








Experimental Testing of Stand-Alone Digital
Relay for Power Transformers

By

o Bl'iilll 11.1'. So

1\ ,hl'Si~ ~lIhl11illed to llll! School of Gri'ldui'll.e St\ldi<'S

ill pilrli;ll rllllillnH'!I1 of t.he r('(rllir('IIlCIl1.~ for the degree oC

:o.laslcr (If Engineering

Ewu]l.y or Engillc<:'ring and Applic{1 Sci"o("('

M('lllOrial l'ni\'l.·r.~iLy of Nrll'fouudJilnd

Jmllllll'y.I!.l!);]

N{~\\<[o\lndlantJ Calladh



1+1 National Ubfary
of Canada

~uisitionsand (}jlection des acQuisilioos el
~bhogJaphic Sel\lic2S Branch des serviCes bibliographiques

39SWcl'onglor'$I'ee! 39S,rueWellnglm
~~Qnt:vlO ~Z"JJ,OnIa"O)

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

L'auteur a accorde une licence
irrevocable et non exclusive
permettant it la Bibliotheque
nationale du Canada de
reproduire, preter, distribuer ou
vendre des copies de sa these
de quelque manii~re et sous
quelque forme que ce soit pour
rnettre des exemplaires de cette
these a la disposition des

personnes interessees.

L'auteur conserve la propriEHe du
droit d'auteur qui protege sa
these. NI la these nl des extraits
substantiels de celle-ci ne
doivent etre imprimes au
autrement reproduits sans SOil

autorisation.

ISBN 0-315-91577-3

Canada



Abstract

rill' dilf"r/'Iltial prol<'clitl1\ ~dl('l1H' i~ ,111<' of tIl<' 1ll0st \\'id,-I,\' liS".] t""1111iqu,,,, ill

POII"I'l' spl(,lll prott'l'lioll. ('Slwriilll.\" fill' pUW<'1' lr;lllsfonnt'rs. This II1l'lh"d I'xtral"ls

hilrmollic compol\('nts (r011l ("lIrn'nl signnls \'111 ClIfff'lll Iransfnrnl1'I's \lsill~ mri""s

digital filtering illgorillll11s to lllilk,> prote'eli'lll d,~·isi'IIiS. 1);1["I',-n1 "('';'-011"0'1",1''; n'·

poril'd lh'l1. tht'Y hil\'!,' foul\d tl1l' 1)('sl algorithms [or 1.I1l'ir lransf"rlllt'r ,1ilf,'n'l1l,ial

proll'rtion sdlf'!ll(,s. HOII'f'I'Pr. ~infl~ llwir It'st. l't'Sl1llS an·lIslIidl.\" bas,-,] <III ,lilr"I'l'nl

CCjl1iplllcn1.. it is (lilfie1\[t to ("O'11lli11"(, 11\1' n·lil1.i"" 1"'rf'lI'llUl1W" of 11,,' t"sL 1"1"",11';.

POl' l!lf' prot,('("lioll of "Mions typcs of lrilllSfllrlllers. but Ii LlI<' Iiilr,lll'an' ,lIlIl SU[I.WilfC'

of I Ill' l'ilrH('f prol('clioll 1IIlIIs 1Ilily 1m\'!' 10 IH' dl'llllJ;l'tl.

Prl'l\{'I\I(~d in this t\l('sis i~ a .~lilll(l-i\IOIH' Illil'l',}prnn'ssof h"sl'll ,li~il,,1 n,l;,y

that hill' bt'el1 dt'signf'tl 1111.1 imp!t'lllPllil'd, Olily thl' SOfl.Wilrl' lIlodificOIliuli is n'

quired to ,lfCOImnodlllt' Ill!' proh"('!iOIl of dllfl'!l'nl. Iypl'l' of I,T'lIlsfomw/'li. TIll'

hanl\\'nf<! porLion of Lhe design ('oln.isls of l'P\'('1l Itipill inll .~{";Ilinp; l'in'lllls, II sixl.II

order Chchyshc\' ilnli.nliaslng lill.t'f, iI S'lllllll"-i1II1I-IHlld t'ir<:llil., iliid iI lll\lllilllt',~('r

\\'hich is conlwdcf]lo lin allillog-to'lligil<lll"On\'Nlt'T 011 tIll' '1':,\IS:WIIO Ilflilftl,~, ']'hl'

T:\IS:J2010 signnl prO('f'fil'Or is llSl."(1 to COlllpllte IllI' 110\\,f'r triltl.~fol"l1U'r dal.il. 'l'lll'

digit,,1 relay IS designt'tl in it modular form such thnl. thl! hardw"w part is 11 "1,lil('k

box" to till' nscrs,

ond alul riftl. ltal'lnOnlC n'slmilils willi grollnd fnldl pillS iJl1.f'rlli'] and l'xtf,rw.1

prolection. Five digilal filtering algorithms arc lIs1'(1 1.0 l'xlm<;t lin, llarmollic ("filii'

pOllen!.s. These algorithms "rc: Discrllll! FOllril!r Trl1n~f(mn, \Val.~h Flllldioll!l Al

gorithm, Rectangular Transform Algorithm, Fil1ill~ Iml'llisf' nt'Sp()II.~l~ fillf~rillP;, allli

Least SqlliHes Algorithm, The fligita.1 relay Wil,~ ksl.f~d l'xtl~IlSiVf'ly ill LIlt' labora-



1',1'.... ""illp; tl", fj\'" ;,Il\tll'ill'111~. Jly "otllparil1g Ih,· r/'al ,irm' p,·rforlnallc(' of lhl's('

"JW,rithlllS, r)i~"n'I,· FOIl,.i,·,. ll';lllSffll'III/llFT) WfiS fWlnd to l,e tIll' lwsl f11110ng 1hfl

;,I,I!",ritlll'IS l'n'S""I",r, ,\~ a ""sHlt, a lral1srOI'1,ll'r prol('('l,ion ll'St s(,I-lip hilS bccn

dl'~,·I"I".d IIsiu,l!, IJFT, Thi" 'f'st S(·1.-ujl {'illl Ill' \lSt"j rnr the proledioll of allY kind
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Chapter 1

Introduction

For tIll' past lW"llt.y YCilfS, tlll'l"C Illl:; hc<'11 11 lot of illt.cr~t in the area of digital

prokctiull of pOWI'f systl~ms. Digital rdays lIsing minicomputers were proposed in

the !'IIdy J!)70s <HIt! \\'CI"C Illilinly tesled Lo be used for the protection of transmission

lillI'S [I, ~I. 1I0\\'('\'I'r. this has CIlCOllfllgcd lIlany researchers to investigate the

r{~;]sihilil.y of 11csigning digital relays for other power system applications.

'I'll(' illll'odlirtion or 10\\,-(Ost mirrOI)foccsSOt.~ lias lTliidc it possible to design

an,1 it1lpll'l1WlIl fli~ilnl prol,)ctioll schemes for Po\\'!'1" sy.~tcm and pOIVer apparatus.

TIll' filpilililil.y of minicomput,cr based digital relays CfllI noll' be demonstrated by

til(' liSP of Illiaoprorcssors wilh the impro\'ement of I'diilhility, speed, simplicity,

pt~rfOI"ll1illlCe, Olllll with the IlecreOlsing ill cost.

TIll' protection of the three phase polI'er transformer poses a challenging prob

It'lll for willY dt'~igners, A d~igller has Lo consider the magndizillg inrush during

tl1t'I'IlI'rgi.~lltiollof t.he trOlnsformer, thc o\'cr-excil,alion condition resulting from dy-

lHlrilic oWI'-voh~'ge, lap changing, current transformer saturation, internal ground

FOlIlI1. ~llld ('xlernal faults, eLl'.. The differential protection scheme is a popular

Illt'thod used by Illost transformer protection designers in building a microproces

sor has<'d (lip;itOl! reillY. Descriplion of this rrotcction scheme is presented in this

t.hc.~is.



:\s Ille n"llll' sllggl'Stcd. " Iligitill rei".\, 1"l'qnifl's til\' s"llllJlill,l: of si~ll1\ls 10 ohlilin

digit"l dilt" 10 Pf'ffOl"lll illlill~'sis 10 <llWf"tl'. Fur dilfl'l"c'nl iilll TilllSf"rIl\l'l" pl\lle',·liul1.

thr('{~ I rilllsfor1ller ("ulTc'nl sigll"ls from 111\' primar.,· side'. Ilin.. ' flln"111 ~i~lIllls fWIll

si'lmpling dnt1\ arc thell !ligilnll,1' fil!e'r('d hy IIIl ltlJ;orillHlI to \'-"trlll'\. tIl\' fllm'lll

h"nllonic C011lpon<~1LI~. " digital mil~r algorithm is tilt' IWMI. of ;In.," Inil'l'tlpl·",.,..<S\I1

based digital rein)'. IL nSl~ till' sallllll('{l <:lIlTCnt sign1l1s and p,'rfnr1ll.< stJm\' spf·.. ili,·

computations which will tell \\'Il('lhcr th\' IrlHlsfornwr is flllilty or Illll.. lm,1 Iii thc'

slltne time dl~ar \.11(' fll\1lt if then' is \J1l'~.

1.1 Purpose of this thesis

Protc:elion lllgori\.hms p];l,1' tIle most import.llut roll' in trIlIlSfol"IlIC'r I'l'otc'l:tioll

schemes.They pro\'i(\e t.he IIC(\lriU:Y i'Iltd sp,,,'!l for til\' digi!al l"f'lay "pf'ril1.iOliS.

There arc Val·iotls tedllliclll pnillicllt.iolls Ilvililllhl,· <)11 lIlicruproec'ssor lws(',j I,hrc .. ~

phase tnmsrol'nler rcl,l.y algorithms (or power tl'ltIlsfurrnc'r wotc·eliutt. Tlll'ir illl-

thors had dailTlCt:1 llJatthcy hill! IIchi"vc:d an:maey, sfln:d, mllll'n1.;ltiollld hnrdr'll,

etc, using thcs(' algorithms. It is really vC!ry ,Iilfirllit to riml (Jilt till' r('al .~i~niri·

(ance of Lllcsc a.lgorithms since these were CI,1tlualt·c1 using difr(~rI~llt11lfHI('ls t'ithe~r

by computer simulation or by ol1·1illClolr-lilll~ t.l'Sl.~. I\nalysis of clilf!'rellt algorithms

nrc presented in this thesis.

The purpose of this research is to timl Ollt the Iwsl ;dgorithlll fllr tmllsf"rnl'~r

protection in terms of speed, acclltucy, lIud pcrforlllalln~ 011 difren'llt kinds of fault

One way to compi'lrc the accuracy of V;11'iOIlS 1\lgorithms is to rifl{llllf~ir frc:fJllCllCY

responses. However, this thesis docs not consi(lcr this a.spl!d. Instca!lthe compar·

isons will be made in a more prilcliclt1 point of view, II'ltidl is h;L~erl 011 n:al lime

tcsting results llsing II three phase power tran.~f{)rmc:r. FiVf~ algori~hms wen: f:hosfm



for tl·~till~. Thl'Y iHI~ Disndl~ Fourier Trl'ln~form (OFT). Walsh Ftll1L,iollS Algo.

rithm (WFAJ, Ill'ctallglllllr Transform Algorithm (flTA), Finite hnplllsC' Response

(Fill) filwrillg, Am] r.C~lst Slillare Algorithm (LS:\). The rl'MiOnS for choosing these

al,l(oritluns lire that tlu~y /'Ire simple and will not 111'('d a I·,t of computation time.

Aft('l" ILII algoritJlltl i.~ .selected, a transformer protection test bench will be

,b'dop"11 with the Sf'lectl'(] algorithm. This test bench is 11. re-lay module which

':0111 Ill' US{'(] for proll~cliotl of any kiud of lhrf'C [lhilse [lo\\'l'r transfortnl'rs. The

harllwarc part of lhis relay will he n 'hlack box' to a IIser. The only pilrt the user

has to hl~ fOtlCl'rne<] ilhonl is the datil pitrt of the .~oftware. The user only hl\s to

r1wugc lhn-shold values in 111(' soflwilre to aCCOnlmOdilte llifferent type of power

tr;lIlSfoT!lIl·rs.

T]II~ hardware part of this test hench consists ()f seven identical scaling cir-

fllit,s, a ~ixlh order Chebphcv illIli'illiilsing Riter, iI silmple-il1ld.hold circuit and

i\ Illilitiplex('r whicll is connected 10 the A/D converter on the TMS32010 boards.

Tht, '['1'.IS:12010 hoards consists of a digitnl sigllal processor with ·11\·word program

nll'lllory, H·I·worll dit~il memory. ilnd digitill input/ont ports. The software is writ

ten on the T~'IS ilssemblcr which consists of second and ~fth harmonic restraints

with grollnd fault plus internal and external protection. A program written in C

has 1)1'1'11 dl'\'elopet] for tile ilnalysis of illl five algorithms using the rcallime dat....

oht.nillcd from the power transformer. All If'Sts have been done at both no load

and I()i\(] conditions.

1.2 Outline of this thesis

Chapter 2 givcs the background information about the non· linear characteristic

of II three phase power trnnsformer. This includes the magnetizing inrush, OV,1r·

excitation and the saturation of current transformer. The percentage differentia]

wilh harmonic rcstraint transformer protection scheme is also described here.



Chapler 3 rC\'i('\\"~ Ih(' \'arious illgoritlum for pOl\'j'r Irill1l1fllnll,'r IJroh't"tion

\\"hirh lire 1t\7Iilllhle from ,"arioull palwr.<" Thl.-~' llIcthods, l'fllliplIlI"lll IIsl't1 ilml

tesl rcslills art" briefly dcscrihecl.

Chapter "I dNlcri"~ the 114lrdware of the Ii,horlllory rl'lay modllk'.

Chllpter .; ,ll'llcribcll t 1.(' soflwilre of tllt' 1Ilhor~l"r~' fI'l"y 11I0l11llp,

Chllptcr G descrilJcs the Il'lIl rI~1l111l of t'1Ic1llllgorithtn in lIlt, Ii.lml'lll,ul")', hl'Il'"1'

the bcsl algorilhm is selected,

Chllpter 7 contains conclusions 11I1<1 COl1llllClllll on ]lo.~"ihlc flllurl' ,1,,\·,'ltll'II"'lIb.



Chapter 2

Transformer Protection
Fundamentals

'I'll(' IlifTercntial prot,I,'("tiOIl sdl('rn(~ is one of the most widdy used tcchnillllcs in

power .~y.~ll'm prolroctic!ll. IL is uscd f.'Spt'Cinlly for transformers. The following

s.~('lions will givI) 110mI.' 1ll1ckgrolllld 011 il. dirrcTcn1.illl protection techniqlle, basic

Lran.~ronl1cr prol.l.'(;lioll luolJkllls lIml a tlirec phllsc lran.~ror~r protection s<:hcme.

2.1 Principle of Differential Protection

Ttl(' rirt"lllatillg l"UTrt'I1L principle is the basi! of diffttenliaJ protection. It invoh-cs

a tliret"L ("'(J1Il1),1.riJolOo of the dcdriod quantities Cfltering and leaving the protected

are... Current lrandormcrli 11<wing suitable ratios of lrAnsfonnation are used at

holh ('lliis of the protection zone to accomplish the comparison. These current

lrllllsfoTIllC'1"lI llin"- their secolld,'lry conncck-d liS shown in Fig 2.1(a). Ideally, the

slim of currents flowing ill is C<[lIill to the sum of curreots Oowing out during

normal opcr<llion. If the lIcl currenl is not zero, <III internal fault exists and

tll(' difference Cllrr('nt clln operate the associated relay. This is usually called the

11l1hiasell protection sch~·mc.

Ilo\\,c\'cr rluc 10 \'ar;ou!'l faclors such as magnetizing inrush current, current

lransfor/m.'r salllratioll, ('te" an ideal condition rna)' not be obtainable in lrans-



(11) On.'1'1l11 Dilfcl'f'ntiill /lelay

Figurc 2.1: Dilfl'rl'lltial prot"ct.ioll of t.r;mHrOrnll'l'~ ]:IJ

former protcction. (n this ("ilS(' ~()11l1) ~[lill or llllhalall('l'll Cllm'lll willl1l1l\' ililo 11",

dilfcl'cntiill rc1i1Y ilild tlH'1l the rday will [I'llli t.u 0IJl'rnlf' if ~Olll(' furlll of rl'Slr.,illt

is not provide(!. Thus It hiil.~NI dilfcl'l'utiil] fI'lay i.~ 1If'('c1/',1. Sud I a l'l'lay j~ ~h"wlI

in Fig ~.l(b). The 0pcrilling coil is usNl for til(' \'l~·tor ~1I11l uf l'urn:lILs in til<'

transformcr windings while the rl.'~trainillg wils ,'Hf' 11S1'i1 for 1,1ll' Lhroll/.:h·<'lIrTl·nt.

Spill CUrl'ent if; expl'l'SsCtI ;IS a pcrccntagl~ (If the t.11l'illlgIL-l:Il1'r(!lIL in tIl" f1'"l'Itrainillt;

coil. In tJds Cllse the rclay will orcraLI~ olily WIlI'1I tlw spilt ,:urfl:nL (')(I:C,,"<lS 1I11'

relay hias setting ratio.



2.2 Basic Protection Problems

III AI'lIf'ral, the illlf'rn;lI fanlLs jn It lrallsforrner provide significant operating Cllr-

n~l1l for til': n'lil)' to 0Jl':f1l(C. 1I01l"1:\'cr, as 1l1Clllionc<l (,Olrlier, a simple differential

arrall~"uwIlL llIay \,{' llilllllil'app{'([ hy flilficultics sHch as inrush, over-excitation.

aud snlllr;llioll,dc..

2.2.1 l\1agnetizing Inrush Current

\VIII:II ,I t.ransformer j.~ ('ncrgi~I,l't1, it lrilllsil'lll magnetizing or ('xdting current will

rlow whi<:h ;l(lllf::lrs as an internal fllull to the cliffCl'cnlial relay. The [H"llk value

of this illrllsh cllrrent. may exceed S to:1O times the full 10<ld pCilk [4J. To prevent

relay llIi~ol)('rilLion, the identification of the inrush current.s is imporliinl.

Single Phase Trnnsformer

\\'h<'ll a .~il1glc ph,lse power lrilnsformcr is connC'Ctl'd to the supply with i~s sct;"

OlldilrY circliit opelt. ~hc steady state nux wl1vcform 4> in the core is normally in

qlladra~lIr(' wit,1I tllI~ supply voltage w;wcrorm V, neglecting the winding resistance.

Swill'hillg ill tht, transformer al liny point of the \'Ollage waveform will cause the

('ore nux to hn\'I~ a simillH waveform as the voltllge with a phase shift lind different

amplitude, Its starting point will depcnlln)lon the rl'~iJua[ lIux 41fj in the core,

For nil init.ially unmilgnetized core, if the switch is closed at 900 of the volt

age waveform tlll"l1 nllx will start increasing from 1,('ro at that point as shown ill

Fig 2.2(a), Ideally, the flllx will lag the voltage by 90", [n case or Fig 2.2(b), the

swit ch is closed at 11. zero va luI' of the I'oltage waveform with no rcsidual flux, It

is 1,,';d('l1t that the peak \'alue allainI'd b~' the nux will be 241m, where $m is the

maximulll value of the st.eady state flux, If at the instllnt of closing the switch, the

('art' ha~ a residual flux value of 011 11, the rcsultartt peak value of the nux becomes



(a) Swil.ched OD at 90· (b) Switched on at O·

(c) Switched on at 00 with residual flux

figure 2.2: Erred or switching on a~ O· and !IO" or supply wlltagc: allll rf~jllll1ll flux

(6)
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:!'I'", + 'I'll <l.~ SIIHII"Il ill Fit\ :!.2(f).

:\ sillll'lifi"d "xriU'l,jnll nll"I"I' ill Fig :1.:1 nUl Ilemwd to dI.'MTib•.' till: (al'm"Lion

of thl' illl'll,.;1 cnrrr'lll. 'I'll(' ClUTe is ;ISSIlIllCcl as 111'0 sll'1dghl lines from 0 to Sand

from S to P. TIll' inrl1sh ('urn'nl f Cilll be ,letcrtnilll'd grilphically IJy c.'\ll'ndillg the

'"lin'" OSI' wil.h illSlillllal1t'olls Illlx \'Hlnt'S. The Ilux wave 0 ill 90° for example.

,'illl If(' us,," 1<> d.'L'·flllin,· lhe valllt' of Or II"hicb ill tllm yiduJ< Ir . All utileI' inrU1il,

"111"1""111 \"alm'" ,'al1 Ill' found h.I' a simi!;,1' III'OCt.'<lUl"l'. :\lIotll('l" Silllplf' method b lo

Three Phase Transformer

III nlS" til' il t hlH' p1tll~(, IrallSforll1er, the inrush phcnomenon is complicated by the

r",·t I holt 1,11l'l'l' may hI.' inrush Cllrl'Cllts ill1110re than two phases when switched-on to

lIlt' ]lowe!" supply, The illst,~lltall('OUS ,"alul's of inrllsh currcnts ill the thl'ce phases

wili Ill' "fk"h'd h,l" electrir fOlllu'rliollS 11l1d ll1<lglH.'lic {'oupling bl'tw(~11 the ph8.lles.
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The energizing inrnsh also l!l'I)('l1lls subslanLiillly ',pon 1I11' r''!ljlll,.,] I1lilp.IlI'li~ation

in the trill1~rOnnr:r. 'I'll/' l11ilxinllllH !X'lii.luill will I,,· W'ilT rIll' J-illh'I""'llt (If lIU'

\.S'J' for n("w transformer.; l\n!l l..t r for nldl'r Ollf'S. Ti,t' lllOtt"Tn lrilllsfnrlllN

lelld!! to han.' mOT(" inrush nITTI'HI.

Since til(' inru!ib curn:t11 ('xisL~ r::;lf 011 tlU' pril1l1uy si,I.- or till' lrilllSfuTlrIf·r. till'

inrush current will AIII>car ali lUI intl'rl1i11 rallh llollfl UfWfalt· th..' rl·lay. lI"w.:w'f,

cl\HcnL in the inrn~h Ci\SC will ha\'e i\ nll\sid''Tahl.. · i1I1IOUII1 ur !If'(lilul !I;'flllunic,

while in the fault CilSC, it will haw nc~ligihll! Sf:cunrl haTlIlwlit: rIl11lplJlll'uL. Till!

prohk'Ol (illl be solw:u by IIsing 11lf.' dirr"r<:ntiall'dllys wid. Il1IrrrUIlIif: n~.~traiHl fit

hilflnOllic blockillg scheuit's liS (!l:scl'ih,'(l in IlIt"j" >\.'('lIuli.

10



2.2.2 Over-excitation

" t)'pirallrall~r''''''''r rOlllAinillg II good CIIiAlil)' grain otienlNI steel is expCC'ted 10

"p"ral,: willi ;, ''''lIk rnlfglwlir nllx dt'l1siLy in th.. !ilf·...I)· ~Illl~ or 1.6 T to I.S T [0].

If tltl' IW<lk 111<1J;1l"'K- flnx ,tensity exrrroeci lhe aho\'e range. lhe trillldorrtl{'r is sa.id

tn 1M' O\·Cf"C'xdIN!. O\'f'l'-f'xrililtion or the IransrOrmer is closely rdllted to inrush

"'lfWl11 r.·sllllil1~ fmlll I Ill' olwning or IlOwer supply linN, ex(·cs..'Ii\'C' Applied \'Oltilg('.

/'k'llring of S)'Stf'lIl r<lull.s. Tllf,;e rilusc rise of \'01I<lg('. 1000d rl"jrction. <I hdo\\"lIonlll\l

Slllllll,)' frl.'flllcIICY or llliSOpcflllion or a li'lp'ch<lngcr device clc.. Allhough it is nOl

W'IlNillir ,:urisid.·n ....1ns il filii I\.. loo llUldl m-cf·cxrilil,ioll milY CilUSC winding and

nJrf: .lamas.·. Exlrc'lIu' O\·N-,.'xci~l\liol1 C1IU deslroy I'l lran~rOl'1nCr in sC'conds.

