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IMR@EUGTI@ _ _
mth the a&“vent of mper*-power natworka: aaﬁ the

atteaﬁant. mter-meotim of t.ramisaion sys:t.em,

nany heretorore tmi'oraeen pre"nlems preaentad themelvem___

m the least mng them waaa t.he problem of 1m1aﬁng
sections in which short-eireuite coeurred sad st'the

cndangered by the short-eireuit in time to preveat
its rain, Tais favolved the prodetermimstion of
short-etrexit eurrents and the proper relsy eomnestions
amd setvings. .
. In our Meetigation we have not only atmenptedi
to verify existing imﬁ‘omtian, ’__'hi"h 1& hy no nem
extensive, but we have also conducted some origimal
irdrk in order to' exemine, and if poégible' d;etem-ne- |
the limiting mmi&itiona of the enia:bing théary of
‘single phase or line to ground short eireuits.
.. . Afiter a complete end det.ailed review ef ex:l.mhing
Memuem on the mhjeet ’ t.he aat.hom decd.&e& that
the moat aewa’oe, practieal mlution woum be oh:baineﬁ
W mlﬁns acmr@ing t.o Hr’ E«.. E’. llackerraa ef the N
@entral &taﬁou En@.aeering ﬁepartlent ef the @enaral '
Ele ctrie @ampan}r. ms nethed 1& c.-alled the “‘l[at.haai

of mtrieal ﬁenentm"’ and is outline& 1n @hapter




()

1 with mws and subtractions as the authors
deemed 'mna-istant with the imreasti.ig,atian as m:ﬁueted!.
. In the study of relsy comneetions and operatiom |
as appliodi to thi& type off work, we ume@ the Herbi.ng- |
]inousw Indhwt.icm Type CE niraetiaml Mr-gurmnt Relay,
three of which were loaned us by the morg,la Rhilway
and aner Gonpa.ny. L e e s
m@].y.dad ;p the teat& a,nd mmetienm of the CR
W}‘}E tho ten:lt. and d:l.eck qf k] mnecticn _m_ﬂ:nit.ﬁeﬁ
to us ror veriﬂeat.iom and imstigation by the @omg
Eeilway and. Fower @mpan;r Engineers. This connectiom
:lis im use at the Company"s Mariette, Georgla, Highe
Tenslon Sub-statiom.

) '!I!he 11mes:tigat.ion diy:n_dea itselfl mt.o g‘gur
mnpters or phaae.a as ahon on ‘ohe mmmd w
me mthors are indem.ed t.o the Georgia Hail-
- way am Bower @anpany ror the loan or the ralaya, "
md, to the @oneral Bleatric Ganpany ﬂor the articles
by lfrr. Ia.e.kerra.ai an& nnrtiwlarly to Erorosmr De P
Samant. of the E?I.oetri.@al Mneerﬂ.na naprmnt off
Iths ﬂ&orgia m:ool of '.'.Ieohtolegr ﬁn his go:;mm._nt
'mé.l ma.luable ad?nw am!I mperviﬁm :I:n the pfe-
pamt:lm and the performance of the tests covered

'b'yl this thesis.
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Ghepter 1.

 @ENERAL mm AND -mw mmw

 The met.hed ume& for the mlmlation m basedi
on the Hethe&* ef_‘ __{Wmetrical @ammenta es aaaee‘t ‘ay
| & P. Mackerras of the Gentral Statiom Engimeering
. Department. of the @enaral Electric Campany of
&ehameetady Hew York _ o
| is method aepmss mn@mntany on the
.:"}:'i&iaccovery ky Hr. 6 Im fnrteme that my threea
| 'E:.'.-'A..veet?;-s my 'be remlwe@ ﬁnﬁe three meta: of mnpm&ntas,
~two of whieh consist of balkneed three phase vectors,
~ and the third of three vectors which are equel and im
It w.ul be renembere& that j -f_ lisan
aperaator rhieh retates any vemr t.o _which 1t applil.ess
thru 9@ degreea in the positive ai.reet.ion without =~
chansing its length, In the same way the aperator N
"a" rotates any vector thmu 129 d;egrses in the pesﬂ.ﬁva
directicn without _changing its 1engt.h. o
Wo ghall asme threughout thiss paper that me

