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- ABSTRACT

"Many kinds of relays are used to detect faults in power
transformers. - Two of these relays are the restricted earth
. fault and transformer difféerential relays. The concepts of
- harmoniec restraint. .and  variable percentage ‘differential
‘characteristic have been widely used in  the conventional

- transformer differential  relays. In the past ten years

- several methods bhave been proposed }fdr'fdesigning ,digital‘e
transformer differencial relays.g : E '

This project 1nvestigates ‘the - feasibllity of ‘EQSigning,fnf"'

a. digital differentisl -and reettic;ed,earth_feulta:eley._
. The differential protection. segmenc -includes the “harmonic

‘restraint  .and variable ‘percentage - -differential =~
- characteristic. features. Non=-recursive digital filters are.

"used - to détermine the fundamental and harmounic frequency

components of the transformer currents. - The filters have "
. been: designed using the least error squares approach, the

-~ Fourier series method .and the frequency sampling .method.:-
" The frequency responses of the designed filters have also
- been invesclgated.‘ _ o o - o ' .

A digital 1ogic implementing the restricted earth fault.
and -transformer differential relay has been ‘developed. The

_relay hae been tested using simulated internal. faults and -

_:;}magnetizing inrush .conditioue.‘ Some - test results are. 3150;“
~included. : _ , .
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1. INTRODUCTION

1.1 -Hi‘s'to‘rical -,Baclkgrr'ou"nd-'r

.-One ofrthe méjor_functions of p:otectivé de§ices is_‘to.
'detéctl the:‘océutrence_ of a pdwer‘syétem f#uit,.such as a
Short‘circﬁit,.én&-£o i§o1atér£he faulﬁed section prevénting_
&etérioration of the power system operating state.r ﬁafly”
: developmencs in this regard were the _develppment - of ffusgs'
which were ;he: first -automatic devices to ‘$e used fpr
i#oiating ﬁhelfaulted equipment. They were, and still are -
 be1q§‘-usgd-.effectively for theprotectién of distribution .
'“circuits aﬁdlsﬁbtraﬂsmiésion lines. Th; majof digaévantage
of ﬁ#iﬁg a,fuse‘is ;hat it has to be replaced ever& time it
int?rfupts'curreni in a circuit. 'Anothet major‘disadvancége
of fuses is- tha: they cannot discrimina:e easily the - faulted

zones from the unfaulted zones in a complex power system.

A signifiéani 1mproveﬁent in  power gystem. protection

- was' ;.ach1eved  'w1th' the introductionvl of automatic

7 giféuit—bfeakers- ﬁith, trip caiis energiéed  $jg-7system
fcurrénﬁs.' ‘This was . soon followed by the development of
'?rﬁéééfivéfrerays whose operation iuitiated tripping"of

| circuit,_ﬁ:eéier(gj. The early relays which‘fe;poﬁded‘to-

"~ excessive short circuit currents, were of the attracted



~ armature tyoe;_'Protective devices with greater sensitivity;_

seleofi#ityvi nd speed jwere‘ developed to'; satilfy the.

requirements of increasing complexity of power systems. ‘Tﬁe j'A

Vdevelopment of induction disc relays wes followed by 3£hef
-“balanced beam~;end; induction cup cypes.l Hoe of indi#idoell
.:relays culminated in the development of complex'oorotectng
schemes incorporating ' several relayS‘ rfOr. oerforming

sophisticated protection and control tasks.

'Solidmeta;eioeleys-werelintroduoed 1n‘l§50's. Io:their
eerly..stages of deﬁelopﬁent,'these reiafe oeed'ehermionic.
dompooenteQ{ They ;did;tnot,_,however; receive ~widespread
acceptaoce _ because of the high failureﬁ-:ateo-'of' the1
thermionic . coMponents}H'“' Later deveiopments - used
semieonductor technoiogy,"ﬁeeausedof loﬁeo,feilufe'tates'of
the-semioondooeors and smalLer poﬁef coﬁsumpfioo;ﬂmenyieolid.
- state rteleye- were developed and 1mp1ememted. 'Solid-etoce
devices have been used 1n the edesign' of -many pfoteotiver
schemes’ that include phase and amplltude compatators. 1Theee'
' devioes' require':minimum -meintenance rand :ad‘. freen?ftom.r
.eeQefel inherentiidisadvénﬁhgeoe‘of ‘tﬁe“ eieotromechadicall

relays;"'

Rapid advances in digitol proceseor” tecﬁhology Thave
"prompted thel application 'of- these deviees to industrial.
"“proeess contzol. Ihe use of real time digital computers for"

system._protectionj,was ‘fiyst'iproposedrin 19663by_Last~ande



3 B
'-Stalewsky e In a- remarkable paper,_;ROckefellerlsgproposed

'g'an- overall philosophy _for‘ using. ‘a 'digiEeI@VcOmputer,to

”-;protect all - e'requipments ihTra':substation.}‘ ‘Mann -oﬁd

. 6 :
. Morrison_ 1ater .demonstrated the feasibility of protecting-'

- a transm1511on line by a- digital couputer.‘ Hany researchers

areﬂ of—¢rhe; view that the 1ong range economic trend favors”
"dthe use of digital processors for protection‘.andg control..
New-'and 1ngenious algorithms and. processing techniques have-

’ already been proposed .

1.2 Digital Processor Relays for Transformer Differential

: Protection

In 1969 Rockefeller‘ proposed a8 method for 1dentifying
oagnetizing- 1nrush- from transformer fsul:s and proposed anr
'-algorithm fot transformer difforential proteetion. Since
:then : several 'schemes' “have been ‘-reported'r in the

4 ‘ o :
literatureYJI 2 . The object of this. project is ‘to-,study

'the previously proposed algorithms and design a digieal
| 'transformer differential relay that might be ;suitable 7fof
'replacing:;! he;r presently ‘ used electromechanical eﬁd-'
-aolfdstate;devrces. The relay design can -be divided ‘into

L two hain tasks' . the design _of digital filters and the

.'development of relay algorithm and program.
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'1.2.1 Organization of a typical digital relay -

Figﬁtéil.l-is:élbiééi-diégtamlﬁhich-dep£cté'rtﬁe ‘major 
processes- associated with a digital relay. - An analog input-
'fsubsystem accepts ac signals from power system' transducgrs,
'such #s convencional qurrent transformers_anq;#ﬁacitivé
'”cﬁrrénﬁlaﬁd voltagercranéfofmers._ The aﬁa;Og 'signélsfate
processed -ﬁ?_lpwpass filﬁéfs to“bandlimi;"tke:;ignalé. Tﬁe
:processédsignaisfapeéampledat a prespecified féce{' ‘Thea
 'de§tre47'cu£*off 'freqneﬁqy  of"the‘;analog filcers-and the a
'égmélidg rate éée'intar*depéhdént. Al1 analog signals ;rg
sampled-isiﬁultaneously‘ byr sample hénd;'hold dg#ices,:éfa
cpnverted"fo ,ﬁéuivalen; ’digitai numbers 'gndlyare 'gﬁeﬁ
tfansférfed' to the foqgessot memory/epu. ;_The pchessor
‘étores,'ofgaﬁizes,,computeé.and makes'déci§1§hi£a§§d on.‘the'

sampléd values of the signals.
1.3 Oggline of the Thesis

- This théﬁ;é'is ofganized‘into six cﬁaptgts “and  three ..
appendices. Chapter- 2"'teview§ briefly the philosophy 
‘generally used for protecting power system elements. Fault{

:affecting, power transformers and- methqu _used to detect

these: faults are‘ outlined briefly..j Transformefé usuaily.'.“

experiencer magnetizing 1nrush when switched on to an energyf
_sggree.g“?hig,gquition-is a‘transient which_Jlasts for ‘a:

:Bhort dur&tibﬁ i6h1y andrrhas_ to be :diétinguished-ffromﬁ
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f,intecneigﬁfsulcs.uMechods“sf fmathémaeieg;iy'ff;imuiatiﬁgfﬁ”
,fidterﬁsl':fsuiss;iuhaguetiéing'inrush asd siuuitsueousffsuls"

‘iisnd magnetizing inrush are described. Some system data wss
:genera;ed--using these methods and was. later used in. testing'fr

tﬁe relsy;

:Chapter u3'ipresents‘ :he"feview ‘ofj':he: ?pieviousiy7:
published techniques used for digital differential
‘ﬁrotecéion:of-tra#sfoémers,‘ Algorithus reviewed'eiu‘:this
'chsptecl;usel;a';siméie_wsueshspe_icentificstion mgfhbd]aﬁd

, diéital : fiitering techniques. 'Bc:ﬁi”,secussive "suc
uncu-recutsiveifilters have beenrused in the:wsrk seporced_in,_

the.literature; '

Chapter 4 briefly ipresents ";hree'-techniques " of |
-designing _non*fecursive"digitsifiiters._These'techniques
are based on gche leest error‘,squares ‘&bpfosch; Fourie:i

.-seriesriand frequency ssmpling methods.r frequency respouse".
.: .of‘.the digital filte:s designed by these ‘ﬁethcﬂs‘fare
exemined. 7.Me:hods'”ef_ evaluating the filter responses sree;:

also described in this chapter.

“The design philosophies used in :the_ propssed digi:al ,

relay 'are discussed in Chapter 5.1 The development of the i

.variable percentage and harmonic restraint characteristic is
‘also presented._‘ Also ‘sutlined is wthe‘ relsy slgorithm.t,

Three versions of the relsy‘.ﬁerei-programméd;‘_;ehchf'using



~digital f--filrer---"&eéigned by one of the three techniques'-

*‘desctibed in Chapter 4. Tﬁe ,releyfewae _tgsted -q§1ng H;hé.7'7”‘

simulated data generated ~in Chapter 2,T.Seme tesfereeulis.,‘

iateflntluded“in'this:chepter;

Chepter 6 presents a ‘brief summary and conclesfeﬁsv-of“'

_ fheegeﬁudiee reported 1n this thesis. A list of refetences:
1sigi§en'fin ‘Chapter -T;' The references:;f lieted 'in”

alphebetical order of the last name of the first euthor.e

theptee al inciudesr threew.eppendices;';rAﬁﬁeeeiﬁ :A
eonteiﬁS' the data representing magnetizing inrush and fault
lcurrent waveferms that are: used in the off—line testing of.
‘:he digital relay. This appendix elso lists- the elements of
the filters designed by the 1eas: error. squares apptoach.’
.Appendix‘ B briefly describes the use of weighting functione
'with non-vecutsive digital filters.. Appendix fC show3‘ how
_the. . .varfable.. pereem;age defenential characteristic can be
‘implemented effeciently reducing cemputatioﬂs 1nl?fhe ,relay

'-algorithm.



2. TRANSFORMER PROTECTION & - -

The philosophy of power system pfotection- erriefly_w

-,described in this chapter. 'Faults affecting the performancea-'

_of pover. transformers are ,identified. Hethods rusedf fof-
detectingf,traneformeri-fa@l;s aud isolating ‘theeaffeEEed.
:crensforﬁer f;eﬁ:the .remaining system are ;;etiewed_witﬁl
iparticular ‘eﬁpﬁesis jori differential cu:reﬁx"fei§§1ng,-yrﬁg
0perating conditions which adversely affect the‘ pe&forﬁahce
of diffe:eptiai _‘relays.-afe_.outlined.“ Limitetipesi-of’~
transfermer diffetential prefectipn ere Valso ‘ekemined..
Mathematicai :iﬁodeis .;fof 7.simulatingwijeefrent:aﬁevefqrm
representieg':mageetizing 'ierush;f' hinding fenlcs 'end
aimuifeneoﬁe magneciZihg:inrueﬁ;end Gindipg'faﬁltsafe:hen-

established.
2.1 PibfeetionePhiloaophy"

Fault sensing andlswitching Vdevieee .are provided in‘
.léower systems rco 1imit equipment damage during faults ande
3overloads, and to minimize :he disturbing effects of faults
"oh'“;he_fsysteqzs.i .Thie '15“ accomplished- by dividing the

ggyetemkigto pr;ective'eoeee;e A zone usually includes eope
.jlﬁajot eeleméeciand:is.eepefatedifrométheggemaiping.systeﬁ'By'

ieircuit—breakeréVes.shqwﬁ'iﬁ Figure 2.1. Protective relays
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‘;T.ote‘oeploiedvto“ochieée tﬁo’oojeotives.: Thelfitst objeotioeh

. i's to detect the existanCe of a fault and identify the _zonel.-"”

B {f which it has occurred. The second objective is to open:

rfcircuit breakets to isolate the faulted zone.i; ;ﬁi addition‘:
to-these actions; the protective relay may‘alett en operator
and start equipment for recording the system ,cnrremts- ond

"voltages during ‘the fault.-

Protective relays are exciteo by the outputs of current!
end voltage trensformers which are in turn. connected to the
sfstem element that is_to be protected. An'euxiliary'Source

provides‘enetgy_requireofto open oitcuit btesters;?}ln'power
:systems,: the'econtinuity' ofr_.snpply -is ”ienTi-importent.
-oonaidetation'ano:ptecautions ere, therefore, taken to avoid

unwarranted isolation of the system elements--‘

2.2 Faults Affecting the Power Transformer
'Fsultsiaffeoting a=powet_ transfotner,joant be di#ided_f

'into- two-'categories:l’tthrough-faults end internal faults.”

'guFaults outside the protective zone of the‘*transformer fate‘

classified as through faults and the faults in the protected
zone of the transfotmer are claesified as internal faults.
“ost faolts care associated with excessive currents flowing

' in the windings of . ;transformers. . These‘ ourrents ‘usually .

"fproduce mechanical and thermal stresses in the transformerﬂ_y‘

_ 'windings and also in the connecting bus bars._~



i
‘eIt‘Ria-‘potﬁseeeentialf tb disconneet;ea: ‘tfeneférmerf:
fimmediately from"the system when a through fault uccurs or;'
‘-when the trwn@former is overloaded However,;if n;h -fault:;
'T_is not isolated within a predetetmined time, the transformer.e

[N

;‘must,be,disconnectedrto,protect frpm_serious;damagea;°'

stuelly_e.t?anSfofmer can sustain overloads for long

periods of time- whieh;depehd on the permitted temperature

" rise in the windingsf*end'.the”:cooling medium. Excéssive_;;-f

'_QVerloads cause dinsulation . deterioration . and 1subsequent

'failurea

fﬁxte?nE1lsﬁorteeireeitsfare’sometimes :11mited bi-the
transfe;mer~preactaﬁce.enly;‘ Since this reactance is small,f
:feult'cnrrente 1n:3the3e_ eeses-;eref‘excessivea i'lf these o
'cufrents_eare 'allowed to persiet fof more then a fewrcycles:r
'(fet 60sz )?--they‘, n_,cause extensive damagel,to ‘ the

transformer. .

Internal faults'cenfbe:eubdieiﬁedginto ineipient f;§1;gl.”
'”endQ'phaxe to pﬁeeé; p§esea£6'gfoued and”inter;ﬁ:n:faﬁlts;e-t:
The-peiﬁi pu:eeee.eef.;trahsfermer. rele§s e£e .toJ i&eetify 7
'-‘EOﬁditienef which :efise-:from'faultS'inside-ehe?traeeformergﬁ
:fzone and - open circuit breakers toisolete-tﬁe'ﬁzeee :fﬁusre-

'minimizing:the~damage,.{ ,.
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:Phase ;qlpﬁasef”faultsl on the highﬂﬂyolfdgé' of_”low S

'".~voltage7Eérmin&l§76f,iransfotmerslare rare,”butlsingle-phaSe

g ground faults in ftﬁp 'Ehgﬂgersflsometimés deVelqp cinto -

'Phase ,ti phase faults. 1Thgaé*jféﬁlts,:cahse-guhstantialgf

"reductions lﬂin-: them_:systeﬁ ;vdl;age-!fcéﬁéingf_ fdfthét{? fu

'complications(z

"Phé;e_;q;grpund.féults-on “the high rvoltAgér-and low
_voltagé.-éiﬁAingQ of transformer§ are mainly due to bushing
.failures and flashovera within the - transformer ‘tank._‘ ihé
,severity; of ;these ;fgults depend on the the design ‘of the

transformer'and the:mefhod'ofugrounding”the systemlneutralm

Int;rturn'féults ih-thé high VOlfage _andi IQV' vélnage.
1windings cﬁdse localized burniﬁg-ﬁf'the cbn&dénors.of iﬁe-
affe¢t§&l coil, and by charring ‘and bfeakdownu‘qf‘l the.
_:intefturn ; insulation iof' tﬁe- coi11} Initial iﬁteriurﬁ~
“insulation failure does not draw sufficient curreut from the :

‘mains"a : is-'hard ﬁto' detect until the-fault'extends t0o

-embrace a considerable portion of the affected winding. The .

r’majority {off'thé_.in;ernal ifaul:s_ which occur within the‘

.Jwinding-are”iﬁte:;ufn'faults;_

-Incipieﬂtﬁ faulcs  aréglé1so'_ihtgrna1"mféultsmx which7;5‘

constitute*“ q.limmediate hazafds Howevérlif'théyfare left . -

.undetected they may develop into major faults.-'Méjoritir of

‘i_fa“lts,iin'this-catQSOIY ate core faUItS.. due to failure af:ﬂffl'



l'-jé?é Tf;ﬁsfdrmer Rrorection:£

T ¢ T @)

7] ithé insulation‘H‘Betﬁéen nfﬁhe' 'cofé: laminations and
 ”deteriorat1on of transformer oil due to overheating\/ 4ﬂ¢¥f;§
Ay

:Ihé; Choice ‘of protection-; SYstems. 7§§i;;teda5*forfﬁ'
“application- tdr # tranaformer 1s influenced by the size andf
1mpo;tancgi,of.f§h§' ttansfprmer,-x Small t;ansﬁotmers argﬂ
usua11y~ ﬁfdt§ctéd' by - o§ercufren£ and.instiﬁtaneouslearth::“
'fault ;elgxs Only.agﬁwr lagger transfcrmers restricted earth.-.
  fau1§V—:e1ays.-and igas;fénd oil surge detection relays are
. ﬁrﬁvidéd;' Diffefghcia1 protection 1s:used fo:":raqsformgrs. 

o : 25
-'ofrovet ZO_HVA‘racing .
2.3.1 Gas and 61178urge rg1ay§

Most power transformers are 011 1mmersed. ;A  interhﬁl ;'
:"fault ‘in such a transformer is often accompanied by violen{
o  re1ease~of gas.;;The‘heavy shorcécircu;ts _raptdly__inc:gasejr

the_gqilr“teﬁﬁefatﬁré-cd-the'vaporizing‘témperature'cﬁeating

ﬂ*pressure surge in the transformer tank forcing i611‘ £o 'the,'{“

-consetvator." Mbst incipient faults can- be detected only by
monitoring the release of gas. Othet typesu qf_-procection

,'are either nonresponsive or are not sufficiently sensitive.

:% The'dev;ce'uséd*tofdgtect'anﬂiﬁcipien; fau1t ,1s ‘known

as. the Bucholz relay.. Tt is fitted between the transformer



'”and its conservator ‘tank. It also detects excessive 1eakage:l

[1“of' oil from the transformer tank by detecting a drop in thef ._,2

‘;oil 1eve1 in the tank.¢ This relay ,is"usually_.appiiede to -

:;dsupplement-"gthe s differential protection i ofﬂwhponerqﬁ'~‘33?

tranaformers.
2.3.2 Sudden'pressure‘proteetion

Some trsnsforners“hase ‘a.”gss"cusnion:linstead jof,‘sj
‘;Qoonservator :Aﬁk;,i The Bucholz. relay cen not be applied in
-these cases. and is replaced by:.a ‘sudden ‘pressure relay-s
' ThiS' device is. mounted on the tank atovefthe,oii leyei_and :
'Vdmonitorsn,the rete'io :-rise of the' upressuree: in*'.tnei;
N :Eassfo;ﬁef. ,:Itr"does not ‘operate Tondstetie:pressure or
j-;small pressure.changes resulting from :normalioperstion.-ofr
" the transformer.j.t-The;-Sudden pressure reiafis'.’ more
1 'sensitive to light internal faults‘ than , h‘ differentialt
-srelay.‘ :ItSi operating ‘time varies from 1/2 cycle to 37

o 25
.cycles depending on the severity of the fault.:;r'

2.3.3 Oreronrrent;relei

«y .

A -feuit:iexternal'ito;.a‘ trsnsforner“results in”:an'
f,overloadsnnich can cause trsnsformer:feilure if:the fault is.
“not cleared promptly.3 Overcurrent relays are often used

.'_isolate the7 transformer before it is damaged. ;In the'case

- of. small transformers, overcurrent relays are used for both



oﬁerload~ 1end fault protection._Taﬁn_ extremely 1ﬁverse;H-c,t

Qtime-overcurrent characteristic is preferable l‘or overload17c

:and light faults, with an instantaneous overcurrent unit forxr T

'fheavy faults.3?0n'_latge;;trensformers, 'overcurrent_-relaysfﬁ R

ttprovide‘ backup .forfftﬂe‘ differentiel réiayé;‘~oJercu:f§ﬁéeT-'

frelays are’ simple and inexpensive; but their application »ieu~f

limited?-by'_their low resolution--of_ the setting end the
.neceseity ;of¥ oroviding-itime{,deiay for: eoordinatton.;ofr

melays;&"
2;3;4lRestrictedleartb‘fault relay

The moet comooo type-of faults '1n_7§§w§f irenﬁfoiﬁérsf“
;iare ingle‘rphase_rtot.ground faulte;,. These-;cehjbe best:
detected” by” osing 'restricted eerth‘ fault telays. .:rﬁé_r
:principle ‘useo"isc'curreut balarce. {A typical restrictedr

-_earth fault relay applied to - the wye side of a three phase‘

tuo winding trangformer  1s shown tn Figure 2. 2. In thisu;"” .

Vreley,~the three'line-ﬁcurrents- ere‘ balanced iagainst the _- 

v‘fcurrent in.rthe transformer neutral. For a line to ground
ffault outside the zone of . the restricted earth fault relav‘
'the neutral current is the same as 31 At the transformer
.terhinals.: Curreut in the operating coil of the restricted;.
h'earth fault relay 13, therefore, zero. However, in case.of
-a’ phase to ground fault in the protected zoﬁe,‘gﬁﬁé' neutral”

,currentg,will -no‘l-be balanced : ~-31 at the transformer

iqteroinels;ifcurrent‘would, therefore. flow in the restricted_k;'
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3  FiguréJ2;2; Restr1cted7garth faulgrscheme.-fgr.[a *de1ta/wye
T transformer. o o

N



':ef12l_jff’”

eearth fault relay which ﬁould operate. This restricted

'}:earth fault protection will however, not respond .tb “;wo S

phase 'e d—athree phase faults on the wye side which ‘may . be .

.;-inside,or‘euteide the:protected‘zone;of :hearelay._§ '

| The extent of the winding protected'hbyf’ “'feetricted
_eaith -fault relay applied to the wye side of a transformer
.depepds on-the ~se1ected..rat1ng' ofl the neutral earthing

. reeiéto:fend the relay setting.

fThe'Eestricted eaeth.fauit-ﬁfeteetion applied{ fo"tﬁe
delta side of a wye/delta transformer, the three line cats’
are connected in parallel with the operating element of the
.relayp,"Thie -scheme .tesponds go.earth-faults on ;he_delte

‘side but does not respond to eerth feults on the wye side of

:the transformer.},f
' 2.3.5 Differential protection

nanefeeCutersTofltfansformers:usually reeommenejtheteuae
":peftéﬁtage differential ‘etelay.'be. usad efdf; aileep6wer
rrltransformers" of 1000 kVA  and higher‘ retingss‘zﬁ.  The =
 'pr1ne1p1e of differential protection compares the outputs of
7currentyt:ensformers,1nsta11ed on the primargeaud 'secondaryy
7sides% b£i_ee ereﬁefofme}.e"Theiconnee;iens e;e'eelected ie-
”Sﬁeﬁi@;ﬁﬁhﬁei'that ﬁ57euuren;‘f1§w; in the epefaeing elemenf

" 0f the “relay during normal Vpoﬁef‘ flow eoedifiensf-end



e

:'ferteresltfaults. Figure 2, 3 depicts a typical differentialv'”'
riprotection f arrangenent .tor_;s ‘three  phaserite.f‘winding"

' rrensﬁormers In case of the wye/delte transformer, the‘line‘

currents.lon”‘the primary :and‘ the -secondary ‘side of the

transformer are : not i phase with .each other,;‘but‘-ére.

rdisplaced_ by 30 degrees._‘To eliminate this discrepancy the

c.t. . secondaries ere ‘connected“in“delta ‘on; the wye ... -

connected side and are wye connected on‘the*delte'connected'

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

_ratio',wyeldelta “transformer are-equal. The outputs of the(

delta connected ¢.t.’s are /3_:1me§ larger than‘the7_outputs

of the wye connectedfc.t.’s.' This‘differeece:isrcompenseted'i

by_using,suitatle c1t."ratios.

Doring nérmalVoperating.conditionS'and;external-faults;-

'the transformer primary ‘and secondary currents are balanced‘-

in phase snd -magnitude. The 'c.t. 'Secondary~'currents,
: therefore. circulate only through the_restraining element of

the‘ differential relay.- .Ax change 'in‘ thei power f flow

coﬁditions-‘which -upsets the balance causes current ‘to flow

in the opereting winding of the relay.

f The presence of differential current or a sudden change_-

in its magnitude is not, by itself ‘an infallible.ineication

of. the presence of a fault fin' the transforner zone.':-In..

o uﬁpraomiee,;ﬁth open&tion ef & differential protection relay

1s adversely affected by several factors which are discussedr

:
Y
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‘Pigure 2.3 -Differentizl current .pfctect‘i'on*f'-"'sc'hem‘e for a
-‘d_‘?'l'tﬂfwye "transformer. : - s , .
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in the next ‘sectiom.

‘2 o Operen&ng GenditionesAevereely Affecting Differential

Relays

‘Theleﬁeretioe‘of mtraheferﬁer_ differehtiailurelays“iis
ad¥erse1y ‘affected :by“four ma jor non-lineere;bhenpmeﬁei

‘These-lare:'.‘magnetizing inrush, differences B in,.uthe

: eharecteristics - of c.t.’s8 used on the primary and secondary."

side of ‘the transformer, overexcita:ion and Cota .rratio o
mismatch5 25_l These phenOmena'cauee_fiow'of'eefrents‘in'the.
operating - coils of':differentiai;‘relaye"even'ewhen' the

'trensformersr a:e:'not'ifaulted.-‘ConSeqﬁently;-transfermers
may be'premoved from servicea*. Traﬁsforher differentihl

relays - with percentage and harmonic restraint features are

immune'te'the, adverse effects' of 'these phenomena. . The
phenomeﬁa",;of "-megnetizingl,.inrush, Cete mismatch,

oferexeitaeiOn-and ratio mismatch are briefl?erekamieeﬂ__in
"thie -'seetion.- ‘The . objective‘,_is ‘eo illustrate ‘the
tsignificance of including the percentage bias and harmonic‘*

‘restraint features in a relay design.a
_'2.&;Li1nrush'curren;

A transformer may experience magnetizing inrush current

 -"6f”epeak Jvalues wHinh may be ‘several timee the rated full
. 22

'1oad-curfent.f5The magnitudes of inrueh curzente,depend-on:




- :f(ij Tehe'ekci;ation1mpedehce thch;ié §e§y'i§§ s
 ;ehen'the-ﬁfansformet‘oore-£s e&tureced.ofo"
,(iiji?@he residual‘flux in the transformer core.,;"".-""E
" -(iii)-:the 1astant of che voltage waveform“~whenf‘£fﬁde
xithe:ttansformer 1slconnected_togghe'poee:si'o eﬂf:

" ‘seurce.

