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.ÂBSTRA.CT

FATITT TSOTATICN T],I IJNEAR EI,ECTAOI\ITC CTSOI]TTS

ffi TITIT.TZT}ÍG THE FREqJÐ{CT NESPO'ISE Â!ÍÐ

TITE Î{OEBI{Í S TRA1S SFOAMATTOTT

A nethod of ísolatíng (diagnosi-ng) a singLe fault in a conv€ll-

ùional lÍnear electronic clreuit, nhere onJy the input and output ter-

minals are avaiLable for test ¡neazuremerrts, is described.

Å fanlty olrcuit el-emerrt 1s ld.entÍfled by comparing the meas-

u,red. magnÍtude and phase respcrnse of the faulty cireuit, at a seLected

set of test frequencies, with a preeonputecl. set of cuwee correspond'-

ing to alJ. possible sÍngLe fault eonditions. lhese cu.Tlres .t" "ho* 
l

ts be ar.cs of cireles, where the straíglrb líne is corsidered' to be tbe

specfaf 
:case 

of a circle slth a¡r lnfinite rad:ius, trlthough the state

egation approach is used ln ealculati.ng the n-port parameters re-

qalred for the preeomput,ed, sursres, other methods such as topol-ogica3.

forærì-as, E0Æ(Etectronic Circuit ÁnaSysls Program, srrpplied by ISA),

or laboratolïr meastrz'ements couId.. also be ntili-zed.

&e $lcsess of the Moeblus t¡a¡rsfo¡nation method, ín'iderrtf.-

fying faults, was d.emonstrated b5r laboratory meastrrqnents and digit-

al cor,$lter sl¡r,¡3.atfons. lhe r.estr-1ts of fault díagnosls ln :senrer.qL

teet circults are presented. '

II¡is ne¡¡'approach to fault diagnosis provides a rlsu.al (graph-

tcaf) ider¡tication of the faulty component and a precf.se ervaluatíor¡

rñã6*+ ralrraof the faulty cc
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INTRODUCTTON

Mot,iva'Líon for the development of new f?ult .isolation tecþ¡nÍquîl _ .:.::.:
''''j:":'t 

'l: '

Prior to the introductíon of a u'ide varÍety of complex eLectron- 
': ::" ':"-

--t-----r- ^---^-J-tc eqr.u-pment, a technician could acquire adequate experience u:ith the

.,.,r circuitry of the equipnrent ln orrler to repair it effectíveIy. However, .r, i,.

with todays rapicL change jn circuitry, it is dÍfficult for'technicians t'i¡.'l.t:''t
':.

' to:gain this e4perÍence and. other nethod.s rnust be íntroduced as ar¡ aid !,:::'::.:-',-,"'."'.- --------- i¡'lìi.":i':l':ilt'

to the technicía¡r.

Another difficulty eqperienced in the fault diagnosis of a cir-

euit is due to high packagjng density of modern equipment. 1?re proee-
l

dure of probÍng the sígna1 path has become djJficult everr Ín the dis- 
i

cretecompolentcircuitry.I:arrÍrrtegratedcírcuit,however,oncethe

d'erricehasfai1ed''itisÍmpossib1etoprobethesigna1pathrrn1essi

test polnts have been provided.. Test poÍnts are generally undesirable

sÍnce they eause a d.eterioratÍcar in the hígh frequency performance and,

. consequentl¿ are usually not provided. Although an integrated, círcuit [1,.i,:,1..,.,,],
'' '': :l : .':

ear¡not be re,paired., the marrufacturer nay r¡ant to id.entÍfy the far:l-t in i;..,',',r.,,..,
:: .:::.:: ::

orrcter to modify the ¡nanufacturing process. ., "'---

Statement of the problem and Ínherent:assum_otions :

.j

the problern that will be considered j-s the one of identifying a_;

single fault j¡ a l-inear, lumped, time-Ínvariant netr¡ork lrith a lmolm 
,

topolog¡r and a set of lmor,rn nominal comporent values. Identification

of a fault:reguíres that the faulty eleroent and the value of the el-e-
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ment be deterrd¡led. ff test poÍnts are.reopired. for u:rique, fauLt ide¡rt-

ificatíonr. only a mi¡ri¡nrm nrrmber r,¡:i11 be perrnitted.; i-f possible, only

the normal Ínput and output ternrinals of the network lriIl be used for
test purposes.

e solution of the problem Ís based on the fo11o,,,rj¡g assump- .

tions:

(i) Ure fault is not inter:nittantoor the fault persists through-

out the test measurement perS-od

(ii) Only those catastroplric failures, having a non-zero response

at sorne termina\ can be id.entified, r:nique1y, except j¡ the case ruhere

a zero response at a3.J- termj:ra1s is unique to one fault.
(iii) Plutual inductance and the transforÌner turns ratio car:not

be isolated as faults,since ihey violate the sÌngIe element fault as-

s¡rÞtion. Hor.rever, cì rcu-itsr r,¡ith nrutual inductagrce anð./or transformers

with turns ratiosr,can be d.iagnosed if these parameters are exeluded, as

possible faults.
'Iftheva1ueofthefau1typaranreterisnotrequíred',aszumpticn

(i) above can be relaxed and restated as:

(iv) ltre fault persists long enough to pernLit one significasrt

tesL rneaslrement.

A vioLa,t¡ion of assumption (ii), above,I'ril1 be obsen¡ab1e during 
,

the j¡ritial atalysis of the circuitrand test points couLd be iñserted.
r .. a .' linto the eireuit to sat;isfy the assunqrtion. ;. ,,ì .'' '''..

Revi,el.I.o.f, Þr,evious, ¡¡orh :,: ,

Seshu and. 1^Ia:snart6, trave given,a soluticn to the problern by recogn-

ízing that the tra¡rsfer fi:nctÍon magnítude r'ri1l change at some frequency
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if a cÍrcuit elenrent changes. I:r terrns of the Bode plot, this l,rill be

obsewable by a change in the locatÍon of the break frequencies, or the

ga5n constant, or both. Thus by precomputing the gain between the break

freqnencíes for all possible fault conditions, a fault dietionary of

gain signatures is obtalned. The rnagnÍtucle respcmse of the faulty clr-
suit is then measured and. compared to the List in the farrlt díctionary,

and the faulty element is ÍdentÍfíed.

SÍnce the nunber of transfer frnreticn'ls that rnust be evaluated

for a reasonably complete fault dictíonary is large, the synrbolic trans-

fer fi¡nction is derived by topological formulasrand. thenrthe fault sig-

riatures are caleul-ated sfunply by substituting ttre appropriate values.

This techniqre ís necbssary to shorben the computation tjme of the di-

gital computer.

The nethod. of Seshu and. inla:snan was investigated. by l{aenpaa,
o

Sbehman, and Stahl' and apparently proved to be quíte successful.

Eot"o"", sonre of the problerîÌs eneountered lrere: (i) tire conputatÍcnr

ti¡ae an<i storage E)aee requi-red j:r the dÍgitaI computer beeomes quíte

large as the netr¡ork si.ze increasesi (ii) no rnethod is provided for ln-
terpolatÍng betrveen fault values, f " measured fault happens to fa1l

bet¡een values listed. in the d.ietÍ-onaryr

'

invarÍant from one n-port parameter to another,if xi ís the cÍrcuit

eLement that, has changed.. ïf xi is another circuit element (i.e. one

úrich could not prodùce the obsen¡ed changes ín the n-port parameters),

t(xi) rril1 be ùifferent for different n-port pararneters. Ttle quantity

t(t) is deffned as:
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k(x, ) = 

'aqi
JÂT

where k(x:.) = the 
,trconsÈa¡ttt 

of.ITeu ts method

lci = eircr:it el-enent i

f = the n-port parameter

ê,T -= the amornrt T has cbanged f,fo¡n its no¡nínaI value

To Íso1atæ a fault, A!(x¿ nrust be cornputed, for all. ciræuj-t
àxi

elements and for tlro or morce n-port paramet,ers. The change ln ùhe cor-

respondÍng n-porb pararneters due to the faul.t is then rneasured and k(xi)

is colçuted. That circuit elemenü x¡for i,sìich all the k(x:.) arê coî-

stantris then the fauLty eomponart.

&e a¡rount axi, ttraü the faulty cornpmant rrj. has ebangeil fron iÈs

nomi¡al vaLue, ean then be caleul-ated frorn the equatíon:

a*i = Q+xï-

K-fd+EFf

where Q is,either the Theveni:r Í¡rdttanee or trransroi.tta¡rce .t *i

Neu only di.ssrsses resisbive netraorts, aI-Èhough the procedr:re could

,proba,bly be exbended, to jnelud.e capacitors and. fnductors by usíng phas-

or analysis, Thre evalùatÍon ànd measu.rement of several nrpor'rb para-

meters is sti1l required, however, and, a technigrre based. on a si:rgle,

n-port pariameter r¡ou1d probably be preferable.
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lforoz 3 has sho',En that the coefficiølt of each power of s, the

raplaee üransfo¡r¡r variabLe, of a transfer or drirring point f\¡nctj-on

can be wriüten as:

r< = 3ä,_+ u= (r.r)
etçl + d

wbere: k ís any p6l,¡er of s of the transfer flmetion (or drivÍng

:
' . pofnt fixrctíøn)

xi ls any network parrameter other tþa+ nutual fnôrctance

. or a transforner tu¡ms ratío, and

constants lndePend'ent of xi.a, b¡ c, d are l€aI

lbe.constants a, b, c, and d nnst be conputed for each pd¡rer of s, for
each cÍr¡cuit component. If the symbolic transfer firnctÍon is used., the

constants can be obtaj¡red díreetly by substituticrn. lf a nunerical cir-
od! analysls teclmique ls used, a, b, c, and d can be calculated by

solving eqrration (f .f) for four values of k coreesponding to four va1-

ues of x1. Tlrree solutíons are adeqr:ate in obtainlng the ratÍo of three

of the constants to the fourth one. l1re ama¡i' of aLL coefffcients a, b,

c, and d, Ís hor¡n as the coeffÍcLenü sígnature.

urrst he comprrted. frorn test mea'sur:emeinùs and a cru":re fitting proeedure.
.':.

Ib,e meazured coefficÍents are the,n used in solvíng equation (t.1) fort

=1r lhis produces as tnany solutions for each I[i as there are indeper-rd-
' ,':.

snt aoefficients ln the,transfer fi¡retion poþnonrfnall ratio. '.ff xl is'

the faulty coupcneert, which caused the noninal transfer firqction t,o'

cha¡ge to the,new vaIue, the soLutions for' rrf will aLl be ccnstanü arld,

eg.uaL to'the,ner¡ value of q1. If x1 1s not'the faulty coluponent'.'th"
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solutions for x¿ øi13. vazy. As rdas suggested. by ![oroz, the soluttons

of the faulty xi are not e:<actIy constar¡t, due to error"s Ín the moás-

uremæt proeedure and i-a the cn:nre fÍttÍng method, The xi, ¡¡hicb eúíb-

its the Least variaslce jn the soluticnr, is then chose,n as the faulty

corponent.

Tienificancgof th.eJr.e¡ç teqþÍq.re.

ùe of the,probl.erns associated Ìrtth üre fault díetÍcnrari¡ lsol¿-

tl.on technique is tbat of interpoLating betr¡esr the listed entrÍes(gin

sÍgnatures) f$ the dletional1r çhen a fault falls between those listed.

Since each eJ.enrent coqld faiL with arry value between zero and infinity,

it is fmposslble to list aS.L posslbLe faults, and Ínùerpolatíon betr,ryen

the discrete steps of listed faults wAIl of,ten be reqrrired,. The new

techique, nhf.eh ie dereLoped l¡ the nexå sectlon, pernÍts a direct

lcuJ-atioa of the value of the faulty colpone,n'u i L'r're gain sign

need not be evaluated and, therefore, the lnterpoLation problêm ãsso-

cLated,¡sith åhe fault signature method Ís avofded:,, ,, ¡ r* _

It is- sfroør that the use oi the l{oebíus transfonnatiol method

Eubsta¡rtiaJJy reduces the number of n-port parameters that nîrsb be e-

valuated,. Gonsequentlp it becomes practical to use numerical evaluation

of the n-port parameters by the state eqrraii-on technique, rather than

by the topol,ogical approacþwithogt an increase in corirputer conputation

time. Since the state equaticn method neqr¡ires much less storage thån

the topologieal fornula method, the ner.r tecirnÍque also eLj¡rinates the

large storage problem of the fatùt dictionary diagnosÍ-s.

If the net¡¡ork whieh is beÍng investigated has tr¡o or more'ports,



mo?ê thÉlrù, one, n-port pal:ameter describfng lts behavlour exísbs. A tro-

poÉ, for example, could be descråbed by:

[;| 
= 

iÏt Tl t;l
where, Ín ge,nera1, tbe bybrid pararnetersl b11, hL2, hA¡ h22, a1,7- differ.

Sesl¡r and. !{a.roau6 o"" onþ one of the h-par=rnetï*, ,* tbe above case,

to dete¡raine a faul-ty eLement,. Eo'trever, l¡ gonre cases, the same fre-

ç¡rency sÍgnatr:re exists for ssvera3. dffferent faìúts. Alt'hough a fault

dictionary for a¡rother of the hlpararneters might identÍfy the far¡Lt u-

niquely, the eomputation time, requlred to compute tbe h-parameter and

comp{1.s the addttío,naI fault dlctícn:arlr, wouLd. Í¡crease signJfÍcantþ.

The state: equaticnr tecborique of cirouit analysls, rvhíeh is lnpractÍcaI

. to use for cor,plli¡g a fault dlctionary, generates all n-porè paranet-

er.s sirmrltaneously. Conseqrrently, the ne¡¡ techníque of fault diagnosf.s,

wTrich is suÍ.table for state eqrratíon eir^guit analysis, can be used. to

lnvestfgate alJ. of tbe h-p4¡aineters rrith onf;¡ a s:all amounü of addl.-

tionaL comprrtation.

''1"

Án outllne of the diagposis technigue

It, is shown that the locus of, an s-port pa'ranetern of a" linear

eLe.ctr.onic nebuork, as an element varÍes from zero to infi¡rity, is an

arc of a círcf.eo this holds for al-l- components excepü mutual l¡dnctances

and transformer turns ratlos. Since a circle ls unf-quely determi-ned by

any thr"ee points on the circLe, we rnrst evaluate or measure the n-port

parameter for three values of each eircrrlt elælent at each test fre-

ç¡trenc,yc trltbough argr method nsy be used to evalr¡ate ttre n-port par4-

i:l

I
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Beter (e.g. ECAP, topol-og5-cal forutrLa, state gqrrations or laboratory

mea$rr€ments), the state equation approacb ¡ras chosen.as the most $dt-

ablle , for reasons d.iscussed i¡ part IV. A.fter the n-port paramefers

haVe been evaluated. for three values of eaeh component, the coeffi-

ef.ents of the Fioebius transformatÍtrr are used ln ealculatÍng the loci

of the n-port parameters. the loci of the n-port parameters, at the

tes"b frequeacies, are then plotted o:n graphs !trith one test freqnency

plot per graph.

eircuit are measured at the test frequeneíes arld plotted on the T(x:-)

graphs. The plots ar€ exaflrined and the componenü \r which corresponds

to the n-port parameter a.rc crl:t l¡hich the measured n-port par:ameter of

the faulty cÍrcrrit fallsr is the fault¡r component, Àfter the faulty

element has thus besr detected, the coeffÍcients of the }Íoebius tra¡rs-

forrnation are used to calculate the ',r.rou of the fauLty cornponent .

t 
...i'
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åPPIfiCAITO{ OF THE HOEBTTTS TRA}]SFORT{ATTO{ TO N-PORT PANÁ¡4SIEAS

Sone of the properties of the weljl lo.qlrn lutroebíus transfor¡na-

tionll8 are developed Írn the folloming sectíon, îhe d,eveLoprrreirt;

wÏ,Éch Ls not essential for an r¡r¡derstanding of the faul-t diagnosis

tech:-1que, is fncluded for complete,:ress and ease of reference. Tltê

results of the development arre used in the fault lsolatícnT cornputer

progæn lrhích is includ.ed ín Âppenôix A. :

l,he Moebíqs trynsfonmaticn '

Ttre Þloebius transformation, whíeh is also lsooTü þ the names,

bÏLi¡ear transfornatÍon, fraetional LÍnear transforn,atÍon and. lLnear

substÍtutior, is a transformatisn of the form:
'.

w = Az+B
.,Az+D

ÂD-Bc'l o (z.r¡

c"l::J;-f:+ñ--j

l',.::ir:

whele j,ÂrB¡CrD are complex numbers and. z is a complex variable. The

cond.Ítion åÐ-BC I O is necessar1r, as other^,aise w r.¡Í11 reduce to a con-,,,, ' --- -
stant. In Sen¡ra{ the tra¡rsformatíon depend.s on three essential- con-

stants, ng.melyrthe ratio of any three of the constants A,,g, 0, D to'

the fourbh one. rf we choose three iarl correspondi.ng to,three zi,
then (z.z)(r-t"r) (w2+v3) = Q-21.) þ2-21)

flÞ,'.- r,¡ril-wil @fT-z¡-z)
The B.H.S. fraetion i-s lcrorun as the cross ratio of four numbers zt zJ-;.