'poad.uw direction is mtemalemsae that a.ll

voolore rotate a‘m this &‘ireeﬁien and t.hat zbr wee‘lsom:

of positive phase sequemae, _phese h 1agss Tmehina p&mme

& by 120 deyees and therefore the phases are lettera&
c:lee:kwise.
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If any vector I ia Eig,_;liﬁ aperated wpwn
hy.a, it is rotated 120 degrees.&n-the-eounter-
elackwiae d&rectiong and thareﬁbre the veeter a
I leads the vector I by 120 degs -
we see st onee . fren.Eig.l that t__ 4écter-

aI= - 0.51 + je 8661

or &= 0.5+ j0.888 (1)

If a operates en al it rotates 1t 15@ dag._

csumter-eaeaktins &irectiun and theret ; I leada

X w 34@’ de&a, @I" la,gs 1"." By 12@ deg.

. &gain fran ?153 1we see that the !eetor :
" a]t 96.1»1985&1

or 425 - 0.5 -;]0.86& c gy

Fren equationa {1) and (21 or from Eigh 1
1+a+a® =0 B (&r

If 2 mperates muueesaively ea the vector I it rotates
it 3 x 120 deg._=-&ﬁﬁ &eg. Yis theret@re uaaltere&
in pasition or uagnitu@e, and we have o

e® =1 e

m the et

T e b B i i
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THE METHOD 6?‘ SYMMETRICAL COMPONENTS

lr. @. L. Ibrtescua has shown that any ?hree -
vectern of a three phaae sygt&n.lny be reaolveﬁ 1310 L
three systems of veotors kuewn as the positive phase
sequence compsments, the megative phase sequemce
compmments, and the zero phase, sequence compoments.
“.-5o We shall eonsider the curremts in a three-phase
sroymded meutral: system.. The actual. mrents '.l.n
pheses 2, b, ¢ we will call X, Ip, Iy and the curremt
in £he meutral or ground is Ig. L |
It‘nigh; bs eaﬁier to underatand the. fﬁndanantal 1e
rql&tions 4f. the wectors are taken equal to the peak
‘aluﬁﬁpoﬁ thﬂjsinaﬁwavgﬂ represented, However, the
vectors may be arbitrarily taken equal to effective
values:and the peak vg;uearneed-nthhpsugad{g;-glly
- Fositive Phase Sequence compohent.s &
!he posiﬂivo phase sequence eanponents in phaaem

s -1 T A iy e

l. b: 0- ﬂre Inl, Ibl Iu 'Jiheee _components are all

aqnul ta each other and aeparated by 120 deg. in
phaaa. . 'Il'hey eona:timts a balanced aet of" three-
phano mrrent& of positive _phase soquenceg that is

the phaaem are 1et.t.ered clockniaaa. Then
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piicn) 1&5& 151 by 120 deg;

. and 1@1 laas I&i hy 240 deg;
Fherefore ][Ial = _aﬂm = 32]1&1 ' (5)
| Ib1-='ég3a1§'afel |
Tol = aIal = o1y

These are showa in Fig 2&. _
Eron equations (3) and (5} we find that
a1 * Iy ¥ Tea= 0 .(&f e
ﬂherefore there is no positive phase aequence sreundumw
¢“r?993%m44d at %PN.438@%¥$,Ph?mpeﬁiﬁiY?wﬁhﬁﬁﬁm%%aqeneﬁ
cnrreﬁt flowing in aﬁy conductor 1aareturﬁ1ng;aioﬂg
the other twe con&ucter&. L
 Wegative Phase Jequence Components
The megatlve phase aequenee components in phaass

‘a2, b, m, are Iaﬁp Iﬁe, 1@2. These components are all

equal te each other and aeparated by 12@ aag. in phase.
Taey make up a balanced set of threeephase curremts of

gegative_ghase gequenceg-that is the phasealare iettéra&

sounter-clockwise. ﬁh&n,
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Tpg leads T,g by 120 des.
and Ieg leads Iap by 240 deg.
Therefore, |
o i.ga o “aﬁhz
Ipg = algp = @ 163 ~ -

T = 8 Typ" R SRR & 4
An example of this 1s given in Pig. 2b.
It i& evident frem aquatians (3) and (7) and Fﬂ;.

