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mmomGXim 
With the advent ©f amperepower networks and the 

attendant inter-connect Ion of transmission systems', 

many heretofore unforaeen problems presented themselves* 

l o t the l eas t among them was the problem of i so la t ing 

sect ions In which short-circuits occurred and at the 

same time providing for the removal of the apparatus; 

endangered lay the short ~eir emit in time to prevent-

i t s rrain. fh i s Involved the predeterminatiOin of 

fiaiort^eiwEttit earremta and the proper re lay eonmeetions; 

and setting©.. •* 

In our* investigation we have not only attempted' 

to verify exist ing information^ which i s "fey no means 

extensive, feat we have also ©ondmcted some original 

work in order to @aEaffiine| and i f pos&iMe determine 

the l imiting conditions of the ex i s t ing theory of 

s ingle phase or l ine to ground short ©irealts?. 

After a complete and detailed review of ex i s t ing 

information on the subject, the authors decided that 

the most accurate, practical solution would he obtained 

"by solving; according to Mr* Ao F. Mackerras of the 

tfentral Station Engineering: department of the dfeneral 

Elec tr ic $ompanyv His method is? cal led the "kethocE 

of %mmetrieal J$§mp©ments,* and 1ft outlined in Chapter* 



1 with such-a*&itj^c>nft and subtract ions as the authors 

diee»ed consistent with the investigation as conduct edU 

.laa the studiy of relay ©crane ©tiana and operation 

as applied! to t h i s type oC work, we u&edl the Westing* 

house Induction 3fyp$ CH Directional ©ver-current Relay, 

three of which were loaned us % the Qeorgia Hallway 

an# Bower Co»pany# 

ed .to the t e s t s and connections of' the CR 

i » t h e t e s t and cheek of a. c*wanectian amhmitt.ecE 

to u* JtQ>r. werlfflcatieM 'and im^stigatioin fey t3̂ e (SBor̂ L% 

©tilimy and Hbwer ©CNapany En^neersu Shift ©otmeetictt 

i s iB use at the ©tanpanyIIs Marietta, ©eorgia, H2.gh* 

pension SUto-statiosu 

She invest igat ion , divide a i t s e l f into four 

chapters or phases as shown on the aaeeond $$£&• 
' . . . - ^ • i 9 C f ' . ' ^ - " • ' • • ' ' : ; : ^ " ' • • " ' . ' < ' ' ' •• •"•"' - - " ' * ' K . -

She authors are indebted to the Georgia Hall

way and; Bower ©a»pany for the loan of the re lays 

used, to the ©eneral Electric company for the a r t i c l e s 

toy Mrv Mackerras and particularly to Erofessor D* F* 

S&want of the Electr ica l Engineering Department ©f' 
,-• "' • V V i * L * iTl -- P i * • * • - ~ '-• • - • • - • , * , , * • - • ' « . - • - . . , : . • ^ - - : • . •.;.. - . » - * * ? . ., - - • 

. {*. - - • .1. -? j » ' v w - « V r . • • • • - • •- • • v • • . • ' • • • • • • • • 

the ©sorgia School of Sedan© logy/ f a H i * constant 

and! Invaluable acTVic* an& suipervis&cm in the pre* 

paratioaB and the performance of the t e s t s covered 

tey t h i s t h e s i s . 
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Chapter 1. 

®IHER&L WEOm MB METHODS Of mimMtftm 

The method used for the ca lcu la t ion 1m ha&ed 

©m the Method' o r Symmetrical GDomjionents as used by 

&* EY Ilaekerras of the (ilentral S ta t ion EhfgLmeerimg; 

leepartmemt of the ©eneral E l e c t r i c ©ompamy of 

glehemeetad^ ®ew Torlu 

Shis method depends fundamentally on the 

discovery Toy Mr* ($• Ero fbrteacue t h a t any three; 

•sectors may he resolved in to three sets; of components:, 

two of which consis t of balanced th ree phase vectors^ 

and the t h i r d of th ree sectors; which are equal and in 

phase* 

I t w i l l be remesibered that* j =/ - 1 la- am 

operator whieh r o t a t e s any vector t o which i t a p p l i e s 

thrm 9@ degrees in the posi t ive d i r e c t i o n without 

©hanging i t s length• i n the same way the operator 

•ft* r o t a t e s any vector thru 1$0 degrees i n the pos i t ive 

d i r ec t i on without changing i t a length* 

We s h a l l assume throughout t h i s paper/ t h a t the 

pos i t ive d i r ec t i on i s @oumter^cslockwi^es t ha t a l l 

vectors r o t a t e i n t h i s d i r ec t ion and that, for vectors. 

of pos i t ive phase sequence^ phase ID lagp behind phase 

a by 1SX) degrees and therefore the phases a re l e t t e r e d 

ffiloefcwise. 
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I f any vector I i n i3.fi> 1 i& operated mpon 

"fey a, i t i s r o t a t e d 120 degrees i n the ©otinter* 

elockwise d irect ion^ and t h e r l f e r e the vec tor a 

I lead® the v e c t o r 1 by 120 deg> 

We see at omee from #±g»l that the vector 

a l= - 0o51 + j0.86@I 

or ift« • 0o5 + jQ.866 (1) 

I f a operates OB adF i t r o t a t e s i t ISO deg« i n the 
" ' - 2 

ciounter-c-JLo©kTfise d i r e c t i o n and therefore a I leads 

1 fcy S4© d e g . , ©r l a g s i t by 120 deg. 

-Again from fig;* 1 we see that the vec tor 

a^f a * Q.&l - 30*8661 

or • £ & • * - 0 .5 -j00866r\ g$J 

from equation® (CI J) and (2J or from Pig;, 1 

l+a*a s *= © (g,j) 

If a operates aueeess&vely on the i/ector I it rotates 

it 3 x 120 deg> » 5$$.- deg;» I ±m therefore unaltered 

in position ©r magnitude, and we have 

a 3 = 1 m 

i3.fi


•£.:.' 

/ 

F/q- / Tne /?&/<?//on 3&fwe&n 
the Vectors l a / %, azZ. 

I 

Jb=U/ +It>Z. 

let Jcz 

2c-fe/-f-Iez 
I 

T '*S+j& I 

I 
—*"!<*/ —9-I<rz ^ 
la = lot y-J02 

f/q. 3 /rxG/hjp/e 0/ L/'ne-/o//ne 
^A&r/ C/rcu//- There ore no 
Z <oro pha&e &<?<?ts&nce 
Ci/rr^nfa. 

< 

lb = -S&7/20 

Ic*^S6*-j20.£ 

T& = O 

Eb 

F/ef. -4 Vec/or D/aqra/r? /or 
donef/f/ons in FJq. 3 

F~/g S To fa/ Ci/rrenf F/owwq 
Jn F/q. 3 
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USE MBPHOD OP ^METRICAL COMPONENTS 

Mr* ©• L* Fortescue has shown that any three 

-rectors off a three phase system may be resolvefl: Into 

three systems of vectors knswn as the pos i t ive phase 

sequence components, the negative phase sequence 

components, and the zero phase .sequence components. 

»«& We a^illl consider the currents in a three-phase 

grounded neutral system* She actual currents in 

phases a, to, or we w i l l ©allJ&, ID, 3^ and the current 

i n ^he neutral or ground i s Ig. 

$$rMfaja$y 1&8 eas ier to understand the fundamental 

relfibtions I f the -vectors are taken equal t o the peak 

values of the sine: waves represented* JBowever, the 

vectors nay be arMtmri ly taken equal to eftfecfclve 

value ŝ smd; the peak values need not %e wedfc at a l l* 

J*baltlve Ehase Sequence Components 

She posit ive phase sequence components in phases 

*' h' ' V ^ **}•' ^ , J e ^ \ ^ © ^ components are a l l 

*?**kM l ^ ^ ? f l ^ ^ ^Parated by 130 #eg* in 

^ a ^ * ^ ^ e 7 ?°nff i t i1 t^$e a balanced set of three-

Ihase currents of posit ive phase sequence^ that i s 

the phases are let tered clockwise* $hen 



(7)) 

% 1 lags! Ja l fey 120 &eg> 

and l e l lags I g | fcy mo deg. 

the re fore I a l * a%L * a 8 ! ^ (5) 
• %-I f e l = a I a l » a l ^ 

•̂ ©1 s a ^ a l = a 

theae are shoim im Fig* 2Fa» 

irom equation® (3)5 and £5} we find that, 

therefore there is mo positive phase sequence ground 

eurremtg and at any imstamt the positive pha&e sequence 

emrremt flowing im amy conductor is> returning; along 

the other two condu ctors* 

Negative Bhase Sequence Components* 

•Hie negative phase sequence components in phases 

a, Is, e, are %Q&» ^%g# ®̂g:# ^ e s e components are all. 

equal to each other and separated hy ISO deg» im phase* 

fhey isake up a toalamced Siet of three-phase currents; ©f 

negative phase sequence^ that is the phase® are lettered 

©oum-ter*eloc^wise« fhem, 
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To *2<f +/gj +7irz Q 

It ~lao t/t»*/co 

@ 

Wlo 

t y. 
U \ .:•/•' V 

t y. 
U \ .:•/•' V 1 / • • ' . / • • • ' 

• s- 1 l/y*'I<TO It a fco 

hi- ^f^r~-~-—_£« 
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© 

F/g Z diagrams P/tusir^t/ng Fhooe J?ef£/e/7ce Components 
fig. Z a. Fosihve Fho&e Segaence Com -

ponents of Vectors in Fig. 2d 
Fig. Z b. Negative Phose 3egaence Com " 

pone/its of Vectors in PigZd 
F/g.Zc. Zero Phase ^egaence Com

ponents of Vectors in Fig 2d 
FigZtd. /?efaf/a/)s/f/pr&einr&en Tata/* 

and Their Pha^eSe-gt/fnce Com ~ 
ponents (* currents J 

Fig. Z e- Three &/Ven Vectors; e.g.. Fofof 
Currents of F/a. Z ct 

F/g. <Zfi Method of Finding the Zero Phase 
Sagas nee Component* of the Vectors /nFig2e. 

Fig ^ g Pfethod af Fi/jdwg the Fos/t/?e Phase 
J?«rgt/erfce Components of the Victors /n F/g 2e. 

Fig. ih Method of Finding the Aegat/^e Fhaae 
^Segcfence Companentj of the Vectors in FigZe. 
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%^z leads 1 ^ fcy 1®* deS> 

and I©a lead*. Ia& fey 2A0 deg. 

Therefore, 
• • • • • " . • * ' . ' 

*a2 s a ^ a & " a l«Z 

% 2 = aIag s a2^ca v 

*«* S^f8.,2^ ,JT1 
An example or this is given in ?ig> 2fe.« 

it is; evident from equations 0} and! (7); and Pig0 
• •-' 'f 

S& tnate 
H S . 1 - • . . - • • • • ft . . tn \ > • : .. - • 

*a# + % 2 ;* ŝfi: ,f © W av, 

Therefore there ia no negative phase sequence ground 

current; and at any instant the negative phase &equence> 

current in any conductor is returning along; the other 

two conductor®* 

Zero Ehase Sequence GJosaponenta 

The 2ero phase sequence component® in phases: a, "to, 

©, are Xao* Xfeo* ^co* Tfo-es® components; are all 

equal and are in phase with each other8. Therefore t 

lao s %o = Iao (9> 

Since these currents are all in phase, their &m 

must return thru the ground)* Bat there are no positive 

®r negative phase sequence ground currents^ andi 

therefore the total ground current 



(io D 

iaw, R^* ia
 + ** + x«. ! (1XJ 

because the vector etna of t£e three line currents 

mast be equal to the ground owrenft. N 

Since the three aero phase sequence ©omponentsj are 

equal, J g > 3%m - . KE^- 5 3 ^ £*) 

J£n example of lero phase sequence components is given 

in MM* £«• 

Zero phase sequence currents may be somewhat unfamiliar-

tout i t should not fee $i ,ff i cult i f we remember that they 

flow from some grounded point-, through the three 

phases of the system in paral le l , to one or more other 

grounded points, where they may enter the ground and 

return through £he ground to their starting; point-* 
• • • ' • ' ' ' - - • • - • • - - - - ; • . ; • ' - • • 

Utotal Currents 

5he to ta l current in aifjy phase i s the vector* 

scum of the three components in that phase, therefor® 

la *" Ha© + l a l + *a2 

\ * Ttso * Jji + XWZ (1® J 
x e = x<so + *©! + *«« 

Expressing; the Saree tptal <$urrente i $ terms of the 

components in phase a with equations i&J, ( 7 ) , and 

Oh 



tlili 

I * •" *ao * * a l **« 

% - ' \o + a^al*alat 
. . . . • - • - • , . ; . * " • ' - ' • 

V = Jao + a I a l + a I a ^ C l f t ) 

5© solve the above for X a o , I a i V l a g * 1 B o i l * l p l y ( 1 * 1 , 

f l 5 ) , (16 > through fey the appropriate opera tor , eith©»> 

l , a or fta2 and add, remembering t h a t 1 + a + a = 0 

t h a t a3, = 1 and t h a t a* * a 

*Bhxm, 

i a o = i M i * * :&& * i « ! 

I a l * l /S(X a t a l t e + e.2lcl (18) 

I a 2 = l / S g l * + * \ * a l c > £19 J) 

The components In the other phases may then be found) 

from equations (ft), V%h C9J* 

$l£* 2-d shove the re la t ionship- between the t o t a l 

cur ren ts in phases a, fc, s^ and t h e i r p o s i t i v e , 

negat ive and se ra phase sequence components* Hhis 

shows grafh i^a l ly the physical meaning of equat ions 

(&); to £l$J inclusive* I f the phase sequence components 

are g i t en the t o t a l currents may be found graphica l ly 

as In £ig> 2dU 

the p o s i t i v e , negative and zero phase sequence 

components act a s i f there were a m e t a l l i c contact 



mi 

across: all three phases to ground1 at each end of the 

circuit, Ehis is necessary from the very nature of 
• - . . i _ • • - . ' ( ? • • * 

the components^ but I t w i l l he found in thee d i f f e ren t 

eases tha t the components ffiosnferine^fcogether i n such 

a way t h a t the t o t a l cur ren ts aatiadPy the conditions* 

of the short c i r c u i t trader cionsi d e r a t i o n 

• * i ,-. • • • • •• » 
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Method of Resolving; Aaay Ehrea Vectors* Into 

Uheiir Bhase Sequence Components;* 

£et the three given vectors, a* shown In P1&* 

2e, lie 

J^ »• Mr 4 J10 

Ifc * $ * Jl 

a 

% = 5 - J3 
Hhe; son of the three sectors: from equation (11)), Is 

« • % * • } •-•... AU • •. 

\ -• la * % * V 
;* 17 f Jfc 

the »ero pk&se sequence components are equal to 

one~third of the sum of the three vectors;, as seen 

from equation (-171 • flhereifore 

Lao * » » * *; CO I 

- a. 33 4 ja 

!Ehis> i» shown graphically in fig;» .Sff. 