II. is IIf)t possihJI' 10 Pf(Jt('C.·~ ilgllinsl all ol't'r·c."cilatioll b.r fusing. Damage or

falSf' I.riplJilig of 11 fUSf' for i' lrallsformer ("illl he cauSCfI by a combination of ol'cr

f's<'il;,li"n "ml \<.,.s lh<lll "llLilll,,1 (nse SCk,·lioll. FOrlllnal.dy, increl\SC currenl lIow

.mlllr,,1 till' Ilf'ilk pnJtlut'('s !ligllilici\lIt lhird allli fifth harmonics which distinguish

O\W"·Scit.llioll from load Mlrrellt or fl\ult currrnt. While the Jrd h"rmonic is

snitllhl.· for tlris fllnrti<lfl. it hilS /lol bet:fl II)W'(I hN'I111~ il Ill"Y he stopped by the

traIlSrOTnM-'I" illwlf or hy a lhroe phAse Cllrrc'llt trallt;former with (leila connection

011 Ill(' wye sitlf~ PI.
As il g..,wr,,1 rule. II. ·10% ~flh harmonic I't"!Itrl\inl i~ dcsirabl(' 10 pre\"f~nl trip

ping from normal O\'('N'xrit('(1 condition~ (10]. lJigher thall tltis restr<lint VAllie.

1.11,' o\"('rmllagf! lIIay aelnAII)' dalll,'gf' the lransforrnrr amI tile relay will trip the

I.rnllsfornlf:f orr thl' line. To obl.ain II. E;ood rneilsnremcnl of the fifth harmonic for

it tli~llal rplay. i\ sillllpling rale or 12 \0 16 samples per cycle is required.

2.2.3 Current Transformer Saturation

111 gelleral. till' cnrr('nt Irandormer is the most critical part in the differential

pmlt·clion !tl"ltrllw. ~incc It IUO\'ides dala for proledlon an<lly!tis. In contemporllory

11



power sy:llt'lIll'. salilralioll of IIll' {'"rrl'nl lmll:lf,mllt'r is likt'ly Iu Un'IIT fUT Ih'i\I'y

of the f"ult current. The dirr<t nUIl'llt l'tJl1Illolllt'nl adSt.,; "1"'auSt' lhl' nun'II1 ill

an illllllrlallre ra1lnol changl' institl1lillll'Ollsly aliI I tilt' sh'",I," slah' "IITIl'nl, h,ofun'

lind itfh'r a Cho1llgt', musl 1"o1d or hlg Ill<' \"Ol101,!;I' h.I' 11 n'Tlail1 1'<I\n-T ra,'tnr iUllllt,

[.II·

Saluration Gl1lSPS l'xl.'nsil·" transil'1l1 ..rror which nH'~' alf''''l tIn' Ill'd"1'I11illll'"

of the diffeTcntial ["{"lily. This prohl"11I can 1K' snll','e! hy prul"itliulo: 11 I't'TI"'nlagt'

IJi1ls for the relay. F'or lilt, tIll' lilTgt. \·,,111" ,If il inll'TIllII fo1UIt. slllllTilIiulI 11111)' Ilul

be a scriOI1!f I>Tohl<-m itS 1011g ilS it i!f nol s("\','rl" f'noll,l;h In .1,'liI)· rdil.\· tlllt'Talttlll.

USlIall)' an inshntancolls lriPIJillJ; is pro,';,I...1in Ih(" pml'''('"lioll sdwuI<' fur ll... ("il,,"'

of h("il\'y illtrrllal fallit 10 Il"" .. 'nl, rI'Iil..\" lIIiStIJM'rillitlll,

12



2.3 Three Phase Transformers Differential Pro
tection

BIl~ic ,lilfl."l'f'llliill prolcclion call illso lX' ilpplied 10 Ilm-c phase transformer prolcc-

liull. lIowl.'\'l"T, lhl~ prolr.rlion scheme is mOTI' comll1icalN.II)ffIl.Il~ mort' than one

1)1Ia....• hilS to he (Onsidcrt~J.

2.3.1 Current Transformer

Curfel1LlnlllSformCTS (CTs) pia,)' a vcry'important role in tTl\nsformcr differential

IlrllL(oclioll. [t is till' rOl1lpOll(~1l1 from which current d"lll. CIIIl he ohlainl-d for anl\l

ysis 10 r!('citle whether or lIot II faulL h<ls OtTl1rJ'e<1. [;Or il single [)hasc transformer.

olll~' 111'0 currf'lIt LrllllsformCTS Mt' /lccI]ed. In the thff:(' phase case, aL least six

CTs h.. w to lu: usc,\' Thrl'C CTs ilre Il~U for the primary side lind another three

GTs for the secondary. Their connedions and chilrach-ristics hll.\'c to be urc[ully

"xl'lmilled 10 prr\'f:ll~ relay miSOllCration.

A~ .. S"Ilt'fl\[ rille o( tllllmb. the Cllfl'('l1~ ~fall!\(nrmcl'll on ~Iw Delt ... side of a

tr,lIIsformer bank !Ja\'c to he connected in W)Y!. Simil;uly current transformers 00

the Wyt· side hare to he conncdcd in DeltA. The reason ror these connec~ion5 illo

Illock ~hc l'.NO ~llellre runent on external r;round (allits Ann to compensate ror

~hr au· Il!JilSC shi(~ introduced hya Wyc/Delta ~ran5(ormer bank. Fig 2.5 shows

thil~ Z{."fO S(.'(II1Cl1rc currellt will now to the circui~ i( ~here is an external ground

r,wll.. If the eurrent l.rilnsrormers lire connccted in delt,,", 7.ero·5Cquence current can

only rirculate inside the current transformer and cl\nnot ~rir the relay. Otherwise

if connected in lI'ye, the spilled current tnilY operate the relay. Also if current

triln~(or1l1crs I\re connected in delta. their sccondary rating have to be reduced

by J:i tilllCll ~hc seconnary rating of \Vye connected current transformers so that

the currellt oubide the Delta may balance with the current of the W}'e connected

13



(a) 10 will now in the diffcrelltilll cirelli!. if (urn'lIl IrallSflll'lIl<'rS 11'1're f'lllllll~'l.('d as
\I'ye cl\using rt'!;\y llliso[JI'riltioll,

(bl No cUl'rent will Oow in the (liff('I~'ntin[ Clr"lIit if Cllrr"IIt. l,nlllsfOl'llU'I'S wen'
COllllCdt1[l\sddl;1,

Figure 2,:;: EXl\mp[e for Ddt.il ('011111:rtN[ rU1Tf'I,t trill1sfurlll('I'S Oil \V.I'I' t'lllllll:dl~d

windingsHI

current transformers,

Current tl'l\1lsformrrs sholl[ll also ha\'c ;1 [lrillwry raling III 11I;l1.d, lilt: ratl'll

current of the three phase transformer hecausc tile' mtccl curn'nl is lIsually ill

inverse ratio of the corrcsponfling voIL;,ses 011 t.lle prill\ilry ;'11([ s':"olltlary si<ll::i,

Furthermore, if the three phasctransfOllJlel' Ims a lap dlilliging flll:ilily ('nahling its

ratio La be I'Mieel, the diffcTCntilll protection systcm 1I111,~t lw lIhlt~ to ilC:CfJttlIllOllatl:

the change. It should pl'Ovidc a percentage billS to iliCOrl'0ralf: I!l;\ximum ratio

deviation to ensure 11 sensitive and slable syslem,

2.3,2 Differential Relaying with Harmonic Restraint

Inrush current ahva)'s appears as unhalanced and is hardly ,lbtingllishllhle from

internal faults. The normal bil\S is indfectivl: in diffcrf."lllial prokclioll ullll(~r lhis



Figllrc 2.6: 1J1lSk circuit of harmonic l·cstraint relay [3J

fOllftilion. III order to make dirff'rClllial r('la~'s in~nsili ...e to magnetic inrush cur

TI'ul. hilrmollic r(."It raint or harmonic hlocking is nct'ded. Uftrmonic resl.raint can

rCf'tify inruJih curn.'lIls al\(I add them to Ilercclllage restraint as shown in Fig 2.6.

Thil; i.'i 1I0llt' bj' induclor-capacitor fillering. This diagram shows only the protec

lion for a .'iingk- phase trall.'ifonncr Iml it can be applied to a three phase one. The

I"f"laj' i!i adjU!ItClll'O thal it will not 0pl'I"1\te when the relitrilining second harmonic

cxcf'Clh a eertaiu percentage of the operating fundamental current. The percent.

agl' i.'i 1>a.'l("(1 on the type of transformer used. Owing to the f/lct that /I. direct

(,lIrrcnt offset illld h,umonic componcn\.s may also be present in fllull rurrent, an

o\'ercllTrenl unit is usually provided in the diITcrcntil'!\ unit so that fasllripping

I'an hI' ilsslITcd for ill1 heavy {.lUlls.

III hnrmonic blocking, II sepilrillc blocking relay whose conlads are in series with

a diff{'Tcntia! rel ...y 50 that the blocking relay will opera.te if the second harmonic

is Ics.'i than il certain percentage of the fundameuta.l as shown in Fig 2.7.
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Fi~llre 2.1: IlMic circuit of h1\rmollic blocking rf'lay 1:11
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Chapter 3

Review of Work Done on
Transformer Protection
Algorithms

Tlds chilplCl' d(~cribc~ lhe I'cscarch performed on ~ralls(orrncr proteclion algorithm

ill the past yeal'lJ. These "Igorilhm~ arc actually implemented as programs of a

microprocessor bl\:led rcl1\Y which operate on the !;\mples of \'oltage and/or current

to form a basis of the relaying decision. Most of the existing algorithms can be

c1a~~ifietl into two categories. The fil'!l type is based on a model of the current or

volla,;c Wl\Wl(orm lind the !IC'COnd one involves a series of R - L models of a system.

Sinre tbe paramclers of resistance, R Ilnd indudAnce, L are not important in

transformer dilTercntilll protcdion scheme, the scrond ly~ of algorithms is not

considered in this thesis.

3.1 Waveform Type Algorithms

The waveform type Algorithms and their lest result! arc briefly discussed in this

!It'CtiOll. Some of the l.esls arc bnscd on computer simulll.tion while others are based

011 on-line testing (or <liITcrent computer hardware and so(tw/He.

17



3.1.1 Recursive Bandpass Filter Approach

Sykes and Mordson {ll] llM'd two r«1l~h-c hlllldl)lI!1." filtrr~ (50 11:= ami 100 11:=)

for harcoonic restraint differential prolection or trandormc.·rs. Fa.ull amI m"&ne

tizing inrush currents art' distinguished 011 the Il<I~i~ of rUlId.,mC'lll,,1 ami SN"Onci

harmonic components deri~ (rom the lfamp!c.'(1 difft'wntial curn'lIt through the

digit..1bandpa5ll filters. The digital rcali1.ation or the !lOll\/: fillc'r is;

Vln :O.O!J6x" -O.096.:r._l + I.SIOYn_l-O.905Y._1 p.l)

<Inti the rc.'<I]i7,iltion of the IOOH:t filter is;

where ;1;; = the illpul current ~ample.

!Ii = lhe output current s"mple.

The value or gl" reprc.~ellt, the operaie' CUITCnt i'lignlll IIl1d 92. reprl$Cul." the

rClItraint signal. For the operAte cllffenl grC"atcr tlmn the l'altrilillt current, a fault

is declared and a trip lIignal is lient.. This scheme hall l:w.en pmgrallllllL'tl for olf-

line l<.'sting. The computer used WII.5 an 10M 360/50 with the lise of FORTItAN

IV for program development. Progranlll were cll:vrlopc<1 to compute i'limulntcd

internal fault and inrush current wavcforl'Tl!' for single.phll~ tramlrormenc only.

This I'llgorithm is quite simple but the fault responl'C time ill very .~Iow. The relay

operates adequately in the CIlSCS of inru~h ~lIlci internal fault. lIowcvllr, the "!lCulLol

are all based on simulation and shoulcl be tested ill real lime.

3.1.2 Cross-Correlation Approach

Malik et at. (12) presented the harmonic differential protedion approach ha.~l.ocl on

a cross·correlation technique. This is very similar lo lhe Dillcrde Fourtcr Transform

algorilhm. The algorilhm is used for the separation o( rundamental ami liecond
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!lar1l1flllic (oJ1lponellts of the Ililferential (urrenl. If fundamental component ex-

f:Cl":fls the sl,-:orH[ harmonic by 15%, a trip signal is sent. The cross-correlation

fllllcliolls of ~ine and cosine arc in tire form:

¢Iii = -N
I f:ik_1Sin{~(k-l))

k=1 I

¢I;2 = ~ f,h-rcoS('4i(k- L))
I h.l

where i"'_J =(k-l)lh slImplc of the differential current.

·j)illljli2 = sine ;,rr<1 cosine, or, odd and even components

of <Wferential cmrenl, respectively.

j=j-lh h;,rOlonic.

N =number of sampl('S per window.

(3.3)

(3.4)

Tire magnitude of lhe 11th harmonic componcnt of the differential cmrent l~ is

as follows:

(3.5)

[n order lo make this 1I1gorithm more practical, the arithmetic operation re

<!uire<1 has to he ~pecde<lnp. The differential c1l1'rcn1 can correlate with even /lnd

011,1 square wave references. In this case, all data manipulations can be done by

sill1pll~ nddition and subtractions. However. since a sqllllre \Va~'e contains odd and

('\'en harmonics itself. the results obtaine<1 ilr(' not quite accurate.

The cross·correlation algorithm was tested using off-line simulation on a CDC

(i·100 compnter. The dete<::lion and tripping of the internal fault were done Ilpprox·

imately within ~ to ~ cycle of a 60 II;; waverorm using sine and cosine functions

and 12 m~ Lo 15 illS for even and odd waveforms. The algorithm should also be

tC!il,cd in renltimc for verificAlion.
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3.1.3 Finite Impulse Response Approach

Schweitzer cllI/. (13) pf'C'i("IIIt'C1 all imu!'h ("lIrn'lIl-<!l'lI'('lioll i\lgoritlnll whidl.lol"ll

not require multiplication or dirisioll by using Sil11I'k.· digili'lllilll"T'!I. Thl'lillrrs usctl

in this algorithm arc FinilC' Impulsc Responsc Filli-rs ha\'in1; \'alllNi of l-1III1'[" IJlll!'

or minus at any instllnt (Iurin,!!: the Pf'C"iocl of olle q'C'I<-. lIliing tl... lillie Ilisnr.lf'

currcnt sampll'S i... the algoritlull basically l'ol1!1islll of 1II'I!'rmining t.Ill' rollowill~

{our t'OCfficients:

s,

c,

s,

c,

"-N/2
L (;. -;.+fl

m:llk_,v+l

1.:_3N/-1

,"",EV+l li... - i"'+If - i"'+f +i,,,+~)
1.:-:IN/4

L (i,,,-i'~+f+i"'+'f-i,,,+¥)
,~.l:_N+l

k_rN/~

L: u... - i'~+f - i..+t +;",+¥ +
"""'''_1'0'+1

;,,+'7 - i"'+lf- - i..+~ +i"'+lf>

(:1.6)

(:1.7)

(:1·"1

where N = Numher o{ samples I>cr data window.

k = kth SIlmplc period.

In order to chcck {or an inrush condition. the following alldiliollill algorithlllll

arc used:

F,

F,

U111;r{lSII,jC1D

IIIl1xU.",I,jC,jj

(:1.10)

C:I.II)

Jr both FI and F, arc equal to zero, then an inrush condition dOl'll not I:XillL and jf

F, was greater than (oF1, where (0 is tbe sdcell'd thrc,'shold vlIlul~, LIJeli /Ill inrush

condition exisLs. Thc thrcshold valuc was cho!ICn to hI! 15%.

The algorithm was testcd in a FQrtrRAN progrl\m using !limula.ted f"nlt "nd

inrush current data with a sampling rale of 8 5iIll1pk'll per cydr:. The pl.-'rrorrnancl:
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of this alv,orit/ull is good only at luw sampling rate and the {]etection of inrush

1"lIrWUl is d"lIf' ilpproxim"tdy ill orl~ {·)Tle. Also this algorithm c,m only be used

I." ,Id,-d "\'1:11 Ililrmonics. The dl:tcdioll of fifth harmonic in the transformer

<Jv'~r,,'xf.. ililt.i(J1I l"ilSC (:anllo1. be (lone hy this method.

3.1.4 Fourier Transform Approach

Rnmnmoorty {14] was the first 10 propose lhat fundamental current or voltage

hl~ I~xl rllck.:1 froll1 the faulttrilnsiellts hy correlating one cycle of data samples with

l"!:fl'rf~l1n' silll' ,11111 l'osine stored sillllples.

Thorp llnd Phndke [15] prCSf"llll..'l:lt/1I' Discrelt' Fouder Transform illgorithm

(DFT) for digilill proll'clion of power transformef as follF'ourier Transform algorithm

(DFT) for diKilill pro1.ection of pOll'er trilllsforTIlCf as follows:

(~.121

Wh"I',- I" = II·th IUll'lllOnic component of the differential C\Irl'cnt.

"" = k-th ,~arnple of differcnliill CUffellt..

N = 1I11lllher of sampllos per cycle.

TIlt' illgorithm was tcskd on dal,a obtained from a model transformer orr-line

llsiJl~ il sampling rat,' of 12 samples ])cr cycle. The rcsponse of the DfT algorithm

WIlS aIJollt one ,yell: for intl'rnal f'lUlt.

3.1.5 Rectangular Transform Approach

Rahman nnd Dnsh (16J presented the rectangular transform technique to ex-

(.1'lH'1 I Ill' fUlidalllenlal and harmollic componcnLs from the digital samples. If any

I\"a\"f'form is snmr)lt~d at limt· lJ' spaced tll apart, sO that there are N = fl samples,

thell lhe Fourier Transfor1ll coefficienls Sk and Ck can be wrillen as:
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The sine il1lel ("osille t('nn~ ill Ef(11 (:\,1:1) an' tlwl11"l'pl;u't,,1 wilh lIlt' ('qni\'alt'nl

fcclllngulilf functions:

wl]('rc

sin1·/(·r)

rmq/(,r)

.'!/II(sill,r)

8!111(~ill ,r)

~'[fW!l:f1l

O. [o/"!I = II

Using this lnl'thOfl for Irilllsformcr ,Iifft'wutj;\r II\"Olf'Clitm. lilt, !'lllll'i.,!, nwrri·

.'0'1 '(,'$ ~'';':l-
,.

- ~,"";.

(.'1 ('I - ~(\ - ~{\
"

82 />2

(.'1 (:~

S'r. ,~'.\

G\ C~ (:!.IG)

where 51,(:1 ..!h.G's ilrt' the rectilngular co("[licit'uLs ohtaiu('.1 frolll ~illllpk,1 dilf.'r·

~nti1l1 cllrrl"llL.

TIle fU11dament;,1 illHI harmonic ('oulenLs of th(' ditf"rclitiall;lIr1't~lltcall tlwlI 1)l~

dclcrminc<.lils:

I" = *.js,~ +C~

22
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wllt'l"!' I,,:; It·tll hilrrrloui,' 'Ylltlporl('llt of tl)(.,tlilfcff'nlial furrent.

TIl" alv,\ll"itbtu lI'ilS t,,~If'<1 Ity sil11l1lilting lrilllsforrJWf ,lata progril1l11l1ef! on 11

l'IH'.II/fiO "01111'"1"1". TIll' 1"'.~pOll~C was approximiltcly one cycle for internal

fillill.. 'I'll<' prot.(~diotl SclWllll' Ira.~ then impl""nellted online using all Illtel 80S.')

Illil'f{Jl.rol"l'Ssor willi otlll'r Iwriplll'rilis fllld the algorithm lI"as Icsle<1 on data 01,·

tiliw'<l (film" :l·phil~'· <lODV' :)0117. lalmfatory lrllllsfornwl" using 11 sillllpling filte of

I:! satl1pll's 1'<'1' ")"1'1". Thl' pn'li11lillary ksting result had sho\\"11 good peffofmance

Oil tllO' ;Ilv.nrit,hlll. IIIlIY"\·'·f. 11 rOll1plet(~ set of [esting has not bel.'lt c1Irri('d out.

3.1.6 Walsh Functions

Horlon [17] pn'llOs,',I.l spl·l.:ialllll'thod for impcdilllfC distanCe relaying fOf fault-

1'1'01,"'1 ion of il Iligh-\'()Ilil~l' pOW!'1" lin,.". 'I'll(' ll1l"thod is for (ompUl-iug in1flc<lillll:;('

[Will ,lillli Sll1HI'I('~ lmd "lIlplo)'f'd Illainly "omputer operations of O1(ld, subtract,

allll shift. This Illl'lJlOd is ha.",'d on Lh(' II.~C of Walsll fllnctions. The pelforl11itllCe

uf W;dsh fU11l"tilltlS is l('slrd first. by 11 F011l'icl' analysis <lnd then by a Walsh I\nalysis

lIli itlllll'dilllf(' usillg 111'1 Syslem/i.

For !"uuriN 11ll111ysis. I hr imj)pdillicC 1Iy definit.ion is:

11.1=(~)~r.g~
1JFI~ + Fn~.m~,

II'Ill'rt· /·'1 lmd I;; 1m' t.ll(' C<lI1l[lOIH'llts of Fourier cocfficients.

1"01' W,11sh Flllldiolls illlillysis, the impedance can be found 1\5:

(3.18)

wlll'l'!' 1-'1 Mid /'2 Ml' tIll' ('omponenls of Walsh coefficients.

TIll' illLl)("(lmH'I.·('nkulnt.ion for F'ourier takes 211.2ps ali(I for Walsh takf'S {70A,13.

IInlh 1l11'lhmls \1'Nr {'olllpl'liti\,c I\IHllhc \Valsh function was fasler. However, the

1\"("lIfa<"y of the \\'alsh Function 1I1I1IIysis was Il'SS than the Fourier method.

23



Jeyasurya and Rahman (18) applif'(1 Walsh fllll,'lillns fllr Iligil;11 dilr"l"l'l1li"l

prol,'cl ion of powe!" IrllIlSf'lrIlirrs. \ralsh fllnrl ions M" il squilrl'd up \"l'rsioll of sill,'

<lnt! rosint' f\ln.-lions, Tlwy l<lke onl~' \·,.hl"S of +1 illlll ·1 ,lilt! "11l111A" si~\l Dilly

\\"11('11 tilllr I is a 1'011'1'1" of~,

In terms of llll~" fllllrl iOlls. tIll' \V,11sh "xllnllsion of J'(I} wit h finitl' "Ill'I'I!;Y ami

1'1 flnitt, 1lI1111!Jel" of ,!is('onlinllilil's ill t1l(' illh'r\'ll.l (0, T) nUl I." ,1dill<'l! ;LS:

whe!"e

Also ,r(f) is eXrf(',,,,~(-'(1 in Ihi.~ illll'n'al as " Fouri,'r ,~"l'i,'s:

lly suhstituling Elill (:\,22) into Eqn (:I,41), it is foul,,1 tllil1. 1.111' Walsh n ... lli·

dents of Eqn (:J.21) forms II \'('('10[" in Hilherl spil('('likt~ ll\l' Foul·i,·!" ,·",·lIid"l11.s /'i,.

This relationship ("all I)l' ('.'(press!',l in lJIlttl'i.1( form il.S:

IV= :lP (:1.1:1)

where any elemcnL Au of tht' matrix JI is lilt.' rt,;ult of suhsti1.11tillg Llw k·1.li Sillilsoid

that lIPI)earS in Eqll (3.22) for .l(I) in E'ln (:1,21). Sill("~ ,.. = A"I"W, L!ll' F(Jllri,~r

(:1.24)



FIlI"JIIUl(IIJIlI

(:1.25)

TIlt" \Vabh a..l,;oritlun wA.~ tested with digitally liimul/\ted inrush current lind

sllurt circuit falllb of 11 single·ph/\se tr/\nsformer. Oitt/\ prm'idcd by compnter simu

l;,tiol1 was t rllllsfl"rre<1 to an INT~I, 80SS )X"rsolli\1 computer. Soft\\'Arc \\'/15 wriueo

I" sillllllal.l' tl", on-lill" digital rclay alld to Il!lC the simul/lte<! data to determine

I,lil'0lll'ral.illg (rulldalllClltal COllll'0llcnl) flll{]I'cstraining (second harmonic) signals,

'I'll{' ,~ItHipling frf'f!lII'nry !1.~I..d Il'tlS !.IliO 1/::, iiI eflsc of iIn intf'rnlll fall II., the circuit

Im'llk"r lsa{II'I"ilrl..d llll,' [ault in 9 - 1·1 illS, whidl WIIS Ir.",,,, tltlln one cycle period,

In this [lap.~r, the flnl.liol'S deilltwith only internfll fAults alld inrnsh current, other

fl';'IoUl~ T<'flllirl'li for l"(Jlllplde prolection of pOW('T transformer i!.re omilled.

3.1.7 Haar Function

Fakruddin rllll. [191 (Ic\'eloped I\n algorithm baliCtl on Ilaar functions for cxlract·

iug f"'fluency colllpollt.'nls from power syslem rcla)'ing signals, The Haar functions

(:!0l form all orthogonlll fllnelton of periodic i5C)t1/\rc w/\\'C lind /\S5ume asct of values

0, ±1. ±./i. ±2, ±:!./i, etc.. They can hc cxprt'SSl'II AS HARtn,t), The first 16

11<'i1r fllllrl;Olls arc shown ill Fig :1.1.