2b tha.t :
| Tt het Ig=o e .
Taerefore thore is mo megatiye phase soquense ground
dmrrent,; and at any 1n_st..gnt tii_a negs;_iiﬁre phase a:eduence
current in any conductor is returning along the other
tlro eonduct.ora;. : et
Zero Phase &qqence c:emponentaa
The zero phase Sequence compoments in phai“em a, b,
¢, are T 5e Tpoy Tgoe 'These compoments are all
eﬁual and Is.re in phase ‘with each othem, Therefore,
= Igo = Igo ~(9)
Sinc‘e these currents are all in ‘phase, their sam
mmt retura t.hru the groun& mt there are no posit.iva
or nogative phase soquonse grownd curremsy ‘and

ﬁhéfefore the total ground ecurrent e g




(o)

g = Lot Tyo * Igo (10)
Also, =Lt Ly + Iy (11
because the vector sum of the three line currents
mist . be equal to the ground ewrremt. -~ [

Since the thres zere phase sequence eompenentm are

equal, | Ig = 3Ig, = smﬁ9=_._ (12) N
Am example of zero phase sequence components i1s givem
in Fig. 26, ) _ S
Zero phase sequence currents may be somewhat unfamiliar
but 1t should mot be difficult 1f we remember that they
flow from some grounded polnt, through the three
.pha.a'esa of t.h‘e" ssy&tem in p&rallél, to 'onel or more other
Fg-mndedi pointas, _yhere thay nay enter tha sround and
return th;roush 'phaa g-oxmd t.o their startlng painﬁ.

_ Total mrrentsu

.y

‘!!he tot.al mn-rent in amr pha.ae is t.he mct‘wr ]

sum of the t‘nree oonponants in t.hat phs.a,e. 'nherefora:
Ia = Iac + Ial_ "’ Iaﬁ:

I ® ot Iyt e (13)
Expreﬂzsin& the three tqtal aurrenta 1n tom or t.he

gomponents in phaae & with equations 65)), (’73, and
(9)e
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I, = T, * .21 +a1,_g (15

Ia E Iao + aI a1 +aI a2 (1&7

!b solve the ahove for Iao! Ial ’ Eaz ’ nnﬂtiply (1&],

(158), (16) through hw the appropriate operator, elther,
1;§ ﬁf na and add, rannnbaring that 1 + a + a® = 0
that a¥ = 1 and that a% =
Thus, |
o = 1/5(Ty # Iy + I}  (17)
I, = 1/5(I, + aly + a°I,) (18)
‘_=1/:5(1t+azn,+a1: ) (19)
The conponants in the other phases may then be found
from equations (&), (7), (9). k
Fig. 33 shows the relatlonship betweem the total
surrents in phases a, B, o, and their positive,
na;#tivc and zero phase sequence compoments. This
uhows_gﬁaphica}ly the physieal moaning of equations
(5) to (16) inelusive. If the phase sequence compoments
| are glven the total currents may be found graphieally
as in Mg, 28,
The positive, megative and zero phase sequence

components act as 1f there were a metallic contact
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across all three phases to ground at each end of the
elrcuit. This is necessary from the very nature of
the components; but it vil]_.. be found in the difflerent
cases that the components dmnbine_“tégéth_er in suech
& wey that the total currents satlisfy the conditions
of the short cireult wnder consideratlom,
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| Method of Resolving Any Three Wectors Into
Their Phage Saquehca Ganpdnentm.'

Le£ the three given vectors, as shown in Fig.

e, be

I& = 4 o aJ'IO
Ih'.- G o Jl
Tg= 3 - B
The sum of the three vectors from equation (1ll1), 1=
=11 + 6

_“jiﬁihpfzgyo phase sequence componenis are eﬁgglﬂto
one-third ‘'of the sum of the three veetors, as seem
from equation (17). ~Therefore

Tao = Tpo = T = gﬁ
| .1?_ 2 35 + j&
This 1s shown 5raph1¢ally 1n !ig, ar.
- !rcn aqnation (18} we see that the pnaitive B
phﬁse _sequence component in phasa a ia one-third of
tho sum of I% Ib rotated through IEUﬁdqg. in the
noai;iwe &ireotion, and I, rotated 340 dag. in the
nnaitiva direotion.