Proa equation (18J we see that the nosHtive 

mhase sequence component in phase a i s oneMfchird of 

tho sua of I f t , 1^ rotated through. ISO' deg. in the 

.̂ psijfeiT/e direction* and 3Lff rotated &£0 deg. in the 

posit ive direction* 

Wow. 



(14) 

a% * . 6*0.5 + J0*86€)/ m *'.'J1_» 

s *3 * J5*196 f *©66 * ]£• 

. :: * -2 .154 ' +; j5*&9@ 

a^L a 2 I » (>©.5 * j0.86fc) (?*3 * J») 

- 1*5 '+• J£«59& * &*S98 4r J1.5 

= * 1.098 + jj4«@9$ 

OQaerefor® ^ 

I a l s l/&(t4 *• $1® * §P*134 * J5.09® * 1*098 + j 4 . 

a Q 8̂f5S * J&«598 

Ifaes %1 laga ^ fey 13p deg> and 1 ^ l a g s ^ %yr 

$herefore> 

% ! ' « a% a l « C-0S.5 - j0*96&)) ( .816 + j&.i 

* . 128 * J&.299 + 5*715 * JO.2^2 

= 5.587 4 j3*521 

amd I©1 * aCEal ~ C-0.5 + J0.86&1 (0*256 + J&*; 

.= * 0 .128 * J3*299 * 5*715 + J0.3&& 

« •*- 5 .843 « J3*Q77 

Ik© al&ove proeess i s shown graphica l ly i n Fig;* %• 

from equation flfc-J we see; that the negat ive 

phaae ©eqaemee componemt im phass a iss ome?~third ot 

the sum of I a . X^ rotated! through S4® deg;. i n the 

poslti-re dSrecrtioii^ and 3^ rotated through 120 deg. 

i s the positive direction* fhem 
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a 2 ^ * £-0.5 * J®.86©} C &-jl* 

= *£• * J5.19& * 0.866 + J0.5 
..".•" S*jr 

= *5.866 * $4.69$ 

wad a ^ * f-0.5 + J0.86&)) ( -» * JS| 

• 1.5-J2.59S * 0.S98 •# J1.5 

= 4.098 * 31,098 

therefore 

3L^rf $/$C* * J10*S#86S * J4.69© * 4*098 * 

I1.O90J 

* 1.4106 * J1.4G3: 

Ehea « 

1 ^ leads %t% hj 12® dog, and jt^leadss Ia g , 

fry $40 dog. 

Therefore 

Ite2; • a Ia& * f-Q;»5 * JQ»a66)) C 1.410© + 
J1.40S) 
' - ' , ' ' • ; . r\~i ; •• • - r* , ' • •-• f - - - j • - • - j 

. ; • ' - • - • • . - .. g . . , , , • . . . _ . -

= * .7053 • JO.TOJ. * 1.215 * J1.22B 

- -i^Qias + 30.5^1 

and . 1 ^ « ^ ^ a * f-O.5 - jj0.®&@J C'1*41M * J l . 

* *0#7®S3f * J0.W1 +• X.S1S * '$U-8» 

= 0.509? * J1.98& 

She atbovo proeeass i * ahoma graEfoifcamy i& WLg. Sh. 



«e w i l l now t e s t our re wait & by adding together 

the components i n each p h ^ e sad the sum should be 

©qual to the o r ig ina l -vector in t h a t phase, i n accordance 

p i th equations; Cl$S 

Jfherefore 

I a = 8«3S + J2 -f O>«£5«D + J6.S.9S + l.CLQ© * 

j^fML 

S&021 •*£ 
= 4U + 

t^^-sHR?.. • ;^M-- : . / - •••• . , .&±&lj 

fO,5£L 
ft fB^M? #^? t^^ l ^« IJEffK* 

- & * J l 

l» * , » ^ 1 * Safc, -:, 
«• a.53 + J g * 5 * 8 ^ * J S ^ V + ,§097 -

JXc9^S 

'. ffi fSftj?. 4^ ..; ' 

f h i s prove a the accuracy of.".the above work* Thia; i t t 

ahown graphical ly i n £ig> g<«u 

: . . i - . 
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•IfflKBE-EHASE SHOHS CIRCFuTS®-

5he current i n the three phase of a three^jhase 

short c i r c u i t are equal i n magnitude and spaced 

a t 120 deg, from each other and there i s no ground 

current . I t f o l l o w s then that the negat ive and zero 

phase sequence components are a l l zero and t h a t the 

p o s i t i v e phase sequence components are the t o t a l 

s h o r t ^ d r o a i t currents* 

Th.ua the method reduces to the ordinary a*Q|dy for 

symmetrical three-phase short c i r c u i t s . Ofhe posi t ive; 

phase sequence network i s the ordinary system network, 

sad the p o s i t i v e phase sequence impedances are the 

ordinary three*ghase impedances, phase t o n e u t r a l , 

Iff %i * E o s i t i v e phase sequence Jimpe dance t o 

neutral off the system t o the point of short c ircui t -

Ejk » Induced v o l t a g e , from neutral t o terminal a 

1^ = Wormal three-phase current corresponding; 

t o the chosen leva, base* 

fflaen i f Zi i s $n ohms and E a i s i n y o l t s ^ 

la. s 
Zi 

amp, (20 > 

I f Z^ i s i n per cent on the chosen kv * a 

I* = I 4\- -zr 
itoap* faij 

Th.ua


(13) 

We shall always take the "positive direction of 

current from the generators toward the point of short-

circuit, This applies to all components as well as 

to the total currents• 

LIKE TO LIKE SHORT CIRCUITS 

The Negative Phase Sequence Network 

5he negative phase sequence components are 

"balanced three-phase currents, and therefore the 

circuits involved in the negative phase sequence 

network are exactly the same as in the positive phase 

sequence impoaianeo is the same as the positive phase 

sequence impedaneej "but the negative phase sequence 

reactance of synchronous machinery is not equal to 

its positive phase sequence reactance. This- is due 

t© the interaction of one winding on another lying 

in the same slot, hut belonging to a different phase* 

Tests show that the negative phase sequence 

transient reactance of a synchronous machine is about 

73^ of its ordinary transient reactance. 

The negative phase sequence impedance is designated 

try Zg, 

* 
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3Slne*tp*3Llne Short*clrsuit Currents* 

In a l ine~to*line short olrouit there l a no 

ground connection at the fault and therefore there 

cannot be any zero phase sequence components of 

current. 

fherefbre 

T sc 

âoc 
is I - 0 x©o 

and Ig * & 

IS the short c ircuit la bet-ween phases te and © 

i t esam be proved that thlev posit ive phase sequence 

component at the fault in phase a I s 

l a l * 'Ka Aani 

where $1 and 2^ ar* |n f ohias 

©r t a i = flOO % mp. 

W&i %% 

where ^ and. Z% are in per cent on the same kv*a 

•fease a s 3^» Z^ and 2g> are the posi t ive and negative 

jhase impedances; of the network to the point of short 

c&milt* 

flhe afeove equations ({24} and (j#&lf are fundamentsjl 

in the application of the method to the calculation of 



lineMfco*line short circuits;* lax i<* the f i r s t current 

to be found: and everything follows from it» 

S&ntpe the aiiort c ircui t i s "between phases"b and & 

only; there cannot be any to ta l current in phase 

Therefore 

Lal * I a2 * I 

ana 

since 

aa 
La£ 

QJ 

= - I a l fSSji 

'i/*. '.; iij. 
f-n** tt & 

Uhe componentsIn the othe^pjhase can then he -fbundl 

from equations? (BJ and 

^n^K^U^ 41^, $%B^r*iFt^^ îM^: :̂ |̂ ci?.t» ̂ P^apJ^; 

TO i l l u s t r a t e how the phase sequence currents^ 

flow with * i&brt c ircuit "between phases to and a the 

example shown?ife Slg . f w i l l he worked out in deta i l s 

SBlnee there iar no ground connection at the 

faulty there are no aero phase sequence currents andi 

no ground current* 

Therefore 

txc I ao 1 
ffiw ® 
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5he posit ive and ne gat ive phase sequenes 

currents are shown in Wi$» $, where the arrows ©Ive 

the posit ive direction* Splnce; the posit ive ag$ 

negative phase sequence components:, are balanced 

three-nhase currents, the current in each conductor 

must return along the other two conductors;* There* 

£ore the posit ive and negative phase sequence com

ponents "behave aa i f there were a three»phase short-

c ircu i t at IP*. But* the components; musst confine in 
i '• ••••- -. " ..: • *• .•' •"' - -'*• • ". I • & y-v«-i f a If A ^ $ « J 

such a way that the "total currents'satisfy the 
. . . r - '..,••••; v . r V . - ; 

conditions of a s&ort circuit, between phases o-

and © only* 

Suppose the line to neutral voltage of the 

generator is 1000 and that the ordinary three-phase 

impedances, line to neutral, of the generator ani 

transmission line a^e Z m J10 ohms and Zf = 5 + Jl 

ohms, respectively* 

Then the positive phase sequence transient impedance 

to the fault,, 

Z. » Z + Zr = J10 % 5 + Jf& 

st 5 + J1& ohms 
• ••• ' • ' - - ; . ; : : . . . ' u . .•...-.:• • • • • . . . . . . - . . . - - • - • - - - - • • - - — - > • — • • • - - - • » » - • 

The negative phase sequence transient reactance 

of the generator is 73 per cent of its positive 

phase sequence transient reactance, the negative 

phase sequence transient impedance to the fault. 

is 
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* 

• « + Jli£,3 ohms; 

Taking the vo l tage i n phase a as? standard 

phase, that i s the p o s i t i v e d irec t lorn of the a M s 

of r e a l quant i t ies ; 

Ea » i©00 v o l t s 

therefore E&, = a% a » • §00 - j86& v o l t # 

asnd l c . ~ aEa = *> §00 * JS6S voltt® 

B̂he induced vo l tages o f the generator are takem in 

$osifcive phase sequence* 

2he t rans i ent impedances; are used, therefore 

the currents w i l l be the Instantame^ous symmetrical 

short ̂ c i r c u i t v a l u e s . 

$hen froaa equation f&4| 

* 

^al ~ Ea ••'* 1000 
•:"Zf"'- 2§; 5 * J15 * ^ * , | i t . 3 

~ * | 0 0 s IPOO q 0 3 > ^ > S l 
1 0 + jSFJP.S l c f + ( ^ 7 . 3 ^ 

~ 11«85 - j3f •& amp. 

from equat ions (sSJ 

% ! at a % a l «- * 35.9•__* j5«9 amp). 

£©1 = a I a l ~ 2 ^ # 1 * j&&«4 aaip» 
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j£& preriou&ly noted!, 

I&0 * %G. * ^G© ? ° 

8&nie the total current in phase a i a zero 

la * & 

Therefore*, 3 ^ » 4 t e * ' * ^ * ^ : * j3&»& ampv 

aBd5 ^W * aIa& * # % 3 , * * - « * l •. JW.# a»p. 

Then the tota l currents In phases to and © from 

equation* (!l5j) are 

3^ • 0 » 3$«# + j5>9 * 22.1 * J26.4 

= «56.0 * jSD*5> aap* 
• • s . - . • M . . - . - , - , 

''. ~. . :: * • :'.•.:•'• i ; £ S , ' ' . - ' • ' . • . ' 

1^ = 0• * 232*1 4? jn««: * 33,9 - J5,9 

« 56*0 * jfQ*& a*piv 

The rector relations are shoira in Blj£« «̂ The 

short-circuit current flow* along one conductor and 

returns fcy the other aa shown in Fig. 5. 
' ' :' "-"! • . ' . ' • ' " - i J 

' , - • • • . • . . | -

HUE - TD - <^«re SHOfSP * GlKftFITS 

2ere Bhaso Sequ^nee jfetwofcie 

The-"--zero phase sequence network i s much s.lmpler 

than the other two networks inasmacfa a s i t usually 

involves only the 'portions, of the network which hare 

grounded neutrals in the particular circuit, in which 
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a ground fault ©ceur&o It should he remembered! 

that the zero phage sequence components in phases 

a, to, ami © are equal in magnitude and are In phase 

with each other. 'therefore the path of the zero 

phase sequence current® f regarded in the negative 

direction )) is? from the ground fault ttoough the 
h 

tpee biases of the network in parallel, into the 

ground through &omm or all of the grounded meutrals, 

and through the gr©*smd back to the fault* 

2he nature of the zero phase sequence network 

depends entirely en the transformer and generator 

connections, and whether they are grounded or not^ 

the method of setting up> the zero phase sequence 

network will he explained hy the example in Fig; 

8 which involvesmost of the (sonmon connection®. 

M®. arrow represents a zero phase sequence e< 

of current in the positive direction^ and a zero klosm 

to the ©onductor indicates that there is no zero phase 

sequence current in that conductor, fhe &ero phase 

sequence ©omponents are equal in the three phases, 

therefore it is necessary to consider that the ground 

fault exist a simultaneously ©>n all three phase si; 

otherwise it- would he impossible to have zero phase 
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©e^enee currents i n a l l the phase&•• I t w i l l he 

found tha t the posi t ive and negative phase sequence 
wiuu NeurRAM3.e THE zcAoPHAse sequence coM/»oA/ews. 

component sflm the &w© ungrounded phafes? at the faulty 

and the t o t a l currents wi l l then s a t i s f y the conditions 

on a liner*t©~gr©und short drcmitU 

fig:. .7" iff. a Qne**line diagram of Si$« ®$ andi where 

the c i r cu i t i s complete for the zero phase aequeimee 

cur ren t , the conductor i s show® grounded a t the end!, 

ind ica t ing t h a t the current may re tu rn through the 

ground to the f a u l t , ihere the zero phase sequence 

current cannot flow, the feraneh i s l e f t ungrounded 

a t the end, indicating; t ha t there i s imfimite impedance 

to zero phase sequence cur ren t . 

f i g . 8 i s the zero phase sequence network which 

i s obtained from Fig". 7 By omitting the feranchese 

which cannot^ ©arry zero phase sequence cu r ren t . 

Hhe ordinary three-phase line«*t©*neutral impedances; 

are given in Fig;. § o& a 3®,O©0 lo^-a foa©e, and; i n 

fig®. 7 and! 8 the corresponding zero phase sequence 

fmpedlances are given en the same l a s e . 

TThe pos i t ive d i rec t ion of the zero phase 

sequence currents in the ©endue tors? i s toward the 

f a u l t , hut in set t ing: up the zero phase sequence 
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network it is usually easier to start at the fault* 

and work Irack through the system, considering whieh 

lBramchea provide a p.th for »er© phase sequence 

currents, and which do not* 

We will mow consider the portions of the network im . 

detail. 
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Resistance 

Ehe zero phase sequence res i s t ance of a conductor 

i s any phase i s equal t o i t s ordinary r e s i s t a n c e Talue; 

"but i f the conductor i s in the neut ra l i t s zero phase 

sequence res i s t ance i s three limes the ordinary Talue. 

