPTER 2

STATIC PERT'ORMANCE TEST

2.1 Brief Description

The test volËage and current waveforms of Ëhe static or the

quasi-steady stage are assumed to be sínusoídal in nature. This

assumption is consistent with the conventional test-bench method.

The test waveforms are simulated in the compuËer and are aapplíed to

the relay vía the rDigítal to Analogue G¡nv-brcCer(@.7,4) of the computer.

In order that the impedance change slowly from a no-tríp value,

the test currenË waveform ís kept constant at a specified value while

the voltage is decreased exponenËially. The voltage has the following

expression

v(N) =vo(l - tr)N Q.r)

where

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

f ís a small constant, e.8., 0.02, and

V0 is the inítial value of voltage aË N = 0.

IË can be easily shown Ëhat equation (2.1) has also the following

recursive form

vN+l.)=vtN)"*(1 -I) (2.2)

11



I2

where

Vçm + r¡ is the voltage amplitude aË the (N + 1) 
th .y"1., arrd

VCr.rù: is the voltage amplitude at the N)th cycle.

The expressíon in equatíon (2.2) is used ín the test program Ëo

s,imulaËe¡ {he exponentially decreasing voltage waveforms.

The ËTip signal emanatíng from the relay is fed back to the

computer through the tAnalogue to Digital Devicet of the computer.

If the relay tríps, the computer is prograruned to calculate the

apparent impedance seen by the relay according to the following

equaËion

MagniËude of voltage at Nlth cycle
z(wE) =

Magnitude of current at NTth cycle
. li,:

{;uó(1- -:, ü|N1

v6(1c6 )Nr

where

N, is the cycle number at r^7hích Ëhe relay tríps;

Cg is the specified 1evel of current; and

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

The impedance seen by the relay is assumed to be neglígÍble if the

relay does not trip.

Subsequently, the computer transfers the impedance information

on the graphic dísplay terminal. The procedures is repeated auto-

matically for dífferent phase angles between current and voltage

waveforms unËil the r¿hole circular locus characteristic of the relay

is displayed.

"4 t -' ..r.
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2.2 Descriptíon of Svstem Architecture and Software

2.2.L System ArchitecËure

The compuËer is a Digítal Equipment Corporatíon pDp-11/40

The símplífied system block diagram is shown in Fig. 2.L. The pDp

minícomputer which is avaílab1e at the Uníversity of Manitobars

Electrical Engineering Department, has a Central Processing Unit (CPU),

Core Memory, â Unibus, a Dísc storage, a LA 30 DecwrÍter, a CRT screen

GT 40, and a Laboratory peripheral system. Further illustrations of

Ëest system are shown in Fig. 2.2.

The Unibus is the principã,l communicaËion medium of the com-

puter system peripherals. Communication beËween any two devices is in

the form of a rMaster-Slaver relationshíp. All devíce peripherals can

control the Unibus and hence can conmunicate with each other without

the inËervention of the CPU. trrlhen the Unibus is re1ûev-edsb€di,Ë6 irs

control, the Central Processor performs other internaL routines such as

maËhematical and logical operations.

The minÍcomputer has a 16K core memory. Of Ëhis, the operaËing

system uses 6K of memory locations. The remainíng 10K is available

for the user.

The logÍcal and mathematical operations are performed Ín the

Central Processor. It has eight 16 bit general purpose registerr. The

sixth and seventh registers are known as the stack po.Lnter (SP) and the

program counter (fC) respectively. The other six regisËers are avaí1-

able for normal programming usage. In addition, there are over four

hundred hardwíred instructions available.

Many dévices in the eomputer can be programmed to control the

Unibus. This procedure ís done through the device-inËerrupt routine.

[0,r,{1.
LL/40
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The clock-ínterrupt ín particular, has been found to be very useful

in Ëhís work. The former is used to realise the sampling time required

to simulate the tesË T^Taveforms.

The programs and instructions are normally inpuË to the com-

puter through the Ëerminal called the LA 30 Decwríter. Another form of

input/output peripheral is the CRT screen or what is also sometímes

called the Graphics terminal. The laËter is used in this work to plot

the R-X díagram, and the operating-tíme characteristic.

One of the useful aspects of the minícomputer 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 Ëhe device under test

(D"U.T.). The Lab support also¿has a set of A/D channels, lighr emít-

ting diodes display, a clock, and a set of relays. The A/D device

is used to receive the trip response from the relay devíce under tesË.

2.2.2 Svstem Software Support

The operating sysrem on rhe Declab LL/+O is rhe RT lt [t,il. Ir
performs all the standard userir requests such as start and stop rouËines,

and writes nel^7 programs onto a disc.

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

available in the core at a time. Such limíted amounË of memory may not

be sufficient for large programs as in thís work. Some kind of a storage

economy may thus be desíred. The large program which requíres more than

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

sections of the program are allowed to reside ín the core. The rest of

the sections of the program are stored ín the mass storage device, the

so-called Dísc Storage. Hence, a fairly large program such as the size

of this test program can be conveniently run.
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ì.: -1+:-,.;

r.l
BASIC þ,7J is the only high 1evel language that is avaílabLe

on the computer. BASIC has a syntax which is similar Ëo the tamíILat

FOR'T,RAN &aAg,¡¿a,ga One of the dif ferences beËr^7een the Ëwo languages is

that BASIC is an interactive language.

BASIC can be easily ínterfaced with an Assembly language

routÍne. It can perfom a routine of which BASIC is not capable and

Ëhus enhance the overall program capability. Thís may include the

userst own written programs"

The operaËing sysËem has an Assembler which enables the users

to write theír own routines in Assembly Lãnguage. The Assembler which

is called the 14ACRO, ¡rroduces object modules in Assenbly language from

the user input ASCII f ormat. The i.inþ.þe.eS Editor (LINK) program

takes a group of BASIC object modules and the .rs"rs'own object modules,

íf avaí1ab1e, and links them together to produce a main machíne language

program. Another program that is available ín the operating system is

the Text Edítor (EDIT). It is used to write and input all assembly

language programs ínto the comPuter and can also be used to write

BASIC programs.