Due'toethe-eaturetion'of the_tfeoéformer eore,'the shape¥ offa
.the. inrushroeurrent.-wave  is ‘highl§'dietoreed; :Sihceiﬁﬁe;L ;
1nrush curreatanLow Ln;eLther the primary or theﬂ seooodar7=‘

windings _o§ a transformer, they appear to the differential

relays as,operatihg currents.

: When'a'tfansfofﬁet-is energized .from ,an,”a,c;" power
‘source, the wvaveform of the steady state flux io the core-
is in quadrature with :he'source voltage E. Tt is well

known' théteiftan-alterﬁating supply is switehed-co a highly

linductive circuit At the instent when the voltage is passingo;'ﬁ"

'fthrough zero,.flux doubling will occuraz} _If e transformer“
'*;is_energiied,at.ap‘instant of athe,rvo;tage‘fﬁevefofm,'wﬁichef-
Tnoemallﬁ eoféesoon&s to tHe'reeidue1 flux‘deneity within'tﬁe.‘. 
core, the switching in would be a smooth continuation of 7; 
_ previous, operation _and; will .oot‘ give .:isef to megnetie‘
-trensients. ~Howeveri'iﬁ'pfactice; the.inetant:of:‘Swioéhihg-
"ie uncontrolled €;nd“therefore magnetizing transients areu" 
ilunavoidable.l To- understand the phenomenon, consider Figupei.

2.4 which; ehoWSua'typieal}BlH curve’ of a transformer'eofe;
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- Figure 2.4 'Hysteresis loop for transfotmer iron core.s



When the power.-supplv-i.e rswitehed"'.f, thec‘msgnetizing”-
current decreases to. zero while the flux density follows the -
hysteresis loop., At current interruption the flux densityf

in the core corresponds to Br' shown in Figure 2 h

'VPignrelgrS_”shows;lthe? waveforns 'bf"theﬁ magnetizing'
-cnrrentltand:;ths: flun density in rhe.transformer core. ‘In
this case the current was 1nterrrupted at’ the instant of 1tsi
nsturalr—negative 'going - zero :crossing.‘  The core flux at‘,
';current 1wtemruptian had 3 nslue‘ *Bi.ethe, residual flux.i

Since thes transformer was considered to have bsen switchee
off and ‘the magnetizing current was assumed ;tn have beenf'
-interrupted, thei core flux remains ‘at +B and the current;
continues co.sé zerot If the transformerlwere not snitched
- off,- the enrrsnt snd"flux_'density. weveforms~wodld‘have
:'.fellowed;thejdgtted.enrves. 7Now1sssnms that’the'trsnsforner3

isiire?energized st,fa»-later_'instant, to , when the flux

stnsity{wauiﬂshanewheen nunmally Matm;itsu.negatiref,nsximnm:,'”

‘vaine," *3ﬁé¥5,-:7 fhsrf:magnetic iflun which is .15  thei.
transfnrnerfcore tannpt:chsnge instantaneously.‘_;Ihsn;flns
wave, rtherefsre;f-starts .frdn the residusivalne-Bf:and
follows the Curve By . This curve is.a‘sinuseid_Hriding:‘a

,d.c.n offset,_ The transformer core saturates,‘uit doés not

. modify the flux. Instead the magnetizing current‘rrequiredr'l

. tef pro&ucea thef flux is drawn from the electrical source.
This currtent is substantially‘ greater than tths 3normalr'

'1 magnetizing current 11 shown in Figure 2 5.
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The peak value of the inrush current deeays:fgredueily-.'

due to; the resistance in the primary cireuit. The voltage*

impressed on the primary winding of Vthe- ttansformeri”fs_~'

.:modified by the voltage drop in thearesistance_, The rate of

.decay of the transient intush phenomena is large during nthe
'fitst few cycles beeause of the shorter time constant of the

circuit. gw lMMSin,.

6‘]“’""1\-6’\11; "““““n C.fewmg g‘# L3 ,Eml’l' (”M

f2.4.2 Hisﬂnatcn of cnrtent transforners

Matehing of the lcharscteristics oft the primarf ‘and
-secondary c.t.’'s. is difficult because of differences in the"
designs of ¢.t.’s8 for use on different voltage levels. ‘-The-‘
:fprectice.,ofseutilizing»rmeterials tto-. e;,limfts.of;their
‘oenetilities'nes:resulted .in mostf*commereially 'arailable-
currentf transformers having e tendeney to saturatefeven et
‘ ,moderate— overloeds;g; Saturetion manifests in.‘the" e.tri:

wsecondary .currents .whieh include harnonit copponents. 'Tne:
"lengths of leeds eonnecting the current trensformers to‘ the'
relay~ are sually unequalt, 1The primary anni.secondarfﬂr
- c.t, therefore, feed loads of different VA burdens. ﬁThis‘

””unbalance ,causgs 1thef_c.t. s to operateuet different ratio-

errorWlevels whieh results in currents flowing .in the .

'opereting eleuents of the differential relay.
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-:.2;4.3'Ttaﬁsf¢rﬁer overexcitation

A trsnsformer may be‘suﬁjected ‘to sustained overvolgage
'_6ﬁ_ load 'rejection  6: '§h“clearing of an external fault.
  During these periods.thé flux density in the core ‘iﬁérease§\’
resultingr'in-;théj transformer drawing large magne:izing'

f_currents which include components of odd harmonics.
'2.4.4 Ratio mismatch

' Another‘éoﬁrpe'of unbé;ancé .iﬁ the ﬁismatch~ 65‘ the -
ratios offc.t.'s and the poﬁér ﬁransformerfwhich ﬁhe c.f.‘
'gre.uéed‘to protecﬁ,"_Mdst‘power ;rénsformérs‘ are equipped

"with_\uﬁ*lpad' tﬁp changing equipmeﬁts The operation of tap
"chéngefs;’éhaﬁge,the'turns ratio .bétween the primaty-‘and
,secondary--gidés :bf the power #:ansformer..:51nc§'tﬁé c.tf
ratios are_dsua}lf sglecﬁed Eo .ﬁatch at‘-one, tap. setfinéf
'-wﬁgnlg,aﬁbhégiﬁuﬁput§~ﬂ53§heapf&mat§§&n¢maémewéary éi&é;c;t.?sl
WVdS'nétfbaianc§ ﬁﬁen‘the powér ﬁranéfofmer oﬁéfafés}gﬁig jt#ﬁ
 settiﬁ# other thaﬂ'atiwhich the c.t. rét;os.were-initiallyl-

.matéhed.

Factors that-affect'the performance of the differential
félay have . been described in this section.. In addition to

these factors;jthe.différentiai'_relay is iimited 'ih“ité

“ability to _féspond to _éafth 'faults.r The operation of g

-‘differential relay 1n case of a single 1ine to ground fan1t ~



e

"f'faoltr"oﬁgfrhef:ﬁyerLside fof'3alfrhree'phaee'traeeformerfie.3e

-&ieeoeeeduinfrhernexr section.

© 2.5 Linitations of Transformer Differential Protection . -

‘Relays ™

" The transformer differential protection is 11mited 'tn--
‘f:its ability to respoud effecrively to an earrh faultzs. The
.presense of an earthing resistor imposes further limitarionSw‘

;he sensitivity of transformer differential relays.' The

- earth feulc current 1u thie case: depends on the value of thle'

earrhing resietor and is proportional to’ the distance of the'
~faulrrfrom the neutral-'end ‘of the -winding.‘ Consider —e
rﬂeltajwye transformer wico' the neutrel earehed through a‘
Vresistor R ‘a’s shown in Figure 2 6.7 For a 1 1 voltage 'rario .
Tthe primery Co secondary turn ratio is /_ l.e Ae earrh;faolt}[i
;et“100 % of the winding'on the secondaryrside-correEPOodo to:
primary current whose magnitude is 1/ J? rimes the fault
current on.. rhe secondary side tha: ean be represencedl |

E follows~'_;f

.',1' - : . - — _—
= R UL

',,fxfp.‘;s rherfeultieurrenr,oo theﬁprimary:ride

y Ifs 'V_is‘.-i‘th:e“fa__u]‘.t ,Cl_-lrt."ent '- on" thé' .'seco'n'c‘i.er‘y.. : side S
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‘Since che position pf 'thr fault on':;he fsecdﬁdafy side

Varies,. Fh effeCtlve ‘ratio of transformation between the S

primaty and secondaty windings also varies. - For _an _earthg
 fault'fét!‘klZ,wof  ;'” .wind1ng on the secondary side, the

:secondary currenc in terms of Ifs is as follws.

T, * Lg . X mw= ' T (2.2)
sx . 7fs 100 | L ,

- The éffectivé-turns ratidﬁof priﬁary to ~secondagy‘.i§"now-
‘/E:xlloo,"énd-;hg corresponding current on the primary side

' is as follows.

S U ;t273)
1 Cm I, X s X = S R
R T 0 v | o
‘wheré:
;I#x__islthe primary ceurrent for an earth fault
-  ¥;§th,] of. the uinﬁing on the secon¢ary side

‘Subsfitutingrih:thiﬁ equation the valuefof'fgx from Equat1on
Z;Z,Vthe'following”équation.1§.obtained.‘
1 - =100 Y1, T '7i7(2.¢):

. From'the'abbve'éxpreSSioﬁVit 1s;:evident'lthat~ the Tprimaryf

: féult ‘ curtent 'is' proportional tof‘the; square 'off the - =

percentage of the shortcircuited winding.z Figure 2 7 fshoWs'
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Figuréai;ﬁ .EaitEEféult-dn.tﬁe'wye'windingﬁ'of,'a'fdeltafW?e*

"transformer. -

&  :
0-" - 20 -
p u. settIng T

i .
i
1

Figure 2 7 Amount of winding protected when transfotmer4sis._
resistance earthed. - : S :
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 ffaﬁ1t'. éuffént; ;‘i§::.ﬁ. primary ﬁihding‘nfot £diffefeﬁt7
locations of faulcé on the secondary winding.L‘:This figuré‘
.,indrnges that, qt praauieal ralay settings, large portions
of.rﬁélﬁindings are-not protected.  Restricted:‘earthglfaulg_  

.'fEIafsJaa;; therefote_uuﬁed' iq:fméﬁy 'éaséé.w ?hese-relays:
1 'provide earth. fault- proteccion to larger part _3;f:r£h§_.wye

'connected winding.

For a. ground fault on the delta winding,;‘the "relation
between rthe fault,-current; and the fault location is very
cbmplek and depends bn;the'nature of the pqwer system to.

‘which the delta ﬁinding-is connected.

2.6 Différéhtial.Relayuﬁith Percentage Biasrénd Harmonic

Reé;raint'

The principlé of operation of a différeptial~relay {has
' ﬁeenr described 1n Section 2.3. 5. Thé factn;s'éffecting the .‘:

jdpefation of a transformer differential relay - have been

reviewéd:uin Gections " 2.h and'Z.S. One of,thé mbét common-¢'~

..type of‘transformer differential'relay-is._the'Vdifférential‘”
-relay with,peréentage.bias and harmcnic'restraing._lA brief

descriptlon Qf this relay is given in this sgétion.h'

ﬂThis'reIay "is based - on the . diffefehtial principle
, L R 25 '
“,”désgffﬁgaﬁf%ﬁtlie;mfﬁ?thi%”ﬁﬂﬁﬁtﬁrd5 The ogerating coil is

 provided with';he veqtdtisum of the primary and  secondary



_sideifcrrreeteﬁeﬁﬁ'rﬁelresrreiniﬁQTEOii.reeeives rheﬁthregghr-i
”;eerrenrs.  The differential current required to operete':rﬁer
 re1ay' ieﬂjexpressed as a percentage of the through current.
'°rThis ratio is referred ‘£o- as percent 'slope eef'rther-relay
characteristic.;' Figure' 2.8 shows the variable percentage

_,?charaeteristic of a typical differential relay._ fi._

‘The differential 'relay. with 'percentage .'ﬁias 'Tand
-harﬁoﬁic_‘restra;nt' can reepond at a’ high speed to 1nterna1
| ’-ﬁéﬂlts?"hii%~t&sﬁraininareegratinnmeﬁuringhwexrerpaI\ faults
'and.'megnetizing-.inrush‘ codditions. Magnetiziegfirrush‘is'
recogeized by‘rirs second ande hiéher ~harmoeic--freqnenc§.
components.; :Auelyses of inrush currents indicate that the'
-rsecond harmonic component predominates. .This‘COmponent 1is,
therefore,_sobtained_ ueing' filters and'is-ueed'ro.reerraih,
, the-‘epererion of.rrheg.differenriale-dﬁi;. - The rﬁarmenic ;
rreetraintefunfrr'makeeethe differentiel re1&y insehsitive to

-‘WeeegnerizineQLnQQShjsnrrenrs.‘

Many differential relays . are :alsp_r prerided- 'ﬁiﬁh )
';insrantaneous "over -'current heits iﬂthe:'differeﬁriel
-circuit,- These units-iereﬂ'set 'a§9ve _the_,maximuﬁzlinruee. o
'current | but ‘ operate rin- less ethan‘ dne',cyele .if”;eh;
differential current exceeds the. high ser vaiue.if,ie'.thief

~;way_fast tripping‘is assured for heavy 1nterhal_faﬁ1ts«‘:
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2.7 Simulation of Inrush and Fault Data
Techniques'"fo simulating the negnetisings:7inrush,

'i winding faults and simultaneous magnetizing inrush,iandﬁ-u

winding faults are outlined in this section. ~Progrems Were"

"“developed to‘.compute ‘the: current. waveforms representing o

_‘transformerf.Emagnetizing- inrush, winding __faults s,;ndd
- .. sfmultaneous i-nngnetising  inrush snd ~winding efaults.
;Appendin A_lists'the samo1ed and 'digitized.-valuese'of. the
magnetizing :Lnrusn‘fjsnd, internal ‘fault currents. The
,ssimulated current waveforms were. later used in the ‘off«line
,testing of a digital transformer differential and restricted

~earth feult relay which is described in- Chapter 5.
'2;7.1'Hngnetizing:inrush‘

Simulated inrush current data can be obtained using the

o 21 T
-Specht 8 formula e This formula determines the vaveform of,.c-

the':magnetizing 'inrushl current l,for ”ia‘: single ‘ phase:
~transforner3-assuming ﬁthstz the system can be modelled by ai
'.seriss combinationrof'an. inductence snd ' -,resistance- as
: shown in. Figure 2.9. ‘The trsnsforner,excitstion eurrent'isd
‘;‘assumed toi be ‘zero in,'the? unsaturated state}j‘ in :the
-saturated,'stste: tne. inductance is’ assumed to have a sma11=

. -value determined from the . BIH curve shown in Figure 2 10.
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‘ ?iguré32;9'quuivhlnnt.‘circuit for . modelliﬁg‘,maghetiiing_‘
o - ' -"4dnrush current. S -

. 'y

. Figure 210 Idealized saturation curve for transformer iron
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A detailed derivation of the requations modelling _the f"

*-ﬁransformer inrush phenomenon 1s given in Reference 21 and‘:j_

are outlined briefly in this section. 'rConsider3 tha;' ;Hé ,

';=voltage‘appliedgtoza,ttansformef_isﬁ
‘e W - /EiE‘éin(wt) . wvolts .- o :;7 '(2.5)
" The steadystate flux in the transformer core would bé_

ﬁe-'«(?JELE%NWQfeés{ﬂmJaﬁwel ";" “51_

";;- ﬁm'cosfwt) + ¢l - : Wb‘.i ._(2-5)

7 where:.
!

SN is .the number of furns,of:the priméry7hinding
ﬂﬁ ' 15 the ‘peak value of magnetizing flux
"The,transfﬁrmerfgurfeﬂt, im:(;). can bé‘defined_by‘

K] < ﬂ

iy () =0, |
C f (2 7a)

.

m (ﬁ)lf{EE_ [(sin(wt ~'£§n { 3 }

. ‘;k(w:-+f9 ¥V Xe L \x'V';_..
' +.e . &1n(-6_n¥t:an?{ ﬁ$-})} ‘ ';¢ > ﬂ
T em
wﬁgt§: J

..E°1is the rms vaiué-of'thérépp;ied voltage -



":;R. ' »is;the tota1 resistance 1n the circuit

'”;ixf f ié the'saturated reactance of the transformer-“'

::l:-irfis thefsaturation angle of the transformgr

W is the radian frequency

: The'angle'-ﬁuéedlzin' Eqdationr‘2.7b‘ is ‘deri#ed‘,fron‘jtheFj}aﬂ'

| condttionsr of:'th transfarmer core . at ther 1né£ﬁnt :of

: switching on and is given by the equation

T R
8- RS (-*---—--—-r.s--') B

= 0O8 (-'-s-an—-n-‘——--z) . . o . o - (2'3)

s "-m

Bf ,_B‘?and’B- ‘are the flux densities corresponding to the
fluxes .ﬂs,'ﬂ and ﬂ

A Eqaation 2.7b 1; valid. until. the chrrent ih;(t)

'returns:yto;-zero for that cycle.j Ac that 1nstant, the:flux

:'d9331t3 is again B I 4 m (t) returns to zero at an anglej ""

S Wt o= G=,_-thg.transfo:mer:core'goes‘back 1n ;ossqtutation_at  -

' Zﬂ’b-a:fadians'for thé next cycle;”  The 'édturation “angle
‘e for the next cycle is therefore equal to o« calculated fora
_the previous cycle. "In general,  f§r fthe,jnth cycle,_'thef '

| Sataration angle is exPressed as’ follows."'u""'

29
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'fFigure 2 11 shows a typical plot of the inrush current for a:'

1 _single“phase' transformer obtained from Equation 2 ?. ‘The

‘”_'primary voltage of the transformer was assumed to be_ 1500.

volts. The saturated reactance, the ratio of resistance to'.

saturated teactance and the saturation angle were assumed to

- be '20 ohms, 0 1 and 100 degrees respectively. It ‘was also.l
essomed* that ”wtl'ie'zequal- to ‘-180_ degrees f when - the .

‘traﬁsformer‘1s‘energized.-
2.7.2 Internal faults
A mathematical model defining the current if (t). due to
a winding fault in a transforner is | |
-R¢ we /X,

‘ - 1. X ‘
{sin(wt =~ tan { Ef}) - e - sin(xﬁ /Rf )]

| Hfﬁﬂ{ .

(z 10
‘where'
: Xf 13 the reactance in the fault path

Rf 1s the resistance 1n the fault path

| “;lt is eesomed ioithis .case that ‘the transformer ‘1sl:not'
Supplying any'load prior to the occurence of the fault. rThe' N
l_fitst term of Equation 2.10 1is e. sinusoid, wheteas,.'the.
second term is an exponentially decaying d.c component which
"has a;tioe constant'of Lf fRe . l The initial value 'ofr-thie
‘;fconbonent depends on the instanteneous velue of the voltage

when the fault occurs.' The extreme velues of -the deceyingf
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 ?1§urg'2.11‘ﬁagne£iz1ng inrush current wavefora.




39
'quc}'icohponeﬁt,éte'zerbganq  /Eh/X'

-*2{733f$iﬁﬁ1taneou§fihternal fétit‘éhd thu§h téndttionti@?t

'Soué"VttAﬂsformer,cfaults tesultf”*frdiftthe - shOrt“gtz'

,circuiting ‘fr'at‘fewt turns ”tftone'ofvthe wiﬁ@ing;@:Thgse‘{
' 'fau1ts fa:e‘ difficult to detect becau§e rthe§\'genet§11yc“
manifest 1n.small thanges in théﬁcutreﬁts atAthé;:ranstrﬁet
tttminhls)-'In-maqf.inttances traﬁsfotmerVrgmaitiiﬁ,.sgrvite
.insbite  9§_-the-w1nding:fau1t. ‘fhe heat génerattd'bf thése
faults gradually cause futther damage to the winding and “the
Jfault is generally detected after suhstantial portion of . the
-winding has  been . affected. Iﬁ;-the . mean time, _~the
'-tra;sformer may have to be switched on to the mains after
.having been removed.from service for maintenance etc. This

:sitnation can lead to the system feeding simultaneously a

‘faultleﬁd;magnécizing-inrnsh.

" Figure 12.12*9dep1ct§  at' singlet'«phaéé'rftranSformgr
: _‘gxpérieneing"aﬁ' internal fault._.The £ad1tﬁré§re§énts some
7;hottgd'ﬁtimary'turns.‘ An equivélent  ¢1rcu1t‘ representing.;

this 'condition ia shown in Figure 2.13. 'In this figure N1

iis the number of primary winding turns not affected by ‘thé-“~'

1nternal fault ahd_ N2 is the number of primary turns thatt

‘_ate-shorted.-;The'total primary current ip is given by‘ .‘

N AL



it ,)"

 Short-circuited
tums o :

C.
¢

-.Piguiejzslz Interturn faultjtn“a power tranaformer.

”'ﬁ2‘ 

‘;Figure 2 13 Equivalent circuit
: 1nternal fault and 1nrush currents._ .,

for“ mbdell-ing si:l‘inulta,n‘-eo-us .
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. where:’
fim:f' 18 the magnetizing current of the. transformer 3f
. i],g’” is rhe current in the unaffected portion of thes

primary winding due to :he short eircuit

The'magnétizing_Curtedtfcan”be'obtained ustng;Equabion; 2.7,

The current, 1g , 4in the short circuited portion of the

"-winding can be caléﬁlated.using'Eqdatioh 2,10, The ~current
 i]'can.be=£xpre§§qd as

f(‘ﬁ;‘&"é‘ e
‘where:

ig is the current in the short circuited

win—ding :

When a few turns are-shortecircuited,;the‘cufrenff 1&;_;h63e
turﬁs, is largé. but . the - corfespondingfprimary current is -

" relatively small. .

.'/ -.

" Choosing suitahle 3va1ues for the  inductancé."and.

| resistance  of th,,]shorc circuited portion of :he primary.'_‘”

r.winding,"cu;:ent,‘dﬁé' to' simultanious' inrugh; qu .short

eircuited turns -één -be determined- using ithé,'procéduté[ff'”

":deséfibed abbﬁth Figure 2. 14 shows the plot of simultaneoué
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a
:1ﬁrushi[and finterﬁalllféﬁlchufrént1n.éitr§néfd}meg.ﬁhén 5
'fpercén;;offtﬁexpriﬁ;r£ ;in&fng turné:wéfe 6dﬁsidere§fud:ha€§
}beeﬁ g9ﬁ§:icirquited;l uTﬁe-ﬁprigafyngidq fa§ed_;6ItAge, thg P5
-satdtiﬁ%d feﬁct;ncg‘ aﬁd  théZ” reéistanée"_to‘ _saﬁﬁ%atédﬁﬂ
" rea££§ncé: f$tio  ﬁér§;assum§d:t&iﬁé'1500'v01ts;f20,6hmé:énd=

QOQl'reépeétiVeiy. Tﬁe_impédéﬁcefand resistaﬂcefco—reactance

ratio = of the.shorted portion of the ﬁihding'wéfe-ASSuﬁed to oo

be 0.2;ohms and 0.05 respectively. It waé‘aléo assumed'that
“wt is'fequ51j to =180 degreéé when -  the .transformef_ is

energized. -
2.8 Sﬁmmary

A byiéfp sutvey of -:ﬁhe _faults.' #ffecting‘, power
;ﬁransformérs-"have Seeﬁ"-présénted in 'this~ chap£§r\
Conveniional rélgys u§ed for transformer -ﬁrdtectiqn  havel
begn_-describ§d ~w1th ipg;ticular. emﬁﬁ#siS' on'diffgréntial
_relggs; :P:oblgms-assﬁgiatéﬁvith and.-theéhpftgomingg of :
"cfﬁnéférmef differéqtiall:pfotec:ioﬁl.havebeeﬁ:outlipéé;.
HafhématicalTﬁpdél§'fof'éimulacing tﬁg  ﬁ§g§g¥izin5':ithsh;-
windiﬁg;-faulté‘éand-réimultaneousz magnetiiiﬁgrﬁiﬁrﬁsh _ahd

winding faults havelgLéo_beenreétablished;



'3, REVIEW OF PREVIOUSLY PUBLISFED ALGORITHMS . -

.;anits affeeting‘ pqﬁéét trsnsformers,;end nethods::of‘r
oetecting rtnese 'faeits -nanelbeen deserioedrbrieii?.1n.the.“
Iast_chepter; Differential protection of transformers using:'
progrenmable digital processors has received some -attention .
dur;né'tﬁe last ten years,-_The_methods used in tne-p&st:fot.
processing;f snnpled data :ﬁfor:-transformer“ differential
'protectionfuare reviewed rin ~this enapter;.i Methods :fot',{
identifying magnecizing inrush in transformers from in:ernal

faults areualso examined.