Shis, is; because the ordinary r e s i s t ance of a conductor 

1& refer reel to the t o t a l current in i t , while the zero 

pshaae sequence res i s tance r e f e r s to the zero phase 

ftequence current in one phase only, and t h i s i s one-

t h i r d ofthe t o t a l current in the n e u t r a l , 

Transformers A and B 

Zero phase sequence currents cannot flow in the 

l ines leading to an ungrounded f or de l t a fee cause there 

i» no ground connection through which the current may 

r e tu rn t o the f a u l t . This i s always t r u e , no matter 

what connection i s used on the other side of the 

transformer • 

transformer © 

I f a X-del ta transformer i s grounded and a ground 

faul t occur & on the "X s ide , i t s zero phase sequence 

impedance i s equal to i t s ordinary three-phase impedance, 

l ine to n e u t r a l . I t wil l fee noticed in Figo 6 t h a t the 



currents in the 1 all flow away from the neutra} 

point, and that the compensating currents will circulate 

in the delta* Consequently no zero phase sequence 

currents can flow in the lines connected to the delta, 

and the network ©m the far side of the delta has. no 

influence on the zero phase sequence currents* 

Sine* the currents flowing from the ground through 

the transformer encounter the impedance of the 
; :-v -, • --.;;-;.' i • -•- - . ' . - / - -- r3»£f &£•»•£;' 
transformer, the ground in Figs. 7 and 8 is shown 

, • . • -: s;.«*• p a t h &8$s 

on the far side of the transfbrmer reactance, G« 

lran»f©rmer B 

She zero phase sequence impedance ©f a ̂ *y 

transformer, grounded on the fault s&de 'but 

isolated on the other side is infinite* Although 

there Is a path for the zero phase sequence currents; 

©m the jgrounded side, there Is no path for the 

compensating currents which would hare 4© flow on the 

ungrounded side to balance the ampere turns ©n the 

grounded side* (Consequently, it Is impossible for 

sere phase sequence currents to flow In the lines? 
-• •• jt,"-...-'"' 5 • ' ,: • ..••" '' Y ''•..". :} ; " ' "•: ••' \ "%r. i • " " 

connected to a T-3T transformer which has ©me aide 

isolated from ground* 



3B?ansformer E 

The impedance of a T*¥ transformer with both 

neutrals grounded is equal to the ordinary three-

phase impedamee. Mm far as the transformer itself 

is concerned, there is a path for zero phase sequence 

current® ©m both primary and secondary sides, since 

there is a connection to each neutral. 

Zero phame sequence currents, will flow in the 

line© connected to both sides of the transformer! 

provided of ©ourse that the rest of the path can 

lie completed as shown in Fig« ©• If the generator 

© had "been ungrounded, no zero phase sequence currents 

eould have flowed in transformer E or the lines; 

connected to either its primary or secondary. 

generator © 

Since this generator has a neutral connection! 

it provides a path for zero phase sequence currents 

to flow from the ground and return to the fault-. 

fests ©how that the aero phase sequence transient 

reactance of a synchronous machine is about 2*7 per 

eent of its ordinary transient reactance* 



(W) 

Impedance In {generator TSeutral; The zero phase 

sequence impedance of the generator neutral connection 

is three times it* ordinary impedance, because it is 

referred to the zero phase sequence current in one 

phase, which is one-third of the current flowing in 

the neutral. 

Three-winding Transformers 

In a one-line diagram, a three-winding transformer 

is represented by an equivalent circuit. In Fife. 9, 

let the reactance from primary to secondary be Xp^f 

from primary to tertiary fce Xpt7 and from secondary 

to tertiary "be xat» Then in the equivalent network, 

*p + *s * *ps t27) 

xp + *t e xpt (28> 

*s + H * *»t (»-9) 

Therefore 

x = l/flTCa + x , • x x) (30) 
p ps pt st v ' 

X D a l/2(x + ar. - x . ) (31) 
s ps st pt 

x. = l/#(x + x . - x ) (32) 
t pt at ps Transformer H 

Let x ps = 5 

x p t : = 9 

x f i t «=3 
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(33) 

therefore 

x p = l / g ( 5 + 9 - 3) = 5.6 

3% = l /g (5 + 5 - 9 ) = «0.$ 

x t = 1/2(9 + 3 - 5) = 3,5 

The negative reactance for x s means tha t the seeondairy 

leg of the equivalent c i r c u i t acta as a capacitance• 

t h e secondary and "tertiary are froth delta© and 

tooth provide c i r c u l a t i n g currents to compensate fo r 

the zero phase sequence currents in the grounded^ Y. 

primary* The zero phase sequence reactance of the 

transformer i s therefore equal to the ordinary primary 

reactance x p i n se r i es with the secondary x s and the 

t e r t i a r y x t in p a r a l l e l . The zero phase sequence 

reactance of transformer E i s therefore equal to 

*P + *t*g _ B*t I 5 * £ x- °*$ 
^ + x B 5.5- - 0.5 

* 4*92 per cent-

Transformer J 

In transformer J one winding is an ungrounded 

Y which cannot carry zero phase sequence currents* 

Therefore the circulating current in the delta imist 

entirely compensate the zero phase sequence in the 

grounded X. This three-winding transformer acts in 
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exactly the same manner as transformer 0# 

Jmto-trg^isformer K 

ii grounded Y auto- trans former with a delta tertiaify 

is equivalent to a three-winding transformer with two 

grounded Y windings and a delta• lm setting up the 

equivalent circuit we look ahead and notice that the 

secondary is connected to an ungrounded generator I*, 

which will not. allow ssero phase sequence currents to 

flow in the limes connected to it* Hence the auta-

transformer K acts as if it were a y/-deita trans

former with grounded Y9 liMe transformer &; and ite 

zero phase sequence reactance is equal to its ordinary 

reactance from the high voltage Y to the delta* 

bounding transformers; 

A. transf oriaer connected either grounded Y-

delta or grounded zig-zag;, which floats on the line 

for the purpose of establishing; a ground, acts in the 

same manner as transformer C;« 

Zero Ehase Sequence Impedance 

fhe aero phase sequence network is mow completely 

set up> and all the possible paths for zero phase sequence 

currents are indicated by grounds; at both ends. We then 
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calculate the gero phase sequence impedance, ZQ 

of the network of Fig * 8 to the point of short 

odrcuit- as follows* 

The impedances of the paths in parallel are, 

Branch 

C 

E 

J 

H 

then ZQ * 

3&apedance K&cipro<ml 

J5 - jO.200 

J6 - JO* W 

410 - jG.IGG 

j#i-t* • *' 3>@tf2©# 

0 + j l5o7 -et'.esw * jo»©^i 

fbfal « 
1 

0.§&f5 **JVfttt 

0.0335 - J6#*H. 

0*064- + J1.38 ohms 

Iiinê tÔ ground' Short-circuit currents; 

"When we hare a line* to -ground short circuit the 

current flowing into the fault must return through the 

ground and there must he poftitire, negatiTe and zero 

phase sequence components of current** 

#ake a simple circuit oo nsisting of grounded T 

generator feeding a three phase line with a ground! 

fault on line a* We know that the total current in 

phase a is equal to the current ia the ground and 
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(36} 

that the total currents in phases ¥ and c are zero. 

Then 3kl * ^ & L + ^ % * ^ ̂  J * 

Mso ^ * l / 3 ( V V ^ V * aIc » = ^ r 

and Iao a l/sWa + % ^ "%S/ =? JE*-
3 • 

therefore, 
_ ~_ ^a ~ \ (39) 

^ l * xa2S; Xao~ lao* eo~ — — — • 

It will he motived! that the total currents satisfy 

the conditions of a grotand fault on phase a only; 

the component currents behave as if all three phase® 

are short*circuitedl to ground!* 

fo Find the "Walue of '1^ 

Let Z-L I Zg..", ZQ fee the positive, negative and 

zero phase sequence impedances of the circuit from 

the neutral of the generator to the fault* fhen the 

voltage drop- diie to the eompoment Xal£IovlB& through 

impedance Z^ i® Ial z^. Also the drop due to the 

negative $iase srequemee current is l^2 z2; ; and for 

the zero phase sequence current, the voltage drop is 

3-ao zo * ^©refore the total drop in phase a is; 

Vl2! * Ko 2o + * 2 
ai l a2 Jt ao © 
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Simee phase a is shorted to ground, the total 

drop in phase a is equal to the lime*to*meutral laAKodai. 

Toltag©, K&, in phase a. 

therefore, 

E « I , Z, '+• I ~ Z«, + I Z a al 1 a& ft ao o 

But we hâ e shown that 3̂ ^ s 3^ - %o* 

Therefore, 

E%* * i < v + ** + "'%* 
la 

• * l a l ~ ' Ia$ e l a o ~ _ » i ^ 

S E a ' An&h ( 4 0 } 
z l * % + z o 

where Z^, Ẑ >, Z0 are in ohms^ 

I f Zi , Z^ , Z0 are in per cent on some fcr-a. 

fcase»; and % i s the normal current corresponding to 

t ha t base , then equation (40} lecoiaea; 

*al * *aS * W * "f- "."f-
100 I 

x n arapy (41 j % +• ' % +• Z o 

Equations (40) and £41} are fundamental in the 

ca lcu la t ion of line-i0*groumd short c i r c u i t s , j . 
al 

is! first ealcualted, and all the other current* are 

derived from it. 
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GENERAL CCHSIDHttTIbHiS 

3Da the c a l c u l a t i o n s of three-phase or s i n g l e -

phase short c i r c u i t s on complicated ays terns the s o l u 

t i o n of networks fey K i r c n o f f s Laws he comes very 

laTtwrlouss* The Calculat ing Board o f f ers a very good? 

s o l u t i o n t o t h i s d i f f i c u l t y provided that c e r t a i n 

conditions. are f u l f i l l e d . 

She f i r s t condit ion i s that the three phases 

must fee symmetrical, so that the system may fee 

represented fey a one - l ine diagram. This i s true for 

the p o s i t i v e , negat ive and zero phase sequence networks. 

Use second condit ion i s that the currents through

out one phase of the network must be in phase with each 

other , so that a l t ernat ing currents may fee represented! 

"fey d i r e c t current so far as the i r behavior ac cor ding-

t o Kirchoff*® liaws i s concerned* This condi t ion i s 

f u l f i l l e d i f there i s no r e s i s t a n c e i n the c i r c u i t . 

A th ird condi t ion i s that a l l generators must-

have the same induced v o l t a g e . STfeis assumption must 

fee made i n both three-phase and sin&Le phase c i r c u i t s * 

Any disadvantages of the Calculat ing Hfioard are jus t 

as s e r i o u s £br three-phase short c i r c u i t s a s they 

are for s ing le -phase short c i r c u i t s * 
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With the Method of Symmetrical Components the 

caacalatlon of the actual fault current Is very 

ttimple once the phase sequence Impedance® of the net* 

work have "been founds hut considerable labor IS l a -

Ti£t*wed In finding the current» in a l l the phases of 
• - • 

all the branches* Most of the numerical work eon
s' 

gsisfcs in miltiplying vectors by a or a-; and great 

eare is necessary to avoid making mistakea; with the 

signs* If ̂ however/ the resistance of î he circuit 

is neglected, the components are entirely reactive, andi 

the multiplication by a or as may be performed direct* 

ly on the diagram of Wi$* 10* For example, if Ial = 

- J60, it will be seen, fey projecting to the horl* 

% 
zontal and vertical axes of Fig. 10 that a (*J60)t 

= -5$ + jm. 

She signs; can be read immediately on Pig, 10 

and the values are accurate enough for most purposes* 

We note however that the nrmeriml values of the 

real and, imm^ginary components are either 0»866 or 

0.51 times the numerical value of the veotoiu Shere* 

fore we may set our al ide rule with one end at 0.86© 

to perform a l l the multiplications by th i s factor, 

and the other component may fee foundby dividing by 
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2. $he signs and approximate -values asaa fre seen at 

once on Fig* 10. 

wnen the circuit contains both resistance and 

reactance the phase sequence components are complex 

qualities. To multiply a complex quanity "fey a or 
t 
a with the help of Fig, 10 it is only necessary 

to treat the real and imaginary parts separately. 

Thus:, 

Jk$$Q + Jfc#$ = a £SO> + a £jifci$ 

a * 16 + jSB *•.«&?.» J2& 

= - 53 + J4 

This may he # » r i £ i e d by t r a n s l a t i n g in to t h e 

polar form but considerately more work i s involved . 

Uhuai, 

50 + J44 = 53.Z / 5 5 . 7 deg. 

and - 55 + 3 4 = &3#$ / 175 .7 deg. 

The magnitudes are the same and the aagj.es d i f f e r by 

1®0 deg. 

Fundamental Assumptions; 

30a a l l ashort-circuit c a l c u l a t i o a s i t i s necessary 

t o make assumptions which .may, im r e a l i t y , bte f a r 

from exact* 

aagj.es


(41} 

We assume a zero resistance fault, Wsualiy 

the impedance at the fault is small; but if* 

a conductor falls; on a dry wooden crossarm 

and the only return path is through the wood, 

the resistance may run into thousand & of ©hmss. 

We neglect load current and charging; current.* 

If these are taken into account the ®alen* 

1ations become extremely complicated* 

The imduced voltages of all generators are 

assumed to be equal and in phase, so that 

there is mo circulating current before the 

short circuit occurs. 
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SHAPTER Z 

DETERMINATION OP CHARACTERISTICS OF 

MACHINERY AHD APPARATUS USED IN WORK. 

In selecting; the apparatus to use in our testa; 

we were fortunate to hare available in the laboratory 

a lfrank ot transformers whose characteristics and 

% eonstants were anch as to test the existent theory 

In Its limiting conditions. 

The necessary apparatus consisted of: -

1 WStin^iouffie Ho tor Generator Set,; Rotating 

armature type of alternator. 

Westing&ouae *•© generator, 7*5 kv-a, 125 

volts, Belt a connected, 22® volts Star 

connected!; 60 eyele^ 1800 r.p.m. 

34»3 Amp. per terminal Delta connected; 

i n rt If I* n «• l»r 

Serial number 14702$X 

1 Bank of Wagner Electric, d̂ ompany Transformers 

1 kw. 2S0/110 volts., 7/14 amperes 

serial numbers^ 54945tH945,^49*T 

1 Bank of Wsstinghouse Electric4 Company 

^ansformer®. a»5kv*ft, 2*7^ Impedance?; 

24Q/1SG volts - BQ/%% VOltS! 
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Serial ffiantaera^ 1089477, 1092259> 1089479 

She nans maffie for characteristic determination were 

as follows;* 

A* * On t t e alternator 

! • 0sgen c ircuit characteristic or magnetisation 

curve Bun. 

&* Short ©ircuit characteristic run. 