For a gh'clI coll~illUOIIS fuuction f(q within Ihe inlc(\'1\1 0 ~ I :5 1 and repeats

pt>r;mlicilily ()1I1.~idl' this illtervlIl CIlIl h(' ~ynthe~;7.ed from II IIllar series i!.S:

I(/) = ~C"III\n(II,t)

allli
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Figure :).1: Firsl sixl('{'n I-li\l\r rllnrliollS.



'l'11l~ sjlll~ alld msine components of an)' hilrmonic Ciln he calculilted from Ibar

l:odfidellts CQ using lIaar-I'ouricr relations. By w.ing the combined secood and

fifth )Iilrmonir. magnitude of the difFerential current ilnd then compilring the result

with the fllll<lalllcnlal component, a trip Ilcdsion can he made for power trans-

former differential prolt.'Ct;on. This Ilroteclioll scheme is based on Haar fUllctiollS

1l~ follow~:

. rnnx{F3 , F I ) +nlll:r(F9 , FlO)
/\2 = llUlx(Fh fi)

(3.28)

(3.29)

where F1 , /'1, F3 , {.:" fo"iJ :lnd Fm arc the Fourier components obtained from Haar

fU11cl,ions.

II trill sign....l is isslIc<1 if A' I or /1'2 falls below cerlain threshold level of 0.01.

'1'111' lIaar algorithm lVilS tested llsing a variety of simulated inrush and internal

fault signals. In Cilse of au internal fault, the circuit breilker would have cleared

the filllil in aroulld 20 ms. Due to the compliC1\tion of Haar function, the time

taken to procellll (laLa signals is lIsually longer compared to other algorithms. As

a r('!;tili it is lIot 1\ ;tlLractive method unless a powerful microprocessor is used.

3.1.8 Kalman Filtering

Murty and Smolinski [21J presenled a digital relay for a three phase power

lr.ltlsformcr prolertioll b:ts(,d on a he-state Kalman filter. The Kalman filter

('(Illation used to recursively eslimate lhe new values or the state variable is:

(3.30)

where i k+l = the updated estimAte of 7/ x 1 process state vector al time lk.

;;; = the estimate of n. x 1 process slale vector at time II;.

/\'1: =Kalman gains at lime II:'
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';k = th(' III X I \'('clor Il1N\SUrCtllcnl. al fl:.

fh = thc III x II lllatrix givclL til!' llois"le<s \'011lI"ctioll hd\\',~'n

the l1leasurC'ITIcnt and stale \'cdor.

¢II: = the 11 x /I slale transition malrix.

The inrush lIud fault comlitiollH ill"l' diHtingllislll'd by tIlt' fUlHliHlIl'llllll an.l H,'!"

and harmonic componC'nll; of thc {lirr~TI~nlial Cllrr<'llt 11 I: allli I'!.I: l"l'Sp,,(·til'{·ly as

follows:

12~

j'li + .i:2~

i':l~ +.H!

(:1.:111

(:1.:12)

where il~, i2~, i3I, :i:2~ arc the estimaLed state \'uriahk·s at tillH' II:.

Then the comhincd flludamcnl.al ,uld second harmol1ic COll1POUl'llts fl: all,l

Fl~ rcspecti\"cIy can be cillculated as follows:

FI! 11r1f+ Ilbi+ flrf

12af + 12bf + l'lc~

second harmonic components ror pIIIlHl'S 1\, II, c rCll[l('cl.ivl'ly,

The rclay \I'IIS implemented on a TMS320 <ligilill signal professor iUI.1 les1.(;u

on a three phase transformer, The sampling frequcncy lls.~d WMI !l(iOl1l\, The

relay operation time for internal faults was r"ported Lo h.; around hulf II cYI:I(~ [21].

Ho\\'cver this response will occur only when the fault has occllrred on tlw first

sample. The response will be slower if a fault OCClirs ill 12th or l:jLll ~itHl"ICl1.

So, in fact, the relay response lime sllould he around on{~ cyc1t:, Also till: fiVf~-

statc Kalman filter has no provision for higher order harmonics anu error ill the

estimation can be caused by high rrcquenc)' componl'mls.
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Murty and Smolinski [22J e)(lelldl~(l their prl)I'ious work by iucluding Lhe

per"':lIlaw' ,Iilf"wnli"l dlarlH·tcrislic ali<I o"er-excilation restrainl for the rday.

Tlu'y also illdwlf' thc grolllj(l falill protcclion for primM)' ilud sccomlary windings

uf pnw,'r trilllSfo1'llwrs. The fifth-sLate I\nlman mter is increilsed to elcventh·state

t.o llfcornillodatl) nfl to fifth harmonic componellls of current sigllal,

TIll' n·lay 0l'{'rill.ioll tim': for illl.erllill fault WilS around one (ycle MId it ,,1110

took 1I1wlll 011" cyrlc Lo S,'I1<1 11 trip signal (Ot other fnulls. Howevcr, lhis algorithm

pnforms only for tIl(' l:lIse whcre the fault occurred on the first current sample.

If tllt~ falllt. "ccurr!.'ll 011 thc [=Ith or 1·11.h sllmpl~, the rday opctiltion time will

t,lkl~ llluch longer. Also 11 25% even harmonic threshold level was choscli in the

('.xJledlit/,Itl.~, Fnr lrlO(!t'l'Il trnnsformers with amorpholls mellll, the lhreshold level

Gill go <10\\"11 til ."J% or c\'ell lower. By IIliillg the I\almnn filtcring mc~hod, the

tl,l;ly opcl'aloing lim/' will illCl"eaS(' wi~h a <If'crcase ill thre~hold le\'el. ~[oreover,

the authors ,lid not fOnsid'~I'lhe anti-aliasing filters ill their h1\rdware design. The

prl'Sl'lIct' of high fl'/'fluCllCY components in the inputs can corrnpt the estimates due

to ;lliil.~illg. If nddil iOtlal iltl~i-illiasing filter.~ ilre lIsCll, they will introduce extra

linn' tlda}' to the relay response time. The paramcters for l\alman filters llsed

1\'('Jl' hns('([ on a model trallSfOrnK'r, If thClie parameters <HC \"Cry different from

thl' rllOSl'll l'nhlCS for lmother chosen triln~former, they hil\'e to he rec/llculated,

A..cordingly, this nlgorithm is not ([uite cOllvenient.

3.1.9 Least Square Approach

Snchdcv ,md Baribeau [23] pl'csented a new algorithm calculating impedances

from sollllpl('d "oll,ages ami CU!T<'uts. The output during a fault is assumed to be

fompos{'cI of ,I decnying (Ie componcllt as I\'ell as the fundamental and harmonic
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frequencies ,'.~ follows:

.v
.r(I[) = ~'Ir-(h/r) +,~ kt"sin(fI ...."u11 +(/,,1 (:1.:1.'"1)

T = time con~L:lIlt of the t!ccilying dr COlllpOIlf'n1.

N = highC!it order of the harmonic compollellt Ilroo:;,'ut, ill tit.· .<i~llill.

WlI = fllndllrnelltal frcqucllQ' of Ull' sysll'lll.

k1 = magnitude or the (Ie o[rscl, lit 1=0.

~'1" = pellk I'alue or the n-III harmonic rompOlwuL

0" = phase angle of the n-th harmonic rOll1poIH'uL.

Parflmeten'; determiued by tlte ICllst Sl[lIllf" npproilrll Wl'f{' lIl<:n 11S/·lIto "ompllh'

the real and imaginary components or tIll' \'Olt;I~W ;1It.! I'UI'I",'II1. IUlpl·dam'".< w('n~

then ca1clllilted llsing the followillg equat.ions:

n =

x =

n {~} = (Vpl"ooO,,)( IpcosO;) + (\~,sin O"?U"sinO;j
e I (/"COSOi)~ + (II'SillO;)l

I {.!::} _ (VpsinO,,)(lpl"osO;) - (\~,co.<IJ",)(lpsinlJ.)

111 , - (I1'('osO;)2 + (l p sinO;)l
(:1.:11)

Two types or dilta were l1Sl'(l in tl'stillg the algoritlllTl. 'I'lltJ lirsl. typc was

gencrated from a digital model of a transmission ]inc lind t!l(, S"('OIIIJ I.Y"f~ W;IS

oblained from the Silskalchcwan POwer Corporation at Ikgillil South switdlillg

station. The results implied thaL Llu~ illgorithm Cflll calculate till' imllf'flallCf: from

the off-line rault data from a pOWCI' systl"'ll1. AILhollgh nil the tests Wf'r(~ has(!(] 011

an impedance relay, the authors stated that the proposed algoriLhm woulll provide

illrorrl1ation on harmonic compoliclih for usc ill lr;tnsform(~r djfff~rf!fILi,ll rday!! if

the harmonics ill lransformer inrush Clll"T(!I1ls werc indudefl ill till! ()fjlli\tiullS.

Degens [24] used thc least squares cun'(~·filling techni(IUC lo Jilltl till! ratio he

lween the fundamental and second hilrmonic component!! of the diffcrclitial r.urrenl
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for illPlsh dctection. Thc time eOllslilut of the decilying de is considered unknown.

[fit is assll!m:d thallh,~ inrush Cllrf(~nt doe~ not (Olllllill more thiln five harmonics.

llwlI in il certain time interval, the inrush eurrcnt Ciln he aprroximfltc<l by:

(3.3S)

wh(~rl~ i(l):::: in:o;tilntilneOIiS differential C11rrcnt sample at lime t.

IJu "" de ~ompoJ1cnt.

A = inve!'lie decay time constant of the dc component.

Pt· =peak component of the k·th harmonic differential current.

W(l = fllndamentill frCljllCIlCy.

Ok = phflser angle of the k-th harmonic component.

Using Tnylor expansion of the decflying de currenl of two terms, Ectn (3.38)

CIII1 he rewrit1.cn in the form:

r. ~

i(1) =1'0 -l'o,\t + ~llkCosOksin(kwol) +{;PksinOkCOs(k....,ol) (3.39)

If N samples ilre eon:o;iclered at time II to IN. then the silmpling current process

resulted ill the following set of (''1uations:

I II sinwolt cos l<.'ul I
I "2 sinwol2 CQSWul2

1 tN sin ""lll"" eos""'ol,v

sin ·Swot, c05.5woll po
sin.5wot2 cos5WQI2 -Po>'

PI cosO,
p,sinO,

sinSr...'llt,v COS5WllIN PssinOs

(3.40)

If the abo\'e equations arc written in matrix form as:

I=AX

thcn the least square solution bccomcs:
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Since matrix B cOlltains known dt.'llK"lIls. it l'al1 Ill.' 1l!lt'Cllo l'akHlat(' lht' \~'('Ior

of unknown X from the !lampl<'d dilfert'ntial rur",111 lIS follows:

p= I

psin I

11 cos '1

psin2

"p, ('050,(1,.... )::: :; /1(:1, II);('~)

,v
p, SinOI{lX) = ?; 1(1.11);(1.1

,v
I'l rosO~((.... ) =?; b(.'i. 11);('.)

,v

JlJsinOl{I,v) = ?;b({i.II);{I~)

(:1.-1:11

(:1.·1.1)

(:I..lli)

Finally PI and P, Call hc caklllaL('(1 by:

The algorithm was designed so that if fii was smaller than a t:!..",tX. thrt'SllOl,1

valuc, a trip command would he gi\'en. This algorithm WilS tr,s!t.,1 with lIi~itlllly

simulated inrush and short circllit rllult..~ of iI single "Ilnst..' trallSrOrllM'r, Only four

test Cl\SCS had b('(!n done, In (lise or a falllt CllrN':nt, a. trip ,'ollll1\anll was ~iVl~1l

around t.\\'o cycles of the power fTCflllcnc)',

Degens (25) rontinuN.t tin.' work of till.' lligilal inru:'ih CurTCf1l df'l.cd.i,," ba~.,1

on the least-squ1I.Tt'lI curve fitting or ll1I.l11pkod dilrr.relltii\1 ('urTCflt by i\ IINilyiu!

de and five harmonic components. The author iml'lcm(~nt(~l the digital filler hy

means of a microprocessor. Tht· micmpmr.cs,'IOr IYMI huilt ilTOllnd au AIM 65

microcomputer with a 6502 CPU. The algorithm was l)f~ing tr.slt"l on-tine via. a.

single phase 2.2 kVA transformer lYith sampling fr<~lllency or fiOO II::, The author

had incorporated a fast tripping option in tIll: protC'dioll sdlt:lrlt:. In ellst: or a

severe short fault, the tripping time woul(! he hetwCl~n f) lo 10m.•, JloWI!Ver, ror

other faults such AS winding faults, the tripping time would he again around two

cycles.
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Rahman ct al. (26] presented it weighted least-square scheme for differential

Ilrotl!l:lion of w,wer tfansfofmer simililf to Degcns [2.1, 25). The only difference is

that tIll))' addl!II a Root .\1f'il1l Siluare Error (RMSE) criterion technique to select

prOrJl'f Il1lrHlollit: ordcr.~. diltil window. weighting matrix ilnd silmpling fate. The

RMSE is nhtailll'II as follows:

UM.'"":: _ (r",(ll - r(tl)~~(Xm(l) - x(l)) (3..18)

where) r",{t) = till' 1111'aSllfCd instilntillleons slImple of the differential

currcntattirnet.

x(l) "" instillllilrwolls dilTcrentinl current slImple al time t.

Q = \\Il'ighl.ing lIliltl'ix,

N = numher of s1llllpil'S (d1lt1l window) 1I.~I~d for perfonning computation,

Th,' [lower 1l'i1llsfonller fault or inrnsh current model is dependent on the type

or l,rilll.~rOrnll'r MId th(~ operating conditions, The lowest RMSE gives the correct

l11mll,l for thl' fiUcd l!l,la. The proposed method WilS programme(l on flo PDP 11/60

nl11111l11er for olT·line silllul1ltion with sampling r1lle of no ll=, The performance

of tlil' IiIIl'r for intl'TIlill fault cmrcnt \Vas around one cycle. However, the authors

have lIot dOl\l~ any rrill lime tl'Sling.

The weighLing matrix Q of this proposed method requires the fault and inrush

dlltll ror a Humber of elise studies to obtain the best weight factors. This involves

a lot of computaliollill ovC'rhead 1Iml cannot be done on-line. Furthermore, large

Wl'igllts on lire rundamental and second h1lrmonic coefficients can produce compu-

tatiOllill round orr errors. Smllllll'cights can also result in computational problems.

I\S a 1'('Sult till' weighted least-squares algorithm is not optimum.
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3.1.10 Voltage Restraint Algorithm

Thorp and Phadke [27] pr{,~{,III('d a \'Oh;1ge rt'~trlliul a'~()rith1ll for Ir;Hl~furllll'r

prot~tion, TIll' rl'~trilinl. techniqlle is il~ folloll"s:

whl'rt' \lp = the primary mltagc.

Vk = the k-lh salllple or the primary \'oltage,

N is the number of samplC'5 per window.

If the calcuiatcil \'oltagc, lip is 1001'f'r lhilll it prcdl'filll'd thn·slml.ll"o!t,OIgl'. 1I11'1l

it fault is declared and 1\ trip signal is st"ut. It is olJ\'iol1s tll;11. !.Ill' ft'sln,illl sil1l11'1.·

signal is ohtailled from \'ollage. 1I01l"('\,cr, most orllw tr;\llsforllwrs lIM~d in illdllsl,ry

today give rise to 11 cunc-nl signal. So this voltflgc flostrainl algorit.hll1 is tlllt so

llseful in practical ilppliciltiotl.

3,1.11 Flux Restraint Algorithm

Thorp and Phadke [28) use.:1 IIme-clirrent rl"l;lliollship 1.0 ohtain till' rtostraint

function for transformer protection. The nl\ltllal flux lilll\1lgl~ II of a trausfllrlllcr

can be calculated from its past with meas\lfl~d voltagt' and rllm:nt 11>1 ft)lluw.~:

where A. = the k·th sample of the nux linkage.

e. = the k-th sample of the primary voltage.

h =the k-th sample of the prinmry currenl.

This equation is an approximation to lhe soilltion of the dirfl"1'l'ulial '~'llIlltioll:



Fip;111'1' :1.2: Fnllil il!lIlno falill region in flux liS difTl.']"l.'llt current plal\c !2S]

Tilt: trll11sfnl'lm~f is fOlllLd 1.0 he in a fault cOlI(litiol1 01' not is based on tile

IHlsitioll uf the 11l1illl of flnx and current (Ab ik ) in thc flux-differential currcnt planc

ns shown in Fig :t.:!. Thc tests \\"ere carried Ollt in thl.' American Electric Power

S"rvi!oe Corporiltion Power Systelll Simulator Lahoratory 011 a modcltransformer.

Tile sampled (1,,1,1 of all Cllr1"ent and voltages \\INC collected onto a microcomputer

and were USI,.'(1 in ufT-linl,.' fORTRAN program to study the performance of the

;llgorithm -'-'Ie I'day r('.~[lonse lime was aroun{1 one lind one - and - a - half cycles.

This mel,hocl Hl'('(ls hoth voltage and current for sampling in order to get the flux

ff~strllilll. TIlM is why it \ViiS not found to he iHl aUracli\"(~ method.

3.2 Research on Comparison of Algorithms

Rahman and Jeyasurya [29] presented a. comparative study of six algorithms

for digital differential protection of polI'er transformers. The six algorithms are

[oimril'r 1\llalysis, Hl'(>tilllgular Trill1sform, Walsh Functions, Hail.r Functions, Finite

Impulse He:;pollse, and Least-squares Curve Fitting. All algorithms were tested

Oil a simulated three phase transformer using a VAX·l 1/785 mainframe compuler.

'I'll(' ~i\mplil1g fr('qncnry Wil.5 960 liz lI.ud the results are gi,·en in Table 3.t.
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Algorithm Salnptilll;, :-;ulIlhl'r of Tilllrfllr I'nn'lllilF;I'"f
!nlen,,1 Aritlllllt'til' ,\rilhull'lir Sall1plin.r;

(JI,') °llCralioll {'<IIl1plltalitlll 11I1,'n,,\
+/- xl: I V' (I()l 111,c)

Fourier 1021 .\, ,., ., :1:-:0 :11,%
lliXlanp;lllar 10·1~ 106 S 1III :I!J%
Walsh 101~ 116 ,., ., :,:!I, :""l'X.
II"ar 10·11 !}(j '6 ., :,I:! ,1!l'lo,
Finite 10 I~ S, ., - :!!IS ?1'1o,

Cur\"t~ laS!) ·'6 I!) ., ·1·li :I:!%

Tabk :J.t: COlJlflllt"tiolial requirl'1I11!llts for tratlsfnrl11.'r IJrtll",'ti.tm al~nrithllls I:!!)]

arouud a c~'c1l' for all inll'l'llill f'lull. 110\\"I'H'T. till' .11/-;Ol'itlllllS 1101\'1' 11"1. 1"'1'11 1.1'sl,'d

all marginal 0pl.'l'at.ing col"liliolls surll ,IS dUTing 1011,1:-;, AIs" I.t'sl.s ,ll'," ,1"111' Ulily

to llislillgllish hClwcell ,Ill il1T1lsh 1IIItI int,'mill fault.. 0111,'r f,'alm'los 1'!'!Il1iT<'i1 fur

complete prolt.oclion of [l0\\'1~1' tr1l1lsforllll'r arl' 'lilliul"1.

Habib and Marin (30) I'rt.os('fll(·d iI sun"'y illI,1 iI t'lIl11pilrali\',' i11l •• lysis!lf \';lr'

iOlls algorilhms for the Ililfert'nli.. 1 prot('('l.iOll of tlln..' Illlillil' lrilllsfllT1lll'l'I, TIIl'Sl'

algoril_hms wcre analp.<"tl baS('(I 011 th,~ ])rohl"111 of ,lilf"[C'lIliitl jlml''i,tiflll allli

exciting-cl1TTt'Ul detection I'rohlrnl. Tlwy WI'Il! ,l.,fillrt! hy tWl.l IK'rfornHulc,' ill<lin'lt

bascd on time and frequcncy. As i\ resull, till' Ilarll10llic r''Slrailll Hist'relll F"urir't"

Transrorm algoritbm was found lo he the best .. lgori1.hm rur llll' illlplt'lIM'nlatiuu

of a digital relay for the dilfcrt'nliill prlllRrtioli of transfunm't"s.



Chapter 4

Design of a Microprocessor
Based Relay Hardware Module
for Transformer Protection

(:olln'n1.ioll;d n'l"y~ d'-signed for I Ill' pro((>ction of polI"er ~y~tems IIS<' ('1e<lroJnc+

dltlllk... t Il'dlllOlop;y. Nol 1I11l.il reef'utly, r('~l'afch('rs arc heginning to develop mi-

lTopron~sor rI']ays sinn' ill most ra~l'S mkropro('cssor relays are faster and more

n']iidll., ill Il!Wra1.ioll. In 1l11' ,'as!' of tran.~rorr1\(·r protection, resellTchcrs usc differ-

'~1I1 al~orilll1lls lH'~I',1 011 simulation or hanlwarc and software La find the best way

10 prot,'\'1 I fIlIlSfonn('l's [rolll fallils illl(]10 distinguish hctw('cil the inrush and fault

'"lIITI'llls a.~ .liscllssf,d in till' lasl. Chilplel'. The fcsci\fchcrs IIsually state that they

hal'l' fOll11l1 the IWlit algorithms for the tfOlllsformcr protection scheme. However,

silln' Llll'ir h'st rI'!lllUS <He usually hased 011 different equipment, it is difficult to

fOlll]l;ln' lhr-ir Ic,,~l rl'suhs. Also 1heir prolr-clioll methods mil)' not be applicable to

;lI11ypt'S of transformers, The hardware part, of their prot.ection schemes as well as

Ihe sof1\\'!lrp porl,ion 111;\)' lian~ to ch,wge 10 accommodilte different transformers,

Th(' l1\;,ill plirpoS<' of 1.11(' pr('S('ut dc;;ign is to make il digital relay fOl' the

proh'rt,illll (If lral1sronJwrs of dilferrnl types, The design changes can be made hy

t:hanging till' Soh'I'iln' ollly, This means that the hardware part or the design is

11 ~hlilrk hox~ to liSP!":. I)<'t:i\\l:'w they do 1I0t hav(' to know much about it. The



IIn<ll pro,luct will [)(' n Ils,'r fri,'ndly t{'slillg tnol r"r \;lhorator,\' ;\\1,1 1\ 1'1'111 lilll<'

triln"f()rlll~r prolccl,ion in"II'II111l"ut ror industry,

4.1 Hardware Design

The fUllcl,iollal blo,'ks of I,he mirroproccssor has"d rday ,lrl' shown in Fi~ ·1.1. 'I'll<'

curren I signal of the po\\'er II'an.~fOl"tl1er i" ohlailwll \'il1 IIII' ,'urr,'nt tnillsfufllu'rs.

This sign111 is th,'\] scali'll dO\\"l1 to the iwceptahh' ('otuplllpl" input h'\'el hy LIll'

scaling circllit ilnd r('(lto ,lit, allti-alia.~illg I11h'l" to liltl'r oUl, um\·'.lIl,',l (",·q1l"lIl'i,.,;.

Th,~ ""'lIplr /lnd hold willlWrforl1l ,ksin'd salllilling 111111 hnl,I H "i~llillllnl,it t.l1t' rH'xt.

signal pulse comes ill, The multiplexer rilll Chllll1l"] till' ilnalo~ sig:lIill to 1)Ie allalol!:

to-digilill con\'crl.Cl" to chiluge thl' signal to a nll!lI!J"l" \\'hidl r,ll1 Ill' n'all lIy tl\l'

microllrocessor. 'I'll<' micropron'Ssor \1sed ill t.his ,li'.~ign 1>,-!ol1gs 1.0 I,ll<' T~IS:I~OJlI

f<lmily. It consists of two bOilrds, l1illllcly TlIIS:\:,Wl0 EmlliaLlnll Motllll,' (EV~'I)

which contains the proc"ssor itsdf illl,lthe Annlog lnL"rfiln' Iloilrd (/\111), fl, filII

proccss digit nl signals to determine 11 tri!) or 110 trip ,Jf'f'isioll ddin"I) I,y a sClrtwilre

program rcsitling in memory. Thc detail or earl! funt;lioliallJluck lI'il11)(' disl:lIssl'd

in lhc next fcw sl1hscdiol1S.

4.1.1 Relay Control Circuit and The Solid State Relay

The rday control circuil is uSNl to conlrol 1I\(~ OJl{'lIillg Mill c:looilll; or t1w sol;,1

st1lte relay, It consists of lWo resistors lind lWo "1l" transistors 1IS ShOlV1l in Fil; ,1.2.

