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. ABSTRACT

Many kind's 'of relays are .used to detect faul ts 'in .powe'f
tr:ansformers. Two' of .these. relays are. the restr·i�te'd earth

· fault. and' tr·ansforlDer differential relays. the. cOQ'cepts of
·

harm.onic
.".
rest·.raint .and variable percentage' differ.'ntial:

char�cteristlc ha.e been :widaly used
.
i� tbe conventionaL

transfor·mer .. differential relays � .

In the past ten years
'" sevet'al' methods: have. been" proposed for desi.8\\ing .. digital.
trall.sfor.er differen·tial relays.

.

..

·;;'this project 'lnvestfg,ites 'the ·la'as!biiity of deai·gning, .• ···
. a 4igital differential ,and .. restricted,earth laul�,relay�

· The differential protection. segment: 'includes .the . har1ll0rd.c
:restra'int .and. variab.le .

percentage,'''' different,tal'
· charac'teristie . features. 'Non-recursive dl·gital filters.· are
-used· tG determine. the funda.ental and h�rmonic freq�ency
cO'mpon'ent8 of 'the tratisfor1Jler, cur.rents. ,The filter,s. heave

'. been': designed' using th.e least error. squares approac.h., tli-e
Fourier series, method .an d the' frequency� sampling. "llleth04. "

.. The -, frequency respon,se:s .
of .the deSigned filters have aLso

be�n invest1g�ted�
...

···A digital l()gic im,plementing the.' res:tricted eartb faul·t

'

and trans'former .di'fferential' relay has been :deve'loped � • 'The
. ,te.l .• y, h.a·� been t.e;�,t_.d :�UJ.i,n.g ,$,,1,m1,.l.l.�t�d inte.r.nCll. faults. and

.

'. magnetizing. inrush c cnd I tiona. Some' test results a,l"e also
···incl�ded •

'.
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1. INTllODU.CTlON·
'�'-------------

1 •.1 .Iliato·rical Bac�k8r'ound

. On.�.· of. t.he·major. funct Lons of protective devices is' . to

detect t,he· oe cu rrenc e of a power system fault, such as a

short· ci ,:cui t, and" to' i.sola te . the faul ted section preven-ti-ng.

deceriora tion of the. power system operating e e a te. . E.at'ly .'

developments .in this· regard. were t.he developme'nt of." f.\Jse:s

which. were' the first. 'automa tic devices to' be. used for

isolat'lng th.e faulted equi�ment •. They ·wer-e.:, and· s.ti,!l 'are

.b·ein.g. use·d· effectively for the protection o.f distribution

circuits and subrransmission lines. The' �ajor disadvantage

of ns Lng a fuse is that it llas to be' replaced every time it

. interrupts current .in a circuit •. Another major disadvantage
'. .

of' fuses is that they cannot discriminate easily the ·fau·lted
.:'

.

....: ."
zones from the unfanl ted zo'ne s in· a complex. po�er s.ystem.

A significant improvement in· power sys.tem.. pro.tection

was ...• achiev.ed ..wi th the i ri t roduc t.ion. of automatic

circuit-breakers' with trip coils energize,d by system

.

c ur r ent s ,

. This' was' soon follo·wed by. the de,velopment 'of
...

'.

·'P'!:'ofec't'i.ve·: rel'ays 'whose operation initiated tripping' 'of
'.'

�ircuit breaker(s). The early relays which res�onded to

excessive ·sho·rt �ircuit currents,.' were 0·£ the attracted'



2

armattire·· trpe •...•. pr"t�ct i"" devices wi t h greater· sensi t1vi ty.
:., .:

.

'

..

select'iv! ty ,and s.peed ..•. were .' developed t.o satisfy' .the.·

requiremeuts �f Inerea$ing �ompl��iey of po?er s�stems� The
'I

"
•

••
•

developme'nt of induction disc·r·elays was follow'ed .'. by . the

.

:'bala'nced beam': and. Lnd uc tLon C'lP types.· US'e of ind·ivid.ual
.

". relays culminated in .the. developmeti1::.· of comple.x ,protective

scheme e
. "incorpora tin,g several ','relays' for performing·

sophisticated protection arid control tasks.

.
.

'.

Solid sta�e' rel�y,s were introduced in 1950' s , In their

early stages 0 f dev'e Lopmen t , t,he se rel ays used, 'the.tiniOilic

components. . they did, not, .however, receive'. widespread'

acceptance because of the' .h�gh failure: rates· of the

t he.rm.ionic Later developmelfts used

s.emiconduc tor technology." 'Re.cause of lower. failure rates of
.

"

the semlcondu<:tors and smaller power" c cn aum p t Lcn;:' many' solid

st·a·te . relay.s· . were developed and impleme·mted.
.

So11<1· $..ta·te

devices have been"used, in the ,.design of Many proteetive
.

�
.'

.

'.
.

.

schet!te.s. t he t . include
.'

phase and ampll tude '.' compara tor s ,

. The'se
..

-

devl¢es 'require �miniinum .alntenance and are fre�.'from

relays .•.

'

"

"

'

.

.

.

':', :, "',,.,
.

Rapid advances in . dig,ital pTocessor . technol�gy.: have

'�r�mpted th.· ipptication ·of· these device� to industrial
.

.

...pr,��,e.�s �,ont1!,tll� ;J�lle "tJ�e of ,r.�'�:l·.ti�e d-igj.,t;1.1.computers for

system p'r o c e ee f on". was' fl.rst ,proposed .• in 1966' 'by. Last, and

"

,',

";"

" ...



..

'. "; 8
S.talewsky .•

.

.: ',.': .. :

'.In··a·, remarkable.;:paper, • Rocke fel'le;lS: p r.epoaed

'3

. ." ..,.... .

an' overall' PbiloSQ'phy
. .'

for· .using a digltal computer t o

.".

protect all·: the equ�.pments .. in. a substati:o·o •.•.... Mann' -and

Morrls(.)�·16 later demotlstrated" the . feasibility of protecting.'
.

. .

a ·transmisS.lon li..ne by a digttal computer. Ma.�y 'r.'e·searche��
.. are of ·the. view t.hat th.e long :ran3e'eco:nomle 'trend favor's"

.

the' use of digital p rece s ser s for protection .and
.
control •.

New· and ingenious algorithms. and process.ing. techniques have

10.
'. 'alre.dY been· proposed .,

.' .
.

. .

1.2. Digi tal Processor· Relays fot 'i'ransfo-rm'er Dlff�rential'
..

'

Protection

In 1969 t .R.oc.kef:eller proP9sed a meth'od for 'ldentifylng

magn'etizing inrush· from tralls.former faul t8 and 'P·ro.p'o'Sf!li ait

algor.i.thm: for ttans£orm.er . cg ffe ren eia1 p.ro.tection.

then several sc.hemes ..
'

. have been reported in' the
. .'. .... 1,11.24'" .

liter.ature. .

.' .The object. of this project is . to·' study

the prevlo\lsly. proposed. ,aig(u�lthms and design' a digital.
.' ... ..

'

.

',: ',: .....
transformeT differentIal relay tha t mlght . be suitable'. for

.

repl.acing .: ..... the.·' pi;'es:ent:ly
.'

.'

used ele·ctromechanii:al arid

·solidstate··devic�s. ·The relay design can be divided into

.two main tasks1 the
'.

des.1gn· of digita.l filters and th;e
.

development of relay. algori·thm· a.-n.d program •

... ,

.'

.
.

.
.

.

,.

", "
"
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1.2 e,1 OrRantzat�on. of a typical dig! tal rUay

.

Figure. 1·.1 is a b Lock d�agram which' depie.ts the majo.r
�.

.

p rece.e s e s associated wit.h a digi,tal rel�y •. An .. ana Log input·

". subsy�.tem accepts ac .signals. from :power syst�m . transd ue e rs,

s.uch a.s conventional current·· tr·ansformers and· capac! eive....
d.

: .

.

current. and voltage transformers •. ' The' analog
.

signals. are • '.

processed
�

�y .lp�,a.s filters to'bandlimic' the· signals. Tbe

processed signals. are. satnpled· at a' pre.specified rat.e. Tb.e,

..

de sired.' c·ut-of.f . freq.�ency· of tbe· analog f.ilters and. the

sampl.in.g r.a e.e are int.r-dependent. Ail analog. slgl'fal. ar�

sampled' simultaneously by sample altd.· ho.ld devices,. are'

converted to equivalent' digital numb.ers and .are tbe.n

transferred to. the processor' memo.ry/cpu •.... The p.rocess:or

s_ tores,
.

0 tganize s, . co·�·putes. and make s
. dec i sian based on .t he :

sampled value� of the signals.

1.3 Outline of the Thesis

;
..

. This thesis is o�ganiz,ed into six' c hapee r s .•. and" three'

. appendices. Chapter 2 revie�8 briefly the philosophy

generally us-e-d for protecting .power system elements. Fa.ults

affecting power ,transfor�ers and' .methods
.

. ...

used to de tect··
..

.

these'fauli�'are -outlined briefly.
. .... :.....:... ..

ex,peri'enee magnetizing'. inrush whe.n· s·w.i tched on to an energy

Transfor�e�s �.usually

. .

.... �o.,y.rce� 1hi$. ¢9ndit.ion i,S a eran,1$.ient .whieh 'lasts" f()r·.a
.

short du r a tdon o.nly and· has to be'. dis·tingt1ished, from"

. ..
.

...
,

.

. ..... 1····
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Chapter 6 pie�enta a brief summary and

:.•.............•.........
conclusions '

..0 f
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2. TRANSF�aMER PROtECTIO·N :'
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'

.. The philosophy 0:£' �()wer' system,··. protection' '. is, brie.fly.·
.

.

'

.. descril)ed in this chapter. Faults affetting the p:erformsnee'
.

.' .

of p�wet t�ansfo�mers are' identified. Methods· used for·

detecting .trartsformer faults and i�olsting the ·affected.
. .

transformer from' the '. remainin�' system are ,.revlewe.d 'with

particular ..' emphasis • on' dirrerehtial cu r re n.t., ·:relayin�. The'

operating condi tions .which . adve r s ely affect the· pe:·rformanee.

of
.

differe·ntial . relay·s .. are . outlined. Limitati.ons of:

transforme·r dif·ferential protection are also examined •

. }-fa thema tical
.

mod,ls . ,fo't- simulating • cu.rre.nt :. waveform

representln� �agnetizlng in'rush �." winding fa.ults . and

simul,.taneOU$ tnagnetizlng' inrush :�and winding' faul ts a·re. then.'

e'Stablisbed.

'. •..
.

:

.

2.� Pr�tecti�n·Philosophy
· ..

·
.

· .
.

F.ault· sens�ng and switching .. d e vd c e-s are' provided in
.' ::. . '.' .'

pow.er . systems to. lilll:i.� equipllle�t da1!\·age. during. f.aul.ts and
.' .'. .

: .: .

.', .

'

.

.

overloads�- and,to �inimize the. dlsturbing.�ffects 6f faults

on .th e sy.·stein25•· . This' is accomplished b'y d lv.iding the
.

'. ....,'

,$..Y$t:eJll .JPto .�r.qJ;.eetive. zones. A zone U·SU�.llY·· includes . one

'. major elem�nt and 1s separated :frolll the' r.emaining system by·
. .'

'circui.t b r e ake.r s as sh.own in Flgur'e 2.1 •.

:
Protective
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" ". : 10
........

.' .

.. :' .:'" ':. "

.

. are deployed: to a�h.ieve two 6bjeetives •.
· The first obje�tive.··

is to ·dete�t the ex:istan�e of.a fault a�(i iden.tify t,he·. zone

in . which 'it 'has' :·o·:�eutred. The s.eeond: 9bjeetive is to: open .

.

circ.ui t breakers t� isola te • the faul i:�d zone. iii 'addition'"

to.the�.e a�tions. the pr�te�tiv-er.�.lay may al·e.r·t: ··an,. o:p.erator

·ilnd start equipment for recording the
.

.'

sys tem curre:nts·· .and

. voltages du r Lng th:e .: fault.

'.
.

-. ': .

'

"

..

Protective ·re·.lays· are' excited by t·he eu e pu t.s of eu.rrent·.
.

.'
.

. .

.

.'
"

and ,voltage traus·formers . which are· in
.

curn connected· .to the

system el:em.ent that is to be' prO:tected. An �uxillary sourc'e

pr(Jvldes.· �nergy requ Leed to open' c f r cu I t breakers ... In
.

power

systems. '. the' continuity o.f .supp.ly. .i s .
an . important.

."
.

.

'
.

:.' .

.

consideration and ._.p.recautions . are,
.

t'he·refore ,. taken to .avoid

�mwarr.antEid isolation of.. the. s.ys.eem. elemellts •.
'

2.2 Faults Aff�cting th� Power Transforme�

.

.

..

Faults affecting a power

.
.'

transformer. can' be; d:l:vided
. . .

.

into' two" ca tegoties; :�. through fault s and in ternal faul t s ,"

'. Faults outside the ·.p.rotecti�e zone of' the. trall�fotitt�r .• at.e.·

classified as through faults and the fa�ults in the protected
.

.... .
. ... .

.

:

zone of the tr�nsforlller are classified as'
.

internal' £a1}1 e s ,

}!os e
.

fan'! e s .

are a s s oct a ee d wi th ex c e s s Iv e cu r rent s flowing

in the willdings of· transformers.. These' cur r e n.t a .' usually
..

"prif<fiice ' .• :m�chaljic�fl.· ariel "fh�"f1iial"s't'r�s$<e:s' in the:'ttansformer··..
windings. and also in the c.on ne e tLn g bus b ars,".

....
. .



.' ....

'

. .' .

. . .

. trans,forn'ler
.

.... .
. .

.

.

. .... .. .:
'.

.' "

'. !mme.diate.l·Y·. from
" the. sys t�em when' a tbro.ugh. fau I t oecu�s 0 r .

'

.• wh.'E!,ft 'tJre<·.'��r�a,ft'Si';f'(N"tne'�'·.i& ov.erloaded •. However; '1'£'" '. the' fault
....

11

It·.·· 1.s.

:'.' ....
:-, : :'.. .. ,':

not'

.

essential .: to disconnect· a

.

. .�
..

",.

must be dfs�ortnec1:ed t� prot4!cOt from serious. dam·a:�e. .:
'

.. '.:,

... '"
.: '

:

.

Usually a transfor�er can sustai.n over Lo ad s ": for long.

periods of time which depe.nd
.

on the permi tted temper.ature

Excessive

overloa4s cause insulation· deterioration and subs�quent

failur.e ..

Extern'al s.hort'""'ci.rcuit.s. are some·times '·'ltmf-ted ". by the
'. .

.

.' .:

t:ransfot'me··r·· reactance only.' Sf nce �his r e ac ta",�e" is. small, .

. .

. fault currents lrr these· ca.ses· .are.· excessive:�" -Lf these

'.,

c:urrents -a r e allowed to perSist for .more t.han· a few cycles

( .'a t 60. Hz. ), the·y. can cause extensive' damage .. to
.

the
.

.

. : .

.

transformer.

.

. �,
.

'

... .

'

.

Internal faults cari:be'subdivi�ed .into incipient faul�s
. .'

.

I
..

"

and. pha'Se to' phase � pba:se:" td' g'round and inter turn fa�l t s ,

The main pu�po�� �f transfor�er relays' is t� identify
.

",
.

condi tions" which .' arise" from faul ts . insid:e -. the tJ;'ansformer •.:'.:
. .

.' ....
.

...

.
'. .., . ,

zone and:'open circuit breakers' to ·isolate. t;11e",' :r;one

.i�fmizin�.·the da�•• e� •

thus

....
'

..

",'..
'

. ....

.

-, .":'
.. / .

'

..
'

.
".

,
:

.

:.'
'
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:., ."
....

.'" .' ·12;
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"':' ..

. '.

Ph'ase e o phase -. faul ts on the high �vol�age or "low
."

v.oltage terlldnals ···of tra�rsforme·rs are rar�, but s:lng:le' phase
. '. .

.

. :·to·. gronn-a fa:u;l't's' in. "e�p c'haYfgers" s.omet:·i'ures d·e.vel�p . into.'
.

· .' ".
.

. ..

'. pha�e to', phase
'

...faults. Th.es:.. fa1,i'lts .: ca:�se sub:stantial'
'. .

"

.

.

. red�ctio.ns :in·
·
'.:'

.

.

.

.
".

·

C omp.l i c a t ioi'lS.·
.

'. Phase to ,grou-nd faul.t·s· on:. the
.'

. high vol�age·· and .. low

.
·voltage . ,windings of' transfo.rmers .are maj.,nly du.e to b-u.sh.lng

....
.

. .

· failur�s a�d flashovers w�thin the transform-er' tank. '

... The
. . .

.

· severi ty: '. of thes·e .. ·faul ts .

depend on the the d'esign of the'

transformer' and the lIlethod of gro�nding the system neutral.
. .

.' . . .

Int.erturn faul1;s in the h,ig.h voltage .
and' lci:w' volt,ag:.e·
". .

. winding's e aus e ·localized··· burning. of th� conductors .of .

the

affected coil., . and by. chart·ing and .. breakdown . of, the.

interturn' insulation ·of the coil.' Initial·.··· .interturn·

.i.l'is�lat.ion· failure cioea �not d.r.w suff!.cient eurTetit from the
'l .'

.'

"

.. ':.' :' .

.

· mains' and is hat.d to detect.' until the fault extends to
.

. : .':'
.

�mbrace :
a considerab'le portion of the affected winding. The

. '

... : .' .':

.'
majori ty

.

of:. .the in.tarnal .... falll ts
.

w·hich·· o:eeui-' wi thin the·

windi�. �re i�tertur� faults�

. Incipient, faults. are, also'. internal:' faults
. ....

. ',,:
. .

const! tute .

no
'.

immediate hazard.' However if'. they ·a.re· left:

und e teeted t'hey _ ma; d'evelop' into maJor faults.
.

Major! t1. 0 f

fauits .

tn '�his categ-or�": are eor.�. faults; ...• due .• to fallur,� of .

-. .....
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.
.'

·13····
.................. '.: '.:'

·

the 'ins.u:lation '.' between

, ..
.

!:. :
'.

.

.

: �

...

. :,'
.'

.",

.. '. �
..... )'" ,r"

..\�
. .. � -� .

······J·f ....
.. '. -; U' ".

.: "

. ",.

. .'

: .
.

",

th�' cor.e .. 'lamin.a�io�s r .. and

'The choice

'

... ,,'. ,,' ... '. "

of protection·

. '.

syst;ems" sele�te«( for ..
'

application to a transforme·r 1s Ln f Luenc e d .by·· the s1�e' and ..

imp�rt�nce of. the transformer e
: Sma.ll: t.ransfor.mers ari! '.

.

. .

"

..

usually. protected by: .0ve.rc\1rrent.. an.d inst'a.nt:aneous eart'h .

. .
.

. '.' .

·

f.a u], t ,x,il..i3�$, .::,�.11..1Y.�:. .. .. :e·9� .l�J.;.!l�.t; ,t;r.a.nsfC),r:m,ers. rest.ricted eart·h .:

fault relaYs. and gas ..and· oil: surge detectlo� relitys a�e

provided •. .Differe·ntial pr.otection 1s u.sed fO.r· transf'ormers
25

liVA ,ra ting •.
· of over 2'{)

Most power traR�£or'mi!rs are .011 hlmersed •.' An i·nternal

ta�.l t .. 1:0:. ifJ�C,,}l' :. tl"allsJo·tm.�r .1.s :Of.·��:.n aCC9t1!.'P·"nied by. vtolen-t
.'

-.�'
.

.'

.

.

release of gas •...• Th·e:b.eavy s·hort ....circu:its -. rapidly .. increase

the : 0.11·' .temp·eratur�. to', the vapO'�'izin� temp:el'ature cl,"eating
.

.

. .',.
"

'
.

.•• pressure surge .in the transformer tank; iorcing Gil. to' the

" ..

.

.

. '.

· c cnserv a tor •• " Mo·st··· inc 1 pien t faul ts can be de'tect'ed .only by

monitoring. the . release of gas. Other
'" types:. of p rc t ec t Lcn

are ei ther nori'tesPo�si�e or are not: sufficiently sensi tive �

: .....
"

•....
'..

'

. .: .... .'.
.. The device �sed: t()�d�tect an.:·.incipient··fault is known

.as.· the· Bucholz relay. It· 1.s f1 tted be tween the' transformer· .

...... ,
..

.

.: .

-,
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.

and Us c onse tva tor .; • It a100 de tee e s ex c e ••�ve 1 eak.ge

.

.
.

'

.'. .... ..... .
. .

of' ·:·�:fl. :fro. the ,ttansforme�' tanit by detecti.ng' a dr.op.·,in .the;
• • ••••••••••

<

'. ::. .'

••••
.

.oi1 'l'e'vel -Ln the tank. This relay i$' ustialIY.· appl_fed.· to
.. ,,,

.

'" '. ".". ".
'

...
stip';le�ent' "

..the. differen�ia.l . protection of' p�wer'
.':

. . .

t rans f orme � s ..
'

,".,

.' .

2.3.2 Sudden' pr'es,s'ure' pro-tee'tio,n

SO'me .trans,formers. have a .g a s .
cushion instead of .a

. ".a?Q�l\!l�t'!.i,�to.r :,";�.�nk, •.... ;+i�� :�Ncho:�,�,<::��,+'.'� ,<7�n not,be �pplied in

',
. ..... ' .

.

.

. these· cas.es· and 1$ rep'la,ced. by . a .' .sudden pressure relay ••
. .

.

.

This' device, is· mo.unted on the tank,'. ab()ve ,the . �il' level and

monitora the rate of .t{se of the pressure' in" ,the ..

'

..

tr�nsform.er •

"

..

'

.

.
. .'

.

. :. .

'.: small :.pressure cha.nges resulting' frolll • normal '. o.perati.otl : of

the
. .

.transformer. The, sudden pressure. relay':·�s··.more
'. sen.sitive .e c light· intern�l.·· faults '. than· the, differential

re.l�Y. I�s" . oPerating
.

�'im� varies from 1/2 cycle to 37
"
.,'

"

....•....
'

'.:
. '.' 25

�ycles depend�ng on the .everity of the fa�lt .. �

'.

;'. .

.'

2.3.3 overcurrent,r�l��'
..
¥,

A fault . external to'. a transfor�ei results in an

···.over.load which can cause· transformer' failu,re ·if the fault. is..

.
.

.

. '. . .... ...... .

not �leared pr6mptly� Overcu�rent �elays are ofteri u�ed to

.Lao La te" . the· . transformer before. it is damaged. In ·t·he case

of. small. transform�rs" overcurrent ralays' are used" for,. both
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.

"

.............•...... '

.

.....

..... :
: ... -; 15·

.

... : ...:.... ': .. :.: ...

.. .: .
.. ..

.

..

. t:ime",ove'rC1,1rTent. charac�eristic is p r.e f-e r.abLe. •. f9r··' ���r:road
'.

;'�J.td <lii.h� .'faU.lt�·, :wtt:h:: 'an in�tant.an�ou·s Qverc\irrent uni t. fo r··

:········
-.·.hea�.)' fault's�.·' nn :la��e..:·:transfo·�mers, :overcurr�ent ... {.·e1aY13 ;:::.: ....

....
. .' ..

� .

. .

prov.ide
.

bac:lttip ;: for. ,the different.ia1 re·18y8. O�·ercurie·nt··
relays' are simpie and inex'�e�sive, but their' ap'�li'eation .'.:•. 15.'

. . .

..

low resolution·· of the' setting and·the ..

i.··
••

•
I •

.

.n.eeessi·ty
.

of
.

providing .t.ime. 4elay for' coo'.rdinatlQ.'il. of.

2.3�4 Res�ricted:·-,e.arth fault relay

.

The -, m.ost c,om,!,on type of. fau1 ts .. Ln. po�el"

. : .

tr�nSfortJt�rs •

are
·

.. single '.' phase. 'e o . g r oun d faults. These can.be best

detect.d .. by" using restricted eal"t.h·· fault
.:

relays. The .....

>princiPle used'
.

i.s
".

current
.

balance. (A typi.ca;l· restricted
.

earth fault. relay app L Led to the .w,e side of a '. three.. pha ee

. � ...
'

. tw.� wJil.Pj..�g �r.a�ljIfor:W,e.r
-, :Jfi .$hown. ,in llgure .2.2. In this.

. . ..... : ..

relay,. the "three line . :current:s. ar.e.·· ba.lanced
: against .:

'.
the

.... current·· in. die '. transformer neutral � For'8, line' .ee gr0tin.d

faul·t outSide the tone of· the re�tricted'· earth "fault: '" .re1ay,
.

ttte ne·utra1· :curretit . is the. same as 310' a't tlie· tr·ansformer

terminals. : . Current in the opera ting c o IL. of' the . :restric tE!d

. eatt h ·.faul t relay is � . therefore, ze re , Howeyer � ·in case of

.

.

a' pha s e to groun� fault in. the protected: z o.ne , .: the' neut·ral·

'.' ..current.: .wil1
. not be balanced by .. 310 a.t.. ,�he t.ransfortn:�r

.•...•. terlll.inals.:· • Current would � theref:�re,. flow .in'. t:he �esti:l<;t�d

.. : ..

....... ;:...
.

::.:
.
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Figure 2.2.· Restricted earth f.ault. ..scheme for a

transformer.'
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deltal�ye
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"

..
•

>.' •••• ; 17.
.'

.

�.. . . '.

,
. .

... :.... : .....

...... • e ai'1:h.·· ·.f$ul t· . rel·�y, .. which •.•• �otil.d; �pet'ati.·
·

..··Th� � ·restricte'd.·.· ..
'

.

ea r th fault· prote�tlon wil,l'�: ,bow..v.er, not respond'· t.o ",two

phase and·.; t'bree. phase' f-au.lt,s.. on the wye side w.hich may. be

inside. or ou t s.t d e the, pr o t ec.ted zone 'of the. rela.y.
:; .

The elCteilt :c)f the"jTincUng .

p ro t e cce'd ·�".by' a restriete�

·
earth'

.

faul t ··relay. applied, to the wye side of a transformer

.depends. on the ·· ...selected .. rating .'. of·· the n.eutral ea,rthing

resistor.,and th�.reljy s.ttingw.

. .
.

'.
' ... ,.

. ,·delta side·of.a wye/deltatransfol'me.r.·the.three linee.t. s

.
.

\

are connected in' parallel with the operating eleme.nt of the

· relay�' this ·scheme responds ·�o earth· f·aults. on the' delta

. side but· does ne e r.espend to earth faults on the .wye ·side ,of
..' .'

the trartsform�r�) ir"'.

2.3�5 Differential protec�iori

.' ....
.

.
. '.

. . .' .

.

Ma�ufact�rers ot' transformers' usually recommend that ..a·
". '.

'. .' .

·
'.

.

'percentage: ·>�U,f·ferential·
. transformers

relay be u�e� for all power
. '.'

. 525·
of .. )000.' tVA and highe�' l'atings

t
• The'

current,transfotmers ,installed on .. the primary. and

.sides ·of .. a' transformer.··· The� cortnecti�ns are' selected in

sue'h'a ,manner that n� cur.,r.'ent· flows in the operating elemet;lt,'

of .the 're.lay during' 'nor'i!:tal.· power' flow conditions'" 'and

. :

" ..

. � .
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·exter'nal. faul-ts.
..

.

.. ...
.
'.

r�gure.�.3 .de�ic�i a typi�al d�fferentiai
.

p r o te.c-td o n '. ar rang ene.n.t for. a" three.'. phase' .:··two' windin.g.:·
.

. .

. '. '.
':

.'

.

.t.:ra:n;a.£Q,�lne.l;',. ,In cas-e of .ehe wye Idel ta tral\s former"
.

� he 1 ine

.' .

cur.rents .on .. the .:ptimary and' the secondary' side·· of the

tr.ansf.or:mer are .no t in pha$e. 'with eaeh. other, .

but are

displaced by 10 degr�e�. To·elimi�at�:�his·dis�rep�nc�.th�
'. .

.

'. .

c.t. secondirtes are connected �n delta on the. wye.

.
.

" .

.
.

. .'

connected side and Cire wye connected on the �elta connected

side. Also, the currents. at .the terminals of a one. to one

ratio' .wye/ delta .
transformer are equal. . The ou·tp.uts· of thiT

.'

.' .... .... ,.
delta connected e.t.'s are /3 times' larger than th·e· outputs \

,.

'. .

.
.

of. the wye. connee t e.d ." c • t •
'
s •

by u�ing s.�itable c. e • ta�ios.

'.

Du r Lng normal operating condi tions and external faul e s ,

. .

the .. trans·forme.r primary 'and secondary currents' are balanc.ed
.

.

in phase. and, magnitude. The c s t , S'econd.ary currents,

therefore, circu'la te ·onl.y tb roug.h the.' restraining' element of.

the differential relay. A change in the. power flow

¢OriditipllS �hi�h upsets the balance'�auses currertt�to flow

in. the.6pe.rating winding of the relay.'

The; presence of differential �urrent or a su4den �hange

in its magnitude is not� by itself, an infallible indication
.' . .

.'
,

of. the pr e senc e of a faul i: i·n the t tans former zone � In.·
'..

.

.

1s adversely affe�ted by �eve�al factors which are 4isc�ssed

.. :,

.'.
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"
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,

-
'.

,Res'training coi ls
'

oPerating,
, coils

.

"
.

"...
.

.

. .',.

'.
.

.
.

. '.

'�Df�'fe'ren\tial' cur:r'ent .p re t ec td cn

delta/lIiye transformet.
' ,

,.

schellie f.o,t a
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"

."::'

. . �

R.lays
.'

·Tha:op.ratiQ� of tran�for�er. ·differerieial relay�'�is

adversely. affected
'

... by
. four· major. non-llnear. phe·noUle.n�.·

.Thes·e· ,are:
.

magnetizing i.nrush,· diffe'renees in. '. the

cha�acterlstics of c.t.'.s u�ed on the primary a�d secondary_

slde-of'�he transf�rmer,' �verexcitation and e�t. ratio
.

. . .
.

.

. 5 25·'
mismatch t. These phenbmena cause. flow of cu�r.nts in·the

operating coils of '.'differ.ential .relays eV'en' ·when '. the
. .

ttan�fotmers are� not faulted.·. Con�eq�ently� t�ansf�rm.is·

may ·be·· removed from s e rv I.c e s !ran·.sformer dt fferen t1"al
·

relay·� wi th pe rc e n tag e and harmonic restraint features are

immune to. the advetse' effect s of these phenomena. 'The

phenomena of magnetizing . inrush.
. .

·c.t ..
··· mismatch,

overexcitation �nd ratio mismatch are briefly. examined in

this section .• objective .. is to ill'ustrate·.· the
.

signific;ance of including the percentage bias' . and .... harmonic .'

·

rest�aint featutes in a' rel�y design.·'

2.4.1 Inrush current
.

'.:.'"
.

'. .'.
'.

A: tran'sfo�mer may experience' magneti'zing inrush current

'O�' ;p:El'ak' ·:'it·alu�s '�ltieh' �:tiiay-be "severa:ltlme's the r'ated full

· load current •. The magnitudes' of i"nrush .cueren e e d epend ott22
..
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'

.• (i') . the excitation impedence whi<!h; is very low','

when' the ·trans.fo,rmer core .i·s sa,turated. .
.

. .

... .

(.ii) .the r.es.idu.al f Lux in the ·transformer core ••
.... ,'.,' ...: ,:" ",

(lii) the ins::e:ant �f the voltage·.:.waveform .'

when'. .

.

.
.

.

'.
.

. the transformer is· connected �o th� :power,
.'

.
.'

.
.

". :source.
.

"

.

Due· to the· sa.turation of the. tr·ansform·er core,
. the shape: of "

. ',. .'.

the inrush. current· wave .. is highly' d Ls e e r ted ,
'. Since. thel

.

.
'"

.

','
.

'inrus� �ur�"Bt,,s,.:.f,l.o.liL,�n',,e,i,t,he.r, .,t,he -p-r,i:m;ary, or th,� , sec_c:)ndary
.

wind�ngs of a transformer, they appear to the differential

relays as. operating curren�s.

When a transformer is energiZed' .from an. a .• c.

.. cr.

power

SOUTee� the.jav�form of the steady stat. flux in the core-

is in quadr�tura with the source voltage E. It. is" well

knowri tb�t 'if: an alternating ,supply is swi�che� �o a highly
'.' ". ",

. i�4:\!,c.tJ,:Ve ,:,�irc�,4-:�,,;<a.;t ,<�,l\� ,.i�,�.a;,ll:,t,:·,�9.,n. ,�he v;o.l,t,��;e .1� passirtg.·
.' •. .... ',.'. 2.2···· .'. .• '

..
.

through Zero; flux doubling will occur •. If a trans former
. . .

.
. '.'

. .
.

'.

.: :·.1s energized .at an' instant of' the ...• voltage waveform.' w.h·ich

'rto�mally correspond's to the' residual flux' densi ty withil'l' the
.

.

.

'.'

core, the switching in would be a smooth (:ontinuation of a

previous ,'operation and' will nee . give . rise" eo magnetic

trarisi�rit$. However, ii p��ctice, the,iristant of �wit�hi�g
. .

.

is . uncontrolled, . and therefore. mag.netizing trans ients·. are"
. '. '.'

.

unavoidable.
.

To. undersia�d the phenome'non, consider Figu·re.·

·2.4 which· ShO,,8 a typical B/H curve' :�f a t.rans former c�re �

,: .

" ".
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.

... � .. >
When th� power supply is swttched' otft

... '..
.

.. :. .. ..

fhe magnetizing·

.

'"

. current decr e as ee tQ '�ero' .while the flux density fol1ow� th.e

hys t e r e sds. Lcop, At· curr�nt lnt'el"rupt ton the' •. f 1 ux
.

de ns f �y

-Ln the' core. corresponds. ·t:O .'.Bl- shown in Figure ', 2;4 �
.

: ..

.

... '.

.
Figure .2 e

.5. shows i.he wavefo·rms of" the • magttetizitlg ....
_

current· .and the flux·' densi ty' in' i·he
.

transforme'r core •. In

this. case the current was interrrupted at the_ instant o
..
f its·

natural . neg.ative •. 'going . zero. crossing. The core flux at
. .. .