2.3 Device under Test (D"U.T.) - a Solid State Mho Relav

The experimental electronic mho relay which ís used to test

technique developed \das constructed by 4.Iltr" Degroot. The design

the relay was assisted and advised by Professor LoM. I,üedepohl .

additíonal memory eLement was incorporaËed by Professor G"Irü" SwifË

A.trrl. Degroot.

The block diagram of the static Mtro relay is shown in Fig - 2.3

The block average comparator rTas preferred over the block instarir-

the

of

The

and

(a).
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Ëaneous comparator and the pulse comparison type ín the design of the

relay. The block average comparator þ,f+] is well-known to have good

immunity against t1:ansúenË offsets and surges. A1so, the minimum

operatíng time FO] "t the comparalor can be designed to be one-half

of the porúer frequency period wíthout incurríng Ëransient overreach 
,r,:,,:,,,,,,,:,

and wíËhout requiring specíal filtering circuits in Ëhe input signals.

The míxing circuit used an operaËional amplífier as the

analog signal processor. The circuít configuration is shown ín 
,.,.:1¡,..,,,,,;,, 1

Fig. 2.3 (b). The replica or the mimíc impedance is realised by ,,'..':'.'t.,','.,

settíng Ëhe ímpedances ZL, 22, 23, 24 and 25 to some specified values. .,''.,i ,.
i'.,.t, r..;..' I.

The detaíled derivatíon of the necessary conditíons ís gíven in the

Appendix A. The ouËputs of Ëhe mixing circuit are the followíng

Sígna1 s:

sl =r4,-v
52=V*Vp

where

51 and 32 are the outputs of mixing circuít unít;

I and V are fault cuïrent and voltage respectively; and

Vp is the polar i.zirng vol tage :::: i;:.: ::;: :

The coincidence cÍrcuit produces standard output pulses

which are posiËive r,øhen the input signals (S1 and 52) are of Èhe 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 ís fed to the integra-

ting circuít. The integrating circuit produces an outPut which in-

c¡?eases linearly when Ëhe ínput pulse ís positive and falls at the

same raËe 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 ouËpuË exceeds the set level and resets

when the output of-the integrator fa1ls below Ëhe reset level. This

is illustrated in Fig . 2.4 (c). Jackson, Patrikson and tr{edeptnt [tO]

suggesËed that the optimum set level of the detecËor is about two

thirds of the maximum integrator excursion 1imít.

2.4 Símulatíon of Test tr{aveforms

In this staËic test, it ís necessary to generate simulated

voltage and current signals. The generated waveforms have a rstaircasel

shape as shown ín Fig. 2.5 (a). Obvíously when the sampling períod

is infinítely small, the simulated waveforros approach the ideal

sirEusoid. However, the minímum sampling time or the maximum number

of samples that can be used is limited by the amount of memory locations

that are available ín the minicomputer. In their literature, lvlann

and Morri""" [trl and Rockefetlor [o-l t.""**.nded a sampling time

of 0.5 msec.* For the present work, ít is decided that a sampling time

of 0.833 msec of twenty samples per cycle is sufficient. At this sam-

pling rate, Ëhe magnitudes of the 19Ëh and 21st harmonícs are each

abouË fíve percent. The Ëable in Fig. 2.5 (b) gives the summary of

the harmoníc contenËs for several typical sampling raËes. IË can be

shown that Þ?] the harmonics occur at frequencies

(I{l{ + L)60 Hz for N = 1,2 ...

wíth corresponding amplitudes

1

NM+1

Their work was, hovlever, concerned with signal detection rather than
signal generation' 

1:'1't"":
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where ,

M is Èhe number of samples per cycle.

The test waveforms are filËered to reduce the harmonícs using

the conventional RC filter as sho\,rn in Fig. 2.5 ("). The filter has

an added advantage in that ít also provídes a buffer beËween the com-

puter and the relay, and prevents possible loading of the D/4. The

details of the filter desÍgn are gíven in the Appendix D. The filter

causes a phase shift of about '2Iot;. However, t$7o identícal RC fil-

ters are used for the volËage and current channels. Hence, there is

no relative shift that could cause possíble error, being Íntroduced to

the relay by the filters.

It should be made clear at the ouËset that the Itcurrerìttt

waveform to the relay is rea1ly a voltage. In other words, the teLay

uses a voltage proportional Ëo current, generated by Ëhe computer, as

itsrfcurrenttrinput. For some relays, it may be necessary to use

voltage-controlled-current-sources (large operational amplifíers) to

provide current to the relay under test.

2.5 DeËail Procedure of Testíng

2.5.I Main BASIC Program

The flow díagram of the maín BASIC program of the steady

state test is shown ín Fíg. 2.7. The main program in BASIC starËs

with Ëhe initialízatíon of Ëhe graphics for the display of the R-X

characteristic of the Mho relay under test. The initiaLizatlon

routine is stored and saved separately as a dísplay file. The display

file is called once during each run and is subsequently removed from

the core to save sËore locatíons.
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The main program proceeds to request the input parameters

such as the leve1 of test current, the phase angle between current

and voltage and the number of iterative rrevolutionst. The phase

angle input specifieè the phase angle of the ímpedance in the relay

R-X plane.

Owing to the fact that the waveform of the voltage and current

that are used ín the test is periodic in nature, the program ís only

required to compute the initial i''':eyclg..Of Ëher tes-Ëevav,9j9"fms'

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

simulated waveforms are:

c(r) = co sin (wrr - 0) þ € rr < 2ÏÏ
üI

V(I) = VO S1rt (mr)

where

I is the integer number between L and 20;

C(I), V(I) are the magníËude of current and voltage at the

samplíng ínstances respectively;

C6, V6 are the amplítude of the ínitial current and voltage

respectívely;

T, is the samplíng time; and

I

Q is the phase angle.