'z2¡ z3 and the L.H.s. is the cross ratio of w, rr1, Ìr2, ïr3! Thusråf rrre

lonow w and three i.¡i corresponding to three zi lre can solve for z. To

do this we note that there is a one to one c-orrespondence betwee¡ equa-

tion 12.2) and the fol1o-,,ring eq'¡atisn:
..... t . ..
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Snr=Tz ,

where S=l"e-rr¡ -w1(w2-w3l
l*z-*f -ig(rr2-r"r1l

and T=lrZ-^S -za1z2-ry)]
lzz-21 -4þ2-zy¡lL ç -¿. 4 -r.J

then z = T-lsur

.l

i ¡rhere T-1 = l-4?2.-ra) z,y(zz-zj\

L 
--t"i-,lt -e;_,;))

L

'

: then by the one to one correspondence:

.l æ-r-
r,rhere [ " b-l :T-Is

L r dl
So}ring (e,f¡ for z and equatÍng to (2.3) ri'e get:

u=ff =#f*
ïf z is.reaI, z =lr 'where ã is tt¡e complex conjtgate of zy

th^atls cir+b= /":oit\ffi \*r.fal
i

Cross moltíplyÍng and sÍmplÍfying u',e get i

(aã-eÐ l¡rl2 + (aã-cÐrr +'(b;-dã)ñ t(¡ã-¿¡J = 0 (2.1+)

(aã-cÐ1w12 + (aã-cÐ'q + (uã-¿aJñ 1 ãc(¡d-aÐ 
-ãe-IÞE-4pJ = 0@

' ,t, .

Adding and subtractìng bb-cã a¡r¿ ãaã¿ to the nurnerator of the lasü tei¡r

and. regroupÍng terrns'ne get:

' (*ã*Ð Irt2 +(rã."Ð,0 * (þã-dÐ'ã + (ã+-õb).(.aqièÐ, = (qd-b-c-)Þ.F-Eõ}
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i: -.i.i:.::
l,::,t:.
r:; !ìiaììl

DÍviding ay aã-eã,rpï'olrided al-cî I O :

lo4 
2 * ('dgÐ' + (-ä¿-ãbJ.ã + (ãd-eb.)(qã-gÐ = 

("d*.d-E:Ð,
(.t*ã (ãc-ãa) (ãc-ãa) ("ã-qÐ (ãc-ãa) (aã-cã)

Therefore i

/w + (ãa-õb\
\æy + (ad-cÐ\ = (ad-bc) GF6Ð

\ac-ca)/ (ac-ca)(ac-ca)

Ert since

r¡Ee have:

(rv+m) (tî+ñ) = (w+nr) (iîrã) 
= h¡+ml2

lw+(ã¿-õ¡)l 2=
I tñãll

After taking the square root

lad-bcl 2
l-dl

lac-cal

of both sides'r'¡e note that we have the

equatiur of a eircle:

lw+(ãd-õ'b)l : lad-bcl
l.---rr-<r| (ac-ca)l lac-cal

wi.th ce¡tre: (;+ãb-)
(ãc-ãa)

and radius: 
[#]

HoweverrÍf ãc-ãa = 0,

eqr:ation (a.h) becomes:

(ad'-eÐw + (tã-aÐìí + (oa'-a¡l - o'

which is a straight 3-ine ín lr.

Ttre iniüial assunrotion that ad-bc I O inrplies:

(r) -aã' I Tã

(iÍ) a and c are not both zero

. (iii) ,ã and ã a1e not, both zero

(fo) d and. b are not both zerlo

(v) ¿ and 6'are not both zero

(2.5)

(2.6)

(2.7)
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Assume that aã-c6 = 0 (e.8)

then, sínce d and b are not both equal- t'o zeto a.¡e ean write:

a=cb
=-ã (2.9)

or c = aã (2.10) ;"':,: :,,:

-:b

Beeause of points (ii) anA (iii) above, Q.e) can be rernrritten as:

'e = ãc- (e.1¡ iit,;!=.c .;..: :l

or c=ae
À

(z.tz)

l::i:ii'i;

. A substitution of (z.u¡ or (z.].,z) into (2.9) or (2.t0) depend-

ing wh-ich ec¡rations exist, produees equatiorns of the form:

€ = L (2.t3'¡

:dor 3È = 1. ( z.rb)
îË

E¡t sínce the jnitial assumpticar that ad I bc firpltes thatãã /Aê,
equations (2.l-31 ana (2.1h) are invalid, and tlerefore the assunrption

'1

(e.8¡ that aã-cË'. = o is Íncorrect.

Equation (2,7) ean then be solved. for the real and lmagÍnary axis

Jateicepts of w, "¡,¡rÍtten as láIR and wJ respectively:

.rÍR=-Imas(bã) whereu;aa--cl-'lO (2.t5)
EæÏiil

= -Tmag(bÐ whe:æ',u = aã-c6 I o (2.t6)r'rr = -#fjüi)

Appliçation !o n-Port par.arneters-
.t

I{any authors 3r5r?'¡^oe used. the l{qeblus representaticnr of the

n-por* parar,reters of linear aetiqe' netl.¡orks: 
l
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A:rr +B
-.dbi-Cxi+D

¡rber"e T.is the ¡-porb pararoeter as a ftnction of the lapl-ace

transformatior variable s,

: xl is ar4¡ eÍrcuÍt elenent (e¡pluding mrtuaS. J¡ductar¡ce and

the turns ratio of trarrsfomers) value.or the nuLtfpller of a d,epend.-

ent sotrrce, a.nd A, B, C, D" are pol]momj¡als fn s and any of the netvsork

conponents olhor than xi.
Äfter the rrell knor,n substitutíon of s = jo, ArBrCrÐ and. ? be-

eome complex numbers and Ei fs a ¡ea1 number. It is noted that equa-

tÍon (2.t7) is equatícrr (Z.f¡ lilitb T and xi correE)ondÍng to w a¡rd z

respectåvely. ..: :'

: 
Siuce tfre cir.suit parameter, xi, ean only have posltive values

(except, perhaps, fn eerbain, special cases sucb as negatíve resis-

tance), only the porüion of the loeus of T co¡respø'rùing to values of

x1 betwea, zero and J¡fÍnÍiy, is of lnteresf,. Thrs, frorn eqaation (e.f?)

we get;
T(o) = Blb l

,' r(æ) =a/c
r*rere T(o) ls the limÍt qf t(xi) as xf approaches zero and T(oo) f"

' .,'-r':'

lhe l.Ímit of T(x1) as ¡ci approaches infÍnlty. .::

$¡r¡narizing the procedure ¡rse<i in d.ete¡minÍng the cirrles (tfre

straighü Lines are consÍdered, as being circles ¡¡lth a¡¡ infinite radius

and, a centr.e at tnfÍnity):

å1o"" \, T2, T3 of an n-port pqrarneteF.corr€sponding to the iüio. 
,

'.:
values r1r'x2, =3 d tbe eiæuit, pararneter xi.
... - :.'

. . .,... .

ñtlo
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(if) the coefficients à, b, c, and. d for x'i are computed' from:

' þ b-l = f-ryG2-rr) rr(xz-'1.\ l'r*t -t1(tz-r¡Il (e'ra¡

þ qJ L -(=z-*r) (x2-x3f Ltz-Ð -r3(tz-t3l
... (üí) ltre arc of the cÍrrcle of T or the straígbt lfne of f 1s

,;. : .'I
'I

calöutated: if aõ-cã f O, we have a círcl-e ceartered at ftsr-.and r"adíus
ãc-õa

of ad-bc r¡tth the ends of the a¡.es of lr¡terest at T(O) = -b/a, and

-
ae-eA

r(æ) =" 4/e; bor'reverr,lJ aã-cã = Or ¡¡e have a straight Lfue Eitb

the real- arÈs intercepü Tp = j¡tt and the lmaginarX¡ a:ci.s in-

L.É:! ;.-:; ¡., ::.. ;1

tereept -rnae(bã)
Be¿l(aã-cË)

pqrameteqs,l¡r @tch are noü nutual indrrsta¡rces or turns ratiog,

: ,&re digútal corçuter progrem, used, in steps iÍ, lii and Ív,

above, is i¡clud,ed in Appenrli¡r A,

Itt -rI-

I¡rae(ad=c6)
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Test -freoJrency seL?cti:g

Às was pointed. out by Seshu and. tr','a:snan ,6 , ^ ehange jn a circuit

parameter causes a shift ln one or more of the break-ooints (poles or

zeroes) arÅ/or a shift jn the gain eonstant of the n-port papameter.

At complex poles or zeroes, a change in a circu.it paraneter may result

1n no chairgè of gain or location of the breaþoint brrt on1y in the va-

1ue of the resonant dip or peak. fn o¡der to d.eteet the change corre-

sponding to any possible change in the breaþointror gain, we can ehoose

test frequencies as follows: one test frequency bel,or"r the lowest non-

zero breaþoÍnt, one frequency above the highest finite brealçoínt, and

at least one frequency between successive breaþoints. Tn ad.d,Ítionrthere

rnnst be at least one test frequency at each eornplex pole or zeîo. Gen-

erally the test frequencies betr¡een successive breaþoints are chosen

at the logarith:nie midpoint beti^¡een the breaþoints.

Although the above scherne of ehosj:rg test frequencies is duffi-

cient i:r detecting all unique faults (excepi perhaps if ,.ve requiz'e a

cert'ai¡r an-ouni of redu¡dancy), fewer test frequencies may be suffíeient

to diagnose tÌie faults. Sincereenerallyrthe nu¡nber of poles of a cir-

suit eqrals the nr¡mber of reactive corrponents, the poles should be ad-

eqrrate í-n id*rtifying the reactive elements, One or tr,ro additj-onal,test

frequencies s¡r-oul-d be sufficient jn detecting the components r,¡hich ''

are'not frequency dependent, fre suffici-ency condition for the test

frequency seleetion is: the test f?equencies nnrst be chosen in zuch a
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m;urner thatr' a!.Ieast at one fr"eqrericyr,'ä change Ín any c:¡s,rít paÞ-
'a

¡reter produees a signfficant change Ír1 the n-porb paqameber. A signÍfå-

eant change is.here defi¡ed as one which is read:iþ d,istÍ-nguíshable

from a eharrge'in another component or from no change at a11. Foa.mples

of non-significant J-oci are shor¡t 1n Rl-gures 1 to J . For exarnple,

5n Fig. 1 , the losus of T(:q), as x1 na$"es fro¡r zero to inr'Í1ítfr

ls almost a poÍnt qofrrcidi4g uith t?re nominal value of the n:pqrt

paranreter, &d earmot be distingulshed from the ndmi¡aL value.'

ELg.l. r(rr)
¿ ttp6lstn

FÍg.2. þrt of f(:t)
¿ npsíntn

Fig.3. ttro T(ai)
al:rost eoíncid5ng

lbat part of the f(p1):ocus,5n Fig. 2 denoted by n¿n is veqy sbort

anrd a value of T(+) on that parb of the eurr.e cogld not be ûisting-

uished. from the nsminal. T(r¿). I'hus the cur:ve corrld not be used to/.
:-identify a fault of EL, t'bat co¡înosponds to a faultyjn-porÈ paraneter

.j

-!q,:wtich is on part rr¿n qJ the loqu.s..1?re]Sci oI,T(*f) ana T(x2)Jn
"- ..:'

RLg.3 nearly eoi¡rcide and, sfnce a change in x-t couLd not be dis-

Locl of thÍs fo¡rn are'not consíde¡'edtJ:nguÍshed fbon a change itn xZ,

sigpf:ficant. T-n some eases t(rf) and f(xZ) ,coincid.e at a1.1 freqrrenciés
.1.

a,nd'a different n-port paral,eter rnrst be chosen to tistÍngrnsb betr+eerr

fanlts of x1 anû x2. Someti-¡aes no' distJnction n¿ryrbe obtainable re- ''

gardless of the n-¡rorü paraneter c-k¡osen. .en example of thfs is a clr-

,rf(U)
/r(+)
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cuit with paralle1 resistors. In these cases'sre mrst resort to test

po5nts Íú or"'d.er to isolate aLl faults.

SÍnee the plots of T(x) indicate whether the test frequeneíes

rqhlch have been chosen are ad.equate for isolatÍng all- faults, we need

not rely on a method that cønputes the eriti-ca3- frequørcies of 
. 
a net-

rlsrk. trfe ean choose a set of frequencies, plot the loci of T(ri), and,

if some are of no significanee, disregard. them. Àn elcamination of the

f.oci also inelícates ¡yhether we have chosen the test poÍnts so that alL

far:lttq can be Ísol.ated. Although this trd.aI a¡¡d er.ror raethod, nay not

be appeal5ng if an anal¡rüical solltÍon ,can be readf-ly used, the neth-

od could be used íf no nea¡rs is avaiLabLe üo compute the critical fre-
quencf.es or for Large netnorks rhere the problen of flndíng the po3.es

and, zeroes becomes diJficult.

Tesü frequeneies were selected by the eriteria of Seshu end l

;

Ifa:øtan, lhe graphs ?rere plotted and enamfned, for significant changes

of each elernent. ff some of, the test freguencies nere not required.

for fauLt d,iagnosis, they were d,isregarrled"

.t

IdeotiJication óf tne faulty clrs¡rit para¡neter

the çu¡ryes of Î(xi) 1= lr 2r..n r,, (,¡Etrere n is the number

of eireuit parametets ), e¡¡e plotted for each tesù froeqrrency.

Se= a+¡ort ¡nralæter of the farrlty cÍrcuit is .thqr neasured

and. plotted for each,test frequeacy. rsance ft ís assumed. that onþ one

fauLt has occuredl 1þ, the faulty n-port pararneter, w111 ontry satísfy

those t(+) where sone value of that xi could produce Tp, Í.e. some
- ''.;i

can be eürnÍnated as possible faults and

j.. .. ,



1n some cases there is onfy one possible faulty pararneter.

Galeulatlor of the va-lue of the faulty círcuit pararneter

After the faulty component has besr id.entífied, its value can

be calsul-ated using eqrration (e.3):

!¡'c aTn+b
cTp+d

rhere Îpís the measured. n-port parameter,

xF js tbe value of the fault'y eomponent and

i-arbrerd,, are given by e.quation (2,18).