‘Three approaches have been suggested ‘previously_ for
digitel protection‘,of trsnsformers. The ‘firstrepproach

.consists of wave shape 1dentification in a relatively simplei

form.. "The_'ersecond ' 'andi Cthird methods {”use"ithe ,‘M

crossécorrelatiou“'and ‘digital 'filteringi -techniqoes"s to
determine ‘components . of " various- frequencies in the

transformer'eurrents. 'LTher cross~correletion and digital"

filtering techniques determine the second harmonic component, -

of . the differential current and 1f this component exceeds a

threshold level,-:it ‘is eonclueed thet thertransformer'is

,;exnerieeningeQS&ne;inng:inxneh;'
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3.1{Wa§e'ﬁhabetIdeﬁﬁificatipn.Technique‘
:aSubetantialgdifferentiel eﬁrfeﬁt‘fs'experieﬁced‘when.'a

 fa91t.£eoecufs5 -in  the 'pro:eeted _zane. Unfortunately,'

‘magnetizing inrush, unequal ratios of current transformersﬂ]'

and “Onequalfelevele_ of'fe.t." saturatibn'-ﬂuring'externa1;7"

faulee"elsouﬁehifeet-as ekcessive‘differentialechrrenes. Ie K
ethese ciicumetancee'preseqce'of_aifferentiai ce:reets'do‘hot
' fepreeent-s ;fehlts ' in'J the eransformer ' '20nee.
'iRockefeliet'fsuggeSted, ae‘relaiively simple teehdiquefehieh
ideetifiee}d;fferedtiaigcertent waveforms‘fof distinguishing '
inrush ‘currents from .faelt- currents. Fe suggested that
nagnetising 1nrush Curten: canlbe identified by ‘moniteoring -

the ;1me:,between' successive ‘peaks‘fpf the ediffefent;al

curreht, . 'Successive peaks of _inrush current occur  at =

 lintefveis'.of aboetea or 16 mSece;e whereas . successive peaks
,ef'the funaementeiffreeueqcy fault curgent pccn: 7.5‘ toy‘IO
;ﬁsees febhrt;"iﬁlso; ;fhe':peak.ﬁalﬁe:df'e'fault:éﬁffentis
:.within 75 Z to’ 125: Z of 1ts previous peak value..“Aleo,”‘ﬁwofﬁ

‘j‘succeSBive peaks are’ of opposite sign.
3.2eross~Cdtrelation Technique

_The cross—correlation approach which was prOpesed and.
' used by Malik ' Dash and Hopem 1215 described briefly in this
paragraph. In this apptoach the fundamental eand ,hermonic

ffequehcy:i;components -'of hex;differentieif:eu:fenc_'e:g:.‘



'”._Qetérﬁined qucépreléfiﬁg.the curréntQ‘withf two{faffhogqna1”"
‘.fuhctiona. 'j_If . excessive  ,second fTaﬁd “third nhgrmonic“l

.1comﬁonentsf-éte' obéefﬁed, it 715 ' coﬁcludégyf thaﬁ,‘.€hé:'

"Q'traﬁaf&rﬁét'iS'prerienéihg magneti:igg;inrﬁ#h;"i'”

A crosﬁ*cdrrelitiéh'fuhﬁtian relating a signé1,x(t)'and"

a”~fun¢:10n~ﬁY(£),f both representing statiomary continuous.

‘processes, may be defined as follows:

_ Ta/2
' o Yim o
e Ty =

= § X(t) Y(t - 7)) dt . (3.1
A To . ' B ) |

“To/zl

ﬁheré:}
rfT‘-isia timg.shtfi‘imposgd upbn qng of the signals
' i"n, is the intetval‘qver WHichrtheafunctiop-is

eeqwgtouwtated

;fwb ofthogonalfuhd;ioﬁs#facdtrel#téﬁ -ﬁich‘!a  s1gna1 “to
obta1n t§o croas¥e§tre1a;oﬁfuﬁction;.' Thé'ﬁs#aiiy gselected
;pr;hqgonai‘functiﬁés are ﬁhe!sineiéﬁdl'cosiﬁe‘jV#véfbrns or
even - _an&:zodd:“séﬁ#ré 7waves,":rﬁe" sinﬁéoidﬁl_ﬁeightiné:
fﬁ@ctions;: shbwn 'in,'F1guré 3;1;_1 can‘; béf-.fépgesen£ed 

‘ ‘-ﬁathematicilly_as folloﬁs:: .
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of2

et e v R g

| 3‘.”"“;_3"1 ~-Sine and cosine = time .d - ° ‘ '
. fuynctions. - , domain - orthogonal




o a8

LT w cosaweY o o (3a)

_TheQe#en aﬁdfbdd'squéreEwa&e‘fﬁnctions shbﬁn‘1&‘5Figd:31‘3a23 ;f,‘“

-fénd,één:bé_fepresenxedﬂma;hematically-as:foilows: N .

, ] 1 _‘ 0 € t:%_ T, /4, 3_T‘d../4‘< t ,g-;'ro_' :
o) P |

t-1 1, _._/4-4 t.§"3T°"/&". L
..1‘,.91.§ t T /2 o

-1 T ‘]2'{ t < T 3 G5 Y

'The cr6as-eorfe1atioh:'functions measure the- 31milarities
be;weeﬁ:jfhe .signal.ﬁx(t}‘-and-the two orthogonal funcﬁidns -

'Y{ti;:_r

‘»'In‘Refgrencés-lif#ﬁd 12, magnitudes‘and'phaéé-angles of . -
the fundamental ' and . b#rmonic.frequency‘qompOnents of X(t)
“were.'gxtractedf?ftomu_the -croésécotfﬁlatién; functions as

‘jdempnstfétgd'hefeﬁfter.’:'

© --Agsume that - the ‘waveform  -of a- curreat experienced

-,,duringfgn abnqrm61 cbndit1bn 1$;of the form: =~



o

‘%hgnftudé‘ ﬂ

T | e

',éﬁgnitﬁ&é :

' Figure 3.2 -Time domain orthogonal square waves. '
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o =l

- where: .

‘ f,ﬁf jis the highcsc order ‘of the harncnic componenc
| ‘fpresent in the. waveform o

_-W“nis the fundamental frequency of the-systea

I'.;is the magnitude of the d.c. offset at t-O

'!; - is the peak value of the nth harmonic o

| ;ccnponent ‘ | | R

@ 'fis'the.nnase'angle of-tne‘nth*narmcnic T_
component | o o

c=f "is the decay time constant of the d.c?cl,

componcnt o

Ie iﬁran exponentially decaying component.‘ For Jsimplicity,
_nscume?lthct this componen: is constant over the period of

Vintcgnation'“uSed ~£or calculating 'chef"cross-correlation‘

}rfunctions._?‘fh ‘two cross-correlation functions can now ‘be -

fexpressed as follows.,*

To2 | R T T
s_;n('nwt) {l‘._;," *Z’h g;h(‘_ggﬁ-:% V)}dtz‘.(B.“‘J'ar) N

B

o ."-"-Zl'n-" ‘_s'ij“(‘-";"-;"" b ,‘)' bde (3.50) 3.:. o
n=l e
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owhepe: .
ﬁ; 1s the period of the fundamental frequency

.' of the system

These equations simplify to Equations 3. 6a and 3 6b if tthe,
integration ‘ 1nterva1 is ‘one ;cyc1e ef“th fundamental

frequency.-'
byr(® = 4 i-..ds(on _5 - a . ('3569,-) |
-¢xy2(0)‘f L sin(ﬂﬁ ) _‘ . ‘“" g ,:j_‘ (3.65):

The'peak:ialﬁetand the phase angle-of'the,ﬁth ha:meﬁic ‘ean
be”obtginedfftom‘theee.cortelatioﬁ,fﬁnctione as follows:
B R ¢ Xyl D+ (¢ B

The a#ereging‘prbcess repreeented by 1Equat10n; 3.1“imtlies

o that the function % (7) can be determined by either analog

s er  digital methods. ”‘In digital system_-it"iss more_~'

7 convenient' to’ apptoximate the integration by saapling the.,A 

‘.signal every AT seconds, multiplyiug each sample with,

"appropriete_‘weighting 'functipn‘and:summingfatfieite.number‘f‘"

of:ﬁeighted‘eamﬁles qf thetsigﬁelt"Thie ep:déedqreﬁﬂdanrite L



e

ﬂfmathgpaéicéiiyugep;esented hyquuatipnf3‘g; -
Pyylk AT, T ) = e E X{(k+m) AT} Y{(k+m) AT~ 7} (3.9} .

' ﬁhefg$-i ] - . B ‘ |
Y{€k+m)‘3ATr-; 73}lis fhefsamﬁ1éd vaiﬁe §f a
7 prQéelectéd function, saﬁplgd‘ét :ige
A{Ck4m) . AT - 7} o .
X{(k+m) AT}-is thé value of the 5igna1

sampled ‘at time {(k+m) AT}

The magnitudes and phase angles of thr fundamental Zéndf'
harmonic components of a curremnt can also be obtained by
'correlating the currents~ ﬁith' even . and ‘odd ,squa:g 'wave'

 1functions as follows. -

Te/4

S(3am) -

s“bs“t“”"g f°" X(U from “Eustfon 3.4, integrating and \

'7"simp11fying R P!ovides ;.thq  following férdss€c0ffeléfiﬁﬂ ?£ﬂ~ ’

(3 lOa) B

Cy ."!‘

'functions.ﬁ
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b (0 - 4B osin(dy) (3.11p)
.'Thérpeék_véluarand;th¢ pha§e-anglekof;th¢ nthrfhﬁru@nic]:caﬁﬂ'

now beléﬁt;iﬁ§d a§'follows: '
T, A )2+ (¢ >211/2*  Gy
6y = tan [/ b ) o (B

" The é&vﬁntage of using even and odd square'wgves.ié-that'the-
. computations. of Créséﬁcofrelacion 'functtons ,consist of

additions and éubtracﬁions only.

iﬁ.Reféreﬁceslll‘an&rlz peék values of ﬁhe'fﬁndamental
and  se;énd harmonic components of the differential currentg:
‘ §ere obtained by using the ptocedures described. abcn.re._l;j‘I'h«‘a'7T .
magnitude“t 0f. .;he_,isgcond; ‘harmonic compop#ﬁ; ”éfﬁ the
”differeﬁtial-ﬁﬁrfent-asu_a‘:pefcéﬁtagé -df;"tﬁé  fundaﬁgntaij
frequéncy Jrcomponent "waQJ tﬁen ﬁsed -aél'the ‘basisi'of

1dent1fying magnetizing inrush from faults. '
3.3 ,' Digital Filtering Tec-hni.qu-l;. .

- A digital filter may  be Vdefined ‘as,‘aL devicé:‘whicﬁ"

'faccepts a sequence of numbers as input and processes them to



";;54aiff

'pruduce auorherlsequeuce“of numuers es ~§ﬁ£§u;;er7Affgenerg1l'
'erform of a digital filter is as follow&'i , IV~;r,.;;r  o
= -ZLixk_ . -Zq Yy (a4
om0 IR I S BRI
'erwuere: | o | ' | o '
in  1e rue‘k;th inuut eauple
._Yk-_is_ﬁhe i'rh:output'sauule"

Ly and Oy ‘are the digital filter coefficients

The'rrouedure forrdesiguing a digital filter ednsists of‘“
'findiuéi :the.-‘cqeffieients, RA anu'HQ "  eueh ;thet tﬁe
specified fiitering ,reeuiremeuts are eehievede+‘iﬁigita1'
'filters e, n . be classified inro two- categories- -rebufeiue,
end non-recureive filters. A recursive filter incorporatesf
feedbaek_rby using a part of the output as input, whereas a
non“fécheive: f;lter-.uues euot fusee:eny',feedbaekw ABq;he,r
‘recursive :und 'nouerecursive filtere‘guave ‘beenHTuSedT'i*.u'
:transformer differen:ial protection work previously‘reported

'fin the literature.

© 3.3.1 Recursive filtering technique

. Digireleifiltering'-rechnique ;ﬁ first aﬁpiied::jro R

'Eransformerr' differencial protectionllrb Sykes ~-ehde
S 23 L | ’ |
_Morrison 2 Sampled values “of f the differential cufreut

were proceseed to determine its fundamental frequency andiu K



:seccndVﬁarmonic.compcﬁents. If the magnitude of the sedbnd“?"'

hérmohic componene ~excee&ed e pfe—specified percencage of*un‘ﬁ
the’ fundamental frequency component, 1t~was Vconcluded thatr

o the transformer was experiencing m38n2tizing 1nrush.“The B

form of " bandpass recursive fiICers used in Reference 23 182 :

TR Gt et Ty 0%,  0a)

"2
Xk “is the 1nput sample at t=k AT’

. where: VL& . Ll-, Qi‘end 0 are the filter coefficients

X is t:-he-optp-ut samp_le at t=k AT

AT is the sampling interval .-
50 Hz and IGO Hz bandpass filters used‘tnﬂthiefwcrkcareé

- fk - 0.096X —'040.95%_4 " + _1;3'_;0:11:;1 - 0.905?k_2-”. " (3.16)
- :‘,:"‘Yl‘c-f - o_.ﬂoﬁasxk -_.o,.l-oésxk_'l + "_17._586\:]&_1 -.0. 953Yk 2 (3 17)
‘The cutpcts of these filtefs aref-nct scicebierefcri 41re§£'
'point by-:point compatison' because; tﬁe; outcutsﬁ‘cf' thel
fundamental aud second harmonic filters are phase dependent.
;The values of the Outputs, Yk 5. Were. therefore rectified and .
"smoo:hed hefore -comparison. : A digital lowf pass‘ f;lter‘”
;descriﬁéd by Equation 3 18 was used for this purpose.- |

. Yk - °'_'°°§7’.‘k : +','):..9GI4'Y]'S_1:"7.5-7'-‘5 0.913% 5. ) o (3.18)
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'Iﬁéf,autﬁofg;; f.:keferences 23 tested T:he prbpoaed  
~«techniqué mB? off—line simulation of faults and magnetizing

-‘1nrush in a single phase transformer. ﬁ‘?hégites;q‘ revea1ed'“‘

that"thef procedure._cah identify 1nrﬁsh“cohdition§1from ;~-'i

.'internal faults.3 However, the frequency 'responses ofH the. “
'fi;ters*'indicqte'.that they do not completely suppresa the--

‘decaying d.c}"ﬁdmﬁonént‘present:in_the sampled.waveform.
' 3,3127NonrécursiVe‘filteting‘teéhnique"

 €Séﬁw§1tzgi,;Lér;oﬁgaﬁd:-?1eéh31320usedf finite:‘imﬁﬁise
féspohée- :digital ."filtets . in -.Q‘ .digitai* tfanh£otmer
differantial relay. This method is basically similat to. the
mathod, of; odd and even square  wave= croas*correlation _
techniqu; éggg&sted by‘Haiick-ét; Lal 3‘ Howeverg -Larson 5'
criterion ‘qu discriminating magnetizing 1nrush conditions'

from internal faults was quite different.‘; “5 

N Four FIR f11t§rs werezused.iﬁ-Refe;eﬁces 7 And 20-_.cwo.
é#ch rféf_ the fundamental freqnency and the second harﬁonic J:
‘compongnts.;*The w§1ghtfhg functions used;in‘-these filters
1liate‘+i §rl*1 ﬁh1cﬁ peduced the.compuﬁaﬁiﬁns:to:gdditions and.-

suhtractibﬁpjbf thé'éémpled_iﬁputé-as-folioﬁs._7'

_ k—N/2 _ L o T R
-‘."ls1 _(k) = Z[ im- im+N/2 ] L j.' " | - ) f (?;19)" : -
) m?k-N+1 R . PR o



e

1 C1'(k?ié“:7- [ ;m';éf(%ﬁmV4'+_irwN/2ﬁ)*+'im33N[4.1'-.' .:(af?O): h:_

5, (k)'.z ‘[7-% "f_,im+1st;?4_.‘+-,-i'rx'1+N/'2 '"‘1‘m+'3§l/4'.'} . B.21) e

Gy () =) i ;1m- - m+N/8 + m+N/'4 R
, - m-er/ b4 . m*ﬁN/ g . "'3N/4

m+3N/8

)+ 1 'm/B 1(3.23) .

B! is the value of the éampléd waGeform
 N' _is_thélﬁumber of aamplgs'oyerf§ per1dd
j of one cycle | | " | .
*'Si  and"s2fare the outputs of the digital filters
-:1'that have‘ odd’ weighting function |
_ M,‘."' Cl'ﬂﬁnd. C2 are the outputa of the digital filters

that’ have “even Vweighttng function

VThe,SaEPlihg'faté”ﬁséd in this work was 480 Hz. - and the - o
critérion.f-fo:' discriminating magnetizing 4inrush ‘frbg"
-:1ntgfna1 ;failté'fwas based on £ ‘thCh:_fs"defined, as

follows.
Wax 1S

o e — e (3423)
oo Max DS, o1, T S
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".The theoretical limits of the value of the. ratio'” g,g wefe

'fwinvestigated and “were. found to be between 0 and. 0. 146 for,}\fﬁv

"intetnel faults and between 0 334 ;eﬂd 0 586 . during7*;o

‘r”magnetizing 1nrush.x‘ These values were determined by usingfiffj

system X/R ratios rauging from zero’ to 1nfinity.

:The .pfoeedore. oeooribed Ebove 'wes B teeteda_ uoinﬁe
‘”simﬁlaﬁeﬁ- data' representins intﬁaho and;_iocernal'faolte
'-“coﬁditiohe, I Subsequently | the _'eutﬁofs; i}peooeﬁee-
:Eeofsteeerried - out oo.e model*trensformer:end-ooeeréed Ehati‘_
-therproeedore eatisfactofiiﬁ'1dentif1esTinterﬁei.faulté ffoﬁf

“abnormal cpeditions such as‘ﬁagnerizing‘iarush.e
'f3}&;Summary‘
'7Previouely" published '=‘digital _-.algorithos J-_fot-‘

. differential protection of transformers have been reviewed'

in. . this"-‘-chapter. -;;' Waveshape~"' identification,ft

"ocross-correlation and digital filtering techniques have beenrﬁ'

-described. “The“"cross-correlation and digital -filtering”_"”e"

,?techniques were previously used to analyze the different1a1 f:

“S,current waveforms. f‘Iflrthe{ analysis indi cated that' thei
—'“seeond,aeharnonicw-cohﬁonent‘ of ffhe =&iffe;en;;al. cn;ren:eﬁ

:} exceeds-}e ,pre—specified 'percentl cof its fundameutali

"WEBMboﬁEﬁf “itf was concIuded that the abnormal differentialz"

current was due to magnetizing inrush.



59

4, DESIGN OF NON~RECURSIVE PILTERS ..

Several digital 'methodsi-forl enelyziog"power _syseemrjf
voltage and current eaveforms have been proposed during the
_lsst twelve‘years.' Three principal spproaches propoSed jins
‘the past for digital differential protection of transformersi
have been briefly presented in the last chapter.eg ? this
—-projec;; f'three" ‘non~ reCursive . digital : filter , design
e.techniques,'other than those described in “Chspter‘rB, 'were
: exsmined aﬁd~usede. The design techniques and filcor designs-

are. presented in this chapcer.

One,of*theefilter-design‘techniques used- in _this -work

W7

| is the 1esst-.error .squares epproec Ihe- other two

approaches are the Fourier series and the frequency sampling"

21%ﬂd&h - attempt"‘to ‘ approximate;'the__frequency ‘

' methods
response of an ideal filter. The 1atter11two;¥methodsr"ere*
-‘quite well known in the field of communications, “but have

‘not been used in digital relaying.
' A.E.Leasr Error Sqoeres Approach
The coneept of least error squares Wwas- fifgt;,usea‘cin

7-power 'systen protection by Luckette et.,alg . A process-of

curve fittiogrwasrused.to:exttaot‘the fundeﬁeﬁtal ‘frequenc& e
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'H  édmﬁdﬁenﬁéuﬂffoﬁ digitized sémpled data. The iuputs weref: f

-assumed to ‘be - made up of ‘a. decaying 'd.c. ’.component‘jénq,f

"sinusoidal -components,~ f__the- fun&ameutal and harmonic;fv”7,

dfrequencies.‘ The f:equency of the" sinusoids' aﬁdwrche- time T‘ﬁ“
constant. of_the”dch offset were aSSumed to be known. fthei‘**
"waveform ués-modélled 1n Referenge 9 as follows: 
Yy =K e o+ E;{Kam'sin(mwt) + szﬂ; cos(mwt)} L (4.1)
N S =l ‘ AR - U

1 ,‘Ké ";;’K2ﬁﬂ,:§re the'unkﬂovn;pargnéte?§ 
1 _of'§n input aigngll | '

: N_'uisfthe-udmbér of haxmoﬁics baiug-coﬁsid;redVV

_‘fir‘ié'tﬁe-decay-ﬁdnstant of therdcrﬁffﬁéﬁ
Q. is the angular frequency of the fundamental o

frequency conponent |

-

_ThefleastMSQuafés_fit,In#olvéi.minimizidg”:hé~¢ipressioﬁ:

EZ- {i(t) - K e Z{I(:‘,:!n ain(mm:) + Kam.‘,l‘coa(mwt)}] dt -

" where:.
| L(t) is the waveform to be analyzed

'-T ,"‘15 the data window 1n ‘secs.



e
For . the error édﬁareé”it _ bgw:ﬁinimuﬁ,f_ the ,foll@ving?;F

com&itibnsth&d“to be satisfied.-

2. CE T o s
| ~a-§- < 0 forrel, 2,21 (4d)

Kr .

gSubstitntinggthe value of Eg‘in ‘the above condition  the

;:‘follpwing'seﬁiofqequati¢ns.were obtained.

T N
2 “H SR e
-.sﬂ—[i(t) 1ge. - { szgin(mwt) + K2m+1co§(mw?) }j'dt = 0.
T m=l

r =1, 2,...,2N + 1
| | )
Reference 9 proposed that by nsing a -numericai iﬁtegration
. technique,"theSe‘ equationa can be solved for the (2N + 1)

unknown parameters of the input signal.

4,1, 1 Least errot squares solution and the.'

pseudoinverse of a rectangular matrix

Sachdev aﬁd ﬁaribe;u]7pr0posed an. algorithn which use¢ 
digital : filters designed by“;he least :error‘.squafgs;
‘approach Tﬁeéutputs pf ;thé filters provided 'r€a1 'aﬁ&
 $imag1naryi édﬁﬁ&ﬁéﬁis bf- the‘;vo1tage and current phasors.  *
‘These were then used to calculate apparent impedences.: ;The]‘j

'3.;ﬂecay ra;e_“bf ‘the‘“dfd,f, component,‘i5° affeCted bY thefu



e

‘resistance “of the' arc - at the fault and - the:‘;System;;

.thetefote; nqt‘ assumed to. be kn°w“j‘i“‘fadvance,:gﬁ-fhef .;

mathematical backgrOund of3thefle£st'errorlsduatespéhdfth§ ”'
_;concept of psaudoinverse have been reported in ?eferenc§723"-

‘and .are reproduced here for ready reference.'

Assume that the differencial current during a fault Tor.

fan inrush condition can: be represented by Equation 4, 5.
v(tl) - K +Klsin(w1 tl +-61)

+ z kh siﬁ(wh eyt ) L Ges)
he2 e

"‘v(t 1) ié“thé_instantaneouS'vaiue of-cu:rent7at1:ime;t
 :‘K°V'¢‘a‘-iérthe-ﬁaguitudé of the;dc 6ffs§£ at7£1ﬁe t=0
'kl f;-;is the peak value of the fuudamental frequencyl-
| “component rl‘ ‘: _ ‘ _- '
: Kh'.f'”  1éiphé_peak'valn§ of':hQ.'hth ifrgqﬁgnéy
o - eoﬁpdﬁ;nt'  o | |
jf-ﬁ , :f 1s the decay timeuéonstant'dfthédccompog?nt
701- -”jié"cﬁe phas§angle'ofltﬁé fhndamen£g;_ffaqugncf
| ' component e ._  | -A. ‘- |
ffﬂh,.f is tﬁe ﬁhaSe angle of the higher frequency o

cpmponent
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w. . 1is the fundamental frequency of the system in
'5'wradiansiﬁérg§ec6ndv‘
e, ,@s'thasyffeqﬁeﬁcy of the _highef~Afréquency

"component tnfrad;ans,pétfseqdnd‘

'Eaul;:curféﬁts'gaﬁefa;iy:;ontain'sinﬁsoidal'.cbhponenﬁs of
"the fundamental,  06&5"harmonic_aaqd spﬁe xh6n;h§tﬁon1c'
'"greguencies. Transfotmer iarush curfents -contéiﬁi #  1arge.
acomponent 1 f ‘che second harmonic frequency. ‘If the relay
‘system is designed in such a manner that the 1nput waveforms-
are band’ limited‘by-analog filters, the telay‘inppt:signal
: may‘be agssumed co be made up of the decaying d.c.ilcoﬁpﬁnént
ahd.-sinuaoids of the fundamental, second and third harmonicr_
'fkequenciess. Such a relay_input waveform ia£  tdtl‘may be
reﬁresentéd #s'fdllowsil | - - :
Bl 4

veg) = Kge  HKpeinle ey v 0D 0

.+ K 2u_ t. + + K, sin(3w. t. +-.9.)

_ 32 ;n( w]_ 1 0 Y .s_n‘ wi tl.  53 ) 7

o o o - o (4)
The decéying d.e. - component in EquationL‘A.ﬁ,'caﬁ be

f- represented by ;he fifst ';wo _terms of_its.Téylor series.

"7 expansion given in Equatiou 4.7.
| & ot - k [1 ] Ry .tfzz 2 _ tTIe] o )
S S S 7 , S ‘

“The-sinusoidal ie;ﬁs 1n‘Equation 4.6 can bé‘feXpandadr using.

the fo;1oWing tf1gbﬁometric identity: .



Coeh

sin(wc + 9 )- ' siin'l(;n:) "cos.“(,_o )+ fc-ee(r.,zrt-)r ‘_s-:l..h.(;l 8 ]

' .Incorporating this representation for t:he “sinusoidal: ﬁe-rm's : o

' Equation 4.6 can be expressed as follows'

‘v(t-") =a X +a X +a X +a X +a x
-1 m.1r 1w - :

+a X +a X .‘  +‘ 2 X (48)

wh-er-e:_ | B L
- a'u"- . | ‘ |
- .a_]_g - eli.u(_.wi"tl ) . a 1‘3,-.: ces(‘;’l t1) |
A s:l.n_(Z.wl ' t'l
a6 ™ ,5;_,,:(-3&7 € 9 ) e a'l'?‘ = cos(3w tq )

ELETRA

1 7% . - .
2". = K cos(6 ) X .1 sin(ﬂ :
X, 'Rz ‘cos(‘ 82 ) : X5 = ka' sin(8 2) ',"

y

e >¢

»

b
1

Xy e

The "next : aample v(t2 ) tis. received AT eecohds later
-_,(-t-‘tl. + AT) a.nd can. be represented by an equation similar to’

o Equation 4 8 as follows
v(t ) - ‘al"l Chragpp Xy tragXg tagk vk

- ... 2 Xg +a2,7x7 + aszB (49) A
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where: | :

e, =e, o+ ar

2 "1

Ea b R

LAy, = 31“5"1ﬂ¢é\?e - ,}f“ . 323e?fcos(w t, )
a5 h:ein(2q1'c2‘)‘ S eV?- e25 'fcos(Zﬁ; ta )i‘”
8y = e1n(3w ity ) ey = ocosOwy tp )
a "tz | o |
1T fe | | . :
X, =K cos(ai ) e x3 =K, sig(ﬂi )
X4 = K, cos(f,) R -'_‘Ke si‘n(ez‘)'
X g - K3 cos(ais) S 137;;*;K13=1nf93 ).
X g ==K /T '

Tﬁ?-%a; cdefficien:s of-Equatieh'é;Selande 4;§f.cen*-5e.-
fprecalculated as these values depend only on the fundamental-.
‘and harmonic frequencies and time: reference which may be.