The decreasú.ng amplitude of the voltage test T¡/aveform is

simulaËed ín the Assembly Language subprogram. The magnitude of the """"'.', ::-':. .:.'

current is kept constant at a specified level. The magnitude of the

test \nraveforms can only take values between ìåesoaaádffüv'evvbf,.Ës" This

constraint ís placed by the D/A device of the Lab peripheral system

of the computer 
.,,, - 

,
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The D/A device holds the lasË value of the signal it received

until a ner¡r numerícal value ís sent Ëo iËs buffer. Hence, iË is

necessary Ëo ensure that Ëhe ouËputs of the D/A channels are at zero

voltage level before the test waveforms can be applied to the relay.

Thís procedure of reseËting the relay is incorporaËed in the subprogram^

ttCLRrt and is aeeessed from Ëhe main program.

The main program then requests for the second Assembly sub-

program vi'a a command CALL ttSSNVtt (C, V, N, X), whêre

C and V are tl:'e array contaíning magnitude of voltage and

current samples;

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

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

The Assembly subroutine ttSSNVt applíes the generated Ëest volËage

and currenË waveforms to the relay. The subroutíne also checks for

tripping of the relay and stores the number of cycles of test \^7ave-

form applíed to the relay before returning to the main calling BASrc

program. The flow diagram of the Assenrbly program is shovrn Ín Fig. Z.B

and further detailed treatmenË of the subprogram is given Ín Ëhe next

section.

The main program now has all the necessary information to

prepare for the graphic display. The ímpedance at r¿hÍch the relay

tríps, is compuËed from the tripping condíËion and the number of cycles

of tesË waveform applied to the relay. This impedance coïresponds to

a poínt on the boundary or locus of the characterístic of the Mho

re1ay.

Simulation of the decreasing voltage but keeping Ëhe current

constant in Ëhe test program corresponds to the movement of a point



28

at an angle towards the origín in the R-X impedance plane of the relay.

The graphíc display support is used to simulate thís impedance movement

during each iterative run. A special subroutine in the Assmebly

Language r¿ritten by N"J" Morphy tt-] is employed Ëo simulaËe the move-

ment of the impedance points in real time. :.," .,
.t1'::: 't,:' 

:l

The impedance angle is then incremented by 50o and the "sec-

ond runttsËarts. The diagram in Fig. 2.6 i11usËrates the fírst four

runs of the Ëest

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

general shape of the círcular characteristic is apparent. The eighth :r'',,,.

run is at 40Oo or 40o, the ninth at 90o, and so on. AfËer five

'rrevolutÍonstr the ful1 characteristic is plotted, wiËh points at

lOo interval.

Of course, Ëhe increment Ín the impedance phase angle and

the number of revolutions are under pïogram usert s control and need

not be 5Oo if desíred. The lístíng of the maín BASIC program is

given in the Appendix B.

2.5.2 Assembly Subprograms

There are three specially I¡Irítten Assembly subroutínes whÍch

are used in conjunction with the main BASIC program for the steady

sËafe test.

one of the Assembly Language subroutines þ,r,t] t" requested

from the maín BASIC Program via Ëhe command, CALL 'tCLRrr. T'trís

Assembly subroutine which ís labelled as TCLEARXt resets the re1ay.

Its input voltage and current are restored to zero level. This is

achieved by transferring inËo each of the buffers of the D/A devices
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a numerical value of. 2048. Depending on the magniËude of the last

value of the outputs of the D/A devices, the process of resettíng

tl:e zero voltage level may cause retay false tripping. Hence, it

is necessary f.or the Assembly subprogram, labelled as CLEARX to

waÍt until the relay reverts back Ëo the no-trip conditions. Sub-

sequently, the program pointer transfers back to the maÍn BASIC

calling program. The program 1ísting of the Assembly subroutine is

given in the Appendix B.

The command, CALL TTSSNV" (C, V, N, X) ín the náin- program

requests the Assembly Subprogram which ís labelled as TJAI,IALI. Its

flow-dÍagram is shown in Fig. 2.8. The Assembly subroutine is

accessed from the main callÍng BASIC program through the special

System Function Table [U, t]

The firsË parË of the Assembly subprogram tJAMALT checks for

the syntax of the argument of the call statement, CALL trssil{Vrr (C, V,

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

clock regÍsters are set according to the requírements of the test.

Iùhen clock ís inítiated, the Assembly subprogram enters into

an idle mode waíting for the clock to interrupt. The fírst voltage

and current samples are fed to the relay through the D/Ars upon re-

ceipt of the clock ínterrupt. 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 trippíng. This routine ensures that the relay ís properly

brought Ëo a steady state condition.

The test sequence then contínues wíth the voltage beíng de-

creased exponentially until the relay trips. AfËer each clock interrupt,
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Ëhe magnitude of the voltage for the next cycle is also computed

and stored in the same location. In addition, the relay is checked

for Ëripping. The magnitude of the voltage for the next cycle is

computed using the following expressíon:

vr(N + 1) = Vr(N) '.f (1 - r)

where

I is an integer number betr¿een 1 and 20 representing the

sampl.e number; '',.,,',a,,,
'l :;.¡;,',:,:

V1(N + 1) is the magnitude of the volËage aË the sampling 
. :

time Ë1 in the (N + l)th cycle; .',';,1'.t':

VI(IÐ is the magniËude of the voltage at the sampling, Ëime

t1 in the (ÐËh cycle; and

(1 - f) ís the constant multiplíer which has the value of

0.981 in this test program.
. ':

The detaÍled derivaËion of the multiplication factor is gíven in the

Appendix E.

The storage requirement for this steady state test is small

because the tesË waveforms are taken as Pure sinusoids. The same ..,','
';,i,,;,ì,',1'

memory locations are used to store the samples of Ëhe next cycle. 
..r:,,,i:,r1.-

Hence, only tÌ^7enty memory locatíons are required for each test ii:"-""'.".'

waveform.

The present minicomputer p'p LL/40 does not have a hardwar" 
,:;: :,i:r:.,,multiplier. All muLtiplications are done through Ëhe operaËing system 

:

softr¿are. The software multiplier is too slow for the present re-

quírements of the test program. The multiplication ín the Assembly

program whích is labe1l-ed as tJAl,fALt is realised usíng a combination of

addíng and shifting the register contaíning the data. 
:., . 