& • • i f f e c t i v e a ^ e resistance of armature with 

the armature removed from the machine, not 

including brushes;, 

5* Cffinml© or dl * © resistance of armature including 

Inrushes. 

She alternator was run under load for a sufficient 

time to bring it up to stable operating temperature 

"before the above readings were taken. 

Bue to the fact the alternator was of the 

rotating armature type it was necessary to determine 

the brush drop with directf&urrent with the armature 

in place, as there wa» no way of setting the brushes; 

on the alip rings with the armature out of the* 

alternator for effective a * c resistance determination. 

The brush drop per phase was obtained by subtract

ing the resistance per phase obtained from E&n 4 from 

run 3* 
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ffig;. 11 siiows the diagram of connect ions for run 

Wl&> m " * * tt m » « # £ 

F ig . 13 includes the open and short c i r c u i t 

character i s t i c s , as obtained i n m s 

(1) and fffj 

Wo diagram of connections i s included for runa f 3 ) , 

(4}i ^nd (5> 65ue t o the f a c t that standard pract i ce 

for r e s i s t a n c e determination was followed* 

Iftie ofe® erred data from the aboT© run® fo l lows 

in Sect ion 1 and the ca lculated data i s tabulated 

in s e c t i o n 2 . 

ROT* #1 

OPEN CIRCtJIT CHARACTERISTIC OR MAGNETISATION GUHVE 

Volt a 
B«r Bias© 

f i e l d 
Current 

S>pee<& 
Hv FwM 

00 .0 0 .0 1 8 0 0 

22 .0 5 .0 • 

39*5 S. 3 a* 

54 .8 11.65 w 

6T.0 14 .8 it 

80.G 17.25 m 

89 .0 19.5 n» 



99.0 

106.3 

115.0 

121.3 

187. 

137.5 

144.5 

(46) 

§2.5 

24.75 

27.5 

30.0 

32.0 

35.8 

39.5 

I 
1800 

it 

m 

$ 

m 

ir 

,w 

- $fe 
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HUH #SS 

SHORT CIRCUIT CaiARACTERISTIGF 

*L % % *t SPEED W. 

k- 5 5 5 . 0 5 1800 5 

• 7 . 8 4 . 8 lOgP n? . 7 8 

1.78 1 . 8 1.8S 4 . 8 w 1.803 

2.66 2 ,62 2* 68 7.a tt ft. 653 

^ 3 .45 3 . 4 3.48 9 . 7 5 m 3.445 

4.00 o » y &.'o 4 .03 1 1 . 0 m 3.985 

4 .87 
i 

, .4 .835 4 .87 1 4 . 0 n "S.855 

k= 10 10 

£ .93 

10 

2 .98 

10 

g.98 

10 

£ .93 

10 

2 .98 17 ft. 9633 

5 .45 3 . 4 3.46 1 9 . 5 3.437 

3 .93 3.86 3 .93 22.2r 3.907 
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mm #s 

EFFECTIVE A-® RESISTANCE WITH ARMATURE 

REMOVED FROM MACHINE (TOT IKCIDDIB© BRUSH 

EESX§$AKCE) 

OarrenH W&tt& 

5 I-I 

3.875 9 £ , 

4.725 137. Ehase 1 

&.9G8 54. a*a 

3*87 91*8 

4.725 138.0 Bhaae g 

2.95 53.5 fo-fe 

3.875 9&.0 
| ; ! : " * • • • < 

4.735 137". 5 
1 t * 

Phase 3 

§•975 54.0 c*-© 



mms #4 AND #s 

OHMIG; HESISTAHOE GF ARMATUHE 

Ctarr&nt E 
Hfcrmisal 

E 
Without 
Bttushes 

19 .7 6 .1 4.6) 

8*46 o . <£ a. Fhase 1 

»j!0 • 10.3 8.32; 

55 10. 0& 8.35 

19.7 6.& 4.66 Baaase £ 

8.265 3 .2 S.G 

4 0 . 0 3 . 2 1.83 

19.fi ft.l 4 .52 Riaae 3 

6.85 10 .1 8.SB 

19.fi


fK) 

GA£C0£ATIOVS 

EPPECf IV'E HESISMJCE OP ARMATURE WITHOUT KRUSHES 

Eliase 1 

• 2448 ohms 

• M g » * 

.§4TO w? 

average = • 2334t 

Ehase 2: 

.t455> ©|pil3fe 

• 2#)0 * 

.&4®0 

J&veragj© = .&€@g; 

Fhase 3 

.£448 

•g4@t§ 

.S440 

Average « *S4&0& 

> 
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OHMIG RESISTANCE 

With SruEtiiess 

• 3095 

Without Brush©* 

Eha&e 1 

With SruEtiiess 

• 3095 .233& 

.3T8& • 2365 

.£9413 . 2 3 7 5 

Biasse -8*. • 2:@@c3: .23841 

.3150 . 83605 

" ' : " • • 

a 3868 .9418 

Ehas« 3 .400<T .2288 

.3X13 .2306 

. 2 9 0 8 5 . 2382 

lUaing average of %• values1 corresponding; t o 

higheat curr%s1kffi:-

ifeRAtSE TAIDESL 05 RESISTANCE 

Kf f . - t t EfT. W Gtoni® J£'.: 
Arm. alone $&&• Brushes Bac« slpae? 

Biaa© 1 *£45Q5 .31143 

Eha®63 & *®|®Si5 .309575 

Phaae 3 .34552^ .312195 

.2355 

.mt5& 

.2344 

Gtaior- K\ 
"jftjg> BTuahei 

• 3019 

.30065 

.301075 



mi 

SSHQHROKOFS IMPEDAKGE PER PHASE 

38aken from ©pen Circuit an€ Short C i r c u i t 

(£har a ct er i a t 1 c s 

mm #$ 
3T, short c ircuits * 40 amp* 

K, open c i r c u i t = 100 v o l t s 

% = 100 * 4& = SV& ohms : y ^ •••» / :-
X;;: <V / ^ ^ K ^ S ... 2 

p^Bfe 
s Reactance per phase, Xg « / H ^ 

Ehase 1 , 3^ » 2Q48 ohms 

Biase 2 , ^ * 2#4S ohm* 

Ehase 3 , ^g = 2 . 4 8 ohms; 

ROTS* MADE ©N THE ERANSTORMER& EDR DETERMIHATIGH 

OF GHAMC1ERI5SIG3S 

She only PUS made jffoy the e h a r a e t e r i s t i c s OP 

©onatanta of the transformers was a short circuit* 

luaa from which the reactance , e f f e s t i v e r e s i s t a n c e 

and! the impedance o f the IncBiYicftial transformer as was 

ca l cu la ted . 

fhe o"ftw»erTed3 data follows; i n Sanction 1 

She Calculated * **' * * 2 

for "both the Wagner Transformers and the Westin©-

Bcouse transformers* 



£55) 

<w 

% 

9 

SECTION 1 

Ol&ERVED DATA-$HORT OlRCUl'ff RUNS ON TRANSFORMERS 

Warner âpamsdPopmera 

©oil ffaltio of turns 2 to 1 i»#« S20/110 

feryeirt V o l t s Watte 

4 ,54 11.418 52: Tfrajia. & #54946 
- ! • " . 

4.54 11*8 52.5 Xframff. m #54945 
"• '-•••:; •.. ••;....• . • . qfrts M : :" • ft ,:' ' " ; 

4.54 11,48 5^.3 2^anpf ^#5494:7 

m i l p a t i o o f turns 1*1 ! • « • 2S©/fe0 

4 .5* 8 ,3 57• 5 Tfrftnffi. A 

4 .54 0.65 59 Trans. & 

4 ,54 8.275 57 m*an&. . 6 

Wastingfrouse TranaformerE 

. 

10.4, T.85 77 #1089477 

10.4 7.21 § 8 #"1092259 

10*4 7.44 72 # 1009^79 
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SECT I « £ 

GALG0LA1ED BAK 

fRAHSFORMER IMPEDANCES, REACTANCES AID 

RESISTANCES 

Wagner fraais'formerffi Referred' t o U g h S3d© 
o o 

EL Z X-. Rg Z X 

10 fE0/2gG 

A 2.528 2 ,588 1.819 .l»83f; 

B 2*545 t.fe 1*89 1.904 

C- 2 .538 2 ,528 1.793 1.823 

l a t h e afeove t r a n s f o r m e r s t h e r e a c t a n c e was so 

low t h a t i t was not p o s s i b l e t o measmre i t . As t h i s ; 

w i l l Tie indicated; l a t e r t h i s ; was a jlortaamate t h i n g s 

Westimghomsse frans#ormers= 

I n f e r r e d t o l l g h Side Zm/%0 

E g Z 2S. 

10894*77 -.'tTllfi' . 7 5 $ , W 7 

10922S9 .®m .693 • tS&l 

1G89479 .666 .116 • $&$ 
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©HAPUER & 

AC1TX&L TESTS, BATA AKD HESUI^S ©BtAIBKD IF 

SXNCB£ PHASE &8QBS CIRCUIT TESTS. 
— • 

The single phase short circuit, t e s t s were thrift1 

in number, each consist ing of a different type of 

connection. The most logical way to lalrel and dis~ 

tinguish them i s to ©all them Testa 1, fff and 3 since 

the character of each i s best denoted by i t s diagram 

of connections* 

The current 1 i t erafcur e on the sufej e ct of short -

c i rcu i t s , Taases %%a theory and calculations upon the 

fact thatVthe resistance of the c ircuit i s negl ig ible 

om short-circuit and that the inductive reactance i s 

the only factor res tr ic t ing current flow* 

Bue to th i s prevalent assumption our three 

investigations off" aingjle phase short *cir cu l t s are 

subdivided into f i ve parts:-
• 

tma !Bhe calculation of the shorts circuit currents 

using the numerical value off the impedances of 

the apparatus in questicm* 

It* The calculation of the short-circuit currents 

using the complex form of solution. 
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e. The calculation of the short*cireult currents 

using only the Inductive reactance ©f the. 

apparatus In question. 

<&. Tffhe calculatiom•••of the ahort-circuit 

currents using only the resistances of the 

apparatus in queation© 

e. 3h© actual tests- for the -short-circuit, 

currents actually existing uaader- the ShOrt-

circuit, conditions assumed? for the apparatus* 

whose characteristic ̂values; and const ant & 

were usedfr in the calculated results of parts 

», h, c, and d a%ove. 

• f> 

tfer the-purpose of bur invest igation i t was 

lildeed fortunate that the fcrarisdTormctfs available andl. 

uffe^ in the^'test», ka^ a very Mgh value of resistance 

as compared to their value of reactance. In fac t , 

one bank of transformers,, the Wa^aer, 1 kw. feank to 

BC^afact^ had a resistance per phase practical ly 

equal to impedance, Hhua; the reactance was; neg l i 

gible in comparison. TEhis i s evident from the 

characteristic or constant determination -tests' as; 

discussed in Chapter &* 
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Bue to this fact we were investigating for the 

extreme case amd if we found that the resistance coul# 

fee neglected in this ease, it would show that the 

common assumption that resistance does mot affect the 

•value of current on s&ort-eircuit was correct. 

SOC&JE PHASE SHORT -CIRCUIT TEST 

H0.1 
I 

In 3£a& Bo* 1, the apparatus consdsrting of the 

Westing houce Y«*connected alternator, Wagnor bank of 

SEransfbrraers connected T to Belt a with a turn ratio 

of 1 to 1 and the Westlnghouse 1 transformer® «tta-

nected a a shown in Fig* 14* The fault was as indicated.* 

Ammeters were placed In the ground connection 

©r fault and also in the grounded leg of the Y-delta 

connected!. Weatinghause grounding; transformers* With 

the fault connection open, the alternator voltage 

wis set at 20) volts and the frequency at 60 eyeless 

The fault circuit was then closed eauadng the line* 

to-ground or as it is callej Single phase s>hort-

circuit^ to take place* 
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two readings were made*; first, the instantaneous 

or transient current in both the ground or tfara.lt. and 

the grounded leg of the transformer were read at the 

instant of causing the fault, and secondly, the same 

currents were read after steady state conditions had 

"feeen established'* 

She instantaneous or transient values are of only 

passing interest in this paper since they endure for 

only a few eycl.es and cannot he accurately investi* 

gated without the use of an osdllopraph. 

fhe steady state conditions:, however, are of 

primary importance since it is th®se values that 

relay settings are based upon, and it is these values; 

that give us a cheek upon the accuracy of our calcu

lations as made to predetermine their magnitudes. 

Following are the calculations as made according; 

t© the theory outlined in Chapter 1. In these 

calculations the average per phase values of the 

constants determined .in chapter % were used, fhese 

values will be found on the respective positive* 

negative and zsro phase sequence networks diagrams 

accompanying the various solutions. 

tfara.lt
eycl.es


am) 

ftest 1. Bart. 1, Calculation of single phase 

short-circuit currents using the numerical value of 

the impedances of the apparatus as, the basis, for the 

calculation* 

Impedance of the alternator per phase 2,5 ohms 
• 

Bapedance of Eelfca to Delta transformers 

Ber Ehaset 1.83 ohms 

Impedance of T to Delta transformer& 

Per Bhase 0.75 ohms 

•\ • 

fbom the positive phase sequence network diagram 

on following page it is seen that for the positive 

phase sequence currents the impedance 1m 

2, positive phase * z, alternator + z» Ueltta* 

Be It a transformers = 2.5 + 1.83 = #,33 ohms 

% 2, negative phase sequence s* Z, alternator 

* x «7& + Z, Belta-Belta Transformers = 2*5 

x #73 + 1.83 = 3.66 ohms; 

Z, sero phase sequence = z, YHE&elta t ransformers 

= .75 ofems 

The total impedance is 

4*33 4 3*66 + 0»75 - 8*74 ohms 

the current in the grounded leg of the Y 

connected groundling transformers is thus 



{ • « ) . 

x B K s ggfl/45* - 14.51 amperes 
2 8*74 

As i s pro*veii in (Sliapter 1 the ground current 

iff three time® the a%oV/e value and i s thua: -

Ig = 3> x 14.51 = 43U5& ampere© 

& 
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5Eeat 1 , Part £• Calculat ion of the sdn|£le phase 

short ^c i rcu i t current at using the complex express ion 

for the Talues of the impedance of the apparatus as? 

the b a s i s for the ca lcu la t ion* 

Impedance of the a l ternator per phase 

. Z • . 3 1 + J&.48 ohm® 

Impedance of the Del tarBel ta 1!ran«fbrmers per phase 

Z * 1.9 + J® ohm® 

Impedance ®t the Y«»Eelta transformers per phase 

Z .6685 + JO.S68 ohms 

]fe»om the p o s i t i v e phase sequence network diagram 

for Test 1 . Bart 2: i t i s seen that for the p o s i t i v e 

phase sequence current the Impedance i » 

%, p o s i t i v e phase sequence «• Z^ 

a l ternator + Z, B e l t a - B e l t a STranaformers? 