Now,




(1£)

aly = fwﬁus +—je.ae&} t& . jly
= 3+ J5.196 + .asa + iBy
O e 23 JS.&Q& 3
ma eI = (':«_oé-'.‘s « §0.866) (3 » 58}
a1+ 2598 » 2,598 + Jl.5

- 1,098 + §4.008
Merefore ‘ ] . o
| Ia1® 1/:5(4 + m - 2.154 * 35.&9&: - 1. Go8 + 34 ega)
| = @.256 + J6.508 -

Toen Iy lage T, by 120 deg. and Iel 1ags xu

240 deg.
Therefore . L o
By = 88T, = (0.5 - JO.966) (.256 + 16.508)
o128 - 'jsiéég + 5,715 & §0,282
558’?*15.521

and Igi = allg) = (-o 5 + J@.Bﬁ&) (o.zss + 3&.59&3

"

= - a.lz& * 3,299 = 5.715 + Je.sea |

- moe B.BA = §3.07T7
me sbove procsss is &hown graphia:ally in !'ig,. 2&.

‘Prom equation (A9} We see that the negstive
phage sequemes wempongﬁt in _phagié_ a iz ope-third of
the mum of I,, I rotated through 240 deg. in the
positive direstion, snd I, rotated through 120 des.
fn the positive directiom. Thew |




- (15)

s «-a.s - j@.BGED ¢ &-Jl)
W -3, - 35 19& © 0.866 + J0.5
= 3,866 = 14.@95
and  aL, = c-o.a—+-ga.asm» ( =5 = 35)
o 1,5-]2.598 + 2,508 + 31.
4.098 - 1,098

Therefore _ o
| I,, = 1/5(4 + J1093.866 ~ 14,696 + 4,008
jl.008) ufgl_ _
= 1,4106 + .402

- Ipg iel_acfm Igg by 120 deg, and I gleads I,
by 240_ deg.
Therefore h o
o | Ipg = 8lag = (=0.5 + §0.866) ( 1;4166.+
sy
- JT053 = Jo. éﬁi'- i:élgi#”Jl.EEQ

-1.9183 * Jo.521
ampgﬂzﬁag pms-m&w)u4us*ndm1

-O.TW jb TOL + 1.2’15 . 51.225
©.5097 = J1.,923
The above process is showm graphically in Pig.
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We will now test our results by adding together
the uonponenta 1n eaah phgln and the sum ﬂhould be
equal to the original vactor 1n that phasa, in acecordance
Xith equations (13)

Therefore W N e
L X, =235 ¢ J2 + 0,256 + J6.508 + 1.4106 +
ez | |
| rein ;= 4* $1°
o A ¥§?H | ‘51 ol ; stady o
— - tda b L + 5.5&'7 b js.ﬁe . ;.ggjﬁ 2
30,521

S o B f

6 » 11

Ig = I@B*' I&l ¥. Iﬂt i i

ke = 2433 ¥ 12 - 5.843 - 131977 + 5097 -

Fo 923 3
MBS B coges Teom nznion

This prevea the acouracy of the above 1ork.. This is

showa graphleally in Pig,.. &E. |
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- PHREE-PHASE SHORT CIRCUITS: -
“1ne: current in the thres phese of a thres-phass
short e¢ircult ar@_equal_in_nagniﬁu&e_an& spaced
&t 120 deg. from each other and there 1z no ground
current. It follows then that the negative and zero
phase sequence compoments ape all sero and that the
pbnitivp“phage”§equqnm§ éonpdnantm'ara the to£31
lhort-aircuit surrentsil e srmmlia = o
'Ehuu t.he mthod reducea t.o the ordlimry mtady for
sgnmetrlcal three-ghase mhort cireuitm.“ nhe pnsitivc.
phaae ssquence nntwnrk is the ordinary sysmem net'ark,
lud tho poaitive ghase aequence 1npedancea are the
ordinary three-phaaa 1npedancam, ﬁha&e to nﬂutral.

Ir Zl : Ebaitive phase anqpenme 1mpedancs»ta B

noutral oﬁ’the nwst&n to the point or ahort ciruuit
' E,;= Induced voltag&, rran neutral to terninal a

Iﬁ lbrnal three-phaaa current eorreapending
to the ahosen kva, base. - 3

Then 1: Zl is in ohms and Eg is in veltn@

x .
it Zl 1& 1n per cent on the chosen kv  a hnns,
P e ._%L‘; Amp, (21)



Th.ua
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We shall always take tha"poaiﬁive direction of

current from the generators toward the point of short=-
elrcuit, This applies to all components as well as
to the total currents,