,ll
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The Assembly subprogram returns Ëo the main BASIC calling

program when

a) the relay trips, or

b) all the specified nurnber of cycles (Qn"*) of the simulated

test Ì¡Iaveforms are applied to the relay. The relay is then assumed Ëo :: :-.,i:
-:1:.,:,_,r.:a ;j

have not trípped.

The lÍsting of the Assembly program is given in the Appendix B.

The third and last Assembly subprogram which is used in con- ,:. ,, ,,
I : : :.: ._:-:', :.,

junction r¿ith the main BASIC program is labelled as tTlæX and TMRX!. '::'::'; :

,. -:.:--: '::,:.It was r¡rítten by N.J. Morphy of the computer centre. The suþþrogram 
:-,¡,',r,:,,'.:r;,,

is used to simulaËe the movement of the impedance point on the R-X

plane of the graphic display in real time. The lisËing of the sub-

program is given in Appendix B.

2.6 ResulËs and Comments

The test waveforms are simulaËed and generated using a sarfup-

ling raËe of 20 samples per cycle. The diagram in Fig. 2.g (a)

íllustrates a typical Ëest waveform. It comprises a seríes of steps,

each occurríng for a duration of the sampling period which is 0.833 ,:,,..'.,::.,:.',- 
'-, . ri,., 

"msec. The test waveform is similar to the output of a I zeto order ...'',.-,:,,,',,:,'

sampling and holdingr device þO] tiar, a sinewave as the Ínput. The 
:'l'."':'.'''t"'

other waveform is the resulting filtered waveform using the RC filter.

It is typical of the test r^Taveforms that are applíed Ëo the relay. 
. - l

rn the performance test, the input cuïrent level is kept iiii-."

constant, while Ëhe voltage is decreased exponentía1ly. The díagram

in Fíg. 2.9 (b) exemplifies the typical test voltage and current

ï^ravefonns. I,Jtren the relay is found to have trÍpped, no more test

]l: -: :,t,....:
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r¡raveforms are applied and the program pointer reverts back to the

main BASrc program. The diagram in Fig. 2.9 (c) illusËrates a tripping

condiËion of the relay. The trip signal ís ínitíated when Ëhe output

voltage 1eve1 of the integrator falls to less than the preset value.

Such condition is shown ín Fig. 2.9 (d).

when the tesË is run, the program initíally requests the Ëest

current 1eve1 and Ëhe iËeratíve specífications. trI?ren the computation

starts, the poinÈs on the círcular characterístic of the Mho relay Ín
the R-x plane are plotted automatíca11y on the graphic display of the

compuËer. The pictures in Fig. 2.ro (a) and (b) are typical of the

results. It ís noËiced that there is some reduction in i,Uhe size of

the circuLar characterisËic r¿ith the smaller current leve1. This may

be attribuËed to the sensitivity of the relay to sma1l current level.

The test program illustrated one of its virtues T¡rhen it de-

tected the imperfections of the experimental static relay ín the fírst
test run ever attempted autonatically. The defect manifests Ítself
in the form of a rdimpler in Ëhe circular characterístic of the relay

as shown ín Fig. 2.10 (c). The tdimpler effect can occur for instance

if the zero crossings of the relay comparator are not adjusted

properly.

The picËure ín Fig. z.Lo (d) shows the same circular charac-

teristic of the relay but wíth Ëhe fÍlters removed. There appears

to be a blight reductíon in size of Ëhe characteristic and hence

filters may be desúrable for the test. i

ïIence, the proposed automated tesËing technique can be

utilized to establish the static performance of a solid:state I'lho

re1ay.
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CIIAPTER 3

DYNAMIC PERFOR},IANCE TEST

3.1 Brief Description

3.1.1 DeterminaËíon of the Characteristíc Locus

The determination of the characteristic locus of the Mho

relay enables its accuracy under transient fault conditions to be

assessed F,tO_|. A simplif ied model of a single phase transmission

line initially on no-load as shown in Fig. 3.1 (a) ís used to simulate

Ëhe faulË waveform conditions. In thís Ëest, only the impedance

characteristic of the first quadrant is determÍned. The locus is

found by simulatíng a fault at a fixed distance but wíth varying

fault resistance. trühen the point on the boundary of the characteris-

tic is established, the poinË of incepËion of fault on Ëhe line is

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

a typical rouËíne. The procedure is repeaËed until Ëhe section of

the locus of the dynamic characteristic of the Mho relay under test

in the firsË quadrant of the impedance is plotted.

3.L.2 Determination of the Operating Time CharacterisËic r 
,olIt ís imperatíve thaË the operating time performance l¡,.r ___ l:, -J

of a Mho relay under fault condiËions be appropríately checked. The

36
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oPerating time ís found by simulating faulË inceptíons along the line

from outside the protected zone (the no-trip zone) ríght up to the

reLay location. A similar simplified model of the transmission line

as shor¿n in Fig. 3.1 (a) is used. However, the faulË resistance is

assumed to be neglígible. The diagram ín Fig. 3.2 aÈtempËs to illus-

Ërate the test procedure.

3.2 Símulation of Fault trrlaveforms

In a digital simulaËion as in this work, it is, at fírsË

glance, apparent that a numerícal technique is the best form of anaLy-

sis. The dynamics of the system under consíderaËíon are represented

by the differential equatíons and can be subsequently solved by the

numerous numerical methods and routines ,that are available such as

Eulerrs and Runge-Kutta method. E{. However, the accumulated

errors inherent. in these techniques are quÍËe substantial unless high

order sophisticated numeríca1 techníques are employed. Before Ëhis

approach was pursued further, it was realised Ëhat because of the sim-

plicity of the system model as shown in Fig. 3.1 (a), a direct analyti-

ca1 solution of Ëhe fault current and voltage waveforms is possíble.

Hence, it was decided to use the direct analyËical approach.

In the simplified transmíssion line system model, the following

assumptions are made:

a) 0apacÍtance to ground is neglected, thus the relay sensi-

tivity to higher harmonics is not determined.

b) Ëhat a fault arc is assumed linear. IË is well-known that

a fault arc is nonlinear fZ], U"a the added computaËional complexity

did not seem justifíed.
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c) A no-load conditíon exists prior to the fault.

ltrith reference to the diagram in Fig. 3.1 (a) and using the

basic theory of differential equaËíons, the following voltage and

current equaËions are esËablished:

VS = V¡4Sín (I^lt + +)

rss = rysin (I^lt ++ - oc)

r, = raExP (-tlT)

where 
., .,,.