.

. cur·rent ·i,n-t&.�r.u.p.t:Lo.tl had.·a p.v.a,lu," *!'r'.,.":!!the .. r.esld:u.al··.•flux.·
..

.
.

. ... .

Sine.e the transformer. wa's consid.ered to hav'e been' swi tch'ed
.
.. ....

.

. of f and the magnetizing current· was assu.med. to have' been:
.

. .
.

.

interTupted, the core� flux remains at,+Sr and the current

continues to ..be zero •. If .the transformer were not switc.hed

off, the curtent �Ad flux:' density wavefo��s. voul� have

followed .the. dotted. curves � ... ' 'Now, assum·e ..tha t the transformer

is '. 're-erie'rgized at: a .. late'r instant, t2 ,'. when the flux
.

.
.. '..

..

�:'4<tensity'; _u.l;tL.1\.a�.e·..•J�.e:e.n .. ,f.nQ.t:.t!lall.y ."a.t .. ,;,i.,ts ...n�.g�.t.tve· ." maximum

va lue , -B" :.
'

.. max .The magn�tlc :flu� ·which·: is Ln the"

transformer core cannot change ·instantaneously. The '.' flux

wave, therefor.e, starts f-rom the' r e s Ldua I vaLue .8r··· and
..

'

follow.$ the :curve BJ· . This cu rve is .. a sinusoid.' riding ..a

offset •. The trans fot'IDe� core saturates; it does not'
. .. .

.
..

'. modify .the flux. • Lnste ad ,

.

the magnetizing' cur rewe : . required ..
. .

to". produce: the·· flux is .drawn from
.. the 'electrical source.

This. current is .. substant,ially greater· than the" nortlal··
.

magnetiz:'.ing current' I, '. shown in Figure. 2. � •

.

'.

...
.

... , ....

...... : ....
.
..

'
.

.. -.
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. V circuit
"

closed
.

.

.
"
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.

The' peak value. of' 'the i:.,u·ush :current. ·.decays.· gradually·"
to.. the re.s:istance in :the ,primary .. eircui t •.. The voltage·

.

due

im�ressed .on ·t6e pri�ar� �windin� bf tbs tran�former '1�
..... ,'s�Ut ..... '.

"..
.

inodifi.ed by,the volt.age drop in thel'reSlstanee," The rate' ,:0£
,

"

decay.of th'e··transtent:,inrush p\tenomena is'large during' the

.
.... ",

.

.

.',.,' ..' ,',.
.

circui t. .

.' ...••.. '. '

.... .'. "

.

_' �1'I»\"j��t {f7v'.'�� �. (.&,�, at· ,\.'

.

first ·few cyc:.1es because. o·f the shorter: time -constant .of the
.

. ....
. . .

. 6... tf ('i�)1""-' I�"� .....

Match'ing of' the ,characteristics of' the primary' and
:

seconda�y c .• t�' s is difficult because of differences in .the·

des�gn� of e.t�'s for use on different .oltage levels. The
.

.

"practice. 'C):£ . utilizing, ,materials .e o : the limits of their

capa�lll tie's bas resul �ed
.:

in most. commere1a11y
.

available·
. .

cu.r·rent· trans.formers hav.i�g a tendeney to saturate even at

,�oderate overloads. Saturation manifests' in the e.�.

,
..s�c;.o. ..�da,:r;y '",,:'cv.rtents . �'h.i�h �n:<;.l usle, b;arj1(oni.c; co�;p,on��ts.· 'The'

'. lengths of"leads connecting the current transf�rlllers to
.

th.e

relay. are usually.' unequaL, '. The pri�ary. and
.

sec.ondary
.

.' .. .....

c.t .. 's, therefore,. feed loads of different VA burdens. This

unba Lance
.

causes
'.

the, c. t.' s to operate. at different. ra tio·•.

error' ·levels whi-ch resul t.s in currents flowing;', in the .:

•
operating. elements of ,the differential. relay.
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.•
·····2.4 .3.·· Tr.".fOm.r··ov.r.�e�tatlon

.: .".'

t.:·
.

• ... A transformet'. may. be subjected to sustained' ove rvcI t ag e .

. on lo�d refe�tion or. on -clearing of ari .ext.�n�l fault�

Duri�g '.: these 'periOdS: the flux densi·t'y" in the core Lncr e a ae s .

. .

resulting. in·, the ·transfortner drawing ! large"'mag�etizing'
.

:. c.·urrent�
.

wh.i.�h include' compo.nents of odd harmonics.

Another source of' unbalance' .is the mi.smatch·· o.f the.

ratios .of·c. t •

'

s and the powe r trans fo rmer . which the c. t.
'
s

are. used 'to protect.··. f.fost power transformers- are equipped

wi th . "on�load" tap chan�ing equi p.ment·•.. The. operation ·of tap

changers, change the t'ur ns ratio .between the primary·' and

secondary sides of the power transformer. Since th� c.t.

ratios are. usually selecte� �o match at one. tap setting .

. :'�Q<nl!y ,"':., ,·t�lte' :�.'(H;J:,tpu:t:�-"()f.:;,!t�.,;p.r'ittm:r;':""'H'd:.�,S;.4:&':���.ry ,s.4d·e- e �t �;8

do ne t ib aLa nc-e -when the pow�r transfo�mer opeta�es at '8 tap

setting btber than at �hich the c.t. ratios ,were �niti�lli

ma tched.

Factors that affe.ct tbe performance of the· differential
. .... .

have. beeri describ�d in this �ection.
.
.'

. .."
.. ',

..

In addition.to
.'

'.
'. '.,

these factors, the. differential' . relay is
'. .

limited "in its
.

. "

. ability to .re$·pond to'. ear th faults. ··The. operation ·of··a·.·
.' ". '"

. .

..',

differential relay in: case of a single. line to ground fault

.....

.....
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.

"

2.7
'

..t .... :.... ":J

: �
.

. .

...

'. .
.

disc;u'ssed i-n the �ex.t .sectlon�
.'

# ....

.

.... ..:
.

: .' .

'

.

.

. 2.�5 LiDiitation,s o'f T�ansformet Differ'ential fr'oteetlon

": Rela�s:'

�
. .. . .

.
'.

.

.

Tbe. tran.a·former diff.erent·ial protection is" limite.d t.n

.' :lts. ab.tlity ·to'- .re·spond. effectively to �n ea�tbfau:tt2.5:•. Tbe

.pr.esen.se·. of an. earth'ing' r·esistor. imposes fur·t·ber.·limi tati.ons .

. . '.' .

. 'on
. :...t,.b�,.,�_,.,�,.."t.,t.iy;��y"Qf ... t.,!<�Jl�,�qr.}.1Ier i1,fferential relays.' T.he

'. earth.·fault

.

current in this 'case' dep·end's. o-n tbe value· of ehe
.

ea�thi�g 'resistor �nd 'is ·prop�rtional' to' the· distanc.e of. e he

·fault· .from the neutral". end' of. the Wil;fding. � ··Con.sider a
.

.

'delt,alwye tral\$for�u!r' wi t;h
.

.

tbe· neutral earthed: t.ht"ough a·

resl�tQ,r it a's shown in Figure 2.6 •. For a'l; 1 .volt�ge ".ratio
: ..' . .

.

.

the primary, to : se;c()ti�ary turn rat:io 1S 13: 1. An earth. fault ';'
.

.

.

. '. . .'

'.
.

a t � 00 % .of the winding' on
.

the s:eeondary. side: c.orres.ponds to'

.a primary ,eurre.ll.,t: �bos,e 1!l�gnl�ud� Is .1/ $ �imes the fault

.

current on .. the �eeondary side that' can' be -. represe.nted· as

f·o11ows ...
'

" :
.s ,

1
-'...._ I" '.

. 13 .fs··
·

'(2.1)
.

.
'

.

...

.where:
.

". lfp ..1,s. t.he faul t cU,rr.ent .o n tbe pri.mary. side
.'

.

.

.

'. :
.

I
.

t s th.e. f aul t .eur renc . on t be' secondary' side .:
.1:$ ..

:' "
.

.

". . ...
,.

•
•

I .'. •
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:.:
Since: the po sLt Lo'n" .of

.
..

.

the:' 'fault on: -t he s e c c nd a r.y ·s.1de

varies, tl:\e '; ef,fe.ctive rat'fo of ti'ansformation. be tween the

primary and ·secoildary w.indings also. varies. . For an. e a r eh.

'fault ·at· x '% 'of' the windiitg··.on the s e c cnd a r y side, (he:
.... ..... ..... .. �

secondary curren't:' in' .t e ras :of 'Ifs is as. :fo11ws·.

ISX .. If .

. ' S
··.x ......... (2.2) .

.100·
.

. The . effect Lve turns ratio .of primary to second.a�y· is now.'

/3:x/lOO," and th� c e r-r e a po nd Lng current on ..
the primary side

is as· follows.
.......

·x 1
.. (2.3)I • I

.

.

pX" .

'. sx·
.. x' ... -� j[.--

100' /)"
:.

'where:

.

Ipx _
is the: primary current for an. earth. faul t

.
.

. .
.

.

" •.. cs,t, :.x. .1, ",�,o;f-.,.:..,tr,�,�>J�j.'[);,A... t;n.g:,:Qni ...tJt� ,���,:(Hnl-�.it:y. si,de
.

. .' '

,

'

:." ' ". .. '.: :. '.' '.' ...•.....
'

.

SubsH tuting In this equation the value of Isx from Equ4t.ion

2.2, the folloVi�. �quati�n is obtained.

:. 2
Ipx' - ( xiI 0.0 ). Ifs . 113.

.

(2.4)

. ....

From the above expression it is' evident that' the p.rimary.:

·

fault current Is prop�rtional to the square of. the'

pe r c en tag e of t·he shortcircui ted winding •.... :Figure 2.1 : shows
'

..
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Fi.gure <2.6. Eart·h fault ·on the wye wi.ndlng of a del.ta/'wye··
-.

t ratUlformer •.

.:

10" 20
.; .P;u. s�tti�ng.�

'·30·

. F'lgure:' 2.7 Amount. qf ·wind.ing pr�te�t�d �hen transformer ..

' is ..

'. resls'tanc:e earthed.
,

":'. .

,

.

. .' '. .':'

.'. .' ..... -.' .:
:

.....

"
.'

"." :

.
.' �

,.'
.'0'. ".:"

. ,:",',
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.

.

.
.

.

fault currents in �he -prims·:ry·· winding'· .for. ..
' different

.

loc'ati·ons. of fa�lts .�:� the secondary windin8·.· This figuri!'
'

..

'

.ind �e'-at·.e.··,.. ·t·n.a·t�" ,.ct't�:.;,f)�,a�t,:�:c.a,l"r!�l.ay. :,se.tti.ags � ·.lar·ge ··p�.�t.ions
'. .

of the windings are .ne e p r o tec t e d •.
'

Res:tricl::ed .. eart·-h ..

· fault

.

relays are therefore "us.ed ." in .: m:any cases.'. Thes.e. relays

provide earth fault prot-ection to larger parts
. of the wye

For a .. ground f�ult �n �hE! del;ta wind Lng , the' .relation

between . �he fault·' current. and the fa�lt lo�atioti is �ery

complex and depends Qn�the nature of the p�wer sYstem eo.

which the del�a wiriding is connected.

.
.

.

2.6 Differe-rttial Relay wi th Perce.ntage Bias and Harmonic

·Res.traint

.. ' ..

The principle of 'Operation'of a·differentialrelay 'has
..

...

been described in Section Z.3.5.·
.

The fac t ors a f fe c tLng the

'. operation of' a . ·.t·ransformer
.

differential relay' have been.'

re�iew'd in Sections' 2.4 and 2.5. One·.af .�he mbst common

·:.·type of t1;'anS:f'ormer differential'relay:'iS .the differential,"
. '. '.

.

relay with peTcenta�e .bla� and harm�nic restraJnt •. A bTief

description .ee t.his: relay is given' in this' sett�on.'

.

.

This relay
.

is
.

·.b·ased on the differe'ntial principle
'. '.

.

.' .'
".

'. 25' '

.

. ". .'
.

......

.

- <i'tf:!ftr-t'be'<i':": ·'�.a-t'l-{�r·,·,·tl'(,...,·t·h1:·s-'(!·ha'p'nrr····· e' '�'Th'e <rp-er'a t:'tng C of 1 . is
.. . .

.

provided with 'the vector �um of the" .primary
... :....... .:

and secondary

......



."
.

,.

.

cur ren ts •.
'

The d i fferen tial cu r re n t require4 to' o p.er a te
.

the

relay' is 'expre.ssed: as a p e.r c entag e of' the through
. current.

.

·

This ratio is ref�rT.e·d -e e as pe-rcent· slope .of the' relay
. .

. chara�teristic.' ,Figure' 2.8' shows the variable .p�rcerttage

..... c ha r ace e r Ls eI c of. a typical .differenti:al relay .•

The differential relay. witll perc�ntage
.

bias.' and

harmc).nic .. restraint can r es pcnd a t a high spe.ed. to 1.ntern,al
.

·.·.f.a,ul·.t.s,,· �hil,e. "r.e.$;t,ra.in.in& ... ;,�lt��,.��;Q.t). ",,4'1..r.�.lHl ,�,ex.terJl�I. faul t s

and magneti.zlng· inrush conditions. �agnetizing inrush is

recognized by te s
:

second and h'igher' harmonic frequency.

components.c
.

Analyses ·of inrush currents indicate that thj
.

s eeond harm6riic comp�n$nt predominates� This component is,'
·

therefore, obtained USing filters and is used to re.tral�

the' operation of the . diffjren.tial unit.
.

The h a eme n-Lc

restraint. unit
. makes' the 'diffe,renti�l relay inse.nsit.i've to

.

.
. .. ..

.

....
: .. ,'1l.'I,�g,n:e.,t1�·i"�,g, .,i:t.t.);,.�.$ b ..•��j:',.t,.n,·.t.s •.

Hany' differential t"e.lays '; are also
. '.

provided with
.'

. .'

"'instantaneous
.

ov.er 'current units 'in the·' differential

circu·it .• ·

.

These un.it.s ate', set ab.cv e the .: maximum·. inrush.

current·· .. bu t; oper aee" in' . less. than one' cYc:1e i.f .
the'

di ffere·n t ial current ·exc·eed s the high .set· value... In this:
.

. ..

· way. fast tripping 'is assured for heavy internal faults •

. : ..

'.
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2.7 'Sillluia tion 'of' Inrus,h, and -Faul t Da t�
.

'. .' ."

.: 'technique's
.

fo1;' siDl\llatin$ the
',' .'

.

:

.

.

.'

magnetizing •.
: inrush,

.' .'. '. ", ,

winding '.' faults' and.. simultane:ous ma,gnetizing.· 1.nrush .. and··

wlndirtg·. faults', ar'e outlined, in' .f:h1;S section. "Programs wer.e·

d:ev�loped .'
to compute" the current wavi!form� .representing·

transformer .'. magnetizing

· s1mul taneeus "magnet'izing inrush

windt.ug .. faults' and'

and winding faults.

inrush,

Appendi'� A ll·sts the. sampled and dig1 tit.ed . val-.ues· of. t be

Th.e.
· :. ,'. . .

.

.

simulated current wavefot�swere later used in the off ..line

· .testing ,of a digital t�anSfOT11ler differential and restricted

'. earth' fault telay wAich is described. in Chapter 5 •..

2.7.1 Mag:netizing·. inrush.

Simulat�d inrush current data can be.obtained using .the
.'

' ..
'
.'

.' ..�
�:pe�ht'.s ,J.o�ul.a ....• This forlllu.l.a d�t.ermine.s the waveform. of .

the
.'

magnetizi,ng" inrush cU.rrent ,for . a single' phase
: .'

,....

.

..::" .

.

. tt'ansio,rme't·· 'assuming' : that. the system ca·n be lIlodel1ed, by a

"

series. c011lbina·tion. of' an inductance and a" re.sistance as

shown ,in Figure 2"9. The transformer excitation current is
. ..

assumed e.o be" zer9 in' the .' .un se tue a ted ': state.' In the

Sa tur,a ted·
.

s til te the induct,ance is /assum,ed to have a s'dl�ll'

value de termined from the :sIB curve sho�n in Figu're 2.10.

", "

,
.'

. .": .
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.

Equivalent c·itcuit
.. lnr.uah current.

. . .
.

for. lIodel·ling ....•4gneti*ing
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A detailed. deri�at.i�n of. the .' equations mOdeJling· .the
. �... .

.
.

'

transf'onner : inrush' phenomenon 1.s given in Re:fe�ence. 21 and .•.
··

. '.
.

.

. .

a�� outlined briefly irt,thi$. section. Conside�·· that .'
the

.

.

. �
.

.
. ....

..
.

.

"

voltage applied ee a: trans.fomer. is:

volts
.

(2.5)

. The steadyst·ate f.lu� in .. the transformer core would be

. .

. .

'0-:-_
'

.. ( ,/.,a .•..E)j;-N.w.). ·,Qos,(.w,t). .. ·rf,:, c�l ..\"b
.

• "'mcos(wt) + e L Wb (2.6)

'Where: .

'1

..

'

N' is ·the rtulllber of <turns.·of the. primar.y winding

IIJm is the 'peak value' o'f magnetizing, flux.

The
.. transformer. current., im' (.t) t can be defined by·

tm·Ct) .:
';' 0,' IIJ· < IIJ .

. S
. (2.7a)

IfE 1 X' .

i
.

·.('t) - ' [(stn(wt; � tan { l}.m ··ft .... R '.,

. ;'_'R(·wt +' e ) I�t .' �1 X' .: .'

'.+ .e s.in( e ',+ tan. {ttl- })] '.' .� > fJs
(2.7b) '.'

...:_.

wher.e:
.

.

is the: ·rmS va Lue of the apP.lied voltage
. :',

.... -:
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"

: ..
', :

.... ,,': .' .

:" '.
"

�s the �otal resi�tance 'In:the ,c�seuit

'. X 1s the saturate4 reactance of the. transformer

fI:.' '.' is the saturation angle of the tl:'ansfQrm,�
.

.
,

, w is the radian frequency

The 'ang.le - use-d'·.: in.' EquatIon, 2.7b i'8 derived from the>"

conditions· of
.

the :tran�£�rmer core. :�t the instant· of

switchina o� and is �iven.by the equation

. . .

_.
.:

.

.: _,' (:11
._.11 ... ·11.·.

�.,
:

. .

'.' ..

' '''s. . "m� . "r- .'. .

-:",8. ..,: <lo.os,.", 't'��'�-'!'>����"'-� .'
"

.

.

.

. .

.

'.

...1 (�
B-1 ,i-

I�'�s·.m r
- cos �-""I!t

..�- -

.
.

.. ,' ·ISm···'.·
(2.8)

IS .' Bm .and Ir
fluxes ·�s�· it

..

a'ltd . '. "" e ,

'

. m t

'ar,e, the flu� de.nsities c'orrespon.ding to the

'Equation 2. 7b is ,va!"id ,until the cU,r.r,e,nt i (t)m,'

returns to zero for t!'lat cycle •. At that instant� t.he. flux·
.

.
'.

.' '. .' .

.

. '.

. '.

density 'is <again,' I.s.·.·· If. i m (e) ". returns to zar'c, at an .. artgle.·
.

.

-. wt ... a·.·, ...the ·transformer core goes back in to saturati.ol1. at •

21r ... a radians fo'r the next cycle. saturatlori �ngle
,

.

.' '.
.

.

e for the next cycle 1.8 ther.efore equal'.. to .a .: calculated for'
: '

. ". :' .:
.

"

.

"

tlle- preVio�8 cycie. In general. for the." nth 'cycle,.' the'
'. .

. .'
.

.

saturatio� angle is express�d as:fdllows:

e
n

._
,

: .
". .

e
..... ".:'.

n-I.·· •...
{2.91 '.'

",' "

. �:. "
." .......

':, ....
'f.

',: .'

.........
,

.

..
'

..
'

"

: ....
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'1'"

. F1g�t•. 2.n..
shows a typical ·plot oftb lntusb eurr.ne hr a

.single
. phase transfo.rmer obtained from .Equation 2.7. The."

primary 'vol:tage ()£ the 'tr'ansfOrller was a�sumed to
.

be .. 1500.

volts. '. The saturated teactance;. the. ratio of 'r,sistanc�" to

saturated. reactance .:and the satur:ation' angle wer·e· assumed. to

.37· .

be 20 ohms. 0.1 and lOO.degreeS respectively. It'was .also

assumed '. that wt' is '. equal to -180. degre.es when the

transformer .is energized.

� '! 7-,.Z· .lntern,a.l., .f.a.-ul.ts,

••

' •
- ...... ,: ."'" �.' •• '� ••••• '.- •• * •

.

A mathematical modal defining the eurrent�if (t).due to

a winding £.aul t .in a 'tran�former 1s

.: I�;. -1'. X
ifft) ... [sin(wt .... tan { ;J})

�. .�
.

:-Rf wt IXf
e· sin(Xf laf ) 1

(2.10)
.

. wher.e.:

. Xf ;f..s the reaeta.n.ce in the fault path
... "

. ," "

'

.

.

'

Rf .

ls' the' resistance in. the fault. path:
-. '.' ",

.'
.

".

'.
.

"

:."
.... " .'

It is assumed iti' this ..case that the
.

transformer is· not.

supplying any l.o·ad. prior to the occurence of the faul t � -. The'

first. t.erm of Equation'''2 .10 is 8. 8inuso:id.� ·the
.

.
.

secClnd ter� is an exponentially decaying' d�ccomponent which
.

.'
.

.

has a time constant of' If' /a, •.
,

The in1 tial value of this
: .

.

.
'.'

:
.

.

.

.

'"
.

. c()�:pQ.,nen.t: d,.epends on :the instantaneous value of the volta�e

when
'.
the. f�ult occurs •.

-: The extre�'e values of
.

.

.

'.'

the . d:ecaying

'. '
.
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.

.' 2.7 ;'3' ·Si.ul·�aneou$ internal fa�{t arid inrush .condi'tion·

. .

S�me< transfo·rmer ·;.faul ts tesul t
.

from" the short'

..ctrcuitlng : of a . few
..
turns "of 'one of· t.ne winding. These

.

..."

faults.' are. dif'fi'cult to detect .because they·. generally .'

.

. .". ..:'" .

manifest in small chang·es in .e he . eur.rents a·t the, transfo·r.er

te.rminals.· .In' many' ins.tances transformer remain'. in service

'"
.

. .
'.'

..

faul ts gr'adually e aus e further damage: to the witlcu'ng and" the

f·auIt is gene�allY detected aft�r substa�tial portion of. ehe

winding·· has" been .. affected. In ': t he mean time, -the
...

transformer .may hilve .to be .switchedon to the tIlaillS after'

:havt.ng been temoved. from' seryice ·for· maint8-nane.e etc. this

s1 tnation' can ... 'lead
.'

to the .system feeding simul taneou.lY'·a

fault and .11\·agnet.i�ing inrush •

.

Figure 2 .. 12 depic t$ a' single., phase 'transformer

experiencing' .n·· inte�rrial fault.

'.
.

the' fault
: -. represents som'a'

.

.

.

",
.

:

shorted p'rimary turns.' An equivalent .. circui t··· l'epresenting:
this' conditio.n is shown in. Figure 2.13. In this figure NI
.:

. .:
.

.

'. .' .

'.
.

"is the n.uml)er of.' primary winding turl.ls .n·.ot affected by' the'

internal fault and N� is: the
..
number of primary turns that

.
are· shorted. .

The total primary current 'ip .1S .given· by

..
.

. .
.

.

: . .

.'

:.',

ip • im + i1
.

(2.11) '.
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'. Fi·sure. 2.12 Inte'tt1,lrn fault ·:1ri· a p�w�r transfom.r.•

..

Nl .... ··

Figure 2.13 ·Equival.nt circuit: for· modelling ,·iintltatteo:u.s
.... ·intern.a!· fault and. inrush curren:ts.•. · .. ....

\
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.

.
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'

.'
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whe r e :
.

. .• '.. ': ...•• .•... �. .

.

•.......
"

: ..
1m"

.

is the 1Su�gnetizing current of the tran�'fOl1ller
.

, .
',;

.

.

. ,',
"

: .

i, .'
.... is tbe c\u'::rent in the \Jnarfected PQrtio·n 6f -. th.t! .

.
.' .

pri1il.ar,y .

,w.inding due to the. short circuit··

. .' , .
.

The magnetizing .curr.ent .

can be obta Ln.ed using: Equation'. 2� 7.

The .current, .. if, in the' short. circuited p.o.rtion of the

winding can be calculated .u s Lng Equation 2 ..10. The' .current
. .

z

i1 can be -, expres·sed 'as

.( HZ ).'. i 1···· .if
. Nl;K2: .

-, (2 -.121

if is th� current �n the short circuited

win'ding'

l�hen ·.a few turn.s are s bo r.e-ec tr cud ted, .the current. in. these

turns i. lar�e· but· tbe correspondin�' primary current is

rela.tively .'. s1I\a11 •

.

". Choosing suitable values for .the inducta.nce .' an·d ..

resistanc'e ,of .the.· short circuited portion of. the pr'imaty"

winding, . current. due" t.O simultanious·. inrush·. and s'h.ort
.

:
'

.

circuited '.

turns.' can . be determined using the. procedure ..

" ..

'. de se ribed above.. Figure 2'.14 shows the' plot 0 f sim'u1 taneou's

, '

.

.... :' :
.

_

..

_ :-:�.�
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Inrush and inte·r·n.,al· fa�lt .current, in � .• transfo:rmer when 5
.' .

. percent of the prima,rY. wind�ing turns were. c ons.Ld e r.e d to hav e

b een ': shor:tcirc;ui.ted�·
.

'!'be. pri'ntary side: rated. v'oltage, .the·

r e.aee anc e .. 'and res·i·stance
.

. to. .sa tura e e d.:
.

. ": .

r eaczanc e ratio .were assumed .to .be 150.0 voIt s," 20.. ohms \and .

O. 1 re�pec t i"ely. The impedance and res i'startce to reac t anc e

r.atio of the .$horted portion of the. w.inding were assumed to

be O.t ohms and O�05 respectively.' It was also �ssumed that.

wt is -e.qu,al' to -IRO degrees when'. the tran.sformer. Ls

,energized <i •

'2.8. Summary

A brief·' sUl;'vey . o f '" the faults afieeting. power

in this chapter.transformers hav.e been . presented

Conventional relays used for tran.sformer protectioa have

be.en described with particular. emphas-is on dlfferential
.

,rel!,1Y;s. . Pr.Qbl�,ms aSs·9c;j.a t�� )Ii th and. the. (5.h9 rtcomi.-n,gs of
.

.

.'

tr'ansformer differential . protection have been o'utlined •.

.

.

.

'. �'"
"

Ha thematical models for' simula ting the mag.netiz ing. inrush,·

windi-ng ·faults -and sim·ultaneous magnetizin'g ,_-inrush and

winding faults have also be en establi$hed.

. :,'.
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........•.. 3 .1H�VIEW OF P.Rt�IOUSLY p'URLISHED ALGORITHMS

:' . .
. .' .

.

detec�ing thes.· fatilts, have b�en. de.s�ribed bri�fly. i� �he

last :chapter. :Differe,nt'ial p r e te c t Lo n of transfonners.. ustng

programmable digital proees�ors has re�eived $ome,at�ention

during the last t'en years,'" The .methods used in the pe-st . for

processing .. sampled ..data for' . t rau s f o rrae r' differfuitial

proteetion are review�d iri this chapter." Method. for

identifying. magnetizing inrush' .in trans-formers fr·om· internal
. .

. '. .

faul ts. are also examined •

.

.
Three approaches :have been .aug.g e s t e d previ�usly. for

protection' of t.ran$ torme rs,' The first approach

.consist·s o·f wa1J'e shape ldentificat.lon in a .relatively si�ple
form •...

' The and third �etho�s use 'these�on:d
..

'
'

..

'

'. '.

cross�eorrel�tt�n: and
.

.

digi t.al .' fi1 tering: . t e chn aque s". to
..

.

de ter.mine '. component s of

.
.

�ario�s frequencies in th�

transfor�ei currents. ·:·The· cross-correlation and 4igital'

f i1 tering tecbniq.ues. de�er1ll'ine the second harmonic componen.t
.

".
. .'

.
. '.

of �h� �lffere�tiai c��ren� 'and if thi. component exc.eds a'
.

'

.

.

threshold level, it 'is concluded that the .transformer 'is

.... ;;�Xl).e.r:iJt\1�.i.:u.g.;,lil�ne.;,t_i;z;iJ;U� .in.r.u.,sb ..

.

.". .
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3.1 Wa";e
.

Sh a.pe .ldentificati.o·n. Technique

.• S'ub stantd aL di ff'e·rential current. fs experi6�tlced. when'. a
'-.

f auLt; .. o c cu e s" in
.
the ,protected ..

%olte. :'.unfort�natelY,
:�a,gnetizin:g inrush, une'q ua L. ratios. :oJ current· tran'sfarmers ..

'

and uue quaL". level�,. of .e v e • saturation' . during' ex,tern,al.···
..

.
.

' .

faults also mauif�st as, exc'es,ive differential currents. In
. .

....
.

.the se c Lr c ue seanc ee presence· of differential currents do not

'15
represent, .

faults in
.

the' .

t ran'sformer zone. '

.
. :

.

.

.... 'Rockefelle·r . ,',suggested. a.,

.
..

.

�elaiiv�ly �imple teehrii��e'which

identifies 'differential .current waveforms for disti:nguishing

inru�h currerits from fault currents. He',suggested that

magnetising intu"sh current can be identifi'ed. by' 'moni�'ring,

the time' between 8u.ccessive· peaks ,'of th.e .differential

current. 'Successive' peaks of irtrush eU.rretlt occur'. at
'

interv�18 of about, 4 or 16 m�ecs. whereas suc�es�ive p�aks.
... .

,.,...
...
,:. .

,

.

'. of '.the fundame�tal frequency fault current occur 7.5 to. 10

. 'msecs :' :ap'art. 'Also, :·the� .

:pe'ak, value ,-ci£ a' f.'ault cu.rrent is"
.

. within, 75'% to 125 % of i·ts previous peak value. Also,' two'

3.2 Cross�Correlation Technique

: ... . ....,

. The cross-correlation' approach w'hich was'. proposed a'nd .:

,\l,se.d by ,}f�,l�,k, P·�uh a,�d:Hop.ela�12iS d es e rLbe d briefly _in. this

paragraph. ·In this approach, the fundatnental . and .harmori1e
"

..

f r eque nc'y .

.:
'

com.ponents
'

.. of. the" differentiai' current. are·"

.'
...

"... .
.
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. ".". .

. determined by: e o r re La ting the 'curr�nt .:
'

:w.ith '. twO .... o:rt.h�g.�n,al· .

. If
.

exee�sive '. second : .a nd
.

third
.

harmonic '.'

.

.

.. .... "

..

·.:c�m.ponents. are··.observed; it is
.

.
.

.

. .
.

c.oitcluded.· . that . ". l.he
. ..'

transf()r�eris exp$'riencing magnetizil\g inrush.

A cross·correlation function relating a si$nal X(t) and

a' function' Y(t),' b.oth
.

�epresentlng stati,ollary c.o.ntinuous·

pr�e.s�es� �ay be defined as follows:

ll.m: .

. � ('Y.) •.

xy .. To�O:

.·.·,To/2

1 'f..�
X(t)

. -To/2
.

Y{t -. 'Y ) . dt (3.1)

.

:' .

wh.ere:.. '

.•. ..,. is a tillle shi'ft imposed upon o ne of i::b·e si·gnals

To··. is the lnter:val.o.ver which the fun·ceion is
.

. :......

..

: •... : : ·"':{e:lf-re.�1:�ti,e:d
. ........: .

.

.

.

.

•. Two ort�OgOnal "functions' a're c(frrelated to

ebc a f n two cro�u.-eorrelaton functiolts.·. The us·tiallY s.ele(:t.d

orthogonal functions are the .. sine .and
.

cosine .waveform·s or

even' . a�d �dd. square
: .

"

waves.
.

The Sinusoidal ". weighting:

functions, shown .. in. Figure 3' .1,. can . represented'

machem�tically as fol1ow�:

. ':'.
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.....

Y( t) '. cos,(nwt}
,,'

(J.2a)
,

, .: . (�.2b) '; ','

.' .

'.' "

.

. "

, The, even and ,'odd s,qua�e, wav-e 'fun,ctions shown i.n <Figur:e' 3.2,'"

',' and, can be, repres.eu;te'd 'lDathematically as' follow"s:

Y(t) , •

. ....

. .

. .

... 1 To 14" ,t, 3To-.l4,

,Y(t). •

- r ; To ",2 �, t < to' Cr. 3b.) ,

. 1 0" " t ",T 17.
0'

. .
.

. .

,

The cro'ss;"'corr�latfon
"

functions' measure the, similarities

between, ,the signal X( t), and the two orthogonal fun'ctions'

y,<. e ) •

"

1n Referefte.s 11 and i a , IIragn:1tude�" and' phase angles 6f

the fundatllental', and', banonie f requ.ency componen ts of X( e )

'were extracted from the cross':""corr,�lation function. as

'"

'. demonstrate,d 'hereafter.,'

, '

. . ,' .. "

, ,
,

,

a- "curren� e,xperie,uiCed

,during ,:an ab��r1llal" ccndi:tton ',i'� ,of t'he form: ,: ','

',', :.
"

.

.

"::

.

'.'
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Figure 3.·2 .Time ·do1llain orthogoll.al ·sq,uare.· wav.es· .. ··
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N
· ,.' -t/'f EX(,t}�.·1 ...e· .. ' +- .... In':.. s·1n(nw···.t·+·'n·)·

.0 1
..•.·n=l

"'( 3.4)
.

. .

....

.
. '" ;'

.

.

.

where·: .

. N.
.
is. the :..highest o,rder of the harmonic component

.

prese·nt .Ln .the wave. form

.

wl .

is .the fundamental frequency of the, system.

1 .�� the'mag.nitude of ·the d�c •. of�se� at. e-o
o

'.

1 is the peak �alu� of the nth h�rmorii�'
"-n

..