Thc Icfl side of the circuit is hooked up to the ilI11110g Olltput of til<' rninC)pm("l:s~f)f

through lhe AlB and th" right :-idc is conrwcl,e<l to llll~ rday. If 11 sigllitl /If y.I:rll

voltage is given out Ily the microprocessor. lJlf: +;1 amI -,I Lc)rl1liflals will go '1IiKII·.

Otherwise if a voltnge of 10 V is apI' ied, lhe terminals will go 'low' to 0p'~11 llH~

relay for lripping.

The Pottcr and Brumfield solid slal,~ rclay wilh pairc'd SCR ontpul aTl~ llsed ill



Protection
Zone

OVor 10 V

input from
analog output
of microprocessor

10ol'lm

To +3 terminal
r--'--,----~ or relay

FigllTt' .[.2: Hclay C'Ontrol circuit
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.:t=D3Elll., .__e-._..... ......

Figure ·1.3: Solid sial<' l'l'lay <'flul\,a],'IlI. ,·irmil.[:llj

this part of the dC5ign. The {'(IUl\'alC'lll cirellit, ~rlWlllillk of till' n-la,\" is shuwll ill

Fig '1.3. This relay ha~ the fcall1n-s of i'.<'ro \'ohllgc turn Oil. opliral istllatiotl, nllel

open within Olle h... lf cydc.

There arc totally thrre sets of routre! rircllitli ;\lul IY'lllYs III ;Wr'OflllllClll;'lh' tile:

thrcc phllsC'5 of the poWN supply. An c",tra Sf't ill alS(1 indU<ll·tl ill 1I1l' 11,':'\igll for

backup.

4.1.2 Power Transformer

The lrill1sfol'lllcr USN] for tcsl.ing was it 5k\?;1 2:\O/:,!iO - :,7.') - filK! II, Iklta/Wyc'

connected thl'CC phase power transformer given hy N,'wfollndlnlld nlld LnlJrallnr

Hydro. This leslltllosforlllCt clln be I"Cplaccd by eliler transformers ;\lultll<\ Imnl·

\vare setup does not have to be changed.

4.1.3 Current Transformers

The current transformel'll wilh rMings of IWI-Oj II an~ 1I~1~1 Lo olllain !liguil.J!I from

the power trandormer. There arc lolally seven ClIrrenl lralisforlller.l IlSl~1 ill tlll~

laboratory selup. Three for tile primary side, another 11Ir('(~ for lltl: Sl.'Con,litry Sjdf~

lind onc for the ground of the s(''Colillary. Cllrrellt1rill1sformers fill tlll~ r>ril1lllry .~ide

IIrc connected in Wye whereas 011 the secondary side they arc COlllJf.'f:lI:(1 ill Della 10

eliminate the zcro-sec:luencc current. Also the primary and secolldary si'lC'I Sll1llll

resistances are 0.5 ohm and 0.7 ohm res["l«"lively.

'0
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4,1.4 Scaling Circuit

Tl)(' ~("illillg ('in'nit i.~ Il~{'d to cOIlH:r1 1he output ~igllill ob1ilined from lhe current

lrlmsfonll('r 1.0 lIlt~ i1ppl"flprilltf.' \ullilge for the l1n.,log-to-digit<l1 cOllverter lo he

"Olllpiltihie illIIl I.U fiue I.une the ilnli.aliasing niter that will he discnssed later. It

nlll abo he llsl'c1to compensiltt' for the errors catlst~1 by currcnt transformer shunt

n",istnr lIlislllill.ch. Pig ·1.·1 shows [,he dil\grl\lTI of ,ml'lKillillg circuit.

TIll! 0lwratiollal i111l11lilicr f'mployt"ll 1I('r(' is o]H'ralcd as non-invCTting de gain

,lIl1plifi('f iI.~ folloll's;

R'
GAlN=I+n'f (4.1)

As "an he ~''Cn from Fig .l,.l, 112 is a var:ahle resistor and the gain can be

,1djuSlt~1 by \'arying /12. The LM:124:\N il1Jlplifi"T which is used in this design

nlilsists or fOllr iutcrnally frequency comp,,"sated operational amplifiers. Seven

illllillili('rs 1\r(~ I1t'CI!e(1 1.0 construct seven scaling circuits. Three scaling circuits

for I'MII of primary lIml sccon<]l1ry phases liS wcll as OIlC for tilC ground current.

Also lIince t.!Ln'l' llmplil\l'rs will be tlse<l for building cach of the seven anti-aliasing

mh'rs. onc L)I,I:12·IAN chip ill suitable for constructing OIlC scaling circuit and one

I1lt.er. All a l"I'sult only S!.'\'cn l.1\I:12·IAN chips are llrolcd,

·11



4.1.5 Anti-Aliasing Filter

TIll' Illlf'nollll'noll of tlowllwanl fr('qul'lH'y translalioll llHllrs wll<'\I('vt'r i\ fn'tJ!wllt'Y

component is I1IHIf'r·samplcd so that tlH' sampling fn'qlwllt'Y is h'lls than lwin' 1.111'

calise the fr('<!IIf'T1cy characl('rislic of a 1'01llinllOliS signal ant! its sal1lplt'd St'llllO'lU't'

<11''' no IOllger lin(,flrly rd<lt('d. 11,,"Cl' 11l1' tl;llil ollt'lim'll from I.IIt' sam!'lt'll si.c;lLill

lIlay contain ('rrors. In ordC'r to lowN Ilr ('\"f.'11 l'lilninnlt' 1111' ;I!iilsillg dfl'!'l, tilt,

continuous signal has to bt: filtt'rl'<] as IIlllch as possihlt' I)('forl' sam[llill~.

[n lllccilst·oft,I"llIsflll'nwrdifft'n'uliill prol.l'cl,ioll, l,ht'tlt'llil-lll IIIlIS!. ,1,'It'd illrllsh

cU1'I'en1. by dlCfking til<' IH('senrc of SI'l'Olld hamltl1lil' flJmpollt'nl illid "Iso alllt' 1.0

deled O\'('I'·('xC'ilat.ioll by fifth Iiilrmollit' ronlpOtlt'Ut.. To prt'llC'I"\"t' lllt'sl' l'lllllp,)fU'tI!.s,

the low-pflss anti·aliilsing lilt"r mllsl pl',OSt'I'\'" till' (if), I:W illItl :lllU II;; ('olllllon"tlt.s.

A ClltOtT fn~I\It'ncy of ahout ,100 1/: is prllrtirill. Now, ill 01'111'1' lirstly l.u 1!;I1'\l'aIll.t'l'

the selection of LIIP fl111di\1llelltal. second illld firlh Ilflrmullit ,la.l.'l. SI'l'Ollll1y lo il~'oid

<llgorithms. 11 .~iltnplillg rille of !l60 II:: \1'ilS dlOsell.

The cheby~I](~v filter \ViiS uM,d in tile ,Iesign liS till' lwti-lllillsiJlg filtt:r, h"elltlSI'

of its steep roll·ofT chnrnctcri~tll's ncar Lit!".' ':llloif rl"('q\l(~IIt;Y. H('fprrll1,1!; t" ll,,: filtt,r

spccW('ationsshown ill Fig '1.5alld thcprNI('finc,1 pilrilllll'lers t1,,,,,, = :I,IIJ, Ami" =
301l}), Ie == ,100 IJ:: <lm) J. =50/} 1/::, l)lI'order II or this dJ('f,ysJwr filtl'/' is oIJI.airll'il

II = cosh- 1[(IOU.lAmu, _1){(100
.
1,1 ..". - Ilil = "J,m~r,

cosh-l(w.!wo )
IU)

\Vith this \'1'IIue, 11 must be Scll'ckd as the next higllt~st illl.l~gt~r (i illid it sixth

order chebyshev filter i~ neccl,~cl. For tllt~ pU1'pose of ('ompllrisoll, the V.dI11~ of II for

a Butterworth response thilt is necessary to rnccl same Pil1"LlJldl~r spl~dfil:itlioll or
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till: ~ix!.h·ordf'r chebyshev liller is calculRlcd as:

]og[{IOII.lA",,,, _ 1)/(I00.IAmu _ I))

2.log(w./w.)
15.4S7 lUI

lIl'ner. a sixll'Cllth-OI'dcr BuUerworth ~Iter is required to meet the predefined

I'arnmelcrs lhilt led to 11 xixth-aT<ler chebyshev. FOl' low or<ler response, less com

plicilll'd <uwlog dn:lliLs are llC'('(lcd to be built. Fig 1.6 shows the design of the

sixth-unler low-pass chchyshcv anli-aliasing filter. The lrilnsfer function of this

lilll'rix:

Using the above transfer function. the frequency amI phase fC!lponse are found

by simulation. The results of thc simulation arc shown in Fig 4.7. From t.he

<lillgril11l of Fig ·1.7, it. call be seen that the cut-off frcqucncy is approximately

350 If:: which cnsures all frequencies lower lhan and including fiflh harmonic pass

through aud other high('r hiHlllonics will be eliminaled. The phase response of



tllis filter is al~o lineal' for tilt, pa~~htllld. TIll' progftllll t.o rind till' (iltl']" 1"t'lljlOlISl'

is given in Appeudix 1\. The detaik'd calculation of L1w n'si~tors lllllll'i1pat'ilors of

the filler can be (ound in Appf.'lIdix B.

4.1.6 Sample and Hold (S/H)

TIlc filtered analog siguills nll1~t be sillllpled at tillJf~ illstnnts ddl'fIllilll,,1 hy 11

samflling clock, The analog-to-digital ('oll\,crsioll PI'()I'I'S.~ mplircs thai. 1,11f' Hualug

sign ill presented to the ilnalog-to-digilal t'OIlverlcr HlllSl Ill' 11I'Id Sli~;lIly dmillg 1I11:

conversion time. A laboratory fllllctioll gellcralor, which is SI't to give out a slluan'

wave of (,).:161.11::, is used as a dock generator, It is COllllf'f'teQ to it N!J:JAN foltr

bit binilry connter to divide the frequency hy .~ixl<'i'n to prodllO' II ~amplillg dOI:k

rale of 960 fJ::. An oscillator which gelJ/!ratl's tlll! ~allle dock frl'flllclicy mil al~o

be used instead of the function generator,

Fig ,1.8 shows the LF398 silmple al](I hold chip IL~ed ill the Ih'Xigli. It JlilS a less

than ]O/loS aC(luisilion time. The hold capacitor is O,OOI/IF. WIW/1 tlrl~ dock j~

'high', Sjll is in the 'track' state and the input will appear ilt its outprrt, IIlJ~l~vcr

when the clock is 'low', SIH switches to the 'hold' slah: and thl: output remains

steady independent or the input villue. TIll: input and ontput sigllal~ or till! SIll
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Figure ,1.8: 5<1111])11' ,1I111 hold [;J:l]

arc shown in Pig,1.9.

There IITC totally sevC'1l 5/11 circuits to ilcco11lrnodOlLe se\'el! nlrTf'Ul signals. In

order to avoid 1I1ly different;al phase shift hel\\'l'Cn 1.111' sign;!ls ... l1 S/II 11;1\'('10 he

controlled by the same sampling clock.

4.1.7 Multiplexer

Multiplexing mCilllS tl'illlsmiLting 11 large 11111l1hcr of inforllliltioll lll1its 01'('[ ;lSI1HtlleT

number of channels 01' !inC'S. A nl1l[tiplcxcl' is 11 circuillhai sd(~cis illfol'llll\tioll from

one of many input lines alit! lIiTeds it La 11 single outpnt line. Fig ,\.10 shows all

analog C?o.IOS multiplexer 1I5-50S f\ppliccl in the design to sdf'cl olle SIll output

ill 11 time for subsequent /lllalog-Lo·(ligital (I\/D) COIlVl:rS;Ol1.

This unit is an eight-to-onc line multiplexer with an ac({'Ss tim(!of 500 ".~. It nl1l

withstand a continuous input up to 10 V which is grC"ater lh"n the supply volt.,"1I1;C

nod that lowers the po!lsibility of damage whell the power sllpplifls an~ alf hut

the input signals are present. Abo it call withstand hrid input transifmL spikr~~

of several hundre<l \'olts. It has a break-hefore-make switch La PI'l:V(:Jlt channel

corruption.

This multiplexer has all ENADI.E (EN) line iuput for lhc! C!xternal conlrol of

the operation of the unit. When EN input is in 'low' (L) stale, tlll~ output is
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I C'hannd I EN I An I ..II I A~ I

L X x: I'II L L L
II II 1. L

11 L II I"11 II H l-

II " "111II II l. II
II L II II
II 11 II II

Table .1.1: Truth lable of llll' militiplexer

dil'.ablc(l. If EN il'. in 'high' (11) stale, tlw circuit flllll'1.ions as il. nnr1llnlllllll!,il'll')(I'r.

The channels sek'CtiollS 11rt:' hast',1 on EN Illld Au. A" .'1'1 lillI'S. 'I'll!' I,rlllh tahll'

is shown in Table ,lot. All Au• .'II and 111 nn' COllm'l;;ll~d to the /\IL;L[()!-\ IIILl'rf"o.'

Board (AlB), They are ,'0I1Lrol1(',1 by the ll1i!."rollm,·('s~orSoftWfln'.

4.1.8 Analog-To-Digital (A/D) Converter

Tile scaled, ~Ilcred, l'.amrle<l, and sc!l'("t.('fl transforll1<'r /lllalo~ signal hilS 1.0 Iw

presenled to the aUlllog-to-digital cOl1vcrl.!:r for ,:ollv('rsioll frol11 ii, sigll;ll to form

a number which can be rea(1 by Lhe micropl'OCl'Ssor. Fig ·1.11 shows the /\ualog

Interface Board (AlB) schematic including the dt~lllil('d opt.'riltiol1 or Lhl~ I~-bit

ADCSO-Z AID converter 1Ised in the dl'Sigll. This A/D 0lwr"l.~s 011 II II V power

supply wilh a 2.5Il,~ conversion lime. Il is I:OnAgllrl't! for hipolllr all/llog illpnts

between +10 and -lOV. Variable resistors R2 Hll<1 Ii:! 011 the AliI arc: llsed ror

the offsel and gain adjustmenl of the A/D rcspl~divdy. This AID outpul is ill

offset binary form witlltwo's complcmcnt represlllitatioli.
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4.1.9 Microprocessor

The microprocC"S!lQf p('rr()rm~ lhe Ir:lnsrurJll~:r l>roll,,·tiUlI fu,wtiulls a,"l ..llll'f l,'skll

defined in the sofl\\'i!.I'('. Fig -1.12 shows till' T~IS:I:'}(III1I'hil'awl Ti,bl,· .I.:! shlll"'s

the funclion of iu pill!. This micropron:ssor is lurl'l!",l 011 tIll' EWllualioll ;\10,1111.,

(EVM) bOim) whiC'h i! rolllil."'CLed to the An..los Inll'r(al"l' lIu;,r'[ (AlII). It nllll''!!

with ·1 k words of program mcrnory alld 1-1·1 wOflls of .I;IL" 1IM-'lIory. Oilly 21)11,...

is needed for it to execule one program instrndioll or OIU' l1Iultipli'"i\tioll.

Six data b1\!lNl of the microprocessor are' Ils"d ill lll'~ dC:liigll. 1)1, IJ'!. ;.nol f);j

Mc lied to the pins 31,:10 and 2,\ of the AJIl to provi,Il.' ti,e lIWilliS of sd'dillll ,,(

channels for the mu]til)]cX'cr. D·') is joiDl'clto pill ~~ of Millo dC;lr till' inLc:rrllllL

whcrcAs D6 iSl\ullchcd to pin E5-:j to control thc AID cmlv,~rt<'r (J1',~rat.inll. Filially

DB is used Lo send a trip signll] Lo L]Il) solid sLaLc rdlty if 11 (,lulL UI:Clll"!l.

Thc EV~-l has a 2;' pill D t}'P'~ COIlIlL'Ctor which is hook.:cl lip lo ;\ r.rnllpllu:r

lerminal for ~ortwlHc download and reseL. Th,~ n:"npl(~lI: r.irc;uit ,Iiilwam of llw
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4.1.10 Computer Terminal

As Illl'nliul\t'111H'fnn'. n f"ollll,nl(,l" It'rminnl is t'OlllH'.:If'lllo tltt· microprocessor via

II liS:!:!:! "'11>]1'. 'I'll<' mnin fllllf"lioll of t.his 1('Tminnl is 10 down load <liffeTcllt trans-

fnrlw'r 1'1'01<','1 inn .~tlf!\\'ill"l· from a floppy lli~k or the ll1lrll disk, i\lorco\'cr, in the

..ns.' of,l fanl! ,md \\"lll'll llll' rday is II'ilJpe<1. till' software has to be manually reset

IIII"UlI.l.!;1t lit" n'lllplllN, All 1B~1 SOS8 was lIs('d as the terminal in the laboratory

s,'l\ll'.

4.2 Hardware Operation

..\1 ,111.\" lilll<' illstillll, S"\"'11 ('nl"n'ul signnls will arri\'c at tbe analog scaling circuit

;\1111 llH' 'ltlli-nliasillg Iilt ...r lhrollgh lllc Cllrr('nt trall~rormcr, The~e signals are then

l',1ss,'d 10 tIll' Sjll ('irCllil. \\Il1I.'n sampling clock changes to 'low' stall" the S/H

will also he in 'low' stall' alLll hold the signal stcady to pass to the multiplexer.



Thl' compktl' circuil is shown in Fi.L; ,I. 1:1.

A\ \ his lim" Ih(' mitroprnn'Ssor is lwill~ illlt'rrupl",j hy Ill<' 1ST lin.' I'll<' s"fl·

W;He in 1ll':l1Inry will s('nd il ,~igllillto ..10 , .. I" :1:1 lilh'S III s,'kl"1 tIll" Iir~l. lHultipl!'xl'r

ch1lnlld or Ihl' cUfrelll si~llal for Ill" ,\/0 10 ,'oll\Trl Ihl" anal()~ SiJ;ll;d 1"" ,1iJ;ital

signal. A COIl\·,'r"ioll is nnw inil iilll'(1 I>y t Ill' rising ,'d~,' of III<' ,'toIll','rl ~rnrl. (SO{~}

lin{' of the A/D COII\'{'rt,'r, Dnring 1lif-' cOl\\Tr"ion SO{' will go 'In\\"' 1Illd ~t;,y 1.11<'1'1'

but lh... stalus out[}]]t WOC) lil1(, will ~o 'high' :\ppmxil11al,'I~' '.!:l/I." 1;11"1'. till"

cOll\"('1'sion is C011l1l1ctC'd, 'I'llI' I~OC witll1()1I' J;O luI\' ,HId IrlAAPI'1.h,' f110 lill" ur

th ... microproc('ssor for t.lw "o{[w;l1"(' lu jump 0111. of I,lli' lil'"I, "ill.ll;l1 inpul h,p ;1tI,1

put th(' dill" in rrR'lllorr, TIll' ,_oflll'iln' lI'ili "{'ud anollwr /luis,' 10 :111 , .. II, :I:t lim.,.

ilgilill to sciI'd a mnll,ipl,'x!'1' ('h;lIl1ll"1 fur allol.l1l'1' "Urr"I11. Si,!!;I1'11 illl'IlL

t\fler all S('I'f-'n signills 1m\"(' bel'll IIUI. in mf'llloQ',I.Ill' 1I\i<"l'opron's"or willlll'O<'f'SS

th{' data, If there is no fillllt, Illl' SOrI.WI,rf' will go lo<lrk 10 Llll' 1ll'l!:illnill~ alill

1I0\\'('\'('f, ira fault is rOll/HI. a trip signal will b{' SI~lIl to till' !'l');,Y mlilrol l'i1'l"llit lIy

lhe rnicroprocl'ssor 10 O[J1'1l tlH' solid sUItt· t'I'lay ,11111 \0 1'111 olr 1\11' ]l0I\"'1' supply or

has to he rC'id manually via Ih/' comput... t' 1.f'l'rnill'lllo dOSI·lIl<' n'l;ly ;,".1 to st.iul

the prOl.cclioll operat.ion ilgilill,

4.3 Hardware in Module Form

The hardware part of the mirropl'Off:ssol' has"rl rday i,~ dl'siKlll'd I." I,.. 't ~IJlill"k

box" type, For the prolection of dilf':n:llt tYlws or tr;\llSrorllll:rs, tl,,' Olily dlilllW'

thal has to be made is to initiali:r.c tlte data tleiilwrl in till' snrtwarf',

All the hard\\'ilre includillg lllc rday ,;olltrol circlljl~, snllill~ cin:uits. auti·

aliasing filters, sample and hold circuits, mnhiplexN, T~IS A'11Ilo~ Interfll/:': Board
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with :\/D [UI1I'f'rll't allll tIlt' E\'iIlualiolt Modult, huard wilh T:'IIS:I'2nlU l11inoprn.

n'Ssor are pul ill n :\(\ x :)0 X :1\1..-/11:1 hox or 11111\11111' ;,~ ~lw\\'l1 ;11 Fi~ .1.1-1. Th,' top,

t\\"o sicks nnd the I'lItipart uf tilt' lIox is ;lllndl\'d tlllwtllt'l" "'s Hm' Ili,'c,' whidl ,',l1l

he renlOw'd to gel ;l,TI'SS to tlw harl!ll'tln' if 1l1'('(k,I,

Fig,I.I:) sllo\\"s rIll' front (lnlll'l of ti,e hox, Tlwrf' an' ('i,e;hl hillllill~ post~ uulllt'

tor si,le of the piUlI'l. They art' mlllll'c·t(',1 10 1.11,' flllit ""I" "f rda.l· millrul ";I""llits

inside tire box, Thr('(' S('ls ofbintlilLS posL~ art' for tIll' roml"I'lion 1.1 tlL<'IIII'(~' solitl

sta((' 1"('lnys all<1 one eXIra S<'I. for rhe groulld n'lHy if fI('",'Ssl1l'y.

The first four are for tire corrnt'{'liou to tht' +l:ll', -1'2\', +.'"11' PIJ\\'I'!" SUl'lllil'S

<lnll to ground (GNI1) for the :\111 and EVlll h01l1"(ls, TIll' ullll'r fnur iln' +1.'",1/,

-[.') 1,/, +,) F <11\(1 GiIlD for tlU' supplies of Ill(' I'Pst of 1.l1O' h,ml\\';,ro·.

N",u' th,~ boUom of lire front paud. llwl'(' art' !LitH' 117'1(' frorrl. mourr!. 1"O"'·"plill'!r-S.

The single ONe jack that is dOSl'St to t.lw Il,ft is for IIII' {'xt,'nlnl rlo,'k, t\ ~qll;,n'

a 960 /I =sampling frequency. TIll' n~llliLirril1g pigll\. liNe jilf'ks ,11"1' IIs,'d ;IS r..llows:

• T1Ir('(' for rri1l1iHY phasl' nlrreul,s (Ii!. d2. ,1:1).

• Thr('(' for s('CorHlllty phase r.lltrf'llts (t1. 1.2, el),

• Two for ground (gl, g2),

Usually only one ground is ne(,<!r·d, The sl'colld grorrnd is just flJr IHlrkrrp Jll1rposl·.

The last compollt'llt on the frout )lillll'l is 11 l'i pill IJ lyp" ,"JIlIlI'doT. It is

joined 10 the EVi\·1 bonnl inside the hox, This should h., l;ol1llf":lt'I' to i~ ('IJWpll!."r

terminal via a IlS232 cable for do\\'uloiL<lirrg allll tl, rl'sl'l Llll: lrilll,,[OtrlW!" J>r(JlI~:tiIl11

software of the '1'1\1532010 microproce:;sor.
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Chapter 5

Development of Relay Software
for Selected Algorithms

This dwpt,N givl.'s a <l1,t11;1 df'Sl'riptioli of lIlc softwlI1"c dl$ign of the microprocessor

1"('1;,)' mrnpll'l.l'llwil1l detail,',1 lIow chart diagram. The software occupies approxi-

lIli.t,".\' J ~: \VIm! or Ilrogrllln memory_

5.1 Data Conversion

1\ 'lkl/" :!:IO/!i!",O - !jii) -GOO V, Dclta/Wyc co111I('c1('(1 l!lr{'(' phase power trans-

fornwr WilS lIsl'd in 1,1u: 1.1hoT1110ry testing. The ratcd primMy current is calclllillcd

I"'led = 2~~~ = 12..'>·5 A = I P.U. (5.1)

E~lfh Iial il or program tlll.'mory of TMS:3201 0 is Ill-bit. The maximum value of

Iialil Ihat. ("<Ill be store,1 in one memory location is 21~ - 1 = 327G7, In order to

gd. iI slnlldarcl TOllv('rsion, the \'i11uc 0((1 P.U.)~ =32767 = 7FPF I-iex is selected.