V, is Ëhe source voltage i ""'"'

Igg ís the steady sta'Ëe componenË of the current after the

inception of fault;

I, is the transient componenË of the fault currenË;

Ia ís the magnitude of the exponential part of Ëhe fault current

at Ëime zeroi

Vg is the ampliËude of the source voltage;

I" ís the ampliËude of the steady state faulË current;

O is the phase angle of source voltage; 
.t...,

é is the system phase anglei '' ,

: -.:l .

t is the time variable; ,.,,:

T is the Ëime constant of the system; and

I¡I is the system poT¡7er frequency (- 120¡-l.radians )

The fault current is easily deduced and has the folloú7íng form - ;,,.,-

rF=rT*rss
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and hence,

r, = IaExp (-rlT) * I*Sin (wt +ê -.r) (3. 1)

At the inception of fault when time ís zero, the fault current

(I¡') is neglígible. Thus, the initíal value of the fault current

(IC) is as follows:

IC = -IM Sín (ê - GÊ) (3 .2)

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

rì
IF = IM 

t 
Sín (I^ft +e- 4,) - Sin (e - oc) E*p (-E/T) 

Ì
ri-

= ru { sin (},tt) cos (e - æ ) + sin (o - €c) lcos (wt)

- ,; ( ,/r)] ) 
r=' 

(3.3)

The arnplitude of the fault current has the followíng form:

,',_tr
where

Z, ís the rnaghi,tude of the toËal system impedance.

The total system impedance ís given by

ZT=ZS+ZF+RF

where

Zr=(R, + jry is the source ímpedance;

Zr=(R2 + ixù ís the fault impedance; and

:,ì

R"=(Rr) ís Ëhe fault resístance.
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It follows that from the expressíon in equation (3.4), that the

magnitude of the system ímpedance has Ëhe following form:

lrrl = þr.R2+R3)2¡(xr**)1', (3.s)

Substitutirrrg P - ê - ú, equation (3.3) becomes

(3. 6)

llith reference to equation (3.6), the two condítíons for maximum

and mínimum d.c. offset are as follows:

a) A maximum d.c. offset ís obËained in the faulË current

when Sin (p) = -1 or F = 27Oo.

b) A mínimum d.c. offset is obtained in the fault current

whenSin (F)=Oor p =0o.

In the dynamíc test, ít was decided to keep the d.c. offset

componenË of the fault current at a constant level. This implies

thaË the phase angle of the source voltage must be adjusted conËinously

depending on Ëhe value of the fault resistance. In the special case

to deËermine the operating time of Ëhe relay the fault resistance is ,':,;,;, .',,,
::'::_.:::::

kept zero and hence, the phase angle of the source voltage need only ,,,.,:,,,'.,'

to be seË once during the iniËía1 part of the test. The phase angle 
:::":': 

':

of the source voltage is given by the following expression:

e =F* 4: (3.7)

The value of the system phase angle (æ) has the followíng form:

F. lArcran | (x, + x2)/(Rt + R2 + R3)l (3.8)
L)



Using the usual basíc circuít Ëheory, the expression for the fauLt

voltage is easí1y determined.

v, = Ir(Rz + R¡) * Lr*(I¡,) (3.9)
ClE

where 
.. ,. .,.

Vg is the fault voltage waveform; and

L2 is the inductance of the fault ímpedance.

.,,,-.'
Substituting for the fault current (Ip) in equation (3.9) gíves :,,r",,:r.,

(3. 10)

The current and voltage expressions as given in the equations (3.6)

and (3.10) respectívely, are used to símulate the fault conditions

for Ëhe dynamic tesË. Typical test current and voltage waveforms

are shown in Fíg. 3.2 (a) and 3.6 (a).

3.3 Detailed Dvnamic Testine Procedure

vF = IF(Rz + R3) + i.2 r¡1{w cos (f)-

lrn nxp (-tlr) - r¡r sin ,t.l )
Cos (!üt) + sin (78 )

3.3.1 DeËerminatíon of the Locus of the Dvnamic CharacËerÍstic

The software support thaË is required Ëo deËermine the locus

of the dynamic characteristic of the Mtro relay entaíls the use of

BASIC and as well as the Assembly routines. The general structure

of the BASIC and Assembly programs alse 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 initíally requests for:

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

Ëhe anticipated replica impedance Z¡;
; ::l:r:.
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b) maximum or minimum d.c. offset;

c) Zg to \ impedance ratio; and

d) inítial fault resistance for the first iËeraËive run.

The main BASIC program Ëhen íníËLalízes Ëhe graphic dísplay for the

plot of the R-X plane of the relay.

NexË, Ëhe test current and voltage are generated. A certain

number of cycles of prefault current and voltage waveforms ís necessary

to bring Ëhe relay to proper steady state condition. In Ëhe acËual

test it was felt that three to fÍve cycles of the prefault test

waveforms are sufficient. Since the system is assumed to be Ínitial1y

on no-load prior to the fault, Ëhe prefault current ís zero. The

prefault voltage waveform ís generated usíng the following expression

derÍved earlier:

V(I) = VrSin (hrtl + 0')

where

V(I) is the magnitude of prefault voltage at samplíng instances ;

and

I is the integer number between I and 20. ,,:,:tl
'': 1:1r:'

The phase angle of the source impedance has been shown to be dependant ,,, ,.