'

.'

.

"

.
. "

.

c o.mpo.nen t

.

, is the. pbase angle of the. nth harm.onic
n·

.

.

_

:eomp'one.tit .

.

,.
.

i. S -e lie deca.y .. time' constan t . 0'£ .the d" c.

compo,nent ..

';"efr ..

rg ,is .an eKp'onentially decaying Component., For .• simpli.eity"

, assume;-, th�t t'bis' component, is 'collst,ant over the period .of

inte8ration used . for '.' calcula.ting, . the' cross"'correl�tion
. '.' functions.,

· The.' two. cross-correlation.· functions" cart now be

•• e'xpressed as, follows •.

.. fh.iO)
.

"'f'
To/2

.'

1
'

.

•

10 sio(nwt)
.

-To/2
.

N

{Io
•

+'E"h oi" (nwt+ � ) }dt· (Ma) ••.
n=1

.

.
,.

..
.. 1_£

..
T0/2 .

... TX;f�O). - .. '!Ct '" .'
c�s(nwtl

.':

.

..To/<' :
..

{I
o

":" ..
. ,,', .
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.

.

.

' � .'"' wl't�1"e :
. '. .....

to .·18 the period. of the fut1d"..."ul hequ&ncy
. .

. .�

'"
. '., .... .. .... .

'.. .... .
' ..

....
These.equations. simp�ifyto: Equatiotls.3�6a and 3.6.b·· if the.

integra·ti.on. interval . is '. one . cycle . of the' fundamental

frequency.

- I
n

co.s(8 .).

n

sin(8' )
n (3�6b )

...

Tb� peak value 'and the' pbase angle of the nth" harmonic. can

be' obtalried . from these cor�elll tiori func'tiona as fO,110:ws:

.... :)1: -.

.
. 2 2 ·1/2

{ (f/J.' . ) + .(fP..v.V2a. ) 1
. .XY.'l: .....,.

''!' •.

<).S)
.

.

.
" ':, .:." :'

.

.

The averaging pr:ocess represented by Equation·: 3.1· i·mp11es

that the <fun�tion .� (7 ) .�an be. de.term·ined; by .. '�itherana10g·
or

. di,.g.ita1· methods.···· In a' ,digital :. system .' ·it is' mo.re·.··

conve ni.ent. to' approximate . the integr.ation by, sampling
. t�e

.. sig·n:al"ev.ery··'4T'see.onds,· multiplying ·�ach ..

··

sample with aa ..

···

appropri.ate' ,wei,ghting f unc t Lon and summing a fi�ite. number ','

of, weig'hted, samp'les of the' signal.' This pr,ocedur�. .ean '. be

,: .. ::
.

" .

':-
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>m4ebe.mad.eally rep;.rese·nted; by:Equ;ation' 3 •. 9�

1 N'
.

..'

..•fJ�(k .AT, 7:r - --EX{-(k+m) AT} Y{(ktm) AT�7}.
".

N
iA=1 .:

' .•.....

··(3.9l·

·"here:

Y{(k+m) AT ...

-.

'Y' } .. is' the . sample1i. val.ue. ·of a

preselectedfunetion, sampled at tlme

.... { (k+m). AT ... '. 7 }

X{(k+�) ATr is the value �f�th. signal
. ... ..:.. .. ..

sa�p.led'.t 'tim� {(k+m) . AT} •

·The 1itag·nl1:ud.s and pbase .··angles of the" fundamental
'.

and •.

harmonic .' comp.onents of a current can. also. be obtained" by
'. :.......... .

.

correIa ting the. curren t.s
'

.. w..i·th·· even'· and .

C)·dd . squar.e·· .

wave

....... 'functions as·' fOllow's:

: ..
� ..

.

.. To/4: .. ..

.
'. To·· ..

q,�l(O.·)·' - J.·f' 'x'(t) a e . + ·····T·J_·j·.X.(t) dt.
_.

·:....0··
. ..... .

0·' .' �.
. . ..

. ..
.

". 0 •.... .

'jTo/4
'.

.

. if
....

3To/4

-

To X( tl �t (J.10a)

To/4.

To/2

"-' (0) • 1.. f'·'. X(t)' .deAJ'" . To.. .

.. '.
'

.

.

. 0""
.

-

To·

.l..l· X.(t)To .

.

'.

."
.

'2
.

. � .

dt ..

' (3.1Ob) ..

. .. ; ..

...
.

..
. :... .

.'
.
.. .

.

SiiJ;sntufiilg "fo� �X(f} frbiii E4uaUoD 3.4 •. iilteg(aUD8 .. and
:

\.
.... ·X·

folI;owing cross ...correlat:ioti ...•.. \
.. '.'

.• J
silftplifying .' pr.o·vides ->. the

.
. ..

.

fun e t ions •• ··



;. ..

(3.11a) .

.
.

.'.

·(J.llbj·

.
.

.

. The .p'e�k .value an<i: the phase allg1e of ·th.e nth '. harmonic' c.an . ...

now be obtained as follow·s:

(3.12)

..1
.

Bn _.' tan [ q,:CY2!_ q,'q1l
.. .

.
: .

.. .

'The advantage of ·using even' and o.dd square' waves· is· that 'the'

computations. of
.

. .

cross....c o r re La r Lon f1,1ncti.ons .e ons is,t of

additions and subtractions only.

. '. .' ,... '.' "

.. ,.
.

' ,
'. ,

.:

.

.. . .: .

In Ref�rertces 11·.rtd 12, peak values of the �undam�ntal
. '. .

'

.

.

and second harmonic. compon.ents of the differential current

w.ere cb t a Lne d by uSing,the procedures described. above., The.'

JIlag'nlt:ude 'of the .. second·' har�onlc component' of" the

differential current 'as a.' percentage �of" the' fundamental

frequency component was then us.d as the b�sis of

identifying magnetizing inruso from faults.'

3.3. Digital Filtering Technlq:ue,"

. .

.

..

.
. ., : .. ,

.

A ,digital. f1:1tfu' may ,be' defined'
.

as a" device' whic,h.·
.

. � ,.... .
.

'. accep'ts, a' s eque nce ,of n9�bers' as inp,ut·. and. processes them" to
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.:
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'

.
. .' ...

.

p roduce another. sequence o·f numbe.rs. as •. output.. . A g e n'e r a.l, .:
..

'

. .

"f:o�:rin o'f, a digltal·::,t1.1ter is as follo�$: .

m

�<6 y"
� 'i k ... i

'1=1

'(J�14) .....

where:.

�k. is the k'th input sample

'Yk .is Che:k'th.output··sample

;1 and �ti ·ar.e the cti�ital filter .co:efficlents

The prQcedure fo.r.desigtling·a·.digit�l filter consists ·of

.

finding. the �oefficient�, Land' Q " such ,that the

specified filteri,ttg requirement_ are achieved.' Di.g·t·tal·

be ..class.!f ied into two· categories;filters· can recursive .:

and. u.on""'recursive·· fil.ters •. A recurs.ive .filter . incorporates .•..
. .

feedba-c·k <by. .using a part of the' output as
..i.1ifjut·, whereas a

non-rec:urs ive·· fl1 t·er. does
.

not

.. .

. use any fe&dbactc. ... ·Both ..

··.recursive and noti;"recursive' filters '., have . been ..

' .used i�i.

...�ransformer .differel�tia'l protection .work previously repo'rted
; ..

.

.

i.n the li tel'ature •

. 3.3 ... 1
. Rec1,1rs ive f:i1 tering· technique

. .
. .

Digi tal
.

f1.l, tering . technique' '. was· '. fi r s t
.

appl ied'
.

to

'transformer ..

'

:"
,d'1tf�rential

.... ..•.. 23 .

'.
Morr,ison '.,

• Sam})led values of the', differential.' eui·t-.ent

by.· Sykes ·and

were'. proces'sed to
..

'

deter-m·ine its' funda11lentai ..frequ�ncy and

.'.::'. ".

'. '
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...... :
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.ae c ond harmonic ·colll��nents. '.: If' the magnitude of the' s�cond

h��():n,'i'c ., e�11l:p'�fH! nt- :··-'f!�,'C;e'eied. :
.. : �.a: ..

' p'r:e-9P�c i f 1 ad,' . perc �·n..t·a·g:e. 0 f:
...

'. the funda'mental f;requency component, it was' concluded ". that

the' t;ransformer'
.
w.s expe'riencing magn·e.tizi,ng inrush. T·he·

form' of . bsndpa·s.s recurs iv.e filters used' ·i.1\ . .Refer�nee· 23. l.s:.,

.
.

Y - L x..... .+ L.. . X .' n.' y
'.

0 y.
.

. k 0
�

lC
.'

1. '. k-1
"':"

'1.
.

x-i '-., 2 )c;.;2 ().15 )

wh'ere: Lo' Ll ,Q1 and � ar,e the filter coefflct.nts

.

Xk '.' is the input �ample. at t-k A.T· .

Yk is' the output sample at' t-k AT

AT is' the: s.ampling interval ...

SO Hz and 100 It.1t bandpass filters used in.:,thls work are;
. .

..

Y� 0.096Xk o • o 96Xk';'1 + 1 � 8.l0Yk�1 o .90S��2
'.

(:3.16 ).• _ -

.' ;•• �. <t< ..

'.

.. Yk·· • O.045Xk _

. 0.045Xk_i + '.1 .• S80Yk...1 -. O. 9 S3Yk�2 .

. '( J.17)
..

The outPut� of. thes� filters are
.

not suitabl� for dire�t

.

point.' by .. poi·nt
.

comparison' .because .. the' outputs
. of '. the

.

. .'

fundamental aud . second harmonic· fi1 ters: are phase dependent.
.

..... ". ':'. .'

.
'.' '"

.
.

.....

The vall1es �f:.;.tlie outputs, Yk J were·· therefore rectified and
.

.

.'::

smootheA be�1)re C9mpari�on�·· ·A. digital low pass .filter
. ". .'

dCil'seri''S'E!cf'l,y Equiei6rt 3.1'a ·was .used for this ptitpose 11

.
.

.

(,3.'18)
�
.. '.
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. .. .

-. ;tech.n�,que :,by' 0,ff'11in.e·· simulation of fa·ul.ts· and. m'agnetiz:i�g
.

The." authors <of,· References 23 .tested

. .'

p�op.o.sed

"

..•... �nrus,h in a .s.ingle ,phase ttansf,Qriner ...

. .

.' The. ". test�· .rev·ea.1ed
........ : ....

,

-. tila e . tIt'e p rec e due e . c'·an·.· identify ·1nr·usb· c()nd.i ti.ons f.J':!om.
. .'

lnte.rn·a1 faults.. a�wever, the' f'requency' responses of .:

'

th.e

fi1 ters .indica t.e that they do not completely su:ppress' the

'decaying d.c·.:· compone'ut p.resent in the sampled waveform •

. .

3.3.2 ,Nonr·ecurs:ive fi1terin� technique

Sc:hweitze�, Larson<a�d.·· .F1eChS'ig2Q used.' finite impulse

�1gita1 'fi1tets .in

. differential relay. This it'ethod is .baslca.1.1y similar to the
. .

. .'

. method· of.' odd' ·.and· :even "quare wave' cros$.-.c'orrelation

technique sugge.sted by Malick.' at. . ·al. ..
.

How.ever, Larson's
'. .

'. .

�riterion for disc:ri�inatiag m.gneti�in� int�sh conditions

from int.erna! faults '(fas quite different� ..

.Fout FIR f.11 ter.s were �sed in Reference.s 1
.

and 20; t·wo
. ..

.

'

.. each' . for the' fundamental" fr;equency and the second harmonic'

components •.• The weightIng functions .used .in these filters
.

'

...

: are +1 o'r -1 whi.eh reduce·d the. c:011lputations to' additions. and.····
. . .

sub:tractions. of th� samp1.ed lnp.uts· as fOll0�S •.

-. k�N/2
.....

, . 51 ..<.k.) ...•... V'.:· .•.•. l,·.· 1 .

1
"

1
� m·... lJl+N/2'

.:::... .:.... .'
.

" ',,' ."

'. (3�19).
• m=k-N.+l··

.,;"

.

",

"",'
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.....

k-f:4(k.· .) .._.:
' .....•. '. [. i � (i .' .: + ,1 .... ) -+ i .

.... )
m . m+N/4 '. m+N/2. m+,3N/4,

..

m=k-N+l
, '.

'. (j�20)

. .... k..:3.N/4 .' .

s2 (k) -!: [ 1m
.·.m=k..-N,,:l··· .:

. ....

- im+N/4 + 1m+N/2 - i
m+3N/4

. ]
'. (3.21)

.

k57N:8C2 (�) .; ,

.

'. (

·1iP.k-N+l

i - (1
.

+ i .) + i '.

'. m·
.

. m+N/S .' m+N/4. .: m+3N/8.
.

i
N/4' -(1

.

IS .·
..
+.· -: ·.�.,·....+.. ?N/·.4··.)·.·+.. }m+·�N./8.. ]()�22) ..

: � :·m"" •....• ,:··m:t5N.··· . _;;jI 'I'

where':

t is the ��lue of the s�mpled w�vefor.
�
N' . is the. number of sampl�� over a.period

of one. cy.cle

..
.

Sl
.

aod S2 are the outputs of th� digital f1lte�s

.

t.hat have" odd' weighting' functicn

Cl .'

,and C2 are the outputs of the digital filtets'

th.at have' , even'. 'weighting funct.ioli
.<

.
.'

The sampl irig' rat. used. in ,this work was 480. Hz. and the

criterio.n. -. for discriJilinatin.g magnetiz.ing inrush from'
. .

.

internal·'. fatilts··· was .based .on r . which' is
.

defined. as .

.

fol.iows.

('.3.2.3) ....

: .M.ax [. S
1 . , '.� :1 C .

'. ·1 ]
,

': ..

" ...

: : ,,'

. ..

.. .

':'

; .: .: .'
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.

. . .. . .... .

.

the the(>i,.et�"Jl1· 11,01 to of the valu·e· Of. the .

ratio t •... we.re

.

'ln�er:nal
.

faults. and. ,between 0 .. 334 and 0.586 ", d�ring
:. ....

··magu_et.{z ing· iilT\1sh ••�." ,'rhes.e value.s were dete rmined by us.irig' ,.'

system XIR r'a t,i,�S . ranging' <from zero. to inf�nity.

Th� proee�ti�e. described �bove' 'was tested, using'

'. -simula te� ·data.· . rep�esent ing· inrush and.' internal
. f·.aul t ..

c'ondl ti.ons'. "Subsequently' the' ',authors '., r'e:ported"
., ... .

.

tests. earri.d
.

out on. a mOdel ··tranSformer.· and observed ·that·.

the ,procedure satlsJactorily identifies' in ternal faul ts from

. a,'bnor'mal c�n4itiotis such as magnetizing inr:ush •.
·

.'3.4Su1ilmary·

P revLou s1 y, '.' tni� Ii shed digital algorlthJlts
. for·'

diffe·rential . protection.' of .transfor1'lle�s. have ..been reviewed.
.

..

.. ....
...... ":.

in: '. th'is
......• : chapter. Wave,shape: identification,:

.

: cross;"cor'relation 'and di.gital filtering. techniques have. :been

deseribed. The cr'os,$-co:rrelation.. and, dig1 t.a1
.

f 11 tering

'. techniques ·were· p·reviously useci to, a'nalyze
.

the. d'lf'fer�uttial

current' wavefo'rnis. "If the;' analy'sis ,1ridi ca ced th-at the
-.", ...

'.
.

.

second .•.. hal'1llonle .: C01llpOl'leut
.

of .. tll� '. differential currerit'

exceeds :'a pre�speclfied;' percent of' its fundamen'tal .'

.

""compotffin:t, "'it "'w'':s "cant'I'uded �h.t th'e ·abildrin·al d'i f.fe ren t.ial.·

current was due t.O m.agnetizing .inrush, .

•

.: I

.... :_.:
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4. DESIGN OF �WN-RECURSIVE FILTRRS.·
.. -....._--

Several di·gital me thod s -.' for analyzing· power '. sys.tem

voltage... elld cu·rr.ent waveforms Rave been ·.l?roposed. during. the

la·st .. twelve years.' Three 'principal approaches proposed ·in.

the past· for digital differential p r o t e ct Lo n of. ttansfo-riners ....

... .

.. ":
.:

have been .briefly presented in the last chapter •. ·· For· this

digital filter des.ign

'.' techniques; other than those described in Chap-ter·.·. 3., .
were

examined arid rised.· �he design techniques and.�ilter designs

are pr.esented itl. .this c hap t e r ,

One of' the filter· d es Lg'n techniq·ues used·:··ln this ·�.work

is ". the least-. ertor. squares approach17• The other two

approaches are 'the Fourier series and the frequency sampling

me t'hod s 2,'13whtch attempt' to a pproxiina te the .. frequency

r es po ns e of. an Ideal· fil-ter. The latter ..
· two �ethods -are'
... .

.

quite well: kno�n·".lrt the field 6£ communicatio�st�ut ha�e

not been bsed in digita�� relaying.

.
.

.

..
:.'

.

..

:

:

:
.

4.1 Least Error Squ·a·res App.roa·ch

'T'l'Hi!: eo'h'e"i!�"C 6f. hhfS-t error: -sq-ua-res i\ta S, first used' in

power system proee:c:t'lon by'Luckette et. eI9·• A process of

. curve fl tting was· used" t.o extrac.'t· '. th.e· fundamental f reque ncy ,
.'

.
.

.. :.: ..

". .., ..
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components .
tram: 'd'igitized, ·sampled· da·ta •.

' T1H!. inp.Jts.-.were
.

', ..

"

.

. .:: .".

sinusoidai
'

.. e·omp�·ne�t·s 0'£ the £ undamen:tal .. and'. harmonic'. '.

frequ�nei.�. ,'he:fre�uenej of the-sinusoid. and;. tb." tim.

constant. '. of the d ...c.·: 'offset ow.ere assumed. to be .known.· ,.The,·
" . ...,' " .

':, :, ,"
.

wavefo·rm was modelled in Reference 9 �s follows: .

. -:--t;'"
.

y .• IS..e +

t{

E{K�' sin(mwt) + K2m+1· cos(mwt).}

'm=l·

.

'. (4.•1)

where:

tel" K2 ' e· •• ' K 2M+.l· are t,he u.nknown.· parametet"s .

of'ail input sigl)al

,N '. 1s tll.e number'. of harmonics being' considered,
.

. � is the·�eeay erinstant of the de offset

w is the angular' fi'equeney of the fund.amental

frequency co.ponent .

-,

. .

",
The ·least ..squares f:i.t: invol.ed, minimlzitig ·the .expre·ssion

r .

.

N ..

'

.

f·
..

'

�t/"�I '. .' . 2 .

E2. H.< t)
- Kl e

.. -�...}� sin(mwt} + tc2m+l' eos(mwt)} 1 dt·

.... m=l
o (4.2).

'.

where:

. i( t) : .. .is the· waveform to be • analyzed
'.

T .. is· tObe "d�ea"wittdow'bt ·Se-cs •

.

: "
.

. .:.
. .

'" "

.
)'.
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.

'
.. ":'

.

.

. '. ror
.
the e rre r . �q�ar'es >

to. be 1D1nhlu�, the' ,following
·

'.'

'. �ol1'tHeio�s ':h*d"' t:o be '··$'a;tis'f.i�d .•

· ..

..... 2

�� .••. O' for r .·1, 2,H .• ,2N + 1

.. 'r

.
.

' •.
'. t4.J}·.·

· Substt tl&ti·ng the value of 1.3 1n ", the above" condition'. the
·

following set of e�uations �ere Dbta�ned·.

''T

'fia '.' ·

-. r[i(t)·

..

'

Kr ...
o

N
. .: "... " : .

.

.
.. ... ..

.. '

.

'.

2"
.

K 2JIi+lcos(mwt)"}J .dt _. 0 •.
.• ..iti11'

- K l·e
., {K.2msin(mwt) +

. 'm=l

\
\ r � 1,2� ••• ,2N + 1

(4·.4)
·

Refere.nce 9 propose'<l' tha.t by u8in·g a" numerical .integration

technique, the ae equa tions can be. so Lve.d f-or the (2N + 1)

.. unknown' parameters of the input' signal.

4·.1.·1 Least error squares solu�lon 'and t,he

'. ps.eudoinverse of a rectangular ·matri·x

. 17···· .'
"

.

.

S'achdev and .Baribeau proposed ail algorithm which.. used

· di,gi·tal
...

f1l ters .
d es t g n ed '. by .. the least' error'. squares .:

·

.. '. .

approach. The outptits of the filters provided real a�d

..... i'magiii'ary ";cdrii�6��tifs of' the v o Ltag e '�l1a current Phas�ors.;·
.

.

.

.' .".

Thes.e .werE! .t hen us ed to .e a'Lcu La t e a.pparent Lmpedenc es.• · "The'
... "

"

.'

.decay rate of the ,; d .c •• '.
compone n t ." is �ffected. by. th�

'

.

.

';'"
,,'.

.
.

.

", .

.

"

'
..
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. resistance' of '. t:he····· arc· . at
.

the. .f.ault and' the .•. system·.
'. .

'.

··ccYn'.fig'u·l'a,·ti()'� •.

•
'" tn' .: R.��'1'7en¢e, 17, .. the ...decay· '. t·ate··· WaS,· ,' .

..therefore.; not a:s8umed' to be known in
.

advane e , the'
.

ma tbema·tt.cal
.

badfg.rouiui·
'

of: the,·leas·t error ·squa·res �and' :·th�

concept
. �f .P8·eud�in�erse have been reported in' Reference 2.3

'and .ar e reproduc�d here for re.ad'y reference..

.

.

.
. .

.
. Assume. that the. differential· cu·:rren.t during.a fault or·'

.

N •

.

.
+ L'h sin( wh t 1." + � )

"h==Z'

"

.

". y( t 1)

K··o

.' '. ". .

. ....
ts th'e iu'stantaneous vaLue. of current at time t

where:

.

.. .

.

.

i� the magrtitude of the d� off�et at time teO

'K 1

. cf).mponent··

. Kh is the peak value of the 'h th • fre:quen·cy

comp.onent .

". 1" is the decay time constant of the d e comp"onen··t

'1 .

.

fs the phase angle .' of the f:und:amental. ft. .equancy

.. component·
..• ·ifJ. '.

h
.'., ..

.component

... "
... .

.... ',:.,.:
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i� the .. ;£undallle·ut�l·. frequeney of the s:ystem in'

-. 63
.

..... . ...

'.
: . . '.

.

-. rT,adia'nis ·:,pe:t· se c end- ....
. W

.

. '. h

.' '.'
.

"

fs the .:i,req�ellcy .of .the higher .frequency
.

component .in· radians: P:81.". second'

. : '.. .

.

Fault currents. generally contain 'sinusoida'1: components
.

of

the -harmo.nic . and some .. non-har,monic
..

frequencies. Transformer Inr1,lsh currents co·ntai·n. a large
.

. component " .of
.

the ..sec end ·}tarmonic frequency.' If. the. relay·

8.yste·ift .is designed in such' a manner that the input wa:veforms· ..
'

are' baJ:\d' limited by analog filters, the relay inputs1gnal

11I'ay .be a.8sumed. to be made 'UP" ()f the decaying d s c , ·c.o1llponen·t

and : .inu.s01d8 o·f the funds_ental,. s e c end and t hi rd harmonic

frequenci�s. Such a relay input waveform at be
.

.

represented as 'f�llowst ..

;,.t1�
v( t 1) - K

0
e + K l"sin(w1 'e

1 "".81)
, ....

+' KZ .sin( 2w
1 tl -+; 8'2 ). + K, sin(3w1 t1 ..

+ '''3)
(4.6)

.

'be
. '.

.

compan.ent in' Equ'a t.ion ", '4.6 .. can'The. decaying ds.c s

:

represented by' the' first twO �erms of i�s Taylor series'
'. .... '. '..

.' -. ..

expa�sion gi�en in Equation 4.7.

(4.7)

The s Lnu s o ida! termain Equation 4.6 cart be expanded using

the foll�wing .trig��ometric �dentity�
" .:

.'
� .'
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.

.

'

sin(wt + . 8) :. sin(wt) ¢os(.8) + co.s(wt) sine 8 )

. .... . .

. .:"
. Incorporatlng this" represent a tic;)!),. for the sinusoid.al ter.m$·

Equa tio,i): 4�6 can be ·expressed -a s follows:·'

. v( t ) • a x +' a
.

X + a X +' a . X + a
; X

.
.

1
.

11 .. 1 .12 2 ' 13 3 14 4 .
1; ,

'� +'a X + a X. + a X .

16 6 17 7.' 18 8

where:
: '.' .

a 14-

au- S in (wI t
1 :)

sin,' 2,"1
.

t1 )

a 16 a;: sin·(3� t .)1
.

'. a 13
• cos(wl t )1

a l' .. cos(2"l' t1 )

': a 17
_. cos(3w1 ·t1 )

a 18· t1.
X i

- lC
o

'.

X2' .• �. cos( '1 )

.

, X4 • � cos ( 82 )

-.It. cos("" )
..

J :3
.. -K

.

11'
.

. 0
.

X6 '

IS'

x, .. K2 sineS 2)
. . .

X
7

-. K
5 sine (I. 3'

The' next. sample v(t2') �s' received· AT seco�ds later

.

.... . ..' .

.
.

.

.

:
'. Equation 4 �8 "a's fo.l\!ows·:·

. .

.. ,( t-tr + ,AT)
,

altd can be represented· by an equat·1on .. aim'ilar to'

(4.9) .

..

< ;.: :.
.

,
,

.

: ..
"; ....
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.wher�: ..
'

"A:-T' . ,_. !2"''It "F'lAs
.

.

' t2' . -. t 1
+ AT

. a21 .. 1 '. ;'..

'. a22
- sin(w1' t 2 ) ..

. .
.

a24
- .s1n(2w1· t 2 .)

a26 .. sin(3w{' t,2 )

a28 .. t2'
X.1, .. K.o
x 2'

.. Kl �os(61 )

....

: ...: .

a23
.. 'cos{w1 t

2 )
.

82; -, .cos( 2'1' t2 ) .

.

a27 ...•. eo s.( 3 '1;' .

t 2 ).

·X 4-
- K2 eo.s(62 ).

X 6
.. K) eos(6 J )

X 8
-' ';'l{- IT

0

X3 '. K 1 sii1(8i )

X; � K 2 s 1n(6 2 ) ....

X7 .' .. K:3 sin (9:3 ).

.. The' .# a' coeffieients of, .Equation 4.8' and 4.9 eaa" be
. .

.' pre'calculated' as these values depend. only o� the .fundam..ntal

and harmon'lc. frequenc.ies . and t1me
.

r·eference, which may' b'e

..

selected arb1 tr.-arily.·
"

For instance .1f time is, c;:onsidered ..
to

'. be 'zero at .the instatt:t of the 'first sample,. tl- 0,· At . .and

values . of .,. I
a coefficients of

Equatiofts 4.8 and '4.9 can be predet�!i"rtft·ined.

and

Equatio.ns 4�8
. .,

4.9 have eig.ht unknowns;" at least.e,ight sampled values
"

'

..
". ..".

.

.

are,' therefore, required to determine' the unkrrown s ,

• The

number' of samples selected to find '" the unknown
.

terms
0" •• •

•••• : •• 0"'
•

" ••

d e't'cff6,£'n:e"tf' tHe ':��H tf.'tl''t)w "l;_�hg rh • 'If' m(lIf') "R") saerp Le s . 'are used

.
.

.'

.... e,stahlish�d.·

' .....

to -. de t erm fn e ,the'. unknown.s, .. the following·m eq�at Lo ns are

, ',':
,
,',
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( A, ] x 1 a [ . v l

(. 8) (8 .1 ) (Ui 1 )
.

(4.•10)·
X X .x .'

.. The 'm.a trlx [A) is a. rec�angular ..

matrix. and i t$. left
.

t
', .'

.

.

pseudo-inverse [AJ. pr.ovides the .least errOl" squares solution:
.

as follows:

[. X .) a· [ A Jt [ V )
(4..11) .

(8 X 1) (8 X ·m) (m X 1)

where:

A .}t. {r ]-'l' 1Jl.
l'

[ .: A { ·A r A, .}.

(8. x'm) .• (8 x 1Il) (m x 8) (8. x m)

.The· seeoad •.n4 third' rows 0·£ .the left pseudo-inverse of .

'. [AI' are· requ;t.red
.

to compute' the. fundamen··t·al·· frequell.ey

com.ponents. X
2
and X.3 In' Equations. 4.8:· and .4.9 •..

'

'The. peak

vaiu·e. of the' .' fundamental.' frequency component ca:n:····· be

2 .... ".2 ·"1/2..

Kl a [( X
2
) + (X .3») .

(4.12 )

Simila.rly fourth, .fifth, sixth an4 seve.nth· r'ow$ are required.···
.

.

t,o, ...<eom-p..uc.e,·: .. :.x
4�"

X
5'

X
6 and.

x
7".

The p.e.·k values of the

second .and th.ird harmoni-c' components can'· be .computed from

'. these .. components using a . procedure·.s 111l1:1ar ,to Equati-on 4.12 •

.
.

"
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.

.' :.

�any combination$ of .'. Sa1!lpi'ing ra'te, .: thl'e, reference;
·

da t a': win�ow size .• and. waveform .m.odel can. be �sad to obtain.:'
·

co�Jf'iciti'rit$" of d'i Ital ·.fi'lte.rs �

'

.. D.'if. f:ere�'t' tIm. e re.f e r enc-e.s
.

'" .' g .' .'

. resul t :

. i'n diffe:rent n umb.e rs in .>the· matrix '.: .' [A) •

. ..,.: ....
.

.
.

....

.'. .'

.

:'conse,queri.tly,' 'the element's' 6f the· :p8,e�doin�e:'rse . ar.e.

differeni.· Selecting �he� tim� �ef.renee to be �ero·at the'
. .

"centre of the samplin'g .window provides symmetrical value.s
.' .'.

.

. ,

.' for the·' .element.S· i.n. z he . rows of (.A]t. ·The effects of'

·

varying' the' sa,1'IIpling rate, ti'me reference .. ::an.d data.' windo-w

",�1�� _,W,�,li�:J�;l:'l�.�� Y,,,,e,lC,��J�.�� if': ��:���,etl<;�','s 3 and :17.'

4.1.2 FiLter design�

.. Many.
:

filte.rs .: were designed using. the least err.or

'squares a.pp r.oaeh .
described 'in the last· section. ·.The

com'binations. .o f the parameters· selected.· for' these.' -designs

are listed in Table 4.1. . In these designs,' the exponential

the
. firs td.c.· t�r:"" �as ,!�J)r,.esetlted by .the fits.t . two ...

�.:.
.

or'

three . terms

..

-t/-r'
'

of '. the .... Taylor series "expansion' of· e .' A',
. .'

.

. .... .

sinusoid of "the . fundamental frequency was,' "of .c our-s e,
. .

incl�ded�: Various combinations �f the sinusoidsof: higher,
frequencies. were .aLs o included' in these' designs -.

" ,t"he

deSigns �ere exafllin.ed 'to '. determirie " their. suitablity for
.' ", '. '.

.
. .' .

'

d,ifferential, protect,io,n appLd c a t Lon.,

"'table 4�-2 shows the elements .,.c)f the second, third,

four t h and'. fifth rows·ofIA11.: lnthis case.the.selected
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Table' 4.1 Comblnati'on· of' variable paramet·era. used in:.· th'e·. desig'u
:: o.f. ,f.,i).t,:er:s. by ,the. le·ast error. squares approach.·:

..
,

..

'

.

.

.... : .
.

.

'

.

". .. .

.

.
.

It,em ..•.. , d.c.· Sinu�Oidal.··
No •.. : turn.;' terms.,

1
2.
3
.4

.

5.
6

7
8
9

10
11

.. 12

13 .'
14

.

15
16
17
18
19"

20
21
22
23
24

.

25
26

'.' 27
,28
29

.. 2.'
2
2
3
3.·'

'

.. ,.3"

,2
2
2.' .'

·'.2'
3
.3

'2
2
2
2
3·'.

.

3.
3

2
2.

.

f
3 .' ..

3'

2
2 ..
2'
3
3

...2'
3

1�2 .

1,2�3
1;2.,3,4
1,2

"1,2,.3
1.,2,3,4

··1

1,2
1,2,3

.

1,2,3,4
1,2
1,2,3

1
1,2

. 1,2,3
·.1,�,3,4
1,2
I ,2',3
1,2,3,4

� .' '.
.

··i,2,3.·
.'

1,2,3,4
1,2,3,4 .. 5

.

1,2�3
1,2,3,4

.1,2,3
1,2,.3; 4."

. 1,2,3,4,$
··1,2,3.···

.

1,2�3,4

1·,..2,-;-3,,4 ..-5,6.
'.1,2,3;4,5,6.

.

,'....
'

: .:' .

.' ..
,'

No. «r: �am,pii:ng, �indow .leng:th
.� samples· .. fre..(p�ency· in msec; •. '

11
11
11
II
.11
11

.12
12
12
12
12
12

13
13
13
13
13
13
13

15
15
15
15

"

15

16
"

• .16
'

..
16
1'6
16

.24
". 24

720
7'20 .'

720
.72·0

.

·720
720

'

...
'

.1.20 .

72.0
720
720'
720'
72'0

120
720'
120
720
720
720 ....

.7.20

:'960
.

960 ..

960 .

96.0"
.:

.9.60

960.'
. 960 ..

. ·960
960 .

.

960

'1440
1440

·15.2�·
15.2:8'

" .. , is , 2·8
.

15.28 ."

15.28 .

.15.;28

.

"
,"

.

. .

.' .

.

\
.

.....

·

..16 .. 66
,

16.66
16.66
16�66'
16.6'6

.
·

16.66 :

18.05
18.05

· 18.05
18.05
.18.05.
18.0.S·
18 ;;0.5

.

,

; :

15.6.3
.'15.63' ';.:'

15.6'3 ...
15.63' .. ,

15.63.

16.66'
16.66 .:

16.66
:16.66·"
.. 16.6.6'

16.66 ". '

.

16.66
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.. , '. " '

... .'.

.
..

.
.

.