: selected atbitrarily.- For- instance 1f time is considered toeg
be zero. at the 1nstent of the first sample, tl ] 0,-‘AT lend

L4 »

. e'ieh known,E hence ;:hei values,iof-‘-a_e coefficients of
-Equations d 8 and 4. 9 ‘can be predetermined._e Equations &;8
and '4.9-haye'eight‘unknowns;' at leest,eighf‘eeﬁpied valuyes

e;e}teﬁefefore; requi#ed to determihe:e;ﬁetfeﬁkneﬁﬁs; - The =
nembefe-eflisamplesr seIEctede‘ee find eehe'“ehkhown‘ terus
3dete?mines ‘the: wiﬁ&Uw Iength. If m(m > B) samples are :uSed;:

'to determine {the; uuknowns, the following m equattons ate

. established. T



a1 tx)] = (vl R
: L ; (4.10)
(m x 8) (8 x1) (mx 1) :
~ The “mﬁtrixH'[hl is a frectangnlar_;ma:rix~;and  1ts.‘1eft‘
'pseﬁdo*invergé [Ajtprovides the,lédsf error é§uates‘solution:'

~as follows:

‘, [ X ]. | [ A] { y.]' . (411}
-'(8 x 1) (8 xm) (m x 1) '

where:

"r
tm‘f [!A}T{A}I
‘(8 x-m) (8 x m) (m x 8) (8 X m)

The. second and third rows of the left pseudo-inverse of -
[A} _afe _requirgd " to compn;e-‘ihe. fundamental - frgquengy
éompogggtsxz aﬁ&lxj-ln-Equations?ﬁfs.and 4., 9.'frhf.peqklt
vaiue ,'ef t fundamental “frequency component cah’-be-: 9'
_ calculated as follows- | |

A L )+ (x3)211/2_‘ o e
Similarly fourth fifth; sixth aﬁﬁ séventh-rbws are_réquired,z 
-_co-«cumpuse x4:3_ x"5+  XI6andx%'- The:pegk Qalués of'the-
second and third harmonic componenta can bg coppgted from

“these;cnmponents~using_a procgdurexsimilar‘;o'Eqnaﬁioﬁ-é.12.'ﬂ”
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‘1  ﬁ&ny;gdﬁb1ﬁ§;ions of -§§mﬁl1hg':raﬁé;; timé €réfeEéncé;

'déta- w£n¢ow. §1ze':gné waveform ﬁodéi ;a;ﬂbg-ﬁée&:toqobtﬁiﬁ:'-
' §6éfoéiéﬁ:s;6f digitélLfilfersﬂ‘ Dif£e;ehf:ﬁime :réfer§ﬁdés_‘
-feSulg' in :d;fiefehﬁv‘.nﬁmbéks 'iniffthel:_matfixf.-[A].

j¢onseﬁﬁeﬁtly;"'the qéléments* df";thé qpéeﬁdoiﬁ#etse }‘ére

""differenf.‘VVSeiECting.‘the'tiﬁé referencefﬁd‘be'iéro:at the'ﬂ‘*

‘centre of the samplidg_window provides -symmétficQI' values
f,for ;he3)e1ement3' in the rows  of [A]+.['The7éffects of "
vérying':he sampiihg rate, timg‘reference.yand data"win&dw

.8lze were briefly examined in References 3 and 17.
4.1.2 Filter designs

" Hany 1fiiters--ﬁere 'designéd uéing_ the .léast  error
jsduareé :pr:oéch fdescrihed- in‘rthg last-73§étion.'A;Thé
-'cbmﬁ;ﬁatiqns of the éé:ameters{selectéd“for[?fhe§;  Aééigﬁs_
afe_ iigﬁéd'iﬁfTaﬁléjh;l;.‘In-th§se desigﬁs, tbe3eipoﬁéntiai”
 d.c,:‘tgrm_yés_ggppesgﬁzed by the f;?st #woi of' ﬁhe. firs;
three ;fe;ﬁs'of .the- f#y1br iéefiesrfexpansidh ofr;ftyt.ifA:
‘sinusﬁidc of the .fuhaamehtai_.frequenéy‘-was, 2of acburse;l:l
ihéiﬁdedgg  Vafious [¢6m§iﬁa£i;n§ of;ﬁhé §inqsb1d§?of:higher_'
fréquencies'wefe..aléﬁl included:‘in these dé;igﬁg.;fi?he
designs aérg~ examinﬁd '£§  déterﬁinel1£h§itrsuitaplity"fof_'_u

differential.pfotec;iqﬁ'application;

fféﬁlé54f2f§ﬁows:the elements . of thg‘ second,' thir&,

3fourth"and',fiffh réws'of‘{A]f,.~ In this case,the;selgctédf'



: Table 4.1 Combination of variable parameters used in
‘ .;Aof filters by the least @¥Tror squares approach.-q

:I:ém

No.

LT TN U

13

14
15

16

17
18
19 

20
21
22

24
25
26

27
.28

-39

29

© . tarns

WWWNNN

WWNN N

WWWwRRNN

W WMo N

WK :

}3158.7'”

'lgigusoidaljf

terms.

N el el
NMNNRNN
- - - .
ww
S .
-

* e v @ w w

- 4

T
- ..
&~

. ‘samples -

S 11
11
11
11
11
11

12
12
12
12
12
12

13

13
13
13
13
13
13

15
15
15
© 13

16

16

16
16

24
24

15

16 K

"sampiiht

frequency

720
720 .
720
720
720
720

C.720

720
720

7200
720

720

720

720"
720
720

720

720

720

" 960
960,

960 . .

960 ¢ . -
960 .

960

- 960 -

960
960 .
960

1440

1440

the

désign'-‘

window 1ength
1n maec.

'elsgza

15.28
15.28 .

T 16.66
16,66

16.66 .

16466 -

18.05
. 18.05

18.05 .
18.05 . -

18.05

. 18.05

15.63

15.63

15.63 -
15.63

15.63.

16.66 =
16.66 - - .
16.66

' 16.66
16.66

16,667

. 16.66
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'7 d651gﬂipar§métersfwerei;"'

;:Winadw-ﬁizg,:

Terms'rnﬁrEsénti#g the
decaying d.c. component

#Fréquenciés'Ofﬂainuaoidal‘cérmg =

‘73720 Hz.,l.ff-' 

- “,12 samples

au# 3?0

Similarly Table 4. 3 shows the elements of :he aecond, :hird

fourth  and ‘fif:h.'rows of - [A]* when the following design:

'parametgra were used.

Sampling rate
Window size

Terms fepresen:ing-the
‘decaying d.c. component

"'Frequéncies-oﬁ‘sinuaoidal térms-

igAppéndik A 1lists ‘rows of ‘TA] f,

720 Hz.

: 13lsén§188.”

g;an#'ﬁyo-'

naré "~ the --

- éoefficieﬁts‘ of the filters designed by selecting diffrentf

"combinations of sampling rate, data window size,

,number ‘of

‘ terms of the Taylor series expansion and the harmonics used;'

‘rminﬂtha mn¢e1 for .the. wavefnxms.

o'



Table & 2 The elements

| f-7o*:’

of [A}

fT,terms representing the
. components:
",harmonic frequencies.,[‘

Second . -
- row .

0.5110

7 =0.3909
=0.2124

- 0.0092

. =0.1693
 =0.1540

0.1540.
- 0.1693
-0.0092

. 0.2124
- 0.3909

-0.5110

of [AlT

terms representing the
‘components of
harmonic frequencies.

Second.
oW

0.3092

T =0.0764
“§0o1563

- =0.1529
"0.L563

) &0.076h':
. 0.0000
T . 0.0764
7 0.1563
0.1529
~ 041563
. 0.0764
—'*0 3092 -

gf the

of - the

second

7-00161621
=-0.1179

’0.0&31

0.0431

0.1179

0.1610

0.1610

C 0.1179
’  000431'
. =0,0431
=0.1179.

-0.1610.

, Table 4 3 The elements of the second,

- fundamental,

" Third
hTmtqw g

<0.0952
. -0.1227
..=0.0992

0.0079
0.0833

041385
. 0.1746
- 0.1385
0.0833
_-0{0079ﬂf
. '-0.0992‘;
S =041227
--“000952.

decaying
~-fundamental, -

Third :
Cxow

:hird,f

Fourth{.

row

L =0,2035

0.3080
0.1100
-0.1714

0.0260

041400
0.1714

-0.1100 -
 «0.3080
‘0‘2035‘1‘

" third,

decaying d.c. -
-second,

~ Fourth .
row

L =0.1435

0.1411

_'0}1&99..'
L «0.0064
~0.1388
-0.1&75
l'.DbQOOO
- 0.1475
 '011388_
:0.0064 -
 =0.1499
 *0.1&11f”
- 001&35‘

dsCas

fourth and .
The waveform‘model incorporated two
“.component, '
-second and

row:

. 0.1443

0.0000

L ~0,1443
. ~0,1443
7 0.0000
041443
0.1443
040000 .
S =0.1443
C=0.1443

- 0.,0000

. 0.1443

‘fourth and
The waveform model iacorporated two
. .component S
‘third and‘fdurth; o

"Fifth
-~ row .

0.0952 -
0.0617

-0 0675
-0.1746

~0.0833
. .0.0891

-0.1587

. 0.0891
-0.0833
L 0.1746
- =0.0675 -
-0.0617
0 0.0952
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'4;1;3:Freﬁﬁencj'reeponee-6ffe digite1 fflter:

.>The suitablity of a digital filter can be determined by;J

| examining i frequency response. One of the methods used3e~"

.t.f°r~ this purpose 13  the 2z -transform technique. | Thise e

H,technique and the frequency response of the designed filterse‘

are presented in this section.‘

The transfer func:ion of a non—recursive digital filterﬁ'
-:can be represented as follows.,‘: - : ‘ L
;! ‘- ¢ gz o : ' o '
’(z) E ‘-:,n z S o . (413)
where:

ey ‘_ are"the'fi1ter coefficients

' The;(m+i)"filter eoefficiente are geeere11§ referred1 to aae
ftﬁe impulse response of a digital filter.' A useful feature'
}eefiltﬁe transfer. function '13 1tei.interpretation as - a; 
” frequency,~functionl by evaluating H(z) for z = erﬂT}' Tﬁie“
eubetitutienrproviées,chermeane for determtning'the reeponSe'

characteristics qfe;a' filter; Suhstituting eJ‘AT for z 1n

*eEquation & 13 leads to the. following equation.u"

. n=0



The left hand side of Equacion 4.14 'may be expressed as .

'Lfallsast,

JwAT

JWAT)I j arS[H(e . )]

H(e JWAT IH(e : (4.16)
‘Ysing these equations and vsrying w from 0 _toiiws‘jlz; ~the'i’
‘Nyquist 'ftsquency, “ the magnitude and phase response of a.

non-recursive digital filter can be calculsted.'

. Figures ﬁ 1 and 4. 2 depict the frequency 'responses .of 
stttogonsl filters whoss coefficients. are listed 1n tolumns'
1 snd 2 of Table A 2. Similsrly Figure k.3fand‘4 & show £he
frequency responsa of the second harmonic orthogonsl filters'
 whose coefficients ste listed in the‘ last tws_-columns"of
?abls;é.Z,J-Recpllect that; KRR |

;}(i)lnithese filters use a data sindow of lzrsamples
| -V:tsken at 729 Hz.
s_(ii);:tths filter coefficients vere determiasd assuming E
that the lnput wsveform consists of a decsying |
s.c. component and components of ths fundsmental
'frsqsency'and‘the second and tte’ thttd harmonit.t

. frequemctess
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?igdre:d.{_

(SR
4 ,

o .

T

. , o
. ‘--H - R . - Coa
T *1 5 4 W R Y

L]

¥ + ¥

"2 3 4 5 6 7 8 9 101 12

. NORMALIZED FREQUENCY L
Frequency response of the 60 Hz digital filter

designed by the least error squares. apprnach,,'-:i

‘whose coefficients are liasted in column _one . of

] Thble 44 2.

- MAGNITUDE OF FILTER OUTPUT

Figure 4.2

o
O
(1

. .NORMALIZED FREQUENCY

Frequency response of the 60 Hz digital filter

designed by the least error squares approach -
" whose: coefficieuts are’ listed in- column two. of.
'Table h.2. e : C g
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MAGNITUDE OF FILTER OUTPUT .

‘Frequency responae of the 120 Hz digital filter
designed by the ‘least -error squares approaeh

wvhose coefficients are listed in colunu three of - -

'rable 4.2,

'-frigate*a_b

_”Nmnﬂuumﬁfﬁmmmmnr;‘

Frequency response of the 120 Hz digital filter

" whose coefficienta are 1isted in columu four of*‘

h‘ff;Table 42y

degigned by the . least erTror squares apptoachn1‘7
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'fFigpressA@S:to h;a"shew_fche‘ frequency. 'responses fof -thg;““
Jﬁﬁéd&mén&alilsnd~asecond ‘harmonic . orthogonal filters whose
"coéfficishtslsré gisen-in‘Table‘&.3._ Recollect ;hat in this—f‘

. case the filters were designed:

(1) ;;ssinj a dséassiﬁdow of 13 ssmplss-:aksn_atv720-ﬂz.
RESH) assumin§ that the input waveforﬁs srsfmsde'upiof
'a_decaying.d.cf_component asd.compossstsiqf”the
‘;ffﬁpdsmepssl frequency*and1£he-secpsd;_third'and

‘sfoutth‘harm6n1C'frsﬁuencies.

An examination of Figures 4.1 to '4.8' ‘show that ‘the -
digital filters whose responses are shown in Figures 4.5 to

4.8 have more effective filtering characteristics. '

VThejffequéncy responsé'sf'ansbrihogoﬂs}spair‘of'fiiséts._
'csn: also‘rfe"combtne4 to obtain a conposite_teséohse; rThis‘-
provides sﬂe_avefagsgssd variance of the ,filtei- ousﬁhts.to_
';1nput ,rstio} ._i:-ésn-also proside she'gxpsCtekfwaximum'aad.

minimﬁmivalheszEVthe output_td input-ratiss; °

' Considsrfthat:input to a pair  of orﬁhOgonai”;digi;alrs-
filters is“Vﬁ'sin(wt +“95).‘ The'outputs of-thssfiltérs'w1117

be:

°.|. _'_ kl psin(wt + 0 .. ar) o o (4'173)
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-:Fisure 4;5

- MAGNITUDE OF FILTER OUTPUT

1 )
w

4 5 6 7 & 9 10 1 12
' NORMALIZED FREQUENCY' = .

'Frequency response of the 60 Hz - digitsl filter
. designed by the least error squares approach
' whose coefficients are listed. in column one of
_Table 4.3. o -

_Figu;;?4.6.

8 9 10 1
mmuunzxpfnmmmmcx".j_fj_g;-}

 Frequency response of the 60 Hz digital filter
. designed by the 1least error squares approach
- whose coefficients are 115ted in colunn two. of

T:lTable b3,
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MAGNITUDE OF FILTER OUTPUT

+

. . . ',1'. § R A . P
HREE EXSASIGY ] 3 't 1 ) — T o | I T

0.1 .2 3.4 5.6 7 2.9 101 12

| Nomm.xm FREQUENCY

Figure 4.7 PFrequency: response~of.the'120 Hz digitil filter
: designed by the :least error squares approach

whose coefficients are listed in column three of
Tablc 4. 3. , : ‘ '

. MAGNITUDE OF FILTER OUTPUT

3 '._.rc}' 10 1112
NORMALIZED FREQUENCY ‘

.Figuré,&.s‘ Frequency response. of the 120 Hz digital filter
o designed by the least ‘error squares apptoach

- ;Vr,whose coefficients are listed in column four of
",,T“Txble 4. 3.ﬂ . , : , ; ,



78

Vewhete: . -
B lii-,and k2 are the gains of the filters
:7ftht the selected frequency |
l:ai-;etd Qzl”ate_the‘phgse_delays ofthehtyo
filtersTgt‘the'selected'freqﬁencyf

- 8 ﬂis.the phase angle of the.inﬁut-signal'

The outputs of the orthogonal filters are displaced 1n phase
byf -®I2 ‘radians‘tat all frequencies and can, therefore, be

_tepresentealas follows:

_Qi a:A”eln(wt + ¢ ; - o 'f" ,(4J£§)
7-?2 5;3 cos(wt + ¥) : o ';7: | o (4.18b)

fwhere: -
B = k2 v

P - ".'f.o -9

To findrthefmﬁximﬁm_ Aﬁd- mlnimum value of the -composite
oﬁtﬁut;';the- outputs"fﬁom_ the filters;een be'tdmblngd}eslﬂi--

'_folloﬁsir—

R 02w a?

°‘ .f' o1 +°2

[ ‘A sin(Wt + w) F +. { B cos(wt * 9) j



o= 32 =3 -;-'—-( A2 -52 ). - -i:-(.Az_ - >B‘:2) j cos‘('2wﬁt-,.:+ 29)

(4a19)

In this equation--o fis time'dependent?"=howe#ei, ;éhe

outputs- will- be ‘time invariant 1f A and B are equal. “Theiffsr

standard deviation of the compositeeoutpnt over a-period of =

onefoyclevat a‘eelectedifreqnency is:represented]es.followe;

a-_--( A2 32 )/[" j ‘ S (420)
where. ' .
¢ is the standard deviatfon of the composite -

output at a selected frequency

Figures A 9 and ﬁ 10 show the average. velue ;end the'
standardr deviation of the composite filter response of the

‘digitel filter pair whose coefficients are listed at item- 7

of Table 4ol.

1  The; design and ~assesment of digital filters  has
revealed that = the use of small data windo?s'(374‘cycle£and;‘
lessj reenlt inifiltern whose frequency_;esponee is usually’

'nnacceptablea,lEor=e‘oelected detn window-1ength,finoreaeing

the sampling rate doee-not inprove the freqneneﬁ" response;"":”“'

”Improvement in the filter tesponse can, however, be achieved'
by increasing he"size of ~the sampling window ‘whichj-
"1increaeee -opereting "time of the reley.' Increasing theg -

':nnmber "off:hermonic~ components fi“; the wavefo:m‘,gmodel'l
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*increaSesrxthef number' of 'Unknowns éhieh in turn requiree

Lnnseridamadwindoss;‘ With a judicious selectiun of the data“

window size, sanpling rate,  an&.‘che complexity 'of the;

waveform model,.appropriate digital filrers can. be designed7

'using the least error squares curve fitting spproach._
- 4,2 Fourier Series Approach

The leasr:ierrsr squeres ;approacﬁ“ fer deslgning
‘non-recursive digital filters has been discussed in the last

lseetion. Anocher possihle approach which can 'be 799ed, for
this “ssrpose is the. Fourier ' series method - shich' is

describedfin-this_section.

The 1deal frequency response of. a bsnd-pass' filter is

“shown.'in-uFigure ,4.11._”sThe cut off frequencies of this

filter are v Iand ch The transfer function of this filter'

ean. be mathematically represented as

1 -“'-:-""'c'l- <"< ez (4.21) j N

R(w) = ‘
- : 0 - otherwise

‘This response can- not be physically realiéed»*b t filters

whose response is quite similar to the 1dea1 response can be

‘ designed and built.,5~-a
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Gain anmlitude o

a0 Y2 w2 an

o _Fr‘-'eqruency Hz

‘:_Figurélé{ll,idéal:fréquéncy‘:espouae of écbanthassifil:er.
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. The transfer function of a ndn-recursive digital filter B
"J@ ' expxegsed as Equation & 13 which is reproduced below ‘as, f‘"

Equation 4. 22. ‘

| .-mz).;"‘):_c‘n., S ey

n=0
. i : -
- co +c1 Z + cassnsae cm z -

stnce the . frequency response of ‘a‘ digiéalt-sfsteﬁ is
-periodic, 1; :cen be‘ expanded in the form of the Fourief
-”series.- The periodic frequency response function, G(w), of
" a jeon;recursive_filter of period Vg (sampling frequency) is

represented by the following Fourier seties. e

, ' ‘ ' ‘,ﬁ, ; ‘ ‘ -
i G-(ﬂ') - 'eo e Z\k cos(kw AT} an sin(kw A'r) - (4.23) -
| o k=1 ' | o . ’

in tpieequa;ionewris.the_Nredianp frequencfe”e'e,which‘ the
-3feeponse is’ celcelated-'aﬁd - AT  1s the selected samplinge
,ineervel{ ‘The odd or even Fourier seriesilcan‘ be -used '1e 

caee ef }thef desired ftequency response To . be odd or even;-

(
'These seties can be mathematicelly expressed as. foilows.‘

S G(w) = A+ ) A cos(vk AT) . (4.24)
" even Q@ I S te

oWy Zsk sin(wk AT . T (4.20)
. odd - *1 PR T T



Y
-"  Equat1oﬁ 4;23?;hﬁ‘alsbfbé”written-in';he'cdmplex fo:ﬁ as:

e _-',Zak edmT g

ay = - (A " jB_ ) When -.k:is_‘l-_ée

al-k - - (A 4+ JB ) 'Whe'n‘ k is '-;_ve

=Thefcoe£f1cienta'of_.this equation are complex . conjugate

.pairs,

‘The - 2z transfofﬁ“ X(z) of a éequencé -qf‘;digitiéed

: ;samples, x{(k), can be defined as follows:

(427

;A;edﬁpariéqn'bf'quatious &.26_andrﬁ,2?, 1ndicateslthat‘-the )
function G{z) can be represented by: R ‘ . '
- 6(z) = z otk kae

where"
ijT

z,a e’



_This equation iudicates that a fcuginal, filter f.c_ol realize Con

- G(z) _ requires ~a infinite nﬁmbér “of coefficients. A
reasonable compramisa is to truncate Equation A,ZS' to . the HV,

followingrfprm.

o v

Gr (z) -Zakzk -

=y - | o |
-'VzM [ au + aMl zl + casee + a Zz ] : (4029)

M

| This equation haé ( fH;i-)-coefficientﬁ. If Equations '4;21. 
 and 4 29 are to have the same number of coefficients, m must
be équal tO'ZH. -The:term .z is a phaae shift' operacor .and’
. does ‘not affect the magnitude response of the filtet. "The
relationship. between the coefficients of the digital ~filter
aﬁd hhe' _Fourier,_series is obtained by equating " the
;lcoefficientsiof_like powers of - z‘in'quation‘&;22.and 4,29,

this,procéss indicates that:

i " 8M

'Fﬁ/a' = a,



Orthogonal flfi1€§¥s. ‘canal‘aléo' ‘.:Q%desigﬁé& ]-bf
} Anprnximating the even and odd frequency.characteristics bv“
the Fourier series coeffiecients. .ConsiderAthatw the ideal
'.;magnitude --reﬁponse ‘required of-,aﬂ.fortﬁpgonalpgit:-dfg;'
bandpass digital filcers 1s as shown iin 'Figdrés  4;12  ;§d;
.4 13. _ Designate .the ‘even ‘and odd responses as- f(w) ‘“d‘f
-f(ﬁ) ‘respectively ‘and ﬁhe band pass as 2wé-;_ Each rgf _éﬁq_f
' ﬁtwo filcars pass signals'of frequenciea in. # specified band

.‘ If the ‘sampling- rate-'is' twelve

1
cimaQ- w . thg;high frequency fpassband"wililbe'around‘che

aroundﬁa-frequency, W

gleventh'hétmonic.llthé coefficients of the digital 1f1ltebs.

approximatingfthe ideal response can be'computed'as'foilpws.

‘The *gvén".a¢d' ‘odd’ ffeqﬁency' reﬁﬁonsés .Qhﬁﬁn ~in
Riguré .6.12 gand 4 13 can be approximated by the Fourier‘ 
_segieé'of Equation ‘4,24 and 4. 25. Thg{ Faurier series
 coeff1cients,"A_#fs ‘ana‘ B k‘s, of rﬁhe | ‘even’ fregueﬁcy"

-‘response can be. calculated as follaws.':
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4.12

Magnitude

*"g ‘ Frequgnc_y V‘"g

Figure 5;12 The ‘even’ ftgquency.responsewchiiadterist1cs_Of
an.ideal baand-pass filter.,

1. =
S _ ‘
ot :w.l : \v(s/2 5 'ﬂ-”
-y , ST , 4.13
s Frequency - B
-'I L
Figure b 13 The odd' freqnency response charac:eristics- Of:_.f*

_an 1dea1 band-pass fil:er.-
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Ak W [ i--f‘(-‘w)e-:-cos_s-‘ (-2:” Jaw )
W

ComtY men
] cos (?:3w)dw + ;g» i -.' cos (2ﬂkw)dw
d - ' 8 J - ‘ s‘

e {sin [21rk( g)]- sin {27k (-—--5-)1} +

B

L]

ﬁ {sin [21l'k (..].'.l.-.-,_E.)]- ain [:mk (-—--—5-)}} - (4.31a)

Be=0 o (4a3w)
Similatly the Fourier series coefficients Ax s and B k ‘s of .
the ‘o0dd’ frequency :esponse_ can be.calculated using~tha

.following equations.

Cae0 e " (4.320)
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—E- {cos [21rk(»-—:;‘!g)]- cos: [21rk(w)]} - =y
(403)
T {cos [21rk(ﬂl—:—wﬁ-)] coS[ZTI'k(--—:-EE-)]} |

'rAftefccelculating, the Ax and By coefficients, a k's
defined in -Equatioh_ 4,26 can be calculated for the two -
orthogonalifilters;e The filter coefficients, e k‘s fcac be

then calculated using Equation 5.30.
4.2.1 Filters designed by'the Fourier series method

The Foqrierrlseries"approach-ydeéccibed in. the .Lasc
section‘ is - suitable for' desigcing noncrecﬁceive.filcets"
.whose cesccnse approximates an 1&¢a1 respcnse, .Many filters
were 'desigced uéing. this technique}'rfn one qfrtﬁe‘filter‘
desigcs,,the band width was selected‘CO be ~60:'Fce‘and"the
"dete window ¢ 2M+1 ) was sclected to be thirteen samnles at
a sempling.race of.720 Hz. The‘filcer_coefficients for the e
fundaﬁentai. andj  second. hacmcnic digitai;efiiteref were
;calcuiated;e_The calcclatechcefficiente'a:e 1isted 1n'Teb1e‘
'd.ﬁ. Figubes 'R l4a end 4.,14d shoﬁ“the1fcecﬁepcyerespcnee-of
. the fundemental frequency filters and ‘figucec & lse' Ahe
f& ISB Gepict 'the freqaeney response ‘of the’ second harmonic
_'frequency filters.' A study of these ufiguresl_reveals' that‘_f

eth ,,filters effectively eliminate the unwanted frequencies ’



o Table 4, & Filter

cdefficienté

0

of the

) fundamental

.and

-gecond

harmonic digital filters designed by the Fourier series‘

. mathqd.

- *odd’ ‘even’
- 0.0000 - =0.1115
0.0691 =0.1119
0.1342 -0.0724
S. - 0.1687 0.0000.
. 0.1550 0.0836
0.0926 0.1500
T 0.0000 . 0.1673
 =0.0926 L 0.1500
~0.1550 0.0836
~Q,1687 ~8+0000
-001342 “0}0724‘
-0.0691 -0.1119

‘5Fundamgntal-

-0.0000

-0.1115 .