'.,,l "

on the system phase angle which ín turn ís related to Èhe fault resis-

tance. IIence, duríng each iterative run Ëhe system phase (æ) needs

to be computed so that the phase angle of the source voltage . can be
' ,t'determined. The source voltage and prefault voltage have the same :" r:j

expression for the case of no-load prior to Ëhe fault.
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The fault current and vo1Ëage are generated using the fol-

lowing expressíons which were derived earlier.

c(r) = ,*{sin (r,tr) cos (p) + sLnp co" 
f{wrr) 

Exp t-rrlr>] }
v(I) = c(I) (*, 1*r) * ", tr{ùI cos (þ) cos (hrrr) +

sin (p, 
E,t ExP (- tr/r) - tr{ sin *tttr }

The relay is reset when the main BASIC program calls for

the Assembler subprogram tCLRt. The rouËine ensures that the relay r.;'..,,,,.,,,,:

. :tt,'t-tt"'

input conditions are at zero level and the relay condition is at 
,,¡1,¡. 

1,'1:

no- tríp.

oncethere1ayisreset,thesimu1atedandgeneratedwaveforms

of the fault condÍtions are applied to -Ëhe relay. As ín the steady 
i

state test, an Assembly subprogram transfers the stored data of the

samples of the simulated test waveforms to the D/At s whÍch are conaec- ':
ted to the inpuË channels of the relay. The test waveforms are

filtered too.

The Assembler subprogram which is accessed via a command,

CALL trTACVrr (C, V, N, X) is similar Ëo that which was used for the 
,,.,,,,,,

steady state Èest. The flow diagram is shown in Fig. 3.4. Its '1"'"'i1' ,'l

-,,r r, , -, r.r:,t-.,

listÍng is gíven in Appendix C. The Assembler subprogram begins wÍth ,..,"';.ì,,"'

the checking of Ëhe syntax of the argumenË of the call staËemenË , 
.'

CALL ttTACV" (C, V, N, X). Then the interrupt procedure, the sample

and cycle counter and the clock regisËers are set according te the 
':,:,,=..,,i,,

requirements of Ëhe test 
':t"ttt'" "'

Ilhen the clock is initiated, Ëhe Assembly subprogram enters 
:

inËo an idûê mode waiting for the clock to interrupt. The first
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samples of the voltage and current are applied to the reLay upon re-

ceipt of the clock interrupt. Next, Ëhe relay ís checked for trip-

ping. If the relay trips the program control returns to the maín

BASIC program. Otherwise, the sample counter is íncremented 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 \,raveforms are fed to the relay. The program

pointer returns to Ëhe main calling program either when the relay

trips or the whole of the simulaËed waveforms have been applied to

the relay.

irlhen the main BASIC program regaíns control, it places a

temporary point on the R-X plot of the graphíc dísplay corresponding

to the particular value of the fault resístance. The value of the

fault resistance for the next iterative run is calculated using its

previous value and Ëhe trip condit¡ñon of the relay. The run ís re-

peated with the newly establíshed vallue of the fault resístance until

a sufficienËly accurate point on the boundary of the locus of the

dynamic characterístic is found.

In the actual test program, the incremenËal fault resistance

is reduced by half for the nexË run. Seven runs are used altogeËher

and this ensures that the horizontal resolution in the impedance

plane is one part in L28 or less Ëhan L% of the initial fault resÍs-

tance tttl The diagram in Fíg. 3.1 (b) attempts to illustraËe a

typícal set of runs.

The value of the line impedance is then reduced (by say 10%)

and the whole process is repeated to establish another poínt on the

characteristic. The test is complete when the portion of the charac-
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L-:-:.:. ..1.: i

Ëeristic in the first quadrant of the relayrs R-X plane is established

on the graphic display.

3.3.2 Determínation of Ëhe Relav Operating Time CharacËerístic

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

Fig. 3.5. Its structure is similar to thaË whích is used to determine

Ëhe characËeristic locus of the relay.

A fauï't;,is,,appilíed on.:thè- 1Íne of ., .:: 1,,..'' t .,

Ëhe simplified system as shown in Fig. 3.1 (a). An additíonal

assumpËion is made here. The fault resÍstance is assumed to be

neglígib1e. The fault currenË and volËage waveforms are computed

using the expressions in equations (3.6) and (3.10) respectively,

with the fault resístance assumed to be zeto.

The tesË waveforms are applíed to the relay via the Assembly

subrouËine ttTACV". The flow diagram of the Assembly subroutine has

the same sËructure as that which is used for the tlocusr dynamic

test. The outpuËs of the D/Ars are filtered usíng the RC filter

before Ëhey are fed to Ëhe relaY.

The program counter returns to the main BASIC Ëest Program

either when the relay is tripped or when the whole generated test

waveforms is applied to the relay. Tühen the relay trips, the infor-

mation regarding the number of samples and cycles at the ínstant of

tripping are transferred to the maín program. If all the Ëest \¡lave-

forms are applied, the relay is assumed not to have tripped.

The operating time of the relay is compuËed from Ëhe sample

and cycle counËers data. The operating time ú5 ptrottetl=,agaínst the

line impedance (fault) on the graphic display. If Ëhe relay has
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not tripped, the corresponding operatíng Ëime is assumed to be in-

fínite and no graphic display is ínitiated. A teletype output of the

operaËing time, corresponding fault ímpedance, source impedance,

cycle and sample counter is also produced.

The procedure ís repeated for different fault impedances

until the operating characËeristic of the lvlho relay is dísplayed

on the graphics terminal of the computer.

3.4 Results and Conrnents

The first dynamíc test which determínes the locus of the

dynamic characterísËíc of the relay has a facility whích enables the

d.c. offset condition of the test vraveforms to be specified in the

initíal part of the Ëest program. Typical test T¡Taveforms are shown

ín Fig. 3,6 (a) and (b). In the prefault stage, the current is zero

sínce the system is assumed to be initially on no-load. Three

cycles of voltage waveforms are simulated before the fault is applied.

The maximum fault duratíon is sixËeen cycles. The diagrams in Fig.

3.6 (b) and (c) illusËrate typical trípping conditions of the re1ay.

The trip signal is shown Ín Fíg. 3.6 (c).

The accuracy of the relay under transíent fault condítions

can be assessed from the locus of the dynamíc characËeristic. A

typical plot of Ëhe locus in the fírst quadrant of the R-X impedance

plane is shown ín Fíg. 3.7 (a). The characterisËió'of the reLay

under test is sensitíve to f iltering as sh-own in Fig. 3.7 (b), where

Ëhe RC filters are removed. The plots ín Fig. 3.7 (c) and (d)

Í1lusËrate the cases of polarization and zero d.c. offset.
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Srpical test voltage
current signals (max
offset) ,
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circuit and test voltage
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d.c

Sypical current and
trip signals.