Sampliri·8· rate.
..•. Win�ow 's'�'ze

.

Terms l:"ep.reSel'l.tillg· the
de�aying .d se , component

.

.. 740 Bs.:

'.,

• :12 sample�:'
:

"

...
"

......
.... . ,'.

.
.

'
.

2
..

'

w 2w'.

0 '
.. ·9

'. an'd 3wo.' .

'. .: ..... . .... '" .....
. ." ..

,' "

,'.... ..
.

Stltil�rl.Y· 'Table 4.3 sho.we the e'lemente of the' aecoact; 1;hi.rd,.

para.et.ers were used -.

..

Sampling rate '. 720 Rz�

.Window size 13 samples

Te�ms represe�tin8 ehe
decaying d.c. c.omponent ·2

FTequen-eies of. si�usoidal term'S' ." 111,0 ,'. ·2wo·.,
. 3w • and 4w .

o '. : 0
.

. Appendix A lists ro�s .of [A] f, .

which �te th.

coeffi�ients of' the filters designed by selecting .diffrent
.

. ..

comhi lla tions "of .

samplittg rate, data window size,· • 'number of'

t��m�. of, the �aylor.�eries,expansion arid the·h.rmonics usei

.i,Q.".,t: li:e; ·,m.ct:el .. :f.o r,:,.�b,e...,.<wa:V:efQ-r.,m.8 ..•.
'

,',. .

.. .:

'::'
,',

.

.
. ,':
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Tabl.e,',4.i: Th.e .el'ements Qf'the $ec�nd, ,·'third,. four.th' a l\d>, , fifth,.·.
.

rows' of. [ArT .'
". The·· wavefor�. model' incorporat'e'd ·t,wo· .....

.. :': terms repre.seu·ting the.' .decay�n-g d �c. .>, eompon.ellt . and:
'. componellts

" ,()fi ' :the "·fundamentalt·· sec·ond
.

and. third

.. hai'mon'ie frequencies. '.' ,"..
.

.

Second·"·· Third. , .... '. F�'�rth.
'

row
.

···.row· row'

"0.5110:.·· -0.1610.
. ·0�3909 ..�0�1179
-0. 21'.24 �O � 0431
0.0092 0�0431

.

.

.'. ";'0 _ 1 693 0 • 11 7 9
-O�1!40 O�161�

.'

",

0.154:0."
.

0.1610
.

-

0' � '1 69'3· .' 0 • 11'7 9'
.

...0.0092 0.0431
,

.' o. 2 12"
'.

-0 • 04 31
0.3909 .... · ...0.1179.

. -0.SlI0
.' '. -0.1610

';'0�203S
0.3080
0.'1100

....0.1714
. -0.1400
-0.:026.0.
0.0260
'''0.1'400
0.,1714

.

-0.1100 .'
-0.3080

. 0.2.035 .'

.. '.: ...

F.if ttl·' '" ', ..

row'..
.

.

'.': .

:
.

. '

,,:- .,' '. '.

0.1443 ....

0.0000 ' ..

: -0.1443
.......0.1443

.'

0.00'00. .'

0.1443.
.

..0.1443'·
.

. "

O ..oooo
....0.1443
.';"0.1.4:43'"

. 0 .00·00.
0 .• 1443 .. ' .:

..

'

Table', 4. 3 Th� aiements ·.of. the I.cond, • third,
. fourth, and ,fifth

rows of [Alt. •
. The' wavefori model inc.or'porated' two'"

te.rms representing' the decaylng· d.c.,· compone.nt a-nd
.

.

c'omponents of·. fundamental, .' second, _

.third an:d .,fourth .:

.. ". harmo.i\ic frequencies.'
.

Second. . Thi'rd Fourth Fifth
'�r'aw ·······::,;�ow .'

. r'ow···. row ..
'

0.3092: ...0.0952' .. -0.143.5 . 0.0·9:52
.

'

'-0�0764 �O .1227 .0.1411 .0.0617
..

, ....:() .1'563 ·-0.0992 "0�1499' ...0.0675
-0.1529 0.0019 "'0.00.6'4 ...0.1746 ,

.. .

�O .1.563 . 0.0833 -0.1388 �0.0833
-Q.0764 0.1385 -0.1475 .. ·().O891

,
.

0 •.0000 .0.174.6 .. o. (lOOO 0.1587.
0.0164. 0.1385 0 .. 1475 0.089,.1
0.1563, 0.0833 0 .. 1..388 ;-0.0833, .

'0.1529· ·0.�'OO79 O. OO�4', .... "0.1746"
0.1563 ..,.0.0992 '. '!"O •. 1499. ". ,,:,,0.067.5
0.0764 ···

...0.1227 :, . -0.1411 .• ....0··0.617 .

..

':'0 • 3'092
.

-0.0952
.

0.1435 0.0952

.

".
�.' :'

'.
,

.

'

...
'

. '.

: ....• ',
'.'

.
..

'

�.'
.

..:. ...
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. 4.1:' 3 'Frequen�, res:ponse 0'£ a digi tal f :1:lter.

.' .'

'. ......•... '.

.'

..
"

.'

.

"The ',suit'ablity :0£ :a:d1glt�1 iiiter can be determined, by·.·
'

.
..

. .

'.

examining ita. freq�ency 'response .,' One of 'fibe i.e'thad. use'd .'

for .. th,!s .. pUl'pose is· the
..

'
.

z. -t.r'a'lJ,s£orm·· technique.'
.' Th1'EJ

.
.

are .presented "in
. th.ls '8�,etion �

,

,
,

The transfer function of a non"'recur�1ve. digital fil'ter·
.

.
.

. : .

:c�n be represented�as f�11o.s •

. m
.

H{z) •E�n
n=O:

'-il
Z

where:

.

.

.. .

.
.

.'
.

.

:'. .,'.. .

.

.

.

.

.. .
. '. .

.
.

.',. .',......

The' (m+l)' filter co:'ff,icient's ar'e. generally referre(,i, t.O 'as.

.

en
.

ar.e 'tn,e' filter cO.efficients

the.. impulse resPoll".i' of a dig'ital fl1te� ••
·

A' useful 'fea�ute

of'
.
the . trallsfer

.

function' i,s its interpretation as. ,. a.

frequency' f\lnctio·n.· by 'evaluating H(z}'£qr z • ejwl1'l'. 'This

substitution provides ,the .eans for d.termin1n� the response

characteristics of· ,a : filter.
.

Subst,ituting eJ1.rAT for z in
"

. . .
','

, . .

.
.

.

E.qua tian -4 .. 13 le'ads. to the· following equation ....
·
.'

.' ",'. . .

.....•....a(e'��wAT .") .• 'W ?ie� ,.-J�AT··. (4.14) .

"

...,,'
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T.he ·left. hand s.ide o.f' Equ.aeion.· ·4.14: 1klay '.' be . expressed' as

. ,-ro.llo.w,sio

.• (4.15).

H( e Jw4T .)' - .' '·1 H.( e .'

.

.

. ..' .

'j
.. :' '["H'( .jwAT.),]j ,AT' a 1."g .

e .'.

W.£o\ >I:'e .

.

·····(4.16) •...

.

Using' these equations. and varying w ·fro. 0 . to .ws /2,
.

t_he'
.'

.

Nyquist .:
'

frequency, .' the' magnitude and phase. response of 'a
.

. .

. '. .

.

non-recursive 'digital 'filfer call be calculate.d;..

" Figures 4.1 and 4.2 depict. the frequency responses o�
.

'.
.

o.t.thogonal' filters whose eoef.fici-ents' ,are listed" in eolutftns"

1 and 2 of Table 4 .• 2 e':
.

Simil;arly Figu're 4·.3 and. 4.4 show the

fr.e.quency re,sponse of .the second' har-mani.c or·thogonal· filters
.

whose co,efffcieirts .a re listed in the' ·.last tw.O.· c.oLum n s .... of

Table 4.2 •. .'Recollect that:
. �.

.

'.

'(i)
.

t'hese filters' us� a data window of 12. samples.

�ak.a.at 720 H%_ .

.

.'
.

. '.' ,

··tbf!· filter' eoefficients were determiaed' aSSUming."
that· the input, waveform c.onsists· of a d·ec.:yin$.

. d.c. c()mpOi'lent and eOlliPonent·s of th�' f·unda.ental··
"
:. .: "

.

fr.equen'cy and the se(:ond .and the' third harmonie
.

. '. ',':.:' 'f,�-ctU'e'll'c�i,e-g. •...

". ',. :'
..

. : .:.
:.::
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NORMALIZED FREQUENCY
.

1'1guTe 4.1 Frequen�y r·e8ponse of t··be 60' H·z .'cU.git"l . fil te.r
.

designed .. by' the. I.east er·ro.r squ.a:res. approa1:h,.
·.lIose . c:oef·ficient·s . are .listed in col:umn o.ne. of
Tahle 4.2 ..

0.12'·3,4 ; 6 7 8.

'.

10 .11

..

Figu're 4'.2· Fte�uency" response of the 60 Hz -. dilltal
.

filter'
..des.lgned by' the least error squares approacll ..

whose ,c(J.fficie:nt.s ar.· listed in column two' of·
.

Table 4.2.'

..

. '.' .

:

.... :.

"

... '

...
_

.'. "
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'. Figure 4.3
.

Preq:ueucy .1'e8·poQ.8e of .the 120, ·B.c .41g1tal '. fllt·.r
de·8:1&n·ecl .' 'by the lea.t error .;.squa:reli appr'oaeh
who•• eoefftc:1.llt ....re l.is,ted 11'1 colu.'D three.:of·
·.Table· 4.;02.

,

.. ,

.. ': FIgure 4.4
.

Freq'uetu�y: re.po�.e . of th. 1-20 liz digl tal· file.• r,
.

.

designed by' the .. 1e.$t er.ror .squat'..e•. appr.o.a'Ch ',

whose e.oeff1'clerits·· ere lis1:ed in colu1JUi. four
. of

.

.

.... Table" .2_ .

.

.. :;.
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.
. .

f�eque�ey. re$p�n�e� ..�of �the
.,

,.

. ... .

iu��."ntal;, ·.a,B4., '

.. second' ba.rmoni'c, .ot"tho,go�al; filt4!t"s whose

C04!�.fi.cients are gJven in ·Table 4 � 3. ·.Recolle.c:t ttla·t in this
.'

.

·

case the f·ilte·rs w.ere 'desi$ned:

..

(�) uslnJ a dat��indow of' 13 �am�le. taken at'72d Hz •

.
(ii) a·8suming .

tna t the. input wa·veforms a re. made' up :.of

'a decaying.d.c. c01llponent and.compon�nts oftbe
.'

. .

. .

.
"

fu�d.amental frequeney'and the sae end, third 'arid

fourt·h harmonic' frequencies.

An examination of Figure·s 4.1 to' 4.8 sho� tba t . the

digl tal· . fil.ter$ whose iresponses are sh·o.wn. in Figures 4 � 5 to

:4.8 hav.e mOre effee tive· filtering c:harac·teristics.

The' freque:ncy' response' of. an ·orthog·on.ai pa1·r of' filter.s.
·

can also " b. co.bined to obtain a .composite response � Thi.s
·

provides t�e �ver�ge:and va�iance·.f the
. .

.

filter. output .. to

. input .ratio.
'.
It· can also provide the e'Xpe�ted maximum and·

minimum values of the output. to input r-a tio$.

Consider'that input to a . pair ,of ort·hogonal
.

digital
. '.

.

filters is V sin(wt + S ).' The ou.tputs of the ·filters. �iil
p

be:

�
._ k V . sin(wt + IJ _ Sf: ) (4.17a)
.1 p

� k2 v s'in(�t + IJ ._ 82 ) t- (4.17b)lit
. P ,; ..

",
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.. Figure A�5
.

Frequency response 'of the 60 liz' d·.i:a:it"l f·llter.·
designed by· the' least errol: squa�e.s approa¢h

• wboae .coe£fi¢.ients· .t'e listed in colv-inn one ·o·f
Table 4.3.

.

.

E-t .'
.. ;� .

1.

';'8'
-: e

.

. ....:1
H
ra.

'� .. 0.5
!l .

. �.'

····1··

NORMALiZED ·FREQUENCY·

..
' .

.' .

"

•

NORMALm.D FRE�UENCY'"
U 12

'. .

.. Figure 4.6
.

Frequency. respcase of the. 60 HZi .

digital filt.er·
.... de,signed by. the'· lea:.. t .... error square.s a.p-proacb
whoa.. c.oefficient·•. are list:ed 11L column,. ,two' of
Table·t. .. 3 ..

. .

"

'.:

./

,':, ..'.
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,
. "."

a . '1, ·.2 -J. ,·4 '" ,;. ·6 7 ..8, ,,9,' 10 U 12

. NOBMALlZED FREQUENCY

F'iaure 4.7
.

Jl'requency .res'poDse' 'of .the 120'. He d�l'ltal . filter
de_laDed' 'by the l_ast.· error. _qu."es .'pproach
who;se c·oefficlent·s are .ll,�fted in: CQ·lu.n tbre.e· of
Table 4 .• 3 .•

'

: E-t
.

. -". '1;)
Po.
E-t L ' ..

8

o·�·� 1· 4 .,

NOlMALlZED FREQUENCY

'. Figure .4.8' Pre1luelley reaponse. of· the' 120 Hz<dig! tal fil te·r·
des1gne.ct .: by the least' eX-ren°. squ.res appl'.oaeh

. wbose 'c'oel'ficlen'ts are·lis·ted ill colui.lD tout." .of
Table 4.3 •.
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"
.

'. where:

ki. ,and k2 are' ,'the gains of the fil ters

at the selected frequency,'

8.
'. and 6 'are the ph_se delaYs. of the t1fO

.1 Z '

fil ters a t the s.elected f't'equeney
, ,

'

·8 i.s. tbe pbase angle of the ..input 'signal

The outputs, of the orthogonal fil'ters are displaced iJl pha·se

by , ,'/t12' radians 'at all frequencies and can, therefore, be

represente,4 .as follows:

�, _. A sin(wt + ., ,)
. 1 .

�2 _ B cos(wt + tP)

(4.lSa)

(4.iSb )

,

where:

A • kl Vp ."

B • k '. V',
,2 p

.,. .,8 .... 81 ' '.:.'

,To find' the' maximum and minimum, value. of the ',co.postee,'·

o�tput" the· o�tputs lrom, the' filters can be ��mblned�a�

follows:

o?,+' '02
1 2

..� f 2
.

[ A sin (w,t +
:

.,)
.

+ { B e oS (wt +. .,) ] ,

'

....

. ......

",

. "

.

.... '

.. '.
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(4�19)

'.

In :this ·e·qua·tion· 0 <is time ·dependent;,· ····llowever, ·.·th.e

outputs· will.' be time invarian t .'1.£ A and' Is are equal. The'·'

s.tandard deviat1()n' of. the composi te. output over a' Period of'

one c.ycle ··at a selec.ted.· frequency is .repr.eseated.· a.s . fol.1ows:

..(1 -.•. ' ..-..21.(.... �2.' - .. ,.s2,,'.Jl$.
.

'
.. (.4.20)

where:

a is th,e"'stan'dard deviat!on.o·f the e01Jlposite'

output at a seleeted frequency

Figures �.9 and 4.10 show. the average value aDd' %he

standard· deviation. of ,the composite. fi·lt·er .r e s pc nae of the

• digital' filter pair who.se eoeffi.cients are listed at .1 tem '. 7

···of'l'able 4.1 .•

The' de.sign and assesment·. of.' digital. filters has
I.

..,
....

rev.ealed that" the. use of small. data windows' (3/4 cycle and

les.s) re.sult in filtiu·.s whose frequency response is 11su&lly

unacceptaple •..F,or.8 selected data window ·length, increasing
. .'

'the sampling. rate cioe� �ot ililpl'ove the
�..

.'

. .

.

£requen¢,- response�
.'

IJDprovetftent in the fil ter res'ponse can, howeve r, .'be achieved'

·by. in�reasing : �he size �f the
. .

. increases .....opera,ting
.

time of the relay.···. Incre.asing the: ..

",

.number of" h.rmonic·· components 'in the waveform ·<model

'
.

.. ,:,.
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Fl,gure 4.9, Ave:rage va:lue ',of the �o.,p:,osite filter res-pons,e.
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devi.tion, of the" <:01lp0811;e:" filte'X'
, resJ)on.se. ",

'
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increase,s. the num be r ": of
.

unknown's whi.ch .in t u.r n .r.equire

l:.o:ng..e�. :4a�t,:a .:wt..n.d,!(?,�$. "if t'h a j ud Lc Lou s sel e c t ion 0 f. the data····
"

.
,'."

window· -size, :.s.am·pling rate. and. the. ¢ompleXit:y .
of the'

.
. ...,'

',' .

.

'.
.... . "

",

waveform model,. appropria'te di.g�·tal £1-1 ter's can. be designed

'using the Le as t .-err·or· squares cuzv e fitting, a pp roac h ,

4.2 Four��r Serl�B Approach

. The least error squares
.

ap pr o ach for'. dest.gning

ncn+recur s Lve. digi·tal filters has been discussed' in the last

section •. Another .possi�le 'approach which�can 'be used for

this
.

'purpose is the Fourier s e rLe s method which is

desertbed in thls section •

. The ide.al frequency r e.spo n s e of. a. band-pass' filter is

shown. 1n· ... Flgure·,4.11. ···The cut of.f·fr'equeneiesof thi.s

. fil ter are w.cl and wc2. The transf.er ftlnetion· of this' fi1 ter
.

can:b� mathematicaily re�resented.as

.

R(w) - •.•... {: .' wel < ..
w

otherwise

< w '.

. c2 (4.21)
.'

.

.' .

Tn·is· response' can not. 'be physically realized· ··.but filters','
.

.

whose' response is. qui te

.

s.i�1lar· to. the ide.al respons� can· be

designed:and bUilt •.

"

�.'
.

.

','
....•
'.: .
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The t"an�f.r function of a nan-recursive dtgiul ·filter ..

..... '.,': .' ..
'

'. .

.. ::�w:a�.... ".,e�,p<te�,�.,d.: .•.IUt .. J.,qu.a�J.�n 4.13 wbtcn is repl'Qduced 'belQw. as .. "

.

.....
.

'.
·

!��a�ldn 4�22.

D(a) -i> .-n
.. n.

.
- .

n=O

..�I.: '-Ii
+

.c1' Z +. · · '" .. +
,
.. c

m
Z-·

Since. t,be. freq'uency response' of . a d'igi tal .ystem. is

periodic,' it .can . be' expanded in the forlll of the Fourf.,er

series •. '. the periodic freque.ncy response function, G(w},' of

·

a ..Ron-recursive filt ..er of 'period we (sampli'ng frequellcy) is

rep-resen ted. by ehe ·following Fourier· se,ries .•

<C

+. �}k cos(kw AT} +. r.� slrt(kw 4T.}

k=l

(4.23.) .

·k.=l ...•.

In tht·s e:guation w.,·is the. ·racii·an
....

frequency at .. which the

· response is' calculated.' and

.. interval.' The odd or· even. Fourier series can· be." :used 'in'
'" '.' .

.

'. '.' '.
cas e of .the· desired frequency response to .be odd e r even.

l
.

-. These series can' be ms thematically .. expressed as follows.

cc

G(w) _ .

Ao'" + 'EAk cos(wk AT}
.

even.
k=l .....

'

,.

(4.24) .

.

G(w)
.•. odd

cc

. '_ EB.tc' sin(wk AT)..

.•1

....: ,

.
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I.· ••

Equation. 4�2l can a1$0' ·be·written·in the complex fOl'm as:

G(w)
.

!

where:
a. _.' A
o 0

l'
a k

_ - (Ak '

- jBk )
2

When k 18.+ ve

1

.

ak _
'.

- fA .+ jB. )
k k

.' ,2

.

When k is - ve

.
.

. The eoefficiellts of,· this' e<luation are :complex.' conjugate

.pairs.

,-

Th•. z transform 'X(z) of a sequenee of digitf;zed

samples, x(k). can be ·defined a� follows:

(4.27)

A eomp.iison of Equations 4.26 and �.27. indicates that the

f unee ion G( e ) can be l'ep.r.es·en ted by:

,tit

.. G( z.) _

.. ', Eak .

Z
k

,

�=...cc:

'(4.28) .'

....

·where:··

........
.. \.
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. ..'

". Thls',�qUation indicates that a·. digital
. .

.

f i1 ter to'. realize '.'

.
.

.

'. G( z) ,�eq\li,res an infinit,e 1)\Jm"er of'
.

coef f1.eient�.. '. A
.

.

reasona'ble eompromise is t.O truncat'e Equ.tion .4.28 eo the

following, f'orm.

M,

er (z) • 2:: ak zk

·r-;,;.M

).(
• .

.

z
....1
z'

-2M
+ ••••• + .•-M z ] (4.29)

.

This eq'uation has ( 2M+l ), coefficients.' If Equations . 4�22

.and 4.29 are to '.have the salJle number of eoe'fficie.n.ts; til must

be equal to '2'M. Thetei'm .z is a .phase ah'ife' oper.a.tor .and·

does not ,a'ffect the mag'nitude r.esponse 0,£' t,be' f11 ter.
.

The
. .

relationship,.'between .t.he c'oefficients of th'. digital filter

and the 'Fou'rier .". series 1s' obtained· :by· . equating the

coefficients, of like .powers of e . in' Egu.ation 4.-22 .. and 4.29;

this process in(icates �_at::

.co -
.. aM

c1 • aM-1

• •

.. •

'.

cm/2,
'

'

• a 0

• .
.

....;t.
.

...

cm_1' • a.;;.)'(+1

cm - a:"M (4.30)

'.,
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OrthogQn:al. .ill ters ..

" can
..

' als.o.. he....... d es Lg n ed
.

by
. '.

. "

.

.

. ,a.�p,p,r,Q�.im,�,ting· .t:h,e. 'eV,en, an�.· odd . frequency characteristics by ....
.

.

.'

the Fo.u·rier·· series coef.fiec·ients. Gonsidei· that the > ideaL'
• • •••

required.' of. an or�hogonal .. pait .. ·of
· .

bandpass· digi t�l 'fil t'ers Is as sho1fn Ln Figu·tes . 4.12 atid'

4.13. Designate' t.he even .and odd responses as f(w)e .and

.: f(w,) . respectively 'and the band :paS;8 a·s 2w ..•. Each. of .the
..

0
.
.'

.

.

g
· two fil te.t"s paes s.ignals of fr.e.queneies.· in.a speeifi.ed .b.and

around. a : frequency � w
1

• If the
.

sampling rate' is twelve

tiDies w1 ' the high ·frequeney' passba'nd' wilf' be aro·und the

eleventh harmonic. 'l.he coefficients of .the digital
.

fi1.ters .'

· approximating. the ideal response can be 'computed as fol·lows.

"The' "even" and : odd'
.

frequenc.y· re'!iJponses.. shown· . in

Fig.ure 4.12 and. 4.13. ean be approxil'llated':by ehe Fourier

··.!lerles.o.£ . Equati:on 4.24' and· 4.2.5.'
.

.

tbe- 76�rie�. ,eries

. eoeffleients,_ .

A :.k'·s and. B
k
'

s, o·f· the
'

..

' ev:en' frequency"

response can be· calculated .a s follows.

Wa

A =-...lJ 'f(W) dw :
o wiif .

e
"

o

. .

.. '.
.

..': 'w1'1 + W ..•
.

: .' •.. '.
'g

:

.'

:�f····dW.".' w.s
. .

.' ,

.'

VI' - W
U·· .. g

= 4Vig/Yls ...

. _

.. _._.... :.
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4.12'

Figure 4�12 The' 'even'·fr'4!·quency respoDse eha.rac'teristics :of
aft .·1d·ea1 band-pas.• f11 tel' •.

1··.· ......

,.

GJ
. .. ...-0 .

=
.

....
:"'1 'WS/2 :wl1' .

-
.S::
= 4.13 '

'" Frequency:IE:

-1 ......

...... _ ....
. ��g ..

w /2
..

.

. s
.

. Frequency·

. Figure 4.13 The" odd'· frequency res:ponse characteri'sties .. of

..• an ideal' .band';",ass . fil t·er.
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....

J.
Ws.,,·

A.. - 2. '. :'
.'

'.
.

.

2'1rkw '.'
"""=it "w,'

.

f(w) -ees (_,...__)dw
, s e' w·

. '.

:'

0
.: ,,'

.... :', s '.

'. . . .:.

.... +w'
. "ll g

f·' -. '21rkw
. '. COS (-;-)dw

. s
. .

. w. ... w
,U .s

. •.... W + W . ., -.w ...
'

.

== � {sin [2'ft'kC1.: . i)] � ann {211'k (.�. '5 ')]} +
.

,_ .

.

s

1 "'11 .+ w wil - "'.
'.� {.sin [21rk ( ·.w'''· ',. in ... $in (21rk ( . 3: l)n

1TlC
.

s .

. Ws -.

(4.31a)

(4.31b)
.

Similarly the Fourier series eoefficients A k' sand B k'; S ·of

the 'odd" frequency response can 'be calculated u,sing t.be

,follcnl.'ing e�qua·tions •

.

·

.:�=O .

.... lit·
2.

.:'=.-

·s

.

.
. \. .'. .'

'.' w + W
.'

'

.

.
. 1 g

:.= 4- .J... sin (Z:Ws·. )dIr·s

'Nll + w
g .

2 f (21rkw'- sin -) dw
Ws w

. . S
'IIIr. -.w

. ·;·
..·11 ..... g

'

.. '.
'.5

. "

..
'

'

.. : .

::
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. . .

.

..� .. {cos .. [ 21rk(!i+;· -:Wg») ... cos [21rk(�+ ·*")1}··
., �s· ... s ..

.

After calcul·a ting
..

the· Ak and l\c c()e.ffic�,e;nts, . a k' s

defined in· Equation ..
4.26

. can be calculated, for· the two

oithogonal:filrers� The filter coeffici�nts, e k's ·can be
..

then catcula·ted using· Equation 4.30.

4.2.1 lil te.rs designed by. the Four.ler ser tes me thod
.

The Fourier series· approa.cb . described in .. the l.ast

section· is . .sud tab Le " for· designing. non ...recursive filte·rs

whose response.approximates an ideal response� .Many filters

were designed using this technique. r� OnE! of the filter

d e sLg n s., the bend width was s eLe e e ed to be . 6.0 Hz and the
. .. .

.:
.

.. .. . .:'
"

',.. .

.

·

.. data .win.dow (2M+l ) was .selected to .be thir.teen .samples at.
.

.'
. '.

a s.ampling rate of 72.0 Hz·•. Tbe filter coefficient s for: the

fundamental and second, harmonic digital" ·filters were

calcu:lated. The
..
calculated ·coefficients are listed in Table

·4.4·. Figu�es ..
4.14a and. 4 .l4b show the ·frequeney response· of·

the· fundamental· frequency· fil ters· an·d Figures 4.1Sa and
. .

.

'4 �f'5'1S � 'a�1!ct
.

:�f;he�';;fnqttetrc'Y; te-spons-e of 'the se:cond harm:onic

frequen.cy fil tel's. A study of these .... figures· rev·eals· that
.

.

.
.

.

"

"

t he .. filters effectively· eli�lnate. the .unwanted·· frequencies



, 90"

........ � .:

.>,
•••• ••••• ••••••••••

•

••••••

Table 4.4 Filter c'oefficients ,of the' funda.me�tal and second.'
.

harmonic dig1'tal 'filters .d(!signed .by the. Fourier series'
me.thnd ,

. .

Fundamental
.. #ofid' ·�even'

.' Second har�onic'
.

�odd' 'even'

'. 0.0000 ..
'

0.0'691
.

.0.1342
'0.1681
0.1550 .

0.0926
0.0000

.

-0.0926
-0.1550

. ·-0.1687
-0.1342
..0.0�91
-0.0000

". /'

.�O�1115 0.do06
.

-0.1119' -0.1214'
-0.0724 -0.1361·
0·.0000 o�oooo
0�0836 ..

0.1571'
.0.1500 0.1627
0�1673 0.0000

. 0�1500
.

-0.1627
0.0836· -0.1571

. :0:.·0000 N.o. .0000
"0�0724. 0.1361
-0.1119 0�1214
-0�1115 ..

'

0.0000

:, .

... .'

"
"

O�1101 '.

0.0638·'
.
";0.;071.5

. -0.1557.
-0.0826
0.085'5

·.··0.1651 ..

. 0 .• 0855
. -0.0826

.

.' �O.lS57·
'. -0.0715·.'

0.0638 .

0.1101

. ', ..

i .

'

..
'
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.NORMALIZED FBEQUENCY
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'even I
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.
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:NORMALIZED FREQUENCY

.

(b) 'odd'

Fig�re
. 4 .14 Frequ.e�ey responses of .the f»n,dal.-ental frequency ...

.

'

..

' ."en' a·.rid ' odd" band-pa8�. filters designe·d �Y
the Fourier s.r�es �etbod�
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.. .' .
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(b) I odd' .

Figure 4',.15' FTequettcy Tespollse ·of the sec�iid
.: harmonic

.

.' frequen'cy '. 'even' and 'odd'·· band-pass filters:
.

designed by the' Fouruel'.seriets meth04 •

. ....
..

. '.'
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·but fail to :completely el!·lminate th� d .• c •. compo·ilen:t.

4.3: FrequelH!Y ·S.ampl {ng Approa�h t
'

.

:....:..
.

'.'
.

.

Least error squares ·.and Fourier series .' :tec;hniques f(>r.

desi.nins dig�tal filters. have b�en presented in·�ections.

4.1 -and 4.2 re·•.pectively ". 1ft. this s eetLon , a.· third ap.proach

called the .frequency sampling methodl.,J· .is outlin.ed. This
'. .

.

techffique approximates the desi·,red filter response like the'
. ,

Fourier s-erie's approach' d'oes. '. 'the s·peei f ied ·frequency

response' characterl·s;tic is . sampled. at
. N.· equispac.ed

frequencies. The sampled �esponSes ar. equated with .�he:
. .

discrete Fourler· t·ransforms. '.' ·.of ehe digi tal' fil tel' .

.

coefficients •.

' ..

This procedure proyides . sim'ol taneous

equations fro$. whi�h the filter coefficients can ,be

determioed. The· ma thema tic'al basis of this. 'approach follows'·

iamedia·tely.

The' frequenc·y 'response' o'f a·n.ideal .' digita1 filter 'is

shown in Figure 4.16. The frequencies· a t which the fil:ter •

respons'e 1s s.ampled are also show·n
.

in ·the figure. This

fil tel' has .·ze·ro phase .shift
.

and either zero .or·' uni·ty g.a1n �

.. ' 1· ..

The Discrete F�urier Transform (D.F��) of an array of

':"If' "C'OOif1ft1!'X ..•.. 'if:tt'BflHft"B �".' :"(-)COt� ,#'. e. 'XN-l' ), ·-1s -anothe·r array of .

·the·sam·e dimenSion, (�tXl'� •• 'XN_l ).' The.elements of the

array J Xx' P: 'ate . def ined as fOllOWS.: ,

•...
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N-l
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_
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:

X
.

-.

"'e";j 21tkn.I.N. .

=>:�. � n
.. .

.

k • 0 t
.' 1, • � • , ,;N�l (4.33)

.

" ncO
. .' . .

.
.

.

I : •

.

.
'

. The ip.verse of the .Discrete. FourJer Trarisf�rm' .:ptov·fdes t·he.
· .' T '. T '. '.' •......•

:ar'ray .{ : X
n ). from the e1emen·ts of .[ Xk 1 as fo110.ws.·

i
s-i

..

; .'L:�
··_�=O

.

J21rkn/N
e

.

, n - 0, 1,.�., N·-l

. .. .

·

The.· t�Y'alWl f·.I"·� ·f·uae,t.·ion o·f·a ..no,,�i-4!>c.ursiv.e, .cUgi ta:1,:
.

f 11 tar

and tbe frequency 'r.espon.e
.

cha.r·a.c.eer1stics of the �i1 ter
: .

.

have.,already been established in. Equations .4.13 . and.' 4.14.

From tho.e·· equations, the frequen,cy' response .at·� equis�paced
•

.
. .

.

frequen.c�es can ba·def�ned as follows:

'H'
k

.N-l
.

. '

iii

"

E CU'.' e -jnkL\wA:
.

·n=O

It - 0, 1, ••• , N-l·

where:
....

H
k

ar

.
.

are the'frequency response samples

- 2 ./ws .

.. Ws IN

.• sampling freqgency.Ws
..:.

. .

. "

.

Equation .4.35 .reduces to the·' following: .form. by replacing' . 41' .

·by 2 ll,/w and 4W' bY w: IN.''
S s
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,

, N 1 ',' '.
'

,

\

,

,,' .,. '1;"
,� .. -j 21rnk/N

a It -,' ,cn .e ,,', ,t
.

.
.

:.
.

.
.

.

'. ,n=O,"

.

.
.

\' '.

k ,� 0 t 1 t ••• " "N-l" "

,

,', (4.36)',

. .' �

A eOlllpari.on of ,"this: equation' with Eqy.ation '4 � 13 ,'.lnd!cates
that 'k' ','can be deter1;ldned by eva,lua,ting H(z) for" z .: e)wAT

.,', as foll'C)ws:
t,',

Ilk • lI(z) I z • ej2 .. nk/N

"

'k ,- 0, 1,. � • , , N;"l,

,

(4.37)

,T,his equation',is similar to,>Xquation 4'.33, the Diserete
. .' .' .

. .

.

Fouri.er, Transform " of, a sequence �f complex llulIl'bers'. ., ,Ii
K itt,'

-Equation,4.31 is, therefore_, the D.F.T. of ",the ,', digital

fil ter ',coefficient.s. • ,S,ince the frequeney "

re,ponse is'

,already defi'n;�d'" 'the filter coefficients c an be determined

using the inverse ��F.T� as follG�s:
.

.
. .' .' .

C
:n

e121l1lk/N , .n - 0; 1, ••• , N-l

These eoeffi.cients" can then .be us'ed to<realize' "the re,quired'

", non-r,ecurslve' dig! tal, fil ter. ,

'

.'.,:.
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4,3.1 Filt.. r� deorig"ed by the frequency sampl ink

,
.

....,. '
.