1I1'llfl'l l'.lI. is ap[Ho:dmtltl·ly cquilllo lSI (a.) Hex).

5.2 Detailed Software Design

Till' followillg subsections {[{'Scribe the detailed design of Lite relay software on

~('lt'fll·d .. Igorithm~, Th" general dala iniliali~ation, current signals inputs, dif-
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j \'ariillllc Nilllll' I I)llla in Il,';,: I C'hanrU'l S,'I'~'h'dJ

~IO 1"0
MI 1"1
~12 1"2

~lfi 1"6

fcrClltial currcnt and throllgh current. clIkutat.iolls, llllli t.lll' pr"l'~'liuli .j,'..isiotl

~llbrolltincs I1rc the Si1Il1'~ for all i1lgorithlilS. Only till' l"odfiri"nl.s initializatioll illul

li11ftllonic components ('xl raction SUh1'01ltlll''S "r(' ,kpl'IIlI"1l1. on 1Ill' alguril hill IISt',l

for lahoratory tf'Sting. A flow dl,'rt fur t.1ll' snflwiln' is shown in Fi,l!; ."1.1.

5,2.1 Data Initialization

The first ~tep for writing llil' ll'ausfornu.·l' prokction sorlwal"l' is 1.0 ,I,'lill" all vil1"i·

abIes. Theil <til dat.a hal'l' 1.0 Iw initiillizl'llto ZPrfl.

The data. illitializl1tion part of the sofl.wilrl' is 10 IlIIt down ]In'd,'lillt'd ,Iill,il

accorJing to the pOll'er tran.~forml'r s]lccifiGltioIlS, th,: hardwill'l-' aurl 111(' dlll~{'1l

protection illgorit.hms. TIll' first important Jolta vnriahl<! IHlllIl~" MOI)lo; i~ lI:>;oollt"

scl the Analog Intcrfllcc [loanl LII ilSYllChroliOlls rl"'{'i\'l~ tlln<I,·. II. Ldls th,~ A/D

conn'rtcr that an external Sil.llll)liug clock is Ilrovidcd aud tl", aut.o Sillilplill,l!; duck

is to be ignored. This mmlc is l~nahl,~1 by the datil I"fj Il,~x .~lor,!d ill v,lriallll'

r-.IODE. The 'lcxt set of dat/\ i\n~ provided for l'dectillg lhl~ 1lI111I.ipl')xer dmund.

Table 5.1 shows the \·ariahlp. Oil niCS corr(,spollrling to tlll~ data for .:halllld s,·I,!dioli.

As mention before, TMS:J2010 l1IicroJlf()r.I~SSOl' COIIII~ only witll 14,1 data 1II1:11l

ory. There are not enough IJ1l'morr ror all I (j samples for Pilch of tlu) StIVlm f;um~lIt
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I Program ~Iclllory Addrtosst's in II!':>: !lh'!;,'rw'tl for

SOO-SQIo' Dilfc,rt'ntia\ t'urn'nl 1'1101St' II
810-SIF Dirft,rt'nli;\l eurwnl'llhilSI' h

820-S2r 11);1[""""" ...,,,",,1 1""'" ,.
S30-S:lF C'unf'llt pIW.~I' il
S'IO-S·IF rUnl'llt pitas,'],
S.50-S5F 'CUrrl'llt philsl' t'

S60-$fiF I'rilllilQ' ~rollll.1 fallli "lIrn'1I1
S70-S'i'f SI'C'ollllary ground fill111. rurrpn1.

Table 5,2: Program nlt'fllory locations for cum'llt sigllil1:< slnr;lgp

signals (:J for the differentiill C'urrents, :J for 1.11.' throllgh (,1I1T,'uls. :.! for 1,IH' Ilrilll1\ry

and secondary ground fillill currents) with some prnn.'!;sillg \'ilrillhl,'s. All ,'lIm'lIl

sample signals have to be slored ill progl"/ll11 llll'mory IIml tllt'n .'d,I'i,'wll Olll' hy

one inlo a temporary dala 111eI1\OI")' burfer for cakillillioll, The rt:sl'I'I't'd prngr;ull

memory locations are shown in Table 5.2.

in order for the <ligitlll rplay to work prollel'ly, lllc~ r"llowing 11'11.;1 have to Ill'

defined for the protection of dirrel"f~nl lypl's uf lmnsfornlt'r:

• Threshold for normalloadillg of lransfor1l1cr ('/~,) = O.O:'/l.u..

• Threshold for the over-excilation (lise Lo prevent rdilY lIliSOjl"I'Htioll ('I:,~) =

O.07.'lp·U ..

• The slope of the Percenlage Differential Ch"rac:ll'ristics (PDC) fur tIll) rday

to be insensith'e 10 l,ransrorrJlt'r UIIH'hiltlgiug, (IIrr<'lIt lransfornwr satnration

and ralio mismatch elnring throllgl1 fault r.onditions ilS SlltlWIl ill Fig fi.2

(Tpc/c) =0.25,

• Threshold for instantaneolls tripping (Tid = IOp,u ..

• Second harmonic restraint pcrc<:ntagc for inrush condition ('Ii.) = 17.7%,
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I.: Oille","lial Currenl I,: Through Curronl

Figlll'C 5.2: 1'0\1"1'1' Dirr{'["('lItial (:lllll';lclcl'islic

• Fifth h'1rIlloni<: Tl'SLrai1l1 IwrcC'lILagc for ovcr-excitation (T~r) == 6.5%.

• ~'("()wllHml1orlic f<,'strainl [If'Tccnlagc for ground relay (T1,,,) = 11.25%.

• Tlm'shaM for grollnd falilt ('1~/) = O.O:'ip.u ..

Tllt'lill,,1 .Ial;, lid 10 puL in the software arc the coefficients needed for dj[erenl

al~orilhllls. The valu('!I of i\i1 rodlic;ctlb a.nd the lolal number of coefficienu

1l~11,1 arr unique for (-ach inuividual algorithm. Coefficient \'alues are all fanged

frolll -1 10 +1 for till' algorithms choS('fl for testing in this thesis. Since the

pmgritlll is \\'rittrll m'ing Ti\IS As.'Icmbly ]allgulIgc, the minimum and mAximum

IG·hit data \,.,Iu(':l have to he _(21~ - I) i\nd +(2 15 - I l, Tlospedively. To obtain a

high Ilfl'Cisioli for ([ala 111lll1illull1tioll thc data rangc -:12767 to +32767 is used to

1"'IIT1'sl'ut I'o('mdcl\t~ -1 to +1 r('Spl'ctively, in the sortw1lre,

5,2.2 Current Signals Input

At thc falling ("(Igc of t.he s"-mpling clock, current signal will be held by the sample

"-nil hold while tht' microprorN:iOr is bt'ing interrupted. An address is thcn sent
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by the SOftl\'aTl' to the digilill olltpnt porI, of tIll' "\II'lln~ IIlI<'rfilfl' lloanll11 ~1'11'rI

till' prop{'1' 1ll1llt,iplcxl'r rhalHl!'1 to ~t'Ild tilt' {!ilIa 10 Ihl' An;ll()~"t\l-Digit"l (A/I))

COllI"erter. A[Ler data cOll\"('r~ioll, the iuput./onlpnl ("olllwl (uTI)) lilH' of lilt'

microprocC'Ssor will go 'low' al](l n'ad i1\ 1111' rOIlI"I'rlt'(l Ilil1.1, TIll' dill'1 i~ 1111'11

slorl'(l in datil 1ll1'11lory, Tills is fI.'peall'd nlllil all SI'I'I'H c11m'nl Si~lHlrS Ml' rl'il,!.

The lIow chflrt for the illPllt dilt,a SUh1'tllllin,' i~ shown in Fig fl.:I, 1l, is illllHl1"lnll1

to note that the last rOltr sleps are rarrit'1l OltL for 0111 prill1ary llln~' lIlias,' 1'llrn'IlI,s,

secon(lary t.hree phaS(' currents al1ll thegrollnd rllrt!'lIt.

As mentioned in the al>o\'~ sedioll, HIl' nsynchrollolls ['('''l'il't, lIl,,,I,· is IIs"11 [nt'

input data. Because 1l dday is illl"Olved iu titl! l'OIl\WsiOIi loy til\' !\{Il fortl'l'rlt'l",

the first data read willI)!' invalid, The pmgr;lm hilS 10 tl'ad 011" IlulI1ll1,l" aUIIIllt'll

seven tl\OI'C C\l1'l'cut signals hefore <l sd of Ilata ill:quisil,ioll is l'fItllpl..,.I~1.

5.2.3 Calculation of Differential, Through and Ground
Fault Currents

fig ,,)A sholVs the prott~ctioll ~dll'tt\c dl'siglw,1 al](1 Il'sh'd in tlll~ lalmrlttury, TIlt'

dilfcrt'lItial prolection is bast~d on tilt! Ililfl'r('IH"t' ht~lw,~·t1 pI'iHl;I1Y lIud S\'nJlldilry

currents. It is required to compul,t' first t.he fuudill1l1'1l1ilJ up to the lifl.h hal"lullJlk

cotllpollettts of the differential t:ll1Tcnl MId 1.11t~1l 11((· [urtdatl1t'rtti,1 l'Ol1lpOlI('Ut or

the lhrough currcnt with all phases, 'I'hl' ('qualit)11s lo ndl'ulal.1' 1.1)<' Ilil[I'I"'lItilll

currents are given as follows [371:

il.(l)+[i1.(L)-i1,(L)I~

i l .(t)+[i1.(l)-i2.fl)I*

irJI) +[idl) - i.1.(lll*

and the equations for the through current are:

i lo = il.(I) -li1.(l) - i1.(l)II~~i'1
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Figllrl~ 5.3: Flow chi'lrt ror lhe inpllt dl1l.a subroutine
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ii, i l.(I) -li:.(I) - i 1.(I)1 :\'.>~

'" =: 11,(1) - v,«l) - i2"{1)1:\;~';2

wllt'n' il.,.ill,.i l,:' t'llrwllts of the thrt"(~ phases for tlie primary side.

i·I•. i1,.. i1, "" ,'llrrl'lIls of tile thrc(" phasl'S for the scmndary side.

(.;.3)

TIll' splisiLivil)" of Ilirrt'f('utial protl'ctiolt is limill'd for grOlllll1 fllltli. dll{-' to the

11I1lj.\lliI.1Ir1,' of ~rol1nd filult impl'danc(l. The primary ground fault curn:nl is deter-

lIlillt'd by tll(' ((llll)lI'ill~ f'(lliation:

<llId 1.111' S<'TOIHI;IIT groulld failit curn'llt ('(jllation i~ givcn hr;

(.5.5)

\VIIt'li ;11) ':11l"rl'1I1 dl1ta hal'e hC('n cakulllll'tl. they arc .~torrd in program mcmory

fIJI' 11'111'1' IISf' 10 lind til(' lI('i·t'SSllr~· harmonic eomponrnts,

5.2.4 Extraction of Fundamental, Second and Fifth Har
monic Components

:\fl<'r .111 til<' t·urrl'nl. sign'lh haw: heen taken as input. tile most imllort1lnl part

"f lIlt' s"ftll'an' which is 1.0 ('xtrad hanllollics (1'0111 these .~ignals has to be done.

Tllis part d('l('rnlinl'.~ the fII'{'IlT1\CY o( the transformcr protpelion Wfll\'llre. In the

1'lh(Jril~ory I('sling, li"l' algorithms \\'f"rc :w1('Ctc(1 for impl(,,!l1cntalioll. Thcse arc

])isrrl'lf' FO\1Ticr'1'rilll~rorl1l(DPT) I\lgorithm. Walsh Functions ~\lgorilhm (WFA),

Ikl'li'lI~lIl;ll'TTllllsform Algorithm (IlT"). finite Implllst, RC'Spollse (fill) Filtering

Algorithm i\nd Ll'ilst_ S{llIilrl' Algorithm (LSA).

OFT was choscn bccallscsc\'cral authors ItO. 29, 301 claimed thal it is a sui lab Ie

1lIl'lhmllo (lS(' for I.ransro1"l1l("r prol('Ctioll, All hough \VFA ilnd fiTA are relaled
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10 DFT. t1u'y arC" ,;implc-r wilh f"\\'pr llIuhiplirati.)u,;, FlU lilh'rin~ i" til<' ~illll'l."'l

algorillun. lIow('\'c-r. it rall11U\ ,'Xlrarl lifth harl1lllllk. :\s a rt'"ull. tl1I' ItT:\ was

USN.I in combination wilh Fill algorilhm 10 ,·xlra.'l liflh harmonic Finally. I.S:\

is the 11lO:\1 romplirillNI OIlC" out of tl1<' li\',· illSorillllll~ .·Iu)!«·u. It 11..... 1" lois "f

calculation O\l'fh<"ilfllwfon' illllllC"nwlllation. II \I'll'; dltlst'll 10 S(..' ifils nll1llll.'xit~,

will impro\'l'llro1('("1 inn p,-rfOnlIIlIlCI-. Tht, ,1<'tAil ,Ir'·...rilll ion uf t h.'S<, lin' al~..rilllllls

arc gi\'ffi in Apl'rmlix D.

The rCnli\iudrr of tll;S Illylioll will pw\'i.l.. ll,.. llIrlhutl "r 1l11ll11'ri"ill (';lkulatiull

for c-adl illgorilhm impll'Il\('lIlrd in Ihr S(Jftwiln', Earll ;11~lIrilh111 1m" it oll'n d;,I;(

scL for ils rodlki,'nls,



Discrete Fourier Transform (DFT) Algorithm

J.d i(l) III' UlI' <'1Irr1'lIt s~lmplc<l lit Iii SI\II1I'I,·s p,'r c)TI,· which liT<' (Jenotcd hy

I" I,tl . .. ,1'+1'" Also ll'l '<:'1. C" S~. C~. s.~. C\ he Ill(' sio!' illlrl co.~ille of till' funda

IIll'lI1;d, spl"Ull,l illl(llirlli lli1rmollic \,omjlol1('llls r('~Jlf'CliH·ly. Tllf' letler S .~tands

for Sim' 1."1'11I l11H] tl", 11~ll"r C slands for (,osill<' t('nn. '1'1](' slIffis L 2 111111 .''j rep

1"1':-;('111, fllll(I~lIlll'lItill, sl'rond Ilntllifth h<nmonir "()mporll'111s fr-sPI'('"li\"e1y. The sillf~

lind ("()Sill" I''rllls llrc(·'llrlllilt,..! as folloll's:

":1 = n.:ls:wr;:lI, + 0.707 107 ',t I + O.!I::!:I~.SO/'+'1 + 1.000000/,t:1 +

o.!)::ns..'iO/'+.1 +0.70i107 1,+.1 + O.:I~:.!li:':.:I/,+,; + O.OOUOOa/,+~

fI.:IS~(iS:lfi+N - O.mil 07 I'+!l - O.!):?:ISSO/.+llJ - 1.0000001;+/1 

1l.!12;ISSUI;.~I~ - a.iDilOi I'HI - O.:IS:?fi/:i:Il,tH - O.OOOOOOI.+r~

(.'1 IUI2:ISSOli +O.70710ifi +1 +O.:JS:WS:l/it-1 +O.OOOOllO/,H

0.:18268:1/,+,1 - O.iOilOi 1;+5 - O.lJ2:JSSO/,t6 - 1.0000001;t~ 

0.!J2:JSSO/,tIl- 0.iooII07/;+9 - O.:I8:WS:lI;tlO +O.OOOOOO/;tll +

0.:IS2fi.S:.lf;+ll +0.70iI07 I;tl~ +0.923880/;+1-1 + 1.0000001;t15

'...·1 O.iOiIOil; + 1.000000/;tl +0.70iIOil.+2+0.000000/;t3

U.in710il,tol - l.(lOOOOO/;H - 0.70710ilitll - O.OOOOOOf;+O' +

O.iOilOilitll + 1.000000/,+9 + 0.70ilOil;tlO +0.000000/'+11 

O.iOiIOil;+l~ - l.OOUOOOfi+1J - 0.iOiIOi/,+14 - O.OOOOOO/itIS

('1 0.70iIOil.. +OJ1OOooO/'+1 - 0.iUiIOil;+1 - 1.000000fi +3 

1l.707lOil;+4 - 0.0000001'+5 +0.707107 lit(, + 1.000000/iF +

0.iOiIOil,t8 +O.OOOOOOlitD - 0.70i10i litlO - 1.000000Ii+ll

O.iOilOi1;+1"1 - 0.0000001it13 +0.iOi107 /i+H + 1.00oo00/i+15

S's O.!J2:lS80/, - 0.iOi107 litl - 0.3S2683fH~ + 1.0000001;t3-
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O.1826S:Hi +.1 - 0.707107 li+~ + O.!l::?:li'>:'O/'+'l + o.11000nO/,+~

O.!12:IS$Of'H +0.707107/;+" + 11.:I~::?fi:';:\/'+IU - 1.t1l1Ull(\Ul,+ll +

O..1S2tlS:I/,+I'1 +O.7071071,+I:l - O.n2:11\i'>Oli+I,1 - O,UUlN,llWI'+Ii'

C 0.:JS::?fi8:11, - O,7071Oi/;+ I + n.!)'!:lSSUI,+2 + O.lllllllltlll/,.,,-

O,!l:!:ISSOli+,' +0,707107 li+1> + (J.:I~:!fi:';:I1, ...; - 1.11nOUtlflf,+~ +

O,:\$2tlS:\Ii+1l +0.707107 li+" -1l.1l2:ISSll/,+1U - n.llOUmml" 11+

O.!l:!:1s.."Oli+l2 - 0.7071071'+1:1 -1l.:lS::?(i:nl,H, + I.UOllllllUl,+I" (.'Ui)

The sqlllll'l'd Illagllillllie of the k·t.h hanllOllil" ('0Il11Hllll'lIl, ill illl,\" insl,illli i~ '~;\'I'1I

by:

and S(ll1f1f{'I! comhill('d harmonk I"OllljlOIlPlll.s for l,lll' ,lilf"fI'lIl.iill flll'rI'lIl. of all

phascsMc:

(PIWlIrH1ff'lI/rt1j'l

(2mllllll'lIlOlIir)1

(5Ihllm'Jnon;cj2

8;' + (L + ,':tt +(t + ,"'f. +(.(.

S~. + CL + S~. +(.'I. + S~, +('·t,

S.;. + ('l... +st +(·t + S?" + (.'~;,

The flow chart of the sllbrol1linl~ for this idgori1.hll1 is show II ill Fig ~l."'I. Thi,~

subroutine is llstitl to extrar.l the fUlitlallll'rll.1d, SI'I'OIUI illU! fifll! 11l11'1Il,,"i.. nlill'

poncnls. From E{lll (5,6), it r.:tll IIt'M'('U lhal L1l1' )(j Fourip!, nlt'flki"lIls rl~J}l'al

themselves for the .~ine MId rosine of il1l lIi1rmoni,' l'ompoflt'nls. As a rt'sllll, only

a maximum 16 (oemcienls art' n(~'tlt'd lo 1,,) .~tort',1 ill dilli! lIH'mury for DFT,
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Figure ;1.5: Flow chart ror DiscrcLe Fourier Transrorm
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Walsh functions Algorithm (WFA)

In order to fine! all harmonic l"Omp01H'1l1s by \V11[sh FlIl1('linns, Ill!' l1Wf;uilud,· of

l1Cl'Cssary Walsh coerJiciclils h1l1l' 10 he nJlllplIl(~1 first 01-' rullows'

70



To rditt,~ Witlsl1 nwflid"IIL.. with thClliue' i!.nll rosine Il'rms of DFT. the following

''''1 O.!HlOII'I - O.:I'i:lW~ - O.O'i·IIF!t

C, 0.9001V:z + O..H:JlVr, - 0,07.111'"10

."'1 O.!.IOOIV3 - O.:JiJII'II

C, O.!)OOIl'~ + 0.:37311"2

,<ir. O.ISOW\ +O,'l:Jfllf.\ + O,(i.'jOIl'9

( '~ O.ISOIV~ - O.H!JIl'.. + O.fi.'iOIl'IO PUO)

AfL,'1' ;,11 tlH~ Fonril'l' ("odri,'i'~nls are C~kllli!.lcd, E(PI (!),S) call he uscd to find

t.IlC' fOlllhiw'd IHHtllOllil' l'OI1lI)ollf:nL.. of t.he' diffl'rential current, The now dmcl for

thi~ \V;,I~II algorillull i~ ,,11IlII'1l ill Fig 5.6. From E(ln (!i.10) it (all he «cell that for

WFA unly ~i;.; ('{wf[il'i"nls Me ll("Ctlcd lo he stoTt.·d in dati!. memory. The predefined

"'N'lIki('lIl slorl·,1 M" O.fl. O.:J7:J. a.Of.!, 0.18. OA:J.'.i i!.1lI1 0.6.5.



SI.M WFA Roul1ne

C.lcul.le SIne .nd Co,ln. OFT H.rmonlc Compon.nt. vi. Wl to W12

C.lcul.te the Combined Fund.m.nt.I, S.cond .nd Filth H.rmonlc Component.

R.turn

Figure rJ.fi: Flu\\" (11M!. for W;,lsh FlIlIr'1.il'IIS AllI;uri1.lllll
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Rcct::lllgular Transform Algorithm (RTA)

Ikr'lilllJ.;lIlnr Trallsforrn Algoril.lllll is n'ry .~irnililr 10 l1i.~('Tele Fourier Ttiln~forln

AIJ.;oril.lllu, rl(Jw(~v(>f, it n/Hls III/~ m:tr1l thir/l harillouir component to compute the

flllH!illtWlllill rfllllp()Ill~Jlt. Ld .S·,.(;,.,~·"{:,,A·:"(.'3"S's,{.'r.be the sine and cosine

l./'rlll.~ of til<' fllJlr[illIlf"lItal. s(,{"(llId. t.llird all'[ fiflll IlllTlnonic components rNp<'C-

li~·(·ly. Thl~" ill'" (mph'Ill/'rll,,,r;!,s follows in the soft.l\'ar/';

I;+~ -I;+!J + 1;+10 + li+11 + li+12 - li+IJ - 1i+ I., - 0.0 .... li+I,~

(\ I, - ';+1 - l,.H - n.o. li+,1 + Ii+-! + I;+.~ - 1,+/1 -li+7-

I,+~ + li+!J + li+lo +0.0. li+1I - li+l2 - 1;+13 + li+H + I;+I.~

,;;~ I; - ',+1 - l,.+2 + li+3 - li+" - li+~ + li+<J + 0.0 ./i+7 -

I,+~ + li+!J + /'+10 - /,+11 + li+l2 + ';+1:1 - /;+1.1 - 0.0 ./i+15

(\ /, - fi+1 + fi+~ + 0.0 .... ',+3 - f'+.1 + f;+.\ + l;+R - {iF +

The sine and ('osin(' of the abo~'(' Rcclang\llllr coefficients are rdated to the
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Fourit'T co,'frkil'lll s as follows:

$1 ~'I - ~"'" - ~"'.\

('1 (\ + ~(\ - ,~(\

The prl.'dcfi11N:1 rodlirif'lIts 10 Iw put. in d;II;1 m,'mol'.\' f"r t!lis ill,t;orillllr1 an,n, ~

11I1d konly, Tile l'olllbin"lllJilr1110Ilil" cOlllllmu'nts o( 1111' ,lilf"I'I'nl.ial nll'I"I'III, ";111 I",

calculated by E(ln (.1,$). The flo\\' dwn (or' this ;d.l!;ol'il,hlll is sholl'lI ill Fil-( :1.1,

dth11l ClIll he rllrllH'l' simpli/j,·d hy ul11iLlillg IIi<' 1111111 ipli1";ltiu11S "r ,"0111<' sallll,I"s lly

'0' as \l'dl a.~ saving a daLa llIf'll1orr .~plln' for sturin,c; til is '0' l"fll'flil'il'lIl.. 'I'll<' rl'it,~lIn

for p11tting in the '0' 1](,1"l: is to mllke t.his illgorilhm rolll[lldl' ilS flllilpawd to til<'

other algorithms, 111 Lhe "ctll,,1 progrl\lll. t.lle 'U' is lllllil.l"d in 1.1", '·ilklll"1.iuli.
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Start RlA Roullna

Ratrlava Currant SIgnal' lrom Program Memor,

Calculata Raclangular Sina and Coaln, HarmonIc Componant,

Ratate Ractangular and on Harmonic Componants

~Iata tha ComblMd Fundamantal, Sacond and Fifth Harmonia Componanta

Return

Fi ;111'(' ,-,.7: FloI\' <:h'll'l for Hfftangulilr Transform Algorithm
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Finite Impulse Response (FIR) Filtering Algorithm

lising ,lilTerrutilll !lampl., I,. !lllmpl,,,llfi lilll'~ pl'r ,·yd.,. 1110" Fill lih"ruIIII'IlI!l i,(1'

l;:alculated .." rollowll:

51 tl/.-/it,,'.
c\ ~l/i - II'H + li'l-") + "H:!