_LSecond.harm6n1c 
‘odd’ -

0.0000
-0.1214-'-
- =0:1361.
0.0000
0-1571'

0.1627

" 0.0000
“0.1627

£.0000
0.1361

0.1214
0.0000

0.1101
0.0638 .
o =0.0715 .
=-0,1557
-=0.0826
. 0.0855
041651
- - 0.0855
- =0,0826
-=0.,155%7
0.0638
0.1101

‘even’
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OUTPUT

MAGNITUDE OF FILTER

- MAGNITUDE OF
- FILTER OUTPUT .

o 1.2 3.4 5 .6 7 8 9. 101 12
o © NORMALTZED FREQUENCY | |

: (b)rfodd"'

Figure # 14 Frequency reaponses of the fnudamental frequency
' *even’ and ‘odd’ band-pass filters designed by

the Fourier series method.
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-
-l
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e e

' Flgure = 15 Frequency response  of the second . harmonic

frequency  ‘even’ and ‘odd’ band-pass filters ' )

5 _d¢signgd by the Fouruer series method.



but faii_to campletely eliminofe‘the djo;'icompooenziu
.4.35F:eoooncyo8ampliog'Approoch L ?fﬂ, S 'f* Y

- Leost'efror sqooreofaod Foufiof'serieé_g:eohnioues“-fori
designing digital filoers have been presented~in~8ectinos.
4. 1 and 4.2 respectively. in this seotion, aAchirdwapproach

’3 is outlined. This -

i.called“‘the frequency sampling method
techniqoo-approximates tho desired filcor fosponaérlike fhe'
Poorier series éooroaCh;'does; :'Th; 3specifiéd Vfrequenoy
fespoose' characteristic is,o-sampied:'_at' 'N‘g‘equispaoed
'frequencies.‘r The'_sampled ‘rosoonsesilaro eqoatedrwith_thef

discrete Fourier. transforms of  the digitai'~‘filte;7
'_ooefficiento,' ; fThis p:oceoure '-providos ':siﬁultaneouo
:equaoions from which the' filter' coefficionts f‘oan  be

. determined. The mathematical basis of this approach follows -

-immediately.

: Tho'frequency fQSponse'of an-idoai digital 'filter is
shown io ‘Figore,A.iﬁ. The frequencies at which the filtorf
. Tesponse is'sampied are also shown"in‘,:he figure. . This-

‘fiitefrhas}zero,phase.Shif:iand_either zero orfunity‘gafn;

The Discrete Fourier Transform (D F. T) of'an &rtayf-:fi
. compiex ﬁwmbers.” (xo,q_,¢..,xN;1 Y, 1is another array of:':
the same dimension, &, xl,...,xN-l ).' The elements of the

iarray [ X F are- defined as. follows. Af



%

xk 2 ERAL o e W
Lm0

‘._Thefinyerse of the Discrete Fourier Treﬁsform provides fhe,

- array Irx ] from the elements of | Xk ] as follows.

N"l ‘ |  : ‘ : o - .. | -.
Zﬁk e"z"k“/N n =20, 1,..’.,1N‘-—17 - (4.34)
k=Q - : - ' : :
Theétensﬁerﬁﬁueesiou ofuannonnrecur51Veedigi€el.filter
and‘ the Vfreouenc}"response characteristics of the fil:er‘
~ have already been established in Equations. &.13 'and,,4 14.
from thOSe;equations,'the frequency reeponse at N equispaced.

frequencies can be-defined as follows:

N=1

H X, -nkAwAT - . N ' o
R I N e R
where:

Hg _' " are the frequency response samples

riawr- f "s /N

wg . o= sampling frequency‘ 

'Equation 4 35 reduces to the followiug form by replacing AT

by 2 f/w 'and aﬁ by W /N._'



Tk _-,--Essz_s.e"?”f*’“ k0, L Nl (436)

.'é',A comparison of this equation with Equation ‘& 13“'indihété§ E B

that Hk can be determined by evaluating H(z) for z = eJWAT y

-' ‘as follows"

R = H(z) 2o/ teomy
Tk U = e R B
- s k=0, L,eie, N=1

‘_.This equation 13 similar :'Equation 4 33, thé"ﬁiécrete
:'Fourier Tranaform' of a sequence of complex numbers.;HKlinf
Equation 4,37 1s,ltherefore, “the D.F.T.:- 6f75thé  digital
: filter -.coefficiénts.n':81nce .:hé frequency ‘reépbusé; is

-already defined, the filter coefficients can - be deté;mined

.using the 1nverse D. F T. - as follews: 
1 N-l

These eoeffiecients ecan then ‘bea used to realize che required

';non—recursive digital filter.



4 3 1 Filters designed by the frequency sampling

mathod

,1553 frequency sanplingf methbd fz?forf ' deSigning e

"nnn-recursive filters has been outlined in the last secticn;“'n
; ‘Using this nethod many digital filters were designed.r ;Ihefr
data window of twelve samples and a sampling rate of 720 Hz.f
were‘usad. Particulars of -some of the designed filters :are

ureported in :his section.

‘_The:desired filter response:‘characteris:ics,lfor ‘the

’even' "andu odd’ filters nere- firsr ‘selected;:. These,

»characteristics are shown in Pigutas h 16 and 4. 17.‘ . Twelve .. -

discrete 'frequencies over the range of_rhe-characteristica
‘were alaa eelecied"as ZindiCated in  these figures.l ‘The
o frenuency'?respanse' aamples,:(Hk),.;for‘th- fundamentalf
o frequency"and secondﬂharmonic'filtera—wete”obtained and-:are..‘

1isted  in Table "4-:'5,.' COefficienrs o fhe filters were

calculated using Equation 4, 38 are listed in Table & 6.‘.

Fig““s 4. 18 to 4.21 depiet the magnuude ‘response of

che digital filters designed by -the: frequency sampling,,

di-method.‘ Figures &, 18 and 4, 19 depict the frequency response-fjm'

of the fundamental frequency filters and Figures 4 20 and,
_:4 21 depict the frequency response of ithe ‘gecond harmonicf

'filters.
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. a, .

’Figure h.16'Frequéncy"
, - characteristics

- respounse
filter. "
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samples of ¢

416

0
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Figure 4. 17 Frequency
_ _response
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the. “‘o0dd’ frequeney
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of an ideal band*paas '



Table 4.6 Filter

:; 98 -iA‘

Table 4 5 Design specifications for the'

harmonic digital filters.r

" Multiple of
- fundamental
-frequency

- harmonic

FOWORNIUVMBEWN-O

'~ Frequency

.cdefficiénts
digital

sampling method.

Dot s

—~ O W00~ A W O

Filter

—FO 0000000

"*pad‘i'

of .
. filtcer

the

" Fundamental

‘odd’

0.0000

0.1443

- 0.1667
L 0.1443

0.0833
10.0000

 0.0833

«0.1443

- =0.1667
. =0.1443
lJ-OQOSQBQ

. ~0.0833
~0.0833
0.0000

‘even’

0.1667

0.1443
0.0833 .

0.0000

 -0.0833
~0.1443

]Fﬁndameptal"

‘even”’

X=X - R-T-N-R-F-F.

-desigaed.

-0.1667

-0i1443

';0;0§33'7

0.1443

—""-"_.-

Samples |

i”SQGOHCihétmdﬁidlz';;Vi

fundamental . a

“odd”

O~ 000000 O~OO.

by

-Coefficients

"fundaﬁentai
the

nd

'_eve\ﬁi';

OHODOOOOOmOO .

and

h(n):-.

Second harmonic-

odd

0.1443

¢

'.0;0000’

- 0.1643

0.0000
~0.1443 -
~0:1443
- 0.0000
L 0.1443

0.1443 .

7 0.0000 - -
. 70914A3'7H
_.‘001&43ﬁh

: e.ven Lo

0.1667
0.0833

-0.0833

-0.1667

- =0.0833

0.0833

-0.0833

. 0.0833 .

~second .

se@ond
frequency

0.1667
0.0833 .~
. ~0.0833 . -
. ~0.1667



* MAGNITUDE OF FILTER = .

'MAGNITUDE OF FILTER

oyTPUT - -

'Figure 4. 18 Frequency response of the 60 Hz .
~designed

- OUTPUT

0 . .

' W0

-
\h

e

4.6

3 4 5 6

digital filter
"By the frequency sampling method whose

coefficients are 1isted in colnmn one ‘of Table .

’-

.1.rigure\h;19

"coefficients are listed in columu two
”.4 6. - _ _ .

8

7

34 5 6
iFteﬁuency respoﬁae of the-ed-nkf

- designed by the frequency snmpling method whose
- of

‘digital filter
Table S
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FILTER OQUTPUT = =

j]ﬂﬁ*“

 MAGNITUCE OF -

273 4 5 6 7.8 -9 10112
| Nmmuuazxnlnm@mmum' L

Figure 4 20. Pthuency response of the 120 Hez digital filter;u'
_ " .designed by the frequency saupiiug method whose .

-eoefftcients are-listed 1n colunn three of Table
hﬁ. -

MAGNITUDE OF
~ FILTER OUTPUT
o

. A
L L *

012 3 4 5 6 T 89 10 11 12

1 ¥ L (L R } '

. B NumuummmaFammmmcy .;f-‘ o
Figure & 21 FPrequency response of the 120 Hz digital filter -

.‘designed "by the frequenecy sampling method whose57ff

{coefficients are. listed 1n column four of Tnble ff'
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iFrom:ane examlnation -of'-t frequency responses of

':filters deeigned by frequeecy sempllng nethod, it'is_‘

z-ﬂobserved that these fllters can effectlvely eliminate d c.en

7ﬁfrom-fth 1nput slgnals1-_'The_ energy in- the sidelobes 1s

small: compared :o the energy in che mainlobe end the _zeroesnuu

. of-wthef frequency response ‘are placed :where the sampled
-,response,ﬁes‘designated,to be_zemo. The frequency response‘f
fean 'oe fur;her limpro#eo, if the filters are designed for

_longeredetaiwindows."

4.4 Window Functions |
The effect of window functions on the digital filcer

responses - was "eISOf‘exsmined.o Appendix eB‘ describes :he

'purpose of the window functlon along with its effects on the

respouse*of some of thewdesigned fllters;'
4.5 Filter Evsluationi:

'rTnseei,meeBods jfof_ designing‘ nonéseonrsise:f:digltal‘_
'_'fllters fhsve, so fet-been preseueed-ln-thls"enapter.AiAs“ls_
':_ﬁhefcoemon srsctl;e, strengtns Sndlaweeknesses 'of"dlgitsll

_filtets'fneve'-been:'exeeinei'-byr comperlngrtﬁeis-ffeQueney:

| responses.. Three methods of evaluating the filter responseS'-

_:sre described in this section.



_}]Ozrrlu

k In an ideal band*pass filter, the entire‘outpﬁt'fenergy't{‘t'

'3';is 1n the paso-band.: In . practice leakage is present because

_;the actual frequency response deviates from"the ideal-;o |

 t7reeponse..”VTﬁe--effectiveness_ of a filter can’ therefore be'ﬁ“7
fmeasured as the ratio of the output energy in the pass~band_f;-
‘to; the total output energy2 For a digital filter, the

‘_total energy stored can be expressed as follows.

-Another indei whieh“measures the  que1ity of filter
‘performance -iS‘,the - noise transmission index- which can be

-expressed as follows. .

- Effective noise transmission - E ¢ aj )2 T 4.k0)
| For nonurecursive filters smaller the value of ﬁehfeum‘ of;t‘

1'the squares -of’.the filter coefficients, loweri;is fthe;

rvariance of noise in the output._e -

Another 1ndex which can be considered for evaluating

:digital fllter 18 the ripple ratio 2 defined as follows.'

Maximum'side—lobe.emplitude“ :_.;A,f'_. S
mpple ratio - T (4a41)
o Maximum main-lobe amplitude ‘ Lo
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"wa_yalues”pffrippié raﬁi§iére "desirable . “in -gnod‘aquélity%ff

_:filters.f "1 
A wéli_dééignedLdigftalrfilte:‘should therefore have: -

1.-'arsﬁBSCantia1 portion of';he'dutpﬁt-enérgy-ﬂ -
-in the dgéired'paSS?band.‘- -
= 2.i Ioﬁfﬁoisg_transmissioh characteristics.

- 3. .lpw'ripéle ratios.

These indi#eé were célcﬁlated for;ihe digital filtéfs- Qhose
.'desfgn‘ hag - been :reéértedjin this ch#pter.3lThelcéiculaté&
indiées_areugiven.in Taﬁle-'a.T.‘ .An eﬁamina;ibn fof::ihis
 tab1é; sho§s' tha;:'digifél filtgrs.désignéd‘ﬁy £E§*F§ufier
'.sgriéé #pptoach ﬁavé tﬁe “best’ filtering' ch#facéeriscics:
éxcept- -tﬁét'_it 'dbesj-not:,afteﬁuéter tﬁé .deﬁayingf:&;g.
"doﬁpdnents sqfficientij whicﬁ«;é aﬁ- 1mportant? requiréﬁént
_fbfVipbﬁér :Eyqtgﬁ: coﬁﬁfbldnd:protgétiﬁnéﬁﬁlicatiqns;- Ahf 
f&vergli.éohaidergtionfiﬂdicates thétwﬁqth yﬁhe'.leasﬁ erfdrr
-squa:gsf'and,fﬁh§ -fréqﬁe;cy *sémﬁiiﬁgAdesigﬁé‘areféuitabké; :
 Furtper bff?iine:én& pnfline festing of thg"fiitgrs- in Q
‘relay ialgﬁ:i;ﬁm.-;s,"ﬁoﬁéver: esséﬁtig1‘ tb- detetmin¢-the

suitability of the designed filters.
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:*‘Table & 7 Digital filtet performnance indices f6r  the déﬁigﬁeﬁxf”w
. ;filters. N . < ‘ Lo

. Filter design 'QTy?é 6f- Ene§gy'7'I‘R1pp1e ... Noise'
: method .. .. filter . index - - ratio transmission |
IR Tz .z 0 index

 thdahenta1 freduency band-pass filter
 Least error = odd 80 -  41.50 - 0.3081
- squares . even 91 27.70 © 0.1444

V'Fourier series odd 99 9.94 . 0.1676f,:“
' method o .even .95 - 21.54 - 0.1472

, Frequency S ddd - 98 13,70 - 0.1660
 sampling method even = 89 . 31.320 . . 0.1660
~Second harmonic frequéntyiﬁand-pass filﬁer
. Least error . . odd,":f 81y - 43,50 © . 0.3025
- squares - - - even 90 , _ 39.18‘_'; 0.1666

Fourier series  odd 96 - 22.89 - 0.1690 -
method = even 96 18.24"' j 0.1&65‘*

Frequency . - -odd 91 - 30.98  0.1660
 sampling method even =~ ' 91 ~ . 26.98. - 0,1660
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.agﬁ‘Suﬁmaryj

:'Tht;e:ﬁoﬁsfecﬁrsive7digita1 Eil;er.'deéign':ﬁecﬁniqﬁés._:
“havénlbeﬁﬁ prﬁséﬁted‘inlgﬁis chﬁéﬁera:fﬁonQrecuréi?e fi1ter§'
':wére -d§signed ' usiﬁg ::thésé. three .éﬁpfogéﬁes. ,_fThé 
_ ¢0§££191ents_ of- the digital filters have been reported in
this,éhaﬁtér. The frequency response of the digital filters-
”_Hévé beén.'pretenbed. Methods of‘-evaluating the filter
:response of different digital filter degigns have also -beeﬁ ;l

'described.
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5. DIFFERENTIAL AND RESTRICIED EARTH FAULT ..

"RELAY DESIGN

' frerdoreo.forJdesigning ooo-recur31ve'degita1;-£1itere‘

;havee:beeh  presented in the last chapter.o‘Coeffioients.of‘“'
" some digital filters designed fot‘ this project haveelso
been reported. | The _selected fil:ers were used in digital
proeessor -beeed ‘rransformer differential and 'restricted
earrﬁ efaﬁlt:'reléyev :.The ﬂdes;gn 0 f the relays Lg then -
preaenteo_in th;sﬂrcoapter. ' Sooe test ‘reeulte “qre;‘also
‘inéluded.'f Beforel.outlieing the sofcware, the'underlying'"
":principles of differential and restricted earth fault relays;

are described.
- 5.1.Tranaforﬁer Differenrial Relay

-;Therl.principle of ‘ﬂifferential' | protectionr-' of
“' transformers has been described in Chapter 2 and is outlinede'

'briefly in this. chapter for ready referenee.. A transformerr
‘,differential relay eompates the currents in-the‘windings of
rheprorecred transformer. Before comparison the levels 'of,

. the transformer :winding currents are reduced fbyf~usihg

rc.r;’e.“ﬁThe;ratio5of the c‘ta's-end-their cdnneotions are .

r,selettedf'tpirensure' that a direct comparison is possible-ﬁ
' ﬁhe;_megnetizrng:eeurrenrq'V;of* power transformers 1 are
--reietiVely,ismeli_ and ' are, 'therefore, neglected_-in this

comperisoh;'f Figute :5a1; shows . a typical f'traogformer
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Fig&r«*ﬁ !

N E S | .
oo =F 1t
;a - ;b Restraining .
. ~ coils
Operatzng _
cnils o

Gonwecsion diagram for - differential

of a delta/wye transformer.

proc;g:ioh 
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t}differential 'arranéement for: s"threeripnase two winding
:trsnafonmer.f Aa already mentionedl the’ selected ratio of
“tnet:ctt;*'l;_ d their connections?~ensure that the'c.t.
:secondary- currents lcirculate“ in”‘the‘ restreint"elements”'
:‘during normal loading of - the transformer.and duringrexternal
._faults. However, a fault: within the transformer disturhs'j'“
tne 1belance':between ,tne' secondary currents‘of,the.c,t.
installedjion the ,pr1osry':and 'secondary"sides“of ,the
rtransformer'iresulting in flow of currents in the operatingl
-Viﬁdinss‘OfWFh;'PQI?Y't“tn practice, several differential
nrotection;.errangenents__ere used for trensformers, Onelofl:f
" the'arrangments inclodes.nercentage‘end ;narmonic ‘restraint'
; festures.”r_fhee'relays‘of this‘tyoe‘usuellyleonsist-Of four
~ relay elenents;- the differential current‘ element, “the
| through _current  element. “the harmonic current element and
“-the;high Set 1current =e1ement. L-Th differential current -
element provides operating torque while the through current;ir
: and harmonic current elements provide restraining torqnes.
.The' high ' current element.fis designed ‘to ﬂ.takerthe:
ttransformer out ‘of setvice 1f the differential.-current'.in'
"any lphasel exceeds a_set vslue,fusoally_teu'to:twenty:timeszs_ ;

- the full ’ 1&3‘ current . .' :

'The.differentia1 unit'may‘have 'a"varieble _percentege:
'ratio--tharacteristict,tofoprovide high sensitivity at small
through'currenttnegnithﬁeg‘and‘coﬁperatively loﬁ‘sensitivity

Jrat:'1arge'through‘currentSef,This approach;enableseth!'relay



1109 .

}to'&etectﬁlow‘leveiiinternal faults in 't hea?proteccedd'tbueV 

and prevents false trippings on heavy external faults when‘J:VI

"differential curfehrs might flow in the- opera;ing 'coil

T to: miSmatch of c.t.

',Theahaanenicereetraint elemenf is'designed"ag- preaentq'
tripping due ‘to magnetizing inrush currents which: appear to
the-relayn ae-,internal - fault currents. Inrush -curren:a
.confaiﬁ*large.uagnitudea.df harmbnic eomponents° thexsecoﬂd
afand th;rd harmqnics predominate. The operation of this unit
uSuaILy depends on the magnitudes of one or mote harmonic

‘ ,components-of‘the'differentialncurrent.

The; hiah set cutaent element _is“~an ”insfaaaaneouse
- overcurrent relay which operates within one cycle.' In,ease
'of a heavy 1nternal fault, - the ‘instantanenus overcurreat
'uaitf,piCka up and'triﬁs"the circuit breakefsffor 1solafing
f  tﬁg Franeformex ffom‘tﬁe system.' This -element 1is iaet_kto
N o#erride:'the'makimum‘ diffeteatial“curren;_awhichlfmayibe:
:expe;ienced _becauee:'of _e;t._ miama:cb,aVEffbnbrmalég‘tapj
'setaiagsfand.magnetiziag,inruSh._fThe pick ep;set:iné,eff:he'
".instantaneous unit. is:-esualli ,tea‘iter twenty times ‘the

transformer full-load current.
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5.2 Restricted.ﬂhtthfﬁaoit'Protection

Aeodisoossed 'iﬁ} Chapter 2,'frestricted' esrth'“feult L

| protection iiS_, required in additien ' to ;differential.;;ft'

protection to iucrease ‘the section of the~windingf=which_gis'j-‘

effectively protected ,in'ucaae"of isingle,phsse?toigrounde.'
faults. In someicases, the use of the restricted earth7“
fault protection is essential-heeeuse‘singls phese to ground‘

_faults cause telstively small differential currents.r‘”

‘Figure 5.2 ‘showsv'a_ typical arrangement - af the
restricted earth fault protection scheme. This arrangement‘
compares the’ magnitudes and relative directions of the zero

-sequence :current 'and the transformer ncutral current. Tﬁe,

'neutral current I will oormally be equal to.thersum of the

1currents"in ths three phaoes of the wye side windings._orori,'
s'line to ground fauitvootside.the zone'\ofi-thej:restrictede'
earth faoltyrelay, the neutral currentristhelsame4ao BIdeti.
the transformer terminals. Current‘inrthe operating.eoilfof

,rthe.-restricted earth fault relay"-is,r‘therefore; zero.

: ,However, in case of a phase to ground fault in the protected,

zone,,‘the neutral rcurrent, will notr be‘.balanced by the.“-

i.jlo'curtent at the. transformer terminals.. Current would,'
,.therefore, flow 'io the restricted earth fault relay which"'
: ooolo,operate. This restricted earth faolt protection will,ff

'ﬁhoqever, uot respond to two phasc and three phase faults on

' the'wye‘side which oay.be insidenor .-outside - the protected;gﬂiﬁe
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-+

-Figgte.S.ZL;Cnfrent bﬁlancing for restricted earth fault

- protection of the wye winding of a delta-wye

.- transformer.
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zonefof*theerestr1Ctedreatth'fgq1t7fe1ay;‘,,:'
’o5.3‘Digttel“REDEYLDeéign;‘°‘"

'1fhe. principles ~_£  loperation B of f'o.:fcooveotional?
rtransformer‘ differencial relay and a restricted ear:h fault.o:
_relay ‘have been described in Sections 5.1 and 5. 2. (.One of
the objectives of this project was to design a transfotmei
'differen:ial and res:ricted earth fault ‘relay -;yeteo for
;mplemeotation -oo. ;o programnahle oiéi:al proceeeor; ‘The‘
fioelized‘relej design 1scdescrihed briefly 4na :h;e‘eedtion.

Implementation of the design is then outlined.

Wheorfdesignieg af‘digitel'irelay' twor 3op£1ona r*ate'o
' available;'fone! option is to oaieulaee; the primary and

‘secondary_~side.'lihe: cur:enosf‘an& the neutral ,ooureent
.:continuoosly, and'.monitor -ehese- curreots‘ for zpossiblee
j gggngformnr:japlys; The secood‘op:ioufisrto uee ee}starting'
| elemeot_?“ﬁoieho"wou1d:'initiateL eeecotionﬁuof"eieher “the

_differenfial.-pfoteceioo"or fhe ‘restricte&‘-eafth ”[feult.
’-;a;gorifho;~ee;eoon es”Ehe inceot;onof a faolt ie sosﬁected;

The_advantegeeaof using the first option are3f?that:

(i) no starting algorithn is required
(ii) changes in the fundamental and second harmonic .

frequency components can be monitored continuously.
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:Thé *disadwantage‘ﬂ f, uéing this .approach ;isi'théﬁ the

'limagnitudes of. the differential and through currents and Ehe

',‘,harmonic components of the differential cnrrents have to;‘bel"

“computedw' and the differential -chara¢teristic has-'to be‘ 
'applied 1n every sampling 1nterval..-The”&sewa”"g"s:atting
'elgment eliminates most - of these computationa during the

normal operatiQn'of.the‘trahsfotmer.

:_;As discugse& in%thé —ias:"paragraph_” ﬁﬁe ‘ttahsfgrmet '
 diﬁ£¢rehtiﬂl}qaud ‘restoiated ..earth Hfault relay aLgorithm§

reéuire many_comﬁuta:ions- in--each. pass. Host' of these

;cOmputafiéqs,' ,if .'performed. dﬁr;ng J-normal ‘-Opefaﬁiﬁg.
lcoﬁditionsil~6ou1d.tcon;ticu;é r-unneééssary --aémputational
effor;.f 1t.Qas;rthéfeforé; deci&ed that the relaj“dEsiéﬁ be
1equippéd Qith a startiﬁg-algorithﬁ. The relay system design

‘was théréfdre developed in the following three parts.

Codd).Starting .relay
-(11)3Restt1ctédfearfhffault relay

'(ii;) Differeptial_protéCtion relay f
5.3;175tartingzrélay design

The objective of this relay is to mbnitor‘the"cutrents‘
' oh“fthe ‘perArY.=and'fsgéondéry-,sidési‘of‘.the; proteétéd 
: tr&néfotmer and\decide.if‘therq,is'a fair chance‘ that the .

transformer isfgkperiencing a- fault.



In an application. c.t. s. for the primaty and secondary-””'

raﬂside f erhe  transformer “and - rhe transforner neutral are
 f1rst 'selected considering ‘the. transformer voltage-r and .
fmega-volt-aupere ‘ratings. 3‘The7*outeets of e selected'

.c.t. 8 are then~merched - by using auxiliary traneformers.a.