<�ethod

'!
.

.

. .... .

..1'he . freqUenCY·· samplins> ethOd· fo�"
'

d�signirt«

'rto:n-recursive :,fil ters 'has "been ,o�tline,d in ',the La s t; sec;:t,iC>n.
'

Us ing ,this me t ho.d , many digi·tal f i1 ters, 'we re designed,.' ",:r,he
.

.
." . .

.

data window. of >twelve, s�m>Ples and a sampling rate of' 72'0 Hz.
, '

wer� .us e d ,
" Particulars of some of th,e designed fil't'er$' are

, '
,

�,�o�ted in ehl� ,ection�

. ." .

.

:
' ..

the desir�d fliter response characteristics, for the

'even' and 'odd' fi,t,ters" were first "s,elected., these

,characteristi,cs, .a r e shown in ,Figures ,4.16 and' 4.17., 'Twelve >.,

. . .
'. .

d Lac r e t e frequencd.,es >ove'r the' range' of the 'c'haraeteri's,ti<:s

'were also selec:ted as lnd�i'cated in these. ftgur'es. "The
"

frequency J:esporise samples, .' (Hk ), for t'he'" 'f�ndam:ei'lta1'

fyequency�and ,se�ond h.rmonl� filters were obtained an� are
.

.; '.
.

.' .' ..

Itsted ;{11 ··.'tal11>e' 4 �>5 .' ',. ";·;<-c'(re'f'if.tc�teri't� :;of
..

,the f-l1 ter II we re
.. ,

, '

calculated USing Equation 4.3B, a�� It.ted in Table 4�6.

',' :,,' ,

'

.
,

,

,',
"

" Figures' ,4 ..18< to 4.21 depict the titagni tude' response of'

'the digita'l filt,ers designed by', the ireq'ue,ney,sampling

me tho-d s

. . " . .

..
. .' .....

Fig\lres 4 � 18 and 4 �,19 :depit:t' the f.r.e q ue nc y response

f theo
"

,
, '

fundame,ntal frequency. filte,r$ and Figures' 4,.20, and:
,

4,.2} deptet the ,�reCju.eilcy r-e a.pc n s e of the $ecort'd' ha.rmonic,'

'filters.
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.

4 • 5
'.
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. .' .
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.' .

.

Flgu.r•.4.16 Frequency' samples of the
'.' even'." freque.ncy'

.

respo•••e· chara·c.terlstics.· of an .ide.l �and-p'u•.
·

-, filter.··

•

1

3
.

4' 5 6 7·

.

Frequency (MAw) .

. 10 '11
'. I

I
.

. I'
I .

. l.· '. I
.

.

I' . I
.... _. 4.17

·.Figure 4 � 11 Frequency" samples
. of the .,

.

, ·odd'·· frequency
'. response . characteri.stics . of ail·' ideal.· band-pass ..

.

f11 teI" •

.
. ;'

.
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Table � '4. 5 � Design spec ifiea tions ,fo r 't he � fundamen tal
�

� and
��

� s ec ond

harmQnie di�ital',fil�.r�.
�

� �

·Fr$que·�c.y .'. S��lPle,s
.,

, H"
.

,

,

< .'. ":
"

..••.. ':
Multiple, of

'

..

'

'. Fundame.ntal
fundame·ntal

frequene;;;.

. : .

.

'.: ': ..

.'

Second har,1Iton,ie'

"'odd' ';even' 'odd" ..... 'e�ert'"
o ��

1
2
·3.
'4
5
6
·7
8
9

10
11

o
1
o
0,
o
o
'0
o
o
o
o
-1

o
1
o
o
o
o
0:
O·
o·

.:

0
.:

o
1

o
o
1
o
o·
'0
o
o
o
o
-1
o

o
o .'

1
o
o
o

.' O... '

0'.. '

o
o
1
O •.

Table 4.6' Filter eoef·fieients of the' fundamental and see.()ild
ha rmonie digi tal fi1 ter . de signed by the fre·quene,
sampling ·method.

.' .'

: .

o
1
2
3
4'
5
6
7
8
9
to

.
11

','. ,

".

,.

:
..

'

. "

.

'

:,'

Filter . Coeffici.ents

n

.
.

.

'. F'undamell�al

.. ' odd' .'

�

0.0000
0.0833

. 0.1443
.

. '() .1667
. .' 0.1·44,3

.

'·0.0833
0.0000

"'. -·0 .. 0833:
-0.144.3

. -0.1667
.��� �0.lA43
-0 .08�3 .

'even'

.....
'Second harmonic'

h(n)· .:

··'odd'.·. .' , a.ven ' '. �'

0.1667
0.1443'

"

0.0833 .

0.0000
...0.0833

,

..0.1443
-0.1667
-0.1443
-0.0833,
o .dO.OO'

.

0.08.33 .

0.1443
--

O�OOOO O�1'67.
0.1443 0;0833

.

0 • 1443 ";0 � 0833
.

0.0000 -0.1667
-0.1443 ..... -.0.0833
-0�'1443 .,

'

0.0833,: .

.

. 0.0000
.

O. 1667
.

'" '0.1443·
.'

0.0833
.

0.'1443·. .
...0.0.833 ....

. 0.'0000 '. �0.1667' .

-0.1443 �O.Oaj3
. -0. 1443

.

0 • 08.33

.'. .:

.' ,..

:, .

'.
.

.. �
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Figure 4.18 Frequency'response of the ·60 R,z digital' filte'r
. deSi.gn.-d .... by the frequen:cy 'sampling method whose'.
coefficients are l.isted in column. one of' .Tab1·e.
4.6.

1

.. a . 1 2· '),,'4 5·9 7 8 '9 .. 101112'
.. .

.

. . .

. . , .. ,' ":�ZEl}'FR!QUENCY

..
:..

..
.

.

.

4.19 Freq,ue1u:y response of· the 60 Hz ..digital' filter'
: des�gne-d .• by. the' frequency sa.pling. me thod .whose

.

coefficients are listed in column. two· o·f Table
4.6.

'

"
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NORUALIZED FREQmmCY .

.

Fig_re 4.20 FTeq1J"�cy T..spon's• .,£ tlte' 120 lb d.il�..ta.l.· ii.ltel"
.

.

.4e.lgll�ul . by ·the frttquenc.:y ·.a.pl1nl aetllo4 .•boB.
eoe£.f·!"ci:ellts a-re- 1"1. .·t'ed ·in·':c-o-!-u.JIllt ,three of Table
4.6 •.

. .,'

o 1 .'

'

2 ".:3 . 4 ;
. 6 .7 S 9 10· 11 12· •

" .t: NORMALIZED FREQUENCY.'
F1.g:ure 4 �21 Frequenc.Y respot'ls'e. of' the' i20 Hz di81,tal' filter "

'.. 4e..ign.ed' by the' frequeney sampling 'method w·hose···
'.eoefficients are. listed in. col.u.n. f.our 'of' Table

.... : .: " ".
"

.: :
.

...4.6 •

•

•• � '.
'J

,
' ---'--__.....;__........_---
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:
Prom an" examinati.on . Qf

"

the .... frequ�ney" ·res.ponses. of·

filte.rs· d'e�"rg'De'd� ·'·b�y "th�.· .fl.'eq·ue-ne·y> •.a�'P'1l.:.n.8:.�:.�thQd,· it 'is
.

.

.
.

.

.

observed, tba·t .these fll tel'S can ef feetivelY • e11JJiinate.,' d. c.
.
.. •. I. ...

.
.. : .

.

.' .'

.••• from
.'

the' input .'
'

signals. The. energ.y,· in' the:'�idel�bes 1s'
. '.' .... . . .

small com-palled to the ene.'rgy in the mainlobe and .:ehe ·zerQes·

of . the' frequency response
.

are '. placed 'where the' samp.led .

.

. r.esponse· was' d •..signated . to be zer··o:- The. frequency.' re.s·��l\se
. e an . 'be fUl'ther' .itllP:roved .' if. the fil:ters ·.are deS:igiu:d for

longer data·windows.

4.4 Wind·ow Functions'

The effect of window futletf.ons1 on tbe digi.tal.· fil.ter

responses' was also·: examinecl.· . Appendix '. B .. describes t:he

purpose of the wind.o·w function: along .with its effects on the
.

"

" .'. ,.' '.

response of SOUle of 'the: designed filters •

. Three·
..methods '.' for. dESs'igning non�tecu.rsive· digital.,.

filters have. so far 'been presented in· this. chapt.er. As'· is

the common practice t strength's and weaknesses
.

of .. digital
. "

.

f il tel'S .,' have' . bee.n· '.' ex.mined:· by . comparing the ii- ·f requency.·
.: '.'

responses. Three methods.of evaluating the.filter·res.ponses .:

·

.

-are deiicri.bed 'i;'Ii::this ··se.c'tld't\.

.

,
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In .an ideal. band-pas's filt'er, the e�'tire o.utput· '. energy
..

.

.

. .
.

is fn ,'tb�!' 'P�fs1l:"'b�;n:d. In .·prac:t-iee leakage 1s .present because

.

,t'he
.

a:etual :'freq'\1ency" reS'po.ns.e ... deviates· "fro.m" tiUt . ;'ideal

'.

res:ponse. Tlfe
'

•. effectivene'ss' ,o.f a filt'er :ea� th�r:efol�e· 'be'
·

mea.ured ::as the" ratio.' o.f the .o.utput:· ener�y in the'· pa .....band .' :•..

to. the' t'()tal
.

o.utput· �neT.gy 2 •. Fo.r, a digital fil tel' , the,

· to.tal en·ergy stored· can be' expressed . �s fo.llo.ws,�
... .

..
,

.' .... w···· .....

l'f"
,S ...... .

.. ' .

E -. '�
':" :' "'tli{ ·e JwAT-'') 12'diw

ws. .' ".
"

.

-.

0.

.
. ... .

(4.39)
,

'Anothe,'('. index wh.ich measures' the quality .o.f filt.er

·

perf.o.rmance . Ls
'

.

. 2
the 'noise transmi.s·sion· ·index· which can be

.
.. .

. expr'es se d �U( follows �

'.
'N-1

Effective u.oise ..tra.nsmiSSio.n.·� c aj .• )2,
, :',:j,:O

... .. ..

"
Fer' non-recurs:!"e filters smaller the value. of'. -: the' sum· o.·f

the' squares '. of. t'he

'

filter ,co.effiei�nts, lower •. is ·the

• variall,ce o.f noise' .in the' o.utput. '

.

.

... '.

Ano.ther index .which.· can'. be, eonsidered fo.·r evaluating' a .

..

. .

digital, fll�e� is ,the �lpple rat�() 2
de�ined as f91lows�

.Maximum side-lobe .amplU;ude
'

Ripple ratio'·
.

'

.• Maximum main-lobe am'p1 i tude

. ' '

(4.41) ...



..... T03

•

T.ow. va Lue s of ripp{e ratio are ·desirabl.e, 'in g e od ..
'q�ality

.: fil ters.

.

.".,'

A we!.!. designe.d digital filter' should therefore b-av e t .'.

., -. ,':
.

"

", ".. ,:. ..,'.
. ",

.

1.' a s�bstantial 'portton of ::the' �utput energy·'

in the desired pass�band.

2. lo� noise. transmi�sion characteristics.

3 •. low 'ripple iatios�

. .

'Tl\e se Lnd Lc e s were cal cula ted' for the d i� i tal fil ters whose

destgn has be�n reported in this chapter. The calculated

indices. ar-e .giv.en. in Table: 4.7 •. An examination of· th��

table shows' tha.t
".

digital filters designed' by. the >Fourier

series �pproach have the '�est'. filtering chaiacieristics

.

"components sufficiently which"ls art important- requirement
. .'. ,',. .

.

" ",

for' power system .. c on t eoL and :protection a�·p.licat:io:ns. An.'

.

o'v e r aLl . consideration indicates th:a·t both ·.-the .• least

squares .. and. the.' frequency <sampling design'� are - suitable.

F·urther off-line and on-lilte testing of the filters in· a

.: .'. .

is," however ·esse�tial. to· determlrie the
" . .' . .' ',' '. :, "

'

...suitabili ty of .the designed' .fil ters .•

relay .lgorithm

. ....

.

'

...
"" .,,', '. �. .

.

.

.

• .' # ....
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". Table 4.1 Di'gita1 filter performnance incU,ces 'f'or the designed .....

-. fi1ters�'
.': "

Filter design ". Type of E'n'ergy'
�me·tn()d

'.

fiiter.. index'
%

�ipp1. Noise
'ratio �rans�isBio.

% index

. ..... .:.
.

'. '.

'. ..

F�nd�me�ta1 freq�ency b�nd-�a�s filter

L•.·.a.st .. error odd 80 41.50' .0.l081
squares even 91 ····27�·70

.'

0.1444
.

Fourie··r· a.eries ·odd 99 9.94 0.16 7·6 �

method .·even 95 21.54 .0.1'472 .

'Frequency odd 98 13.70 0 • .1660
sampling metllod eve·n 89 31.32 : 0.1660,

Sec.ond· harmonic frequency. band-pass filter'
.

.

..

..

81 43.50Least error odd .. 0 •.3025
·s,quares· . even. 90 3'P .18 0.1666

.Fourier series odd. 96
.'

22 �.89 0.1690
method .. eve·n 96 18.�4 0.1465

Frequency . odd. '. 91
'. '.30.98. 0.1660

sampling ,math.oel even 91 26.98 ..... 0,,1660.

.:.
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.

Three .non�.recursive digi�al

,,'
..

,'.', ", .::,

fil ter
.

design' techniq.ues : .:
. .

. have been presented in' ,this ch;apter.· :Non';'reeursive filters

we're.
'.

de$igned usin;8 these thr-ee approache.s.
.

·The.
. . . .

coefficie.nts of the dig.ital filters. have been 'reported Ln

this chapter.
. '. ",

"

The' frequency ·response. of the' .digi tal 'filters

have been.: pt'e:s.ent·ed • Methods' of evaluating . th� .fil·ter

.

re'spo ne e of different'·di.gital filt·e·r designs have 8:1so been

dese ribed •.

.

.
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. l.!. DIFFERENTIAL. AND REST'RI'C'i'ED .. EARTH· FAULT
. '.'

"RELAY DESIGN

'Pro.cedures
.

for ,de signing non-r:ecursl"Ie' dlg.i tal ·f 11 ters

'bav� bee�' p�esented in t�e l�at.chapter.: Cbefficient� of,
'" ...... . '.:"

.

SOlDe.. digi tal filters; designed for' this. project. ha;ve a.1so.
�

been
.

reported." The
. seleeted filters were .·usec:i .in .digital

processor based transformer differ..entiai ...and
. r.eserfcted·

.earth fa�lt .

rel�ys� The '

.. design· of the relays. is then·

.. presented. in thi.s . chapter.
.

Some
.

test tesul ts 8.;re ..

'

�lso

included. Before '., outlining t'he sof.tware, the underlying
"

principles ·of differential and restricted 'ea.rt.h faul t r'e1ays
.'

.

are descrlbe.d.

5.1. Trans£0.1"1Il·e.r Differential Relay

.

.

'. .

. The' principle of . differential protection, of
'.'

tralulformers bas.'been :·desc:r1.bedln 'Chapte::r 2 :and ·i.s ·outl1n.ed .

. .

.

briefly in thi$ chaPte.� for readY' r·eference:.
.

. '. ".

A transfo'rmer"
.

'. : .' . .'
.

.
. .

. different·i.a.l relay compares th.e currents in the windings of
'. . '

...
'

.

. .

the protected ttan.sformer. Before comparison the'le..,el. of.'

the transformer' winding .currents are redu,ced.· by ·u$i�g

C.t.'8. ,the ratio ,of the c�t.;'s and their ,connect.ions are

.

selected to'·· ensure'· that a direct comparison is possible •.

··

:t.lle •.... tIl.,g.n.et i:�i:Jlg ...curren t s of,
. power transf,orme-·rs are ..

. . .

". relatively. small .. and. are,. '. therefore, neglected· in t-his

:".: .

. .
.

compari'son.
.

Figure
" 5 d shows, a ty,pica1

.

trans.fo·rmer

, :.
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. . . .

.•. differential' • .rrangement·· for '.' a 1:hree:' phase.:. fWe:) winding
.

.

�' ..

· trans·.former. As a'lready men,tioried, the. selected ratio'. of
. .

'the c � t �.� $ . ifn'd ':'tMfi,>r. connections ". en-sure •.. t,ha.t ' .e he. e • t •

-, s�condary . currents' circulate' in
..
the.' r'estr.aint·· ,-elements
'. �

during nOBal :l,oa(Ung of·,the' transformer and during external

faults •..Rowev,.r·, a· fault· �i thin .. the
.

transfortrie'r' dis·turbs·
..

. ..' ... : .

.'
. ",

the . balance .... between • the' .secondary cur·rents of the. e � t.' s :

i.nstalled on the'. primal:'Y· .and
.

secondary' si'des of ·the

·

transformer '. resulti.ng in flow of currents in tbe operating
. .

.

· w�nd�n:'6,s 0'£" the :r,elay •.•. In praet Lce-, . severa.l •...differential
- . .

.

.

.
:

pro.tec:tion: ar'Tangements are us e d for transfonn.rs.· 'One "of

the arrangments incl.tide.s. percentage 'and : harmonic restraint

fe·atures.· . The .' relays of this. type usually consist of fo.ur

relay· elements;· the ,diff·erential current _{e-ment, . the

thro.ugh .current '. elelftent, t.he harmonic. current· element and

· tbe. 'high set current .. elemettt •.
'

. The' di ffer�rt t.ial
.

: CUrTen't··

element..• provides ope'rating torque· whi.le the thr.ough current.
.

. .'

and har.onic ··current elements· provide restraining torq·ues.

The
. high .. set current element is .designed. to..... take the·

t·ransfot"mei.' out ;'of service if the. �t1£ferential curren't -. in

.

any'
"

phase' exceed·s.a se.t "alue, ,.usually ten to .twenty tiDles25
the full·lo.ad current.·

."
..

'

.' ....�....

Th� dlfterent'ial unit may have a
. "ariable· perc-entage

ratio· ,characteristic' to provide high selisi tivi ty Ii e �mall'.

. .' .

"

.

.

through.·:c�rr:ent '11lagnitt1'de�if al'u(·colitparatively low s.ensitivity
.

.

..
"

" .' .
.

"

at Lar ge tbrougl'i ·cllrrents ..
·· 'tbis appr'o-a�h enables .th�· relay

.:': :.... :

.,"
.
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to detect"low level ·intern·a·1 faults i·n.·· t he '<protected' zone

and prevents· false trippings' on .heav.1 external faults .wben
. . .

cfif'·t.'tfi"enitla'l ·'C'ur·t�ti't'-S··�1:'�g'h't '£'1;0'11' t'n ,t-h-e·'o-per,a1:in.g coil.' due"
.

···to·mismatch 'of cet.�S

. ..

.'. .
.
.�.

.

. The harmonic re·str·aint element is ·designed. to pre�eni: .. '

trippi.�g .due to magnetizing .

inrush' currents wh:1eh appear to
.

the relaY·' .as in,terna1 fault currents. Inrush currents

. contain large .magni tudes of harmonic components; t·be second

an.ct �.bJ.r4.:.::���,�9.'l\,i¢.� .pr,e�()minate e The. operatio.n of this unit
. .

.
. .

usually' depends on. the magnitudes of one or more harulC)ni'c

compone.nts· of
.

the diffe'rential, .curren t e'

The·. high .set current eleme.nt is' an. inst.an.taneous

overcurrent .relay which' operat.es w·1 t.hin ene .cycle. In. ca.se

of a heavy internal .fau1t, the instantaneous overcurrent

unit.' picks
.

up and trips the circuit breakers for isola·:ting

the .t�al'ls forme·J" frotD. the system e·.·· This· elemen t
.

1 s . se t to
. '.

o.verride
.'

.

tine
.

·ma,ximulll· differentia!' current.' which ... may be'
" .

.

.

. e,xp'8rienced because. of c. t. '. lIlisma teh,· off-n-prma,,!' . tap
-,

settings and magnetizing .inrush •. 'Tbe pick up. se.tting of the
.

.

instantaneous unit is usually tert to twenty time� the
. .

" '.
.

. .

tra·nsfo·rme·r fu!l�load current.

':.,'
.
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·5.2 Restr.ic.te.d .. B"rtb �ault Protection·

-: ..,',. ,' ... ,.,' .. : :

AS' ,discu:ssed

"
.

,',.

in Chapter 2,' restr.icted· earth
,.

faul t
: ,',.

.
.

protection:•.. is :re.qui:r�d in addit.ion·" .to d{'fferen.tial··

protection ·,to tncre:a.e· the :section of t·he ·wi.nding which. is

effectively. prot·ected .. in easfit of.' single. pha�e' t� groutt:d
. .

faul ta. In sOille .ca s ea , 'e ..he use of tJle restricted: earth : ..

fault protec�iOn is e.s�ntia� be�ause sing!e phase to ground

faults cauae relattvely small dt.ffer.ential curre'tlts.

'. .

arrangemeitt ," of the

rest1:'icted : .earth faul t· protection. scheme. This arrangement

compares tbe:lIlagnitudes and relative' directions. of .the .z,.ro··

·

sequen:ee cu.r·ren t and t'he transf.o�lIlei' neutra:l c�rrent � The

luultt:al eurre.nt· In wi.ll normally be equal to the sum ·of . the'

curreitts in the three phases of. the wye side windings. .: For.

a' line to ground fault·. outside. the zone
.

of. the .: restric ted.

earth fault" Telay �. the neutral current. is the. sam·e:· as 3 to. at
the trans.former 'taRinals. Current in the operating. eoi'I' of

,,' . .

·
the. restricted eart:h '. fault relay.', is, ..

'

t'h:erefore, zero.

Ho�ever, i� ease:of a �hase J� grbund fault in the'protected

zone, .. the . neutral eurrent. 'w.ill·· Dot . be balanced. by the.

·

310 cur·rent at .:the: trans�o'rtlle,r·. terminals •. '. Current' would,
.

there.fore,· flow' in the r�stric�ed �arth.fault relay Which
.

... . .

w�uld operate. This "r�st�ict'ed earth fault pro.tection will,
.'

.

.'
.

�. . .

.. .

.

'how.e·v·er t" . n�t·. re:ilpond .. to ··t�o: phas.� and' �'hree phase faults' on
. . ... : ... .

..

the wye·. $ide which may be inside.: or outside· .... the.. protected.
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zone of the r'estric.ted ear.th fau.lt relay.

. ..,

'

.. The' principles': of '.
'. ,operation·' of '.

a' c.onventional
. .

tran'�former . dif'ferential ·re1ay and a· restricted ear'th fault

relay have be.n descilbed in· S�ct�on� 5.'1 and··5.2. '. On. of

the objectives'. of tbis' project was 'to d.eslgn a· transforlller

.

differential and restrict.ad earth .... fault relay" system for

imple.entati.on on a· programmable digital proce'ssor. The

finalized' relay desi.gn is 'c;iescrtbed briefly in this section •

.

Implem·en,tatioll of. the design' 1·s then outlined.

When designiAI a (igltal .re1ay two options are·

avail'abie.· '. One option' is to calcula.te the .pr1..a1'Y and

.second.ry side lin& eurrerits
.

ana the neutral . cu�rent

,continuously, ·and mouitor.· the,se' currentS for' possible'

tr�rlsf9rmer faul�s� The second optioli-is to' use a· .starting
.

. . '.' '. .
.

.
'

element . which, 'would:, initiate' execution ·of· either '. the'

differential protection or .the . rest.ri;cted . earth fault
. '.

algorithm: as' so.on as'the ·i.nception of a fa·u1t l:s s�spe-cted:.
3

The adv.ntages.of using the first option are' that:

(i) . no s tatting, algor1 the is req.ui red

(i·1)' changes in the ·fundamenta1·. and second harmonic

'.

frequency components can be . monit���d' 4ontinuously.
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The ·'disad;vantal�e -, of
. �Slng' ·thIs,·· approach ..... 'is'" that t ..he

.. .

: mag'tti tudes' of the d if,f.eren:t,i.al �'nd th,·rough currents and the
......

·
harmonic components of .the dif.ferent:tal·clirr�,rtts have to . be"

·

cOmputed .... and the ,differen.tial characteristic has· to' be
.

..
.

.. applied ;In .eV'ery samp'lln� inte�val:•. Tll.e 'use of a sta.rting

·

e1e.ment·.· elimin.ate.s t!I.ost·· of, .these c.omputations during the
.'

.. '.

normal operation of . the. tran.sfoim.er.··

.

As dis.c·u.s.sed in .e he last pa·ragraph.,. t.he
.

t·ra·nsform:er .'

require. many comput'ations in each pass. Most of these.

· c.omputa tion's, ·if
.

per.formed. during normal .'. opera tin�g
.

condi tiona, ... would consti t.ute unne c e s.sa r y- . comput·a tion.41

effo.rt.· . It was, therefore, decided that the relay d·esi.g� be

· equipped with a startin.g· algorithm. The relay system d e a Lg n
.

,

.. .

·

was therefore' developed in the fo110wit1.g three. parts •

.. �,;;< ·.1) '_":'$,�.�.r.,� ..1.;:Q:8: .."r4-l-ay

(ii) ·Restr:icted: earth' fault 'relay

(,iii) D1ffer.ential protection relay

5.3;1 Starting relay desigri .

T.be . objective of this re1a.y is 1:0' moni tor the currents

on·' the' primary and secondary··. sides: .·of '. the' protected"
.

.
..'..

t r an s f o rme r . and decide if ther e
.. is. a fa'ir chance that the

transformer is: ¢'xperieIicing a' faul e,

(. '

.....: ....
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In .an applicatl,on, c.t�'s·. for the 'p:riD1�ry and �e<:onda-ry
. si�e : 0.£.' the transfo·rl1ler·· and : .t:he transfqrmer neutral are.

first· selected eonsideiing t.be .. transfo.r:l1ler vol�a:$e . and.

.

,

"

.

'. .

.

.

"

.' .' ." ..

mega ...voi·t ......pere :'.. rat:�n.gs •

. .

The: outputs, ·.of·. tbe 'selected

�.t.'s a'r,e then D1atch:ed . by
.

�s.in8 auxiliary.' trans·forme�s.
. .

'
.

. .

For a digital relay the 1.lne. and neut�al cur.rent$; ar'e paseed'

throu'gh 8.l1l,a1l r-esistance·s to .ob.tain voltages: iW'bi.cb . a're

pro:portional -to tbe .currents •. ' The voltage,s 'ate sampled at a

: .pre-s··el.ec ted .ra t e , are· di.g1 ti·zed and then: pI.aced i.n the"

proe.es·.H)r ..v....�ry.·..�q.� .Jt�""J�..�qq.:��.t J:!.,,�e. 'tbe fir.t ·t.ask :·afte.r
.

.
.

.

receiving a'· set ·of. samples is' to decide if t'bere are reasons
'. ."

.to b.elieve· .tbat·. the tran.8fo1'lll.eri.s ·expertenc·irig·a fault.·

For .this purpose, instantaneou.s· values of' tne··. three'

diffe�ential currents are cOl1lputed fro·m· t�e .ample-d values.
.

.

.
'.

. .

The magnitudes of· the differential. curreilts ,arid t.he. neutral

current: .' are .·then com'pared
.

with.' pre-specified threshold
.

values. .If· none of the. currents ·exceeds the th:resh.ol�., the'

·p:ro.g�am' t:e,v,8:t:,t·s, >t,o' ,�h� :'wai� 'l1l:Q4e.:.",\iin,t,{,1 ,tl�e,xt .. ,s,et .0,£ .. samples.·
.. .

.

is received e .

'

On' re.ceipt of new samples of cutre'nts; t:he'

differ.ential
.

eurre�ts are' a'gal'n' calculated. . ... The l'atest

values of the· d,i.fferen.tial ¢urren··1:s. and the ·neut.ra� curren'ts :

.are· th.EU1 .• eo:mpared' with the threSholds. If. any of tlle'
.. ", .

.

.

.'

. . .... . '. .

.

c�rr�nts i� lar�e� �ban the thresh���t �he' phase, .phases �r"

the neu t-rai whose' curren·t
".
exceeded' ,.' ehe

.

th�esho1d· are.'.
. .' "

.
....

. .

'. .... ..... :.'
.

identified •. The pr cc e sscr .t hen waits unt-i'L the' next· "set of.

samples 'is' received. ··.The
.

. '.

ciiffe.rential· cur·.rents and the.
. .

neutral current are agaitl ealculate-d and compare'd
.

with
. the

.::_....
.:
..

.
.
','

.

".'
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'.

•
• 0" • •

threshold �" .. Two
.

PQssi..bilities now. exist; 'one that' n o n e Qf.� .

· .' .

'.

·�et of sampl�S.

the
.. cur r sn es' . exceed s the threshold va Lu e .•

·

1=f so,·' ..
t:he

:
.. .:

.

.

.

.

.

.

starting logic" is' reset and the pI-oces'sor 'receives another
',' ..

'

.' '. .�' '. .

The.�econd PO��ibility. is that': either a
·

.. .

.

dtfferential; current· or the neutral cu r ren t again exc�eds ..

'

·

the threshold. .If the differential current of a phase· .t.s
:

·

c b s e rve d "to .h,a1le ,exceeded .the,' threshold in. two· s.ucc e s s Lve

·

passes, the... :differ·ential relay logic is a c t Lva t ed ,

"

'.

S,imilarly ,'. if' .' the '. neutral' current
. is .

observed .t o "have

.
.

restricted e�rth fault logic is acti�a�ed.

5.3.2 Re.stric.ted earth fault logic

On acrivation 'by the. starting relay logic, the
..

.

r e s trLct ed ..earth
.

fault relay continu'es to sample all ·the

currents at the .specified rate�· On receipt.' of .' a' set' 'of

<

"'$j'li:m'pr�s, ..•. die� <dt'g;f�ccrz'ea :�'a�hi'e�i."��H�:;e: ;§t:'d�::e'd':hl: ';c'{tcula r ":table's
liTbieh are set up in

.

the . p-r oc'e s s o r '.' memory.. ·Instantaneous
.

. .' .
.

. ..

value: of: three tim.es the line side zero: sequence current

'. (310') is calculated by addin� .the Ln e e ae taneous values of
. '.' ..

the line cur ren t a , The value of 310··.fs thell aub t rac te d' froll}

the digitized values .�f:l .• The ditf��e�ce (I' � 3I ) a�d
n n '., 0 ',' .

.
.

.
.

.

.' .

.310 are' also stored· in ..

'

the p r e ce e.s e r memory � As soon as

f,!,no,t1J�h �atnPl.es to fill

phasor of .. the ,60 Hz

a data .wind9w be�ome .av·aj,�able;· the

c omporie'n t of .the differ'en¢e curr en e

'.
..

..'

(t,. - �Io ) is deter-ttlined. The ma gnd t ud e of the calculate-d

.

:
'0.

" "
,

.

;';
.
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O'f the

.thr e.s ho 14 • , If t,he magnitude .. :.O'f. ·the pha'sO'r .is less than. th.$

t"l�reshol(r, r'e. "'is c(jln�l u'd�e(l .

,

that ':t<he faul t; itl O'utsid·e.'; the

tr'an·sfO'rmer. zO'ne. ,··However, if. th-e. magnitude O.f .the·: pltasor..
··

is '. greater .. than
" .

the'; thr:e.sh'O'ld
. ..

t'.t '

.. is' cone Iud'lid
.

t ha t: : '.t he
. . . .

.
.
'.

.'
". .

t ransforme r. '1s exp.erienci'rlg a ,fault.

The .. 60 Hz.' ..c;o.mpone:nt O'f the
. '"

differ�n¢e,
.

current'
.'

: (In - 3:I.() is, the, '.quantity on which ,j)'peratiO'n' O'f,:the

cO'mpute " the
.

.

.

. .'

.

.

.

:magnitude 'of ,the phasor

.,' .
. .

. '. .
.

,representing the
"

'. . .

..

. difference current is as ·f'O'llO'ws •.

..

The in·stanta�.eO'·us value of' the. residual cut"re'nt'" 1'8'
. .

.'

.

.
. .

, ,ealculated using Equation 5.1. and. the' insta-n;taneOtis va.lue '0'.£,
.'

the ;ela, eurrent' is calC\ila,t-ed' using Equati�n '5.2 •....

(S.l) .

i .

,'"
. (5.2)

.

where:'

fa'., ib and .'1 C
. are the 'sampled values, of the

. currents. in the a,.b arid c �hases

..
'

l·{'tv·.
r---· "

Digitized values of (:�) are 'used. as inputs fO',r the .: selected

". digital' filter. '. The ou t pue s O'f .the fun�am�:ntal .frequency

. "

.

. .'

'", .
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'. or.thogonal ,filte'ts,:'5
"

(it J . a'nd
.

C (.n) t. are ,0bta.ined
.

as :

'

rx -:'. rx ::'._':. "

follows � ..

•

.

.N·

Srx (-it) ,- 'lH:n :irx (n - J)

····j'=o· .• ..
.. (5.3)

N
.

.

C
rx.

( n) .

- .' I�} ld
'

.. i
rx .

(n .. j)
.'

.1=0 ...

, (SA)

....

.

.

.

..

:.
.

"

,... .

.

.

.

·

.•IJl. ..tll:i;$�·�;,q)l,f;��1�9,�,.,,_.:,a.;.J� ;�Jld �,tj-:,�,;t:,�. �l:l,e,c;:�ef.fieients· of
.

the

bandpa$s '. fUtld:am·ental . frequency filters and n is the. numb'er

of the late'st set of da ea. samples received.· The. p.eak • value

of .the fundamental frequency component· of '. 1M(
.

is then

obtained .s follows.

(5.S)

.

.

. ....,' "

',:��,e (!P�PJl.���:�O'#.�: 4,e"t.a,.�,1.�� .i.,n. tJ:�icS' :
,p.;ar.a.�r�l'h are p'erforme·d

. .'

. ',' .

every'. time:a
.

ne�· set 0'£ .·samples 'is' received' ·a·net.the.
.

.

restricted �arth fault. relay i� active.'

5.3.:3 Dil.feren tial protec tiOD logic
.'

.
.

.

.

. ,'. ',' . ".', .' ,.,', '.
.:

.
.