« (0 .31 + J«Wf8j + ( 1 . 9 + JO} 

m &.%l + j£ .48 ohmflEs 

and i n sjame manner 

Zj negat ive phase sequence = Z, a l t erna tor * 

Z, Helta-Be I t a transformer = ((0.31 + j . 7 3 ar g .48) 

+ ( 1 . 9 + JO)) = £ .21 + J1.81 ohmf 
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a l s o , 

Z, se ro phase sequence - Z, 1£-Belta t r ans fo rmer 

= Q#6685 •+ J0.268 ohms; 

The t o t a l impedance i& 

C&*31 + iM9m)) + ($•&! + J1.81J: + (Oo66B5 

+ j0*g©8) 

Z * 5«©8& * .Ho5© ohmsu t h e numeric of which i s 
,;,;'.,- }frrr^^•.-••:......,,-: ••••. ,r^....;. t; , , - , . , •;,:•. :••-

2 J-N/(5V089) +• f4o56) > 6.855 ohm® 

©ie- current im the grounded leg of the Y-eonnected 

grounding transformer is thus;: -

1 2= a 2%®/tJW - 18.6SS amperes 
2 "Ok 

and the ground current is 

Ig » S x' 18vi^ = 55»8§; amperes 

3Fest 1# Bart 3. Calculation of the single phase 

short-circuit currents using only the values of the 

inductive reactance of the apparatus as the "basis 

for calculation, negleeting the resistance* 

®rom the positive phase sequence network diagram 

for lest 1* Eart 3 it la seen that for the positive 

phase sequence current the reactance is t* 

X&, positive phase sequence = Xj, , alternator + 

X&, lielta-©elta transformers; = g^48 + 0 

= 2*4:8 ohmse 
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and tm. the same manner 

Jt^, negative phase sequence = Xj^, alternator 

+ XL, 0elta-T5elta transformers = 

£•48 x 0i7S + G =( i»81 ohms? 

also X -̂' = zero phase sequence « 3L» Y-Belta 

transformer » 

« .268 ohms 
•\ 

fhe total reactance ±m 

So48 + 0.73 3r 2*48 +GU2B8 * ##558 ohms 

She current i s the grounded leg of the Y~ffi®nnecte& 

grounding transformer i s thua 

1 *JL s ^ $ +V^x 4U558 s= W.9 amperea 

and the ground current i s 

I * S» x 27.9 * 83*7 amperea 
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Eest 1. Part 4* ©alculation of the single phase 

short *eircuit currents using only the values; of the 

resistance of1 the -apparatus as the /basis, for calculation.* 

neglecting the inductive reactance• 

jSrom the positive phase sequence network diagram 

for lest 1. Bart 4 it is ssen that for the positive 

phase sequence current the resistance is 

B9 positive phaare sequence » R, alternator + 

W9 ©elta-tSel-fca transformer * 0.S1 *' 1*9 = %*21 ohms 

aqadhrin ike same manner* 

ffi, negative phase sequence * &» alternator + 

W9 Belta-Belta transformer = &*31 + 1*9 

= 2:. 21 ohms 

also ft, zero phase sequence = R, Y-Bi&it* transformer 

- 0*6685 ohms 

The t o t a l ^ r e s i s t a n c e i s 

£.21. + 2>21 + d.6685 * 5*0885 ohm® 

!Bhe current i n the grounded Jeg of the 7*oonne<etedL 

grounding transformer i s thus :* 
£ • '" 

I » | S 220 +>/5 x 5*0385 * 24*93 amperes 

and the ground current i s 

I g s 5 x. $4*93 « 74*79 ampere m 

l e s t *©. 1, £&rt 5 OBSSRVED DATA 

- ^ K 
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,J^t^p#f. Tgrmm* .: . ^oundL 
Phase- eurrent Current 

I M ^ ' * . ~ • i . . . . • ; - ' • • ' ' • • i. •>' i 

$9$ 5 119 

30 .5 81 

• B 

Generator 
^oltaffie 

89 Instantaneous or 
t r a n s i e n t Talus 

IS© Sustained! or 
steady State 
Ta lus 

Before c l o s i n g f a u l t edreticit !•©•# suddenly 

applying the short c i r c u i t from l i n e t o ground, the 

a l ternator vo l tage was s e t at %%® v o l t s and the fre-

quency a t 60 c y c l e s . 

•2ABEJLATI0U OP CALCULATED RESULTS 

TEST 1 I X, 
(afcotmeEed ite&iBs. 
Biase ©current 

i(S&*0UHdl 

Current 

Part 1 l34«51 4:3 •WJL Mil of these 

part * is. m 55*86 are steady states 

Bart 3 27.9 83.7 values, 

Hart 4 &4,93 74.79 

Bis steady s t a t e values ofctained fpr thi,s hook-

tsp on t e s t were 
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JT, grounding transformer phase current = 50#5 amperes: 

I , ground current = &1 ampepes 

, As may he r e a d i l y seen the observed steady s t a t e 

currents check the vaaues as ca lculated i n part £• 

Ihese values ca lcu la ted in part 3 were ca l cu la ted 

us ing only the induct ive ,reactance of the apparatus 

as a bas i s fior c a l c u l a t i o n , neg l ec t ing t h e r e s i s t a n c e * 

5 h i s shows conc lus ive ly that the assumption that 

the r e s i s t a n c e may be neglected i n s i n g l e ^ ptiase s2^ort-

c i r c u i t ca lcu la t ions^ i s correct s i n c e the rat4o of 

re s i stance to reactance in the apparatus used was high* 

and i n the d e l t a to , d e l t a connected bank of transformers 

the reaotanpe was so low as to fee neglig^i&e* 

Bart S ffialjculatij&na are on the only. ones cheeking; 

the actual t § s t r e s u l t s ^ 

SINGLE PHASE SHORT-CIRCUIT TEST 

NO. 2 

,In t e s t HfQ* 3$f the anpar%tus c o n s i s t i n g of the 

Westin^Qus>e. Y;*epnne©t>ed a l t e r n a t o r , Warner bank o f 

transdf&rmers; C0nm£,cted l * l t a l a J with a t«i»& » a t i o 

of 1 t o 1> api the Westin^ou&a bank pf. transformers} 

connected Y t o d e l t a with a turn r a t i o of £«75 t o 1 
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was connected as shown in KLg. 15« The fault waa 

as indicated. 

Ammeters were nlaced in the groumd connection 

or fault and also in each of the grounded legs; of 

the f>»®Q®neoted transformers* 

With the fault connection open, the alternator 

•voltage? was set at 220 volts and the frequency at 

©0 cycles. 

The fault ffidrcult was then closed causing the 

line-to-ground or as it is called "'single ,phase 

short•circuit* to take place 
• ' • - ' • ' * " * * • * • • - ' • - ; " • • ' '•' - v ^ " - \"'>^7< 

5*o reading were made-; first, the instantaneous* 

or transient currents in the fault, and "tooth grounded 

transformer legs were read at the instant of causing 

the fault and secondly, the same currents were read 

after steady state conditions had fee en established. 

As in Tflest W6>. 1, the instantaneous or transient 

values; are of only passing interest in this paper 

since they only enfur® for a few cycles and eannot 

•fee investigated without the use of an oscillolEraph. 

The ffteadiy state conditions. are of primary 

importance since it is these values that relay settings 
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are based wpon and it is these values that give us; 

a check upon the accuracy of our calculation® as 

'made to predetermine their magnitudes^. 

lest 2 Bart 1* Salcul at ion of single phase short* 

circuit currents* using the numerical value of the 

impedances of the apparatus , as the has is for the calcu

lation* 

Impedance of the alternator, per phase = 2*5 ohms; 

'" ff Hi 3Deita*Y trans* * ** =1.90 "T 

* tr » y-Belta * w * « 0*75 * 

B*om the positive phase sequence network diagram 

for Test % B&rt 1, it is seen that for the posdtive 

phas« sequence current the impedance is 

* Z, positive phase sequence - Z, alternator + 

Z, delta*Y transformers = 2;.5 + 1,9 = 4*4 ohms? 

and in the same manner 

Z9 negative phase sequence = Z, alternator x 0*73 

+ 2, <!elta-Y transformers = &*5 + 0*73 + 1*9 

- 5.725 ohms 

also 
1 

Z* sero phase sequence = '  

1 + 1 

Z,delt&-Y Z, Y-delta 
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1 + ((1/1^9 + 1 /0 .75) = 1 + C^.5S6 + 1 .333} 

• 0*5375 ohma 

The t o t a l impedance 1st 

4*4 + 3*725 + 0*5575 m &*6&a@ ohms* 

I , combined transformer l e g currents -

@#© +^3 x 8*662=5 * 14*67 amperes 

I , del ta-Y transformer Efease * 14*67 x 1 .9 fi 1 0 # 5 ^^au 
0.5375 

I , ©povtatdl = 3 x 14.67 = 44 amperes*. 
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TCest Ho* &, Eart 2. Calculation of the s ingle 

pha s e shor t*c ir ©ait current s using the o ©mples 

expression for the values of the impedance of the 

apparatus as the "basis for the calculation* 

Jfrora the posit ive phase sequence network diagram 

for 2est Z9 port # i t t s seen that for the posi t ive 

phase sequence current the impedance is> 

^ nopitive phase sequence $ &•£! + JS.48 ohms; 

and in the same maimer 

^ n e g a t i v e phase sequence - (10 .£1 + J0.75 ar 2»£8) 

+ (CU9 * 3&) * ^»21 + _..J1»(& ohma 

also for the jsero phase sequence 

T, deltafY transformers f 1 + Z9 delta - y a 

• J + £!•# + JO} a ?5S3«5 + JO , 

T, T^delta transformers. = 1 + (#6685 + JG.a68J) • 

1 + (;.6®85 + i .268)) & (v6685 » J»26B) -
(.6*505 - J ,»SJ." 

l*$8....,*. 3Q.5I7 

X# z©ro phase sequence = Y» d e l ^ a ^ + y , y-del ta » 

s i £9,5265 * JOJ + . tt*l& # I ,517) 

« -jU,8].6< - 3 •5iT 

Z, zero phase sequence = J, * X* zero pha^e sequence 
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= l.Slft r j .517 1.516 + j ..617 

= *S1 + j .145 numeric = .53 ohma 

Ebtal impedance is thus: 

adding positive, negative and zero phase sequences, 

m (a.^i + 3 m#m% •+ (2»2i + ji#8i$ + ((o#5i * a <a.i4si 
/ g~^ gr 

= #*93 + j 4.4S5 numeric «,/((#. 93) +(4»435) *= &.«& ohm* 
I , eomMn^d transformer phase currents 

* 8@0 +JE 3c ffi.ffiS? « 10.3 amperes; 

X, ground • & x 19«13 = 57*39 ampere a 

1, dlelta-^ t^^anaf ormers, s X, Ifcotal phases x Z, zero 

phase sequence + Z, del ta-X transformers 

= 19.13 x o&3 + 1*9 • So34 amperes; 

I , Y*delta transformers m 19.13 x #53 + «75 

= 13*55 amperes. 

Test 8, Fart* 3. Calculation of single phase 

short-eircuit currents ussLng; only the inductive 

reactance of the apparatus as the baadsi for the calcu** 

lation, neglecting the resistance. 

from the positive phase sequence network diagram 

/for Te&tZ, Bart 3 it is seen that for the positive 

phase sequence current the inductive reactance isr* 

** ... 



2§L> pos i t ive phase sequence = X^, a l t e r n a t o r * 

2£# delta-Y/ transformers = J 2*4S + j ) = 

j2:#48 ohms> and in the same manner 

XL, negative phase sequence ~ X, a l t e r n a t o r x 0.7$ 

+ X, delta«-Y transformers « j 3*48 x *7& +• jQ; 

~ 1.81 ohms5 

a lso 

, zero phase sequence = ~T~y% 

st 9 

+ —r 
»££ 
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As can be readily seen this solution as indicated 

above would be indeterminate due to the fact that.the 

Inductive reactance of the delta-Y bank of trans

formers was negligible* 

This indicates conclusively that the values of 

single phase short-circuit currents for this particular 

type of connection cannot be calculated when the re* 

sistanoe is neglected and only the inductive reactance 

used. This is unfortunate since in view of the previous 

test the above mentioned method of calculation was 

evidently the best* 

Although the calculation would tend to indicate 

infinite current In the delta*Y grounded transformer 

phase, this was not the case as is shown by the test 

data for this particular hook-up* Hhis indicates 

conclusively that the resistance must have a limiting 

effect in this peculiar and particular type of connection, 

In view of the above fact, the current couldi be 

predicted by calculation by merely using the value of 

the delta-X transformer reistance in place of the 

inductive reactance in making the calculation* 
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X, zero phase sequence => 1 + ( l / l » 9 * 1/CU2&8) 

& 0#237 ohms 

fhe t o t a l induct ive reactance Is:•# 

Jldding the p o s i t i v e , negat ive and zero phase 

sequence induct ive reactances we hare , 

i 8 .48 4 •• j 1,81 + J ®»SS7 = J 4 .527 ohms 

1 # ©oH&inedL transformer phase currents 

& g@g-f7^ x 4.88?P * amperes 

I t gp?OT3Dnd * & x 28 « 8* amperes 

I , <3ielta*Y transformer phase - %, t o t a l x XL* zero* 

phase sequence + X;* delta-1? transformer 

= 84 x *237 + 1*9 = 1 0 amperes 

I , Y-delt-a transformer phase 

» X, t o t a l x Xj^ zero phase sequence + X, 

Y-de l ta transformer • 84 x ®»237 + #268 

» "74 amperes. 

As w i l l fee r e a d i l y seen on the f i n a l taTfculatlon 

o f data and cx>mparilB&& o f ca lcu la ted and t e s t valuea% 

t h i s does not check the t e s t r e s u l t s * Uhjs i n d i c a t e s 

(sonciusiireiy that t h i s method o f c a l c u l a t i o n of, the 

s i n g l e phase s h o r t - c i r c u i t currents i s of no valuer 

for t h i s type of connection when the transformers 

have ne$LigtfW.e~ reactance . 
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v l e s t %•, Hart 4* (EalcmLatlom o f the s i n g l e phase 

shoFt -e i rcu i t currents , using only the r e s i s t a n c e 

of the apparatus; as the bas i s for the ©alculatiom, 

neg?.eetimg; the induct ive rsffi$$kanee. 

3&*om the p o s i t i v e phase sequence network diagram 

tor Etest Z, part £ i t i s seen that for the p o s i t i v e 

^has-ft sequeaacse current the reactance; i s r * 

Mt p o s i t i v e phase sequence * R, a l t ernator * 

R, del1ta-Y transformer = .20. + 1*9 

= g^&l ohms 

and i n the aame manner ,̂ 

% n«gjative phase.sequence *-.!$ a l t ernator + 

ffi> tfolta~T transformer '» .31 + 1.9 = 2 . 2 1 ohms 

a l so 
1  

M, zero phase sequence = 1 1 
Hi del ta-Y M- BE?, Y?*aelt& 

—- i = ;*&& oMfe 
- l + l 

"T75 cue©® 
• • " ' • ' . ' • . 