(3.r)

Scar.¡ol-e # 1

neùi¡ork eho¡m in Fig. h. lbe enitical freEræcies of the nouÍnaI Zrr are:

83

Element So.

1-Ct=10f
2 A2 =1f
3-%=f''-
h alr = o.L '<z

The test frequencÍes of O.01, O"3r 3.or rnd. 10O. raêi<rs/second T¡rere

cþsen;and the resultjng ztt loci vere coy¡nrted ana prottlu * Graphs

f to''ifil. the 211 fo¡ the sÍmrlated fault G1 =. 12f ¡.ras calculated'and

pJ.otted, as ilXn on the graphs, Qraphs f, If, and. IÏI identifþ C1 as be-

18

I :::i:: --

Fig. h. tlrcuit for ¡.\ranryIe # t
zeroes: -lL.
poJ.es: -0.1r:10.
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ing faultyrbut Graph IV j-s not usef\¡l si-rrce the dífference between tbe
ì

nondxal 7.rr and the faulty 211 cannot be distingrrished. Graph I idæt-

ifies G1 the most i[:istÍnct16 since this ís the test frequency at rq?¡-ich

the rXn Ís farthest fron the oÈher f(xf) loci. the value of E is de-

terrrined by sol-vlng eqnation (3.f) with the follor¡l¡g data:

.=5.

: Í3=10.

, 
:"11 s .11O8l¡ - J.l-3296

T2 = .,098727 - i.O55678 ,

t3o.1oo6h-J.o?51h3

&e soluticn of (3.1) ts îf = ll2.Oras expected.

Âlthough the four test freqrrencies may be usefEL in obtairlJng

good defjnition i¡ the fault detectÍon, (e.g. Graph I defined the fauLt

of C1 mosÈ cJ.early), the choice of Þaphs If and lII r¡ould be adeguate

ln loeating aL[ faults. Graph ïI ¡rou].d. fuidicate far¡Its above'and be-

Is¡r the nominal valuo for component's C1, R3, frl+, but could not dlstin-

guf.sh,betueen cng end polnt of 'the C2locns and. tbe nomínal ZJ,:1. Sfu-

ilårly, Graph III is adeguate for faults of C1, A2, and Bh bÌrt not for

81, Ttnrs th,e tesb frequencies of 0.3 and, J,O radlans/second woaf.d"be

selected as the test' frequeneies for fault ísol-ation ln this clrgu:it.
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OTNSUTT AI.IALTSTS TEOTITIISUES

The n-porL parameter of d eircuit nnrst be measured or comgnted

for three values of every cir"cuit eLement, if the llcebius tra¡sforma-

tion technique of fault isolatlon ls used. Althongh, ín theoryr æy

nethod of cireuit anal¡rsl-s can be used, hand computations are lmprac-

tical for large netr¡orks, The practicality of using floâslrrofi€Dts.and

the ètglta1. computer analysis technfques of ECAP, topoLogicaL formtrLas,

and state equations, fs eæmÍned, in the follol*ing sections.

the neasrrrenent me-thod

fhe n-porb parameter círcles can be Aetenn¡ne¿ ty var¡nirrg eaeh

of the circuit corrponents and. measrrrlng tbe n-port parameters at thel

test f,regrrçncles. The teehnique of measuring'the n-port parameters

eorrespoadÍng to three varues of each conpøent Ls feasible, though

tedlous., The calsul.ations, that, rmrst then bo 'performed, ar"e simple

and, smal.l l¡a. nr:mber - a snal-l. com¡ruter or ever a desk calsulator can

be used. Stray elementb are aeeounted for in this nay and, provÍded

üÏat the mea$rreflrerlts are made precisely, the coefficients of the i

Itroeblus transfo¡nation are more accr¡rate tha¡ those obtained by ana-

lyzfug a.mod.eL of the circrrit. :

presents no problens in ùhe measurenãnt procedure. Homverr. devices:,,

inrch as translstors have inaceessible intenaal paiarneters such as:

tnanseonductance, resistarice, end. capacitance. Itß order to varlr

LL-Å::t:Ili'¡:f ,:"-.>-:i
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these pare.neters, a nod.e1 of the tr"arlsistor rm:,st be eonstmeted. and

the d,epædent gæerators ¡arst be replaced by iade,pendent sources r*rich

are reguS-a,ted narrualþ aceording to the dependence condition,

å. method. f.or sÍrmrlating the ehange -jl a transístor paraneter

INPTN

cïBglIr?
Rr' C1

:*ì
):

1."
%

IA$üSISIoR

Ei.g. 5. Transistor eqrivalenrt eircuit

&e compcarents B1., G¡, Ib, Co, fo the transisbor equlva1-ent

cl¡cuit shown above, can be varCed by plaeing erÈenral .elements in
parzllel arith them, but Bn mrst be varf.ed by nodelllng the traqsis-

tor .¡rith aceessible corrpocents. xhis-is 'achåeved by breakfug

the, si¡srrit,at a-a and insertÍng ad.tiitional eompcnsrts as shown ,

be].glr. Thê ,compmerits c1 and Ft are used, to, Load, the ihput cir-

e

TRAT'ISTSTûE

Rig? _q. Circuit for sjrmrlating a chqnge ln gn
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cuit the sarrle l/ray that the transistor worrLd. Ttre voltage V is measured

and the independent source V1 is adjusted to the vafue kV. thus, Íf
k = 1, the círcuit is unchanged; changfng k has the same effect as

changing gr. Although a more elaborate transistor nodel wouLd rnake

this techniqre more difficult, a sírnilar procedure couLd, still be ap-

psed.
"j

applieabLe, although the external corçonents used 1n a circu-it couId.

be analyzed. by the measnremslt rnethod..

Golgculer nethodl

If the measuremerit nethod of obtaÍnlng the coeffieients of the

!{oehius transforration is not used, such com¡nrter ¡rethods as wAp,

topologÍcal formaulas, and state equations ruust be consider"ed as possl-

^âbile alte¡matíves, 0f prime irqportance l¡ choosing an analysls method ,

arer (i) the corprrtation tllne used, b¡r the eorrputer jn caLculating the

necesqari n-pora paraneters; (rf) t¡" computer süorage E)ace regufred.

fn the solution. ;

rnuoler of n-port pararneters that rmrst be evaluated. will be

e factor fn estimatfng the eonputatLqn tirre. For the lvloebius transfor-

uatLø met?rod r' NM = (ar-L)Nrr n-porô parameters rnrst be deterzrÍned.,

tboee Nnt is the nt¡mber of tÍmes the n-port parameter i.s eaLcrrlated.,

a Ís"the,number of netruork parametersr, and NrU is thé nulnber of test

frequencies used,. .[Lthougb Ít l¡as prerriously stated- that,threeiälues

of each lt a¡"e reqtnred at each test frequenc¡r in ôrder to,obta,ih the

cãefflicisrts of thel' Moebíus transfor¡nationr'lf ,'one va.1ue of eaib q
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fs the nominaL cfu^cuit rraluer" only tr,ro add.iticmal values of xi arîê rle-

qrrlned., Therefore, the number of n-port paraneters 1s (ar-l)¡¡O âs

previously stated, ¡ather than 3nlig,

the nätber of n-port parameterrs reqeired. for the fault ûicticn-

ary tecluriEre of Seshu and. -rtra¡unan is Ng = bî13p, where l{g is the num-

ber of tines the n-port parameter is calqrlated for the fault ûicticnr-

ar¡¡ tecþíque, and h i s the number of fanlts lísted i-n the fauLt dic-

tionary for each compcnrent, Since b is generalþ larger tfran two (e,g.

.an h of nine ís typical), the fault åicticnarX'tecburique requires the

esaltration of mor"e n-porL paranete:s than the lloeblus transfo¡mation

teclnrique. For Large netr.rorks, b(tfre nunber of discrete faults Lísted

per component) nnrst be increased,, beeause the skrmting effect of roany

elenents nake the n-port parameter, f(xf), l-ess se,lrsitir¡e to a change

fr, *C.. lkus the dlfference between Ñ$ and lig increases lrÍth a^n Ín-

erease ín netr'¡ork size.

TJ EÛÂP is used in finding the Nv n-port para:neter îaIues,

¡ ca1sulatíons: nce ECAP calcuLatesthen N¡4 sqlarate calsulatione rmrst be rnade, slnce ECAP calcul

the respørse at a fixed frequency ml¡r. If the network is not too

large, and if the avaiLable ccrnputer storage is maLL, ffiÆ is a suit-

able analysÍs teclmique.

Án Íncrease in the size of ütre eirsuit 
. 
increases the N5 of

tbe farrlt dictiona:ry techaique considerablly. the eolputation time

nay then be,:reduced. by'finding the s¡rrrbolic n-porb pa:rameter, using ,

topologicaL fo¡snuT.as and naking the required subs,Þitutions for ciicuiÈ

elements and.,test frequenctes. lbe tcpologf.eal solution requíres ,a
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large arnou¡t of storage slnee all trees of the network nnrst be listed.
Onlìir one of the n-port parameters is generated per calcrrLation, thus,

tf two or more n-port pararneters are requtred for distlnguísh.ing be- 
.

lween farrlts, the so}rtion (except for the, tree genera,tÍon) rnst be

repeated for each n-porü parameter.

The stat'e eqrratíon approach of ånalyzing a netr¡ork overcomes

the problem of large st'orage reqrrírernont and, the singre n-porb gen-

e¡atLon feature of the topologieal solution. ^A.LI of the n-port para-

leters are generated. nunerÍca13y l¡ each solutf.on, and sirbstítntÍon

can be used for the ûifferent test freque,ncies, lTre tÍme, required'Jn

finding the two solutLons for each circuit eLement tr trre state eqla-

tion nethod, would, general-Iy, be less than that reqreired, in ftnd5ng

Èhe s¡rrrbolic n-port pararneter by topologica]. formula and then strbstl-

hting the tr¡o conporent r¡alues. Thus, the state eqr:ation approach
:Ls zuper{.or to the topologf.cal solutfon ln the anaþsfs of the uetwor*

as requf"red jn the Ìioebius transfom fault identlfícatlon.

. : . 
,-,.:..\,,,.
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the response of severaL faulty circuj-ts ¡,ras simnl-ated on a díg-

tta]' eomputer, ar¡d thg fault diagnosls technígue rn'as appljed.. Ie,bor-

atorSr measurements were also.performed on severa.l cireuits. A state

eqnation co¡qputer progr¿tm, rrritten in Forbran fV, was used for cireult

analys{s. Si¡rnrlation of the performance of a circnrit a faulty com-

- ponent uas done by evaluatíng the rnagnitude and. phase response of the

transfer,(or d¡rlving point) frrnctiør, which røas conrputed by the state

analysls prograln, aù the desired test frequencÍes. T.aþ6¡¿¿o{}r measure-

nents were nade using a ïfavetek ModeL ?5o phase meter, two HewLett

PackarrÉl Hodel hOOn .A,C voltneters and an Advance Instrurnsrts $fode1 rca¿

frequency meter. Co4ponent r¡alues ï¡ere measured at 1 KHz.: lfüth a Gen-
',:

eral,Radio Tþe 1650-A furpedance bridge" .::

TelF 9i{grit #.,1

voltage transfer fixrction, Âv = P , was selected, for dí-
Vt- ;i

agnosing faulüs jn the R-C netrrork sho¡sn below'.
:

'G1 ftr c2

Elg.7. ExPerÍrnsrtal Cirorit # 1

1;- C1 : 0.0985"f
2 - CZ = O.I;,f

3-%=o'loLvf
h-Bri1ooo.'r¡
5 -u = 5210'r'
6 - R3 = ]QgQ. -'-

u-.+.'H+:+;,;.l
i"t : ,t:

': : --r':: l

Elemênt No.

+

v2Y:

r.
Zr]j.
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the frequency was scaled by a factor of 3|O-5. A root-findÍng

Program r¿as used Ín fÍnding the fo3.1-o',ring roots of the nom:inal volt-
age'transf er ftrnction :

zeroes:0rO

poLes: 4.0277, -O.OOb66, -O.0O152

For laboratory test pur?oses 83 was ehanged. frorr 5210 ohms to

38eO ohrns, to represent a ehange tn E3 of 7.5fi. ltre voLtage transfer

flrnctLon, Ay, Tdas meazured aÈ the test frequencies, 16.h, 3g.g, th¡.6

and 2A27. Eerùz (w'nictr coïresponds to the sealed radian frequeneies,

0.001"15, o.oo25, o.oo9 and 0.127 rad.lans/second), TLre loci of .tv(xr),

l.= 1, 2r"' 6, a*, the above test frequencåes r,rere ca1cuLated., a¡d the

resr¡,Its were pLotted on Graphs V to '!EfI. The measured üransfer furc-.

t1æ of the farrlty cirsrrtt.was plotted as nTtr on the graphs.

.An examination of Graphs VI and TIf, i¡nmedíateþ eIírnirrates aLl

xír.erccept x2 and xg, a3-though a phase measu.remæt e¡ror of |fi,couId

¡esul-t 1n the Íncorsect conclusion that :rl or 15 í" the faulty el-enent.

Graph ffr tudicates that x2 is the f,auIùy component and Graph ffiï indl-
cltes x6, as faulty. Since the g:aphs of th9 voltage trunsfer fr:nctio¡i

d+4 no:t provide a clear-cut fault ídmtifícatioa, the drivr¡g poÍnt

firtpeaance , z]J,wes chosen'for test purposes. 'Ihe plot of the trocl of

z]¡(q) at the ¡adían test freqp.ency of 15 radians/second, w?rích f.s

shoma in Graph ïX, identifies 16 as the faulty corrponent, l

the vaLue of x5 ¡¡as caLsuLated usi¡g the coeffieients corre-

spondfng to Graph'vrI, sÍnce ít n"as on this grapþ,that the rrXtr'caire

. closest, to coincidíng r,rith tbe T(x5) locus. The computed value of :c6

1È 38æ. + í92. ohmsr as compared to tl¡e measured of 3820. + Jo.

, | .'i:
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ohûs. Îlre non-zex"o inaginary part ín tåe solrtÍon ís present because

sone of the circuit co¡rlponents other than 46 arre not at thei¡ noninal

value, or because the measured value of Áv does not qrrüe 1-ie oa the

T(*d f.osus. Tf we assurÌe the l-atter, we can ttcorree+rt tlse Ay mgas-

ursnrent so that 1t is on T(x6,) a¡d, recal.eu1ate the value of X6. The

values of qi computed at the other teet frequæcies a?et hl8h. + j118.,

hObe, + J162. arrd 2O27. - j61B.O. The disagreement betweæ üre corput-
' ed, and. measured values of X6 can be eryected, sÍnce the neasnred, r¡alues

"-bfrÂv do'not lie on:the t(xg) Loci in Graphs V, W and. VIII. ,,,

' lbe restrlts o{ the computer anaþsis of this elcample ane Íne1ud-

ed in Appendíx B. The components of this e:ample r¡ere used Ín a tran-

eistor awlifier circuiü r¡hj-ch rras tested more exbensively; see test

cÍreuit #2.

+

vi

Element No.

' : tl

3 - Cz 7.tll+6pf
+

b-c3=.68J¡f

uZ ? -%='925Ac'' ', 
.I -R3=1ooo,'

IO-q=ffOOrr-

''-R:5aro''-
' , Q.t:I4Ps6fr8

r:::,
i:;;

V2

ri
agnosÍng far¡lts in the 'i;ransistor anplSfier ci¡¡cuÍt' shs¡¡n belo¡.

fest Circuit #.3

&e voltage transfe¡r flnction, Av -

"*'" ,lLBo E. gperSmelrtal 0ircuít # Z
ó r ,:ti

, flas selected. for dÍ-
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The transistor equivalent circ'uit that ¡ras tised is shor.¡n l¡ Fåg. 9.