LINE TO LINE SHORT CIRCUITS

The Negative Phase Sequence Network

The negative phase sequence components are
balanced three-phase currents, and therefore the
eircults involved in the negative phase sequence
network are exactly the same as in the positive phase
sequence iﬁ?Z&iéSb is the same as the positive phase
sequence impedance; but the negatlve phase sequence
reactance of synchronous machinery is not equal to
its positive phase sequence reactance. Thls 1g due
to the interaction of one winding on another lying
in the same slot, but belonging to a different phase,

Tests show that the negative phase sequence _
transient reactanmnce of a synchronous machine is about
73% of its ordinary transient reactance,

The negatlive phase sequence impedance 18 designated

by Z2.
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Linesto=line Short=clreuit Currents.

In . line-to-lina uhbrt cireult thefe is no
ground canneotion at the fault and therefbre there

eannot be any zero phase sequence componenta off

uurrent. |
mhereﬁbre _

Tag = Tpo = Tgo = © (22)
and ' I, = 6 (23}

"If the short cireuit is hnﬁmeen phases b and ¢
1t ean be proved that tho»poaitive phase &equenoo
eomponent at ' the fault &n phase a is

a v Iz ’

where 2] and Z2 are in ohms

or © il v Tgy = 1100 Tp mmp; (@5)

o Zl + Zg |
where: 31 :nﬁ.zg are in per cent on the seme kv-a
base as Ih. zl and. zg are tha pon&tive and negatite
phase Inpedgncam.or ‘the natwbrk to the point of ﬁhort
eimuit'.

The sbove e%nat;ona (24) and GEEN; gré #ﬁﬁdaneﬁtml
in the application of thé method to the e&lculatiéﬁ éf
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111:1&-.-&.0-111{3 short circuits, Igy 1is t_,he first current

to b_é found and everything follows from it,
S4nge the short: qircuit._ is "t_:oetjepz_a phases b and ¢

only; there cénnot be &ny tetal current im phase

.
Therefore

Igy * Igg * Igq= Ig = 0@
l,inm .. ¢ 3 D AL Iaﬁ B @ L6E

'l]he componentn in the othe:r -phase can then be :found
ﬂ'un equatioma (5)‘ and (7).

E‘x&nplc- of Line-tosline Sha-t Glreuilt

" To .ﬂluatrate how the phase sequenaae surrentss
flow with a short cireuit batween pha.aea: b and e t.he
em-ple__&hom'in!ig_- $ will Mmrkeﬂout. in detail,

- Sinee there 1s mo 'gro'und' @onnection at _t.hé |
feult) thei_-g are no zero phase Qequence currents and
no ground current. | |

Therefore
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ihe poaltive and negatlve phase sequence
eurrents are shown 1ln Fig., #, where the arrows give
the positive direction. Hinee the positive and
megative phase sequemce compoments are balanced ~—
three-phase eurrents, the current in qagh”qondﬁdﬁpr
must return along the other two enn@uctorgq__ﬂﬁqram
fore the positive and nagat1Ve phase'aaquence com~
ponents behave as 1f there were: a ﬁhrBE*phﬂ&B short-
eircuit at ‘E‘. mt the esomponents maft, camhine in
a.um a way that the total cm-rent.m satisty the
_ cnnditdonl of a short clreuit between phasea b
and c only. o “'i | o |
Suppone tho line to neutral voltagp of the )
'gpnorator is 1000 and that the ordinary threeephase
inpeaancea,_lina to nautral, of the ganaraton anﬂ
transmission iine.ane Z = J10 ghms and 27 = 5 + §b
ohms, resmotively, el
Them the positive phase sequence tramsient impedence
to the fault, o 5
Z, =2 + 2" = j\lo"*ai 5+ §5
=5 + jl& ohms

1

) The nogative phase saquence tran&ient reactance
of the generator is 73 per cent of itm positive
phase sequence translent rpactapqe, the ne;g@iYe
phase sequence transient impedgnee to the fault '

s
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zfnjmaﬁaiqﬁ
=4 flZ.3obms
_ ihking the voltage in phaae a am smlaiard -
ghase, that is the po&itive direotion of the axim-,
of real quantities - | '

_ | Ea = 1000 volts _ .
Therefore Ep = aE, = o 50@ - 3866 velt&
'jmn&,-_ . BgaBy == soo + 3856 volts
- mhe inﬁuee& voltages ot‘the generator ars taken in
post tive phase. ﬂeqaence-'ﬁ_fm e

ﬂhe tranadent impedances are uaed, therefbrel
the aurrenta will be the instantenécus symmetrlcal
shortesirenit values.
Then from equation (—'.214 o

Ia.l“Es. ‘o 1000 S
ZT ¥ 2Zg: 5-!-315-1-51-&:12.5

= !gdo; L = 1@00 c_pj-“7 _1#

10 # JBT.3 20" + (a7.3)%
= 11,85 - 132.3 amp.