$he t ofcal re s i stsncse i s 

fc.gl # 2 .21 * o495 * 4 .91S 

X, combined! transformer phase = 

22© +/5 se; 4*915 = 2;5.85 amperes 

1 , d e l t a s transformer phase = 85.85 x .€95 
I7§ 

» &.73r5 amperes 
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I, l^delta transformer phase = £5.85 x »495 _ 1 Q 10 

—TMm— y ,x^ 
amperes* 

Ite«* Ho. £ , ttert 5 OBSERVED B A » 

$yp£ o f 
Beading 

I 
^puncded 
current 

I 
"3F-<3Ielta 
irams. Phase 

I 
delat^Y 
5i*anat« Ehaae 

Irans lent 92: 17.5 m 
S&stadned 55 15. 39 .5 ffliea #1 

trans ient 90 17 66 

Soffit aihe& 56 13 
Rdaa #2 ; 

39 

Before glossing the f a u l t c i r c u i t , i * e . suddenly 

applying the skort-e&rcuit from l i n e tp ground, the 

a l ternator vo l tage was s e t at 220 v o l t s and the f r e -

ency at, 60 ©y<gle&v 

wmi&nm OF <&AI£UI*A/DED RESCUES 

*$&&% % 

CSro^nd' 
' I 

©orafoiaed 
Phase 

I 
Belta#Y 

Phase 

I 
yMJeltaa 

Phase 
ffairt 1 44 14.657 4 .15 10 .5 

Eart 
V- !' • 

57.39 19.13o 5.34 1$ . 5& 

EaWt s 84 28* 10. 74 . 

Fart 4 7 ? . 55 1^5.85 67.35 19vlS 
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All of the sfeove values are for the steady 

state condition. 

its is readily sseen by the comparison of the 

calculated! and observed value a, they do not check 

in any instance. Thda ia due no doubt to the fact 

that the type of hoak-uip) used made an exact calculation 

o f the current s in part 3 impo as ibl e• Ttb.1 & doe a, not, 

fin sn$ way* teowever* w&llify the result a of test ft» 

Xt merely atiows tnat wnen the transformer* us?ed have 

am IndEuctive reactance .which is negligible a» compared 

to t£ie peal stance, accurate predetermination of the 

magnitude of the single phase short-circuit current® 

is impossible when uedng the present theory which 

bases its calculation of the inductive reactance only* 

fhis clearly indicates a limiting condition for 

the theory as used!• Thla condltion, i.e., transformers 

whose inductive reactance is negligible, would never 

be met with under practical transmission line conditions? 

of ope rati amy thus it is evident that the assumption 

that the inductive reactance is the only factor limiting 

current flow under short-circuit conditions is; permissible 

only when the ordinary commercial type of apparatus; is 

used and! £«• met necessmr#£y tame for all types of1 apparattas, 

experimental and special, 
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•EES3! WO, 3 

IMESTIGiATlQN OF SINGLE PHASE SHORT-CIRCUIT 

CURRENTS USING THREE-WINDING TRANSFORMERS AS 

GROUNDING TRANSFORMERS* 

The authors spent a great deal of time in pre

determining the single phase short-circuit current® 

for the apparatus when connected as shown in Pig-;. 

16, using three-winding ©r tertiary grounding transformers, 

Due to tne fact that the transformers available ami 

used in the test were not of the usual three*windlin&-

type, hut were ordinary two winding transformers with 

% a split secondary, and also, the lack of accurate low-

reading meters, we were umafele to arrive at satisfactory 

results. 

Our results indicated that the theory as developed 

Tor the three-winding grounding transformer would not 

hold for the split secondary type. This is probably 

because of the great difference between the inter* 

laced impedances in the two types. 

line authors regret the laefe of time and instruments 

which made it impossible to extend our investigatioa 

to such an extent as to definityely determine the reasons 

why the tertiary theory was not applicable to the split, 

secondary type of trans former; o 
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CHAPTER 4 

INVESTIGiAiTXGN OP RELAY CGHHECTIOHS-

AND RESULTS. 

We; were requested by some engineers of the 

(Beorgia Railway and Bower Company to investigate 

the operation of the TV/pfe 0R? Directional Over-Curr rent 

Relay manufactured by the Westinghouffie Company. The 

Ecwer ©ompany had been having trouble with these re* 

laya on their lines and wish to ascertain if the 

connections were correct. We made four separate tests; 

each involving a different connection of apparatus* 

These tests; will be numbered Treats 4, 5, 6 and V and 

will Ibe discussed separately in detail. We are include 

trig in this thesis pages 16-24'-, inclusive of the Westing-

house bulletin which describes the operation, constifu* 

©tieaa and adjustment of the CHf Directional current 

Belay. 

The Directional Qver-Current Relay is designed 

to protect Transmission lines which feed to a common 

"bus. If a short -circuit or other fault occurs on one 

line of a system feeding thru a common bus the other 

line or another line if there are more than two 

separate lines will feed power thru the station bu?a; 

and back to the point of trouble on the defective lins» 
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B$ placing these relays between the line and the 

substation bus that line will be protected against 

a% reverse flow of power back to the fault should one 

occur. 

!Ehi& relay works slmilarily to the usual standard 

Watthour meter. However, it ean be easily seen that 

if the relation between the current and voltage coils 

were such that the current and voltage were practically 

in phase with the current in the right direction, should 

a short occur on the line dropping the power factor to 

aTfcout sero, the current and voltage coils would fee 90: 

degrees out of phase and consequently there woul® be no 

torque• 

the CR Directional Over-Current Relay is so de

signed that with unity power factor load on the line 

tthe current in the relay directional element will lead 

the voltage supplying the directional element by 30°. 

Ehis: will allow the current to lag; a considerable amount 

during time of short-circuit without placing a 90° 

angle between the voltage and current. 

Before making any connections to the relays for 

a three-phase distribution it is absolutely necessary 

that the phase rotation be determined!, we looked 

through several references but found nothing on the 

subject* However, after some stud̂ y on our pari? we 

developed a method of determining the phase rotation 
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which is fairly simple and requires? only a single phase 

wattmeter since the current and potential tiranaformeiFB 

would be necessary for the relay &# 

The wattmeter is connected as shown in Fig. 21. 

One wattmeter ©an be used and changed from one line 

to another* $he vector diagram shows the relation 

between the currents and voltage. It will immediately 

"foe seen that if a reading is taken of wattmeter A 

with the potential spoils on lines A and B and if a 

reading is taken of the same wattmeter with the potential 

©oils on lines A and CT the wattmeter readings will be 

respectively I& Eg& ©os(30+45°} and IA E@& <$Q&($®° -

a very small £n©L#)}. Consequently the second reading; 

will be the larger of the two. Kow take the reading 

of watmeter; © with the potential leads first from B 

to © and next from A to <£. The wattmeter readings: 

will be IQ E ^ ©osi CSO° - a very amall angle J and I* 

% C c o s (45° + $D°J« Consequently the first reading, 

will be the larger of the two. Thus with the phase 

rotation as shown, ABCf and the wattmeter in line A the 

larger wattmeter reading will occur with one potential 

lead on the line which precedes line A in phase rotatioia. 

©lis is also shown by the readings taken in line C 

In any case one potential lead is always kept on the 

line which goes through the meter and the other lead 

changed from one line to the other* 
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If* the phase rotation Is reversed as shown In 

Fl^ire Zl the reading of Wattmeter A can he shown 

in the vector diagram. It will be seen that the 

wattmeter reading will be larger for wattmeter A 

when its potential ©oils are connected from K to 

A than when connected from & to A. This would indicate 

from the previous reasoning that the rotation should 

"tee soch that A. follows C in rotation or that the 

rotation is GBA. These two connections with their 

accompanying vector diagrams show that this method! 

of determining phase rotation is correct. 

After this method had been used for determining 

the phase rotation in our tests we learned of a 

method described in the August 29th 192$ issue of 

the Electrical World by Mr. $a|in Anchincloss of the 

Switchboard Engineering Department, ©enexal Electrics 

(Company under the title, determining; the Sequence 

of Phases^. 

This; method, uses two lamps and a reactance of 

approximately the same impedance as the lamps> These 

are connected as shown in Fig. 22. 0ne of the lamp® 

will burn more brightly than the other. In the first 

case shown, lamp B burns bright. The fcector diagram 
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is as shown and the point ©will fee on the right-

hand side of the circle. Eg> represents the voltage 

across; lamp B and E^ represents the voltage acrosa 

lamp A* ©ie currents in the two lamps are. of course 

in phase with their voltagea, consequently Ig represents 

the phase position of the current in the reactance. 

We know that the current in a reactance lags approxima

tely 90 degrees; behind its voltage, therefore, E R 

represents the voltage across the reactance and; the 

phase rotation is 1 - 2 - 3. 

In the se©ond case shown lamp A buirasc; bright 

and the point 0 is on the left-hand side of the cirele* 

$he construction is almilar to the first case and it 

will be seen that the phase rotation is S - % # 1« 
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DESCRIPTION OP TESTS 

Ts?st Ufa* 4 was made with the connection a a 

shown in Plg» 35 of the Westinghouse bulletin* 

The polarities are not shown in this figure but we 

endeavored to make the connections and polarities 
i % ' i • • • ' • • ' ;' v -

CEonsistent* Adjustment was mad;e s;o that the eontactas 

of the directional element were all open when th# 

power was flowing towards the bus pars, when the 

power was reversed and with a power factor of about 

10$ two of the relays closed and the other stayed 

open* We spent considerable time trying to make this 

connection work but were unable to do so. 

Best Mo. 5 was made with connections as shown 

in Fig. 23 which were developed by the authors. && 

©pen-delta transformer connection was used for supply* 

ing the potential ©oils of the relays. This connection 

proved satisfactory as the relays all stayed open with 

the power flow in the right direction and the phase 

rotation correct. The relays all closed when the 

direction of power was reversed with about 10$ power 

factor. The objection to the open^delta connection 

is that unbalanced voltages are obtained under short* 

circuit conditions which might prevent the relays from 



(94 J 

obtaining ehough torque to operate. 

Test ITo. 6 was made with connections as shown 

in Fig. 24. This connection was given us by Earofessor 

Savant and uses a T-delta connection of power trans

formers and an open*-de!ta connection of potential 

transformers for supplying the potential coils of the 

relays, ©lis worked entirely satisfactorilygiving 

the same results as in the previous test. 

Test to. 7 was made with connections as shown in 

Fig.2/This diagram of connections W496 furnished us 

by some engineers of the ©eorgia Railway and Power 

Company and it represents the connections of 

Do* 1 Bank at the Marietta, Georgia, Ugh Tension 

Station. This uses a delta-X connection of power 

transformers* and an open*star connection of potential 

transformers for supplying the potential coils of the 

relays. The advantage of the open-star connection is 

that balanced voltages are obtained. The contacts 

opened with current flow in the right direction and 

closed with power flow in the opposite direction with 

about 10$ power factor. We then tried the connection 

with a ground on the line side of the relays and the 

contacts closed as they should have done. We checked 

the current and voltage relations between the current 
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Bt the current coil of the relay and the potential 
V 

supplying the potential coil of the relay. The curre^; 

was found to toe leading approximately SS degrees in 

all the relays with the power in the right direction 

and a unity power factor load which ehecjp* fairly 

©Loselj with the value of SO degrees claimed by the 

Westinghouse ©ompany. Hftth the power flowing in 

the opposite direction and a reactive l©a$ of 

atoout 1®# power factor we obtained a current lag of 

approximately 56 degrees in the relaysy as calculated 

from the wattmeter^ voltmeter and ammeter1 readingp* 

fhe power factor meter ©atve a valtie of 2£ degrees 

lag* Jaaasmueh as the power factor meter is very 

often off considerably, the value of 56 degrees 

as calculated from the" other meters is probaMy nearer5 

the^orreet value* 

In all the afeove tests except the first the 

relation between the current and voltage in the 

relays was approximately 28 degrees lead, 

la ths first t̂ est with the westingjiouse 

connections we could make the relays open with 

power flow in the right, direction by manipulation 

of the potential leads but the power factor would 

~&z 
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mot ©heek anywhere mear what it should be* Ky 

changing the potential transformer* connections to 

open-delta the operation was satisfactory im every 

way0 
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DISCUSSION OF wsmzm 

; . , . • ; ; . ; ; • : , - • - - • • - • ; • - y-ij • ' • • . . . . . . • , . . . -

Im our introduction we stated that It was 

our intention to verier existing theory on tfingle 
i i 

phasa short circuit® and to determine if possible, 

the Units of its practical application and use* 

Our result* verify the existing theory for 

practical connections and assumptions in calculation, 

and we have achieved a condition which sets a limit, 

ujpon the ua« of the present theory, and indicates 

an avenuê  of investigation which if followed, would 

result in.defining the exact condit|ens ©£ amplication. 

The thesis; was divided into two main part a as 

implied in the title. The first part, the Investi

gation of single phase short-circuits as indicated 

aUrove, resulted in some very interesting information 

which points the way to further more or less original 

research* 

The seeond part, the investigation of relay 

connect ions and operation, resulted in some valuable 

checks on existing methods of connection and indicated! 

some inovations in methods of connection© 
rJX^-V' W&%$$*k ':- : •-• "••'•'• t T p § •_ "••'.. 
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' * *"<=^. ' iJ fK* ' 

Ufest number one l a tS#^ptg£e 

circuit group, shows eleariy that for the uffaal commercial 
- •"' -•. *% a - T ^ ? « " » 3 i t - . - . • , ,-.-• ' " 

, - . . : : , . . . . .J. I i C>H4. .y .:>,*•• ft* * . ; , • ' , . ' ; * = , * * : • ! . • *,- -

type of hook*up, that the prevalent assumption as to 

inductive reactance feeing the only factor limiting 

©current flow on short*circuit is correct. This is 

accentuated fey the fact that the transformers used 

had highly resit&ive windiings as compared to their 

inductive reactance and in one bank, the reactance 

was negligible as compared to the resistance * 

The values of short-circuit current were 

calculated ©y four methods as indicated in chapter 

three and the only predetermined values that cheeked 

the actual test values were those obtained in part 
3 of test 1 where inductive reactance was assumed to 
j • ; .-̂ .., , :'- . ti%> .:..-^:\t--: a»&'« i-tr&c-y' . •• 

fee the only factor limiting current flow* jjaia 
i%% 6i i»r.'f». i:U*-u ^^o^r^^h^'i'-m^^tm-

presents a very strong argument in favor of the 

accepted theory with respect to inductive |*§£ctane» 
,' .; '.•.:•.!-•' . "-:',,:"" r-f". ' • - I B S • •:. •;; v. ••••'•.. i 

as the limiting factor on short-circuit-
. . . . _ - . . . M, 

Tfcst lb* 2 in the single phase short-circuit 

group resulted in s©me rather mystifying although 
. • ' zb% \*.&k : "•; im "<§fec "'fcrf!.; •• -

Important data. I t indicates clearly that for the 
•/• f * :. ••-•'•.- . -• : ft :"'.,:• / . .. , - '-... '" J /, ' 1 - •' •-• l i $ % I 

type of transformers used on the t e s t , the special 

experimental low reactance type, the assumption that 



inductive reactance is the omly factor limiting 

current flow on short-circuit is erroneous, flhe 

predetermined values in no way checked the experi

mental results. As is seen in chapter three, test 

numtrer 22, this is due in a great measure to the 

peculiarities of the transformer hook*-up« This test 

is very important due to the fact that with the apparatus 

u&ed and the type of hook*mp used we have exceeded the 

limits of the theory for single phase short-circuit*. 