.' � .

.

.

.,'. .

.' .

.

.'
.

.

,On �activati:on by the starting element, ehe
'

differential

relay· .

continues· -. tQ. sample:" and' digi:tiie' all the currents •

. Instantaneous. values . of the' through,
.

'and 'differential

currents .'. are .. computed .. and· . stored in ci·rcular tablc!S". As
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• s o on. a s . suff:i.cient set, of samples' a.re'. aV8 il:able,
'.

real' and

'. imaginary. component$' of the f.undam·ental.·frequency pha ao e.s of
.

'

..t he .' e a I cu.La ted
.
phaacr s .'

'

are· compa're� ,wi th a
. pre-speei.fie4

· '. .

hi' h t value •
.

' g se
..

.

If the c01!il'U'ted : magni tude of one . of ;' the .".

phasors exc�e<i_s t�he' pre�'specified high set value, a trip

command is issued to' isolate . the tr·ansformer. from the

syste·m·. . Should ..... all .t.he . c on p ut e.d mag.l\itudes of the
. .' .

.

.

. ,,:
.

.

-. f und.aere n t a L. f r e que ney ph'aaars rep.resentin.g .th·e . :differential
.,' " .... ,', "

: ': . . .

· eui'ren t s . be l.ess t han th'� "h'igl): 'se't va lu'e, -�J'a�ni·t'ud;e.:s of .the

..
'. pha s o r s repr�sent.ing the se e ond ha-rmo n Lc com.pone·nts ". of th.e·

diffe�ential cur�ent� are calculated. The magnitudes of the
I

.

fundamental' frequency' .pbasors representing the thr'ough

currents. : are also comp:Uted •.
·

The magn{tud�s .of the phasors

representing ·the see end har1l'l'0·nic and .. fun damen t a L
.
fr e que nc y.

.
.

. .

·

c omp o ne n t.s of the d·i'fferential eurrents are compa.red •.. If

the' second har.monic;· component of a phase current' exceeds 33%.:

,

'of.' the' "magnl bitfe '9>1: Its '''�'ti:ri:&il1iiEiri tal f:'teq li�enc)/ �component, • the
'

.• c.·ondition �.s cia�:sif1.ed as magrtetizin'g ... inrush;

t.he ,diff:erential :relay algorithm is' im.plemen't:ed.

.
'.

otherwise·
. ,

The
.

mag.nitude· of the· phaso1!s representing the
'. .

fundamental.' . and high' '. f r e q ue n c y com.ponent·s. of the .'

.differential arid through eur-,:ents a:re obtained· from the

i·.nstan:t:.a..Q: .•e<>.�� v�Hu,es ,.r�p;tes�ntil1g the. primary' and secondary
.

.

currents. '1'0 com:pensat� for the
.

pha s e": shift ·between .. the
.

.

... .: :.
.

· primary. and . secondary c u r re n e s in a .'Wye/delta transformer',
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.

the inst.antaneous value.s· of the equivale�t p�ima:ry·· and.

sec.ondary... currents .·for the t�ailsf()r.mer shown 1n Figure 5.;1

are ca Leu l a ted' -as' £·0110ws.- .....
.
,'�.'

,.", .

1pa • 1a i�h. .

1pb • ;, - i
C

i • 1 .... i·
p-c c a.

(5.6a)

(5.61))

(5�6�)
and

.

'. isA •• 1A'
.. 1S8 .: .•;��.
ist • iC

(S.7a.) ..
,

(S .7b) "

(5.7c)

.where:
•

�pa ' ipb' and ipc are the equivalent primary'
.

c::u.rrents in the a; band c phases'

isA '. is8 and i;$C ,

... are the equi.valent secondary·

C::UrrentB in. the A,· Band C phases

T.he in·stantaneou.s v.alue . of . t.he diffei"ential·. and . through

currents.·' for each phase are then obtained using 'Equation.

5.8. and 5.9 •.

'1 .

(5.8) ..

i •

. �j
i
j

+
.

p
. i .

sJ
(5.9)

'.
.

. ;'
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.

.... �

where:

i's the· instantaneous value o£ the
.

.

. .

...
"

.. d1.ffer:erttial ell'rr-eltt for the ·Phase·.l
.

is
..

the .,instantaneous value ·of the'

. tnroug:h curren·t f·or the p.hase .j

is the. inst'antaneous value 'of . th•.
.

.

'.

··compensated·· primary. side' cutren·t
: for the pha�e j .

\

. isJ is' the instantaneous "val.ue of the

> ·eolllperisa.ted . s,econd�ry ,s ide eurr'ent
.
.. .

'... '. ,.

f6r ·the phase J

j
.

and' .... J repres.ent the ph,ases b·elng. consider.ed;
.

a,.b or c. for j a�d A� ·B and C for J

.
.

. . .

'In thi.s man:ner �i'ix instaritaneous .values., three. ,di:ffel'e.n.tial

currents .. and three through. currentSt' .·re . computed' on

receivi1'l1 a se t of sa.ples.·
.

The. computed' values.. of the ..

d.if.f.4tt'ellti.-J.· �Jld·. t1:lr.o�"gh. �urrents . are sto.red in circular
. ....

.

..

tables set. up in' the' processor memory .•

.. The· magnitude of

.
.

the '. phasors
.

representing the.

fundamental···· and .. high' ... frequencY compQnen.ts

'. differential and ·thr�ugh ". c.urrents· 8,re obt.ained·. frQm .• the .:..
.

. ..

digitized' samples"•. The digitized value:s of the' currents' are· .,

.

.

... .. ..
.

. used as In,pu:ts to d.1.g1tal :filters..
.

The Outputs. of·· tllese

.. f ilt�r8 are determined as follows.·
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(5.10)

". c. .(il)-KD
· 5 y .

.. 10'" (n - j)

.

.

: ..

' kj
j=o"

. .

···.·(5�11)···

·.·N·
.

'.

.

.,'.. .",'.

\1:> (n.) •
.'. Dkj it (n ... j) (5.12)

'. j=o.,

... ';.' "M.

e. (1'1).. Y-\,,,�-Kt .

" ..� ""0\1
. J=O.· ....

it (n -j) .. (5.13)
.

n)(N+l)'

where: .

. '.'
.

'." .

.

.: .

,"

,: .:.... .

.

'

.

. is' a multiple o'f e he . fundamental frequencyk

�D (n) and C to (n) are the. o u tpu ts of the kth .

.
.

.
.

'. h.rll101'1,ie b$n.d,p�l'ss·, digit.l filters'

pr�ce$s�ng the differenti.1 �urrents .

.'
.

Su (·rt) and • C kI (n) •. are tbe outputs ·of the kth .

har.�onic. bandpass
..

'

digi tal f11 ters ..

.' .

. proee�u;ing the through currents
.

.
.' .

.

akj
. and bkj are the eoe·fficients 'of the

k th harmon'ie . bandpass filter pair .'
. .

..

"

. ....

n i. the riu�ber of the l��est s�t of data
. :'. '":.' .. " ...

sa��les received
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.

..
".'

".
' ..

'

.·122·····
: " ". :. .

For each. phase, '. the' .peak "values,
.'

of.'
'.

the .',
'.

kth .: harm�nic
.: ..' :':.'
the ·.tnr·ough..

.

'; 2 .

2

SkD. (n). +.
-

ekD (n). (5.:14) .:

': 2 .: 2 .

.

2
.·Itt.

·

... (n) • ·$kE· .(n) +
.. Ckt (n)'··

'. k •. 1 to' 3

(5.15)

frequency components .f the dtff.renti�l �nd throu�h

c.urrents are the" .us·.ed .t;o. calc..ulate the rms 'values' .. 0..£ . the

.

dlfferetltial and through currents· as .follo,ws.

- ..
'

. .

. ":

·2
I (n) •

D
2

.. \'.

·····2
". I (n).

E

'trt (n) '+ '�� ,( n) +' ,tit ··'(n.). .

....- ...--.-..-.....-�- ..- ..--..;..-- ...-.. .(5.• 17).'
'2

10 .(n) .:
"

is" the rms value of t.he differe:ntial current

. It (n) .' .is . the. rlllS value of .the through CUrte.nt·

.agnetizlnt· i�rusb
::.

"

.:. ;.
.

, ,

and fault
....

current waveforms ". are' .:
,

'partially blocked.'; by the curr'ent

.. '.

".
� :

:: ..
'.

.' .'
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t.r.ans·formers .. ·and :�ie·.· f·urther attenuated" ))y' the . ftl ters.

These ..

· components" are" therefore not' itlClUd�d iIt. .Equations .:

.5 � 16 and '5 � i7 .:
'

The .variable ·

..percenta.ge differe.ntia!.. algorithm first

propo;sed' by Rock.efeller15 .is
.

used to preveJ'-t tripping on

. .

differen tial c,urr.ents -resulting from magne·tizatiou inrusb,
. .

. .:·C;lt,r.r,en"t..; .tr�4tl.li.'f.o.t"·r. .. Z(U,S._s.:��,��lar.i;t.,:�_.� .<C!f.«.:<l.�.f:te,1{.�.n�e s in .t·be
. ..,'.:

.

c •. t·•. rati.os ·.'in ·auto ... tapchanging tra:nsform:�rs. '.' This
.

.

algorithm' compares .the· differential ,current.(s) .' of .. the
.

.

. ..'
.,' .

faul.ted: phase(s). to a function of. the primary and secondary
�

.

. .' ".
.

Thi·s cri terta �s depicted in

F1gure 5.3. If· the' differenti'al curren.t· 'exce�ds' . the

'three,hold • defined.' 'in that .£18ur.e, the po:.s1bility is that
.

.

tbe
.

transformer .1s e�periencing an' interttal fault •... On the .
. '. .

�.t:he..r. ,,,�ha;n4,, ..• if ....t.h.e.. ,AJit:,f�r�1it,i,al,: .�.u,t.t.an t c
,1..$, .ui•.s .t ba.ll the·

". -,

· thr·eshold, it can' be 'concluded
.

tha·t tbe· transformer·' i.'s ..

o

.'
"

•

. 'Opera ting .n.ormally. �At .·full·load, the magnetiza tto·n. cur�en t
.

'.
is· approximate'ly 3% .of the' ., primary'. curren.t '. and the.refo.re··

..
.

. .

"" "" "
"

· .c.ontX'ibq.tes· very littl'e to.'. t:he ratio of' the differential
.

cu,rrent . to the through cur·rent., H01l1ever, 1'·f the .. transformer .

. .

·

is .' unloaded,. the" differential > �urre·nt· e.q.u·als. th-e t·hrou'8�.·.·
"""" ""

current and. the ra�io is th.iefo�e 100 pe�certt. �b.·

m.gnetizing ·curren.t··· es.tablish.es . z he . minimum value' .of . the'
".

threshold w-ith which the differential' current. :1. first'



..'...,'
.

..
� :

.
. .'

.
.

...
'.

'. compare4� If ·the v�lQe of th�. dlffe��n�ial c#rr�nt exc�eds

th�s:minlm�� valU�',: to is c01lipar'ed Wit:b' It ace·oreif.ni ·tQ tll.e

. piecewise'· linear·. thr�8hold characteristi.c· shown' in Figure
'.

5.3 •.
'

The ebre"bold Cbaracterise'ic is s·elected
-, such that the:

to current tran.s £o1't,ller

dissimilarit�es' and. transformation .ratio changes due.: to

tapcbanger op:eration. do .no:t cause the relay to o'per.ate •.

Two' veraiotls of the variable p·:e·reentage . char·acteris·tic

. ·-wevr.·.·: u.�··,t!l: ··t·tr1'S····P.�,:}ee-�.· ;·'·1'1«-8-8. ,eh,a:I!-ee.t.&Jr;,i.iJ,t,1c,s··ar:e .s�own
.

.
.

. '. ..

in' Figure $ .3. T)le c'riteri�' ·of. Figur·e. 5. 3a" uses
. the . rms

values to. determine the d'ifferential and through cu.rrents as
.

follows:
','

t1:' '. - 1 .lp I + I t·
S

10 _
. "

.: lp.
.... \ ,

.A5.18}

(5.19)

..
' :

..... where:'
,

I" .

is' t'he � 1''DI.8' value· of the· primary curr�nt .

p

. in . a
. ph.ase

'IS' is t'he {,lIlS v.alue of the &econdar'y current

in a' phase
.. .

.

.

...•.... ".

.

"

.....
... . '

... .

.

Th�s .eharacte.ristic is b ound e d by' a
'.

straight line whose

.sLope '. equa'ls
.

one,
'

..becau,se
.

the· ratio . of the .differential
. . . .

". current .. to .the . thr·o1.1gh<curr,ent·c'an never'· ��ce'ed .. LO.
..

'

. The'

......
'. ", ...

..::..
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c ri terili - .: of.:'·

'. Figure." .'$.:.. 3ll uses.. th� -,
phaso'r \rep.resenta tion of

.:

'.

. . .

.:. '125
.

the '. primary' . and' se-eond,ary : ,curren·ts to c;ompute the

differ·en·rial 'an·,F :'t,hrough cu'rrcents •. "The e:ri,teria' .··1s applied

usin'.g the foilowiIig. prQce;dure.

·:(i).·1f 10
'. �

'.
.

.. is .larger. than Imin. t continue' to

S�,ep (ii);, otherwise proceed to ste,p. (1v) •.•.

(ii) If, 10.', 1s larger. than' (MI h: .'. + c t) t

continue to st ep. (iii); Otherw.i$.e proceed
... '

.

to, step (i;v).,

..
(iii) If 10 is larger. than (M2 It. + C2,) t

. conel.ude . tba t t.he t ran. former 1s experiencing

an itt�er�al fa�lt.'
.' .' .

(.iv.' . The fault is ,no·t in. ihe transformer'.z.one •.

.

.

.".. ." ... :"..
.

HI, M2 t 'Cl t C2 and> Imin are:. indica ted i·n Figure 5 .. 4.

Appendix C describe. bow .the equations '" modelling ,"the .

. variable.'

modified' . to '. directly use the squared >va,lues > of' the
..

':,
.

.

.

differential:
..

and
. ".

. ',through current.s,;' "This· ,feature.

con.siderably reduces the· .' computations '. required" in the

. implementation of the transformer diffe.rential relay.

The procedure outlined in this section' ,is' applied. t.O

'all . thr'ee );bases :<s�o ::long as' f-he' diffefe\1ti,al
.

relay' 'algorithm": .

remains.' active.•
'I. '

......



.'. :
..
\.

,Tau ZONE

'. ::
.;

"

80

, . It .. I Ip'l + 'j �S I .:,;. iPere,ent of full lQad e,ur'rent

(a)
'.

'.
'

TRIP ZONE,'

slope • 0.6

RESTRAINT
ZONE '

"

,,'

20 40 60,
,
,80 •

THROUGH,(;URUitt- Percent of full load current

(b)

,

,.'
,

'
'

: .. :"': .. "

.:: .

.

... :



103 .

'

.. 25

102 '. 10

....
' ..

·20 '.'

127

-

Slope = M2

15

....... _"'� . ....,..

Itl
160

Figure S �4
.

Paru:eters .
of the variable'

.... differential characteristic.

';: :

'. '.'

"

.. '.

r
.•. f
'. I

I

t

200.
I

'. L3

1 .

. t

., ,

percentage'



.128
.

5.4 Digital Relay Algorl'tbm

.
. .

'.. 'The differential and
.' .

testi'icted ear t h
"

faul e . relay .

. design ,,'dl$cribed in th� previous s'eetion was used. to program

a· digit�l' r'e'1a, which··.!s outl·ined in 'this sectio�.' The' f'low

chart given i.n Figure "5,.5 deScribes the major ..ste·ps . of tbe ..

.. . . . .'

logic used'in the rel·ay. Figures 5.6, 5.7� 5.8 .and 5 •.9 s.bow
;

various oftbe essential details of tbe' .seg.ments· ···t:he

,res.tr i.c ted' ea.rtb faul t and differ.ential protec t.ion ·:relays.

.

.
.

,.4.1 Starting �l�me�t

One of :tbe segments,. o·f tbe digl tal reLay is '('he

st��ting unit wbicb consists of.the following st�ps .•

.
(1) Activate .relay system by .i,nit1alizing "a.rtables and

counters for the relay logic and setting up clock ·f·or d.a ta

. sampling •

.

. - :.,(1.1) ,,$••;1'-,1e
.

_,t:h.,6· .. ,..six .,;J.;.L.na. cu1!,r-e.ft:.t.s a.-Jl,d. :the n:e·1,l·tral

.curtent and place .tbem. in circu.lar tables. in tbe. processor
j :

memory •

.

(iii) Compute' ·de:lta. currents.' using the' appropri,ate

curr.ent samples .:

'

.

(ia .-ib etc.' )
.

of. the wye·.· connected.

windings.

(iv)
.

Com,pute. '. the instantaneous' . values' of tbe

: differential currents.
. .

.
.

(v) Compare: tbe ..instanta.neo-us values of. tbe

differential· c·urreuts.. and . the .: n.eutral
.

current: with tbe

,',.' ..... : "



..-.

.
' . . ...

threshold v a Lues a nd id.entify.the
. .... :.....

whose curr'ent(s)' has. (have) exceeded the threshold •..
'

.
. .. ..". '

:
:

.
.

'.' .'

.: .

pha�e(s) . and/or 'rieutral

..' '.' '. .

.

(ri) Waft 'for' the next .Sf!t .of· samples'. t o
'

arr�ve. .
On

'receiPt of' t-he ·new ·set of sam·pIes repe-at s te p.s (1.11') to: (v) .•

"'(�ii) If.··.the···lnst�·ntan,e·�us . values'" of the neutr·a1···· cu�rent.·.· .'
.

.

.

..... .

.

.

ha�e .: exc��ded the' 'threshold in the .Las e two· .eheck s .activate

the earth' fault .re1ay logic. Otherwise; check ·If the

.. differen·tial .currents.· of. any phas·e or phases "have exceeded

the' t..h r-e sh c Ld in the .La s t . t.W.O checks •. ·If yes, activate the

d i ff'e.r.�tri:&'l· :;'l'8.:1)fi:�." '·i�.glc'c; ;" ,,,�·t�her-w:i-;se "p:e:Mlf"t ,. ,t"o '$�ep .. (.v.i)· •
.

. ': :' '.' . .' ..

'

.

5.4. 2 Rest�ic ted '.: earth fault' relay"

,'.The . second '. seg.ment
.

·of the.· digital '. relay. ·is· the

restricted . e,arth fault .unit 'which was· reali'zed by .t he logic'
. " .

desc�ibed in the following steps.

(i) Sam�le the l�ne currents and the.· neutral current.
'. '.

.

.
.'

r • q;9jnJ���:J;,e·:;;-x;J1,e;,.":,4;n,�,�";t:..�:.a.u.s.:;,,�(al,�.e.s .. 0£ the' .:dif,fere·nee
.

and ..
.

. .

through cur.ren ts
.

and th.e sum of the. phase current·s· (3 to ).
'.,

'. (11) Compute the difference between the nau't r aI current

and the sum of the phase currents .. c aLe uLa ted .in .the pre.vious

oper·atlllg

.•. relay·. current

. to f·111.· the. c;la.t4 window hav.e been received, p r oceed to' s tep :

(iv); othetwise reve�t to st.p (1) •

. _' ...

• (iV) Compute' elle real:: and.' i�agin�ry
.'.

components of. the.



'

.. :' :'
,

"

'

.. ':1·30' :.'
� i • •

'. . .'

" ". ....

'., p,hasor. ". re·presentin.g the fundamental. freque:nc:y cQmponent of·.. ·

the' l"el,.ay cur'l'ent e'
.'. .:

".

,'.
'(1"1'). :Com�at'e �b� .agtii tude of' the -. fU'lldamental . f requen�Y:·· .

. : .

.

. phasor·. "': re:presenting ; the' relay, current with', the .:

relay'
.'

.

set·ti.n·g •

. (v) If the relay e,urrent 'exceeds the set value,' advanee

·the increment counter· by One� If ,the' counter exceeds the.:"
. .

.

tbres'ho1d .. lss.ue a··:.tt'i.p :slgnalj othe:r:w·i·se .revert· to· step
..

(i) •

'.

On the oth.er hand if the' magnitude' of the relay'

:.,.c,,1,l'�l'l.',"e,,�;,.!�.,.l�:.� ;t,:lt,�� .�t.l\e ..}�l.�o!�ble .. setting, a dvane e : the

decrement e�unter by �nee' If the decrem�nt:��unle-r·r.ac�es

the thresllold�· r.eset the" .increment'·· and decrement. c oune e-r s

and
",

revert '. to the start.ing algorithtn; other,,!se. revert to

step (iJ •

.

5.4.3 Dif.farential relay.'

.'" .

. : differential protection :unit whieh was realized a's follows:

(i) Sample the .line currents and. t··he
..
neutral· current

.and .' cheek if· the':. data windows ara full ..•

·

If. ye.s, proceed' to

step (ii);.· otherwise repeat step' (i) •

.

'

(ii). Compute' the 'real and imaginary com.ponents. ". of . the

phasors' represiulting the fundamental frequ.ncy components· of

. . .

. .
.

(iii) Compare i,he magnitud.s of
.
the

.' :.
'. '. :' -. .: ',':'..,

, "
' ,

p·hasors ,with the high'

current· set.ting.· i. If •. the·' liagnit�de' . of' any differential

,':
.,'

"

",::'

. ::
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"
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curr�nt.ph�uor.· exceeds the. hi.gh settlng� .I s s ue .8 trip
. . .

·col1u'n.,rid. If. ne t , proceed. t o s tep (1v).
.

.

.

.

.

.

.' .

'.
.

(iv)' Compute .the· ma g n f t ude s of the phe so r e '.' r ep r es e n t Lng

.

the second .har.m�nic.; 'component ··of the different.ial cue.rene s ,

. . ...

(v.) Che�� for �ach phase. if the m a g n 1tude of .' the second'
. ..

harm.ottic c..amp,onent of the di ffe rent·ial current i.s g rea t.e r
.

. .

than one. thil."d of the :magnitude of the fundamental frequency

component. of .'. the. differential current. If t�e· ae c.ond

ha rmond c comp-one,nt of the .diff·erential c ur.r en e exceeds'. on.e·

component t
.

check fur·ther ·.if . the fundam.ental· component of the

. differe.ntlal eu.r-r.en t, ex c eeds the ·normal magn'etizing current

setting. If it exceeds this' vaLue t r.ev·ert· to . step (.i);.

otherwise -exit. to the star�ting algori,thm •. However. if the

.

magn i tude of .• the ae c ond harmonic component of.' the
. .',

. . ..

differential cur ren t is· less. than one third of the lIlagnitude

of 1t.s fundamental frequency componen t , '. proceed' to. step

..(,:�.i) •

·(vI)· Imple:ment the .. variable .. percentage·. differet\ti:al
c ha r ac teristic .: by. comparing the di fferential cu rr.en.t.s wi th .

. "

.

th·&· through' currents. Th.e variable percentage' dif.fere:ntial

characteristics was se.quentially· implef'lented .

as shown in

Figure 5.• '9.. If the values of any' t hr ou.g h current . and . the
. .

'

.. corresponding·' d·iffere.ntial. current' remain witllin the t�ip
zone of th.e chara,cteristic" advance the. increment counter by

one.
.

If
. the increment· coun ter. exceeds

.

the ',
' faul t'

threshold, .issue a trip s'lgnal but ·if the inerem.ent: counter

.

.
..



:. : .

.

. :' "

.. 132 .'

..

.
.

'...
"

I�IT�IZE VAltIABLES

...

ooss TIm TRANSFORMER
:

..
No·

� -----t SEEM· TO,H. EXPERIENCING

.. A FAULT?

'. Yes

.,___""'-'"...,;t DOtS. IT APPEAR TO BE
Yes.

.
A GROUND FAULT?

No

ACTIVATE

RESTRICTED
EARTH FAULt

. ALGORITHM

ACTIVATE l):tFFERENTIAL.

REt.AY ALGORITHM

'. '
..

Figure 5.5. Overview·:of· t·he. trans'for,lIler differential" and
.

restricted earth fau! t pro'teetioo �
.

. ',:'

.....
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.

THE'OATA 'WI.NDOW .

...------t .:

BEEN' �tLx.tn�·

: ',}' ..:. '.,' .... ,. ·'·A" i';. .

..r.: "
......

Acid .'iA+ iB + i.e .t

.

AND' STOR.!

: FREQUENCY' £QMPONENT'
OF

. In'
.

and
.

310

<"� .' .: ,.>,.,:l£" ••t.v��··
CoUNTER: ,

....-_..... EXPERIENCING.A GROUND .

. No
'.� .FAULT?

: No
HAS THE"COUNTER,

..

REACHED TIlE

TBRESBOJ,.D?
"Yes

BAS THE COUNTER ltEAcmm. . No
.

THE.�saOLD? .

..

·RETUltN TO

@

.. Figure 5.6: Flowchart used .. for Impl-emeilt.ift.g .:

'

the . restricted
earth. tault .proteetion. ;

.

'" .
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HAS· tHE'"DATA
'.WiNDOW' BEEN FILLED?

. -, :. : i·:.. '
.. ;. :.

.

. . .' .

.: COMPUTE· FUNDAMENTAL .• COMPONENT
.

..... .

OF THRo.�(lfl.· cu.,R�ENTS '."

is THE· FUNDAMENTAL CoMPONENT ot 'THE'
DIfF

.

CURRENT .LARGER tKAN .

,
. HIGH SET CURRENT? ..

'

.

\ . -,. ...... � ... ', - ..... .,:,... �. ,'.

.

:.,'

,,'
..

" .... ' ."

.

',',

tRIP
.... COMPUTE THE FuNDAMENTAL & tUlGH' "IRMOtUC

.

�_.
B
......R_EAKE_..

'

_RS_._
.• FREQUENCY COMPONENTS OF THE THROUGH' &

. THE HIGH.HARMONIC' FREQUENCY COMPQNENtS·.·
Of OIFF.· CURRENTS

..

,'\', -:f'}::.. ·:..;:.-:�·,:>.::�:·. '::':':.•. :' • '> � l., �.: .

c-, :

.

. . .'. .

.

.

. . . . .'
. . '" ., .'. .

.

NO
....

IS THE 2MO HARMONIC cOMPONENT GREATER
.

.

.

THAN ¥D Of; TAE ·FUNDAMa.;�··:FREQUENCY.· .'.

IS THE otFF. CURRENT LARGER THAN THE .

. NORMAL MAGNETIZING CURRENT. .. SEtTING?

.

. .

.

F'igure 5�.7,
.

Flowchart used for detecting. fnru�h curre�'t.�
.

. '.

.

",' .....
"

.' ';. ..

.

.

.;.. �.
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,F

COMPARE DIFFERENTIAL ctmREm:s
,
WITH TllR01)GR ,CURRENTS'

.. ; .. .;.;"

IS' ''rBE 'l'iwfSPO� ••

EXP.EltIENClNG A fAULT?.

. ,.' " .

No .

• BAS THE COUNTER Ex-No "

E. .' ,.',
,

Cl!:EDEJ) THE. TBlESliOLD?,

BaS'the counter'
exceeded the thres�ld?

Fi'gure S.8 , Flowchart' ,used to' detect ", a
. possible ',fault

condi.tion wi t.hin the &one of the, t r:ans for.er •

,'"
.

. : .'
'" ,',

.

"

..
:"
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"

'. .', >OECR£MENl
.' .: .·COUNTER·······

NO

·NO

YES' .:

'

.. '

.

" "

':.'1

.: , .....�. --.� --_ .... :_ .. :

INCREMENT'
COUNTER

"

.
'
..

:

....
.

F.i.gure 5.9 . Flowehar.t· used to' 'implement .

.

.

. pereentage characteristics;.
.

. .

the .... variable

··H ':.'

." ..:'
' ..
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. .

............ < .

..

.

. '

has.' not .exceeded· the "faul t' threshold revert· t o .s t.eP ('1) •

·

On the oth�r
..ha�d .i,:! . the .value.s

.

of the thr.ou�h currents. and'

the. differential· current' are. outst'de 'the
.

trip zo.ne of the'

reI·ay, ·advau·ce.· ..the·· decrement c·ou·n.ter. by -: ·one •.
: If .' the

".

decr:einen t co.un tel' e:K:ceed's the·' no'"!'faill t" thresho-lcl exit t.o
.

.

'

.
.

.

': t he starting algorithm;·' o.therwi s.e reve�rt ·to step (i).

The main s:teps i-nvolve.d in . the implementation. o·f a
.

. .
.

. .

differential '. and restric·ted earth·· fau I t '. relay ',have' be·en

'Outlined" in··''t·ft>is·t,�·tif>'t)·",·. ·'i1ft;pl..,e·n.t·a.tt,10in .:· ..0;£,. t.he "

.. dig.i tal.

relay •. iriv·olves.'.. the·· execution of the starting algorithm ·and

either the 'differen·tial c r the 1;'estri,cted earth fault relay

logic.

5.5' Off-line: Testing

A software ". based transformer' dlff.erential and
. .

·

:r,Q;srtrJ.e<.t.ed "'i: ..,.,a:r.:t,h.:.:",,: .t ...ult.... , .,,.r,el.�'y::"". w.�. .s. .,d.a8,igiH�d..•ad ,.was·

implemented using the algorithm described· in 'Sections 5.3

·.and 5.4. This relay program was·.writtenin FORTRAN and was'.'
.

.

.
.

.

tested using simulated transformer. magnetiziti.g . inrush ...and.

fault conditions.

'.
.

..

.

Digi tal fil tel' desig'us developed by the le.a8t· error

·

squares' approach" and, .

the Fourier series· and fr.equency

sa·mpling methods. have been pres.esnted ..

'

i.n Chapter·· 4. The
·

.
.

.
'. .

· frequency' response of tho'se fil tel's: have' also been' examin'ed
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,

','
'

.. .. .:
...

.

.... •. •. . ... . .

.: ... ..••... XIII
..

,

,

'
,

,

,,', ' �
,', ,,',',' : �, ' ':,

"
,

'

,

'

,,'
'

"

'

" ,,', ,

',' "
'

'.

"and fl1ter$ ·to1hosf!: r e spo n.s e s . '�re �l:ose
.

to'. the ': ideal
. .

·response.

ha�e. been iden·t.ified·.·
.. Usl�g .�hese filte·r desig'ns, a dlgital

.

res tricted' �'arth faul t a:nd differential: relaY' '�a s designed ..

. The. '. phi:loSOPhY' outliried i�n··:.·S,ec tions: 5.3' and ."5.4· 'was ·used
.'

in

.

the' deSig.n.· Th� 'deSig:��d, .re1ay.:was tested in .. an .• off;;"lirte

�ode. The . testing was iri tWO pa�tS •. The dlgita� filters

were. tested first.'. using . simula.ted . data .. repres,enting

magnetizing inrush,':
'"

transformer winding faults and

sim�ltaneous �a8netizing inru�h .. and wtriding f�ults� The
',', "

,

ope'r:ati:oll ".0'£ .. t·b'e .. f-il·t'e-r�·· 'wa·s EtX�.a,tn,:i..n·ed· by .. o,b:servin.g .t,he it'

outputs � Suitabl:e filters were then selected f,or use in the

digital relay�
.

The, second . p�rt cGn�i�ted 4£ .testing th�

digital relay t •.�xamine. its' .oper�t�on during magnetizing

inrush, transformer . winding' faul t$ and si�ultaneou,

�agnetizing lnr�sh: and winding fault cond�tions�.

, , " ,
'

. 't'·tn;1'x'n'l·�·ti�'·$ .�P't."�s�:.t··ttd ']:n ·S'ecthYtl· 2.7 _
.. The :gene'ra t·ed da.ta was

..

"

used as input' ·for
. the fil ters

.

d e s I g ne d . by the : FO\lrler

series, freq\lency �amplln�:anrl least error squares ·m�thods.·

The outputs were examined'· and· the' filters· whi·ch .. provide
,

'

,

'

,

"
'

,

ou�puts �e�� then's�lecte� 'for use i� the rel.y�c on s as tent
,,"

"

;Th� out��ts �� t�e filter� wer� al$� used. to .d.termine the

fund��entai, $ecb�d :artd third harmon'ic .co·mponents of the

curren t.·
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.
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Fi.gur.es .:5 .i.o . t·o. 5 �'l5 :., illu,s t.rate ··some '.:of· < the typi.cal··

test:
.
resul ts. : :The' inrush ... current

..

.
.

.

data iri ·this �.$e was
. ' .

.... generated .. using
'

.. £qu'atfon 2.7.;'· The.' s.aturatio·ll··· angle,

re·st.stance: to aaturat·ed· reactance r·a:·t.io 'and .
the ratio': of t-he

. 'primary side. "line voltag'e··.to .

saturated

..
. ...

.... .
. ...

e e ac t aace . were ', 101

degree,' :0 •. 1; and. 1
. p vu , . Simul tane.ous internal f au-l.t and

magnetizi'ng inrush cuitent d.ata generated by using'" Equatio:n

'It ·was· a'ssumed .that·.5
.

percent. of .the pri�ary �urns were
. s ho rt .circuited.

.
.

'

.; :S.,t.u.rae..LoJl. angl.,a., f.o.r� .:the....:ltU:O'�J;J.,t.l.ll&. i.nJ;�$.h
.

c.l).tnpot:\ent of the"
cu r ren t and· rati.o 'of rests tance to saturated reac tance

I

were'

. assumed to. be 101 : degrees and .0.1 respectively. The

resistance. to reactance' ratio for the abort ed .t.urn·s
.

of . 'the

wind iilg 'Was' assumed to be' 0.05·.

.

..

Figure 5.10.' depicts' ·the second and third harmonic

of ·the inrush ·current as
. fractions of i.ts:

in :this case. we.re 'designed by the Fourier 'series 'method;
.

.
.

.

'. the frequency response' of· the filters ;are shown· in
.

.

Figures

4.14 . and 4.15. . Figure 5.11. shows the secend.' harmonic a.nd .

.

·.the thi:td·. harmonic components of the" cur.rent during

.simultaneous inrush '.'
and . int;ernal .. faul t condi eionl,S. An

examination of Figure 5 .. 10.and 5.11 shows that the ratios of

the second and third harmonic components to the funda�ental

�reCI'�ency comportent vary:considerabl.y as .tim:e passes ..