Element No.

-.:-tr Coe = 26pf
+

vce

FÍg. 9. Transístor eEríva1-ent cireuit

6-h1s=J610n
g-Lftroe=3g.|KtL

L2-hre=0.00029

13-hfe=10h.

hie

vce

Tbe freguency lras scaled b,Jr tO-5, A root-fjnding program lras

used fir fíndÍng ühe foalowing roots of the noml¡al voltage transfer

firnction,¡;

zeroes; 0, O, -O.Oll+d+
poles z -Q.QO?236, -0.00Z6f,,Ì+, .O.[Z8O, -1:56.h.

In ttre d:igitaL computer símuLation, $ røas cbanged from 5210

o?¡ns to 3B2O ohm.E. Tlie terb frequencies of 3.18, 38.h, gï.5r f:Z7O,

5.8 x Id and 25.h x 196 1r*rieh correspond to the scaled radían fre*
qrenêies of o'0002, 0.0021+2, 0.0062, o.o8o, 36"h and 16o0. radians/

second) ¡¡ere usedô The loci pf Av(x¿), í î 1r... LJ, aL the above

tesü frequencÍes were calcul¿ted, and. the resrrlts were pLotted. on .

Grapìs x to xll. fhe transfer function of the faurty eircuit rras

plotted as nln on the graphs,

.ân examÍnatio¡r of Graphs EI and ftII, l¡nnedíateþ elùrÉnate

al[.r1,eæept x1g and x11. the other graphs show,that r¡e canr-rot dis-
'tfnguish betl¡een a. fault h. *10 *u- ** at arry test fr.equãrc]r, : l1rls

i-s rsasonable, si¡ce the co.mponesrts-% *d R5 (rI0 and q1) of the l

anpilífler are'efJectlvely parallel 1oad, resistors., At the test f¡e-
qqerlcy of O.O8 radians/second , the tvo posslble fauLt solut.icns'are!

É!-.-.ft?¿1?P.4?ri!
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ho

4h = ¡Zæ. ohns, rtd ry = fiäO ohms. ïbus, the sirrorlated. fatrlt ís cor-

rectþ identified, hrt the ÍdentifícatÍon is not uníque, and ar¡other
:

n-port paralreter rnust be ehosen for a uniqre fault diagnosis.

Ât a 1.ov frequency (w = .OoO2 rad/sec), the loci of T(rf) and

t("1¡) are a rpofatn, as ís fuidieated on Graph X. ltre loci of T(xe),

T(x3), T(qr), t(ry), T(x7),and T(xg) are npofletstr at the high fr"eqrency

of 16O0. radians/seec¡nd. fhese resrltsr.tbat C6e and C3 have littl-e

ef,feet at low freguencies, and that C1, CZ, C3 and consequently Rl,

R,n n3 have líttle effect at high frequeneJ-es, a1low the test design-

er to sÍ-ryIify the circ'uit nodel at some frequerreies.

fhe circuiÈ ruas tested i.n the laboratory for the faults (i) Ce

=o.z5 f t (ii) c, = 0.h65 fr (íÍi) 63 = L.0 f and' (i") B = 3820 olsts.

h"ph. 'ltrT and, "rrIr for the siru3.ated tests, show that test freqrren-

cies(unscaLed) of 79.9 and 1000. Eer'üz are adeguate for isolating the

above mentÍoned faults. lbe loci og T(xi), at tìe test fregueneies,

ar.e plottgd in Graphs XflI and lflfÏ;I. . Faull (iv) is narked on the Gþphs

trtth ¿¡1 rrf,n, 1'he farrlty transfer fi¡nctio¡rs TÍere measured as:

Ibeotrencv.i--é..-...-¡-
Tp for Fault No.

lÌ::'

79,,9Hret*,2

100O Eerbz

(ii)

.h87+J.002

'h85+i¡021

(rti)
1.03-jO.oh3

1.o5+j0.053

' "í .

a- \'(AlrJ

38h7-jB3

3951++j208

(1i) (1íÍ) (rv)

2.O3/-A5!2 2.21¡ l-t}?¡T' L"7Z/-f:98

Lo.96/2e02.! 7.u.M. L5.7[4ob*. 9.23/-to6

fbe fanlty compcnent.can be ufçe1y lder,ItÍfied from the plots
':

f¡ each of tbe cases.' lbe conrputed values of tbe components a¡et'

Þq.tgr¡"y Value of Fault lÍo.

(1)

.2Bg-j.oo1

,ï29,+i.Al2
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&e measured and caLculated results agree quite we3.1, except that,

the computed. 'r¡alue oî C2 et 10CO Hz. ls .!29 - J,3:29 Ínstead of .25 -

JO. This djfference can be eryected, sinee Tp, the neasured transfer

fmction, and A" on Graph X!rJI, do not coíncÍde,

fes_t Circlitj# 3

fre voltage transfer fi:¡rction, Ay 
= 

VZßt , lras se.Lecüed for
dfgttal computer sl¡nrlation of the faul-t diagnosis technique of the

FI'f I.F, ampl-ifÍer shsúm beLor¡. lhe transistor equivalent circuít that

Hc¡
.l ,^ +

v2

@enør$ No,il cl =.o1 f
1:GZ= Sopf

5 - cb 
= 

BÛpf

'E6-81 --12K

'0: bo2h5

Element ño.-lT E3=z?0,

8-nh=ZZo

þ=2.78
u =0.33H

Bt*

+
q

':
o B1, IÞ, and h¡s are p4reltel resistors .for A.C. anal¡rsis 

1a 
are combrned.

i Li").:+:a:,H-*:::ì': '1.

l-:]
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hB

¡üas used j.s sholln in Fig. Ll.
Element No.

6 - h¿" =1.5Ko
7 -!þou = BoKc-

16'- B¡n å?oPu

', 3 Cie=B.zpf

b - Coe =1.5pf
Fig. 11 Trz¡rslstor egnivalent circtutt

'; FarrLts, which would. affect the operation of ühe cirsuit near the

I.F. f!Þqì¡e,ncy of ]:o.7 lEz, were analyzed by corryuter sín¡rlatíæs.
'

Since, as noted fron Grapå X[ of the prevlous test círcuit, th9 corrp- --

lfng capacitor acts as a short cire*it at high freqqencies, the enit-

ter resistor is neglected in analyzÍng the cireuít. $equency scal--

Íng of 10-' ¡aas used and the roote of the voltage trransfer fuñction

¡ser"e found. to be: " ,'

zeroes: 0rO
poles: -.Í03, -.oolr3-J5.9, -.@h3+ií.lj, -.ooBB-J 6.92,

_.0088+J6.gZ, _3[_€.

The tesü freqrrencies chosen rrere! 0.01, L.Or 5.!3, 6.A. and ó.82
''
radians/second. the 1.oci of T(x1), nhich are plotted, on Graphs X\llfJI

to 'ffiI, do not appear to ísoLate nany faults wriquely, si.nce the loei

ôf'ttro:ór,more t(ri) âre almô6t thê Saïne ín nrarry cases. flowever; jJ 
..

:..'.
thq graphs are e:arni¡ed systenaticallyo' ttre fault se,parâtion can be 

,

-. . i

J-uqproved., For e:caruple, lf a ti'ansfer fwrcticn neasuremeqt, T¡r, cor-

:rêspondíng,'to T(Ð) u:ith x9 faulty at u = 9.!.3 rad,iansfsecond, (Grapå 
:

XX), is found.'to be near the loci f(=Z), T(ry) and T(q6)r ttren the

faulty component is elttrer xf r x9 or x15,, but Graph Xf, does not'lndi-

.1
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cate l¡hich. one. An exami¡ation of Graph Flt allor¡s us to eli,mjnate

-fO(ff: T3 ís not near the nornlnal transfer function poÍnt). Atl ecram:

i¡aticn of GraphÆI is then used to eLiminate xlr leavrlng us with the

urique identjficatíon: ry is fai:lty. Similar methods uttst be empl-cy9d

l¡ isol¿ting other fauLts of this circuit. The computer output of this

exarrple i.s lncluded, in AppendÍx B.

r::: i'.. i.:
i. :.
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0f the four ¡ietbods of fauLt Lsolation consid.ered, none appears

to surpass the others in every aspect.

The Neu method Tras presented 6nfy fss resisfive netirrorks, and

a corcplete comparison wLth the other three ¡aethods mrst be based part-

ly on conjecture, si:nce the ad.dÍtion of frequency dependent elements

rri.gbta1tersoÌleoftheprocedures.lkreNeu¡rethodistheonþnret}rod

based, on more than one of the n-¡lort parameters. Cænera11y the other

nethods have the advantage of befng based on analysís of only ono of

tlre trransfer or drlvlng point functiørs, altbough as fias poÍnted out,

previously, addltional ones pay bà requÍ-red on oecasíon. Tbe Neu ¡neth-

odras r¡eLl as the eoefficient slgnature and the }foeblus transfora rneth-

ods .pemdt åhe ælue of the faslt to be caLsulated dåreetly and are not

srrbject to the Ínterpolatiør probllern of the faulty ùi.cticmary üecÏmf.que.

.The coefficient signature method of Moroz 3r r¡hích r¡as studied

1n'some detalLrdid, not appear as favour:able as the Moeblus transforu

method. One of the proble¡ns, encoturteredlwas that of fåttíng a ratio
:

of polpo¡ainal"S to the measured data. Several ilæthods of qr¡¡re fitttng
:

nere examíned, and, although the ll¡ear prograÍrnÍrrg nethod' appeared to
:.

be adeErate, thls method (or probably *y eu{ye fÍttÍng method) "ê- 
'

;

quLres that a J.arge eomputer be available after the fault diagnosLs

æeazurements have been comp3-eted. Ilctrener, ühe meühod eould be at-

traetír¡e for. 
lårge' 

f Ínns or Ínte gæted circüiü,¡ranrrf acturers haviag

.access to sritable 'conputer factlities, llte fau-tt dicticrrary

l,"lí,it:i,þ*

' ''. :.:

r¡ 
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method., presearted by Seshn and Ttra¡snanÞ ls the onlü raethod wlr-ich

isol,ates faults on the basis of the magnítud,e response measurement on-

Jy. ThÍs reduction in the nu¡Tber of test measurements ís co¡:rrter-bal--

anced by a¡r fncrease i.n the analysis requirenents.

the aeú,r method prese:rted in this thesis, ís tåe only one utr-ich

presents a graphical picture of the behaviour of the n-port paraneter

for al.l- possibLe fauLts. Sone of the adventages of this graphical ap-

proach include: (i) the response of the netluork for the extrenes of

-paraneter behavioun'(short circuit o":op"r, circ¡Ét) is i.:n¡nediately e-

vallable; (1f) tfre graphs indicate rùrether the test points ¡,rhieh ÌÍere

selected, are adequate ía isoS.atÍng all the faults or whethqr some of

the test frequencies are ¡edrndant; tbis permíts the test deslgner

frequencíes w'itbout findlng the poJ.es and,

zeroes of the cír,cuÍt to be tested, e¡rd to redr¡ee the nrmber of test

Èeguencíee to a miní¡m¡n b5r elirninating the redundant frequencies¡

(fii) the graphs_ shm the tèst neasurement error rrhich is permissåble

for correct fault detectLon; (ilr) tf the fault is intezr,rittant in zuch

a ¡na¡rner that ttre value of the faulty conponent changes ln valueìbetseen

test neasu¡rements, the faulty eomponent, could. still be ldentifieå (af-

thougþ not evaluated.) since the graphieaL teclmlqrre is baÊed on fhe
, *:r¡r. - i; ì

co4parison of the T(=f) Ioci (rather than a speeifie f(ri) poÍhts) Ïrit?r

tle faulty tp(x).

Althcrugh both phase arrd rnagnitarde meastrreng.¡ts ¡mrst be used, for
the ne¡E method, of fenlt di.agnosis, this disadtantage ls onrset by,a re-
ductLcn Ín the nuinber of test measurements that n¡rst be pedonmed. For

eç1_rple, if :in .EiT le #1 (pre" 1B) ttre test f,requency of Graph # t

56
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the fault diagnosÍs nethods cmsidered, the versati.Llty fn the Ínple-

uentatlon of the nes'method presented Ín this thesls, and the ad¡¡-ant-

ages ln its use, should nake the lloebius transformation rnethod. the most

ridely used.

. -- Þ¡f': i-4;
l 1: ..r' i
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the re$rlts of si¡rulatiæs and. laboratoty measurements indlcate
l;,t'.,ì,',r -t''..t.

that thts nelr procedure of lsola.ting faults in Lfaear clrcufts is pract- i'ì'::':::'r:::'1'.:'ì:

ical. Ân attractive feature ls the varået¡i, of method.s that can be used

in the Ínitial computation procedure: ECAP, topological forrnrrLas, or
t'

state equations may be used, i¡ anaþzing the equivalent clrcuit of the li:1,r:i-.ì..:..1

netnork¡ the actuaL cireuit rnay,be anaþzed. by performing meaflrrements

if most of the eLeroents are accessíbleras Ín the case of discrete com-

ponert uettrorks. Ihe cal.cr¡ilations fn the new faulù lsolation tech-

nique can be done ¡¿ith a snaLL digftal- computer (sr even a desk ca3.-

glrlator) JJ the circuit is analyzed ry laboratory rneasureme¡rts. How-
:

: ever, a computer analysis of the eqnfvalent circ¿tt of the netlrork is

preferablle ,if a large con,puteg is avail¿bLe.'''.:

The visuqS. l¡dlcation of the behaviour of the netr¡ork fl¡nction

rrlth a varÍation of 'rararnèters is hieÏr}r deslrable. Tt orovldes a meth-

od of seüting ¿ ssnfidence li¡rit for the åiagnosed faults, and prqtrides.' :

an Jndieation as to possibLe ¡nodificatÍons to the cir.cuit for a d,esÍred.

respqnse, The graphs indicate uhieh test frequencÍes are significant,

j &e precomputed coeffLcients of the lfoebius transforrnation per-

nit a dlrecü coraputatlon of the f,an1t value, rrlth:a d.esk caLêulator or '

é""q à sllde,¿r{e. firís solves the ÍnterpolatÌon probLe¡n of the fault
l

dictíonary method. ': '';
'5he probler,r of lsolating a fault irhich aLso ehairges the valtre

r-.!i:....-.-.r-.:::
l.:l'';lr'.r.,ì,:. 1.::!: l-:
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of a bias rlepandent parameter rernains to be solved, as does the protilein

of those fauilts which cause non-LÍnear clreuit operati-on such as oseil-

lation or cJ.ipping. lhe effect of allorjng the cor¡Tponents, w?rích are

not faulty, to assume any value r,rithin theír tolerrance f.irn:its, rather

tha¡r holldf-ng them at thefr nominal. value, shor¡].d be ínvestigated.

lhis new neühod for fault isolation aLlo¡us the nanufacturer to

Lnclude a reilativeþ siEpLe trouble-shootlng guide ¡¡'ith a pi.ece of eqiup-

ment ln order to aid. in faul-t díagnosis. lbe caLculations requlred Í¡

corapf1ingthegu:idearefe¡¡erthanthoseofanyot,herkrorvnteehnf.qrre

and, can be performed ln a variety of ways. This method i.s a1"so appai-

ceble to the fault ùiagnosis in integrated circuits and could be a¡ aid

to the rnanr¡facturer for process correctíon. Obher app}leatíong such
.4

es circrrlt modi:fi.catfon and fault analysis ln remote equlpnente may aid

i¡r eivÍne this new nrethod r,ridespread use.