(d)(c)

riq. 3.6
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The operating Ëime performance test enables the speed of
operation of the relay under transient fault conditions to be

checked. The picrures in Fig. 3.s (c) and (d) are rypicar of the

operating time characteristic when the relay is unpolarLzed,. The

ploËs clearly shor¿ Ëhe poÍnt of uncertainty at Ëhe relay position.
For a terminal faulË, the reray would possíbly not trip, especiarly
for large source impedance.

The diagrams in Fig. 3.s (a) and (b) atrempt to írlusrrare
the effect of polarizatLon on the operaËing time characteristíc.

The operating time of the relay at iËs position is now defínite and

well-defíned even for fairly large source impedance.

The plot of zg/zg versus zE/zN of the relay has been uËilized
to check irs inherent weakness and defecËs tt-] Typical of such

plots of the experimental relay under test are shown ín Fig. 3.9 and

3.10.

ïlence, the proposed automated technique permiËs the assess-

ment of the dynamic performance of the relay too.

. .'., ,t r.:. :,l
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Dynamic characÈeristic .
Unpolarised, f iltered,
and with max d.c offset.

Dynamic characteristic.
Polarised rV and I filtered
and max d.c offset.

(c)

Dynamic characteristic.
UnpolarisedrV and I
unfiltered and max d.c
offset.

(b)

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

(a)

ii:..r
l:i.r:i
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Fig.3.7
(d)
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CHAPTER 4

CONCLUSION AND SUGGESTIONS FOR FUTURE I^IORK

In this work, an automated technique to test a proËectíve

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 formulaËed in Chapter Three. The test results are

automatícally dísplayed on the graphic terminal of the minicomputer,

permittíng imrnediate on-line evaluatíon of the performance of Ëhe

relay under test.

In addition:Ëo Ëhe shorË turnover test time with the con-

sequenËial cost savíng, there is also increased flexíbility over

the conventional method.

tt" *"irr.limítaËion of the proposed meËhod is that it

assumes the availability of a minicomputer. However, Ëhe present

modern minicompuËer is so versatí1e and por,uerful that iËs acquisi-

tion may be justified ultimatelY.

Even though ít ís Ídeal for solíd staËe protective relays,

the technique can as well be used to test the classical electro-

mechanical relay. In such a test, a pol¡ler amplicaËíon interface

betü7een the minicomputer and the relay is required. In cases r¿here

the relay requíres actual inpuË currenË, the círcuit configuration

58
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Volüage controlled voltage source
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Voltage controlled current source
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in Fig. 4.1 (b) may be used. The diagram ín Fig. 4.L (a) illustrates

a possible amplifícation circuiË for the volËage channel.

The biggest lirnitatíon of the present ËesË equipment are

space (core memory) and speed (computer mulËiplication time). A

link to the large IBM 370 computer and an addition of a hardware

multiplíer will permít more sophisËicated 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 I sound phase polarLzLngt ;

c) Ëhe representation of nonlinear fault arc resístance; and

d) Ëhe effecË of system poü7er swing.
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APPENDTX A

DESCRIPTION OF THE CTRCUIT CONFIGURATION ,OF

' rug 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. 4.1, The diagram'" in Fig. A.2 attempts to illustrate

the signal processing unit in the initial part of the

relay. The block average comparator is preferrgd and the

circuit diagrams of the relevent parts of the comparator

are shown in Fig. .A,.3 and Fig. A.4. The integrator and

the trigger circuits are shown in Fig. 4.5. The memory

circuit is shown 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.

"a Y-- + tr*-- = v--vo (A.1)

zr zz zz

where,

zt¡q = I

T4 =ïs
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+ 25
v' = vg

24 + 25

vi -v
T:-1 zI

v) - v
?'')

!d o2

V -V
TaO¿1tz^

J

vo = A(v+-v )

,ï3 = T2 + 11

Upon simplification, equation (4.1) becomes

t/z z

vr/zL + v2/22

L/2, + L/2, +

r
= -vo l-"" +

where,

l

Ittrr+ 
t/zz+ t/rrft/zt =

z_
5

24 + zS

- v3/zT
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Ilence,

Vo

Tfre , expression in equation

the inductance of the rePlica;

The differentiating

Its transfer funcLion has the

(4.2) is used to

impedance (zn) of

circuit is shown

following form.

-vl z3/zl - v2 zt/zz * v3 ,s/rx

+ 1+23/z + z3/22

(A.2)

reaiise

the relaY.

in Fig.A.7.2

A

iwRC -

H cj\^t)

1 /Reca

ct

R-
ct

z4

z-
5

JwRUCU

The cutoff :'frequency is set at I8O Hz. The following

parameters are subsequently deduced'

= 2TII8 0

= I /377R

= 0.333R

= R+Rd+I./iwc¿

= Rd+ I/iv¡cd : ZZ
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APPENDIX B

This appendix gives the listíng 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 "JJSS2tr. trühen the test is run, the program requests

for the relay ínput current level and the angle and number of revo-

lutions for the íteration. The Assembly Language subprograms

whích reset the relay, apPlY the signals Ëo the relay and simulate

the Ëime are listed under the title JJSCON. The BASIC version

which contaíns the maín test program and the Assembly subprograms

is called JJSS2.

rl'1-_:'i
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APPENDIX C

This appendix gives Ëhe 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 'rJJTRlrt.

The command OLD ttJJTR3" 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 whích contaíns the main test program and the Assembly sub-

program ís called JJBVl.