"

Some ....

of 'th�' values. of 'the ratio are m.uch lower than that requ·ired
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.
.

.
.

to· identify magnetizin� inrU.sh c,ondition1l.
. '

..
"

.

.

.

.

.

"

' .:........ .'

'.
.....

Figure'. 5.12 and. 5.13 . show the .. r�tip.s o� t·he. magnit�des
'"

of • the"
"

second' �nd:"·,:thj_�d harmonic .comp(H�ents. to ,the

f�ndame.ntal freq�.ueric.y compon·e.nt. of the ..c a.s e s d e s'c rd bed in

the last par agr'a.ph c:'. The, digital' .filters us e d in the.se
'.' .... ...

analyses w.e:J:!'e>_d:eslgn·e�:(: by the frequency s.�mpling metht>d;
.

.

the frequency r e s.po ns.e of the fil tel's: a re . shown in Figures

4�18·,···4.19, 4;io an'd 4.21. . An e x.am Ln a t Lo n of Figur'es 5.12
. .

�nd ·>.�.'1-3': :';s11'ow$ 'a'· .ttEt,f'in·:tt'-e '.' t"ren:ti f-or"'bo,th t'he in·r'ush and

simul�aneous inrush and internal fault conditions. �he
.

se�ond h�rmorii��to.the fundamental f�eqtiency.component ratio

varies .from 38 percent to 77 percent for magnetizing inrush
. .'

..

' '. ....
.

. and from'. 27 to .29' per'cent
.

for stmultaneou$ magnetizing and

wineling ·fault. Since the values of the filtered outputslie
.

wi.thin "bounds t·h.at e.a n be d·e·fined dis:ti'nctly, these' filters

can .be SliCces:sftilly ·used.
'. .

.'

in a digital . t rans f 0 tm.e l' .:

.

.

.
.

....

... :. d�i"f-fe1"�trt'"f·§'1·:'·r:ttl�#y •..
. ....:

"

.

" ...

The performance of· the. least· error squares filters was

lnvestiJated in a' manner �imila� to that d�scribed �n .t�e

last tw6 ��ragraphs. Figure 5.14·and 5.15 show the ratio of

the. s.eco.nd .and "third harmonic frequency component·s to the

. f:iindamental····· frequency' . c cmpcaea ca. when, the' least. error·

. .

squares: fil ter$ were used. The' frequency .r es po nse of the

filters used ··in· this analyses have been; d.epicted·in Figures

4,5,'.4.6, 4 .• 7' and" 4.:8. A study. of Figures .5.14 and 5.15

': '
..

'
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.
reveals that

..
the second

..and. t:hird,' harmonic componen·ts t'o, the

14l

fundam�tital >f.requen�y e.Q-1Itponent ratio· have'· a defin�te trend: .

in both the. magne·d,zing. inrush .and simui taneOllS .' .intu·sll
..
and

The: second. 'harm·onic .

comp,o.n.e''nt . to

co,mponent
. ratio· . varies .' ·from .

a

minimum
.

of:. 38 percent t.O 77 percent for magnetizing inrush •.

.

.

' This· rat·io varies. from' 27 ·to 30 percent·. for ,aim:tilt.a'neous·

magne.tizing inru-8h and w_1nding f au·l t..

A<.eQlD;J)41:. i.EtO,n,.·. "Q,f· ..,e.ne. A?,��tg1.,l!LJl".X\.c,e.. .;of ·.,.�b� l,il.�.�M� �YPes .

o'f

digital' filters iridicates t.hat the .filters designed by the
'.

.
.

'.
.

least error squares -and. frequency sampling ..methods. provide

reliable and consi.stent results. The digital fil ters··
•

'. designed by th,e least error squares and.. frequency s.mpling ..

methods were therefore' a·elected for use in .the softvar'e

based transfor-mer d.ifferential .and earth fault relay •

. A ,.: .. ,.so.f.t.W{l"l'!.a ., .:ba�.d. �e:,l-.a:y. ,.Ji.a:s . A.ey..e�o.,.e.d
'

...118.i.ng t..he

algori thm presented in Sec.tiona 5.3 and 5.4,.· NOri"'recursive

. fil ters designed. by the lea$t erro.r squares . and frequency

sampling .. me thods were: used.
.

The t·elay was' also· tested in

the off-line mode usi'ug the simulated. da.ta representing

m�gnetizing' inruab,':intern,al faU;lt .and simultaneo'us int·ernal:'..
.

'
'. .

'. .

fault .and· .inrush .currentS.. .The object of testing the relay ...
'

logic wa� to -deter�ine its abili�y.to cC)rte�tly recogni�e

these. conditions. . While testing .the digi tal relay th.e

. followfng simplifying,.assumptions are 'made.•

'\ .:.
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TIlE -. cycles at 60 Hz .

. : .. ,'

Second.' harmonic (plot;4) and· third. ba'l'1l0nic
(plot B) .components of the simultaneous li\tei'nal
faul.t, ana inrush :curren·t -a s • pet.cent,age of t'be
fund.aerata!· f.requency ·eo:lllponen t obta.ined by the .:

d,igl·ta,l filters ,de$ign.e-d by' the least. er·ro·r

,aqua.res approach�

.

.',

'. .
�',

. '\.
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��erf.ctly �$tched •

.

(ii) th'e c.t •.'s do no t saturate.· -. '

:'(iiir
:··
. load e:�rre�ts' are negli-g�ble c0tnpared to

. :
. ,

.... .

. the:' inrush' 'and f aul t cu r r e n t s •.

(Iv) ··t.he in.rush phenomenon in. a" three' :. phase.'

trausformet is identical to the
.. lnru.h

"phenomenon in :a-Single phas.·e . t�ansforlller.·

.
.

'inrush, -: winding
'

.. f aud t s and. simult.an·eous magneti-Zin.g ·.inru.sh

and �'nding:faults were used for' testing the ��lay•. The

pr�mary ·winding was'�s�umed to be rated at 10. a�ps at 1'00

volts The' aa.t ur a t Lon angte' and . satur.ated '. r:eactanc·e were .•

asstimed :to .be 18 degrees and 20 ohm·respectively_· 'or

simultarieous �agnetiting inrush and ·fault . c o.Iufi tLo n·s , the

resistance to reactance

.

'. .
. .'

\

ratio of the ·sh_ortcir.cul ted turns
.'

:,:;;;�).f;f�a'!Sl';...;t;�lil'S�ii(h�'�ield:,.,tt(J"i';b;e'.(L.(ft-5..• ·.

'

.. ,'.:F�t�e·� ·",¥pe-rG,'8-n·t ." ·-:o,f·· ,,�t.h-e· ""primary

'.: wi.riding : turns were'. considered to have been' shorted � Th'e

�nternal fault. was �Q�sidered to short 10 percent of the

primary windin.g •..
'

: ....
.

.

.... ....
..

.. ...: .". :., .

Table 5.1 shows. the successive Calculated· val"•• of the·

differential cu r ren t," its '. s e.eond
.

and t.tlird harmonic ..

.

'. c omponen t a and'., the· threshold differ.ntial current'

, :.

,
'.

'
.

corres.po·nding ':to the through current obs'erved over a period •

. .. ..
. .

.....
.

'

..
.,' .

,'.. ... ... " ....
.

of one cycle after· the. data w.ind·ow had been fi11e4 with.' the
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. )'

. '. .'

.

:"
.

'. s�l1llpl�s ..... re.pi'eIJenting.:·. '., th� '. magnet.iz:in.g '. lnrush· .. or
. ,fault ....

'."
..

'

....
.

:.'.
' ... ::

. :

'. conditions � ..The cal(:ula·te·d -. values listed: in .thiS.· table' ·were '.'

.ob.tain.a. ·.when· t.he relay· .lias 8uppli,.d '. with· currents
. '. .... .

" ..... .

:�epr�sen�in,g' . three ,operat'i�g '.' cond ition&;
..

'

,

. .a 'magneti,zl·ng
.

....
-.

:.
. .' .

·inrusht ':a wiil"d±n.g. fault and a. s imttl taneo'us :m'agnetiz:ln'g and .:

windlng faulc;...•.. ' N·oi1-rectirs.ive digital f..ilters. �'es�gned '. by

· the fl'equeli-ey sampling lae.thod were used in eheae cases •. The

differe·ntial • relay
.. ·1mple�ented. the two' p�ece ·lineat-

.
.

.

different'.l ·,charact�ristie; the ·slope MlIiIO.l 'for �brough
.

.'
..

'

.": .' .: .....
"

..
'

.

.

.' ·.�\lrt:.4lJ,\t.S;J�e t"•.ell ..9��,., ��d ..•.. ,��� .'..�.1r�es : t;he
.'

ra ted'
.

full ·lo·ad
. '.'

curreat and the sl�pe M2-0.15 for through curr.nts gr.ater

· than' two times the· full' load' current. The minim·om

differe·ntiel.· current;. Imin .. , use4 .. in the chaeae teristic w:as
..

Table: 5.1.

S percent of· the the r:ated· curren t. An examina,tion

tba� th� differential' cuerent 'e�Ceeds the'

of the' ..

sbo·wa

. variable pereentage ., thresbold·
.

for . all three.' .operating
.

'. co'tidi tions.
'

"..In
.

the :case· of .·agneti:&1n8 inrush, the s.eco·nd

: ...haa.o,u4,.c J,JJ"Jn.�ra ', ,�;lt.�A· .tb,�... 33 ,.J).�:rce.n.t·. �:e�ti_�g: us ed f.or··
'.
". .' .'

td'entifying' s.·uch 'conditions. In . c,sse . of simultaneous·

. magnetizing i'nrush and' winding. faul t, .

tbe· sec�nd . harmonie.

"component' .

1,s' close' to, the selected' threshold." The r�iay'

...operation is delayed due to' the unc;el'tainty a·saO'ciated· with'
.

.

.

:
.

'. ..... .... .

this'. ·condition. . r·he .econd h�:rmoriic" con·tent :1s. negligible.·
·

fo� the· internal fault· case. . "The' relay oper.a�es·· without
. '. '.' . .... .

· unne·cessar,.. :de1.�y . bec auae

.

the, differential cu,r·reltt in the

�el�Y has' .iceed�d�.th� thr��hold corresponding �o' the
..

through current·
. obser:�ed. '.' •.: .

. '''': ....

, ..
' .

.

.. �
.
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Tabl� S.1·Analysi� �f ,the -differential current �nd the
.. cortespo.tiding t·hresbold.·· values o·f ' . the. vat:iable"
perceritage. differential' charac teris(:ic for·.8. digital
relay' :.·that: .' uses non-recur.sive filters des.igned .. 1:)y the -:

...
,

f�requenc:y -$aci'lJ�l't�'g 'm.e'tho d •

.

', .' .' '.
.

Time 'Thresh'old Differential. %
. 2nd % 3td .

,

.

ms.ec .. :, .• .vaiue " eurren.t . harmonic.. haT-1!lonic"

16.66
18.05 ..

',·19.,44
20.83 '.

" 22.2,2 ...

23.60 -

. . :_:2,�5..�Q 0
2'6.38
27.77
29.16

.

30.55
. 3i .94

. amps •. amps � .: '.

" Magnetizing in:t'ush

.3.2
·'.3.2
3.2'

. 3.2
3.2
3�2
3.0

.

a.s
.

2�3
2.4
·2.'4
2.4

35.5
.

.

35.5
"35.5.
35.5
35.5
35.5
.33.8
':H�2
29.7
30.0
30.0

.

30.0

60.5
60.5
60.5 '.

60 ..5
·

60.5
.

65.1 .

· 65.1·
'63.3
63.7
6.9.0
69.0 -.

... 69.0

·2{.O
21�0
21.0
,21.0
2.1-... 0

28'.0
.29.3 ....

. 24 .,8
..

'

26.3
33�2
3.3.2.
33�2

:. Simul taneoue inrush a.nd wind,iR,g fau! e

'.

1-6.66
18.05
19.44
20.83
22.22

'23.60.
25.00 ..

.'. .' .26 •.38: .

. ,
.

'�lt�7'�l ..

'

.

·2'9.16"
30;55.
31.94

�.
'.,

16.66
.

18.05
19.44·
'20�83'
22. � 2·2
23 • .60 .:

-'. .: 2'5·.00' .... '.

.

26.38.

','

'�27 .77
'.

.29.16
30.55

•. 31.94

.

:.:,',
.

6.·8
6�9
·7.0
7.1
1.1
7.0
6.6
6.0

····,·S ·:'1'. .

"

..
"

.

5.6
.

5 .. 7
'5.7

13.5
'

'. 14.2 .

14.'8
15.0
.15.0
14.·7

.

14. �.
. 13.'5

.

'lj'.'O·"
.

i 2.7 .:

12.1
.

13.0 .

.

59 .• 0
'60.0
60.8"
61..4
61.,6

. 6'1.0'
58 .•. 2
54.• 6 '

.: ' ·�5·2:. 2
51.8 .

.

52 .• 1
52.6

Winding' fault

104.0�
.10.9.'0
·112.5
114.4 ..
11.4.2
t 1'2. O· '.

108.3
)04.3
100.8
99.0
99.1'

101•• 2

33�3
30.5 '..

'

29.2 '

30.2
32.1
35.0
.34.0 ;

.' 30.7
..

'

..•. ' 2�9';'4
.

33.1
.• 3S.0 .:
35.3

'.

. "

4.6·: ...
·

.

=,'. 4.3'
. 4.1
3�9

,

.·3.8
'.'

.

'

3.8
.

3.8 .

3.�
·

.

3. «)
3.$
�.6
3.5'

'.,' :,"

10.5.' :

12.2
11. 7
9.7
10.0

'. 15.3
·.15.• 8
11.5

'.12.2'
.

17.4 .

··17.2
.

'15'.1

J._2
. .'. :3.1
.2.9

.

2.• 8 -,

...2.7
2 • .7 .

..... 2 •.1 '

.2.7
2.7

. 2.7
.>2 .. 6 .'

.

2 .. 5 >

.

�'"

, .. ,'
.
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.. Tabl·e. '5.2' .sho;'� :'the analysis.: of
.

the" diffe.ren�tal:·
.

,.
....

. ':.. ..

'

..
' '.

current· for: . t}:te ... thre'e .

�ases when nen-rec'ur)llve fiiters

.151,

� ...

· ·designed by .the le'ast e.rror square's lJl�ethed' .'we're .• used, ..
.

.

.'
".

eX4mlnatio'n' .' ef '

.. this . table $,ho.W's ". that' 'the d,tfier,ential· '

.

.

;.' '" .'. , .....

'current '. exceeds, the va1',1al:>le percentage
'. threshold' fo.r . all

" Au'

thr'ee
'.

oper'ating c'ond1 t,loris.
. .

'rhe seeond ha.:rmeni.c content, of .

..
'

.

the differential curren.t 'helps, in fde:ntifYing ,the. condition.

A compa�isjn of Table� .5.1 .and 5;2 �how that the filter

outputs in both the' cases 'match closely.

.

. .'
.

.

'. . \

. '.
. .' .

The re'st.r.·icted earth, fault, 'Segment of the' relay· logic

· was

.
. .

also 'tested USing' .:the 'simulated.data. "A 'line :to ,.ground

· fauX t was assumed on the primary winding of the tr.ansformer·.
·

Ten per.cent.· of' th'e . primary winding, turns were as'sumed ee
:

.:. .

. . .
.

.

have ·been "short .c·ircuited and' the ground current: was assumed'

to. be' limi ted .bY a 10 ·ohm·· reac tance ins taIled. bet·ween t h:e

neutral and the ground •. Table 5.3' shows. the -relay' opera.ting

.c�rr�,nt ..w.lten .:;'4J,slt.iJ..l J�fters, .desis'ned. by'. the. fre.que·ney
·

'samp11.ng .and l4ulst' errer sEJuares
.

methods ... were used.'
.

The
';" '

'" relay was set' at. 5.0 amps. A study .o.f Table 5�3 reve'als

'tha t·· the earth. fault· is. detected· promp,tly •

.The relay could' n.ot be. test.ed with p.ower system· data
: .'

.

'.

.

. ....
.

.

'. because of, its
.

no.n:_aV�il�bl"i ty •.•

\ .":

.. ,

� ... :"
\

.'
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'Table 5 �2: Analysis ·:of
.'

'the':
. 'diffe"r�ntial curr.ent· and .:

the .:
. •

.

corresponding .".". threshold
.

values of the' ;ariable
percentage. diffe..renti�l. characteristic for a·· di.gital

.'

relay ....tha t·· uses' nO.n";'re'c.u,rsive . f'i1 ters designed bY the.'
'. fe'a'st .erro·r squar.es met:hod�

.

,Time
ma·ec •..

-. Threshold ". ,'Differenttal .% 2nd'
current .... har.monJ.e··

....

.. value
amps •

'

.. \".:
.

.amps •.

.

M'agnet1zing inrus�·
.

lS.0S .' 3.2 35.6 .. 60'.1 21.2
.19.44 . 3.2 35.5 '. 60 •.6 21.1
'20.83. 3 •.2 35.6

.'

60.5 ;20.:S
22.22 3.2 35.5 60'.2 .' 21.0
23.60 2.• 7 . 32.4 64.3 . 27.1
25.00 2 .• S '.,32.7 64.0 26.7

···2.6 ..·3·8 2.• 1' .'.. ,.3.2., •..4. '. .64.0 .. 26.6
27.77 2.8 32.6 64.1

•

26.7
'29.16 2.7 · 32.4 64.4< 27.2
30.55

.

2..3 30.0 68.5 33.3
31.94 2.4

·

30.0 69 .• 0 32.6
33"33 2.4 30.0 69.�8 .'

..

33.3

Simultaneo�s'1nrtish'andwind:lng fault·

IS.OS'
19 �·44

.

20.8'3
'22.22
'23.60
25.00

"

26.38 ..

27 • .77
29.16
30.55

"·31.94 .

33.33
.

18.-oS
.

19 ..44
. 2'0.8·3
'. 2i '2':2.

.
..

··23.60·
25.00 ..

.

26.,38
'. ,.,2.1,.77··

.

29.16 .'.
30.'55

.'

31. 94
.

.

33.33

6�. 8
.6.8

.. 6'.8
6.8
.6.3
6 .. 3

.

... 6.3
.

6�3'·
.

6';·3 :
.

5�8'
5.9

.'

..5.9

59.5
59.4
59 •. 5

. 59.5.

.

56.2
56.5
56.4

'

..: 56 .. 5.
56�2

'.'

'.'53 .4·.·
'·53.5
53..3

32.0
32.2

-;: 32.,1'
31.9
32.1
32.:2
32.1 .'

32.�.1
32.2
32.3
32.7
32.• 9

,

'. Winding fault'

13.7
1.3.7

'. 13.7 .'

'. 13 ..8'
.

13.8
i a.a
13..• 8

.'

...1.3<....8 ..
'

. '.
13 .• 8.
13.S

'.

1.3.7 .

. 13.7

105.5
105.5
105.7

. 106.0 .

··106.1
..

··

106.3
106.3

-. .U)6. .. 3
106.1

. 106.0

.105.7
106.6

.·0.1
O. i .'

.

r. 0.·1.
0.1
0.1
0.1 "

0.1
.0.1 .

0.1 .

0.1.
0.1
0.1' .':

'."
.

"" ..

11.2
11.2
1.1.1
.11.1

.' 13.5
13.4·
"13.3

.··
... ·13.4 .

.

13.6
.

:"15:•.8 ....
15.5
15.7'

·0.0
.0'.0 ..

'

.

".0.0
.

0.0
0.0

'.

'. 0.0.
0.0
0.,0.' '.
0.0'

.

.. 0.0
0.0
0 .. 0.

..

.'
.'

.. ;.

.

'

....
'

.'

.......
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"',. Table 5.3 The restric ted earth fault: sett11\ga�d the·. re$t�1cted
,

earth faul t r.elay .operating current (I· -31 ) . obtained
.

. '. by non-recursive cUgital' filters 'd�sign�d .by .. the
frequency' sampling met,hod and the least error s·quares

". . �.thod.
.

Time
msec.

.�elay
.• se.ttin.g
amps-

'. :Re stric ted .ea r t h fa",l t
'. relay current (i -31 )., a1D:ps •

F
. ·n. 'L' 0
requency

"

east· error
sampl·in.l. me·thod . square.s·. me thod ...

.� e
'

'. ,. , .. ,Ut�o.s.
. 19.44
20.83
22.22
23.6.0
25.00
.26.6'8
27.77
29.16
30�S5
31 �94

.... � ... (l
5.0
5,.0
5.0
,5.0
5'.0
5.0
5 ..0
5�0
S.O

..5.0

1.Q.9
11.2
11.4
.11�4
lL2

·

'''10.8
·

'10' �4
·

.

10.I
9.9
9.9

'10.1

10.6
10.6
10.6
10.6
10'.6
'.10.6
10.6
10.6
10.6 ..

. 10.6
. 10 .• 6

" .... :':

.. ::,

. ::.:' .... "

. ",.

" :

'.
.

: .. :-

'. "

'':;., ..
'

"

','
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5.6 Su.mmary

The design of a :d:i,gital differential ': and ·r.est·ricted

.. ear.th· -fault.' relay has been presented in. this chapter.' A "

.... ·s.of�wa·re: based relay has. b.en designed and has tes·t.edbeen

in the off-line mode' using the sblu·Iated·. data. Some typical
,

•
!

•

test re�ults hav� been included. in this chapter� ·The

r�sult$ reveal ,that tbe .relay .�.gme.ts operate properly and
.

.
.

are'. -ab Le ee d is·tinguish . magnetizing inrush' e ond f tions' from

.' ,·;�I'�,l.,t,s.•
·



.
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6.. C.ONCLUS!ONS
, .. - .._-....----

this·" thesis '.
�'as :to

.' .
. . � .

investiga.te·.·· th'e ..

:.
'.

.' . "." '.

. :.":

fe�Sibilit;·· ·of d'esigni'ng � d,igital: transformer differe�tial
. and: re.s.e r t e ted. earth fau I t relay � Before

.

staxting �he'

des.ign,. tY'pes . o·f '. faults .expe.r.ieneed by p'ower transfor�ers'
.a.nd rela·ys .used. for t·rartsformet . protection were rev·iewe'd.

'Th'e "''''''pl"''Q'bl'df$'
.

�'''''$�sS''.e'ia't�&d' '··'w1:-t,h
.

:"t,he:. sY'S�t:em's· wsed . for

trans.former pr�te·etion· we·re ex·amined. Me thama tical . ,m6:dels
.

.' :
.

.
.

for
.

shuil:a ting' magn.e tizing inrush. an-d . faut t ,wavefo.rms 'were
"

. es.tablishe.d� "An 'examination of. the·' 'shortcomings . o·f
..

ttans£OI1"1De�' diffe1;'·ential·. relays r.·ev.esled .that t,he pro·blems

can be alleviated.:C;onsid�tably by ·using. t'estric;:ted' earth

fau! t .relays in' addi ti�n to <Utferential. relays. Computer"
'. .... .' ..... ".". : .".

'.
.

.

.".

algor.i thms pro.posed ·.in the. past for trans former. diffe·r�it,tial. •

'

.. :.;::. jJ�"C'�e'ti;t.�tr":-'1f�'re·" T'e:*tre:We-d:'''Im'd'' "�'�e" 'I'r���:r't;.4,' ·,bI�'i,.e,f.ly··�itl . Cb'a p�t e r
...

.

,., 3 • Their study' showed
,
..
that· a

. si�ple :waveshape·
:,'

.

.... .

.

.' . .'....... '. . . .

iden ti flea t Lo n . appr.oac.l1 and both' recurs1v:¢ and. Qon�,recurs l"e
.

.'

...
fll tel'S have been· tried' for . de termining' '. t h e fundatne�ta!.··

frequeney' . and harmonic comp()nents of . �he . trans former'

.-currents.

. .

.

The 'developmel'lts reported i� the 11 te.ratur e used:
....

.

the .erit.et!a. of the" second .harmonic. component'. of '. the
". ..' .

.
..' ..... ':.

differential current .x�.eding� its

.
..

fundamental. '. f.r equenc y ....

'component ,.:. >for
.' .

. .

distingUiShing'
. .

.

intern�l' . faul ts' 'ftont.··

'

..
' :

:.: .....
"

. '.

masn�tizin� inrujh curr.nt.. "

...
•

•
I"

.

'.

. ...�
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", Three· other· 'metho.ds ..•.. for designing' �rthogonal
'

.

.

. '.
no.n-e r e cur sLve dig'i:t:�l' filters were alS�' Lnv.e s t Lga t.ed •. These'.'

methods use .the least errol' squares � Fourier.·' integral and.. '

'. ::. .

t he f.reque'ncY· samp:J.ing '. :techniques.'· . The fund.am.ental
,
.' ,

freq'�'e�cy a.nd 'the second, harmonic frequency'" f'i1 te r s '. were

designed
.

using' these. techniques.'
.

The techniques and the'

coefficie·nts of the' filters hav.e �een re,ported .in Chapter 4.'

Frequency re s po nae e ., of the digital fil t e r s : and '. their'

.suit'al,ility were' :a1so eX.amined. Th�
.

results· of these

s tudI e s .... a r.e . also 'rel':o'r't�'d" t)'tl'efl'y··
.

in: ....

Cl'ra·p·ter .: 4.' . The

eval·uation ····of the diffe·rent· d'esi:gns show that' ·.t··he ··fi1ter

.

designed. by the .le-ast er:ror' squares' and
...
the frequency

. .

.' sampling techniques·are suitable for relaying.applications.

.

.
.'

'.
'.

An algorithm "f.o,r a digital dif·feren.tial :.protection and

. restricted. earth' taul t relay. wa'� developed. ". The a Lg o r I thm
. '.

.

was· then�·t.ranscribed �nto" a .' computer program·. ', :Both the

". .

.
�" 'i�val't;l'a'1:fl'�.:'i:"�tJe'�eviftta ge' ''''�i!'�§'�1i''e·t;&U'''S"t·1;e "ta'n d,,:'Jnrtm�oh i.e '.:res t r a in t

:" .
..:

features were implemented' iri the ..
'

prog�a1il. ". The swi tc he·d

.·design. philosophy'
.

.was. '. adopted

. .
.

.::.
"

.
"

to avoid .... urtrtec�ssary.·.

'. c ompu t a tions.·. The 'use ·o·f awi tched design'. co��ePt .. required
" . .

.
.

.

.' ,

.
.

t�at �he . starting .a1gGrlthm dete�t a pot.n�ially hazardou�
:. .'

.
.

.
.

..

.

.

conditio·n .and transfer c e n tr..ol to .either the. dirfer-rential
,

.
. .

'
'

:

"
, .

.

relay lo·gic G.r the. restrict�d earth fau�t relay logic •. The

dig i t,a1 re tay was test�d' in' the of f.;.l ine . mode .to eva1.ua te

'. its.· per'fo�mance. Brief·. det�i1s .. ·Of:·:•:the· algorithm, relay ....

·

,

.'
....

'" ':'" ,:' .'

.'
.'

.' .logic and �est .result shave' been. reported in Chcip.ter. 5.
'

Th.e··
.

.

:: ..

.

.

'

.�' '"
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off-li,ne testing ." rev�a.led that· the digital relays using'

".: filtets�desigrted by' the frequency sa�pling and
.. '

.

le�$t error
.

.�'
.

squares. methods· stice.essfully: identify magnetizing in,rush

. c ond f tion.s from internal'
.

{'aul r s ,

The testing could. not duplicate the actual p·henomena on

seve
..
ral: counts. The dissimilarit:ies betwe.en the 'primary and .

secondary :side c.t.'.s were not taJq�:n .into· consider·ation.

Distortions
.

Lnt reduc ed by e�t� �aturation �ere .-also

phase trans former. .

The se mode Is al so. need to be upg r ad e d to

model for . three . phase. ··transformers· incltidin.g t he ·I?0wer
.·transformer ':and c.t.· conne·ctlons •

..
.

In conclusion, the st.udieEr presen.ted in this. thesis

demonstrates that a digital transformer differential and

r.e se e t c ted earth faul e relay can be. designed using sui t.able .

. no<n"""..e�·r.>s·i··"",e "·dl:'g'i1:;:&'l,,. f.i�lt*r.;& •.. ·.!r·he.t«so,ftwa't-e,��ased 'd'i-g'ital�
:

'.

.

. .

relay
.

can.' i�.clude. adju'stable v a r La bLe perc.e-n:tag.e •
.

'. chara'cteristic ... to··
.

sui te a wide ranl. of opera�ing'

conditions.

. .'
' .

-,'.

." .. '

...
'

'.: .'::
'

.: .

'.i::
.... :'

" .:....



158 .' .:

' ..

. .. .

'1)' Ackroyd, ·M•. R •. ,· -, Di$ita1 ·.Fi-lters, .' Butterworths,
· L0 nd 0 n , 19 ., 3 •

'
.

2) Anto..niou, A., Digita1.Fiiters: Ana1Y$is.!..!!2. Desi!n,.
Mc Craw-Rill 'Book' Company,. N-ew York , .. 1979 •

....
,

.

-
.

3) Baribeau, M. A., �The Design �f a Di�lta1 Im�edenee
Relay",

.

M.
.

Sc. t hes Ls , University' of
Siskatehewan, Can�da, 1�73.

"4.) Blinchikoff, H. J. and Zverev, A. I., Filtering..!.!!
.' ... ' "" .. ;, ".,.;:'�ll.tL;iJ,m'�<.;\iP,;,P:_f,r.�,g_\�:e'f]e.y ,poma'in , John Wi ley and Son s,

.

. New'
.

or , 19'16 �. '.' ,
.11 ',_AF. . "

..

5) E inva 11 t C • H • a i\ d Linde r s, J. R .:. ;
It A Th r ee Ph a s e

Differ,ential. Relay for Transformer . Protection",
IE!! Traqsac�ions on Power Appar�tus and Syste��,

'. Vol. ,PAS ;... 94, N.o. 6., Nov/Dec 1975, pp , 1971· ...
1980 •

.

6) F�nne�tad, S� A., �Qptimum Dete�ti�n of Trip Signals
Ln Noise", Developments in Power System Protection,
'IEE Conferenee··Publication No. i8S; London,' JU.ne
1980, pp.···2'Il ... 2.14.

.

7) Larson, R. R., FJeehs.ig, A. J •.
'

.. and Schweitzer,' ·E.
0., "The .Desi�n and Test of. a Digital Relay for
Tr.;insf9r1Jl�r proteeti.on",. ·IEEE Transactions on Power'
.Appar'tt·l.i's ..a:\i'd '. 's.y·s t-etn�s �.

'" :-V-�1'� .
;:·r>·�AS: �'�:',',9-A; ;,N0.' 3,

�ay/Jun�T979, pp� 795.· 804.

8) Last� F. H. a�d Stal�w�ki. A., "Proteeti�e G�ar' �s

a Part of' Autom�t�� Power:System Control", Symp�
· on Autbma�ic C6ntrol in Electricity Supply.

·

r1anchester, Mar. t 1966, lEE c on f , Pub L, 16, Part.
·1.

9') .Luckett,. '�." G':.t Munday� P •.. ' J.�
.

a nd Murray, B. E.,
"A S�bstatlon ,Based Comput�r fo� C��tr�l and
.Protectj,on", . Dev.e1opments· .in Power System
Protection, lEE Conf:erence. Public,ation No. 125,
.L6ndon, Mar�h 1975, pp. 252 - 260.

10) }Ofakino, J. and 'Hiki, Y.t .. itStudy· of Operating
Prin�ipals. and· ·Digita1 Fi1ter·s

.

f'or Protective"
Relays with. Digital' Compu'ter", �EEE PuJ>lication No.
'.75 'CH.0990 ... :2 P.�?R, 'Paper �10. 075' 1979, IEEE..PES·.
Hin tar Power. �1ee ting, Nel.t York, January" 1975.; p p ,

1 � ,8 •

. . "',
.' ':.,'



."
'

.

.
� ...

'

"

..... : ..
'

.. :'
'

..
,'

il) 'Malik, 0., P., 'Dasil,'" P. ,K. and Hope, G. :,S.,
"Digital Prot,ectio,D, .0fa�·'Power 'Transformer" ,'lEt'E "

Publication No� 76' ,CHI075 .,. 1 P�R� Paper'No.,' A 76'
,191 - 7, IEE,E P,ES Winter ,Heeting, New York" ;,January

"

t<976 , p'p. ,1 .: 7 .'

.. . ""

J 2) Ha,llk, o , ,P., at al.; "A Unified, Approach .t-e
'

"Dif{e'ren tial, 'and
"

,Iinpeden,c;e' " Protection," IEE'X PES '

'

Summer Meeting, Paper No., A79 $71-.;" 1;, July, J9�t9 •

',13)' Rabiner, L. R., .: "Techniques for' D.e:signing 'Finite
',Duration l�pulse Response Digital Filters�, ltEE
,Trans. C01lUnun'. 'Techno.l., Vol. COM,,'" 19, Aprl.
1971," pp." 188 -,'19�.',

, ,

.

.'.

,14) • Ranj,b.ar t A., 'M., and, Cory, B � J. ,
,

" "Filters" for
"Digital Proteetlon of' Long Transmission', Lines" t
,

I,EEE, Publieat'ion, ,No. CH14S8 - 9: fWR, Paper No. ,A
':-'7"9 '41'6-';;'" '9,:: °l!',t'! PE'S' S"umlluil"r 'Me':�'t�hrg, V'a�'couver"
,July'1�79, pp. 1 � 9.

'

'15) Rocke,feller, G. ,D.,' "Fault Protection with"a Digital
Computer"," IEEE Tr'ansactions on Power Apparatus and
Systems,' Vol. ,PAS � 88, No., 4,' Ap�il ,.1969, pp.
'438 .,. ,4�4.,

'

16) Sacndev, M. S.. (Coordina'tor), Baird, T. C ..
,Brei,ngan, W. ,n., H,arbourt, C� ,0., P,hadke, A.' G,..,
Russel, ,B. D.� Udren, E., A. ,and,W,alk'er, L.' N .. ;
"Co_puter Relaying" Tutorial 'Text", IEEE Power
'Enginee,ring, $oeiety .:' Special P:ublica tion No. 97 '

ER0148 - 7, ... PWR, 1'979, pp. ,1- 79�

::"
..