.,
52 ~I/, - ','1-" + I","" - I,+d

,
C2 ~[I; - (1;'1-1+ li'l-,I) + I,tll + 1,+" - (/'+111+ I,~,!) + l,tH] (r•. I:I)

components, In the snrLwarr'. till' firth llil]"lliolli,' .~illl' IIII,l I"ltsim' ""lIIl"'II"Uls M"

rOun(] by IlSilig the ilrclllllg11lar Tr"nSrllrlll A[J;orilll111 V;il"l'll in 1';'111 {!'.,ll), '1'111'

now chart i:> shown in Fig 'i.S. Fur 11.is alSoril.lulI. II" ,·,,,·Hi,·i"1l1. hall t .. Ill" SLUI', ..1

in dAta tnCtllOr}' ror calculatioll.
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St.rt FIR Routln'

Carculat, R'ctanllul,r SIn. and Coaln' Flflh Harmonic Compon,nl,

c,rcul,l, th, Combln,d Fundam,ntal, Sacond and FIlth HarmoniC' Componanta

R,turn

Figure 5.8: Flow ChlHl for Finite Impulse llesponse filtering



Least Square Algorit.hm (LSA)

III onlrr III find llll' t'(w-llki"III!I fo)r I,S,.\. il 16xl:! 1llillrix h"s h. I... ,,,,In'<l. Th.'11

lhe sinl' <lnd rosine hilnnllllk f'Olll!XlIlt'nl!l or lilt' dilrl'Wllli,,1 ('"lIm'lIl r"n Ill' rUllntl

hy IIIf' rollo\\'illg ICf1l\!Io:

0.28;00'11'+-1 + 0.00·10;0/;+$ +O.U;:!!}:-\a!,+,; + n.11':\I:11 I,t: ~

O.II.')S!).')liH - 0.0:1:!.1:12/i+~+ lJ.lfL:I\l:!(i/,+1U - n.:!;;.I"':l'/'111 

U.055'1II/'+I~ +O.O:J.')6!J!H'HI - O..I!lli;!IS/'+l-1 + lJ':I:Ill;,I:!/'11.~

(-'t o.nonn!)/i +U. 1!)(i;:!:JI,+1 + O.O'-IH:IHi/'+·l +ll.ll:I;m..j:II,,~:,","

0.0:122:!,1/;+,1 - O.oml!}!.!; 1;+5 - O.OHI·I.'i'1!;.'1I - n.ll!I:!,I:!:! ',1,: 

O.I·ISO.'i:lfi+~ - 0.112·1'11 /i+~ - U.tlti(i:l:!iI'+lIJ - O.U"':U(){illl.. II +

0.01:1882/'+12 +O.O,,!JO$/,Hl + (J.OOi]!il/iHI +1l.:!:\Ui;lll/,w

51 -0.2i82;!J/, +0.'18·1;11:1/;+1 +O.O!i1;J!)!I/'H + 1I.00000,·IX'j·I/,1-:' +

0.077796/'+4 - O.I'IIS~J1 I;+~ - o.I=I:~:mil'+1l - 0.0:11;;1:11,+1 

O.0.'Jf,K;.,)5/'+8 +O.09!)iS.')/;H +0.17:).")(W,+1O +O.OIO'i!J:?/,+ll +

0.0.1351,1 I,m - 0.015787 li+IJ - O.:l:!II'1r"'+I~ +O. I8!1S,'ili1, t I'"

C1 0.00!HJ5/, +0.16%26/'+1 - O.O:lOOi:U,H - O.llrU70li +:I

0.092776Ii+-l - 0.110."",.')01,+... - O.OO:lOf~",+,; + II.III'HI ',+1 +

0.1019·li li+l +O.091·lrJ:!/;+~ +0.0'111 i:l',HII - 1J.110Iil:?/'+11 

0.1111181;+1"1 - 0.05t1:lIfil'HI - 0.mU1:1S/,+I.1 +n.:W:lfiM I, H!'

8... -0.077018',' +O.WDiG6Iifl - 0.108,1821,+"1 - n.U.';7! 11/i +:1 +

O.JtI6-5~1 'if.1 - O.OG26'1:J/iH - U.09lH:lfifi+l1 +0.1 :lfJX8XI,+7 

0.01510'1/,+8 - O.II;H38/i+~ +O.lO:JI9Gfi+W +U,U2G;IU1',+11 

0.115i~Nf'+11 + 0.067!J2DJ'HJ + 0.0:1110il'+14 - [J.O:llHfiil,+I!o
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c.~ O.OOil/1M; +O.O:I:I·l0:.!I,t, - O.11S-It\II;t2 + n.IOI(\(J:I/,t:, +

O.I·ISO[)3Iit~ + O.O.'"lOS!I!llit" + U.IIO.'i:iOlitll, - 0.1·1 1j"1)!J',tll +

O.OI3SS2fit12 + O.I·I:i.'"):llliHI - O.I(i!l(\:.!(i/iHI + O.llfii',l:IO/.. t1r, (.'i.I·1)

The now ch~rt of theslIhro\llinc is ~ho\\"l1 in Fig!UI. This ..uhrnll1.ilw is uSPll to

extrad the rundamenlaJ. second allll IHlh harmonic rOlllpolIPlitS. 'I'll\' rllll1hill('l[

harmonic components c~n be co"Ilcnlllh~ln.. illg: E'lll PUll. This algorithm rc'qllirc'S

the l~rgcst dalo"l 11l('lIlory to St.OI·I~ tlll~ cod1iri('llt~.

1\11 t.he abo,'c IIK'llliollCd i\lgorilh11ls ill'(' hilsin,lly il pron'.... or n()l1-n~'lIrsi\'P

digil~l filt_r.ring. Eilch illgorilhm is to .1'~'''l"1n;Il(' tIll' !,";Ik tlf fl1l1,11l11Il'lllal, ..l'conll

aJl(I firth harmonic cOlllponenl.s as each ll('W ,·III'I·"Il1. SHlIlpl,' is 1,111;"11. TIll' (llIl.pll1.

depends on the present lI11d the immediate po"IsL il1[Jnt sil;llills. Oilly till' lillcr

coefficients arc ulli<IUC to I'adl iligorilhlll.
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Sla,t LSA Routln.

Relrlan Current SllIn,l. from P,oll,em Memory

MullJply Current Slgn.l. by LSA Slnl COlllIerenle

Multlply Currentl SIII"III by LSA COlin. Co~fflcl."I.

Caleulale the Comblnld Harmonic Cemponenl.

R.turn

Figlll'C 5.!!: flow chart for Lcast Square Algorithm
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5.2.5 Prot,ection Scheme

After "II comhine(1 h:H1uonic fOlllP0111'1lis ,up r:d"U!;11,'<1 ;llId sl'l1'l',j in IlWlllllr,\', tIll'

second harmonic r('straint is chl'('ked hy tile SOft\\":ll"', If tIll' s,'coml hOlrmolli<' ..,11ll

POIWIlI of lilt' Ililfc-rent i'li cllrr('nl is higl1l'r 1hiln lh., pn',I,'lilled hafllll1nir n'sl rainl

pcrcrnt<lg(' T2r cornpllfNI with the fnrlllal1\l'lllill "01ll11<111,'nl, ,111 inrush nlll,lilioll

is declared find t.he progrAm will go to till' slllml1ltil11' Ih,lt, c!u'{'ks fllr tIll' ~rull1,,1

f<lull. Olherwise it \l'ill go \0 the O\'('f·exl"ililtion sl1hl'<lnlilll' toll'sl fur III(' fifth

hilrmonic components.

In the o\'cr-cxdtaLioll sllhl'Otllil1c. th/.' fifth llarllloni,' rl'st,r;linl, foJ' 1.r;lIIsf"rrll1'r

o\'er-excita!,ioll is dlccked. "l'hl'(l\-cr-l'xcil;,t.iol1 thn'shoM I"ilhu' 'f:,,, is chus"tI iust/';1l1

of the normal ol1e '1~1 if thc fifth Imrtmlllif COlll[l()IlI'1I1 ()f 11", dilf"l"l'I\I,i:oI l'X,·,'t'lls

the restraint pel"('t'ntage "~r' Using tlu~ flll1<1auII'nl.lIl "Omllf111l'lllnf dilf"1"<'lI1.i;d ,l1ul

through current, the perc('lItag,! differenti;,l rliilractl'rislil' is llll'll (']l('rkl'l[ fnr ;111

phases liS shown in llw nOli" dl<trt of Fig ,J. 10, If ,I faillt is fOllud in ,my flll;I.~I" till'

fault counlel' of that pArticular philse in til<' softw:JI"l' is illfr"I1Il)IIt..',1. Ol.1l1'l'wiSl',

it is rcset to 7,{,I'O, Then the 1l1'ogrmn lI"ill proo'('d tll tl1l' snl,wntine lll:lt dll'c'ks

for ground fault..

From the laborator)' ~cllip shown in Fig !\A it (";111 1)(' .~""H tll"t tlw lH'lI1.raJ

curr<'nt \\'ill normally he Ctjual to the .sum of currenLs ill lIll) lJlrf~~ pJH1Sl~, TIll'

ground solid state relay should not trip unless tlll'l'l: is 11 ground f,11IIt lo "1I,',d

th(' I>alan('(', How('\,('r, in a heavy through fanll (1~:"(l.erllitl falilt.) nlllllilioll, lIl1'

ground current transformer will be satur<t1.e<l till!! to f,Hill, l:lIrroml aSylnltldry tllat

may t.rip the relay, Fortunate]y, during through fHult (,(llldilioll, larger semud

harmonics arc found in lIle ground current rompaTl'd witll tht: gronnd fault (1ISf~,

Hence in the ground subroutine of lhe software a secolld harmonic grolJllIl rtostrailll

T~rg is implemented. If lhe second hllrmollic to flllltlamellt<t] component ralio or
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SI.,I poe Roulln.

YES

Figure 5.10: FloI\' chart. for the percentage differential characteristic subroutine
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the ground filull currcnl i~ below Ill(' ground TI'slr,linl riltio ·/~.~ illltl lhl' grOl:lul

fault currcHt <llso l'xn-cds lh(' ground fault Ihr(,!lllOld '1;,1' n ~rllulltl r;lIllt is d",·lllrt'ci.

As a result Ihe ground fanlt countl:r ill till' ~oft\\'nn' i~ illrr('lIu'ull'tl. Iltll<'rll'i~l~ it is

reset hack to z('ro. 1I0Il"el"('l'. if Ihe sl"col111 hannonir r"lin SI'I.\·S "hlll"" t.ht' ~rnlllill

faull rest.raint thrt'shold le\"('1. au ext./'rnal faull is Ilt-daTl'd illltlllw grollud fault

counter is again reset to zero. The 1l11\\" chart for Ihis grnullil suhruut.int' is Shtlll'll

in Fig 5.11.

If any fault counter excecds ils threshold whir.h is I ror c1irf"rI'ut.illi fault ,m,1 .'i

for ground fall It, a lrir signal is sl.'nt til trip all solid slatl' l"('lays l.hilt an' c'nllut'r1c'd

lo the power lrnllsforlller 10 Cllt off ~hl' PO\\'I'I" Sllpplif'S. Aft.er t.his I Ill' Sllrl,\\'nTl' will

wait in 11 loop IIntil it is Tl'stiuled viii. till' ("olllpnlt'r 1('1"Inillal hy ;I llS1'1". If un r,(lllt

is fOllnd, the software will wail for lhe lIext int('nupl I,ll slart illlillt of 1.1\1' III'XI. SI't

of currenl signals to ("Ol1ti!lIlC lhe prolection il1lil[y.~is.
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.cend Harmenle
CQrnpen.nt Exc"d. fN~O ~

Rulra!nl Valli'?

YES

GrQund Cllrr.nt
Valu. Excted.

Tlltuhold?

R.lurl1

Figure 5.1l: Flo\\' chart for the ground subroutine
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Chapter 6

Laboratory Testing of the Digital
Relay

processor based digital relay for thl~ following live "lgorithms: lJisnd,(' Fouril'r

Transform (OFT), \"inlsh Funclions AlgoritJllll ('''.'FA), HI·('tilllgullll' 'I'rilllSforll1

Algorithm (nT'\), Finit.e Impllise !1ClSPOl11ll' (Flit) filt,f'rill/;, ,l1Id 1.";\sL SqllilT!' Al

gorithm (LSA). The l"f'al time testing resl1lts haw he'I'1l n'funlc~d via a digit,1I1

oscilloscope with II ploUeT to obt.llill higll pl"f~isiOll. nil(' to tile lilllitaljOIl of 1.1lt'

oscilloscope with onl)' two channels, only 01H' pha.~c of tIll' rllTwnt siglin I with tIll'

trip signal can be shown at one time. To make Mlrl! that all pll1LSf!S \\'1:1"1: I:ov{!]"ed,

the phase current recorded fot each test with t'ach algorithm has [well dlOSflIl at

random. The hard copies of some of the real linw t('sting rClulls f:nll he found ill

Appendix E. i\ computer program, written in C, has hf~11 dc!vdopc'(l for f~I,r.h al

gorithm for analysis using the real time data obtai-wll froll1 I,hl' power trallsfortllN.

The program has been veri lied via ~imillation data.

Each test case has been done with both 110 load and with load cO!lllitiOlIM. III

the case of tests with load, the power transformer has heen (OOllllf)f:lcd to a three

phase resistive load with a rating of I kilovolt at 40 kilowalt. The testing sc:lup is

shown on Fig 6.1. All test cases, such as inrush t<.'!;t, internal and cx1.c~rnal faults
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5 kVA 230/550-575-600 V
Three Phase Transformer

Oelta/Wye
(eT: Clwenl Transrormerl

Figllrc' n.l: Testing procedure setup

Ll'::its dc., nlll he lll'rforllled by simultancously closing oue or morc of the switches

UII til(' tl'stillg Selllp. For ('xample, a p\'imary pitaS<'. to· phase rault can be carried

tlut II)' dosing switch Spp\ while switch Spo is in the closed position.

6.1 Inrush Tests

The Illagueti;(illg iurush ll-st was carrie{1 olll hy closing the switch Sp, (Fig 6.1)

whilt~ the digital relay was 011. It can also be done with the switch Sp. closed at the

jwgiuuing and t.hen turning on the digital relay. In the case of the no load inrush

test, tilt- switch Sid should be' left open, wllt'reas for the test with load, the switch

....',.1 shollitl 1)(' c1osc<1 before the test is perrormcd.

Fig 6.2(a) shOl\'s the calculated inrush differential currents of a real time no

load inrush h.'llt, It call be sccn thM in this case the amplitude of the differential

currents go ahove ;I P,U. which is much higher than the threshold value of 0.05
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I'.ll.. Th~ 1lL1I.}' br. ff'Cognii".l'tlall II. fallil if the digitAl relRy is not working properly.

Fig... (i.2(iJ) to If) show the oomhin('(1 fundAmelltAI, liC'COnd, and Rfth harmonics

prOiluccd by the five algorithms. The remlt~ show thllt the amplitude of the

fnutl"lTIl"lltal IIml !W"('Ond hllrmonic~ Me both high during inrush condition. Also,

the harmonic w;wcrorm~ xelleratct.l by Finite Impulse RC!lponsc Rltering (FIR) and

J,f'asl SllllMe AI,ll:orithms (LSI\) arc nol as smooth a.~ the other three algorithms.

Fig 6.3 showJll the ratio of second harmonic to fundamental compone,,-1.s of the

fivC! algorithm.... The harmonic ratios are found to be around 0.5 which is above the

0.17i 5(.'('ond harmonic restraint threshold value and the digital rclay is restrained

from tripiling for nil algorithms. Notice thai, ~t:e rlltio \'a.llle of FIR a.nd LSA a.re

fluctuating. rf the thrl."!lhold wl.lue is illcrclIsed, these two I\lgorithms may not give

Llle IIToller rcsllIL~.

The plot of combined hllrmonic coml)Onents of the inrush test with load is

lIhowll. in Fig 6..1 ;"1111 the ratio of SC('()n<1 harmonic to fund;,.ment;,.1 components

is shown ill Pig 6.5. Simil;u to the no load CASC, the digital relay is restrained

frolll tripping due to the prC!lCnce of a strong second hllrmonic component. Many

tests have bcell done for the inrush test for both no load And load cases. No fault

tripping of lIle digital rela.y occurred for the fh'e algorithms in all inrush tcsls.

6.2 Internal Fault Tests

Various typC:l of internal faults tesls were conducl,ed on the digital relay in the

laboratory. The tcsts nlay 1I0t CO\'er 11.11 the existing transformer internal fault

C<lSt'S, however, they sholiid sllow the general performance of all the algorithms

during an internal fl\ult. Some of the tesh that were carried Ollt in this category

• Fault occurred betwC'C1l primary phases and between secondary phases.
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• IlIrll~1i follu\\·f·d by it phi\.~,·· 10' phil~f~ filull.

• Swildling 011 iI phil~f" In· philsf' fillilL

• Fault OffUtr"d h"lWI't.'ll serondary taps.

A pow,'r I'f'~i~tor of 'lpprmdrnlllcly 7..:; ohlll~ WII~ Ils~d for IIlllhe intl~rnal fault

tf'sls. No !t'~t wa~ done for a faliit currf'ntliighcr thatl 10 P.U .. such a hei\\'Y fault

CilU trip tlll' IlIl1ill I;ircuit hwakr-r of tile Illhorator~·.

6.2.1 Phase - to - phase fault tests

Primary ph'l~l~ . 10 . I)ha~f' fllult tests C,ll1 be Ilerfol'llll'd hy closing switch SppL.

'<"'I'I'~' 8/,/':1, or iI l'fn1\hinillioll of the abo\'c ~witchl'S wilh swilch Sp, closed (fig 6.1)

whilf' thl' .Iigilal rf'lay i~ .m. The sPeondMy phase - to . ph;lsc filult tests can

1)1' l'ilrri"d Oil! by dosing either .iwitch S'I'I' S'1'2' 8.".1. or a romhitlatioll of these

swil.dlf'~ willi s\\·it.rh .0;,,'1'.' dosed. Due 10 the shortilge of tcsling efluipment in the

I'lhmatory. only .~illgle philse filult t('Sts llil\'e beetl (Iotle. The multi· philse fault

t.1'~tS should ha\'(~ Silllililf result.s liS the sillgl(' ph<lsC OIlCS.

Fig (i.{i(<l) shows the plot of t.he calculated clilf(:fcntia) C\1l'rents of a no load

fl',ll tim!' prilllllry phlls(' a h filull lest. Fig G.8(a) shows the \\'a\'cform of the

,1i/fl'rl'lllial \'Uff<'llls of a s('Condal'y 110 load real time philllC II . b fault lest. It can

he SI'C1l that thc amplitude of the differential currents for the primary fault case

i~ aho\'e 1.5 P.ll. ilnd for the SC\om!ar}' filult case is h!;::!:cr I.han 5 P.U. which will

IHllluubl1y \'xn'ClI the threshold \'ilille of 0.0.; P. U..

Fig~ fl.li(h) to (r) and rigs li.S(h) to (f) sholl' the combined fundilrnental, second,

lind fifth harmonir components plot for tht' five IIlgorithms of the primary and

l'<'rolHlary ph<lsc, \.0 • ph<lsc fMlll tests. rcs[lecti,'cly. In both CMes, thc amplitude

of the fundilll1ental component of all <llgorithms incre<l:;es and stays high whereas

t.he ~t'Collll harmonic' COm!)Ollellt decl'ease's during the fllult. This leads to the
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decrcme!lt of thc SlXOIHI hOlrmollic to fllmlallH'l1lal ratio .IS ~hu\\'11 in Fi~ li.7 OIlul

Fig 6.11 for the primM)' nlld ~i<'rolldi\ry phn~,' - \0 - pllil~" [,l1Ilts, rt'~llI'..-ti\'l'ly. TIlt'

digital relil)" hils bt'CH tripped when Ihe riltio h"s gOlw hl'low 1.111' 0.177 l.hn'~lltlld

level for illl algorithms in both le~ts.

The dillgrilms of combined hilrnlonic COl1lpoTlf'nts of till' pri1Llnr~' ilud S,'clll1tlary

phase 1\ - h fault with 10:ld arc shown in Fig IUD :11111 Fig G.I',!. l"l'SIll',·ti\',ol.\·. Also

the riltio of second harmonic to fUlldillllt'ntill COl11POIlt'llts wit.h IO'1l1 iH(' shown

in Fig 6.11 1\11<1 Fig 6.1:1 for the primary ilud SI'condilr)' fill111. !l's1..~ r,os!1t'.-[,in'ly.

Similar 10 thc 110 load case. the digit.. l rdny WOlS tripp",[ with illl ill,L;llrilhllls ,111"

to high dilrcl'Cl1tinl fnull}' Cllfl'cnts ilnd the s('nlild h"rl1lollic: to fundall1l'nt.al rntio

below II. 0.177 thro:shold.

NIl1llC'rOIlS tesls 111ls hl'ClI 1lllIW fill' 1,lwsc primm'y ,lIld s'-~'lln,lnry 1'Imse • tn •

phase falllt~. The digital relay hils been trip!1C'd I'\','ry timl' til is typl-' of f;lIdt has

occurred, regarclless of the algorithm.

6,2.2 Inrush followed by an internal fault tests

This test WilS clone hy closing switch "p. and thl~1I s\\'ilcll S'PPI' SpP'l, or Sppa (Fig (i. I )

with the digitill relay running. The intl'rnill fflnll I'I'l'ilLNI IH~n! wa~ fIclUillly ;l

primary plmse • to - I)ha.~c fflult.

Fig 6.14(il) shows the plot of the call:llliltl'li di!r(~I'I'lItinl Clll"l'f~lIt~ of a uo load

realtime inrush followed by il primary phil~1.' a - h filultlt'Sl. [n this case, the fault

occurs at the 'list sample. Although the amplitudes or hoth till: inrush Cllrrellts

and the raulty c1ll'renh exceed the 0.05 P.1J. normal working tltrp.sllo]ll li!vd, the

maximum amplitude of the inrllsh differential c1ll'rents is higher than the faliit (:ur·

rents. Figs 6.14(1)) to (f) show the waveforms of the calculnl(!(l mrnhincd llarmonic

components of all algorithms. The displayed waveform from the first sample lo lhe

40th sample is similar to the inr1J~h tC!lt case with thf~ high fllnthllnellta] and sec-
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ond harmonic amplitu(lf.'s. "fter sample ·11. the wawform lwh;J\'I'S l~x;H·tlr like till'

primary phase - to - phflse fall It that has h~~'l1 llIentiol\l',[ prt~\'ioll~ly w;1 h f\lml;J

mental component illcrCI\~cs and SC("ond harmonic ('1I111POll~'llt dt'<"r('1IS"S. Al~n tlw

combine<l harmonic lI"a\'l'forms of the Finite lmpllls(' H('sponsl' ml<'rill~ luul Ll'ilst

Square Algorithm arc 110t as smooth as Wtl111an'{] willi nl.hN I.hl"l'(' nlgorit.llln.~,

Fig 6.15 shows the ra.tio of the s~'cond harmonic to f".,da111<"111;\1 t'OI1IP<>lH'llts

of the no load test with the five algorithms. The scmrHI IHu'lIlollit· ra1 ins Iwrort,

sa.mple 41 arc abO\'c 0.3. Aflerwal"lls, the ratios drop 10 helow n.l7'i' thn~sholtl

value to trip the disitill relay.

The plot of combined harmonic components of l.1w iurush follow0(1 hy a primary

phase a - b fault with load is shown on FiS 6.16. TIIC' fallil slnrts at tIll' ;j:lnl

sample. FiS 6.1 7 shows the r'at,io of fundament,al to seconll Ililrl1lorri(~ ('(JlI1plllll'lIts

of the load test with the five algorillrms, Similar to tire 110 lOiHI Il'st, til!' Iligilni

relay is restrained from tripping due to the presence of strong secone! lr:lrmollk

component. During the faull pcriod, the faulty diITt"tI,utinl ClIrrclIts ;Jrc !riglr .lIul

the second harmonic ratio drops helow O,17i tllrcshol,llo trill the digit.al relay.

Of all the load and the no load tests t.hat haw bl'en donl', the (Iigital relay

performed accurately with the use of any or tire rive algorithms.