'rFor a digital relay the 1ine and neutral currente are pasaed'3o~:

_through smell resistances to .obtein volteges<;which .are

i proportional‘to the currents.  The voltages are saeoled‘at a o

;preeseleetederete,-are:digitized‘ end then placedlrin ‘the
.rproeeesor ~BEMATY. ﬂor .subsequent use. The firet task after:

'receiving a-set of samples 15 to decide if there dre reasons

to believe‘,that the :ransformeruis‘experienc;ng]a faulc;;f"

For'rrhisf purpose, instantaneous values ‘of ';the-"three'
‘dffferenrial' currents are computed from the eampled valuee."
The'magniruoes of-rhe differential currentejand_the.jeeutral
ZCurrent 'ere rhen -compered ﬁitﬁr ore-specifie&‘ threshold
' ve1ues¢ 1f none of the. currents exceeds the threshold, ‘the -
@regramuwrewento 0 the wait mode antil. next set of samplesj
-ie reéeioed.' On receipt of new samples 'ofi currents,_'thee

' 'different1a1 ,currents fere again‘ eelculated., The lateet

values of the. differential currents and the neutra; currente‘

.are,‘then.'coppared with ;tﬁe: thresholds. E‘Ifi anyrof the
correots'is-largernrhan the. thresho;@; the'phese;'ohaees.or_
-the.  neutral whose currenc. exceeded ch threshold ‘aree;
identified. The processor then vaits un:il the next- setV of
sampleo;ﬁisi received. -)Ther differentiaI‘ currents,end_rheo

' neufral_eurrent'ere.again:eaIQEIateﬁ eedgcompared_'wirh"the ‘
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‘threshold;il,Two 'possibilities now.exiet; ”one“thet=noﬁe of -

"the:correntsnﬂexceeds‘ the Tthreshold -éalee}'ellf gso;-athe_""

--starting logic-'is reset and the processor receives another-n

',set of samples. The second possibility is,'thst either ;a‘];

_differeotialj”current~- or the neutral current again exceeds~i‘~'~

thettﬁreshold, VIf the differential current of 'j phese ﬂis,
‘ooservedl‘tol‘heve exceeded the threshold in tWO successive
' passes, the differential " relay ‘_logic r.is -sctivated.
'Similarly,:if‘;the-'oeutral-current Jis tobservedl.to “have
erceedee thei-thresﬁold Tforlrtwo '50b¢essive'-sembies,.”the

‘restricted earth fault‘iogic is activated.
5.3.2 Restricted earth fault logic

On actiuation by the. starting relay ‘iogic;. toe_
restricted ‘esrtc"feult"relay _ccntinoes”tohseeple‘all the
"currents atr the specified rate. On receipt of._ew éet'[of'
””esmpres, ‘the digitized vaiues a@te’ stored in circuiar tables
'.which are set up in ’ther processor"memory." Instantaneouss
value‘}off three tioes the line side ZeTo sequence current
'_(.-0 ) is calculated by adding the instantaneous valees of
‘the line cerrents; " The value of 3ID#is then subtrecred froef

the digitized values of I, . The d‘if'ferehee (1'*‘ - 31, ) and -

- 31, are ‘also stored -in - the processor memory. 'As soon as

0o
enopgh'eemoies'to~fill.s data window-become availeble, ‘the

phesorfzof_-the -60¥ Hz -component of the difference current.

‘(In ) is. determined. The mapnitude of the calculatedi
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of .thg‘ calculaced phasor is compared with a pre-specified_f[i

f'threshold. If the magnitude of the phasor is less than thd‘“
thteghpld, iff“ié _cbncludad _that the fault is outside the -

;rnnsfofmer_zpnegg However, if the magnitude of theA phasorr'

is 'greater thdn_itheﬁ threshold Tt is concludad chat ‘the -

jtransformer is experiencing a fault.‘

Thdr.ﬁo .Hn? qnnnbnenc of - the :differenng- current .
7-(Iﬁ'- 310 ) ris-i‘ ‘ nquantitj~ on whinh 'opgra;inn- of;tne'

;resqrictedlearth §nu1t relay depends. llhgvprocednrgdnqnd;to1

nompute. . the .magnitnde of ‘the phasor';repnnénnting .the
-diffefencécnnrent.is as;follows;- | | | |
The inétantanebun valné of .théurresi&ual-lcntrent“ is
-_calculated usiug Equation 3.1 and. the instantaneous value of

'the relay curren: is calculated using Equation 5 2.”

| -':3-10 .' "_-‘l-'ﬂ’rf-a:' Ay * i | o . (51) L
4 w1 P PO o (5.2)

'whete:‘f'-'
'ial; ib 'nnd i, ~are the sampled values of the
..currents in the a,. b and c phases
. : N Lf*‘f | _
'.Digitized values of i } are used as inputs for the, selectéd

. ‘ \,/
‘idigital filter; ::Ihe' outputs of the fundamental frequency
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'_of;hogehelefilte:s,esrgffﬁ) ahdlecrx {n), ;are ibb;e1nedefas~f

‘follows. .

;S_;,; (n) - Zh.ii"‘x (a - I (53

e (0= Dy Aty 0= (54
e -

:‘In uhis‘equggions, a?] and bf} are the eoefficiente-rof ‘the
bandpass fundamental frequency filters - and n is the numbe:
'-of the latest set of daca samples received. The:peak .value
'df ~the fundamen:al frequency component-‘df éirx'is~nthen
obtained ae-follows.

2 2 | B

Ly (n) = Sﬁx (n) + Cf.x‘(n) ) ~ (5.9)
tIhnuﬁmeﬁtﬁﬁiﬁﬁﬁhﬂeﬁﬁilgﬂ ipwth197 pgtegraph"ere performed
‘every tine’:ee}neﬁe set of samples is received and-the

'rrrestricted earth fault relay is active.'
: :5.3.3 Differentiel protection logic

,Oﬁfacfivatgon by the sterting element, fhe'differentteL
reley',continuee'-to gample and digitize all the currents.:“
;,Inetaetaneade, values of theﬁ through 1‘en& differential

' cu:feﬁ;sijare_icomputed eand stored in ci#cuiar tables.:.A;
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"gimaginary components of the fundamental frequency phasors ofi"

:the differentiel currents are computed.'-The- magnitudes.;ef-e
‘the_icalcu;ateo phAsors are‘lcompated.witb»e_preﬁspectfied_4
:higﬁ setgya1uef If_theucomputedtmagnitede”of:one‘ of:fthe-
c.phasots'-encee{siehe pre—snecified ~high set‘value.ie trip
commend;is .issued‘ to  iso1ate - the ‘ttansformers‘fron‘ tne‘
syStemo ' *Snoeid-fkell the icomputeo‘ magnitudes"of the
‘rfundamental frequency phasors representing the . differentiall
fcurrents be less than the high et vaiue, megnitudes of thel
‘c‘phasots representing the second harmonic components‘:of; the
‘differentiel currents are. calculated._ The magnitudes of the
erndemental frequencyrtphesors .representing--the ;‘through
‘cutrentsl;ete 'elao compbted.,-The megnitueesfof'theephesors
;representing ‘the second harmonic and fundamentai ‘freqeencf e
 components:-of_ the differential currents ate compared.; if
‘the second harmonic component of a phase current exceeds 337;
Tof tﬁe magnitu&e of its fundamental ftequency component, ‘the
.‘ftondition'is classified-es magnetizingrninrush, r:otherwise,‘"

the differential relay algorithm is implemented.

--The 'megnitude"of. the-.'phasors representing ‘the

fundamental rnd e high . frequency components7efof;‘,the.f -

,jdifferentiai and thtough currents_ ere' obteined ffom‘ the

'instantaneouS— vglues representing the primary and secondary .

‘:currents.- To compensate for the‘ phase’ 'shift ‘between the

‘e-prinaty. end secondary currents in a wye/delta trsnsformer
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'the'instaﬁfSnQOQS"vhlueﬁfﬁbf.~the fe§uiv§1gnt‘3pfiﬁary‘ an45'
secbhdary;;cuffenfé 1£or-thg.trahsformg: showﬁrin Figurgfs;l-

are calcuiated és;folloyp{‘”,_if.‘_m

ipa =4y - isb SR o (5.6a)
I (s
‘and . . ' | .
Cdgoemdy (8
¢ e '  . ., “ | -_‘ : 1}:ﬁ5'7¢)'
where:
. ybaﬁ,ripb"anﬂlipd afe.thé,eQuifaqut.prima?Y'
currents in the a, b and é‘phasesl o
1SA ,‘1§3‘.and 1gc  are ﬁhe equivaleng secohda:yL

currents 1n,the'A, B and ¢ phases

The 1nstanthneous v§1ue= of:rhhe"differenti&1' and Zthrongh :
. currenti_cfof ,eaéh.‘phase are theﬁ obtainéd_usingjﬁduatiqns
5.8 and 5.9. | |

R T

(5.8)
b pd L1 IR 5 ')‘_

V*EJ', = gty ER - o _.'_(5,-9-)_
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:‘-“?wﬁéreil-'
. '195,  5ih[.;héginétan:aééoﬁé valué_éf-tﬁg-.'
| .differ;ntiaifcurtgnt-foffhephase‘i  ]
 123, - i#,.thg1pstan£apeouélva1ﬁerofAihe 
"‘tﬁrbugﬁ lcprreht fo% thé_hh#géfﬂ {_
#pj-rl iél'the_instaﬁtaqeouﬁ'ﬁalue"ofgthé;_.
. ?compénsated priﬁary side-curr§ntA “
*fqr.thé phésg_j“ | |
i#J ; 1s- tﬁéiinstantaneﬁus=valﬁe ;f tﬁé
: c9m§¢n§§ted|sg§opd§fygidecutrént:
 for the phase J "
B aﬁé - J reﬁrésenr.;ﬁephases'heingconai&erad;

'a, b or ¢ for j and A, B and C for J

In this manner dix'instﬁntaneousAva;ues,thre#-ﬁiffér&ntial
.cu:rents:'gnd :chﬁe§ thtough..cﬁftéﬁts.‘ §re  £ompute&j;on_‘
feceiviﬁg a set‘Of,iamfles. ‘_The"cbmputedrxyaiuea; 6£\ the .

_diffsfen;;é;7 ;pdﬁ ;htopgh, ¢§rren£s'3ar§‘stored in circular

tables set up in the processor memory.

L'arﬁe ;mé§ni£ude  Qf ! ﬁhe ',phasﬁrs‘.Véépré§§n£1n37 :t5§f'
fundaﬁéntali  aﬁd:;:high-  frequen¢y “compbneqts j of . the
 ¢1££¢{¢ugi§1 anﬁltthQQH?-¢urren£s' are' o$tainéd”]f:9ﬁ':the;“‘
diéifized‘éample§; :$hg'&1gitized wilueB df-tﬁe'Efoents'aré'?“
--uéﬁdfaé 1ﬁpﬁ§é'€0udigit;15f11t§r§} 'hihe dﬁ:pu;§ -pf~w£hesé.

'  ¥11;§:3 8réuﬁe:§rﬁined'§s fo11ows.-




S () Z}m My a-p (50

] _‘_J L _‘51

L ogp o Yy fp e (5aD)

S (2 j = (s.a2)

G (m) by dp @=L (613

‘n‘> (Nf+ 1)f‘5

where:
| k is a multiple of the fundsmental frequency
SkD (n) end ckD (n) ate the outputs of the kth""
g harmonic bandpass digital _filters N
processing the differential currents
skZ (n) and Ckz (n) are the outputs of the kth
harmonic bandpaSS' digital filters-f 
':eprocesaing-the through curren:s,
“ ;ekj-usnd kau are the coefficients of thel._
| B fkth harmonic bandpass filter pair
3iFn' "is;ohe_number-of,the Latest setrofrdsts |

samples received
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:fooffea;ﬁ:ﬁﬁaSéy-fﬂe;pehk‘valnes,“of'";hef'kthrfhatmbﬁic-
; components-'ofj  h differential Tcurfént'aaﬁd the through
E current -dte computed from the filter outputs as: follows’f'u
2 . 2 2 L
o ko 1 to'3-

_The magnitudes of the fundamental,‘second and third harmonic
_ frequency -componen:s of the differential nd through
- currents are then used to calculate the tms values 10#- the

;f_differential and through currents as fellows.

N 1 (n) + I (n) +- I (n) L
1.13 (a) = 'iD | 2D ‘4*_--..3._,_,.. _‘(5.15)7

2 .

(n) -' ,

ID (n) is: the s value of the differen:ial .current

‘¢Iz (n) is the rus value of the through current

The dece. quponants of thel magnetizingﬁf1ﬁrﬁsh‘ andj‘fault‘g'ﬂ

fcurpgnt,gwavgformsu,are' partially blocked Zby,rﬁhe current
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tréﬁsformeré aﬁ&.ar§='fnr:hgr'faftendétedf byV ché —f;itéféQ

Thesef componeuts fafe-'thetefote‘_not included=iﬁ‘E§uatiops;f:_‘

5.16 and 5. 17, L
| 5}3.Afkgiai cha:aéterist;c

Theﬂva;iabieypercehtage‘ differential:.algoriﬁhm Afirst
pfopoéed' hy“*Rockéfeller15 is “used to preﬁent friﬁping on
'.differential cnrrents resulting from‘.magnetization .inrnsh

"umu:nen: tn&nsfqtmer ¢Lﬁsimi&arigiﬁs QT diﬁferences in the

c.t. ffratips_ﬁin ' auto—tapchanging transform@rs.; CThis

algorithm'f:EOmpares t he '-differential'-curréﬂt(s)f of the }
' faulted phase(s) to a function ‘of the primary and decondary

Curregts.'of- the pha;e(s)j This criteria is depicted in

Figdt§ T5.3;},'If ‘the.-differential current-'excegds  the _ '

threshold ;defined:;'ﬁ" that figure, the possibili:y 13 that

'the transformer 1s experiencing an internal fault. T_On the

 ~qthex,whamdy;;1 ,};h diffgrantial cuxrent is lsas than the . -

. threshold,'itucah-fbe;'concluded_ thatrfthe7 transfqrmerrfis _;‘_--

‘opﬁratihé'nbrmally, [Aélfull-load;-thé magﬂetigétiph;cupként'-
- 1§-§f§roxiéatély'3220f the';primafy gurrent'_andtherefore 
contfibute#“ verf-lliftlé to. tﬁé ratia ﬁf:the.differehtiﬁl
jfcurrent to. the through current. Howéver,‘if £heJtr#n§former,

: isl unloaded,. the' differential currenf'equ;isfﬁh?‘thrqughu
cufrent ‘qﬁd. £ﬁ§: ra;ip,'rs thgrefpre.'lboigbercént.: f:he
' mégﬁetizing_ ¢ufr§nt:establiéhes.the.minimumlvélue ;f-£hé'

threshold with which the differential current 1s first -
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'compared. Ifeehe #elue'of the‘differentialreurreﬁt'exceeds :

this minimum value, ID is compared with IZ according to-:the -

'piecewise lineer threshold characteristic shown 1n Figure o

8 3.. The threshold cheracteristic is selected such that the‘

edifferential : ‘currents ‘ 'due te.__current | :ransformer
dissimilarities and trehsfermetion- ratio changes due‘;to

tapchanger operation de.nat-ceuse‘the releyfto operate.

Two vereions of the variable percentage characteristic

~wu¢f§5 used in thiﬁ prejeet. n%heee~eha@ee%en&aeiesdareﬁshown
.in Figure 5 3.- The*criterie-of Figure 5.3a uses the ers_-
values ;o,determine the &1fferent1al‘an§ through'eurreﬁts as

- follows:
g . 1_,1")' [ - |' I, _!  T R O
Tpye oI, s Lo (5a9)

‘Wﬁer.e .
” ' Ibe‘;is che‘rﬁs;yelueief.the-pfimary.eutfent:f”
mameee o
'- Is”f ie_the’tms value_of the.seeon&arycuerenﬁ B

~‘ih'e‘éhase'

This ehare'ete,r-i_a,t icis .bound'ed R by 'a. stfaigﬁt- : —1-171-1'3 whose
_slope— eeuele"of'ﬁ'beceuee ‘the - raiio of the differential .

“ current. to the through current can never expeed 1. 0.'f-The’
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criteria;ﬂnfg'Figure 5 3b uses the phaaor representation of
the eptinar#;iand" secondary ' currents t ib compute the “
"-differential jnnﬁﬁﬁhroughgcurtents._ The criteria is epplied

»rueingethe fdllowing:procedute,_*‘

(1) 1f ID s larger than I  , continue to
lstep (ii), otherwise prOceed to step (1v)._f

{ti) 1fF ID 1s 1arger than (Ml IZ‘ +-CL),
fcontinue to step (iii), Otherwise proceed

7 to. step (1v). | ] ) , N
(411) 1f IB is larger than (-M2 I, +c2),

o tconclude that the transformer is experiencing

an dnternalnfeult,

. (4v) Tﬁeffauitfis-not inﬂthetttansfnrmerﬁzdne;_
M1, M2, Cl, €2 and Iy, are indicated in Figure S5.4.

_‘ Appendix C describes how the .eqnations modelling ”theT
-variable -‘percentage differential characteristic Can'ubej .

modified }to-_directly use thef.squared-;valnesgf,offi the

"diffe'r:eni:ia_l, " and through  currents. ' This.  feature

considerably teduces the - computationst-required"i ’ tthe-‘ '

uimplementation of the transformer differential relay.

" The procedure outlined in this section -is applied ta'

'i'all three phases so long as the diffetential relay algorithmf-

. remains active. .
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 Slope=1.0

Slope = 0.6

DIFFERENTIAL CURRENT. o
. = Percént of full load current -
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minfreamidonicnd

Ig= \I | + ]I | - Percent of full load current

(a)
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|
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'slope = 0.6
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:“‘
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Figure 5. 3 'Variable - . . percentage - - . -differential
L chatacteris:ics. ' : '
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r%_ 40 80 - 10 160 - 2000

Figure 5 & Paraue:ers" "of the variabie'_'-pefcen;aga"
differential characteristic._ o o
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jfoS:kJDiéital-Reiay'ﬁlgorithm~'

o;rhe  differential -and 7re§tticted‘ oarth- féuioorrolay
odesign discribed in the previous section was used to prograo
:a digital telay which 1s outlined in this section. The flow
 oha:t given.qinjFigure 5«5'desoribes thetmajo;‘stops‘of theu
.logip-usedoiﬁ tﬁe féiay,"Figures 5.6.:5.7; 5;3.;ﬁa 5;9 show‘;
. the~-essential details og V:hef various .segmgntsf-of uphe

;estriotooweatth~fﬁult‘and differentialjprotectionjrelays.
'j534.1_5tart1ng olement

one of 'the segments of the digital réla'y 18 the
std?tiﬁg unit which consists of the following steps. - ‘ )

(1) Activate relay ‘system by 1nitializing variables and
oounters* forl the relay logic and set:ing up clock for data_
._saﬁpling.,  '
(ii) S&mple' the @ix ‘line curfénto Londffcoe- ﬁeutrol
'ocurrent and place them in circrlar tables 1n the processor
'momo:ya -lr | : o - | | |
.f-(iii)ffCoﬁpute f&eiﬁa_;cur;ents\’uoing tho foappfopfiate
_ oorreot-*somp;eo. ft;a #1betc.' )‘;of_-ohe owygrogognec;ed,
: winﬂinéo. | | | | | |
o(iv)l ~Compute . ithe a'insfantooeouso \va1ﬁes'-,af _ the.
rdiffexqotial-eorfontoi -
| ';(v) : Compare i'ﬁhoi,inotanﬁaneous ‘.éaiﬁgo:  of.-"the

- differential ;currents land..the.fneutfal curtento?ﬁith the ,_”
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threshold values and identify the phase(s)”‘endlor"neut;all

'whose current(s) has (have) excaeded the threshold.,_.l

(vi) Wait for the next . sec of samples lto‘-arrive. l;Chf ;,“‘

receipt of the new set of samples tepeat steps (111) to (v)..y

(vii) If the instantaneous values of the neutral ‘current~"“

have exCeeded che threshold in the 1ast two . checks ectlvatel
‘the earth‘ fault lrelay logic. : Otherwise,_lcheck‘-if ethe'
qdiffefeﬂgial‘ cuffents.‘of any pﬁa&e or phasee'haﬁe‘eXCeede&:
the';hresheld:in'ehe.lest two cheCke..'If yes;Aace1Vate the

diﬁﬁew@ﬁvfel%me%&y*%mgtefwwomheéwi@e?neyemt;%Owutep*Lvi).
5.&.2_Restt1cted‘earthﬂfaulf relay -

ﬁThe"fseeond 'segment' ef ehe digitalwreeley is tﬁe o
tesirieted earth fault unit which was - realized by the logic
:desCtibed in the followlng ateps.-'; ‘ |
(1) Sample the line currents and the -ﬁeet;alf current;l_
_Gaméube~ﬂt ins&aptaneeus maluee Lefhlth :-dlifeienee'and_
through cureents and the ‘sum of the phase currents (31 ).
(11) Compute the difference between the neutral current
end the sum of the phase currents. calculated in the previous
's;ep,l ‘Thls-'differenceg representsrjthe::relay L‘operating
cufrent\' | | o : ‘j‘ - ) |
(iii) If sufficient sampled values of the*rre1g§e,curreetl
”e:to fill the data window have been received, pr;olt.:eerlr-'-t:e'..c.:t:.ep-i
-(iv),. otherwise revert to step (1) S '

(iv) COmpute the real and imeginary compoeente 1qf“the



-‘ujphaserfifepiesentingf;theffuedamentalrf:eﬁuehéy-cqﬁpqnentfeﬁf'b'

rthe relay current..;‘ . .
(1v) Compare the magnitude of the- fundamental frequency?;

"bhasor,”:representing.;the~ relay ,currentr.with the‘ relay hf
settins. t?':u . B -

(v) If the relay current exceeds the set value, advance"'

‘the 'increment ceunter-mby one.. If-chevcounter exceeds the .

threshold; 1seﬁe-emtripisignel; _otherwise ,reveft"te‘ step

(1). ~Onm thei oeher‘_handrrif_'the"megnitude"cf the relaf'
1w¢urreut is. lese than J;hee alloweble ;setting,- advance' the
’decrement councer by one.. 'If the: decrement counter reaches
~the threshold,-reset the'increment ‘and decrement coenters
and“reVert; to the starting elgorithm, ‘othe:vise.reverﬁ‘tb 

5.4.3 Differeantial relay

_ ‘T. third sengne“ ef',the_ digital ‘relay-liie ethe
“gdifferential protection unit which was - realized as follows.e":
| (i) Sample the liue currents and phee neutral 1current;"

a"d' “chieck 1f- the data windows are full. 'If yes, preeeed}te
;step (ii),e'otherwise repeat step (1). ~ | |

| (11) Compute the real and imaginary comeoeenee'gof_‘the
rphasors representing the fundsmental frequency components of
.'the differential currents.[ | - J
| (iii) Compare the magnitudes of the phesors with the high‘

”‘.current” setting.;. If'ﬁtﬁe' magnitudeezof any differentialf
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'cufrent'nhasotffexceede “th high, setting, 1seue-tef trip

command._ If not, proceed to step (iv).

(iv) Compute the magnitudes of the phasors tepresenting"

‘the second harmonic component of the differential currents. ﬂ' .

(v) Check for each phase if the magnitude of the second

hatmonic- component of the differential current is greater.‘-

than one third of the magnitude of the- fundamental frequency
component of  the differential current. If'-the «second.
harmonicrcomponent'of‘thekdiﬁferential current txceede fone:
'third fdf *%&heﬁmm@gnituéeaﬁaﬁ whUs nfundamentai :Efequency'
component, check further if the fundamental component of the
?differcntial _current exceeds the normal magnetizingncurrent'
setting.: 154 £t exceeﬂs”thts- value, renert_:to_ﬁstep (1);

otherwise eexit; to thelstarting algorithm.‘;Howenet, 1f the
‘nagnitude ofn:the second harmonic conponent_‘ of; ~ the
diffetential current is less than one third of the magnitude.
of 1ts tundamental_ frequency component, 1proceed. to; step -
c(ni). h | | o

| '-(vi)-'Inoiement‘.the variable Mpercentegeindiffetenttel
cncrnctetiotic:7\ytrconparing the differential currents with
‘Jthe through curtents.c The variable petcentage- differcntiai‘
characteristics 'wasf seouentially' inplcnented‘,ee:snown”in
-fFigure 5 9.. If the values of any through :cnrrcnt ‘and \:ﬁé
ccortespondingf differential current 'remain within the trip
oeone-of'theicharactetiétic, advance the increment counter by'
oﬁé.f .elfl"the::increment- counter ‘exceeds:o‘ne* 'fault

threshold issue a trip signal but if the increment countet
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‘ ’!
ccmm DIFFERENTIAL cnmms
WITH meucn cvknsms
: 1S THE mmmm
No | EXPERIENCING A wa.:r?
- , i Yes
C No | HAS THE COUNTER EX- " Has the com';:ar‘ ¥ ®

CEEDED THE THRESHOLD?‘ exceeded the threshold?

‘Yes- S J.'Yes
iy - -“_',”H-H?'fﬁif“ﬁ: -

‘Figure 5.8 Flowchart used to detect a - possible fault:
' condition within the zone of the transformcr.
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hae,‘not'7exceedEd the"fauit threshold revert to. step (i)
on the other hend 1f the values of the through currentsAtend;,f
he. differential;_current ,ete outside the trip.zone of the.

‘reélay, 1adveoce‘ethe‘3decrement counter b? one.,- If ;thef

" decrément counter . eéxceéeds the noﬂfault threshold exit to .

'Ethe etartingxalﬁorithm:‘-otherwise revert to step'(i).

The main . steps involveo in _the"implementetioo of;:e
differential _ restrieted_eatth'-fault,teley*have.beeo f
:ontlineo“1n;ehiewgeet£on¢n~&e@lenontat&on-eof toe}fdigitall
relay iﬁvolves;'theieiecotion of tbe etarting'elgotithm~end'
either the differential or the restricted earth fault reley

1ogic.
S;S-Off-line:Testing N

A softwere )'base& 7 tfansformet‘ differential eMand
frestrioﬁed earth £auitr relay wa | designed rawee'
e.implemented using the algotithm described in Sectioos 5.3
ano, 5.4, This relay program was written 1n FORTRAN and wee'ﬁ
teeted using simuleted‘transformer‘ magnetizingv'inrushz aoo,

) , [
fault conditions.

| Digital filter designs developed by the least-“efror
quuares approach ,an&"the Fourier series,:and frequency
sampling methods have been presesnted _in Chapter &. ' The

efrequency response of those filters have also been examined _
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'and'filters}hhoSéﬁrespdnsesfafe closs tolﬁheEi&éaI"rsspOnsé

have. "beén"-icl--eﬁ"ti-fié.d-. Using these filter designs, a digi:al,“

restricted earth fault and differential relay was‘ designed.'
The philosophy outlined in Sections 5 3 and 5 4 was: used 1n'
rthe design.-.Ihe designedatelay_was,tested .in,'an ,qff—linel-

~mode. " The Qﬁestlng ‘was in two parts. _Theséigitalsfiltezs

were tested' first  using -simulated._;data fresresenting
-magnetizing - inrush ”'”transformer_‘ wvinding  faults and
simultaneous magnetizing inrush .and winding 'fsults; l-The --

-dperstionirbf fthe-'filters ~was;examinsd-hy~obServing'their -

outpﬁss;*lssitabls;filtsrs‘wers then‘selectedzﬁor'sse-insthe'

2 _digital- relsy(."The:ssecsnd bsrt:conglsted Qf;tessing Eﬁs
digital relay to examine its' operatibn duflng-ﬁsghetizisg
‘inrush, transformer winding faults ..and sigultsnesus

'lmagnetizing 1nrush and winding fault conditions.,

A‘wide.range of simulated data was genesated using 'the._l
“stechniquss presenteﬂ 1n Section 2. 7. The generated dsta wass
" used‘ss tnput fqr Ehel filters designed ;Byi the'derier
ssries,' frequency sampling and least error squares msthodss.
The outputs were examined . and-:‘h filters rwhich,uﬁfevids-'
consisfsnt',oqspuss sere-tﬁsn'selected‘fdr sse‘is_ﬁhs'relay;

- The oufﬁutsibf‘the‘filtsss.ssss also'ﬁsssfsol-dstsrminéA‘thes._
_'fsndsﬁentsl;"secohd-;and.'Ehird'_harmonlclgomponests:ofthe

:Currqnt.f-c
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'Figures 5 10 to 5 15 illustrate sone 15:.*:hg* tYPicale

test . results. -hThe' inrush ,curtent data in this case was'

"',Senerated- using' EQuation '2;7af JThe‘-‘saturation- ~angle, o

'tesietance to saturated reactance-ratio and the ratio. of the
.primary side line voltagelto saturated -teaetanoe‘-wereu lOlii
'degree,‘ Q. 1 Jand-ll lp.u.-. Simultaneous intetnal,fanlt and -
'magnetizing inrush current data generated by:nslngnsEquation
_2.11-- l' usedn.f r__this:-purpose. :itfwasfessnmedvthatys
percent rof .the‘rptlmaty- turns #ere:.-snort'l-clrouited.
l-LSatur&t,i.o_n a.ng.Le for, the. mmetiitns Lnrush component of the‘-
current andrratio‘of resistance to saturated reactance —werel
-rassnmed~ too be 101 'degrees .and 0.1-‘resnettive1y... The
resistance to reactance ratio for the shorted. turns “of ‘the

winding was- assumed to be 0,05.