It is' true that the results were obtained from 

a speoial case of hook*up and test, hut it is the 

meeting and interlinking of the general case with the 

special case that usually determines the limiting 

factors and conditions of any theory and practice. 

•Bhe result* of this test show that further 

investigation along: this line would result in much 

evidence as to the conditions under which tjie 
'lateraî Bafclea 

theory of single phase short-circuit eaT 

tee applied with safety and certainly* 
, ;- • \ • J^ b j r i ' • ' *':• ' ' ' • ' ' • ?"• ••'•• 'r> s$<# i t$ I h & 

®ie authors regret the laek of time""and ŝ iffllslent-

ly delicate instruments to thoroughly investigate this; 

phase of the profelem* 
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Seat number 3 of the single phase short-circuit 

section was productive of one fact, 'She three* 

wiping transformer theory f̂ or tertiary connections 

under short ~cir cult condition* evidently #oes not 

hqld for the ordinary tw© winding, split secondary 

type,of transformer when used in this manner* 'Shee 

authors have come to this conclusion after a aonside-

rafrl e t line has £ een s pe nt in t e,s t ing and ca 1 cul at ion 

in sua attempt t© apply the existing theory or to 

develop new relationships which would holdU It waff 

with real ?egret that ,/tfete authors had to terminate 

this part of the investigation and proceed, with the 

study of relay connection and operation* 

The results; obtained in t̂ ae second part, of the 

investigation, t;he relay tests, showed conclu&ively 

that ffor accurate predetermination of relay operation* 

great care must ee t̂ aken in deriving, t$ie "^PS o f 

connection used* Absolute, determination of the phase 

rotatirpn« de.f init e knowl edge., of instrument and 

transformer f©laritieiS and; *t̂ icte adherence to the 

diagram of eeoaneet̂ ons as worked ©î t ajse imperativei 

%6& f 
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t&Ihife.fWl̂ vltfe relays showed that the dliagrama 

supplied with relays cannot fee relied upon implicitly. 

Kie ©fiwanections for the runs in chapter 4f are correct 

theoretically and work out most satisfactorily in 

jjraetiee* Sfcom the tests it can be seen that if the 

connections are worked out consistently with polarities 

and rotation taken into consideration satisfactory 

operation will he obtained with various types of 

transformer connections* 

In connection with the statement of the engineers. 

of the Geor^.a Railway and Bower Company that trouble 

had been experienced in the operation of these relays 

at the Marietta High Tension Station,it would seem 

from our tests that the trouble must have been due to 

mechanical causes in the relays inasmuch as our tests 

indicated that the relays would work under the extreme 

conditions usually met in practi<&je» IBae operator at 

the Marietta station stated that it was some times 

necessary to take a pencil and touch the moving 

element of the relay so that it would function 

properly. Consequently the connections as used there 

are correct and that more consistent results* can only 

be obtained by an improvement in the mechanical design 
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of the relays 

!Ehe re suit a on the whole were more than satisfactory 

practically and indicate decisively that there tm 

ranch investigation and research along thia line ©f 

endeavor as yet iandone<> 



Westinghouse Induction Type Over-Current and Directional Over-Current Relays 

Fig. 21—Front and Side Sectional View of Low-Energy Type CO Over-Current Relay 

CONSTRUCTION 
Figure 18 shows the Low-Energy Type CO 

Relay with cover removed while figure 21 shows 
a cross section view. The construction of the 
magnetic element, the disc, the case and the 
cover are exactly the same as the Type CO Re
lay. The method of mounting the contacts is 
different, however, inasmuch as they are mount
ed on a separate shaft which is geared to the 
main disc shaft. With this arrangement a ver̂ y 
small amount of energy is all that is necessary 
to cause the disc to rotate. The number of 
turns in the winding of both the main and the 
auxiliary coils is different from that on the 
standard energy Type CO Relay. The torque 
compensator is also omitted and the definite 
minimum time characteristic is obtained by 
having the disc run at synchronous speed with 
excessive overload. This is possible inasmuch 
as the gearing makes it necessary for the disc 
to make a number of revolutions before the 
contacts are closed. 

OPERATION AND CHARACTER-
, ISTICS 

The operation of the Low-Energy Type CO 
Relay is the same as that already described for 
the high energy type. Inasmuch as it requires 
such a low amount of energy for operation it 
is consequently much more sensitive than the 
standard type. The gearing makes it some

what slower in resetting than the standard 
type of relay. 

The inverse time characteristic and the 
definite minimum time are similar to those of 
the standard CO Relay. As will be noted by 
figure 22 showing the time current curves of: 
the low energy relay, the curves are somewhat 
more inverse and do not flatten out as quickly 
as those of the standard Type CO. 

The relay is also equipped with an internal 
contactor switch and it may be supplied with 
either single or double tripping circuits and 
with, either 2 or 4 second minimum time 
characteristics. 
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INSTALLATION, ADJUSTMENT 
AND TESTING 

The instructions for installing, adjusting 
and for the care and maintenance of the Low-
Energy Type CO Relay are the same as those 
already given, for the standard Type CO. 
Also the same general test information is ap
plicable. 

Auxiliary Contactor. 
Switch 

Currtot Terminal 
Block 

Puncnisigt 

CurrtM Tarmino.li 

Fig. 24—Diagram of internal Connection! for Low-Energy 
Type CO Over-Current Relay 

-The current tap values of the 4 to 12 
ampere range are the same as the standard re
lay, namely, 4-5-6-7-8-10-12 amps. The tap 
values of the J^ to 2x/i amperes range are 
.S-.6-. 8-1.0-1.5-2.0-2.5. 

Type CR Directional Over-Current Relay 
APPLICATION 

The line of Type CR Directional Over-Cur
rent Relays is designed to protect or disconnect 
transmission lines when there is a short circuit 
or other fault on the system of such a nature 
that the current flow is excessive in the direc
tion for which the relays are connected to oper
ate. In general practice the direction in which 
the current flows in order to have the direction
al relay trip is away from the station bus bars 
inasmuch as in most applications the relays are 
connected so as to hold their contacts open as 
long as the flow is toward the sub-station. 
The Type CR Relay may be depended upon to 
discriminate as to the 'direction of current flow 
under all conditions of low voltage which, are 
Hkely to occur in cases of severe short circuits. 

Parallel Transmission Lines—The Type 
CR Relays are suitable: for use at the receiving 
end of lines where a fault on any line will cause 
the power to reverse and flow back to the point 
of the trouble on the defective line. Figure 
25 shows a typical, application of the directional 
over-current relay for the protection of paral
lel feeders. 

Potential Trans. 
Prim. Sec. 

a 

Vector Relations of Current and Potential Circuits^ 
Sub-Station Bus. 

Reverse Power Re 
lays. 3-Requirsd far} 
3phase line. 

Short circuit or 
around causing 
reversal or 
power. 

Generating 
Station 

Fig, 25—Ordinary Method of Connecting Type CR Direction
al Over-Current Relays on Three-Phase System. Voltage Vec
tors shown. Connections give Current 30° lead at 100% P.F. 

16 
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Fig. 26—Type CR Directional Over-Current Relay 

Ring Systems—A ring system such as 
shown in figure 28 is similar to the case of two 
parallel feeders supplying a substation except 
that each feeder is made to loop through a. 
number of substations. On such a system 
definite time limit directional over-current 
relays such as the Type CR must be used. The 
time limit of each successive relay is increased 
by a sufficient amount to allow time for the cir
cuit breaker in the preceding substation' to 
open. Relays applied on such a system are 
usually installed in such a way that at each 
substation the normal direction of power is 
assumed to be into the substation. The re
lays will trip only when the current is flowing 
out of a given substation and exceeds the 
amount for which the over-current element of 
the Type CR Relay is set to close its contact. 

Fig. 27—Type CR Directional Over-Current Relay 
(Cover Removed) 

S p e c i a l Application—There are many 
special applications in which the Type CR Re
lay is used. Among these might be mentioned 
the cross connection system of protection as 
used on parallel feeders shown in figure 29. 
Another application is the use of the Type 
CR Duo-Directional Relay for the protection of 
two parallel feeders. A schematic diagram of 
this is shown in figure 30. 

CONSTRUCTION 
Figures 26 and 27 show the general appear

ance and arrangement of the parts of the Type 
CR Directional Relays. Each relay consists of 
two separate and distinct parts, excess current 

Balanced Load - Two Parallel Lines. 
A 3Pfi3us2_ 

Fig. 28—Typical Ring System Protected by Meant of Type 
CO and Type CR Relays 

' ' ' For closed position ofoilbkr. ' ' ' 
CBA CBA 

Fig. 2!t—Diagram of Cross-Connected Type CR Relays for 
Parallel Line Protection 

r 
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Oil 
Circuit 

Breaker 

^ n - Over•Current 
^E/ement 

Current 
Trans 

Fig;. 30—Diagram of Connection* for Type CR Duo-Directi-
' onal Relay* for the Protection of Two Parallel Lines 

element and the directional or wattmeter ele
ment. The over-current element, is identical 
with the Type CO Overload Relay as already 
described, and is mounted in the lower part of 
the case with the wattmeter element mounted 
directly above it. 

Directional Element-—The wattmeter or 
directional element is "composed of an electro
magnet, the moving element, contact assembly, 
and mounting frame and bearings, mounted in 
the upper half of the relay case. The electro
magnet resembles that of the standard West
inghouse Watthour Me>;er and operates in ex
actly the same way as the Watthour Meter 
element. The current coils are wound on the 

two upper poles and the potential coil on the 
main lower pole. 

Moving Parts—The moving parts of the 
directional element are practically the same as 
those already described under the Type CO 
Relay. The disc differs from that of the Type 
CO inasmuch as there are no holes punched in 
it and is copper. The special type of ball bear
ing as used in the over-current element is not 
used in the directional element but instead a 
rigid steel shaft with a hemispherical bottom 
rests on a sapphire cup jewel. At the top of 
the shaft is an adjustable pivot bearing. This 
construction gives a means of adjustment for 
end play and allows very little so that heavy 
short circuits will not cause undue vibration. 

The moving element is carefully balanced 
and is controlled by a light spring so that its 
action in closing the directional contacts will 
be as nearly simultaneous with the reversal of 
current as possible. With the standard ad
justment there should be practically no torque 
placed on the disc by the spring. The spring 
is used mainly for a current conductor for the 
moving contact.. 

Contact Assembly—The contact assembly 
consists of a stationary contact screw mounted 
and a moving contact spring mounted on an 
insulating sleeve on the disc shaft. The moving 
contact closes a circuit in one direction or both 

Top Jama! Screw — 

Stationary Contact 

-Moving Contact 

-Stop Screw 

p Current Screw 

Micarta Stop 

/mutating Stew 

Micarta Shield 

Upper Ceil (Dir. Element) 

Insulated Terminal 

Terminal Stud 

Punching^ 

Lower Bearing 

Potential Coil {Dir Element) 

Case 

Mounting Frame 

Upper Coil [Cur. Element) 

Extra Current Screw 

Special Lower Bearing 

Punching* 

Main Coil (Currant ElamentX 

Grounding Stuc> 

Auxiliary Contactor Switch 
Carer Torque Compensator 

Fig. 31—Front and Side Sectional View of Type CR Directional Over-Current Relay 
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Dittctiotial Ekimnt Centers 

Optnstmn Indicator 
whtn SufflM ^ 

AmiiiatfCvitucae 
Switch 

Control Ttrminalt 

Cutrtnt Ttrmlnal Bind 

Directional Element Contacts 

Tomut Cwnptntetor 

Fig. 32—Internal Wiring Diagram of Type CR Relay Showing 
Standard Connections With Six Terminals. (Rear View) 

directions of travel according to whether it is a 
uni-directional or a duo-directional relay. Its 
motion is exceedingly small, being only about 
yj of an inch either way. As shown by the 
wiring diagram in figures 32, 33, 34, and 39 
the contacts of the directional element are con
nected in series with those of the over-current 
element and the contactor switch as used in the 
Type CO Current Relay is so connected in the 
tripping circuit that the contacts are relieved 
of practically all duty. 

Latest Design—In the latest design of the 
CR Directional Relay as shown in figure 26, the 
stationary contact or contacts as the case may 
be are made screw mounted and located in the 
front of the case instead of at one side as in the 
former design. The moving contact is spring 
mounted. In this design the contactor switch 
is located at the bottom of the case to the rear 
of the overload element thus insuring it against 
accidential tripping when the cover is being 
removed. / 

It is sometimes desired to install stand
ard CR Directional Relays inasmuch as future 
additions to the system will make them neces
sary, but at the time of installation it is 
desired to have them operate as straight 
overload relays. With the new design of the 

Contactor Switches 

Current Terminal 
Black 

Potential Terminals 

Potential Winding 
(Dir. Element) 

• Punching* 

-Main Current Coif 

- Current Terminals 

Torque Compensator 

Fig. 33—Internal Wiring Diagram of Type CR Relay with 
Special Terminal in Trip Circuit between Elements 

(7 Terminals, Z Contactor Switches) 

Type CR this is easily accomplished inasmuch 
as the directional element contacts may be 
locked shut by * closing the screw mounted 
stationary contact firmly against the moving 
contact. This eliminates the action of the 
directional element from the action of the relay 
as a whole. 

3^= 
Directional Element Contact! 

$ 2 ^ Potential Terminam 

Current Coils 
(Dir. Element) 

Potential Ceil 

. Double Contacts O'er 
Current Element 

-Current Terminal Block 

Punching* Oner 
Current Element 

-Main Current Coil 

-Current Terminals 

Torque Compensator 

Fij . 34—Internal Wiring Diagram of Type CR Relay with 
Double-Trip Circuit (7 Terminals) 
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OPERATION AND CHARACTERISTICS 
The directional element of the Type CR 

Relay is so constructed that it is extremely 
sensitive and quick acting. It will close its 
contacts with a reasonable excess current flow
ing and with a voltage as low as one per cent 
of normal. The contacts of the directional 
element will only close, however, with the 
current flow in the direction for which the relay 
is connected to act. No amount of excess cur
rent flowing in the other direction will operate 
this element. As stated in the preceding para
graph the spiral spring on the directional ele
ment exerts practically no torque on the disc 
shaft, its main purpose being to conduct the 
current of the tripping circuit. In the uni
directional relays as soon as there is any cur
rent flowing in the proper direction.there will 
be a torque exerted on the disc tending to hold 
the contacts open. With no current flowing 
in the line the directional element contact may 
close, but this is of no consequence, as the over
load element contacts will remain open. 