6.2.3 Switching on with an internal fault tests

This test was done by dosing swilch S'p, with S'PI, S",~, or S."I c1ose(1 (Fig ILl)

while the digital relay is running,

Fig 6.18 and Fig 6.20 show the plols of the calcrrlated combined harmonic

components of the no load and the load tests, respectively. Similar lo other inlt!rnal

fault tests, the rundamental component stays high whereas the second Irarrnonic

component decrea.ses liming a rault,

Fig 6.19 and Fig 6,21 show the combined harmonic to fundamental component
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waveform of all algorithms without and wilh load rC!lpedi\·c1y. It ran b(l St'('n that

the st>Cond harmonic ratio goes below 0.177 threshold at the22nd slIlIIpk· for the 110

10lld te~t and at the 17t.h sample for the load tNt. For thill particuli\r rase, the no

load test takes longer for the (ligital I'clar to trip than ill the load lest. Gell(!rally,

an internal fault will take only 16 samples illlt'r\'al for t.he sl'Cond harmon i.e ratio to

go below threshold value to make a trip derision. lIowever, due Lo the prl'Sel1rC of

inrush curren\,s when the power transformer is being switchc(1 011, it strong second

harmonic component is introduced. The second harmonic r<ltio willllot derrcasc

as long as the inrush remains. Obviollsly, in this cast', the 110 1011(1 test IHI."I 1\1ore

inrushes than lhe load lest when the lransformer is lllrm..'(1 on. Although this test

show that the inrush disappears aftel' sc\'eral samples, in some CIlS~, the inrush

can remllin as long 1\..'1 several cycles before it is gone. All a re8111t, it will take longer

for the digital relay to make a lrill decision.

All algorithms have performed correctly for all the lests that have heen dOlle

so far for the switching on with lin internal fa1l1ttcsts.

6.2.4 Between taps fault tests

This test was done by closing switch Shll' Sh11, or Shl:J with switch S~. (rig G.I)

remained in the closed position while the digital relay is on. The fault hilS occurred

between 550·600 V taps on the !lCcondary side of the power transformer.

Fig 6.22(a) shows the waveform of the no load dirrerl:ntilll currents calcu·

lated from reaHime data for the between secondllry phase c 550 . GOO V taps

fault. During the fault, the fault differential currents increased to around G.a P.U ..

Figs 6.22(b) to (f) show the combined harmonic cOlllponents plot for all five al·

gorithms. Similar to other internal faults, the fundamental component staYH high

whereas the second harmonic goes low. Fig 6.23 displays the no load second hal"

monic to fundamental components ratio of all algorithms. The second harmonic

III
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ratio dccrcASCS down to hdow O.lii thrcshol<! wllue during the fllUh period to trip

the digital relay.

Fig 6.2,' aurl F11: 6.2.'5 show the plot of combined harmonic components and

the scconrl h;umonic to fundAmenlal rAtio of all algorithms respectively for the

100eI tC!i~. Idenlir.allo thc 110 load test, the relay will trip as soon as the second

IUlrlnouic rlltio hM dropperl to below thn.oshold lcvel.

All live algorithm, luwe performed accurately with all the load and no load

tests that had bccl! done. The digital relay is tripped e\'cr,)' time when a differen·

til'll current is above 0.0.'5 P.U. threshold with second harmonic ratio under 0.117

6.3 Ground fault tests

The primary gronnd fllulltcst \\'i\S carried out by closing switch 51',1> 5n2 , or 5pt';J

with switch S,. closed (Fig 6.1) lind the reillY running, Switch 5.,.. 5.,2' or 5.,3

was dQSCtI instead for the secondary ground fault tcst. A high impedance power

resi~t.or of approximately 100 ohms was used for the ground faulttesls.

Fig6.26(a) shows thedilferential currents and primAry ground fault current plot

calculated from the reAltime data for a no load primary phase a - ground g fault

test. Figs 6.26(b) to (f) display ~he fundamental and second harmonic components

of the primary ground fallit cnrrent of all five algorithms. When a fault occurs,

the (undamental goes high whereas the second harmonic component decreases.

Fig 6.27 shows the ratio of second harmonic to fundamental components for

the primary ground fault current for all algorithms, When this ratio drops below

0.1225 threshold value, the digital relay will check the amplitude o( the primary

ground currcnt. If the amplitude exceeds the threshold value of 0.05 P.U., the

ground COllnter in the digitl\l relay software will be incremented by L After the
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counter exc{'Cds the threshold of 5, a trip sign.. l is S<'lIt by IIll' softwart' to Irip the

digital relay, Fig 6.28 displays the amplit\l{l(' of flmd<1ll1enlal illlIl S('("OIU! h1Hlllonil'

cOlllf)Onents of the primary gronnd fault r.l\~rf'nt wilh load lind Fig G.29 shows the

second harmonic TIltio of the 10ild test. TIl(' \1'1l,'cforlll of lht· load Il'sl rlwy hal'!.'

some differences in magnitude with the no 10Ml C<lSI', howew'r. thes('coml harlllollir

ratio still decreases helow the threshold v",llle ilnd tIl(' Iligillll fI,l"y is tripped WIrI!U

the ground fault counter cxccc<ls 5,

Fig G.3D to Fig 6.33 show lhe performllncc of the fiv(' algorithms for a secondary

11.- g grollnd fault no load and load test. .\lthough all-his lime, t.he gmll1ld r<lull

is on the secondary si<le, the results arc hasically l.Ill' sall1e as the primary ground

fault tests. The only difference in this ("ase is thilt the 1l('l'ond harlllonil· ratio of

the s&ondary ground fault current is cherkpel instelld of till' primary one for the

il1CI~ment of Lhe fault connter.

The digiti\l reillY has exccuted accll1'ately for the ('lItire primary and semllliary

ground falllL tests that have been dOlle with all liw nlgOl'itlI1H!<.

6.4 Steady state over-excitation tests

The oyer-excitation test was done by increasing the phase \"oltagc~ from I~O V to

around 170 V with switch Sp. closed (Fig G.I) whil(! the digital relay is running.

The increment of the yoltage was set to approximately 40% becausc too much

over·excitalion would damage the power transformer. Since the laboraLory could

not provide a power supply that could be used for this test, an extra step up power

transformer was used to giye the necessary voltage,

Fig 6.3"{a) shows the amplitude of a. no load over-excitatioll differentia.l cur·

rents calculated from a real time test re!lult and Pigs 6.:)4(h) to (f) di~play the

combined harmonic components hy all algorithms. It can be lIP.cn that, in gen-

L2L



.t:=J..:::::: '.
_ -0_ O~~ •• """on. : .. .
0, • . •• \

.. "Z_.. ,....

l~ V.I.... 04 oSill.,.nll"I"u<,.",. ",," ...ond.'V
O,·"o>dloullc .."ontulcul.'odlt... , ..rli"","oro

"D'''''-'''-''~''''''-j::
I"r' I

.. I
I

.. ":._- ....
tel C.lculol.d combl".., Normonlc compo"en,.

• 'lh••••o""·"o'o,,""'.""'''"'.'''
..,I"", WII,hF"".liofltAlgo>illIIn..0·..··--· ......··_·,"

F
I·
j '. '

". \ '"
• I
.. 0:- ,....
tl) Cal...'_'_" comblnHIllat",..,lcco"'Pon.nlo
Orlt.. •••ondof,o,o...,,,,.,,,,.,,,..nt
"."'OF'M.lmpul.. R........ foIr..lno

..D···....·..,··..···..·''·~.o

r
I"
j'" I.. \

\

.. .:.~..... "'0

Ibl CII.u'_'o.. COmbinG" ".,mon)< 0"'"00"'''11
ol'h on".'Vgro..ndt.ullou"onl
... lnO Oi '.Fo..tI., T'....,o''''

..D····......,··~··"'.._·I::
j.
I'"I'" /I

'0 \\

.. .:......... '..
(dICII I"." ••"'bmdhar",Onlccompononl •
01 lh ond.,.,gf.unoll.ullcu".n,
...Ing A.ell""'''''' T••n.lo,m ...lgo.'I"'"

III Ct.""""" combl"'d hormonl" ••",pononlo
ollho ..condorygfOUndlltUllcu"onl
uoi~g loo., ,quo." Algo,hh",

Pigure 6.30: ClI.lcnlatcd differential currents and secondary ground fault current
Il.nd combined hllrmonic components of a s('Condary 1\ • g ground fault test without

load 122



{.IVIll.-ollhel.ull ..concl.,.,Q,euNlII"".urtlltlC
.llleul.t-.ll'em'..IU.... dlll

tbIR.doelloc<Wldh.."""""telund_llll.O"'llOn...11
Ie, "«:ond"ryph"".to~,euncl ,....t
UI"'Q OlI""lfc",I., T'onlle,m

Tf\l ,:U\l
-~ -~
"- '"':.....,_.... ~ ,",:__. ,...

{cjA.tloolloc:endhlf/"onl.lel..-damlnlll."",poMntl
leI I ...OndllY ph....te.g'euntlll\lll
UOIIlQWlllhFun.UonoAlgerilhm

IdJAllloellocOfl<lh.,,,,,,,,lclelundlmlllllllc""'l'on..,11
tor loc:endl'Y ph.... ,o~1OU/'ICI I.ult
ullnlll Aecl'lIQulll T'lnlle,mAlgerithm

:[] ::rn=-!ooLl
\0 -':..__ ,_ ..... __.... •...

('1 A.Ue 01 Ioc:ond t.."""nl.Ie 1..-d.....nl.l.ompoMntl
10' IKOncl..., p/I....to.g'ound '"U~

uoll1Q Flnll.lmp"'.. Il,",on.. I~""1II

If) A.lIe04 Ioc:end ..../flCrtI.'cofund.ml'llIlcomponlnll
1... loc:ond.'YP....I•.to~'coundloull
ullhlJt_18q_IAlgo,I,,,,,,

Figure 6.31: Calculated fault st.'Condary ground faull currllnt and ratio of lIr..'Cond
harmonic to fundamental components of a seronclary a - g ground faultlllllt without

load 123



-B'····'

... -.- .."~." ,,~,,_.

..
.. " • ,' ...... f.. .

.... ..•.- .....
(a1 V.ly.. 01 d;N".~(.lc""."',"nd ...ond.,y
v,ound r.ult."" .......lcuiOlod 1r."" ••1 tim. dOl.

r:O··········..···,····,·
j:
I..I -,.. ,

.. I

.. ":'.__ .00
(el Coleurall" cOMbl ..." twm.nl•••..,pononll
orlh...conda'yv,oul\6roul1cu"onl
"ol"llWol11o'ut><lI_A1go,il_

··0·--·········..···-~ ..
t
I..
I.. ",

.. ----- '.. 0:.__'00
(01 C.1Cul.l.dUtnbl...dh."....nk ••."p."."••
01 I"- ....""••,g,o",,,,'o"'" 0""0111
",Ing Flnll.lmput.. R..p..... r;n..lno

~~) 1;.·I:~:~.:.~.:,~~:: t:~~"':~~~I·mo.n'nlS
",1"11 01"'0'0 Fo..,lo, T,,,"d.,m

··0·······_··············E
I..
L ",

.. I

.. 0:._.... "'0
(<lJ Cllc"lllltdumbltlo" ""010,,", ••"'po...."10
olth.IIC_I'I'g,.undf.u~.u,,"nt

..,Ino fI'.'ol>&lulll n."oI"r",A,lgotlIMl

··0·········,·····,····-E
I..
L I"

". - -.. ":.__• '00

(II Colc"I.,... comb,..." ".'m.N.eompo"....
.11I•• ,ocondoryGrOlJ/'ldfoullcu"Ont
ullng L...\SqlMl,.Algo,lIhm

124

Figure 6.32: Calculated dilTercntial currcnts and sccondary ground fault current
and combincd harmonic components of a secondary a • g ground fault test with

load



(bl A.llo 01 ..cond ~..monlc 10 'und.m""'.1 comp"".nlo
'or ''''''''''''1 p~.".lo~'o""d l.uU
".lnoOlo.tol.Fou,l.,T,,,,,,lo,m':ts= ':5]~ ~

~ ~

0.. 0 .•

~ ~

\0 ,,:,__ '00 \0 ":..._ .00

(c)A.lI.or,"'ond~ormonlClo'und_l.lcompo...""
'0' •..,ond"'l p~..o.tO·g"M.rld '.ull
uolngWlI.IIFuncllonoAlgorllllm

tdl A.Ilool •..,ondll""",nk: 10 'uM.m.mol compon......
'or"coMary'~lo••IO~,.""d '"uU
".Ino Aoclongulor 1,....'.'''',\100.1111'''

;;DJ ::t;J•..
~ ~

\0 ":__ '00 \0 __ to.

(.)A.,I.o' on<lIl lo'''''''.....nl.lc'''''pOfIOI'IO.
10' ..c""" pll ~'.UIId r..,w
Ul1"lIFW\.lmpuJ.. AHpO_IIII.lng

(IlA.tI••I_ondhwmonlclolund.....nlolcompo...."'.,......."""'.ty,..._10,otoundr.....
"'l"lIL_ll1q_IAJgO»liMI

Figure 6.33: Calculated fault secondary ground faulL current and ratio of scto.nd
harmonic to fundamental components of a secondary a - g ground fault tClit WIth

load 12.')



·..•i---...-----,~..J

·0··············_·..··-
•• ... H ...........

i:
I
I'

.: , ,.
°0 ... - - ":O-,J --;..;; ....

ee) Col.III.I.d .oft\bl.,.~ ~.t",o~l. n""' ....nl.
"olng W&l.~ F"""lIo"o "'QD~I"'"

Co) Col.<>I.I... combl,," hit"""". CO"'l'0Il'n11

lIIt"'lI FWl.""~"'•• R..l>o.... IU1..\ng

·0..·······,··..···_..·.'"......~.....

1: ~
I
I'.. '-...,; ...:~..:. ..;:..::....~:......::.,:,;:

lbl Colcul.,.d tomb"''' ".,,,,,,,>!•••mp'''_''11
uolno 01,."'0 F.u,lo,l"",lo,m

.g._~ .
•• a " ..

i:~----
I
1'",/"""""/",'""",,,

'0 .. - .... -'0 .. " .. oJ' -,,,,, --

Cdl Col,"1I10" comb'''''' "..mOftl. COmp.","'"
".III;Il..1."g"'arT'....10,"'''llIor'''''''

III C.lc"I.l.dcomblnHlI.tm.nlc <.mponoMI
utlf>lIl...1 SqUf,r. AlII.'~"'"

Figure 6.:H: Calculated differential cnrrents and combined harmonic components
of the no load o\'er-escitl\lion test

126



,"'J--.---i:'--c=,.---J

lOll v....... Dl ••••hrlo.. 4;1l.........ICUf'.1lI
..1<:"'011"" ,-.111_<10.11

1<lA.t... ol._r ..-c .._.
.... W.Wlr\ll'lOtl ~wltIwn

(I) RIIiO oj combIMdllllmoNcCOmpo...ntl
IIIIftoFlI'liIII"",u1,"IlMO_.rnl.,I"II

..Q._.."._ ...,....-..

I.t .. - .. _ .. r .. rJ"... ,, __ ~

• ... "_ tOO

-.~...~,.. .... -- ......._,~

loll ..... lool ..._Ilw_c ~1

...IntRKI."lIul.. T,...."""III0Ug00rit.....

"l:J----...,.....

'.1 ' ,\y,,."" ,

"
0

.....-- , ....

III RollO or ..",~In'd h.,,,,onlo ••",p.."."'.
u,lngl""SQUI,oA1oOl"Ivn

Figure 6.35: Calculated t1iITl."rentia\ currents I1ml ratio or !w.r.ond hi\rmonic to run
damenlal components or the no load over-excitation te"l

127



l,rl\I, th .... fifll! harmonir. compolllllll i~ higll(!r than th(! second harmonic due to the

ow,r·<:xcitatioll cOllllition. Fig 6.:I.'} shows the comhined harmonic ralio produced

hy the five algorithms. J\lthough the sC{"ond harmonic ratio goes below the O.l7i

Lhn~shold level, the <ligilill relay is restrilined from tripping by the hlth humonic

cOinponelil. The fifth harmonic ratio is set to ahOH) the 0.065 threshold for all

algorithms.

Pig 6.:m 1\11<1 Fig 6.:17 display the waveforms of calculated over-excitation com

binNl harmonic components auu the combined harmonic ratio, respectively, with

load. This t~L has similar results to the 110 10<ld Olle with the fmh harmonic mtio

nIJl)\'C the thn'~hold level Lo prevent the digit<ll rel<lY from tripping.

Although all algorithm~ perrormed wrrectly with IlIlmerOIlS load and no load

over-excitation t<-'!its thaL have brcn carried out, tile Rfth harmonic restraint ratio

thrt'!illold of Hecl,angular Transform Algorithm (RTA) and Finite Impulse Response

filtering (FIR) should he incrcl'ISCo to obtain morc arcuracy. Also, the harmonic

ratios calculated from ill1 algorithms except Discrete Fonrier Transform (DFT) are

nUdllilting. This implie5 that OPT i5 more precise than the other four ?.Igorithms

base<l on the experiC'llce from this particular experimental results.

6.5 External fault tests

The external fault ll'st was carried out hy closing switch S.z], S.z1, or S"'3 with

switch Sp~ in the closed position (Pig CU) while the digital relay is on. Switch S,d

was also closed for the tests with load.

Fig 6.38(a) shows the plot of the differential currents and primary ground fault

current of a real I,ime no IOl'ld test. The external fault starts at the 65th sample.

Figs G.38(b) to (f) display the fundamental and second harmonic component!! of

the primary ground fault current of all algorithms. It can be seen that during an
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external fault. both fundaTllC'l1tal and st·t·IJllcl lmrmunic ,·{ltl1l'nl\t'Ilt.~ innt"I.<,' and

lhen stllY at conslant high \·alue!l. Fig 1i.:1!l ~hnw~ tIlt' ~r"ph~ of ~1'nlllCl hiHlIlllllk

to fllndanl('nlal ("nmponents rlltio of l,he no IUilil "xt"rnnl f"nlt 1t'~L Tlu· rlltio~

of scrond h<H11lonif to fl1llflalllt'ntal of all algorithms illl"''',l~'' illl(1 tlw!lllt'nc'a~t·

to around 2.75. Although the primary grolllltl f<lllit. l"lIrrl.'nl "x"t~'ds 1111' thn-shnltl

value of 0.0.5 hCilVily. 1111' relay will lint lrip h,'('all~" lilt' ~"t'{j!1tl h'11"lllunir n,tiu

!lcver falls below the ground rcstrainl. thri'shold I'alm' or O.I:!2;,).

rig GAO lind Fig 6.·11 show tIle plOl of {,()lllhillt'(l fl111dilllll'llt.;,1 IIIlII st'("olHI

harmonic compollf'uls. aud Ihe SITOIlII !larmollk l'illjoof I Ill' prilllary gronn,l fault

current. respc<:til"e1y. of all ex\.eTllnl fal1l1, tc·~t with load. Similnr 10 tIlt· 11<1 lond

tcst. the relay is 1·('Strained froll! tripping hC('1t11SC~ 11ll' ~pcnllcl harlllClllir ralio i~

always abo\'c l,h(' ground r(-str<lint lllr('shoid I'ilhll~, irfl-s!'f·r1.in· of I.IIf' .11J;IIrilhlll.

The digitill r"llly IHI~ ('X('('utl'(1 ilCClHil1I'Iy for 1I11111l' ('XlI'rurd faliit II'~t~ th"l.

has bccn canif'(l out with all fi ....e algorilhms.

6.6 Summary

All fivc algol'ithms ha\'e performed accurl1ll~I~' for all t,lw 1('SI.~ llw1. hl~\'fl ill.~'11 ,Iotlf~

so far, The digital relay hilS never rni~ow~rat...(l. lIClwe\'(~r, if tllf.' (""kulat!.',l f:Oll\'

bine<1 hal'monic ratio of all lests Itave been cxam1rll'd (·HI·... flllly. it call he Sf.~·11 tll!ll

the rlltio Ouctl1lltion is g('n('rally high wlll'n ll~ing lkctallp;lllar ']'mllsfllflu Algo.

rithm, Finile Impulse Response mtcring, IIlld Lc~asl Sf(llltf<' AIp;orithlJl I:llJrlpllr~1

wilh the olher two algorithms. Tlte ratio nllctllaliclll for I.h(~ Wl\r.~h Flllu:lions Al

gorithm is also high in the external fault lests. This harmonic ratio is oftml used

for making digital relay trip decision. The f1uctllal ion may illff~c:t lhc~ ,k'C:isioll if

another power transformer or a different set or lllrloshoid vltlUl_'S are nsed. Using

this information, the algorithms are rated as shown in Table 6. I. The lahle also
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Algorithm

Di!;Crele Fourier TrAndorm
WAlsh Functions Algorithm
Hcctangnl,u lhnsform Algorithm
Finite Impul!lC UesJlQnsc filtering
Least Square Algorithm

Approx. Time for
Arithmetic

Computation (ns)

280
330
220
).10
280

Extra Data
~'Iemory Needed

(Word)

16
6
3
o

96

Accuracy

Excellent
Very good
Vel'}' good
Very good
Very good

Table 6.1: CompArison for transformer digital relay algorithms

incluJ('!I the numlw.r of extra Jah. memory needed to store the coefficienls of dif

ferential algorithms And Lhe approximAte time for onl! CAli to eACh algorithm in the

rclAy 5OrtwllrC.

Among all the five algorithms, if the speed (Arithmetic computation) and the

si7.c or extra dal1l. memory needed are the only criteria for picking a suitable al

gorithm to lI~C for the digital relay, the Finite Impulse Response filtering should

he the one. However, nowAtlay~ memory chips and extremely fast microprocessors

call be obtained easily with a very low price. Accordingly, the software operation

Lime and memory storage space are not the important factors anymore. The mj1jn

crit.crion for transformer protection is accuraq. Although the digital relay hu

never misoperated on all the tests that have been done, Discrete Fourier is the

algorithm that has tile least fluctuation in the harmonic ratio values which are

lIsed for making Lrip decision. Based on the experimental result:!!, DiscreLe Fourier

Transform is likely to be the 'best' algorithm becAulC or its accuracy and speed

compared with the othel' rour algorithms ror realtime digital relay implementation

llsing a microprocessor.
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Chapter 7

Conclusions and Future Works

7.1 Conclusions

A sland-alone microprocessor hllscd digit1l1 reillY has bC'Cll 11" ...dop"t1 1\ml t"slP.t1.

The hardware of the digital relay has b('('11 {1esignrd to he il. ~hlark Ilox". I'br the

protection of different types of transformers, the only item that hns to he 1l1odinl~c1

is the software. The hardware has been 11111 ill a :l6 x:in x :!GCIIlJ box. The external

connections to the box include power supplies to power lip the hardware, solid stale

relays to turn on/off the supply La the power tnllls(onncr, c1ll'Tcnllransforll1cl'i'llo

obtain phase currents and ground current signals, an (~xlcrnal dock for lIl11T1pling,

and a computer terminal for downloading the software.

The software has been dc\'c!oped in the TMS assmnhly language. Subroutincs

have I>een written for differential protection with sel;Ond harl!touit: restmint of

inrush currents, the fifth harmonic restraint of over-excitation, alld lite primary

and secondary ground faults protection. The second harmonic restraint was also

incorporated in the software for external fault conditions. riVI: algorithms have

been tested for harmonic extraction. They are Discrete rouricr Transform (DFT),

Walsh Function Algorithm (WFA), Rectangular Transform Algorithm (RTA), Fi

nite Impulse Response (FIR) filtering, and Least S<PIIUC Algorithm (LSA). Among

all five algorithms, FIR filtering required the least numher of data memory and
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neerlcd the Ica.~t time for execution. Exten~i\'e tests have been done and there are

no misoperations of the digital relay in any of the tests. Howe\'er, Discrete Fourier

Transform is the algorithm thllt has the least nucluations in the harmonic ratio

values that arl~ 1Ise<1 for making a trip decision. flased on the experimental results,

DFT is chosen because or its accuracy and speed. As a result, a transformer test

set-up is developed. The test set-up is a relay module which can be used for pro·

tedion of allY kind of three phase transformer. It ha.<; the potential to be used in

industrial transformer protection applications.

7.2 Future Works

The TMS:l20JO bOlll'lls introduce high electromagnetic interference. So far they

do not afftocl the digital relay performance in the laboratory. However, the results

may be different when lIsed in a more harsh environment. A higher model of

'I'MS lIignal processing board may be used to replace the old ones to prevent the

interference.

III order to usc this digital relay for industrial application, it has to be tested

extensively in real life environment and modified to meet the IEEE standard.

The present digital relay is used only to clear a fault when it occurs. If an

artificial intelligence software can be incorporated into this digital relay, to predict

when i\ fault will occur and clear it before it happens, the performance of the relay

will be further improved.