Figure 5.10° depicts Vthe second ~and-'thitdl:harnonicl
.coﬁponents'n.f:‘th 1nrush _current as. freetions of its
mﬁfundamantal frequency somponent. The.digital:'filtets'nsedl
.Vin_nthis ‘case were’ designed by the Fourier ‘series method "
":the'freduency‘response-ofjthe.filtetsgare shown:ein Flgures:
- b4.14 'and' 4 15., -Plgore 5.11 shows the seoondghstnonic and.
::the' third harmonic ‘oonnonents of .tne' curtentt‘ dutlng
- simultaneous ‘1nrush Sand_'internal- fault conditions. An
f‘examination of Figure 3. 10. and 5. 11 shows that the ratios ofi

: ther'second and third harmonic components to the fundamentall
frequency‘eonponent;vary considerably'as;time passes.'  Some*'

'f'oflthe7€a1nes:of‘thelratlo'ete mnch‘lower‘than‘that‘requlred
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"'tb[idéhtiffjﬁggnetizing i@rhshrqonditioﬁSEi,";'

Figure 5 12 and 5. 13 show the ratios of the magnitudég__

"gfifjthé;. second #d third harmonic component§ t6-£he'
fundamental frequencynéomponent of the_ Caéés‘-deséfiﬁéd fné

 t_é‘ 1a§t paragraph. y_Thé _digital filteré ‘uégdrin these
‘aﬁaljéés wererdes1gned by the -ffequency sambiiﬁg'-methbd'
:the;:frequency response of the filters are. shown in Figures
4,18, 4.19, 4, 20 and EX 21. - An examinatlon of Figu:gs 5.12
fghd-”ﬁ?tﬁ”*whdws ‘a &efintte trendeorfboth Ehe:inrush-ahd
simultaneous 1nrush lénd‘ interﬁal -fau1t  con&itions. "Thel

second'harmonic”to ‘the fﬁﬁdaﬁental freaﬁénéy ﬁoﬁﬁonent ratio-
varies from 38 percent to 77 percent for magne:izing rinrugh
faﬁd from 27 ‘to .29 percent for simultaneous magnetizing and
wiuding fault.’ Since'thelvalues‘of‘the filtered ogtputs_lie
'within  bopnds ;ﬁ§t §an-be defined diétinctly, tﬁes;'filte;s
 ;aﬁ"b§ aqcc?éstIl§_{u§edf in a digitai‘ ,traﬁsformer

. Thé:péffofmahégtoffthe 1éastfefrof SAuares filtérs‘-was-_
“1n#estiga£ediﬁin ‘a :méﬁnér simila} t§ tﬂat descfibed‘in the
" last two §dragfaphs.. Figure‘5 14'aﬁ&j5 IS'Show the ratio of .
;ﬁef-sécﬁnd and third harmonic frequency components to the
'fnad-z!'mentai frequéﬁcyl cﬁo-lapone'nts.. when A‘th-e- least . | -er_ror«
squares . filtersi.werg_'used. Thé‘f:éﬁuenﬁyr:eqponsefof ;hﬁ

filters used in this analyses have bgénidpbicted'in‘ Figures

4.5, 4.6, 4.7 and. 4.8. A study of Figures 5.14 and 5.15 .
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‘.ﬂ.teveals tnat‘the second and thind harmonic componencs to che
_fundsmental ,frequency component ratio have: a definite :rend’“
in both the magnetizing inrush and simultaneouS— inrush ‘snd
ﬂ internal fault conditions. The second harmonic component co-

”Lthe fundamental frequency component ratio varies rfrom fsi,

"minimum of 38 percent to 77 percent for magnetizing inrush-f

-'_This racio varies from 27 ‘to 30 percent for--sinultaneous'

magnetizing inrush,and winding fault.

A compsrinon of .the . perioxmnanee of the three types "of

. digital filters indicates that the filters designed by the

ieast error squares and . frequency sampling methods, proyide""

reliable and consistent ‘resulta. The digital filters
_designed by the least error squares and. freﬁuency: samplingﬂ‘
methods were :herefo:e' selected for ‘use in the software

 based transformer differential-nni earth fsuitftelny.'

vAnnsofiwsxegmhesed.‘nelsn,unssﬂ ne&eloned‘i;naing,‘.cne_‘
algotithm presenced.in éec;ions'5.3_anq 5.4, nnn*cecu:sive
_,filters:designed by‘the.least error 'sqnerea -end‘ fseqnency
ssmnling-,methooa were insed.-:fhe reisy_was'eisor:ested 1@'
:ne”o£f~1ine mode ‘using :he.,simulaied dats ‘representing
 imngnenining-inrnsh internal fault and simultaneous intetnal{_
fanit snd,iniushlcurtents.: The object of testing the relay

logic wasﬁi detetmine its ability to correctly recognize '

 these conditions. While-‘testing the digital relay the

:following simplifying assumptions are made. :
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. Figute 5 11 Second harmonic
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e
'.fijf.theprimarf and secondary side R t.‘éiafe~e 
| cgperfectly matched., | o
'(ii)agthe c.t.’s do not saturate.r. 7
’fiiif?eloed'curreuts,are_negligib;eIccupefedf;of
..e‘cheainrushianc feult cucfentez : o
-(1v5ftthe inrush. phenomenon in . a::thfee .phaee' 
e'etransformer is 1dentical to the inrusue

;]thenomenonuin'aisingle phase -traﬁsfofmef.x'~

':Tfeﬁefcfuer~feu@fenEB»emmpee&eebtuge%the magnetizing 
inrush ;:wiuding faults and simultaneous magnetizing iarush
and winding faults wvere. used for testing ‘fhe »relay.:_ The
primaryriwinding was assumed to be rated at 10 amps at 1500
vclce_fhe'securetion_-angle ‘and ‘saturated lreactancer were
"assuueuu;to 'ce f?g degreee and 20 ohu-;espectiveijfu‘for
simultaneous magnetizing inrush and fault -ccu&itions, _the -

resis:ance 'Eo. reactance racio of :he shortcircuited turns

.'w&ﬁﬂﬂSqQBﬁSIdﬁIEd ea be L 05. . FLvewmpereent 0&~m&he~wprimery'

._winding turus: were .considered to have been shorted. ‘The

._internal faulc.was.cqusidered to short 10 fpe:cenﬁ‘rof the -

ptimary‘Wiudiug.,

Table 5 1 shows the successive calculated values of the
. differential - current, ite ‘second_ and _third harmonic-
xcomponents ‘fandf Ehe-'"threshold 'diffefential }f cutrent"'

'cor:eepoudiug ‘to the throuph current observed over a pericd'-

lcffcue~cyc1e”a£tet the data window had been filled with thei "
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. : Bamples “ reptesenting he magnetizing inrush or fault' ‘ ;
:-.conditions._ The calculated values 1isted in this table wetel?-

: ‘gstSined.‘}when e'the_ ‘telay-. s'.supplied‘ with currentsjf”

=re?t§senting:-threecﬁcperating-'conditibns°.-,s' nagnetizinge:ﬂf

“‘fthntusb;’ﬁai winding fault and a simultaneous magnetizing and;ﬁ“

ﬂwinding fault.- Non-recursive-digttal ‘filtess,:designed :byt;

‘the frequeney ssmpling'method were‘nsed'in‘these'cases} ;The
E differentisi sre;ay7;1mp1enented the - two piece -tinesr-c'

'differential chersctetisticsrl the slope Ml-O I for through :
'f;currents between ane agd ;ggg. times ;thed tsted full load -

cuttent. and._the slope M2-0 13 for through currents greater‘

',thnn' two times the -full load current. "The" minimum .

differentialltcurtent, min ,'used 1ntthe-cnaracteristic was
S percent of the the rated current. An examinetion_‘of thei
 'Tab1e 5 1 shows “thst,the differentisl.cuttent'exceeds"the“‘
~variab1e _peteentage ]tnteshold~'for ,;11f thfeene,eps:ating d'
conditions; - In 'uthe.csseupf msgnetizingwinrnsh the second
;”h&ﬁmqnitﬂis;mgte than 'heh 33 ‘percent- setting :used ffnrr
.identiinng;f‘such conditions._idIn'fcsse;1of_ simultaneous;
3magnetizing 1nrush snd winding fsult,' tne; secOnd pharmcnicfec
"~component.,isf close to‘ the . selected threshold. ‘The reley::
Toperation is delayed due. to the uncertainty associated with?

- this condition., The second harmonic content is negligiblef

for the internsl fault case. The- relsy operatesj withOutf

‘unneeessary,;delsy—ibecause the differential current in the‘f,_

relay -hast_exceeded’ithe _th:eshold corresponding ‘V'the

thtongnfcuftentfebsetved,7'n
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"Table 5. l Analysis of ﬁlfhe " .differential ) éutreﬁ; . "and  -the

~corresponding - ‘threshold - values of _ the wvarlable .
.percentage differential characteristic for a . digital

B 0 S

23,60 - - 14,7 o 112.0
T 26.38 0 13.5 © 1p4.3

2916 12.7 0 . 99,0

- relay .that. .uses non-recursive filters designed by theﬂf
frequency saMpling method. - S

" Time  Threshold Differential % 2md % 3rd
-_ ;mséc.;.-f value [' .eurrent harmonic“ harmonic'5
' o . amps. . amps. B RERR PR

-lMagnetizing ihr&shf‘

. 35.5 .- 60.5 - 21.0
:3505.‘. 60.517.: ,2160
35.5 60.5 . 21.0
35.5 60.5 21.0

- 35.5 - .65.1 o 28.0

©33.8 . 65.1. . . 29.3 °

3102 - 6303 - 2448

S29.7 T 63.7 - 26.3

. 30.0 ' 69.0 - 33.2

- 30.0 - 69.0 . 33.2.

3000 69.0  33.2

16.66
- 19.44
.20.83 -
22422
23,60 .
27.77
29.16 - -
. 30.55
S 31.94

N NNRROWWWW WL

* * ® s 8 & &8 ¢ 3 & 8

BB WFEOPRRNRRNONN

Simultaneous 1nrush and winding fault

59.0 . 33.3 - - 10.5 -
60.0 o 30.5 - 12.2 0
61.4 30,2 9.7
58.2 . 34,0 - 15.8

“§2.3 . U39A 0 12,2
51.8 .. - 33.1 . . 17.4
52.1 . 35.0 17.2
52.6 . 35,3 . 15yl

16,66
18.05
19,44
022,22
. 25.00

29,16 .
31.94

‘tnuvmxio\o-q~4q44d~d
e 4 5 .8 * B W & @ ‘@

NN ON O - DO

- Winding fault
. 16.66° . 13.5 - 104.0"
- 18,08 . 14.2 . --109.0
19,44 T 148 . 112.5

25.00 .- 14.1  108.3 -
27,770 1300 100.8

S 3ouss o o12.7 ey
©.31.94 . 13,00 101.2

R M RN R PN R WL
‘.‘C‘..l.'._.-l_,l.

W W W WWW WW s &

T T B T e e T T T B I

LN GO D00 00 80 20D e ) N
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Table-'5.27§shows-ﬂthe. analysis ~”f”r differentislo
'current  £of:_th : fﬁree"oases when non~recursive filters
“edesigned by the 1easc error squares method weref used. :As‘

exanination of this table shows that differential

'current exceeds the variable petcentage threshold sfor“.all“f‘”

three: operating conditions. ‘The second harmonic conteot;of
theudifferent1a1~current'helps.1n 1destifying ;he_condition.'
A comparison of Tables 5.1 .and 5.2 show that the filter

outputsfin both'thescases'macch'closely.:

Therespticted”earth_fsultsegment of the':relsyorlogic ”
'.was _aiso'tested_usioéfssefsimulsted data. “Agiioefto,grousd
- fault was sssumeojonﬂthe orisary‘winding ofnthe transfofmes.:
'teﬁ pereent: of the primary winding turns. were assumed to
have been short circuited -and the ground current: was assumedo:
to be limited ~by a 10 ohmwreac:ance 1nstslled_between'the
neutrsi_snd-che gfous&. Table S.S'sﬁows.fhe:relayiope:sting
1coirent ‘wﬁeneedigitai‘rfiltersvzdesjgneoe'by: ;hesffequeneya“
e:Sampling and 1east error: squares methods 'ﬁefe°iused.:ai1he
"_relay 's{ sets‘st, 5.0 amps. A study of Table 5. 3 reveals-"

'that the earth fault 1s detected promptly.

The relay could not be tested with power 'systm~'oata 

'because of 1ts non-availahlity._
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-  Table 5 2 Analysis of', Ehéi?'diffefehtial 'curren£ ¥'aﬁd : the.

- “corresponding . threshold . values of _thef_variablé"
. percentage differential characteristic for a. ~digital

-';Qrelay ‘that . uses non-recursive filters designed by the: '

least. error squares method

"718.05:

'frime ”; Thresho1dr~ Differential .ux,zn&'-'«, x 3rd"‘,,
 m&ec. ~: ~value '~ current .  harmomnic- ‘harmounic
: . amps. ‘f.amps.' ; R 5 :

'Hagﬁetiziﬁg'inruéh"

35.6 . .60.1 - . 21.2
‘35.5 t “6066 IR 2101
- 35.6 . 60.5 20.8
35.5 - 60.2 . 21.0
- . 32.4 ' 64,3 o 27.1
':3207 64.0 "u2697 ..
32,4 64.0 .- 2646
‘3206 . 64017‘l"‘ 26\7
32.4 o bhJb - 27,2
30.0 " 69.0 - . . 32.6
30,0 - 69.8- . - 33.3

18.05 -
19.44
7'20.837,:
22,22
T 23.60
25.00
-26+38
27.77 -
29.16
. 30.55
- 31.94
33.33

NNRBNMBRNNDLLLW

e ¢ » & & o * & &8 8 8 8-

OB RWNOON SN NN

'Simultgneous'inruSHfand:winding faule: -

59.5 . 32.0 . 11.2
59.4 32,2 - 11.2
. 59.5 32,1 11.1
$9.5 - 31.9 . 1l.1
56.2 . 32.1 - 13.5
56.4 32,1 ¢ 13.3
Q56»5 . .- 32.2 .. 13¢4'
56,2 32.2 - 13.6
:??5304“ 32-3 .; ““15;8:1-' .
l-”53y5 R 32)7: "1- 15-5_..L
53.3 - 32.9 'G . 15.7

19.44
20.83
22,22
23.60
25.00
. 26,38
. 27.77
29.16
30.55
- 31.94
33.33

MU PR RGD RS -
O WO 00 W LW W oo 0o

e e e. b .8 ® & & » e &8

. Winding fault

18.05 = 13.7 : 105.5 -
'1954ﬁ ‘l'_:1307 f‘ 105#5
- 20.83 . 13.7 . - 105.7

22,22 . 13.8°  106.0
”23060‘,, 2‘13-8_ '10611 
25,00 ° - 13.8.  106.3
©26.38 0 13.8 106.3
‘;211113"_ fl318 3l‘ 106.3
Co29.160 0 1348 - 106.1

© 30,55 . 13.8 106.0
031.94 13,7 . 105.7
"33.33 . 13.7° 106.6

000000000 CQO

OO0V OHOOOOO0
* 3 & & & & s ° s
Hh—ﬁjﬂfﬂHbﬂhﬂﬁde!W_
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o0 DDOo0O000COC00O
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Table 5 3 ‘The restricted earth fault setting and the regtricted -
: - earth fault relay operating current (In'?SI ) obtained .
.- by. non=-recursive digital - filters designed by  the.
.~ frequency sampling " method -and thée least error squares
. method. : . S e

Time o L Relay . ‘EiRes;rictéd ‘earth 'fault
msec. - setting ~ relay current (I éBIo ) amps.
amps. - Frequency . Least error

_ sampling method - squares method .

19,44 5.0 1.2 . . 10.6
1 20.83 5.0 11.4 - 10.6
22.22 5.0 S 11,4 . 10.6
23.60 5.0 S1b.2 0 0 10,6
- 25.00 5.0 10.8 0 . -10.6
- 26.68 5.0 10.4 S 1046
2777 5.0 10.1 S 10.6
. 29.16 5.0 9.9 .  10.6
31.94 5.0 16.1 - 10.6



e Cosa
5;6-sﬁmﬁa:y.L,f' |

| i.fhél&esigﬁ:éf,a .ﬁigitél  diffef§htia1*;5nd  :;§tric£§§,;
..eértﬁ; £§qit: :ei§y_'hggl been-ptéSenfeﬂ‘in,thisiéhaﬁt?f: ;&
'SOféﬁaf;.ﬁasédIrela?'hgs ﬁeen:designéd and h§§ Vb§gn7'té§te8
iﬁ*the offéiine ﬁode'uéiﬁé'iheisimnlhﬁéd]dataQ nge typ1c;i 
‘test results havé  bée£ :included‘ inﬁhis.-éﬁqptér."Thé
, resuité'ireﬁeélathat the_re1ayjsegm;nt§ oper@te pf@perlf a#d

are able to distinguish magnetizing inrush conditions from

;Mﬁaul®§?-




6. CONCLUSIONS -

.l,Thoﬂobﬁocooof'fhisitheoié tﬁooJ to_inveo§§éafe.;#ﬁoojf
“féosibflit?”oof.desigﬁiog o,diéifarrtronsformef‘differehtial'
 ‘and%restfic£eo1 earth fault reloy; ' Before "starting ,thé 
oesign, Vtypeo -of faults experienced by power trausformers 
dnd oolays'uoed for :ransformer ,protection;(were reviewed. :
:'Tho“;“pfpﬁrﬁﬁo- ”ﬂssocigtgd:‘=witi 'ﬁthe?ooysiamég wsed “for
ﬁransforoor.proteoﬁion were examioed.' Mathema;iool-‘modéis
fof £siﬁﬁla;ing ﬁogoefizing ioruoh and.faultvwaveforms‘nefe
'oeofaoliohgdg :'An'-ogapination 'o£~‘ nhefj‘shorﬁcooiogs of
'ttansforoeg, oifferential'ireiays-fevealed_:hot the problems
can be alléviotgd_coosidéfablf byj’osing‘ rosftiotodo'eafth
tfouitr‘relayo _1n5addition to différeotialutélafsa‘ Computér~ﬂ
algorithms‘proposedfin tho_pagt5for,tianéfofmor;differonxialzf
!7Ffﬁfﬁfffuﬂﬁééfo“rgﬁﬁéwed%wnomﬁféwre$@wﬁoﬂ¥b¢&ofi§ﬁinfCﬁaptor,

3;-[~ Théir- :scudyr“showed thaf‘ a ' simple;; waveshapeg

- identification approach and both recursive and non*recursive

ffiltets have been= ttied' for determining ;Ehe fundamentalr'
_freQueocy and': harmonic componencs of ,the transformer"
' 'oorrénts. The developments reported in the literature 'used”"

: Jihe’ critgria ‘of‘”théj'second harmonio component ‘of _the

'"f‘:differential current exceeding its“ fundamental frequencyﬂf

:component ﬂ%ffog. distinguishiug Alinternal : faults 1£rom,j

,:'magnetizing 1nrush currents.
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,Three”‘-otherfe'methods1f‘for sdeslgoingl orthogonalf.‘-

"'non;recursive digital filters vere also investigated. TheseT
methods use the least error squares,: Fourier integral 'snd_‘
the .‘irequency‘ sampling . techniques."' Ide':fundamental
fresoech_sod'the seoond-Vharooole-ﬂfrequensy filters'lwere
- deslsned-'osiog— ttese:lteehniques; dthe teehniques.end-the=
'coeffieieots_ot;the"filters hsve beenrreportedeioiChaoterlaiﬂ

- Frequency resoonses“of “the 'digltal filterse arnd ;their‘
';suitebility !wererfslso,;examinedl' 'The 1resultse-of‘ ttese'
: studies..are: slso “Teporteﬂd brlefry* 1nf“th§pter;‘4.-rrmhe .
evaluationfof,the different;designs. show thet'Lthe gfllter
tdesigned by,}tte 'leest error 'SqusreS' and ithelfrequency

'sampling techniques sre suitable for relaying applications.

'An'algorithm7for_s=digits1 differential!protec;don.'asd
restricted: esrth.rfaultfrelsy‘was-developed}=wThe algorlthﬁ
was.theo;traescrlbed lnto“qa?-cospeter progrsmt-"Both- the
1fvsrtﬁhlékmégﬁﬁéﬁtagegﬁdﬁﬁﬁ#éterrstte{ﬁendﬁherﬁﬂhfe£EEStreint
features ‘were 1mplemsnted i_ lth-‘”orogrsm.e”glﬁe;fswltchedr‘m
”fdesign - philosophy '_wes adopted to-fsvoldl;ueneeesseryr
rcomputations.' The use of switched designideoneeot required a
that *the_ starting algorithm detect a: potentially ‘hazardous
condition and transfer control to . either thei‘differential
lrelay logic or the restricted earth fault relay logic.'?The

"digital relay wasg tested in the off-line mode‘rto-;evaluete

_,1 | performance.‘ Brief details 'of the algorithm, relay;s-

'lflogic and test results have been reported in Chapter 5.-t hezr
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“off—line testing teveeled that nth digital relays using
“filters designed by the frequency sampling and leastr‘error |
squares. mechods- suecessfully[ identify magnetizing inrush

‘.cenditions”erMjanernal‘faulce‘

Tneeeseing'ceule.not-nuplicate-theag;nalnhenomene'on.'
'severeiic°nnte;. fherdiesimilarities betweeninhe‘ptimary.and_
seeondary‘E;de c.:.fe'nere not taken ‘1nte: considenation;-
T'D;etorfions ,?introduaed _ by_.ett,n'nsatunationr were:'eleo
-mﬁgnoned.rnmnekdaeaiwaSAQenevaeed using-nodels';ef.‘a single‘
phase transformer.i These models eieo need- to be upgraded to .
.model'forr-thxee 'phase transformers rincluding " the Eowet

transfotmer ‘and c.t.  coanections.

_‘Ineonelusion? the studies presented n;n ‘this thesis
&emonstrates that':a digital transformer differential and
'ﬁ restricted earth fault relay can be designed using suitable .
~non~%ecursive digit&&=-ft&&mﬁe.- The.- softwame based digital
relay f:can 1nc1ude-l adjustanle . variable : percentage‘

Aicharacteristic*"'eof suite a .wider range of 'opera¢1ng:‘

) ‘conditionswvff




1

2

3)

:=4)

.‘5>

- 6)

”35 

9)

°10)

w8 e

7. REFERENCES

Ackrdyd;f“ R, ,;‘Digitaln‘Filtéfs;‘:}Buftefwofths;
“London, 1973. ' o PR PR I
Antoniou, A., Digital Filters'q Analysis and"Designa

Mc Graw-Hill Book -Company, New York 1979.

Baribeau,‘Mq; A., "The Design of a Digital Impedence
Relay", = M, ‘Sc. thesis, = University of
Saskgtchewan, Canada, 1978, o ‘

Bliﬁchikoff' K. J. and Zverev, A. I., Filtéring in
gnd Freguancy .Domain, John Wiley and Sons,
, 1976, ‘ s .

Binvall, C. H. and Linders, J. : R., "A Three Phasge
Differential Relay for Transformer Protection",
. IEEE Transactions on Power Apparatus - andr‘Systems,
- Vol. PAS =~ 94, No. 6, Nov/Dec 1975, pp.' 1971 -
1980. S ' : co ‘

Finnestad, S. A., "Optimum Detection of Trip Signals
in-Noise", Developments in Power System Protection,
'IEE Conference Publication No. 185, ZLondon, June
1980, pp.- 211 = 214, ' S

Larson, R. R., Flechsig, A. J. .and Schweitzer, E. -
- 0., ""The Design  and Test of a Digital Relay for

1; Transformgr Protection . IEEE Transactions on Power .
- Apparatus “and’ Systems, “Wol, TTPAS 'S98, No. . 3y

V'Hay/June 1979 pp. 795 + 804,

Last, F. . -and Stalewski A.,”"Protective Gear  as .
a Par; of "Automatic Power System Control™, Symp.
" ‘on Automatic Control in  Electricity - Supply,
'Manchester.' Mar., 1966, IEE conf. Publ. 16, Part
STe L SR o

_Luékétﬁwlk; . G., Munday, P. .- J. ‘and Murray, 8. E.,.

"A - Substation .Based"Conputet‘ for -Control and
" Protection",  Developments . in  Power = System

Protection, IEE Conference. Publication No. - 125,

London, Mareh 1975, pp. 232 -~ 260. o

Makino, .J. . and - Miki, Y.,Vﬂ"Study' of Operating
- Principals and - Digital Filters for Protective

" Relays wtth'Digital Computer", IEEE Publication No. -

75 'CHO990 - - 2" PWR, Paper No. C75 1079;¥IEEE-PES==

Hintgr Power Neeting, New York ~January - 1975; PP.

l - . S ) . ) T :




:”f_iii

Cose

‘Malik,'O;. P., Dash,  'P.‘ _K, J“anﬂf Hope;"G,,i:S.,

"Digital - Protection of a Power Transformer", IEEE

Publication No:- 76 CH1075 - 1 PWR, Paper No. A 76 .

191 -7, 1EEE PES Wincer Meeting, New York January

12)

14).

15)

16)

17)

18)

19)

1976, pp. 1 = 7.

2M#1ik,5i05 :‘P.,, etH ﬁl.. "A Unifiédi~ﬁpproach-uto

‘Differential 'and Impedence Protection," IEEE PES
Summer Meeting, Pape: No. - A79 571 -1, July,~1979,

5Rabinef,§E}1-R.,,{"Techniques for ‘nesigniﬁg‘fiinite-'

- Duration Impulse Response Digital Filters", IEEE
Trans. Commun. Technol., Vol. COM - 19, A4Aprl.