;:-i .it : --: Ì,n. .
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.IPPBÍDIX A

Tbe faul-l diaSnosås poryrteg pr"ogFa.¿

The Fortræ fV com¡ruter progrrm, shonr beIor, ¡¡ae used for the

fáult dlagnosis corqlutatíons.
page I of 3

I
2
c

q0

41
,c
c

I

i5
I

D I I.rEns t oN p I x (2, 2, . s (2, 2, .P I (2. 2),1 (20-)',i L( 2 o ), T2 ( 20). 11 l?91,
r-ùöñiii s,l t,utã õi, xí¡urriäó i, xoErrt zoi,x(20,20, , EL ( ?0 ), xtîÂG I ( 20 ),
1 TAI¡GL(6),F(20)-còiipiris,riJ2,l3,x,Plx,T,Ql,DTx,DEN'CENTRE'RADlus'TzER0'TlNFll'l
. colill0N P¡x,PI,S

ne¡oc s, r) ilntÊc¡t,tlcrrcH ',1

Rrao (3,2) z,Y,ToLzER ',' 
.

READ (5,1) IIFREQ
F0Rr.rAT c2 l2 )
irÉÀri is,ãi-ip ( t t. t=1, trFRËQ)
F0Rht^T (Gl5.8)

unäul.oÉ in. Écu. ls READ As xNUM ANn PHAsE As xDEN
""äËÀo-is,iiót. iiúurri r i,1óeÑi ¡ j, t'r,HrnrQ)

FORT.iAT (2G10.4)
DO ¡¡ I . I =tr' }!.FP'EQ '

l.r( 1 )=2. *5.1rr159*F( I )
XDEI,l( I )=. 01745329*XDEN( | )
ïii j=òirriiii¡¡unr i ) *cos(xoril ( I ) ),Xr,lur¡( I ) *s I il (xDEN( r I ) ) _- _

nËÀòiHe lnÊ-¡orrpurro-iñÀüsFÊn ÊðÑs. pnou srAr.EEQ PR0G. F0R ELEltEt{T

VALUES OF X!,Xz,Lt
READ ( ], t). lloELEt!
F0Rr.rÂT ( 12)
REÂD ( 5,1¡ ! ( EL ( ¡ ), ¡ -1, tJOELEl'l) r' ì' :

D0 21 L.=1.tlOELEt4
x1=z*EL (!)
iz=v*Et-(L)
x5=EL(L)
D0 29 LL=l¡3
tF(L.GT.1.AND.LL.EQ.3) G0 T0 13
READ(1,1) llR,l{
I D EG=l'li 1. pg 5 ¡1=!, I DEG-nËnõ 

t ¡, Ii 
- 
i irlo nr t t, .J ), I - 1, NR ), j - 1, t'l R )

FORI4AT (G15.8)
XNUi'i ( I D EG- K+ 1 ) =IIORK ( ÈIRTFCN, I¡CTFCN )
READ(5., 4) (XDEÌl(,i-¡+1), K=1,ll)
XDEI¡( IDEG)=1.
D0 6 l=1,llFREQ
t¡l=tl( l )
òÁlt- t.tne(xnutr, xDEt¡, 1!, ll l, xR, x l, xt'l4c, I ER)

lF( lER.EQ.1) l'rRlTE (6,7) LL, I

ÈôÀrìÃï-i'--¡rao:rnróË oi'ri,ii;: (, ,t2l ) ts lNFlNlrEr )

ì È c¡ En.rie.r.AtlD. LL. EQ. 1 ) r1( I )=cllPLX (xR, X I )
iri rÈn.r're.r:.AJltr,LL,EQr2) T2( l )=cllPLX(xR,Xl )

iia¡ER.r¡c-r.Àrio.fL.Èa.t) 13(l)=drPLx(xR;xl)'

äätî 
r il )=xilÂG

i.¡R¡tE(a,zs)'ÈöÀr:rÃi.-t; 
i.rnnttlruor oF rR. FcN. lsr) .'' '

ilnìïÈia, rzl (xrlAcl ( I ), | =1,llFREQ)
cottt I ltuÊ
tlnlfe (e,trr)
ËônrìÃi'iíri,i nrat 'î!t,7x,r ¡.'t/tc T1l,Zx, 

I PEAL 'l.2t,7x, r.lllAG T2r,
r' ii',i' nÈ¡i'r¡i', ii, ¡ - liÀ-C'r¡ i, ii, i - nÉ¡t''t',7\ t' lt.tÂn,T I )-wnîÍe<d. iã) (Ti ( ti,Tz(t ),Tr( I ),T( I ), I =1, iIFREQ)

FORiÍAT (8(3X,G12.5))
D0 21 l=1,Ì¡FREQ
ió lÈE tÈ-rttn rR.FcN.ls ¡i:DEPEllDErlT oF ELÉrlENT(J)
irtÃestREAL(r1(t.)-iri¡il¡.t-i.ror-zER.AllD.ABs(Alr'lAG(T1(l)-T2(l)))'LT

t' .iôLtÈR:on. nss t nrÀl iil i i i-r¡ t I ) i ) . Lr. ToLzER.^ND.ABs (A lr'1AG (T2 ( I )

'riîijiili¡!l¿rouen' 
Go ro 2o

Pl Q',2)=X2-X3

!t ì::j!,:
'j'.:.
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29
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t..'Pl(l,I).p'l(2,1)'x3 ".".' 'page 2 of 3 ' ,

pl(L,2)=pl (2,2)*X1
s(r,l).rz(t):rr(t)õai;ti=-sir,ri.iritl
S(2,1)=T2(l)-T1(l) .:
S(2,2)=-S(2,1)*Tl(t)
C¿1LL I,iU,LTCX C
URITE (6,15) l,L
FoRltAT ( I plx(il=t .lz,t ) F0R ELEt4ENTt, l2)ptx(1,1)-D, Plx(1;2)--8, PIX(2,1)=-Cr PIX(2,2).4 ¡F l/'lE \lRlTE T-

(AX+B)/(Cx+D)

15
c
c

llRlTE (6,22) ((PIX(K,J),'JoLr2),Ro]-'2) :

22 FoRtrAT (?(tX.,G15.8))
Qt =F tx ( 1, 1) - P I i ( 2,1) *EL ( L )
ir taséiñÈr\L (o.t i ): LT.ToLzÈR.AND.ABs(Au4AG(Qt ) ) . LT.ToLzER) c0 To r8
DTX.(Plx(1,1)*Plx(2,2)-PlX(1,2)*PlX(2,1))/Ql**2 100
Ql =-Pl '/,(2,I) lQt C
GO T0 lr2

18 Qt 'Cl.lPLX ( 1.0. t;l20, 10. "*20 )
DTX=CllPLX( 10. *r20, 10.**20)

\2 DEN=C0ll.Jc(P¡X(1.,1))*PlX(2,1)-C0l!JG(PlX(2,1))*PlX(l¿1)
RAD I uS= P I X ( 1, L ) * P I x(2.2)'Pll'(I,2)*Pl X( 2, 1)' lF(C^BS(lìÂt)luS)*T0LZEn.GT.CABS(DEN)) G0T030
CÊt,lTRE.(C0r{JG(PlX(1,1))rPlX(2.2)-CO¡|')G(+PlX(2,1))*PlX(1,2))/(-DEN)l
RAD I US=CliPLX (CABS( RAD I US /DtN), 0. )
TZER0.-Pl x(1, 2) / PIX( 1, 1)
T lNF l tl=-P l x(2,2, l P l N ( 2, 1)
t¡fi l TE{ 6,.34 ) CEilTnE, R^D I US,TZÉRO, T l NF l t'l

3b FORItAT I40X, r CEilTÍìE ATt,i(5X,Gi2..51 ,t RADIUS OFrr2(3X,Gl2.5),1' I rr0X, r TZEROo t,Z(ty,,GLZ.5)r t TlNFlN. rr2(lxrG12.5))
c0 T0 19

C TQ GET NEAL + IIIAG AXIS.IHTERCEPTS
50 DEil'p¡x(1,1.)*C0r,lJG(PlX(2,2))-PlX(JV /\\À¿Á,/'vv¡rvr¿\¡.^r4, ^\.a.4 

ir r.r\-rc.,
A=AtltAc(+P I X( 1, 2)*C0tUG(PlX(2, 2) ) )
YlilT=.^/REÀL(DEN)
Xll¡T=-AlAll4AG(DEll) .

t,RtTE(6.38) XINT,YINT
]8 FORI.IAT(7, NEAL +'II',IAG..AXIS INTERCEPTS IN THE T-PLANE'AREiI,

I 2(tX,G12.5))
c
19 r.lRrrE (6,17) l,Ql
|i Ëônr.rÃr'ií-iíre'|i iq.x¡ ¡t ¡Eys K AT u.t,t2,t tS r,Z(tx,c12.5))

DTXIiAG" CÂBs ( DTX )

2\

Pege 3 of 3

sußnouT t ilÊ ¡,1^c (Â, B, N,ol.lEcA,vREAL,Vlt4ÂcrV|4AG. l ÉR)
DillEilS tott A( 10), B(10)
I ER=0

COI,IPUTE REAL PÂNT OF NUI4ERATOR A¡ID DENOI4 II.IATOR
ARE/\L=^( l.)
BREAL=B ( 1)
S.1.
D0 100 J.2,S1,2
,JA=J+ 1 .

S =-S
Cn EA L = S* ot,i EGAr * iJ

AREAL=AREAL+I\ ( JA) *CREAt
BREAL=BREAL+B ( JA) rCRE^L

COI'iPUTE IFTAGINARY PART 0F NU}rîERAToR AND DEN0MINAT0R
Âll.lÂG=0.
Bll4AG=0.
S.1. ,

OO 105 J-L,ll¡2.
JAoJ+1.
S=-S
C I l.lAG =S * ol.t EGA* * J
A lllAG=À ll1Âc-A (,JA) *C ltlAG
B I lïÂG=B I lí^c-B(.,4) *C I l.l^G

TEST TO SEE ¡F FI,lIICT ION IS INF I N ¡TE
DEli0lt=BRfiALrr 2+B | ilAGr*2
lE (DEilOt,r) 110,115,110
TJRITE (G,120) oilEGA
F0RliAT (1H0,29lltl^Gtl¡TUDE lS ll'lFlNlTE, 0t4EcA.¡1PE15.8./)
I ER=1
RETURI{

COI.iPUTE I.1AGIIITI,lDE OF FUI.ICTION
VREAL = ( ÂREÂ L* BNEA L+A I I.IAG*B I T1AG ) / DEÑO¡t
V I IlÀG. (Â I I'lAc* BRE^t-AREAL* B I tlAG ),/DEN0t4
Vl.tÂG=$Qftf (yREAL** 2+V I llAG**2 )
RETU RII
EIID
SUBROUT IIIE I.IULT.CX
cot,lPL EX A, C

l,lR ITE ( 6,2t+) I , DTX, DTXI'U\GI
FOp.t.lAT(r p^RTIAL 0F T t,l;R.1. X AT l'tr,l2,r lsr,3(3X,G12.5))
X ( l-, I ) = ( P I X (1., 1) *T ( I ) +P ¡ X ( 1, 2) ) I (P I x (2,1 ) *T ( ¡ ) +P I x ( 2, 2 ) )
GO TO 21
X(f-, tl=-f
c0lrT iltu.E
ilRtTE (6,16)
FOnl.lÂT (i rrrE COi.TPLEX S0LilS FOR X(l,l,ELEl'{ENT) ARE:r)
l,R¡TE (6.2t) ((X( l,J),J-l.,llF.REQ), l'1¿l'l0ELEl¿)
FOni:AT (i(3X,c12.5))
'rJRfTE (6,27) NRTFCI¡,llCTFCll, Z'Y''IOLZER
FORIIÁT( t TR.FCN.TZTY,TOLZER ARE: r, 212.3(3X,GL2.S)'
uRITE (6,25)
FORt'lAT( r l¡Oll. CCT.ELEIIENTS'ARE: | )
llRlTE (6,2c) (EL( t), t.1,N0ELEM)
F0RilAT (/10G12.5)
l,R¡TE( 6,26 ) (t¡( l) ¿ l'1,¿ NFREq)
CALL EX¡T ' :.',
END ]

20
2\
3t
16

)-Pt x( 2, 1)*CO¡l¡G(+P I X (1, 2) )

23

27

25

26

I
c

1
1

05

15
20

,:,:: -,.,.

c
r10

c0¡l¡l0lt 
^, 

B¿ c
Dil.lnNS l0N A(2, 2),8(2,21,C(2,2)
A( 1) 1).8(1, 1)*C( 1, 1)+ß(1, 2)*C(2, 1
A( L, 2)=B(1, 1)*C( 1, 2)+B(1, 2)*C(2,2
A( 2, 1).8( 2, 1)rC(1, 1)+B(2, 2)*C(2,L
A(2, 2).8(2,1) *C ( l, 2) +B(2 ¡2) *C(2 t2
RETURN
END
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IJr o¡tler to relate the corrputer outprat to the descriptic¡r used

l¡ this thesÍs, the sígnÍficant ort¡nrt for Eraryle # I wilt b€ l1sted..

the coefficients â, b, c and d, d the üoebius transfonnatíon, are

l.isüed as real and lmagÍnary pa¡ts under the beaùing Hll, For e:ram-

correspondÍng to :cI ar€sple, at test freque,:rry # l, the a, b, c, d

o.7225 + J2.31+8
4.795 - J2.583
0.231+7 - J,OO72
..,0.2338 1 j.@072

6¡r

a!
b=
c=
d=

of

1sthe

lbe

J.OO299ö.

Com$rter optpgb for Erçar.Þlejf 1

the arc of T(x1) fs at 0.5998-i.0o0o6h¡ the radlus:of

O.5OOl.Bi T(0) is 1.1-j.0000995, ana T(o): is at .0999-

centre

cirele

The foLlowing outpu.t was obtained at the test freqrreneies

0.01,, A"3, 3,O- ar¡d 100. ¡aclians/second. for the dniv:Íng pofnt imped-

ens€r 41, of EæmPLe # l,
tl¡la. I ¡ FOR ELEÀE¡T t. o.7?2527JO ¿. !4!34te

-o.?gto¡tÉ' -2.5ê1tC990.2¡.tró9!E-Ct -o.1z2521sal-oz
-0'2l3E29o2E o¿ 

. 
0'7¿312!95t-o¡ 

.ENTRE 
^1 

o.r9e83

lsE r^o.rr r{ NEUS ( rr'er r, rs o.rlå[1."]0, r.l;l?8l..,¡Rt¡¡L oF f r.q.r. r 
^t 

r I ts -o.r96oóE-Oz -O.cio¡c¡_õ¿--,¡rlli 2 | roR ELEHETÌ I
-1.221?150 -2.5?9tô4tl.rtt500t 2.r3:t9å5. -O.7tr15¡to- 6- t^râttrâ 0.3 á651 ? le

-O.é105.E-04 trDlus OF
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' -0.t45tl9lt€-rO -0.232E10ó4E-Oe
o. r3?.asl9E-02 -o. trroogr¡È-oz

'o"ót2z¡la€-ol o'2849274ie-o! t 
auuraa 

^, 
o.ti396 .o.rog8'E-o¡ R^o¡us oF

. l¿€FO' 0¡5ö23¡E-O5 O.350?ô€-O5 1¡NF¡x.
IHE ¡rla.¡t t{ N€us ( Ál H. 3 rs 9.tl¿ó t.8ó42.t¡Rl¡lt 0F I l.R.l. { Ât I 3 l5 0.3¡(35 - -0.{8065 0.575{ltl¡lf. ¡ I Fo¡ ELEI€{¡ 2' 0.185900ó78-0? -0.54398ó93Ê-O?0.2.t5635r8-lO 0.81854523€-tt

. -0.3ól2ló81€-0t -0.llEz85lô€-04. O.l5.l3óE9E-05 -o.Zarc608rE-05
CENÍRE ll O¡8810óE-02 -O.371ó5Ê-Ol RAoIUS OF' Î¿ERO. -O.t!a89É-05 -0.t5O35É-03 TfNFIil.