Finally, research in the area of remole tran~former protection is needed. The

cost for using one set of hardware to protect one power transformer is high. If

a central protection unit with multiple processors can be built for protection of

transformers from different locations, the cost should be decreased. The trans-

former data can be obtained via telephone lines or microwave with minimum data
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~cquisilion IliUd\\'Arc in c/lch :litc,
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Appendix A

MATLAB Program to Find
Frequency and Phase Response
of the Anti-Aliasing Filter

format short c

%

% Resister R = Ik ohm

%

r=IOOO;

%

% Calculate sci!.ling factor

%

%

% Find all capacitors value

%

cl=2.553"'5;

c3=3.487*5;

c4=0.4917''''5;
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di=O.JII's:

%C()f'lIi!:i,-nls of first ~111[ order transfer function

%

hll=d~ ..:l'r·r:

hID=I;

%

'X, Cudlicielils or serond 2nd order transfN fllllcLiolJ

h21=2·d"r:

h2n=l:

%

'X, Codlki"uls of tllil'd 2nd order lransfer function

%

h:ll=2'"di""r;

h:IO=I;

% Find the coeHkicnLs of 6lh order transfer fllndion

%

:d:::lhI2 bll hIO]:

:<2=[h22 b21 b20]:

,3=[b32 b3t b30!;

yl=ml\v{:d.x2):

\-18



y=collv(yl.x3l;

%

% Fina the six filter polrs

%

root.s(y);

z=l;

%

% Get the magnit.ude lind phase rC'SpOllSC

%

Imag, phase. w]=ho(!c(z,)'):

%

% Create plot file ror prillting

% vl=[O,900,O,1.2j;

axis(vl)

!!ubplot(211 ),plol( Wj(2"'pi ),mag)

xlabel('Frcqu('ncy (Hzj'),ylabcl('Normalizeci Gain')

grid

v2~IO.900.-"OO.OJ;

axis(v2)

suhploL(212 ),plol( W j(2*pi),phasc)

xla.bel('Frequcncy (l-Iz)'),ylabel('Phasc (lll'g)')

grid

metaalifil

19pp/djeljot alifil



Appendix B

Detail Calculation of the
Anti-Aliasing Filter

Th(' lilt,,1' cirelli1 used ill Ihe design is one of II class of circuits that \\"1\5 described in

!!lij:, by Sallcli and !\C'y [.'l8] as shol\'l1 in Fig 8.1. This is the circuit f01'1I two polc

liIt1'r. For i\ sixth-order chchyshcl' filter. three sets of cascade circuits are needed.

Tilt,S!, drcllils Gill \)(' rOlltinely analyzed using Kirchhoff's current taw. At node a

of Fig III till' rllrrellt~ directed out of the node mw;l sum to zero as:

~~+\'lC1S""O

Similarly. 1he sum of nlfl"ClIl leal-ing node b is:

Nt'XI 'his t'!IU'llioll is rearranged as:

(D.1)

(B.2)

'11l.1 I':qll (Il.l) is l'l'arTilllg("(lllS:

IDA)

TIl\' \'011,1£1' \~ 0111 noll' ll(' dilllini\led and so]n-.:! for (he Tatio ~ = H,- Mtef

:«)11\,' ;llgchraif simplificiltion. tll(, rcsulting transfer rune-tion is gin·n as.

\' -'--
J1,(,~) "" If = .<2 +(~ :!;;;~; + u,n/1nc1 (B..')



R,

v,

Fi~llrc Ill: Fil1l'r circuit

11)(.:<) = *= Rlll~CIC1<'" tL(li , + 1l1)'~ +I (lUi)

The ohjectivc ]1('1'(' is to fill(lllw \'ahlf' of fOllr ('irflli\.I'I('I111'IIL~ UI , 1(1. Ch ililel

('2' One WilY 1.0 do this is to lise all itl'ral_i\"<' ('Olllpllll'r )lmgrllll1 1,0 1l1l.111w Il<'sl

arc illrcady gi\'{'l\ [:191. Tht' values 1lf(~:

C1."""'d = ~ ..'j!j:jO C1u...I•J = l. i7GO
C:"~"'."J = :JAS70 c.•. ~,.", ..,= O.·IHli
c.~."",.,.~=!l.;;:}IO Cflu ...,..,=U.IIIO

The valncs of the \\\'0 relistors ,HI) cholwll as nl = /1'j = 1 H1 = Jl. Theil ll1<~

scale factorcillI bccalclllalM as:

Sctlle.fador = 211"~cn = 211"('100\(10011) =:1.9787.10-
1

(IU)

This yidds capacitors or value:

c-'t = J .01.'i81I/o' ('1 = lJ.70rHi.'"I/I1"
('.,= 1.:18.1711'" (,'~ =O,I!)r,(H/d"

C~ = :~. 'j!)2~JI F C,; = 0.0,1-1 IiII F

It is dimcl11t to find the exact capacitors to suit tIll' Villllf'!i fOllrl']Il.IJ()Vf:. !Is

a result, whcn doing thc aetnal hardware implr:mf'nlatiolJ, till: valuc:!! ilTl~ I:hos<m

either by selecting the closesl capacilors or hy formillg a capaciLur ndwork.
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TJll~ "in'lIit ,liilgrmn of tlll~ sixth-onJr'r dlf~hysh(~\1 a.nti-a.lia.sing filter ca.n he

fOlllld in Fig ,l.(i. Th(~ transfer fllnr.tiOIl of tlds filkr is:

II('~J =

I/Is)

(7.1i82. JO-7,~' + 1.·11:1:1. JO-:j.~ + I) •

I
(1.il-l-l. 1O-7,,1+:l.!)11S. JO-·'.q+l)

I
(J.fi7·I!J • 1O-7.~' + s,s:m * 1O-~8 -I- i)

(:1.1(j:\'I. 10--10..;(1 -I- 1,28!i0. IO-w.,{> -I- .j,l lS.j. 10-1:J,~"

From t.Iw lIhn\'l: l.rilllsfcr flillCLioll of Eqn (n,s). the six coml,lcx roots of this

lihpr lin' fouIIIII.n 1)(';

-0,2037 +j1..l:W1 -0,16:17 - j:!.. I:2D2
-0.7208 + j1.778!J -0.7208-jL.778!J
-0,!l8H + jO.<l5[ [ -D.nS,I·l - jD.G!J1 [

Sill('(' all rools arc 011 the IdL hand side of the cOII1I'I(':( pinTle. the filter is sta.ble.
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Appendix C

Evaluation Module (EVM)
Circuit Diagram [40]
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Appendix D

Detailed Description of
Algorithms Used in this Thesis

F'ivt, algorithms arc used in the software part of the microprocessor relay. These

algorithms ilre Discrete Fourier Transform, Walsh FUllctions, Rectangular Trans

forlll, Finite Impulse Hcsponsc Filtering and Least Square f\:lethod. A brief de

scription of I,hcsc algorithms is in the next few sections.

D.l Discrete Fourier Transform (DFT) Algo
rithm

il is known that any continuous wflvdorm f(t). having it finite energy in the interval

(0,'1') c:nn h,~ rcprl'SentC'd in the interval as a Fourier Series:

I(t) = ~ +f:(Ckcos(h~1) + S"sin(kwt)) (0.1)
w ~=l

with rocllidcHl.s:

"0

"2
s,

c,

f foT f(l)dt

~ foT f(tlsin(kwl)tll

~ ['!(I)cos(kWl)dt (D.2)

where 00 is the de component (average value) and 51<, CJ: are the sine and cosine

components T('5j)cclively or the Fourier coefficients.
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If the wiweform is ~al11l)l('d at timc I), slllln'..:l1 alMf1. so that tlWfl' ;IW N = f,
samples, then for samples 1 1\> N, the codlkients Sl: 111111 Cl: in EIIIl {O.2) ["an Ill'

rewritten as;

s,

c, (1l.:I)

where I(lj} are the discrete sampled curfl'llt sigl\al.~ and j = 1,2, .., N.

Hence, fOf it 16 samples per data window, 16 FOllri('f fodikielils will lIa\'(' 1111

array of 16 x l. Doth sine and t'Osilie lerms will ha\'(~ IHl ;\fray of Hi x Iri. TIll'

system 111alrice~ are shown in Eqn (1),·1) and Eqll (D..'i),

r, COS(2.~~I.1 ) cos(2··I~I.1) fOS( 2•• ;(\.,.~) ('()j;( 1•• ;(~ .H' ) I,
C, COS{2·~1~2.1 )

~:::~l :::~~~ ~~::+~
I,

C, cos(~) 1:\

c" cost 2...~'.'.1 ) (,O5(~)

:~:i:::~!f:::i
roS(2.'~::.I'\) I"

C" ('05(+) cos{~) cos(~) I"
C" COS(2••;!6. l ) COS(~) ros('l···I::'·IIl) 11Il

(IlA)

S, sill(~) sill(~) sin(~) ::::i*i I,
S, sin(~) 5in(¥)

::::~~~
I,

S, sin(¥) sill{¥) la

S" 5in(~) sin( 2.'~:"'.2) sin(1·~·I:·'·ls )

::::~~~ I"
s" sill(+) sin(~) sill( 2···1~\·1.~) I"
S" sin(,··;!6.1) sill(+) sin(2···I:i· IS ) sin(+l I"

(1l.5)

The diffefential current is analy~ctl in lCrln5 of il.~ Fouril:r sl:ri(~ and the am-

1.'}7



plitllde of each IHtrmonic can be found from the sy:\tem matrix as follows:

"1=s~+ct (0.6)

where F~ = FOllrier codlici(mt~ and k = 1,2, .... N

1"01' flower 1ran:\formcrs protection. Fh F1 and Fs repr(,!ient 1he Fourier coeffi

cients of fllnclaml'ntal, second harmonic and Afth harmonic components respec

tively of current waveform. F1 is higher than F I for inrush current and Fs is also

higlll:r thi\lI PI I>y a certain percentage in the over-cxcitation case. For 1\ three

pha~c Lransfonner the combincd harmonic components of the differential current

D.2 Walsh Functions Algorithm (WFA)

The Walsh funcLions were defined in 1923 by J. L. Walsh [41]. These functions

form a complete orthogonal set and arc denoted by wu/{k, t):

(0.8)

\\'l1I're !'j is the digit 0 or I of the binary numeral or k.

Walsh functions appeal' 10 be a squared up \'ersion of sine and cosine fundions.

They take only valucs +1 and -1 and change sign only when t is a power of !. The

first sixtC'C1l Walsh Functions areshowtl in Fig 0.1. Tn term!! of these functions, the

Walsh expansion of x(l} with fillite energy and a Anite number of discontinuities

in t.11l' illlerval (0,1') can bedefinro as:

(0.9)
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wal(O.t) + + + + + + + + + + + + + + ++
lI'al(l.t) + + + + + + + + - - - - - --_
wal(2.tJ + + + + - - - - - - - - + + ++
\\'al(3,t) ++++----++++---
wal(4,tJ + + - - - - + + + + - - - - ++
~(5,l) ++----++--++++-
wal(6,t) + + - - + + - - - - + + - - ++
w~(7,l) ++--++---++--++ __
wal(S,tJ + - - + + - - + + - - + + - -+
wal(9,LJ + - - + +- - + - + + - -+ +
wal(lO,t)+ - - + - + + - - + + - + --+
wal(lI,LJ+ - - + - ++ - +- - +- + +
wal(12,tJ+ - + - - + - + + - + - - +-+
wal(13,L)+ - + - - + - +- + - + + - +
wal(I4,tJ+- +-+-+ - - +- + -+-+
wa[(15,t)+ - + - + - + - + - +- +- +-

rigure D.[; rirsL 16 W"lsh Flll1diolis

wherc

(lUll)

Thc Walsh coefficicnts of Eqn (0.[0) form a I'('dor in Ilillll'rl spal;f~ Jikt· Ull.'

fourier coefficients Fi.:. This relationship ciln he exprt'llllcd ilS:

W=,lF 11>.11)

Since A rcprescnts an orLhogollill LrallSrOrrlliltiull. il.~ iIlVN!SI: A-I is lhe salll!'

as its transpose A' and so:

F'=A'W

15f)

(D.I2)



Tlll:ll the 1l1l\Lrix 1\ hll.~ hCfm fonnrl in part as [·12J:

0 0 0 0 0 0 0 0 0 0
.!JOO 0 0 0 .:100 0 0 0 .ISO 0

0 .!JOO (J 0 0 -.:l00 0 0 0 .ISO ..
0 0 .!JOO 0 0 0 0 0 0 0
0 0 0 .!JOO 0 0 0 0 0 0

-.:li:J 0 0 0 .72·1 0 0 0 ..13·5 0
0 .:.I7:l 0 0 0 ./2.\ 0 0 0 -.43.5
(J 0 0 0 0 0 .!.lOO 0 0 0
0 0 0 0 0 0 0 .900 0 0

-.07'1 0 0 0 -.48·1 0 0 0 .6·10 0
0 -.07<1 0 0 0 A8<t 0 0 0 .6.50
0 0 -.373 0 0 0 0 0 0 0
0 0 0 .3i3 0 0 0 0 0 0

(D.13)

SillcI' F = NW, the sille and cosine Fourier codlkients in Eqn (0.3) can easily

l)('dl'lNlIlillCII;l!I:

a.900WI - 0.3731-1'5 - O.07HVo
a.!Joow~ +O.:li3W6 - O.Oi·IIVID

a.90aW3 - O.3j:JWll

O.900W4 +O.3i3W12

O.l80Wl +OA35Ws +O.6.'.iOWo
O.ISOW2 - O.'l35W6 +O.6501VID

(D.14)

i"illlllly the comhi ned funuamental, second and fifth harmonic contents of the dif

fcn~l1l.ial current can bl' ddcrminCtl using Eqn (0.7).

D.3 Rectangular Transform Algorithm (RTA)

H tIll' sint' and msinc terms of Eqn (1).3) arc replaced with the equivalent rectan-

gular fllllCliolls:

sin1't(;r)
cos1'l(x)

S9f1 (sinx)
s9f1 (cosx)
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\\'h,~rc

,·on(y) = tI' fIJI',II of 0

= O. fill' II = 0
(1l,lIi)

Th('n lhe (,QTn'S(lQllcling r('ctallglliar lrall.• rorm I'tJdliril'llls ('ilIl I", Ikrtllll~J liS

S", il.nd C", which i!.rt' ddinoo II!!:

~'" = '[,~'~l l(tJ)."9tr(sill(~n
c'" = '[,j';;1/{lJI"'911(l'("S(~))

(lUi)

Again fOT 16 ~lImllll'~ pl~r cyr.lt', 16 U,-'('lllllguIM ("(wffil'i"nls will h1l\'" an array

of 16 x I. Ooth the ~in(' and (O!linc lcl'1J1S w;III,;,n';llI llrTllY IIr If; x IIi. TIlt'.,,)·sl"1I1

matrices are shown in E<ln (D.18) and ElJn fn.! !J),

t,
t,

1l9n[cos{~)J

s911{l'os(~ll

1l9"{C()s(~)]

1l9nlcos(~)J
...gn[I..'OS(~lI
"YIl[ros( 1·~·I::,·rl1ll

I,
I.,

(lUg)

s!J,,[sin(~)1

"'9,,(sill(~)1

.!Ign[sin(~)1

.!Ignrsin(~)1
"9I1sin{~1I h~
"9,,(sill(~J1 1111

(IJ.!!J)

The Rectangular coefficients arc relatel) to the Fourjl..'r ,.ilJi: awl wsillf: :fM:fIj·

dents as:

15.1
IC.I

"1

(n.20)



~I/" 1/.\ 0 =FIji I/O
0 0 :;:1/3 0 0
I 0 0 0 ~1/3

0 0 0 0 0
0 I 0 0 0

(D.21)
0 0 I 0 0
0 0 0 I 0

Tlw minus .~igJl in lin.' li1'OI'(' matrix is for thl) (A- 11mlltrix and thl'! plus sigu

is fill' 1.11<' IfJ- l lmil1r;x. !'jinn' all il1lalog low-pass fi1t~'r IS IIsel.! in the hardwllre.

frf'tllwlIcit.-s higlwT llmll firth harmonic arc filtl"rrd oul. r\S a ft'SUlt the Fourier

r()('Ui(;i<·nt.~ nUl III: ohlail1rd \Ising the abo\"(~ matrix r<.'1atiollship of E<11l (0.21)

willi tilt' ~. ~ trrms onl)" as follo\\'s:

s,
C,
S,
C,
S,
C,

~I - 5S~ - k~5
C1 + 5C3- lei
51
{,

S.
(\

(D.2'2)

Tilt, fumlilllll'lIlal, S(.'COIlU and firth harmonic components of the differentia] current

nlllllOIV ht!cl':ll."rlllincd hy «Ill (O.i).

D.4 Finite Impulse Response (FIR) Filtering
Algorithm

Fill filtl'l's ha\'!' \'ahll~ of cill]('T plus or minus olle at any time instant. Four fillers

an' lIwd for th" (und"mcnh,l and SC<'ond harmonic components wilh this algorithm
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I 0 $. r:5 1/2
-I 1/2 < r:5 I

I 0:5 r:5 1/,1. :11-1 <.t:5 I
-I II-I < r:5;I/-1

I O:5.r:5II-I.I/1.<rSVI
-I 1/,1 < r $. :I/'$.. ;I/-I < r $. J

1 U$..r$.I/S. :I/S<J$.VI.. i/'$.<J$.I
-I I/S<J$.:l/K ri/S<J$.i/'$.

Since this 1IIgorithm il' to be illlpl~'lll('lIt{'(1 in II mi<"ropron'1'lsClr. till' lilkl' tlull'l1h<

must be found frollllhc S<lllllllcs of the time contil11J()lI~ input, I,.-ttlll' ,'unl'nl illl'ut

be S<lmIJI<>d al N time's p~'r Crdf' at timc f = h),1 wlll'rI' ~I = t:;. [n 1his l'ilS<', N

is eqllallo W. If thf.' HlIlI' dist'rl'l(' s111upl,' is l!"llol,'d by I" till' illlp"ISl' r,osl'llllsl'S

lire found to be:

s,
C,

S,
C,

This FIR liIt.ering alt;orilhm callnol llcrOllllllOlllltl' fifth hllrmOlli,' nllllllt'lll'llt

for the o\·er·excitation C1l5C, So the Rcdilllgnl.u Transform which is must !<iiruilar

to FIR was chosen for fifth harmonic implcITlt'IIL<t';'-::I. Again tlil: l'OIllIJin''11 filII'

dllmcnlal, S('(:()nd and fHtll Illtrinonic eontr-Iib of 1I11' diff"r<'lIlial rllrTrllt can I",

dclcrmined by Eqn (0,7).

D.5 Least Square Algorithm (LSA)

For this algorithm it is asslIlTIt'tllhat the inrnsh Cllrn'nt conl.aills II d,:l:IlY de l:lIrrl~IIL

and no morc than live harmonlcs,tlll:1\ ill il c,~rlilin t.iml~ inL"fwd, th.: inrnsll .:nrr':IIL

can be approximated hy:

,
i(t}=IIQC-·\I+LIJk S in(L'"",l+O.l..,
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wllf're i(t) = ilislillltaueous differential (arrent sllmpletillt lime to

/~J = .II: COmpOIK'llt.

>. = ill\'('(!;e ll('cay 1inw conslant of the lie romponenL

flk = p('ak compollent of the k-tli harmonic differential current

Ok = phhSl~ :Ingle of tIle k-1h harmonic component.

If the Lime inl('rvid is smitl1 coltlpi\l'cclto the time constl\nt h the de component

of tIle above ('(Ilialion can he approximated I\S:

(0.26)

ilml 1,11"11 by 'I'i1)'lor ('~pilnsion of the llccaying dc cmrenl of two terms, Eqn (0.25)

t:illL hI.' si1l1111if11,1 to th(~ form:

, ,
i(l) = /'u -/'0>'/ +?;/lkCosOksin(~"r.o->ot) +EPksin Okcos(kWl)l) (D.2i)

If ICi sillIlpk'S iln' tonsiderccl at time t l to tu), 11l('n the Mmpling currcnt process

]'I~sl1lLs in tht' following: set of equalions:

I tl sinU:O/l COSWo/l

J t~ sin ....·ot·l coswot2

sin·St..'o/1 cos SwOI I

sin."""ul2 oos5:..1ot2
Po

-po>'
PI COS 0 1

PI sinOI

i(lw) sin 5t.,·otl6 COS5wotl6 ps sin Os
(0.28)

If the ahol'<' ('(Illations al'C writtcn in malrix form as:

1= AX

then t.he least S(IlHln' solution becomes:

164

(0.29)

(0.30)



From Ef!ll (D.:30) il ow hI' sholl'n that:

(lUI)

and since matrix A font.ains known c1(,111ellls, matrix B (';In 1)1' \'alrlllah',llIsing

MATLAO as folloll's:

B~

0.926989
-110.6.').[602

-0.57!H77
0.0097:J.j

-O.27S~75

0.009735
-0.172507

0.OO!)7:l5

-0.115265
~.0097a.')

-0.0770IS
0.009735

-O.S·HiiS:! 0.1;71782
77.9SS152 -77.!18S1!'J:!

0.'1.')62·15 -OA!W798
0.196723 0.007 l!'i I
0.28·151:1 -D.:!:!ll:!!,)
0.W!l626 -o.mU:!:JH
0.2:)7066 -0.20!JHfi!1
0.12907:) -O.!U!J(j:!(;
0.2062:18 -0.0812:J8
0.081238 -0.201i2:18
0.169766 0.0:\·1107
0.0:):1,102 -0.16!1(i26

AI2XHiJl{fl/,.ix

-O.SOIIIS!!

Illl.{i:"I·lli02
O.!'i:llli·12
0.2:1tl7f,t1
().1('l!1~86

0.20:l(ifI·1
U.O!'ii022
0.16:1101

-O.OO!l7;J!)
O.llfI2fj!)

-0.O:18·1l'i7
O.1Jf;7-I:10

(ILI2)

Matrix B can be used to calculate the vedor of unknown X fmlll the S,"llp1r~tl

differential current. Tlw Fourier sine anti cosin{~ fOrnpOlll'l1ts of Lhe fllllfli\l11(~nlal,

second llnd fifth harmonic contents call by found hy:

c,
S,
C,
S,
C,
S,

PI cos OI(lo'l)
PI sinOI(/NJ
P2COS 02(lN)
//<zsin02(tN)
PI cos05(lN)
PI sin O~(tN)

L~~I ll(a,lt)i(t,,)
L:'~IIl('I,II)i{t,,)

L~'~l H(.'j,n)i(l,,)
2::'':.:I1J(G,1J)i(/ll)
L~'~I JJ(II,TI)i(l,,)
L~r;'1 11(12,n)i(lll)

finally Eqn (0.7) is l1sed to calculate the 'comhillc(! rllll(lamf~nlal, second ami

fifth harmonic cOlltents of the dilfercntial.
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Appendix E

Some Real Time Testing
Diagrams from a Digital
Oscilloscope

This al'pcullix gl\·(.':1 sollie l'Caltime testing results that lI'ere recorded via a digital

(lscilloscopc. Due to the limillllion of the os('ilJO!ICopc with only hvo channels, only

OUl.' pllase of the cum'lll signal with the trip signal clln be shown at one time. The

upper \\'Il\'dorm rcpn'liClIts the phase (urn.'ul and the lower wa\'Cform represen15

UIC' trip J'i,!;nal. The digital relAy ill tripp<'(! when the trip signal wal'cform goes

low. '10 Illilkc sure 1hllt.1I phllSCS were covered. til.. phillie current recorded for

('Mil u-st with eltch algorithm was chosen al random.

It call ~ ~tl that aJllllgorithms ~roml aa:uratcly during the inrush (Fits.

E.I ,wei E.2) 11'811. All faultll arc clellred within a cycle for the phase-to-phase fault

(Figs. E.3 to E.G) tests. No error have occurred for the tests on inrush followed

by an intcrn,.1 f"nll (Figs. £.7 and 1:":.8) or switching on the transformer with an

internal faliit (Figs. E.!) alld KIO), with the usc of iln)' illgorithms. However, the

1l11101111t of timc Lo clear a switching on wilh an internal fault case depends on

the a11l01111t of inrush current pr<.'Scnlcu lit switching on time. All algorithms have

!It'rforlllct! corrt'ctly for the between taps filult (Figs. E.11 and E.12) tcsts or the

gronud fault (Fig!!. £.13 lind E.I.I) tests. Fillllily the digil,1\1 relay ncver trips when
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running wilh <IllY <llgorithm~ during lll(' .10% 0\·cr·('x("itil1.ioll (Figs. 1':.1;", alill E.lti)

tests or when applying all cx\crnal fault (Fig. E.17).
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