1971, pp. 188 - 195.

Ranjbar, A. M. and Cory, B. J., -"Filters for
 Digital - Protection of - Long Transmission Lines",
IEEE Publication No. CHL458 - 9 PWR, ~Paper No. A
79 416 '~ 9,  TEEE PES Summér ﬁeeting, ‘Vancouver,
July- 1979, pp- 1 - 9. T

Rockefeller, G. uD.,'“Fault*Protection with a Digital
Computer"”, IEEE Transactions on Power Apparatus aad
Systems, Vol. PAS -~ 88, No. 4, April 1969, pp.

438 - 464, ' > ‘ EE

Sachdev, M.- S. (Coordinator), Baird, T. c.,

. Breingan, W. .D., Harbourt, C. 0., Phadke, A. G.,

- Russel, B. ‘D., Udren, E. A. and Walker, L. N.,

. "Computer Relaying - Tutorial Text"™, I1EEE Power .
Engineering Society . Special Publication WNo. 87 .
' EHOI&S . 7 - PWR, 1979, pp. 1- - 79, - ' L

Sachdev, H., S. © and ;Baribéau, M. A., "A new

“Algorithm for " Digital “Impédence Reélays", IEEE
Transactions on Power Apparatus and Systems, . Vol.
- 98, No. ;6 Nov.lnec., 1979, PP, 2232 - 22&0.--

Sachdev, M. 'S., Baribeau, M. . A.“andnShah “p. v,

™A Digital Computer 'Based Directional. Distance
Relay for Detecting Phagse =~ Phase and Ground
Faults", Developments in Power System Protection,

- IEE Confereuce Publication No. 185, :andon,,'Junejlr‘il

1980, pp.i 112 - 116'_ﬂ

Sachdev, M. ~'s;'. ‘and ‘Shah, ‘D. . V., ‘"Transformer
Differential. and Restricted Earth Fault Protection

" using a Digital -Processor”, .CEA Power  System
_Planning ~and - Operation Section, - Spring Meeting,..

. March, 1981.




':-'_20,). .

.21)

22)

23)

24)

25)

. 26)

. Relaying.

. 160

Schwoitzof;fE.. 0., Larson, FQ R; ~and Fleohsig, ‘A.

.Je Jr., "Amn 'Efficient ‘Inrush Current Detection

“Algorithm for Digital Conputer Pelay Protection of

‘Transformers" Paper A 77 510 -~ 1, IEEE Power ..
‘Engineering Society Summer Meeting, Hexgcoi‘City_

"Tl°77.;

Specht, T.-'R,, "Transformer Inrush 'énd;'Rectifief’  J
- Transient Curreats", IEEE Transactioms —on Power
-Apparatus and Systems, Vol. PAS -~ 88, 'No. &,

April 1969, pp. 269 - 276.

Stigant, S. 'A. and Lacey, H. M., .The J. and P.

Transformer - Book, ~Johnson and _Phillips Ltd.,"

:London, 1941,

_Strang, G., -Linear. 1 ebra.land Its Application,

Acadeﬁic PEETS, Hew Yorv, ToTE T ORI

Sykes, J. A. and “Mofrison, I. F., - "A ‘broposed

- Method =~ of -  Harmonic Pestraint Differenttal
Protection of Transformers by Digital Computers”,
IEEE Transactions on Power Apparatus and Systems,

72.

Warington, A. 'R.' vah C¢; Protective .Reiays, ;Their
- Theory ‘and Practicez Vol. ~ I, Chapman and Rall,’

London, i h2,

Westinghouse Electric Corporation, Relay Instrument
_bivision, .Newark -‘New Jersgey, Applied—?:otective

Vol. PAS = 91, No. 3, May/June 1972, pp. 1266 =~

ey



'pr151‘-”'

- B.APPENDIX

'A.l'S{mulhéedaﬁagne;i:ing;dnd'Faul;-Cufrent Wgwefdfms:-

'T‘x‘ﬁaté;reprgséntidnghgnethiﬁg_ihrush and féultr current

lﬁpvgfo?ms 'waq; genarated using'Ehﬁ.peghniqﬁés'presﬁﬁted'in?
Section:2,7. Table A.l lists the {nstantaneous . values . pf
iﬁher'currents representing—magnetizing 1nrush,;w1nding:faﬁlt
:_and;:simultaneous 'mégneﬁizing‘ ihrush pand windtﬁg -~ fault
.conditions. The. data was considered to have been sampled at::
720Vﬂz. The parameters used {n computing the waveforns have
-been’ given in . Section 5 5 2. The data givan 1u Table A 1
pwapp used . for ‘dffhline testing t ---digical transformer_
.differpn;iéllland rescricted earth fault relay descrihed 1n

'Chapteth;

',A,zlE}gﬁeﬁ;;hdfpthg’Lgft rsgddo;nie?se of Rectangular Matrix -

‘This appendix lists the elements . of -the  left

“fpseudo-inverse Cof _:{A]*'when 7d1fferent"comb1h&;ions pof'
_sampling rate, data window"and‘model"of qthe‘ waﬁeform ‘are
"'used. The method of’ computing the elements of [A] has'béen‘

;described 1n Chapter ;'&s . Combinations‘ .of‘, different-f

-j-parameters- of .the least error squares filters designed forf"

-this project have been listed in Table 4 1.' Coefficients of

H.some:'ofl the 1easc error squares filters are listed 1n this'*
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-Table A 1 Instantaneous ‘values of thé'—simulated'f”ﬁagnetizing
-+ - inrush; -simultaneous magnetizing . inrush and winding
~fault and winding fault current wavéfprmsA sampled a;

'720 Hz.
f_Time .. -Inrush . - Inrush and ~~ Internal
msec. " amps. internal fault . fault .
, - : , amps. ' -8mps.
. 0.00 . 0.0 0.0 0.0
- 2.78 0.0 13.0 . %2.1. -
4,17 0.0 25.8 - 103,10
6.94 58.0 104.7 - 18741
- 8.33 '$8.8 117.8 : T 196.2
S 9.72 '51.2 95.5 T 177.1
- 12.50 .. 0.0 - 19.6 - - 78.3
' - 16066 ' 0-0 -?01 .- ' "28-5
19,44 ~ 0.0 6.3 . - 25.0
S 22422 - 10.2 42.0 <1271
- 23.60 47 .6 . 88.1 o 162.1
25.00 . 59.0 102 0 - 171,8
. 26.38 . 42.0 . 80,2 153.3 .
27,77 - 1.7 $29_4' 7 111.0
S 29.16 0 L - 0.0 14,0 S 85,7
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'“appendix.',The effect of changing the design parameters,,on

the digital filter coefficients is also demonstrated. e

Tablc A 2 1ists the coefficients of the second thifa,4,_'”

""four:h and fifth tows of the [A) 'when the parameters listed
e item 1 of Table 4. 1 were used. In this case the data vas
'sssumed ‘to belong to a wsveform which can be represented bj
the first two terms of the Taylor series expansion _of “toe
Ndecayisg “d.c._-.component~and conponents‘of the-fsndsmentsl-
'usnd;eechdihermonic“frequencies. Toe‘dsts tsindos in this
5_case' wasf considered to  be 11 _ssoples\;ong“aodfseoplihg
'frequency of 720 Hz. 5wss "assumed. Taole A‘3‘-11sts‘ the
.t‘elements *ofi the secénd to fifth';rows ‘of [A]* when ther
parameters listed at item 14 of Table 4,1 were used. H'The
input : waveform"and :ssmpling rate 'were assumed"to‘rbe
 identics1 to those used for the previous case; - but the-dsta
'window ,s' 1ncressed ‘13 ssmples.' Examination of the.'
‘:'elements of the matrices listed in Table A 2 and~rA 3 show
ethst the values of the elements decrease as the window size;
is incressed.‘ This phenomenon :indecetes the fiocreese'~of
;iooise :suppression quality of the'_filters-when-tbe dste-
Lwindow‘is elongsted.h Noise' trssssissios 1nd1ces }fotl‘the
_filters:'whose .elements are given in stles A 2 and A 3 are."‘

t also given 1n these tables.

g Table A. b lists the coefficients of the second to fifth

rto#s: of the [A} whose design parameters ére listed at item"



16 of Table & 1. :Thesmeeei‘ef the*waveforh5seleeteﬁ in:this o
:1case coasisted of the first ‘two terms of the Taylor series
expansion of the decaying d.c. Ccomponent and terms for'g;he .
:fundamental,: sscond,ﬁ‘third'and fourth harmonicieoﬁposentsfe
-sThe data vas assumed to be sampled at 720 HZ .aedfethe dsise.‘
= window 3ofi 13. samples,'was{ used. Table. A.5 _i1sss‘wshe -
-coefficients of the ‘seeond "to fifth toﬁs of - {A]f ﬁhose
variable .parsmeters are 115:&4 st.item'19'of"Tab1e_4‘1.‘ In
‘this case, she-waveformswas modelled by -the_ffirs; _three
' “-t:erms' -ef'":th‘er--m‘-I'\'as'.:)&ll.o?r-— se;l:ie.s'...expans.ienr\-'oe-fL\Lhe,..,.d,-e;c__ayi'n_gd.c..
component and. components of the fundsmental,1‘secdnd,-‘chird
s'n-d. four:h harmonics. A study of Tables A 4 and 4.5 shows
that the elements of the first and :hird cclumns' of these
tables~are the same.; Bowever, the values of the elements of
the second and foufth*eolumns.arerlaxger.when- h,--decaying
;d,ce'lis septessnte&ehj the first three terms instead-of'ﬁhe:‘_

-first two,terﬁs of the‘Tsylor_series,expansies.

T e

7 Table A. 6 liSts the.elemen:s of tﬁe‘ seeond  ;5 fifth =
_rsws efr th [A]f when the selected waveform model and the;_"
'samplins rate‘were the same as thQSe used .inffthe, case- of‘f
"Tables‘74.3s and 4.4 ,bst the dsta window was 1ncreased te
-sixteen samples., Table Al 7 lists the elements of the second
fto fifth rows of the [A] whose design parameters are 113ted,
at i:em 26 of Table 4. 1., The design parameters used in thisﬁn
"caser were Iche{-ssme as the parameters used in the previous

"Jﬁesigh excepf'fhat the_ssmpling frequency wase-jneresSed‘ to -
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P 960 Hz.-;-An examination ,of Tables A 6 and A 7 shows that

':increasing the sampling frequency increaseS' the ~magn1Cudea

-j'Of .the elements of . [Alf This phemomenon is also reflectedr

'*}eby the increase of the filter s noise :ransmission index.-:_-‘—

';-Tehles A;Z-toee.f'fepreeeet eeefficientsQfAsbmeef.the_:
e-filters-desighnd'by ehe least error‘squafeefapnroachw Noisee'
,ﬁransmission 1ndtees of these fillters are alse‘ gieee in
these . tables. "Tlie dilgital..f--ilte'r:-'des-ignsrepo.rt:e‘d- {n-this
_thesis indicate'the manner .in which the ’\q_yg_:;li‘ty of - the
filters designed by the leest  erfer]equares approach is
affected;when'waveform models,'window ieng;hs 'end“sanpling

 frequencies are changed.




166

Table A 2 Elememts of the second, fhird fourch and fifth rows of

. [A] The waveform model ‘incorporated - £wo .. terms.
._reptesenting_ the . decaying dic...  component.
- - compounents  of - fundamental

:;?frgquen@i&S._

£lement

."—NOC "

i

Noise
S index

“Table A.3 Elements
14}

representing

O WO~ N W RN

0 6400

'~0.4684

-0.4907

- =0.0257

0.1973
0.0000

-0.1973

0.0257

0.4907

0.4684

m0.6H00
1.8187
‘of'the_second,

.. The. waveferm
‘the

components of

trfrequencies.

Element

No.

- 0.2784

-0.0075

=0.2006
 =0.1319
1 =0.0539
0.0000.

0.0539

S 0.1319
0.1783

0.0075

0.2784

10.3398 . -

“042332":
- =0,1071
- 0.0238

0.1071

" 0.1380

0.,1429

0.1380.

0.1071

0.0238 - -

-0.1071

02332

0.2143

-0.1176
=0.1077
-0.0098"

0.0735
0.1470

- 0.1765

0.1470

. 0.0735

’ 7-050735 ‘
- =0.1077.

-0.1176

0.1471 -

"third,
‘model
decaying
- fundamental

and . second harmonicvv

042947

~0.1994
-0.2746

0.0000

0.2746
0.199%
-0.1504

~0.2947

‘041914

045225

-0.1292
©0.1092°

0.1601

- 0.0158
20.1501

=0.1580
-0.0000

0.1580
" 0.1501
L ~0.0158"
-0.1601
- =0,1092
0.1292

. 0.,2040

‘¥Digita1.f11fe: coefficients

0.1722

. =0.1905. -
S ~0.1071
0.0897

0.1905
0.0897

. =~0,1071

'=0.1905

 =0.0595
S 0.1722

0.2143
fourth and Fifth rows of

"incorporated.
dﬁC}

two terms
.- compottent’ i
and second harmonic

Digital-filtéf céefficieuts '

- 0.1176

0.0467

~0.0931 .
~0.1569
. ~0.0735 -

0.0807
0.1569

©~0.0735

~0.1569
-0.0931
0.0667

. 0.1176

10,1471 0
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5_ Table A.& Elemencs of the second,

~TA]T . "The 'waveform. model
Srepresenting the decaying

components of the fundamental,
,harmonic frequencies. :

;Element'-f

third, d. £
"incorporated -

fourth and. fifth rows of

‘two terms
" component and
third and fourth

d «C "
second,

"Nle

Table A.5 Elements

~ components of the fundamental,
" harmonic frequencies*

- 0.3092

WELomeat

No.

O 00~ B L N

- 0.3092
--“00076&

-0.1563 .

 =0.1529

«0,1563

‘-Oo0766
0.0000

0.0764
0.1563
0.1529

0.1563 .
0.0764

-0.3092

. 0.3590

-,Digital-filtet

=0.0952

| S ‘
2 =0.0764 -  =0.1227
-3 ~0,1563 -0.0992
A‘ -0.1529 0.0079i
5 =0.1563 - 0.0833
C 6 =0,0764 " 0.1385
7 0.0000 0.1746
8 0.0764 . 0.1385
9 0.1563 - 0.0833
10 - 0,1529 = .0.0079
11 0.1563 . =0.0992
‘12 0.0764 = =0.1227
13. -0.3092 = =~0.0952
Noise = - |
index 0.3590 0.1508
.of the second, third,
[a] ‘The  waveform model.
representing the .decaying

1.1027
~2.3004
‘ 1oh821-
-0.7588 -

0.0354

0.7828
‘0}6879f
0.7828

10.0355
-0.7588

1.4821
=2.3004
1.1027

| 20.2616

d.ec.
second,

coefficients:

ao;i£35‘ "

ﬁj‘0J1435 '

0.2081

§ -0.1435“.
0.1411
- 0.1499
- =0,0064
*0-1388"
~0.1475
© 0.0000 -
- 04,1475
 0.1388
 0.0064
: ‘“011499‘”
T =0 1411
- 041435

. 0.2081

10,1411 0.0617 -
0.1499 ~  ~0.0675
~0.0064 - ~0.1746
-0,1388 - ) f0.0833
-0.,1475 - 0.0891
0.0000 - 0.1587
0.1475. - 0.0891
0.1388 . ~0.0833
0.0064 - -0.1746
-0.1499 - ~0.0675.
=0.1411 - 0.0617

. 0.0952

© 0.1508

fourth and fifth rows of
incorporated threa terms
. component o
third"and fourth

Digital jilcgn coeffiqients ‘157

—‘0}23&5.7
. 0.6610
. =0.5027
7‘{-030364-
. =0.0702
 ~0.0882

0.3961

=~0.0882

-0.0702

' 0.0364
=0.5027

0.6610

Cm0.2345

1.6761 0

-0.0952
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Table A6 Elements of the second thira
‘ o 7‘[A] . .The -wavefprm - model .-
,representing.,'the - decaying
components of the fundamental
o harmonic frequencies.

incorporated = two ‘teérms.
"d.sc. . ' component and
» second; third -and fourth.

_ Element Digital filter coefficients
1. 00,1099 = ~-0.0616  ~ ~0.0677 - .=0.0024 .
2. 0.0427 ‘=0.0795 . =0.0115  0.0731 -
3 ..0.0318 ~~0,0795 ~ . 0.0562 - 0.0731 -
4 =0.0354 - =0,0616 - 0.1124 © =0.0024
5 =0.1419 . =0,0357 . 0.0737 = =0.1377
6 =0.1705 0.0357. ' =0,.,0780°  «0.1510
7 =0.1167 " 0.1233 -0.1682 = 0.0049
8 =0.0395 - 0+1590 ~-0.0839 . 0.1426
- -9 0.0395 0.1590 0.0839 " - 0.1426
~10- -0.1167 0.1233 . 0.1682 .. - 0.0049
11 - 0.1705 - 0.0357 - 0.0780° . -0.1510
12 0.1419 -~0.0%%7  «0.0737 ~0.1377
13. 0,0354 = =0.0616" -0.1124 ~0.0024
14 -0.0318 = ~0.0795 - =0.0562 - 0.0731
15 0.0427 ~-0.0795 - 0.,0115 - 0.0731
16 =0,1099 «~0.0616 0.0677 -0.0024
Noise R R o -
index 0.1611 0.1265 0.1343 - 0.1456
Table A.7 Elements of the second, third, fourth and fifth rows of
[A] « ~The waveform model incorporated ¢two terms -
"representing the decaying d.c. - component -and

‘components of the fundamental

, : , second, third and fourth
o harmonic frequencies. : o ' o

,-ioerth and fifth fawe'ofi'

Element Digital filter coefficiencs ‘
No. : - ‘
1. 0.5150 —0.1226‘ ,~,0,2271 . _=011155.
2 «0.3048 ~D.1039 0.2355 -~ 0.0478
3 =-0.1852 -0.0694 - 0.1569 ~0.0478
4 0.0268 ~0.0244 . «0,0283 - ~0.1155
5 «0,1273 - 0.0244 . =0.0454  =0,1155
6 =0.2116 . 0.06%94 = =~0.0606 = =0.0478
-7 =0,0230 0.1039 =0.1391 . © 0.0478
8  0.0527 . 0.1226 - . =0.0871. " 0.1155 -
9 ~0.0527 . - 0.1226 '~ 0.087F - 0.1155.
10" 0.0230 . 0.1039 - 0.1391 - 0.0478
11 0,2116- - - 0.0694 - - . 0,0606  =0.0478
127 0.1273 ° 0.0244 70,0454 -0.1155
13 ~0.0268 - ~0.0244 0.0283 - ~D.1155
14 0.1852 -0.0694 . =0.,1569 - ~0.0478
15 -0.3048.. = ~0.1039 . - =0.2355 = 0.0478
. 16 =0.5150 - =0.1226 - 0.2271 ./0.115S
Noise. ~ T S L e
index . 0.9149 0.1250 " 0.3303 - 0.1250 °
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' APPENDIX B -

The.use‘of wetghting functions, also 'kﬁewn:e;- wihdoWg
1functions,--i l conjunc:ion with digital filters is examined'
in this appendix.: The . window functions ‘are ‘employed to
‘coneentrate the energy of :ﬁe filter in its paee*bandqand to,
supress leakage outside the band.i Window functions are. alsof'
: used to ovetcome the Gibbs phenominoﬁ?’4 ; This phenomenon
‘i3 caused by. discontinuities in the filter impulse 'response
. anej'ie' characterized by a fixed percentage overshoot and

.ripple in the frequency response.

Windowing is accomplished by multiplying, ,aﬁfs, 'the_
eoefficients 'of a filter by a time limited even weighting

‘fune:ion‘wﬁ .e Multiplication of an impulse ﬂreSponse by a

"
. | co
i.window, function corresponds to convolution of the frequency v/,-
response of the filter with. the Fourier‘ transform':of ‘the)
;window‘_l1f’the‘weighting function, whe; is chosen such thatu'ii
1tsefeuf1er transforn has a main ‘lobe which contains a large'e
‘ }paet 'eofxﬂ}thee ~total . ‘energy,.fghe‘ resulcing -frequencyQi'
‘ﬁ characterist1cs will be smooth o shatp cransitions ein‘.the
;frequency response would be eliminated.' This,‘however,.té

fgachieved at ‘the expense of a wider main lobe andf_smoothe:

T';ransitiona;at_the diecontinuities.
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Hany window functioﬁs have beénf proposed 15'] thef
‘Aliteratnre.: One of the commonly used window function 1a the

| 1
Hammipg_s win&ow, which is dafined as follows.

riffm i8Aeven

: ' ' : v = S
‘ , S ‘ ‘mt+l ‘ ,
- rif'avis odd

Theft:ansfer:function of a non*recursivef‘digitall filter
lincorporating'_-the. Hamming’ s _-window : funccioh can be

represented as follow3°

I T T R X 8

fﬁélcéefficients pf a - pair ‘of_ pénQrecu:SIve_rfilteis
'de#igﬁed by ,the =1éa§tterrof SQuafes aﬁproﬁ?ﬁ,:aﬁd'éiréadyl.
reported 1n Chapter 4 are.listed in cplunns-bne'gudtwo .éf:
Igble B.1. f 4pplicatonqu.che Hamming'éiwiﬁd6§ f§nct1oq t;
: thesé,cbéffiﬁiénts5resu1t_in glneé filger_whdse-;sgffigiengs_
_afe' iiéted:.in- cﬁlqﬁﬁs three and four‘df-rg51e B.1;5_The :;-
"ffféhﬁiﬁi?”féiﬁaﬁ§e 6f “thé'”drtgﬂai L?evén digital filter
@‘who#é coefficients are 1isted in the second column of TableiA

: B.l_;h#s-_been previougly"depicted  1@‘ Fignre  4.5;f, 13§ 




m o

j'frequency ' response‘ 'bfﬂ_'this - filter modified by the,'

“Napplicabion of thg Hamming 8 window is .shown in Figure BQl. ,fl

S”Comparing the two filter responses,,it is- observed that the

' applicatien of . the window functing:‘tes&lts 'in suppressing .

"the sidelobes and, simultaneously, widening the mainlobe..'

Filtefs fOr;u5e=1n'digital-rglays have short '1mpulse—‘

. responses. and requirepﬁgroesfat some specified ffequencies.

-ﬁideninglofutha:malh lobe is also not ,desirable,-_ Window o

'functioﬁs, lthérgfbre.,.‘do notioffer sigﬁificant.advantages'
1nldigital relaying 'applications. Applicatioﬁ‘ of windowi
.functlbnsa;mayr.prove ,useful 1f data windows larger than 32‘

‘msec. are used.
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Table B. 1 Coefficiencs of the . fundameﬁtaiz freqﬁehcy band=pass _

- filters before .and after the application of the Hamming_ﬁij

window funccion

D 'odd’ ‘even’ = ‘odd’ - ‘even’
0.3092 - =0,0952 ‘ O;GQA? -0 .0076
. -0.0764 = =0.1227 - =0.0108 _ ~0.0174
o  =0.1563 -0.0992 ~~0.,0485 < -0.0308
- =0.1529 0.0079 ..  =0.0825 00,0043
-0.1563 - 0.0833 -=-0,1203 - 0.0642
-03,0764 0.1385 -0.,0717 - 041300
0.0000 0.1746 0.0000 . 0.1746
- 0.0764 0.1385 0.0717 . 041300
"0.1563  0.0833 0.1203 0.0642
0.1529‘ —.‘0.0079 0.0825 - 0.,0043

041563 .. .=0.0992 - 0.0485 -~ =0.0308.
70,0764 | =0.1227 “0.0108  ~0.0174
- =0.3092 - =0.0952 *0.0247~._,-0.0076

'-Filtér Output L

3 405 67 8.9 0 u
_ . Normalized Frequency - -

Figure B§1 ‘Frequency response of the 60 Hz diﬁital-:filterr ,
S - with the Hamming’s Weighting applied. - to the =

'ffil;et:coefficients.
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- . APPENDIX C

- This. .appendix shows ‘how a variable ;PﬁchntaSe-
differential_ characteristic can be implementéd ﬁithbut_‘
. taking fth —square -tooté—-of _ Iﬁ or "IgT- |

Ccharacteristic of__a variable percentage differential relay'

A typical

T.is shown in Figure c. 1.  This cha;sc:eris:ic is"piecewise

_“lingar.‘u

Equations representing the straight lines in - aegments 2

‘and 3 of Figure C. 1 are!

Ip = m(rz ) + €1 " I < KT

: | | by B | S {e)
1 - nzuz yeez - A I X

"wheref;
- Ml and MZ are the slopes of the straight line'.
. segmeuts 2 and 3 respectively
: Thééeiéqaacions céh'also_be‘written as:f
‘ ?-;2" o S 2 o 7““", . S "‘:_ o

':-_--(Iu o uz(rz ) +c2 1 122 REEEE S CO N N



o

Eqna:1§n§:¢o3
' pair of equatiions.
ff:+'c11 R S

S (1p .)2-:_-, Mrl;(.x-z'

(1y f- 22( 1, P2
. where:

. I4 1s the

o

"tHe same value of IZ 7

-appfdxiﬁate:equations.

The salient foints on the characteristics

obtain the vqlues of'ﬁ11,1M22;

M1l =

o (1 2e (1, )2
22 .- - 03 2,

' czzr-'(" ~)2; mzz(r
ee = Y2

il o s whlt W Y ol i Yk W e S

12 >

The

are shown by dotted lines in Figure Ce 2.

and_C.&‘can.be'approximétéd by;;@ﬁe.

m

<IZI.l¢:

following

(c.5)

La ; ”(t.s)

'value of the ordinates for

obtained by

.can ‘be .used to

€11 and C22 as follows.

e

(©.8)

- : (-‘C.Q). '

- (£.10)

valTes of ID calculated using Equations C 5 and C 6

The true values off




B VT

..'Inare_depictLd.as tolid'lineé,' A stﬁdy;:of"thiﬁ;;figufe".

'7ShGWQ‘~£h3£ the differences betwgen‘_the‘ﬁgxact :and the

'=approximate‘va1ues of'ID a:e"minihal; - 1In fthis case ‘the_
”va;ugs..?sed,.fOt‘_IMiﬁi’_IDZ" ;bs', le ,,Itz‘and 123 wefe
0.05, 0.8, 2.24, 1.0, 6.0 and 12.0 p.u. The values uséd for
Cl1l, €22, M1l|and M22 were computed to be ~0.02, =-0.82, 0.02

" and 0.04 p.u.| respectively.

To fgduc[ computation time, 'the relay ¢haracteristic

was modelled 'n-the digital relay by Equations C.5 and C.6.
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;Figﬁre c,lifrwd-piece piecewisel.linéar fdiffereh:iél relay-'
. ‘ : characteristics. ‘ . : ‘

i

|
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|
i

f
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:Figure C;z The true and approximate differen:ial protection R

L characteris:ica. L
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