. lXE lrlo.xl l{ {ÉUS X At ¡. ( tS. 0.9958 0.l5rll
PlRll¡!. OF I l¡R¡l¡ I Ár B 4 fS -O.lO93O€-Ot -0.3277.28-02 O.llallE-ot :

iÁcifltJo€ oF lÂ. FcN. ts
t.5335¡E-01 0.15001 o.3{t37 0.tr50?

IAG{IfUOE OF fR. FCN. IS
O.5l79le-0¡ ..0.1!8óo 0.25970 0.tllI{€-01- rE^t ¡l trac fl R€aL 12 t¡ac f2 REA! f3. tðac 13

'-0.335?éE-01 O¡41504E-Ol -O.28321Ê-01 O.433ó28-01 -0.30e32É-Ol 0.425?8E-01'.o.ó7977E-02 0.t50óó 0.t7ó6t€-ol o.t3f4f o.65aztE-oz 0.14484
o¡29i9S 0.15548 O.255Oi . O.49O2JE-OI 0.28288 O.9'?lt€-Ol. O.5E93lE-01 -O.ll25ó Crl05o?E-01 -0.50OZaE-Ol O¡ l9ó56E-01 :O.7333¿E-01t¡rfl' I I FOR Él€rE{r 3

-0.1¡3t8O9CE-Ca -O.3255t244Ê-O5j0.ó¡?314?58-06 o.4I87lIc?E-oó' -O.g21t¿953E-Oô 0.t4ó?O?17€-O¿. 0.8¡?ó{q¡88-tO O.l?ó4419?€-O9
CÊNTRE ll -0.21752E-0t 0.1ó?31€-Ot RAoIUS OF' ¡¿ERO¡ -O.¡oO:ee-Ol O.40134E-OI T¡NFIA¡

laE lrfo.rl l¡ NEUS ( A1 rr I lS O.295ol 0.99985
PlRtlÂl 0F l v.R.t. ¡ Ál k I IS O¡51ó8?E-ol 0.!,83568-01 O.5a85OE-01 ,' .i:,l¡11.2, FoR ÉL€lENl 3

-O¡3129ã28LE-74 o.alr?g5ôóE-O( :-.
c.t2?9ooat€-c5 o.282218978-05
0¡lt0t¡52tE-0! o.la¿g<c298-ca

-0.1t36?7óZE-0E O.43ó55?46E-¡O '^ 
i:ilå: " :3::3ã:lE:31 3:l!ÎÍl*" 1îR¡Ti.''

txE trlolxÌ l[ tÊus Í Âl H¡ 2 ts o.8{tó{ 1.7140
t¡RllÁL OF 1 r.R.r. ¡ Àl I 2 tS o.Z+27a -0.133t0 O.276a7 :
t¡¡1r.3 t tOP €LEHENI 3

oj¡?3c288ó€-o¡ o.l??533t58-c!
. -0.298t¿516E-0t -0.94ó45889E-04' 0.ót3f3203E-0: -r.lló2e947E-O2.
' 0rl!2¡22¡3E-oE -0'302ó79848-08 

cENr¡E 
^t 

o.esgrl.-or o.tz3.l ¡Ao'us oF
1¿€RO. o.zalól Ot 25al9 lINFtN.. lhE lrfo.¡l ln IEUS r Al ri 3 IS 2.751f 3.o97O?ltfl^L OF I r.¡.1.. X Â1 B ¡ IS -0.483ó0 -¡.¡lot t.2384tl¡lr. 4 I Foi ELEÉE{T t

-0.30147ó25E-0( -0.27278Ió2E-0+ô.1!007tlóE-Oa Oil3l9449óE-04

-0.¡tAtao32E-02 o;181393?98-o2
o.É98l9l9tE-09 0.232030óaE-09

CE{TRE At. O.2270O O.2t54ZE_01 ¡A0!US OF

.Î¡€RO' 0.15498 O¡ 2598?€:01 fIilFIN'
rs 9.5ót5 I.é150

t5 {.30ó43 0.óó972 . 0.?3ó49

003a987 o.tq5?8

o.254t2 0.51oósÊ-ol-ieÃi-iz 'iiÃc ri ÊEAt 13 ¡¡Âc 13
-c.2s282É-Ot 0.43590€-0t -0.3c932E-Ol O.42578E-Ol
o.1927!E-OI O. ¡3?23 -. O. ó532?E-02 0.14t84
C.2.99? 0.4ó8{2E_ol 0.28288 O. 95?378-01
o.fo?oOE-Ol -0.49935E-0! 0.¡9ó54€-oI _o.?33128-0I

67

O.89t75C-01
o.¡0269

o. lt43a
o.30r!?

o.37?57Ê-0r
0.1855ó6-0¡

. .REAL T
-o.30t IIE-0t
-0.106938-Ol

o.2624A
0.2r7598b0r.

0.2?4298-Ol
-O.llô?58-04

o.0
!¡l{ó27

t:t t,. ',

o.0
O.{o8olE-01

0.0
-0.?3613E-01

IHÂG T
,o.3t44zE-Ol
'o. t3co6
0.I1358

{. ?0?29€-01

0.0
O.ó2960E-O5

t.

0. l0tórE-0t
.0.7858?E-0t

.:

o.¡9994
-0.25059E-05

0.22802
o. rt425É-06

REÁI T

-0.30),tlE-0t
-o. t0693E-O I
.o.26244.0.2¡?598{¡

0.2ó90óÊ-ol
-0. ó08a0€-0t

O. ?0688€_Ol
O.{{08{E-D5

0.20959
-O.227 25É.-Ot

0.24680' o.4?aô38-07

RCAL I
-0.30t I lÊ-01
-0. lCó93E-01
. o.2c24l
o.21759E-01

o.92t5tE-O¡

0.0
.o. óC009Ê-05

o.o'o.l8t33E-Oó

fffE t/le.xt ¡N {EUS ( Âl l. 4
P¡rlllt 0F T v.R.f. r ÀT I 4
t^c¡l¡uDE oÊ tn. FcN. ls

O.53159€-01 C.15n49
ilc{l1u0E 0F 1R. FCN. 15

0.t19ólE-ol 0.13458
RÊrt tl ITAG T¡

o.o
O.28925E-0ó

'TBAC T
.0.39aa28-0¡
o. l30có
o.ll358

-0.7072eE-01

'a

0.0.
o.43983E-05

-0¡33il7E-ol 0.412é¡E-01
-0.8ó55rE-O2 0.150?5.
0.30t.5 C.l74ló
0.i??¡3E:01 _0.13!8ô

tlxlú¡ I I ÉOR GLE¡€NT 4
-l!4r.97ó8 -429.189?0
-65.71ca62 37.7153ó3

-O.t2252112î-71 0.154o2849
0.ttö83t1éE-oó â.10?2883ô€-05

lHE l/l0rrl tN flÉUS r AT l. t lS
?lR¡fal 0F I r.q.T. t Ât r I ls
Pll(x' 2 | roR ÉlEsE{l 4

' GE{TRE ¡T -0.2O025E-O! o.l?982Ê-01 RAoIUS OF
rz€Ro' -0.359868-0l O.396438-0lllNFIN'

o.22A52E-O1 0.10é?óE-o3
0.525208:05 0.232888-05 o.5t{52€-05

-t?58.3 có7
5ló.96512
l.22tt2a2

a?ó1.328t
990.0ó250
1. t0703ôó

-O.t219?7ó6E-0{ 0.28ó102298-05

fHe lrla.rr lN rEus ( ar r..2 Is
r¡qT¡ll oF I H.R.r. r aT r 2 lS
Pl¡íf. 3 t fOR ÉLEHENÍ 4

c€NrRE 
^T -o.27¿eoE-ol o.?3?9óE-01 RÁDIÚS 0F

l¿EÂoi -oa2ã70rE:ol oal5241 1¡tFlN'
0.832?5E-0{ 0.t9717Ë-03

0.280{5E-Ol. -0.13351E-04 0.310ól€-0{

o.?3óttÊ-ol RÀo¡us ol

0.0
-0.ó32óoE-05

.

.o.o
.0.1982?E-05

..::,:.;}.

t.1..
o.o- 0.322¡óE-Oó

tra6 I
d.!l4.lE-01'0.1300ó
0.Ì13r6

-0. ?0729€-0¡

o.o

t9534. t 4l I ?có5. 7ó6
-itc.t1ítõ -lo?e3. ó2r
ó.¡óó31ó¡ -¡(.?ó3716

-0.15?59?ðçE-0t -0.45??ó3ó7E-Ol I 
c¡¡rnE Ál

- l¿ÉROr
laE lrl0.rr lN N€US ( AT r. 3 lS. 0.!2513Ê-03
Pr¡lt¡L 0F t X.4.1. ¡ Át r ! fS -0.ó0r528-0(
t¡rll. { I FOR ELÉXENT 4

-280ó.37E9. -241ó.3047
¡307.3Adó t2?4.tô39

-t{.5óó9ó8 18. tó40?2
' 0.óó?5t2028-0, ù.3814ó97!E-05

0.9431óE-ot o.l87l0 nao¡us oF
0.28215 o.2799ç l¡ÑF¡N'

o.3 ¡020E-oa
-0.l2rt5E-03 0.t38rlE-0!

o.245il o.2ó{6tE-ol RÁolus oF
0.4921! 0.30515€-01 T¡NF¡t{

0. I 5090E-03o.ó8123É-0t O.?a{E5E-0{

CCNIRE.AI
I l€RO'' o.96942€-03

-0.301 t9E-04
tHE ¡rl0.rl ¡N N€uS i À1 H' t IS
9¡ttI¡t.Cf t l.¡.1. I Àf I 4 l3
åACï¡ÌUOE 0F ln. FCN. ¡S

0.2?9óaÊ-Cl O.8445¡E-ot
tl6tlTuo€ oF. TR. FCt. fS

0.?3414€-0¡ .0.1¿585
R€lt 1l ¡xÂG ll

'-0.t9!5?E-0¡ 0.2t18ôç-01
-0¡l??ó(E-Cl 0.81481€-01
ort6410 0.tl!¡2. 0.2aó.3t-0t -o.7ot6ô€-o¡

tlxll. I I FOt €!E¡E{l 5
?5!.otolt -¡0540.3ôt

o.å¡ö?8 0.74?ó48-01
' C.31501 0.7ó2¡8€-Ol

ÂEAI T2 ÍHAG 12 REÁL 13
-0. !5?9óÊ-01 0.óa09óE-01 -0. !0932E-0¡
O.3a91óÊ-0¡ 0.18254 0. ó5327€-02'o.3:?5! 0.ìoa¿ô€-01 0.2t288
O.l,t6?5E-Ol -0.?aO92E-Ol O.¡9ó5.E:Ol

tËÀG f3 -

. 0.42tt8Ê:0t
0.14484
0.95?!?E-Ol

-0. ?3332€-o¡
a:i riiLi.i.+..ì

0¡?324218€E-O! 0.?44140ó38-03
-!.!5t00t? 0..3?c5?50
o.t.0¿39¡l o.5l{59378

cENl¡E ll 0.3ô6ó28-01



0.8002r[-01

0.1ô450
0.23830

o.22a5!
.0.40901

o.tótôó

0.o.
0.2050t

0¿0
-0.41949Ë-Ol

o.0
-0.7535IE-0t

IHAG 1
0.314{2E-Ol
o. Ir00ó
0. ¡¡ 358

-O.70729E-0I

0.o
0. ¡02t7

68
rËÊ rrro.xr rtr NFUS{ ar r. r rs ".t].l:å€oir .:;l;å3:ï31 -o'70?8rc-07 rrNrrr'
,^¡Ïla! ot r r.R.t. ¡ al r I ts -0.t50?0€-oa. o.4t708€-0a 0.{?{t3Ê-0{ : .. r',.
tt¡l¡.2|foß€!€B€xTt ':r' l

-lóa6t.ôc5 -12931.305.{.¡¿i5ll72E-01 0.14648436E-O2 r, '
-4. tt35l El ¡t.6!!óa9
iliõóíiäi : -i:;;ái;ií 

cE{r¡E 
^1 

o.rro?s o.¿r?óe€-ot R^o¡us oF
T¡ERo. -0..2451E-06 O.422.08-0ó 1¡tÉ¡ff.

tAC lrlo.¡l t{ {EuS ( al l' 2 lS O.lló2ôE-03 O.335ó9E-03
,¡41¡¡t OF I r.R.l. r À1 r 2 lS Ot53o90€-O( 0.9ó8.2€-0{ 0.tl0t4E-03
tf¡ff.ttFoREIFHE{Ì5 '

-ti69.abaa ¡45só.92ô
O.tl¿t0OOOÉ-C¡. -o.l(89¿t?8E-012ó.tto?og 3. oó2óoç9
-!t'tt9.l+ -0'38230?95 

cÉNrßE 
^1 

o.r95zo -o.¡ro9? Rrorus oF
1¿EÂO. O. ló9ó7Ê-05 o. lO99oE-O5 T¡ilFlx.

fHE lrl0rrl lN trEUS ( ÂI v¡ 3 tS O.ó5ô?48-O3 0.305ó5E-03
9rRrlrl 0f ,t f.q.Î. r aÎ H 3 Is 0.12ô3óE-03 -o¡53598E-0r o.t372óEr03
P¡¡IY. . I FOR ELEßE{T 5
. 8?.29E58S -1r5.97583

O¡!15ó933óE-O3 O.l83tO547E-03
-¡.ó0.?840 -o.9e?¿2524o-9ti{33i98-or -o.loó852zl 

c€NrRE Âf o.3637?€_02 _o.3g32óE-ot RAoius of

rHE ¡rro.;r ¡H nGUs ( Är r¡ i ¡s d.rå;5å3:0, ;:;;Î3;5;Î" -o'2óoó2E4t Î¡NFrrr"

'^FÌ¡AL 
OF T f.R.ft { ÂT H 4 ¡S -0.52585Ê-05 -0.240ó0€-05 0.5?828E-05¡tci¡fuo€ oF r¡. FcN. ¡s'

o.29r!8€-Ct O.97!82E-OI 0.2óO4O O.?5653E-OI :

t¡GtrlfuoE oF tR. FcN. ¡s
o.6r35?E-Ol 0.1ô712 0.31050 0.15994E-Ot'R€¡t fl .. tcÁG fl REAL 12 . ¡ilaG T2 REAL f3 ttÂG 1!

4.22a2øÊ-Ol 0.1952?E-01 -0.3c07?É-01 o.ól!81€-01 -0.10932É-01 0.42578É-Ol
-O.22?9?E-ot O.9qó7óE-o¡ o.¡3953E-Ot O.ló3ó{ 0.ó53??E-0¿ O.14484
O.225Ol O.lltoô O.3CIO9 0.?58?0É-01 0.28286 0.95?3?E-Ol
o.2l7l!Ê-ot -0.?246e8-ol o.ts953€-ot -o.i3593E-or 0.t9659E-ot -o.?3332€-Ot?l¡lJ.ltfoSEtEaENt6 .