17)Sachdev,-' M., S. and .'Barib'e,au, ,M. ,Aq "A, new
',"

iig()ritbm
".

:fc,r ':',

�igital ',':rufpe(Jjnce 'thflays"; IEEE
Transa�tions on Po��r App�r�tus �nd' By.tams, "Vol.
',98, .se, ;6,'Nov.lDec., 197-9, pp. 2232.,. 2240.,

18) ,Sa:chdev, M. S.t Baribeau, M. 'A.' and. Shah D.' V. t
itA Digital Com:pute,r

0

Based nire'etlonal. Distanc,e
Relay for D�ft,ectlng, Phase Phase' and Ground
Fault s .. t DaveloP:1O,ent s in Power System Protection,
I.EE Con:ference Pu1)l,lcation No. 185, Lo nd cn , June'
19tO� pp. ,:112,- 116.

,
,'.

.
..

'

19) S�c:hdev, M. oS. and Shah, D., ' V., "'Traiuformer,
Differential, ,and 'R.estricted Earth Fault Prot'ec,tion
using a Digital. :Processor", CEA, Power System,

, J�J..a,n.�J�g "ind ,,()per� tion $ee t Lo.n � ,Spring Mee ting, ,

'March, 1981.
", '

.
'

..

'

'"
, ,

. '.
.

': . .

� ":' .. .'

r-:

'.' .

.',' .

"; .

,
,

,

, "

.

:.'



160

.

20) ·Schw�ltze·t •. E� .. 0., LaT.s�n, R. R •. and Fle.chslg� A •

.. J. . .Jr. �. "An' Ef·fi,cient ·Inrus.h. Current 'Detec·tion:
'Arg'()rft:�rm "far' "f)"i:'g! t'a'l 'C:ompu·t·�l' ··�·e,.l8.Y· ,pr·c,.tectlon··

.

0 f

Transfoi'mets", ···Paper ,A .'.77 510 ,.; 1, IEEE Power
Engineering Society Summer Veeting, Mexico' City
1977.

" ..

.

, ..

21) Specht, T�.· R., "Transformer
. �ransient., Cui�eht�"�· IEE�

App.r.tus and Systems, Vol.
AP rill 9'69, p p • 2 6 9 - 2 7.6 •

Inr�sh �nd. 'ectifie�
.
Transac t ions on Powe r •

�AS - 88; �o. 4,

22) Stlgant� S. A. and Lacey, H •

. 'ran.s:f 0 rme.r_ '.' Boo:!t:.L . John son

London, 194 L

24) Syke,s, J� .A. and' 'Horrison, I. F.,' "A proposed
},fethod of' Harmonic Restraint .Differential·
Protectio� �f Tran$formers by Digital Computers"�.
tEES .. Transactions. on Power Appara:tus and· .sYStem.s,
ve i . PAS'" 91, NO.' 3"t1ayiJune, 1972,·.pp., 1266'
72.

,25)
.

.

\
.

.

W�ringt,on, A� R. van C." 'Protective Relays, Their

Theory'� Practic.e, Vol. I; Chap.man and Ha 11:
.Lond·on, .1962.

26) Westinghouse �l��tric Corporation, Relay Injtru*ent I'
'

.. Dl''lii sion, '. Newark, New Jer sey, �Efl !,e� . Pro tee ti ve :

.,,-

""",.!:.��1£��':"

,
"::.



.. ,: '.

. _.

16r
. . � ..

.8 �APPE.NDIX
.'

:
.r

.
'

..

.

.

'

.' :'. .' '.,: '.,
:

'.
.

.. '

J."1
. S'tmulace� :,Magnetizing a�d" Faul t Current wa�ef'o;�ms •.......

.
. .

". Da:ta representing. magneti ..zing .inrush arid fault c}irrent
·

wav.eforms was.· gen�Tate·d.· using the techniquEt_s·· presented' i�.·
Section 2.7 •. Table ·A.l lists the instantane'Ous· v.alues·· of

.
. ..

• the· currents represe,nting mag·ne tizing inrush,. wl.nding fault .

.

and s'im�lta,£!e:'O:us,. 'ma�netiziilg .inrush . and' win.dl:ng. fault

conditions. The· data was consi<lered to have been·samp.led at

720 H.z.. the· parameters used in comp\1ti ng the w:a·veforms have

been given in Sectien 5.5.2. The data .give� in Ta�le A.l

· va.s·. used .. for 'Off;.line t.esting. the·' digital transf'Orme,r
'.

'.

<lifferel'ltfal. a.nd
.

restricted earth fault. relay" des-C.rl.b-ed· in

Chapter' 5 �

".
.

.

. .'
.

.

-. A� .. � El.�.etit,s of ·tl1.�· L,eft :Pseu4ol�verse 'Of Rectangular Matrix"·
.

:This. appendix lists the elements .. 'Of· the left...

.. pseudo-inverse of ;.[A]
+
when • <lifferelit

'. .
.

combinations
.

'Of

sampling rate,' 4at. wi.ndow and m,:ode1' of ttte. wavef'Orm' are

'.

used.
.

. t· .'

The. method of·c:o'iilputing.th� elements''Of [A) has been

'. d-escribed in. Chapter

ette.lea.at erto�' sq�ares' filters .designed for

4.· Combinations. .' e·f· diffe.rent .:

· parameters' of

..... '

. .':' '. .... : '. .....

'. this pr'Ojec't have 'been listed. in Table 4.1. C'Oeffi�ien'ts 'Of

some '0'£
.

the ·lea:$c error' squa.ee s fll ter's are listed. frt: t.his

.

'.�.

....
.

,

.'; ..
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Table A.I In.ta�t�neoUs values of· the· simulated m8snetlzins·

.

. in.rush;·· simultaneous .' magnetizing, inrush" .and wind.ing .:',
.
·:faul t . and win·d�;ng f auL t ·curren t·· . wa.'V'efo:rms .. ' sam�ied at.
720 Rz.

Time'
msec.

0.00

.1.39
2.78

. 4.17
.

. :"Sj.• :,S, &
6.94

.. 8.)'3
. 9.72

-, 11.11
12.·50 ..

1'3.8.9 .

15.,28 .

16.66
'18.,05
19' .44

.

. 20.83
22·.'22 '.

.

:23 �'6.0
25;;00
26.38 •.

.. :,... t7."�7 7

. .29.16.
'·.·.30�55·

',' :.

"

: ,':,
.

. . .

, '.

-, Inrush
.

amps.
Inrush alld

internal fault
amps.

In tern.al ....

faul e
. amps.:

0.0
.

.: 0.0
0.0 '

0 .. 0
-. ".,4.t�J.
58.0 .

'68.8
'51.2.
10.5
0.0
0.0
0.0
0.0
0.0

", 0.0
0.0

. 10.2
47.6
59.0
42.0
1.7

.

0.0
0.0

0.0
3'.5 ..

·13.0
·

25.8
· 59 �3 .

104.)
111.8
95.5
44.0

. 19 �6
6.0
-3 �7 .

�7.1
-3.4
6.3

.

19.2
42.0

·

88.1
1.0.2.0'

.

80.2 .

.�9 .. 4
··t4�·O

.

�9.1

0;0
14.1
52.1

.

103.• 1
152.8'
187.1
19'6.2

177.1
134.1.
78.3
.23 �9
-15'.0
-28.5
-13.7
25.0.
16.8 ..

·127:1 .

162.1
171,.8 ..

'

1.53.3
1.1 1.0
.

55.7
. ;"36.3

',:,: :.
': "
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aJ'pendill�·· The e£{�ct: �f c�an8ing the design paramete·rs .on

the digital.'filter·· �oeff.icients 'is also demoDst.ra.ted.

.. .

Table .. A.2 list's .

the co:ffic.ients O'f' t.he s.co·nd, : third,:.··

......
'

fourth and fif.th rows: :'0£
. the.' [�1 t w·hen the parame·ters l1·.ted ..•......

'. .

. .'

at Item.l'�f �ab�� 4�1 weTe u�ed_

. .. . .

.
. .

In thi� �.se the da�a.was

iusumed
.

to be Loug to a waveform which c au be rep.re·sente<i by

the ,firs·t two te.r·ms of the Taylor series" expansion ,of" the

. decaying ·d.c •. ·. component and compon:ents ·0:£ the fundamental'

.'

and seco·nd harmonic' frequencies. The. data . window in tbis
... �.

.
...

"
, .,,�

.. ,. ,,", , . ,.,,,', . .... .. ',�. ;:. ',' ,,' . .' .
.

.
.

.
case was· considered -. to be . 11

..samples. Long and. samp.li.ng

frequency of 720 Hz. .

was
.

assumed.' T'able A. 3 . lists the

elements' of z he second to fifth ·rows. 'of [A]t when ,tl�:e

para,meters listed at item,.14 of Table 4.1 were· us.ed. .The

input wavefotm and samplin.g rat·e.· w.ere assumed to be'

'.

identical .t o .those use'd
.

for the pt'evio'�s case,;:' .

bu t; the data

window wa� f.Dcreas-ed to 13 samples. Examinat.ion of the.

.

el,ePl,e.�,ts of, tbe 1\1,8 tl-iqe.s ,listed ,in. Table A � 2 and A.3 IiJhow

.•. ' that
.

the v:alues of. the elements
.'
decrease as' the window size,

. .

is increas�d .... This pherio'm'enon '. indecate$. the ,increase· of

'. noise .' �uppresston" quali'ty .•. 0.£· ehe. filters' when the dat�'

.• indow is el�ng�t�d.. Noia�· tr�n8miss�cin indices i!or the
.

..

.

,fi.lters w�ose elelllent$ 'are given j,n T,abies A.2 and'A.3 ate

. .

a Le.o .given in t.hese' tables. "

-.
:_ .

Table A.4 Ust. the coefficients of the second to tiHb

.

rows' of· the 'fAIt ,whose des Lgn p'aramete'rs are'listed *itt item'
.

.. :,
"

.,' .,'

,,'
"

"
. .

.

'" .

. ,',.
" :.
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.
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·

16 of :rable· 4.1 •. The .model of the wave�orm se.1:ected l·n this

.

case
. consisted .of the' first. two terms' of the T�ylor s:eries

expansion 0.£ the·' decaYing'. ·�.c.· ..compo�ent .' and 'terms.' for the
·

fundamental; second" th�rd and fourth' harmon1� compCUlents .:
'

The dae.a was aS8ullled to be s8mpl.ed at, .J 20 Hz and. the data

Window 0.£ 13 'sampl�s ·was·
.. used.' . Table A.5 ·.11sts· :the

co�fflcients of the .econd t& .fi�th rows of 1A]t whose

.variab1e parameters are listed at item 19 ·of Table 4 .. 1. In

this case, the waveform was modelled by the first . th.i'ee

" t et'lIls
. . .

.

eompo ne-n tr .and components of 't he
. f,undamenta1,' s e cond , third

arid. fourth harmonies. A study of Tables �.4··�nd A.5 shows

that the elements of· the first·and third columns �f these

tables are' the same. However, the v.alues of "the elements of

the se.cond and fourth c;olumns are la.rger wnen the·'· decaying
. .

.
. .

· d.�c. is. r.epresented . b.y t.he. first three terms instead, of' the

·first two. terms of the Taylor. series. expa.nsion.

.
.

Table A.6.1i.sts the elements of' .the· second to' fifth

rows of the [A] t when the selected waveform.model and the.
·

sampling' rate .·were the s'a'me as those u'sed in.' the .. case' . of

'T.ables 4.3. and 4.4 but the data window was increased to

.

.... .....:.. ".
.

.'. sixteen $amples. :·Tab1e. 1;.,.7 lists the e1ements .. 'e f t.he second
" .

.

t
.... ..

'

•....
'

.....

,,�� fift��ows pf th� tAl whos� de�1gn,parameter$ are listed ..

at .i tem 26 of .Table 4.1.' . The d es Lg n pa,rame tel'S used in this .:.

case were the same' as the parameters .used in r he previous

des'ign e�c.ep't tha t' the s8;1iip1 ing f requeney wa s . ,hlereased to
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960 Hz.; An e�ami���ian� o� Tablea A�� a�d A.1'shows �hat
.

'. '. .
.

". .

..
'.

'.

in�reasing t;he: s�mpl·1n.g· freq�ency lucre'a'ses':
.

the' ., 'magni t'\ldes

Qf the' elements" o.r -I A] t -. ' this' pbemome.non is also reflected

.....• by the :·.:f.ncrease· of th�' filter's: noiee transmiSSion index .• ··
• I·

••• :

".

.. .... '.

.
.... :.. .... ..... '.'

..

'

. T,ab,les A.2 to .A. 7 rep�esent coeffie'i·en.ts of. s:ome ·of the

.

" fllters· ciesi,g,n:ed lly the le.st error sq.uare.s approach. Noise

.transmission·indiees of
.

these filters· are also given in

thes:e tables. The digital: f.ilter· de·S'·igns. repo.rted In- this

-. thesis' indica t..e "the .'I1la�A.er. ;�n ,;'�.l,l:�c;h.: . t�� ',q.u�..1.i ty of". the

filters' designed by the ·least ertor squ.res approach is

affected· when 'wavefo:rm
.

models,
.

window lenge.hs an.d a.ampling

frequeneie� are changed •.

.

'

.

I;' .

....
.'

. ..' .: ... ',.,'
.

'.' . ....
.

, .....

....
'
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Table A.%' El,re$ts of' t,he .s e e cnd , third, fourth ,'and ,;fif,t,h �o:w� 'of

" {AJ ' ." 'The' waveform, ,model,,', incorporated'·, two,' te.rms '

, representing" the decayi ng . d.c.,,' compo'nen t" "and,'
comp,onents ,'of ,the rundamental and.' s-ec ond. harmonic,

':,"'fr'e,<tu'�n'C(ie,s., "" '

, .: ,','"",,
",' ,',,", .,,' ",

Elem,ent , Digital filter c�effi�ients
• '

"

<No. '

"

.1 0.6400
2 '-0.4684
3 -0.4907
,4 -0.0257
5 0.1973

, , 6' 0.0000
7 -0 .. 1973
8 0,.0257
9 0.4907

10 0.4684
, ',"

'rr '<':-;0 �'6"t{O'O

Noise,
"index 1.8187

.', :
.

-;0.2332
,

-.0.1071
,

0,.0238,
,
0.10.7.1

,

,

0.13,80
'

0�'1429
0.1380,
0 • .1071
,,0.Q238, '

-0�1071
', .....0' .. :2'3 il2' '

'0.2143

�O.1914 0.1722'
'0�Z947 -0.0�95
{l.1504 ',-0.',.,1905,

�0�1994 '�o.�1071
-0.2746, 0.0897,
d.OOo.O 0�1905
0�2746 ' 6.0897

,,0.199� ,�o..1071
-O.l504, ,,', :-0..1905
-0",2947' ,-0.0·595
'O�'1914' 0 • .1 722

"

0.5225,' 0..2143

Table A.3 Elefents 'of the, second, 'thir.d, fourth and,' fifth rows of
[A) • ,The, ,wa,v'eform 'model' incorporated,' two,. terms

, representing' the, decaying .d , c. ,," component' and
components, of', the, fund ame.n taL an4 sec()l�d, harmonic
frequencies.

,

Element
se ,

Digital filter coefficients

1 0.2784 ' -0.117�
2 -0.�0075 ,', -0.1077,'
3, -0 • 1 783 '�O • 0735

"

- 4, '-0.2006 �0.0098
, .

5 ' -0.. 1 3 1 9 0 .0'7 3 5
6 -'0..0539 O�1470
7 0.0000. 0.1765
8 0.0539, 0.1470
9' 0 • 1 3 i 9 ' 0 • 0. 7 3 5 ",

10, 0.2006 �b�0098
, , ,

11 0.1783 ' -0�0735
12" 0.0075' "',"'0.1077,
13 O�2J84 ,,-0�1176

'firai'se
'

" index ' 0'.3398 0.1471

-0.12'92
0.1092

'

0,.1,601
0.0158

"

�O .. 150 1
;;"0 ;1580
0.000.0
,'0.,15'80

" 0.1501'
"-0,.-0158

'

-0.1601 '

'-0.1092
, 0.1292

0.2040

,

'

'0�1176
',,' 0 �04'67
-0.0931 '

....0.15,69 '

-0 �Oi35
0.0807
.0.1569
o. 08()7 '

-0.0735
.

�O .1569,
-0.0931
0.04.67 ..

0.1.176
.

·0.1471

.. ,

� ..
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Table ..
A;4 El�unt s . of the .�::nd •. �h�rd.; fourth and Ufth ro�. H··

.

IA:J1" • The .. w�irefo.�lIl·..model in'corporat"ed" tw� · ..terms

r·epresenting the' .

decaying' d .C.·. component" and

CQlII.po.rients.:'ot the fundamental, second, third arid fourth .

. .harmonic. fr'equencie's �.
'.
..

.. .

.

. EIe·men t
.

'. No ......

'.' :.D1gital filter coE!fficie�ts ..

......
.

,'
.

1 .' 0..30.92 '

•.
'

. ·�o..o.952.·
.

2
. -0..0.764 .:

'

-0.1227
.3

.

-0. �1563 . -0.0.992
4· -0.1529 0..0.079
5 -0.l563 0..0.833

. 6 -0;.0.7·64 '0.1385
7 • ��o.o.OO . 0.L746

'. � . 0.0164 0.138�
·

9 0.1563
.

O�0833 .

'

..•1-0. ..... Q· •. l.529. ..', 0 �Qo.79
.

,'11 '0..1563 -0..0.992
12 0.0764 �0.1227
.13· �0.3092 �0.O�52

Noise
ind.e.x "0..3590 0.1508

",o.�·1435 ... ':0'�'O'952''''''
·0.1411·.··· .0..0.617 ..

0. •. 1499'. -0'.0.67.5'·
-0. .00.64. -0.114.6

.

-0. .138·8 . "'0.083.3
-O�1415 0..0891
0.0.000 0..1587

. 0..1475,
.

0.0.891'
.0. .1'388 �o .0833
0 •.0064

'

.... 0. .1746
-0.�1499 -0..0675
-0.1411 0.0617

.. ' 0..1435 . o.�0952

. '.

0..2081 0.15Q.8

. Table A.5 EIQent's .of tbe' second, third,' fourth and .fifth rows o·f
[A�. The·.waveform model incorpo%ated ,th�ee term�

representing . the decayin.g· d s c , componen.t· and
eomponents of. the ·fundamental, se·co·nd,.· tbird 'and f·ourth
h.rm�n(c frequenci.s.

.

.. " . .El..••e·n,t
.

No.

.

.

.

.. .

:....
.

.

.

.

. ».r,3,i.. ta.l ,f.t,J,;·t&i ..c.oeff,i·.e-1en t s
•

.r

.

".' ....:
...

·'.1' 0.3092
'

.. 2 -; -0. .0.764
3 -0.1563

· 4' ·--0 .152.9 .

.

'.5 "'0.1563
· 6···· -0. .0164
:' 7 0.0000

.

'8 0. ...0.764
.: 9 0.1563
10'

•..

0. .15
..
29

i i 0. • .1563 ....

12 .0..0.764·'
..13 . ,,,.·4),.\30:9 2 ..

Noise:
.

....• :i.··
.

" index ." ,0.3590
· ....

, .'

.,.:,:
.

1.1027
. -2.'3004
.. 1.4821
�O. 7588 .

0.0354
0.7828

.

-0.6879.'
0.7828:'
.0..0.355
-0.758.8
1.·4821

. -2.300.4.
1.10.21

'·20.2616

" -0.1435"
.

-0.2345·"
0�1411· .0.6610
0.• 1499 .. "'{).50.27
-0.0064 '

... o.�o.364
-0.1388:

.

-0.070.2'
...0. .1475 '.' '. -0.0882
0..0000.' 0..3961'
O�·14.75 · ...� ..0882
0.13.8

.
-0.0702

0. • 0064· .' 0. � 0364
' .. "!I'O. 1499"

.

-0.50'27 .'
..

'

-0. 1411 . '0 .6610
. 0. .. 1-435 '. "",,0.2345

." 0..20.81." .1.61'41.
:1',

.i
. ; ....

:
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Table A � 6. E.lement $ . of the seco.!ld, tnird � .£o.u�th all,d fif th rows 0. f
[AlT· •. • The . wavef·o.rm . mo.del .. ' inco,rpo.rated .'. tw'O ·terms·

· representillg'! the' '. d,�caYi:ng .• d .c .. ··. '. co.mponent·. . and
,

-.

'

.

e ojaporren e s .o f". the. f undame n ta L �'. seco.nd,· third and :fourth .

ha�monic frequ�ricie ••
·

:
.

.
.

..... .'
.

.
.

Elem:etlt ...
'

.

.N��
Digi t a'L fil t e r coefficlents

..··.1 .". ·(,....1099
.

·2' 0.0427
".3' 0.0318
•• 4 "'0.0354
',5. �O .1419
6 . -0.1'705

.'. 1· -0.• 11.67
8 -0.0395
9 .. 0.0395

".10: '0.1167
11. 0.1705
12

"

O.14f'9
13. 0 .:0354

.

14 '. -0.0318 .

'.'15 "0.0427
16 '. -0'.1099

Noise
index· 0.1611

.

'.' -.0.0616"
.

'

-0 •.0795
.

..... -.0 l' 0795
: -0.0616
-0.0357.
0.03.57.

·

0.123:3 .

0.1590
0.1590.'
0 .•1233 .

.

. 0.0357
.

�O �:'(f�"S 7
-0.0616'

.

-0.0795
-0.0795
...0.0616

0.1265'
.

.-0.0677
-0 .. 011.5 ..

0�0562
0.1'124
0�0737 ..

'

.

...0.0780'
"'0.16.82
-0.0639
0.0839 :

0 •. 168.2
0.0780

.'

"'0 �OT37·
...0.1124
-0.0'562
. D.OI1S
0.0677

0.1343

.

. .
. ..

..

:
: : .

. �0.(l024 .

O�0731
·

0.0.731 :.

. ..
�

·

-0.0024
.

-0.1377,
.:

"'0.1510
0.0049

·

'.
0 � 1.426
0'.1426'

·

0�0049
'. -0.1510

.

-0.1377 .

-0.0024
0�0731

'

.

0�0731
-0.0024 .

0.1456'
.

. ·Table· A.7 Elemen·ts of the seco.nd.,· third.;' fourth' and fifth row.s o.f
.

tA)'t. . The wavefo.rm 1!lodel. inco.rpora.ted two terms
· representing' the dec.ying .

d s e , compo.nent·· and ..
. co.mponents 'of the fund.mental, second, thir:d and ·fo.urth
hartlloJ'l�.c frequ��cies.·

.

.
. . .

.

. E.lement
.

No.'

-. Digital' filter cOeffie,ie,nts

: �
..

1 0.5150 ..
'

'2 �0�304S
3 -0.1852
4 0 ..0268
5. "0.1273
6

.,

-0.2116
7 .....0�0230 .

8 0.0527'
9 ....0.0527

"·1.0: 0.0230
".

11 .'
. O,�.�.l.l,6·

.

·

12 0.1213 ....

.. 13 -0.0268
14'. 0 .• 1652

-: 15" . 0 � 3048'.
.' 16 . -0 •.5 1 5,0

-: ....

-.

Noiae .

··
.

. ...

. ' index. 0"9149
•.

-0.12.26
-,

. ",,:0 � 1;0)9.
-0.0694 .:

.

-0�OZ44
·

0 .• 0244
·

0.0694
·

0 .•. 1039 .

0.1226 .'

0.1226'
0.1039 .

0.069,4 .

"',0 ;0244
.-0.0244
.0.0694
-0.103·9 ..

··· .

-0 •.1226
.

0.,1:250 ....

-0.2271
..

0.2355'
0.1569
-0.0283

.

· -0.04.54
-0.0606

· -0.1391,'
�0.087.i
0.0871
0.1391
0.0.606
'.0.'0'454.

. 0.0283
,

'-0 � 1.569
. -0.2355

·

..0.22}1

.

'. 0.1155 ..
···

0.0478
-0.'·0478
-0.1155
-0.1155

.

-0.047.8
'

.

0�0478
·

.0.11S5
0.1155·'
0.0478

.' "'0.0478,
·

;"0.11 S5
.'. �o .1155
'. ,;",0.04is
0.0478 ':'

0.1155

. 0�3303 ..
' .', 0.1250

.' .....
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'l\P.PENDlX B

.�.

. The u.se. of we i-gltting fune t1-ons, also kn:own a..s window

'. functions t . in .... conjunc.tion with digital £il ters is exaDlined'

in this app:'ndix •. The window fU.nctioDs· are'· e.ployed to

�oncentrate the energy of �he filter in lts.pa�s-band-and to

supress leakage out.ide the band , Wind,ow f·unctions are.a.lso.·
.

.

2 4
.

used ee ove tcotile' the Gibbs phenominen '.. Tht s J)hen01tt'eno'n

·is. caused. by discontinuities in the filter" impulse' response

and" is characteri.zed by a fixed pe·rcentage. overshoot and

�ipple in the £requeniy response.

lUndowlng is,' accomplished .: ·.by . multiplying ,.

.

, h.a·· s , .e e
n.

.

e.oeffi.cients of a ...filter by.a tIme limited even weigbting,
. . .

. funetion.· wn. • Multiplication of' an impuls..e '. response· by a'..:1
.' .... . '.' . ( -,

' '. '.' ..

.window.··. function' corresponds· to convolution. of ·.the frequency \./......
'.'

response of' the filter with .. the
.

Fourier transf�rm'" of. • the)
.'

..

.
.

.

..'
.

window. If ·th.e 'weighting. function; wn.'" is chosen such that

its Fourier trans.form has a' main lobe Which. contains. a large
.

part
.

of. ,
....
the total enetgy, the resulting'· frequency'

characteristics wilL be smooth" sharp·' transitl.ons . i'n '. the
.

.'
'. .'

"

.

.
fl'equ-enc:y response woula be elimin"ted. This', however,' 1-s

. ..

�fchievea at "the 'e:i(p'f!l1s4i!, eft a w.ider iIlain
.

lobe .

and .smoothe.t
. ..' .

.
.

tr�nsitions at. t.he discontinuities.

"
.'

.

i.: ",:' .:,
.

,:'"
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.

.

-. .,

Many.' :windo.w functio.ns .have be en
.

proposed ill" ·the
.

.

.

.'
.' .

literature •. 'One o.,f th.e ·co.mmonly· use.d window ·functio.n is the'
.

.'
.

.

1
HaUlming � s wintJo.w· which. 1,'s 'd:efin:ed< as follo.w8.

� ..
'

" - 0.54 0.46 co.s(2w n/m) n - ·O, ••• ,m· .(S.la)

it m is. even

".�
. - 0 .•.54

. '.. 21t n+1r.

)o .46 c:0.:S( ......-.;:.-�-
."

.

.

1Il+ 1
·n '" 0., ••• ,Ill . (B .is)

, ..

The tr'an.sf.er . function' of a no.n;'recursiv'e' iU.gital filter

inco.rporating· ,t,he Hamming's windo.w

represented as fo.llows:.

H.(z�·· tan
.

n=o

-n
w H'Z
n

-.

(8.2)

Th. co.efficients o.f a pair' o.f no.n-recursive ·filters.

designed' by the least error squares app'roach, and already

repo.rted in Chapter 4,' are 'listed in Co.lum,iU o.ne and two. o.f
.' . .

'table B.l. Applicato.n.o.f the Ha.mming's windo.w. functio.n e.o
.

.

."
.

.

these co.ef:fic��nts result· in a new. fil ter. whose coef.ficien e.a .:

a re listed in columns' �hree and fo.ur ·o.f· Table B .1. The'

"'fr'e;quefte'Y "'r'e:tfpotrlH! (Sf :t'he "dttgntll '�'�even" 'Cii'gi tal f 11 ter
.'

."

.
.

.

'.
.,

.

whose' co.efficients aTe listed in the secol;ld column .. of·Table·

B. i
. has· been. previo.usl·y . depic ie<l ..

'

in Figure 4. 5 � The.
'. .'. � .: :

.:. " :

-". '.'

...... ...........
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·

frequency respoilse.· e f. this filter.. modified·.· by .
the.

B:.l.
"

.'
:. ,'., .... .

.

CQ.mpari.ng the two filter responses,. it i.s :observed that the

applieatio::ti ·�f •. e·h·e window fun·c.ting '. res·,d ts ·1.n s.uppres·s:ing
.' .' . "',',.. .',. "

..

· t·he. side.lobes· and, :.iDlultaneou.ly; widening the. mainlobe.

Filters f�i u�e in 41gita! relays have short impulse

reSpOnS4itS .. an',,! require ,�eroe.s a t some s pee! fied freque�eies •

. . Widening of
..

the JIlain lobe is . also not desirable.· Wind�w

· funetio·tts , therefo!'e, , ··do not offer significant advantages'

in dig! ta'l . relaying •• applications.
....

. .

.

. f'unet i,on·s·· 1ftay
.

l'rove' '.
useful if' da ta windows larger than 32

•

are used •.

. ....

': "
.

',;.'

.. "

.' :'
:: .
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Table. B.l Coeffh:i�.nts· of the .. f.u:ndamental '. frequency.. band-pass ..

"""

filters before and. after the a'pplication of t.h� �Hammirig
..

window function

.: '. '.

.'
..

.... .

" ..
'.

.

.' .

.

� .

.& -,
::7
o

s..
cu
+'
_ .

.....
"iii..
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'even' ".
' odd' 'even'

-0.0076'
""
-0.0174
-0.0308
0 .. 0043
.0.0642
0.1300
.0.1746
0.1"300
0 •.0642
0.0043
-0.0308·
';';0.0174
-0.0076

.........

Figure B�l
. Frequ�ricy response of the 60 H� digital filter
wi th

.

: the Hamming's we.ight.ing applied.'. to the

�filte� coef11eients. -'

0.3092 ··· ...0 •.0952
-0.0764 -0.1227
';';0.1,63·' -0.0�92
-0.1519 . 0�0079

-O.156j 0.08,3·
�0�0764 0.1385
0.0000 0.1746'
0.0764 ·0.1385
0.1563 ·O.b!33
6.1529 0.0079

"" ."" ,.,Q" .•I,',6.i.;. ",_,�Q.�Q;9,:�9.2
0.0764" -0.1227
-0.�092· .

-0.0952

0 .• 0'247
-0.0108

'

.. -0.0485
.0.0825

. -0.1203
.... -0.0717

0.0000
• '0.0717
0.12.03
.0.0825
0 .. 04.85

.

''-6'�'6108
-0 •.0247 .

1

.'

Nonna 11 zed F�uency··

....... '.
. ...

.

"<':'<
.

:
'

.

. ':'
.... . .... '" :

-

. .' ..
'
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APPENDIX C

T.his .. appe.".di"x shows.; how . .a
.

v�u·iable . p.ercent.age .

differen-tie·l
'

.. -c:harac:teristic can be implemented wi-thout

t't 2 A' ·typt�·al0 'or _I
t

,... taking <the square· roots· . of
. . .

.
.

eharacteristic :o·f· a va.riable perc'entage differential relay'
.

is shown in figure e .1 •. This. char.aeteTistic is'. pi.ecewise
. .'

linear.

E-q.uatlol'ls . representing the' straight lines 'in .e·g'ments 2

.and 3 of Figure e.l �rel'

10 • Ml(It ).+ Cl- ·Itl < �. < 112 ..... (C.l)
10 • ·.M2(It ) + e2 . In < � < I

(C.2)t3

.: ..
. ...

,.

.

..:. .

,

.' .'

where:' .'. ....
.

'

.

.

�l· and 112 are the 810p•• of the straight .

line
...

.

' �egme��s ..
2 . .'and 3 respective'ly

. . . .

These equations can also �e written as�

....,.
.

Lt' < I .<' L.2. �. t "4

. : -(-C. 3)
.

, ...
, ... :: .

.
. ...

.

2 . ,.'
'.

2
( 10 ) •. ( M2 (t.t) + C2 ]..

. It,2 ; < It
.

< It3
.

(C.4)

.
. .' '. � ... :

.

:.: .:" .:

,
. :.

t.:.
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':.
. Equati�.n8 C.3 and C.4 can be approximated by .. ·�:he followi�g

pair. of' e.qu�,ti.ons.

.

.
:'

-. ..
lC�5)

.where:

. It· < �. < 1:3
.
..

(C.6)

I' • is the value o·f the ordinates·· for

.same value of It obtained by

� proximate· equations.

The.sal�ent oints on the characteristics can be u�ed to

obtain the v lues of Mil, M22, ell and e22 �s follows •

.

. ID2· )2_ (tmin ..

)2·.
..._tIIIII!-�-- ...- ...'"_''_'''

Itl. )2_ . C I.tl )2

2 .. 2.
·Cli _ ( ) -Mll(I )min ... t1

MI.I • (C.7)··
..

. (C.8)

( ·)2. (I )2.
M22 ._

. D3
-

OZ
... '�-"--""-"'_--2
(

..

) - (L· )0· .. -I;t ..

.

Z
.

. 2C22· (02,··)'" M22(ItZ>

(C.9)

(C .• lO)
.

:' , ..
'

.. .

The val es of tfr cal�ul.ted usirig Equ.tion� C.5 �rid C.6
.

" '. .'

".

The· true .values ofare shown by dotted liDeS in Figure C.Z.

'.' '.' , ....

......
"

'
.

.

".
" :
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s·bow-s_ •. t h.a t

-. approxilllate v lue.s of hl. are minimal. In :this ea�e the

.·value:s used for. 1 ..... ,102. ,1-3", I , I· and I were
mln ."

.

.

--U . >:1 .1:2."
.

'1:3
0�05, 0.8, 2.� 4, l�O, 6�'0 and 12. •.0 p s u , The values.used £·or

CII, C2.2, Mil and MI2 were co�puted to be -0.62, -0.82, 0.02

. a'nd 0.04 'p.u. respectively.

to reduc computa·�.ion time" the 1:·e1ay characteristic

was mOdelled n tbe digital relay by Equations C.5 and C.6.

," "

,"
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• Figu�e C.2 the true and appro�im'ate differential pro�ection. <.: .'.
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