INSTALLATION 
Caution—As already mentioned, too much 

care cannot be exercised in the handling of the 
relays, as, although they are of sufficiently 
rugged construction to stand all ordinary 
handling, they are sensitive' instruments and 
will not stand the excessive bumps and knocks 
to which other apparatus is sometimes sub
jected. 
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Fig. 35—Type CR Direction*! Over-Current Relay Connect
ion* with Y-A Power Transformer between Line and Station. 
Connection* a* shown give Current 30° lead at 100% P. F. 
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\ 

Power Trans. 
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.c ,e 

s 
| Vector Relations or Current end Potential Circuits 

This scheme of connections requires three voltage 
t/aris formers, but enables the standard 125-volt relays 
to be used. 

Fig. 3ft—Proper Connection* for Type CR Direction Over-
Current Re lav UBed on Three-Phase System with A - Y 

Power Transformers between Line and Substation. 

If the relay is not already mounted on a 
slate panel when received it should be mounted 
by means of 'the terminal studs. Drilling 
plans for preparing the panel for mounting the 
relay are either supplied with the relay or may 
be obtained from the factory upon request. 

After the relay has been permanently 
mounted it should be thoroughly cleaned by 
means of a small brush and cloth. The cover 
should be removed and the interior part of the 
relay carefully inspected for any damage which 
might have been done in shipment. This in
spection should especially include a test of the 
moving parts to see that they have not become 
out of alignment and that there is no friction 
existing. The presence of friction can usually 
be determined by moving the disc with the 
hand and allowing it to return to the normal 
position. The auxiliary contactor s w i t c h 
plunger should also be moved up and down 
with the finger in order to insure against any 
sticking or friction. 

CONNECTIONS 

After the relay has been properly mounted 
as described above, connections should be 
made to terminals on the rear of the panel 
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either according to the diagrams of connections 
accompanying the relay or according to stand
ard diagram as shown in figure 25. All con
nections made to the terminals should be well 
tightened and where it is necessary to make 
connections where there is no connecting stud 
all joints should be well soldered. Poor or 
loose connections are very often the cause of a 
great amount of trouble. 

In .applying the Type CR Directional Re
lays to polyphase systems consideration must 
be given to the varying effects of short circuits 
involving two or three or four conductors or to 
ground on the phase relation of the current and 
the voltage applied to the relay. The char
acteristics of the ordinary wattmeter element 
are such that the disc will reverse its direction 
or rotation when the phase relation between 
the voltage and current becomes 90 degrees 
or greater. As many faults very greatly dis
turb the relation of the voltage and current, 
care must be taken to connect the directional 
relay in such a way that the voltage and cur
rent phase relation may never become more 
than 90 degrees apart. 

Connections must therefore be made so 
that with unity power factor on the line the 
current in the relay directional element will be 

Line l Power 
Trans. Prim. 

C 

Power Trans. 
Sec. 

C 

Potential Trans, 

5 

\ 

Prim 
C 

Vector Relations of Potential and Current Circuits 
C B A 

\f I 

NOTE—These connections require voltage transformers with 200 volt 
secondary, the star voltage on the relay in such case being /16-vofts. If 
standard 110-volt secondary transformers are used, special S8-volt relays 
or extra 58-116-volt step up transformers are necessary. 

* 
Fig;. 37-—Proper Connection* for Type CR Directional Over-Current Relay 

when used on Three-Phase Syatem with A - Y Power Transformers between Line 
and. Sub-station. Connections use only Two Voltage Transformers., and as shown 
five current 30s lead at 100 % P. F. 

30 degrees ahead of the potential supplying the 
directional element. This will allow the cur
rent to lag a considerable amount during time 
of short circuit without placing a 90 degree 
angle between the voltage and current. This 
will enable the relay to operate properly upon 
the occurrence of unbalanced short circuits 
such as results where only two wires of a three 
phase system are short circuited and also on 
other faults of a similarViature. 

The following methods should be used in 
checking up the correct connections to the di
rectional element of the relay. 

Wattmeter Method—With the power flow
ing in either direction, if the current is lagging, 
so that power factor is between 100 and 50 
per cent, connect the current coils of a single 
phase wattmeter in series with the current 
winding of the relay. Then select a pair of 
voltage leads which give the highest reading on 
the wattmeter. The two leads should be 
connected to the relay potential terminal. 
Inspect the contact of the directional element, 
which should be open when the power is flow
ing towards the bus-bars. If the contacts are 
closed when the current flows towards the bus 
bars then the potential leads of the relay should 
be reversed. 

Power Factor Meter Meth
od—A second method is to 
connect the current coils of a 
single phase power factor me
ter in series with the current 
coils of the relay. A pair of 
potential leads are then select
ed which will give 86.6 per 
cent power factor leading on the 
power factor meter when the 
line power factor is 100 per 
cent. These two leads should 
be connected to the relay po
tential terminals. The upper 
contact should be inspected as 
before as mentioned in the pre
ceding paragraph and,checked 
for proper operation. 

Phase Meter Method—A 
third method of checking the 
proper connections of the relay 
is by means of the Westing-
house Phase Meter. It is a 
portable instrument built on 
very much the same principle 
as a power factor meter but 

Sec 
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Opera I ion Indicator 
trhen used 

Fig. 38—-Portable Phase Indicator for Use 
In Making Connections 

calibrated to read in degrees and show pre
cisely the phase relation between any current 
and voltage sources to which it may be connect
ed. Full directions for the use of the portable 
phase meter are supplied with the instrument, 
which is shown in figure'38. 

Characteristics—The operating character
istics of the over-current element are the same 
as those on the Type CO Relay. The same time 
current curves therefore apply as shown in 
figure 11. 

With the contacts of the directional 
element and those of the overload element 
connected in series three conditions are neces
sary before the relay will completely close the 
tripping circuit. 

(1) Excess current must be flowing; 
(2) In the direction for which the relay 

is connected 1io operate. 
(3) For a length of time sufficient to close 

the excess current element con
tacts. 

The sensitivity of the directional element 
is such that it may close its contacts on mo
mentary surges of current in the reverse direc
tion, but unless the excess current is maintained 
a sufficient length to operate the over-current 
element the tripping circuit is not completed. 
Conversely, the contacts of the overload 
element may be closed by excess current flow
ing in the normal direction but the directional 
element contact will remain open. 

Type CR Duo-Directional Relays—The 
Type CR Duo-Directional Relays as already 

Directional Element Contacts 

Punching* 

Potential Winding 
(Dir. Element) 

-=r- •yT' Potential Terminals 

_=3t=£ ' Trip Circuit 
Terminals 

Auxiliary Contactor 

Switch 

Oyer Current 
Element Contacts 

Current Terminal Block 

Oyer Current Element 

Punchings 

Current Terminals 

Torque Compensator 

Fig. 39—Internal Wiring Diagram Type CR Duo-Directional 
Relay. (7 Terminals, 2 Contactor Switches) 

mentioned under special applications are used 
in cross connected relay schemes where practi
cally no current flows in the windings unless 
trouble exists. This relay is exactly the same 
as the standard single contact relay except that 
there is a stationary contact on each side of the 
moving contact, thus allowing the tripping 
circuit to be made in either direction. The 
contact arrangement, spiral spring, and all 
mountings are exactly the same as in the 
standard relay. Under ordinary conditions 
either contact may be closed by the floating 
of the disc in either direction, but under such 
conditions the over-current element contact 
will remain open. After any faulty condi
tion, however, the flow of current will be such 
that torque will be produced in the directional 
disc to close the contact in the proper direction 
and thus have the tripping circuit completed 
as soon as the over-current element contacts 
are closed. 

CURRENT AND TIME SETTINGS 
Current Setting—These settings of the 

Type CR Directional Over-Current Relay are 
practically the same as those already described 
for the Type CO Over-Current Relay. The only 
possible current adjustment of the CR Relay is 
that of the over-current element which is ob
tained by changing the current screw in the 
contact block located above the element prop-
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er. Full directions for the proper setting of 
the over-current elements have been given. 
See pages 8 and 9. 

Caution—Care should be taken whenever 
the current adjustment is being changed that 
the secondary circuit of the current transform
er is not opened. . When changing the current 
screw from one current tap hole to another 
the transformer secondary circuit may be 
closed either by shorting the current ter
minals on the rear of the relay, (the two lower 
current terminals) or by inserting the extra 
screw in the tap hole desired before removing 
the screw from the existing setting. One 
extra screw, for this purpose is supplied in a 
hole in one of the bosses on which the mounting 
frame is fastened. 

Time Setting—The time setting of the 
over-current element of the Type CR Relay is 
exactly the same as that already described for 
the Type CO. The directional element con
tacts are so arranged that they close almost 
instantly when there is a reversal in the flow of 
current so that all time adjustments for the 
complete operation of the relay are taken care 
of by the time adjustment 'of the overload 
element. 

CARE AND MAINTENANCE 
Initial Test—After the relays have been 

properly installed, they should be given an 
initial inspection and test to insure that the 
operation of the relay is going to be„as desired. 
Inspect the moving parts of both the over'-ciir-
rent and the directional element and also the 
plunger of the auxiliary contactor switch to see 
that no sticking or unnecessary friction exists. 
The discs of both elements should be turned 
through their complete travel and it should be 
noted that they run true, or, in other words, 
remain at all points in-their travel approx
imately in the center of the air gap through 
which they pass. The discs are carefully ad
justed at the factory so that they rotate exactly 
in the center of the air gap and such a condition 
is necessary for the proper operation of the 
relay. 

The plunger of the auxiliary contactor 
switch should be moved up-and down with the 
finger in order to insure it against sticking. 
It should be observed that the Type CR Duo-

* Directional Relay contains tw,o auxiliary con
tactor switches, one being connected to shunt 
each of the directional element contacts and 
the over-current contacts. 

Electrical Test—The initial electrical test 
of the relay varies somewhat with different 
operating companies. The operation of the 
directional element, however, should be check
ed out to insure that it closes the contacts when 
the current is flowing in the desired direction. 
This check, of course, can be made by observing 
the action of the directional element when 
there is power flowing in the line. For in
stance, if the directional element is connected 
to close its contact whenever the current is 
flowing away from the substation bus bars, then 
with the current flow towards the substation 
bus bars the directional element contacts should 
remain open. NWith the current flow in the 
opposite direction the contact should close 
immediately even upon a very small voltage. 
The over-current element may be tested as al
ready described under testing in the Type CO 
Relay. See pages 10 and 11. 

Routine Test—In installations of any im
portance, it is the common practice to subject 
all relays to periodic test. These tests are 
usually much the same as the initial test and 
it is recommended that each test be made to 
include all the features as described in the 
initial test. As noted under the testing of the 
Type CO Relay, it is also recommended that 
record cards be kept whereon all information 
gained at each test can be recorded and thus a 
life record of the relay kept readily accessible. 

Inspections and Care—Inasmuch as the 
working part of all relays are inclosed in a 
practically dust-proof case, few inspections are 
necessary other than those which may be made 
at the time of the routine testing. As the 
operation of the ordinary protective relay is 
rather infrequent, and the construction is rela
tively rugged, little care is necessary after the 
initial installation is properly made. 

ADJUSTMENTS 

The following adjustments are those made 
in the factory when the relay is assembled and 
the same instructions should be followed out 
in case occasion arises where any adjustments 
of the mechanical features of the relay are 
necessary. 

Over-Current Element—The over-current 
element of the Type CR Directional Over-Cur
rent Relay is tested and calibrated in the same 
way as the Type CO Over-Current Relay. All 
mechanical* adjustment and current time set
tings are therefore the same for the Type CR 
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over-current element ELS for the Type CO 
Over-Current Relay. See pages 8, 9 and 10. 

DIRECTIONAL ELEMENT 

Adjustment of Jewel Screws—The top 
jewel screws should "be turned down far 
enough to reduce the play of the disc shaft 
to a minimum. These screws should not, how
ever, be tightened so much that friction is 
introduced. With some care the jewel screw 
may easily be adjusted so that no appreciable 
end play can be detected by pushing up and 
down on the edge of the disc and at the same 
time no friction will be present. The lock nut 
on the jewel screw should be well tightened 
after any adjustment has been made. 

; The proper adjustment of the jewel screw 
is very important and great care should be 
taken to insure that the disc will vibrate the 
minimum amount on high current. 

Spiral Spring Adjustment—The spiral 
spring should be so adjusted t ha t the contacts 
are just barely held open with zero current and 
voltage. 

Contact Adjustment—In the latest design 
of directional element contacts, the contact 
stop should be so adjusted that the moving 
contact arm' is in a central position, and then 

the fixed contacts should be adjusted so tha t . 
there is a yg-'.'-gap between the contacts. For 
the duo-directional type relay, the spring 
should be so adjusted that the movable con
tact floats in the middle position and then the 
fixed contact should be adjusted to give ap
proximately a A" gap total. * 

• ' • . 

Electrical Test—The directional element 
disc should not tend to creep in either direction 
when 30 amperes is passed through the winding 
with zero voltage on the potential coil, and the 
spring disconnected. If the disc creeps in 
either direction on current alone the position 
of the magnetic shunts situated above the disc 
on either side of the mainpole should be 
changed until that; disc stops, creeping. This 
adjustment is manipulated with a screw driver 
in the same manner as the light load adjuster on 
the Type OA Watthour Meter. Turning either 
one of the adjusters in toward the mainpole 
causes-the movable contact to move in the 
direction that the adjuster is being turned. 

With one volt impressed on the voltage 
coil of the directional element, and 40 amperes 
or less flowing in the series coil, the contact 
should close on a reversal of direction of the 
current flow, and remain open on the normal 
direction of current flow. 

Type CRA Directional Over-Current Relay 
The Type CRA Relay consists of the 

standard Type CR directional element with 
the Type COA over-current element instead 
of the standard Type CO over-current ele
ment. Its characteristics and operation are 
therefore exactly the same as the Type COA 
Relay. Its application is also the same as the 
standard Type CR Relay where it is desired to 
have supervision of the current flowing in the 
relay circuit without going to the extent of 
supplying separate ammeters for the circuit. 

For the calibration of the current indicat
ing elements see description under Type COA 
Relay. See pages 13 and 14. Fig. 40—Type CRA Directional Over-Current Relay 

Low-Energy TypeCR Directional Over-Current Relay 
APPLICATION 

The Low-Energy Type CR Directional 
Over-Current Relay consists of the standard 
directional element and. the low-energy Type 
CO over-current element mounted in the 

same case. The relays are made in tw1© stand
ard ranges, each being suitable for a different 
application as follows: 

The relay having a current range of 4 to 
12 amperes is used for line sectionalizing to 