-7t102.0ó3 -22ta2¿.50
O¡?8125000€-02 O.2:437500E-Ol
-2a.177ø¿3 rt.o56otl
2.Cl3t!50 2.t105528

C€{fßE ¡f 0.23410E:01 O!495318-0t RAO¡US 0F
1¿Éßo. 0.103tóÊ-0ó -0.1540?E-09 1¡tFtN.

lrE trlo+fl 111 NEUS ( Ât t. I lS 0¡520t08-01 0.?ólô7E-O4
trRltÁt oF I ¡.R.r. r.ÀT H I ts -o.105928-Ot 0.82?8tE-05 O.s3+5óE-05
Pl¡lx- 2 I çOR €IE¡ENI ó

-rtetor.o6. -¡ãtç:.sz:
4.¿7ttatt5 -0.?s¡ä5âooE¿02':4.9t¿38!,ó eL.72t257

ii;;;;;ãã 
' 

-ll:;;tü; 
.ENTRE 

^r 
o.?Bórz.-or o.óeo¿a.-or naD¡us oF

, T¿ERo. -O.?64tZE-0ó O.ô80098-O? rlilFlx'
lHE lrl0.ll lil flÊUS ( Á1 r. 2 lS 0.109348-01 0¡?93{9€-04
trRllÄl OF r r.R.Î. X Àf r 2 IS 0.12033E-04 0.!144óE{{ 0.16ó07Ë-01
tlllf. 3 t FOR ELÉHÊtf ô

2t9óó. O6t ' L6+645.75
O.á!?toOîO -O.r$28125

0.3849óE-Ol
o. ¡.!,75E-Ot

..
R€ÂL f

-0.30t I lÊ-01
-0. t0693Ê-0¡

o.26zç6
. o.2l?59€{t

0. J{?05€-01
0. t5910E-0¡

to!. tto9? -40.314855

o.l0{65
0.¡zEl8

0.16969
o.32r89

0¡0
0. tótt0

0.0'
0.4325t8-01

-ta.9l5t2? 10.953562
. CÉilfRE 

^l 
O.¡ô?28 -0.28a98E-Ol RÂo¡uS OF

l¿€Ro. o.tó205€-05 O.43918É-05 flflFtt-
lHe trlo.¡l lñ {Êu5 ( A1 r. 3 lS O.¡ó819E-03 O.439?9F0t

"$llll 
OF 1 r.R.T. x ¡t ¡ 3 lS 0.¡092?E-0t -0.loló7Ê:9{ O.ta92óÉ-04

t¡fl¡. a I FOE EL€XE{T ó
212.10018 -52A.65625

O.aó1t25?8E-0¡ 0.78I25000E-oZ

0.985O0E-01 O.¡000C8 0O 0.10100 l0o0.o

0.¡¡tôlC-02 o.25070E-Oz O.9O22óE-02 o.t2?36

. -3.5t72906 -t.5659969O.lt8l82?¿ -0.2353¡?59: ?ÍËi3: " -3:illà3E:3? :3:?i3??E:31 iîR:ii."!
ftsE l/le.rr tÀ {EUs K Äl r. { ts o.l9¡!58-0, o.5ó4gtE-Ò5p¡R1flt OF T v.R.t. ¡ ¡t h { ¡S -0.40213E-0ó -O.I54a5F0ó 0.i30?8E-0ó
ttsE corÞt€x SoLHs Fo¡ xtH,E!Ê¡ENÌt aREr

o.r2to?E-01 0.ól34lE-02
o.9t4?!E-OI O.f19)9a-O2

. o.a:ggåE-ot o.t4ót{Ê-oz ...ìj....
o.á!t098-ot -o.lol14E-o¡ . 1.. .;: -ìo.797t7E-Ot O.515?2F-03
0.tã594€-0t o;lo569E-04 : . l.::r
o.â?ló5€-ol -0.4t592E-O2s.z¡4q4E-or -o.to5eeE-ol I .:l
o.f274?¿-01 -0.1 933t i -

' 0.5835?€-OI -O.81(9tE-Ol
O.92tO?E-O¡ -0.?lo5tE:OI
O. ¡O29? -O.4247öE-O2'21?.21 -¡ó95.5519.52 -ó94.óO929.95 -t92.rl. lol9.ó -al.7t2a2t.6t 5!.495 :'
823.56 73.C38
6!é.5t 5ó.4t1
6!2.94 -rOO. ô2
tt61.o lll.7?
40{2.1 ¡62.35
3020.5 52.a8r
2O27.q .-61?.?t

IR.fCtr.'¿.Y'for!€r ÀR5r I 2 O.SOOOO ¡.5OOO O.IOOOOE-o8xo{. ccf.ErEr€Èfs ÀÂq: t

0.3913{€-ol
0. ¡75¡tË-0r

o.o
-O.7aO?óE-01



lbe fol-l,orÍng output rqas obtai^ned at the scaled test frequen-'
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ci.es's 0.00015, o.0o21, 0.0037, o.0o9, o.o22,

ond for the drÍving point trpedance , Z'tt t ol

end

test

0.28 radians/aec-

cirrsuít # 1.

i¡Gf,truoE oF tr. fc¡. It
¡t94.O
e!e(. I
tz(ó.ö' ¡toli¡
ô91. t5
t0.8a¡

¡roit¡uoE oF 1¡. fcx. ls
tlår.t t16ø.2

ilc¡ttutÊ oF tR. ¡cñ. ts
5tea.2 3a¿4.3

ilil]ru)€ oF t¡. fc¡. Is

241t.7 ¡+2a.0

2486.i l32t.t

. cEarRE 11 5t??.1
ttGRo. tlr2.1

O.t237t 0.88791€-0¡
o.tTtcJ o¡!r82?

t¡tc.t 3(0¡.t 2492.6 l:59.2
lt¡t rl tY¡6 lt ¡€¡t 12 ¡i¡G 12
t¡7?.4 -433.51 5172.4 -4C3.4¡
2Jö?.ó -:lr0.O 25s5.r' -22at.l' ¡t¿9.3 -lrö3.9 l55o.t -¡944.8
7C¡.4{ -lU 3t. ? ó27.4{ -1162.0
2a5.5, -ó??.eg 2?0.aO -ó4ó.ll
t.1290 -7J.731 !.4r5ó -?0¡789

tl¡lv¡ ¡ ¡ FOÀ EtExE{I I
-O.t6¡494á?€-14 -0.2â0t5Jó98-09

¡€^t 1
t6 81.3
240ç. ¡
Iôt8.0
?ot.4g
262.80
!.?6f2

uq9E
700..¡

to!.99
a¿¡L r!
5t72a4
25r¿.1
¡5e¡. ¿
ó4é.2¿
2ô0. ç{
3.S12

?0.at{

zd. ¡r¡
to.85ô
IxÀG It

-aCl.tl
-2211.9
-t9lo.ó
-t 195i 7

-ó53a ta
-?O.?7+

t"a.f '

-226.62
-t éo!. I
-l 558.ô
-l 09ó.0
-ófl.30
-tC.?41

o. t 7{r2t 5¡
oJo

¿(rr.?o3t

t.2 ló.:{0
c. ?93 7J( 69
-t ¡t. t0]ót

¡.ol2l.t2
0. ?214 19t2E-0t
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ç:Hå:' 3!å:131E trto.rr'¡N r€us ( 
^r B; r rs 0.ó5ó238-03 O.3058?FO3?¡RI¡ll 0F T x.R.l. I ÁT r a l3 0.10358 -0.t?t03.

i¡Il¡' t t FoR EaEflE{r 5
ó:¡t4€4.O 509ó544.0

{.¿s4(3eatE to 0.2ót?51948 ¡otoz¿.3438 -2t505.059
l(6.4t2q. lo0ór??3.

. CENTRE ¡f 72.112
tlEÂo. 19.321

trG lrtc.ft tfl {Eus x aÎ r. 5 Is 0.8l5ttE-0, 0.23eô5E-o!t¡Rr¡{ O¡ I e.R.T. ¡ ¡l r 5 lS -0.?737ôE-0¿ -0.90t558-01?¡¡lr. t I fOÂ €LÉ(E{I 5

6l.110 . o.o
5190.9 -2?0.39

530.12 0.0
3387.4 -239E. å

t09.0ó 0.0
¿029.¡. . -Z!9t.2

33t.OÉ 0.oô1t.33' -la?a.O

t89.4ó 0.0
22¿.tt -?5!.r8

3l12.8l2t
a99Oa7.OO

-a¿0. ?81!3
tÍo. att¡

-t!99ô.O90
l4l l0{.oo

-92. r9959?
-26221.23O

cÉNlÂE A1 0.4tgl5
llÊ¡O. 0.24157

0.99728Ê-0t 0.3511óE-0t
-0.1222¡E-0¿ -0.207t0Ê-O3

ÎE lrto.rt t¡ ¡CUS ( ¡l r. ó lStülllr oF 1 f.R.t. r ¡T I ô ls
r^q¡tuoÊ oF ¡Â. Fc{. ¡s

¿ôot. I 2¡87.ó
iqtfuoE ú rR. tcñ. tsa7aa.3 {ot7.o

llrr. ?

2719.6 t4t!.3 7¡t.30 70.'r7!

l?. ô50
2.2 tOO

0¡0
-70.9t9



:.
t¡ll l¡ . ¡{AG lt

_ ¿te9.r -r0l.r5
116ó. ? -9tt.82
látl. I -104¿.9
?ó0.rt -908.52
llt. !? -50q.ól
1. t9ô! -?0.óó8

tl¡l¡. I I fOR ELÉ¡EflI ó

RE¡I TI
tL72.1
2782.t
¡5e¡. ¿
646.22
2ôO.91
3.{{12

lsac f,
-403.{E
-221 3.9
-l91 8. ó
-t195.7
-ô53. Et
-70.?7{

l?:+-.,;1,>"-.): ...'.:-...

72¡EÂt 12 IHAG t¿
7óeó. I -899.99
2569.2 -3088.0.
L452.3 -2tr4.65t0.9à -¡292.8
23ó.óô -ó?5.0t3.12¡! -7o.aoa

-0.!ìeló3toE l¡ . 0.E05623ó98 lo
0.2t{E6l02E 09 0.0
t¿3!9t.00 306594.00

. -0.t39tó2¡¡e l1 0.805823¿8E 10
- CENÎ¡E ¡l -0.¡9{298-0tt¿ÊRO. 0.655538-02

fHE t/lorxl lil NEUS f Âl v. I tS O.!3A!5E-0S 0.148ó{E-Oa
tltf¡¡L OF 1 g.R.I. x AT H t ¡S O.9?9ót -0.15377tf¡lr. 2 | FqB €LEsE{f 6

0.rto4á625€ lo 0.6es50225E lo
_ 0.t5ce9(9.8 09 o.t342t773E 09

tt¡4914.O -llC4ôóO.O
0¡t30+72stÉ lo 0.8985¡¿08E t0

C€NTRÉ ¡l -0.14ó20E-01l¿ERo. -0.¡8ó98E-0I
lxÊ lrfO.rl lt xEuS x AT l. 2 lS 0.9ô8138-0{ O.6I5ó!E-01
t^R1l^L 0F T r.R.T. ¡ Äl r Z ¡S O.ó5O5?E-OI -0.42121
Plxle' 3 r FoR €LEHENT ó

0.3r't4rzlE lo o.z5z5t2o6E to .

R€ÂL f I¡ÁG I
186!;3 -226.82
2{o9.4 -¡óO!.¡
tó18.O -¡tto.ó
701.48 -¡09ó.O
282.80 -ó31.!0
a.lët2 -?O.7{l

-3335ó. R^oIUS 0F
0.tt5?58-0¿ lt¡F¡N.

o.99tó3

-2612.7 RÂo!US 0F
0¡184?3€-02 r¡NFlÀ.

0.42ô20 . .

'

-tó19.2 RAOIUS 0F
0.3.0888-O4 TINFIN'

0.22889 :

-772.49 ßÁD¡US OF

-0.20.938-01 - flNFlN.

0.ó8057E-01

-379¡0¿ ÂÄO¡US OF

-0.ó00ó0t-01 l¡NFlil.
0.18258E-Ol

:

-35.113 8AoIUS OF
O.IIó93 T¡NF¡N.

o. t8197E-0t

t1tt6. o.o
997.78 -ôóô9?.

2ót2.8 0.0
E3¡.37 -5089.7

tó¡ 9.2
ór5.lt

0.o
-¡104.2

-262t4400.

-19i2291+.

- Lgi229+4.

¡,48r113ó.

5ö{740.ó3 -1t97ó(7.0
' 0.!353{ó5tE tO 0.2525?tCAE l0

. CENIR€ 
^t 

o.25C3?E-02
Î¡ERo. 0.7ôlz8E-02

lrE l/to.xt rn NEUi K Áf Hr 3 ¡s o.133!?E-03 0.?oóE2E-0.
DAßltAL 0F I ¡.R.1. X Àl r 3 fS -O..12129Ë-Ot -0122.9$
Pl¡lrr a , FOn ELEHETT ó

o.?56?€ólrÉ09 28379óaE.

-101307.5ó -r95t{?.t9
0'?580ö3t0€ 09 28t16r68' 

cÉHfRÊ rr o.r3zo3Ê-o;
fZERO. O.255tl€-OI

lHS trlo.¡t ti x€us x A1 r. I fS 0.16813E-03 OúaA52E-O4
tSl¡^L OF I r.R¡T¡ I AT H I IS -0.37288E-Ot -O.5ó933E-01t¡xtlr 5 t FoF ELEHEñf ó

0.I0rt5955É09 -38815649.' t0|l:4(0. 41e{304.0
-t6tl?.313 -1252L2.3a
O.toç7ô¡óO809 -380580{E. ." i:ëlË: ^' -3:?93iåE:3i

1HË l/lo.xt ¡{ HEUS K Â1 l' t 13 0.1S23!€-0¡ 0.240ec8-04
9¡R1¡^t oF t. l.R.T. x À¡ I 5 lS {.¡32{lF0¡ -0¡l257lE-01
t¡llBt 6 , FOR ELENE{T 6

lt34ó.0C0 -lló90c¡13
-lt528,cCo !32€.0000
-1659.1529 -.I99.81882

!s2?4.891 -¡l7lO5. At
cÉNfR€ 

^r -0.e0?¡rE-0?

raE r/rQ.¡, ril N€us K ar rr 6 ts o.t;iEl8:., .liå33i1!;3t
P^¡llÁL OF 1 r.R.l. I ÁT Í ó lS -0.18{1OE-O¡ -0.U9ó38{{
fHE COXPIEX SOLtrS FOR I(f'ELE¡ENT) ARE!

-2.77tO O.f92s4
-0.ó3t35€-O¡ o. lA37ó
-o.ó4289€-01 0.50337É-01
-OtL5262E-O2 -0.15948

772.+7 O.0
355.óó -t159.2

':

3?8.9t 9.0160.ól -t¡2.¡l

35.530 0.0
2.480t -70.85t

0.2â890 0.t7{2å
o.¿5170E-03 0.t7t?óE-Olo.llr?., -o.atato. o.tltór -0.16t¡9E-ol
0¡109ót -0.23450€-ot
0.10997 -0.t2190E-01O.lO399 -0.ó9815E-OZ0.lo2o4 -0.?oÉatu-o!
-5.9614 1.638a-{¡153{? 0.2gqq7

-0.75195F-Ol O.ó74298-01
O.455A68-0l -0.16594E-0¡
o.!ee5óE-0¡ -0.10976€-01
o.¡0093 -0.929?7E-O3
-¡.o00ô o.o' -lr24.t 5ó09.2
-lo(¡.2 5!48.0

922.80

903.55
90c.18
15S.ta
f72.2C
,73.77
79t.2a

lt¡4.t
142.15
2r.øf4
22 I t9.
I l9 t.4
659.73
317.?r
I5 t.82
l¿.399

, 3900.0 0.81585E-Ot
3900.0 o.72lcoE-o3
3900.0 0.16840E-02
39C0.0 -0.84028E-02
3900.0 -O.l87l7E-Ol
1900.0 -0.52tzoE-ol

18.ÊC{.'ZrY'101¿€R ÄRE: I I O.50000
XOX. CCT.ELE{ENTS ARE3

¡.5000 0.rooooÉ-rl

o.9s5ooE-ot o.tcoooE oo o.totoo tooo.to tooo.o 52ro.o

O.t¡oooè-o¡ 0.2¡oooÉ-02 o.lToooE-oz o."oopoe-oal O.azoOoE-ot o.2sooo
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Corrruter output for test cfrtuit # 2

lbe follodng output was obtaÍned at the scaLed test freqrrencies:

o"ooo2, o.æ2b2, 0.0062, o.o8o, 36.h, 0.00502 .and, 0.0628 rad5ans/-

seccnd for the voltage transfer fr¡oeüion Áv of test circuit # 2.