_'r'::: :::ì 1:: :-::ì:lj
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Tll I:, t:,Lr'f.lFrl,l I i. TEST F,t:riljti:Ftll ,I.T1'fi:l: F'L.r-r1 í 'iilE: r-rF'E.F:rt t I I'lrj¡ I I ¡iE:

r, rlt:¡RHL:TEIi I:iT i t-: [r[: 'f l{E ii:Ë.L.n\'

JJTRL 3.9-JLll'l-78; E:tl5IC: t'Et1-erg

1r? RE14 Ft Ft:.Lrut:É14 Tü Il,lì,'E5TIiiFtTE T1-lE: TF:Fll,l!:lEl,lT
2\7 RE14 UHITF:I.IL:TEI:I5TII.: iIF 5[ILI[' STHTE F:ELI.'II'
3ü REr,l ,rñ11HL Jiit:!TI5 l'l5U: THE::15 l'll-rY l97Ë
4t:t D I l'l t: i 1t1tll,'r'( ttJg)
5{1 CFLL " Il.lIT"\[:FILL "D,FIl*iß (3:eÉrB)\,I::FILL "F:5Tt:" ( UJJI't:L" )
?ü LET )(1=-1. 5\i:2=3. 5r.'r'1=:-1.. $'r.ï!=l:. !i
Bü CffLL "5l-:Ê1."'i)'il, \'1, þiÊ.. T'Ê)
1113 LET Z1=. 2\.t:Etl 7t I:: StrLtt:C:E
tZB LET 32=1r,F:El'1 t? I5 LINE
:13r¡ LET tt3=1.5\t:Et4 Rt: tt, p¡LlL.T
1_?5 LET F1=ãl j,*. $17+5-a\p't=lll.+.. t¡1.14iii:
137 LET R7=.2\.F:Et'l RZ I5 THE IllL:t:E
1 ,t ü R 3 = Z 2 '.{: t:: Ct :-, ( F' 2 ) \ ¡: Z = f i":{: ! I ll ( F e )
!,12 L:ÉLL ¡'FlF'l'lT" (8t.. ti, L't.. -i:)\,[:FlL.L "!'Ë[:T " ( FlË, ]l2i)
15tJ F:2=72,Íft:t5, ( F e ) \)(;e=ZZ,l:5I N ( F'e )
155 t 1=i1{:[:t.t5 ( F 1) \X1=21:l;5I N ( F'1)
1{jg LET l,l=l:77".!'=T
1rìE Ft=,i li.1+F:l+Rl:) *'tl¡ ( ).11+F:l )
198 $= ( t/{:[rl),/ ( ]{1+1*lË ) \.0'1= ( [l:¡:f.l ) /'( Fl*3+tt"'é- )
21lJ D 2=5Glt:( E¡¡'( t,l*'01) ) \,E1=-F¡Tl'l( hl¡'FI)
23 ti L i = ),i 2,r [,] \. T 1 = F-: . i' 1 j: ]: $, I . Él El tjl Ul tl E - Ul +

2 I I Z €: = !1 1'' 3 + l.: t ^ 2 + R I'' 2 + R t'' 2 +' F: i: -' I
23? f 9=liUt:'li'å )
23:t iF ¡!r:=.5üCl Ttt 1l:1tl
2?.1îI I:EÌ4 STEFIDI' STHTE F'FIT:T LIF SItJNFIL.
?',7ø t/g=g+4É9. 5\T=ï1
Aj¡r1 FüR I=1 Tt_r ãtt
3tJu u ( I i =2tt47\,t/ ( I ) =3tt+7+i Ì,¡T( !'!i+,5 ¡ N ( hl*'T ) )
3Zü 1=f+T1
l:3ü NEi:T I
35ü f{Et4 Tt:tlN5I ENT
3tìB T=u
I::?u FüR I =¿'1 T[¡ ElEl

r:9u f.2=DE'r,5I I'l ( ll,t,T+E1)
4ßtJ L: { I ) =þl>l: { E}iF ( -Fl+T ) +t:2)
,lrir5 t,l i )=I I'lT{[:,: I ),t'4tr5. 5)+lE47
.l 213 ',r'1=Ll:r:¡1x:,i -f¡a:f i<l p'( -Fl '{'T) ) *'48 9. 5
.lllJ \,3 =Lã:r:[i 1{:C''¿:l:hl {:[: [l 5 ( ll*:T+'E 1) *,{ ttl. 5

44ß 1/,í I ) = I I,lT i i Rl+t:2 ),r,( c:( I ) -ãrJ+;/) +.( !'l{.!'¿{.2U47) )

45u T=T+T1
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4f5ü l.¡EliT I
SIJIJ REI'I STEFIDi' STFITE
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APPENDIX D

ThevoltageandcurrenLsignalsfromtheD/Als

of the computer are f ilLered before they are applied to ."' 
'

the relay under l-est. Two identical filters are used for

each channel. The filter also has a dual role of providing
' :...

a buffer stage between the relay and the computer. The 
,,,:.,,

circuitconfigurationofthefi1terisshowninFig'(D.1)
The transfer function of the firt.er has the i:'''':'

l

following form.

Rz/R!
c ( j\,ü) =

I + jwRrC

The upper cutoff frequency is set at IB0 Hz'

Hence,

RZ = 8.8k (saylOX)

where C has a value of 0.I uF'

The gain at the fundamental frequency (60 Hzl is 0.995.

This could be compensated by making the filt'er gain as

r/o. e9s.

A phase shift of (-2\o) is introduced at the

fundamental frequency 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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GENERÀTED
WAVEFORM

FILTERED SIGNAL

Fi lter and Buffer of the test system

(1)

CUT OFF
FREQUENCY
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I
60 Hz

Q\
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Filter frequency resPonce
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APPENDIX E

In the static test, the current is kept constant

while the voltage is exponentially decreased. to zeto as shown in

Fig. (E.I).The value of the voltage initially in the first

cycle is taken .s ¿.5 volts. This constraint is placed by

the D/A of the computer. Two conficting requirements are

imposed on thre duration of the decay of Lhe 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,

vnlrqal = vttl*tol, ( 1 -f )N

wheret

Vf tnar, = 0.001' ^0
vrwrrraL= 4'5 vorts

N = 360 cycles.

From the above exPression, the value of I is deduced' ancl

has a value of 0.019 otr ( f -f I = 0.98I. This is the

value of thre multiplying factor wrrich is used in ttre static

test to simulate ttre decreasing voltage signal'
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