1600,

. r¡ê¡rroç oF T¡. rg{..tg - - 0l 
" ' o"t9l0'-c3

o.ló5+0E-o¡
t¡21 9O

. . ?:2?!9I tq?r9
¿eao96' c.9019

ilattuDE oF tt. fc|. ¡s '
0.¡6ll!€-01, 1.2189 2.2BJO ¡t 2!S . to.!t9l¡øqllu9t oF .Tr. tcH. ls

. o.145..E-Ot t.2r9o 2.28S t!.2r9 at.OsrlAcrtruo: nF tR. fct. ¡s' o-lót.oE-ol l.2t9o 2.2a5C t3.239 . ô9.O9ó
. lc¡t tl t{ÀG rt ¡E¡L rz lxa6 t2 ' qÉÁ!. ft' O.lá¡11E-01. -O.2(30âE-02 0.1á352E-0¡ rO.25l5?E-02 O.ló3rtE-ô¡o.le?oi . -1.20¿9 o.tetol -t.2ol,o o.tero2

-0r9t5CI -2.O66t -0.9750ó -t.O6ô5 ¡.9rio6' oLtC¡Z -¡2.ó?a -3.96t1 -l2.6?t -3.9ô5¡{e.99t l.32ZS -ôl.ttl 2t.¡9? -ö?.4?3-:.óltl ll.l5? -0.30082 {.ó0¡ó -O.a?3:!tl¡fr. ¡ r' FOR ELÊ¡E{f I
O-t2l90l¿5E-¡5 -0.5a02.9t3E-tó

-g.tlt2¿7ó9E-l? O.lé9r?lAlE-l?
O.2t"g2tO!E-09 iO.4lat¡+át€-¡O

-O..1¿t¡t¡?E-¡¡ O.¡3ó30¡3eÉ-¡¡

! 1.6¡ I
3.ó¡3{

6.90t9
¡:1¡a tl

-0.:51 5J€-02
-¡.2030
-2.0ôôt
-12.ô2:

14. A! 9
ô¡lô90

iiero. o.lóióóE-ct -0.2518¡E-02 llrrlH'
t{G ¡rro.rl tÈ tEus f r1 v. t ¡3 o.tooooE 2t 9.!99908-21
iiiriii-òi'r-i.;.il i rr g r ¡s' o.ióoõ¡r zr o.¡ooooÉ 2t o'ltl'2t ¿¡
ii¡¡r. ¡ I Fon E!€É€{f t

O.3r31.68.€-¡? -O.lóóco60(€-15
oi¡9885t918-t5 0.3?9¡5óOl€-ló

-O.2ì2a5OltÉ-tl -O.ll¿ôióO?Ê-09
- õIi:c¡i¡i¡t-óc ô¡25s5ezt¿E-10 

cfflr¡E 
^¡ 

o.re69{ -1.¿oro ¡^oiys or

rBE rrro.r' rß aE,,s r ¡t r.2 rs ".rlå¡å¡.r' ç!iiið3È." 
-llil- lriÉI¡'

ilì¡iii-ó;'r';.,i.il i ¡r r ¿ Is- o.iooooe ¿r o.¡ooooE 2l 0'14¡{2€ 2l
?t¡lr. t, FOR €lÉ¡Exf I- --õ.¡re¡¡z:se-¡e -o.2eolol:e€-16

;:;i¿;¡;;iÈ-i¿ -o.c:¡¡çse¡i-ic :
{.2t6Átô8r€-lo -0.1?35â8ó68_10
Gt?J97t9?E-¡o -o.óó242220E-lo 

CEtrtnE lf _0.9t50, -2.066, t¡o¡Us OF' . i¿¡ro. -o.9t5o? -2.0óôt l¡¡Flñ-
nÊ ttlorrr t¡ ñEUS t rr ri.3 ¡S O.IOOOO€ 2l O.¡oooOE 2¡
iä¡iii-oi-r'i.i.il i ¡r r : ¡s- c.iõõooe ¿¡ o.looooE 21 0'¡41'28 ¡l
tt¡|e.. a t FOR ElEtENf I

o.t?l969leE-I. 0.tf5?2241E-t{
-õ.ioer¡s¡or-¡¡ o.:toe?o?¡€-l¡
-O.¡?!9ô750E-ll -O.lll5?9ó!€-10
o¡lf1óâ!79f-o? -o.ólzo9?0aE-lo cE{r¡E l¡ --a.9?!2 -t2.r?o ¡rotus oF

iieeor -¡;eo¿z -12.ó2{ rIilFlt-
tÍF trto.¡t tr flEUs ( 

^t 
c.4 ¡s o.lo000E 2l - o.10000Ê-¿l

iö-riii-ói'r'i-i.i. i rr ' ¡ ¡s- o.iõõoo¡ ¿r o.looooE 2¡ o'l4l{2€ ¿¡
tt¡¡s. t t ro¡ EtErE{r I- 'lõ-r:ázå¿çie-iò --o. ro2ososaE- to
. -õ:ió;';¡ã¿;;-ó; -o.rç+¿¡+roE-oe

-O.l¿t9tt6A€-0t O.ltr516l2t'ç5
c'¡!es'e€-c! -0'u328roô(E-Ga 

ç!Ë$: - :ìi:?!l ' :3:åïåå3'-"t îiî:ïi-*
¡6Ê ¡rro.¡l tN {Eu' f ^r 

vr J ri 18819. 8J!?l'--
irã¡iii-o¡-r-*.e.¡. ¡ ¡¡ x ¡ ¡s- o.25ls5E o? 0.5{62e8 ol ô'ôo2l9E-o?
ttxl{. ó I çOR EL€HE{r I-ó.lls¡lr¡¡e-tt o.52o4Eó4)E-¡2

À?E?7eô56€-lO o.368ô0lt(€-lo
o.204a24?tE_Ot -O.54899ç9¡E-05
o.ãs¡o¡e¡o:-to o.¿elo!830E-lo

c€{tÂE lt -!9.rsr -0.5224tE-ol ¡rofus of
Ì¿EsO. -?0.?ô9 -O.lô6lt€-ol 1¡lflÞ

taG lrtor¡t IN rEuS ( ¡f r.6.ls o.¡¡õõle oo !731¡.--
iiiriii-oi'¡'ri.q.i. ¡ ¡i c ¿ is- o.¡izs¿e oc 4.25et?€ 0? o'¿ó+?oe 0?

ncrtru:€ oF rR. fc{. ls
o.!2!5tE-02 0.7{te¡ l.!?zt lt'o{6 6e'oió ó'9019

l^ôqtlulE oF ÌR. tcx. ¡S-'_-cliiiizÈ-ar .t.(ô6r 2..oor lr.¡Ol ôe.oeó ó.!ol9
:iiri-ii tr¡c t¡ ii¡t r¿ ¡{¡G 12 . t¡¡L ¡1 l¡{3 rl
O.c¡:e!E-oZ -o.elré!E-of o.ì.ìaii-of -o.+o¡qsÈ-O¿ o.ic¡¡rt-ol -0.¿t!??Ë-0¿
õIiii.r- - -o.ô6t?.t -o.i¡iq¿*o¡ -!"91¡ o'le?02 -l'¿c¡o

-õ:ã;;i; -i.¡¡¡b :i.ãáti -¿.o¿tt -o'e?roó -?'iô6t
-t.(e!? :¡¡.tro -a:iti¡ -t2.ô:6 -!'e¿t¿ -l¿'ô2t
-ii..ic ¡..!tt -ei.¡rt ¡t.69{ -ô?"?3 ¡4'8!e

-0.ôr¡26 6.8óeO -o.oi¡zi a.!ô90 {'ô?32! ó"ö90
tI¡tY. t I fo¡ ttE¡E{I I

-O.l9t!a?¿t€-Ot O.¿l70'ôOlt-0t
-O.ôö(.gattt-lO O.2Zô¿¡¿!)E_lq
o-ti9ta¡{9É-ct o.lJ6¿6?o6E_oa

-o.to2tr¡!'€-0t 0'l¿04!¡t'E-ct 
cExlrG r¡ -o.t!at2E-o¡ -o.tl¡90.-. r¡otut oF

IiAG 1
-0.2 51508{2
-1.2010
-2.O663
-12. ó25

1..8¡9
ô.¡ó90

I ::.i,:
I:::]

ßE¡L I
o. t¿ 3.t€-0¡
o.19702

-o.9rt0ô
-1.9tá¿
-ó?.4?3

-0¡ô7!2t

o. t2.91
Oo ló35óE-0t

0.9.9858-Ol.
o.l 9701

0.17tltE-0{
!0.9?50ó 

_

o.ro.6?E-0¡
-a. Og{2

35. f €{
0. l¡oa2c-02

o-o
-O.2ttórE-O¡

o.0
-t¡2030

0.0
-2.Oóót

o:o
-¡2.ôla

o.o
-O.4a+?!E-03

35.3 ô+
0.2922¿Ê-05

t€^L f
0. lôr.tE-0t
0.t9tot

-0.9? 506
-t.e952
-ö?..?l

-0.ót J2!

o. ¡¡ 124

o.o
-0. ô!ú9!E-ot

l¡¡G I
-O. ?:¡t0E-Oz
-¡.2010
-:. Oôô3
-¡2.ô2t

14. t!9
ó. Eôro

o.ô



' t/L¡u' -o. 
^"'Ot-o' 

O'tt'ott-Uo 
"nt'^: 

_t'"""'o' ro'¿z'el
trÊ lrro.tl I¡ ÈEuS x tt l. t ¡5 O.lztôl l¡5!7O
ll"-riii'ðÊ't'il.älïl i ii i r:¡i- o.i;¿ãi-= -o.riiroe-o¡ o.!{to!
.l¡ai. ? I FoR ELEHÉNI 2- ò.3.õatgtaÉ-t! o.l.Atzccef-ol

o.2!?tloâß(-48 -O.6lt¡4O44t-Ot
O.265t?r06Ê-OZ -0.ó5191{?.8-O2
0¡l2t{319óE-01 -0.!ttó375(E-02 C€¡lî€ lt -0.58{91 -O¡713{! ¡lOtUS oF. o.i2zat O.9

iie¡o' -o:'ot5'E-ot o.¡sirze-o: ltNFt¡' -l.lt't "1"!!'
tHE t/tClrl ¡i {€uS ( 

^1 
Y- 2 tS 9.2t56 ¡0.265

ilÃriiiloi'r-r.e.i. x ¡r r ¿ rs. -¡o.o7o 'tó.061 16.e7ó
r¡¡ti' t ¡ FoA EIFxENT 2

ó.132t?(9!E-ot -o.l926lollE-ot
-0.ó9åa9¡93E-09 -0..á5ó6l2cE_08
-0.94350949E-OZ -0.óOs79Z9oE-Oz
-o'?ótot828E-02 .-0'272162148-0l .ENTRÉ 

^¡ 
-0.9ósóB -0¡80ó22 nao¡us oF t.2óo! 9:o --i¿eno. -o:14?1lE-04 ó.t¡r:zÉ-or t¡¡¡t¡- -1.€8?ó ;1.óó87

fxF trlo.¡t ¡t N€us ( aÎ l. 3 lS ¡?.ß31 7.+932
iri¡irt-op r ¡.¡.1. r Ár r 5 Is -¡8.88? 0.955128-01 ¡8.88?
;;:li"lr.;*-eiÈo':1. i,,",,,,,-oo

O.t5llO7O9E-0ô -0.59604615E-Ol
-0.??500939E-02 -0.105ó12óSE-02

. -r'2r{7óoó4Ê-or -0'ro2?'2'¡ 
çiHå: ^' -;:å;lå8.-* -;l;iåll.-* îîR¡ïi.* ,i:iïî! 9i!.".u

tNE lrlc.rl l{ xEUs. i Âl l. . ¡s 20.624 0.73?5ô
ilpri¡i-oç'rr.q.t.'x¡¡.¡t¡s-lo.685-o¡8o62?10.,ló'PlxfB' 5 t FOß EL€¡E{Í 2

-4. | ?at!tg4E-O? 0.598??OI6E-O8 :

-è.àroii¡sgi-oc o. tô3zao?óE-oó . 1

o.31213911E-O4 O.24882890É-03' o.?lclOl39E_02 o.l5ç9q68!E-01

i:Èlå: - :it:'"11 lïã3å iîilii-* -ãilllg 
' oil.,oo

tf€ ¡rta¡rt tN. NEuS ( ÁT H. 5 t5 20.924 o.!t48¡Fol
ilãti¡i-t¡ I rrr¡r¡ r Ál ¡ 5 ts o.?oot3Ê-ot 0¡32673 0.¡3{33
'P!¡II.6 I FD¡ ÉLETENI 2' -0.11á51¡4lE-t3 0.54{74ó9IE-09 :. -t'

ó.irçoe¡ozt-oe o.36ó?53?4E-oe
õ.iosats¡ee-oo 0.6t376313€-oÌ :
o.d532B?25q-oó -0.38óô054óE-05

ç:ËIå:' :3:313Í: ïåå9å îîllTi-* -3:å?!i3'*' oil,.,o

liE lrtQ.¡¡ lr lÈus x Ár r' ô Is zo.óià- .' o.+t<21
ilirii¡i-or'r-v.a.i. ¡ r¡ r c.¡i- o.ztzào¡-o¡ -o.¡o;eiE-o{ o.l(2e3€-o3 .'
llC{llUOE oF lF. FC{. lS i¡-o.säteè-oz o.rs733 ¡.9809 !r.221 ó9.o9t : ô'9or9
¡rbiiiiióÉ'õ¡ i*. ¡ðñ. ii'-0.¿¡àaoe-o¡ t.4o9r 2.3582 ll.24l ó9.0eó ó'90te'

R€Âr rr traç rl ieÁl-iz ir¡c tz ãÉii i¡ i¡¡c r¡ REÂL i . t¡ÄG 1

o. ¡2469E-02 -o.ês757E-o, o.àliseE-or -0.¡eaïEÊ-o¿ o.tô3r?E-ol -ot25L5oE-o2 o.¡634?E-01 -0.251508-0¿
o.!?j!ó -o.âeoe¡ -õ.+rro¿:-o¡ -¡.1991 o.l9?o2 -1.2030 0'19702 :l'2030
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cÍes: 0.0L, L.C, 5.!3, 6.0 ana 6,82 rad:ians/second', for the
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voltage

transfer functicn \' of test circu:i'b # 3.
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:
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C€{ftE f¡ O.4O35tE-Ot 0.2?s5o€-02 ß¡o¡U3 oã
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o.2?0t6€-ot o.¡ÁâtAf-o. o.?ô!ó2E-O2 O.¡0445E_O¿ O.(O€lrE_otrcar r¡ frac rl 
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Â 9E!ÌRE ^r 
_o.!r3to€_ol .o.toeorr_oz 
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o.izõ¡sÈ-or {.2t42óE-os 0.220ó9E-07 {.2t4!38-08 0.2?0óeE-07 -o'zl+30€-08
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