Prom equations G5} . e
Ty = 82Wy) = © 35,9 + 35,9 amp
Igy = ally) = 82.1 + J26.4 amp,
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As .pi'eviously noted,
Iag =Jpo = Ieo = ©

Singe the total current in phase a is zero

: Ig = 0 o
Therefore, = Lo = *Iul = & 11,85 + jﬁﬁ.:ﬁ ampy
and! - %=a1w=-3§i=-ﬂﬁ.logm.&mp.
and I[e__zaa:lrag,z*lbl 359-159;»1@.

> sy :'--‘“

‘!hm t.he total currant-s in phasem b nnd c from

equatiom (1151, are - j e
I, =0 » 55.9 + 35 9 . ﬁ?.l - jzs.t
| é-&e.o«-;zo.a anp. _ -
T, = o+ 22, 1"4‘-'"525.4 B 53.9 - 15.
= 56.0 + 530.5 anp.
‘The vector relations are shown 1n m;. 41». ﬂ?he

short.-ei.remit mrrent rlo'u alons one cortmctor and

returns by the other a8 shown in F.lg,. 5.

LINE - 70 - GROUND SHORT * CIRCUITS

Zero Bhaso- &quén@o ietwork o

- The zero phaae sequence nettork is Imrh s;inpler
than the eother two netmks_innm-eh &s ‘it usually
fnvolves only the portiems of the metwork which have
grounded meutrals in the particular circuit in which




({‘2@)1 |

& ground fault @cemé&. It should be remembere& .
- that the zero phase sequence mp_oneng.a in phasea:
&, b, and ¢ are equal in magpitude and are in phaa-e
with eaeh' other. .____'_nherefore the path ef the zero
‘phase sequence e'urrent.a € regarded in the negative
'direction ) 1z from the ground raul'd. throu@ the
tpee phases of the network in parallel, int@ t.he o
g-aundj -throngh dome or all or the grounaed m.autra].&,
and through the graumd.baek to the rault._';d;”f“u

N The naﬁure of t.he sere phase aequesn@e .netwerk
depmds ent,irely on t,he transﬁbrmr and generatar
connsctions, ang whether they are grounded or mot:
The ”T‘é_t_h‘?&? of setting up the zero phase sequemce
network will be explained by the exemple ia Fig
6 which imvolves most of the common eomrnections,

An arrow represents a zero phase sequenee eempme.ntiz.

of mrrent in the pontive &irectien, and a zza:_:-o e}osw
to the conducter indicates thal there 1s _“.'_3 zero _Phaw
sequence eurrent in that omductor. The sero phase
sequence compoments are equal ’_‘7‘.‘_"?39_._@1‘93"9’1?3?% y
therefore 1t is m-cegmyf,e_mns;idgrﬂ _pf_qa@._ the ground
feult exists simnltensously om sll three phsses;
ctherwize it would be impossible to have sero phase
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&eq&eme curprents fn al]l the _ph'asé&-—. It w-11'1 kea

found that the positive and negative phase sequence

T Wit NEUTRALIZE THE 28 R0 PHASE SEQUENCE COMPONENTS,

' mmpenenta'ria the two umgrounded phages at the fault,
and the total earrents will then ‘satisfy the wn&itiorﬁ
on a. 11ne¢te-&'emd short cirmit. o

- mg 7 18 a onewline d‘iwgram of Fi‘ig;. , ané: mere
't.he circult is eomplete for the wero phase eequ&a@e
eurrent, the e:cnd-‘uctor is showr grourded at the end,
ingl catiag that t.he mrrent. may return t.hrou@ the
mund to the fa.ult. there the- zero phase sequence
eurrent cennot ﬂew, the bran 1s left unsreunded
at the emd, indicating that there l& infinmite impedance
‘ to zeéro phase sequence current. .

- Fig. 8 13 t.he zrem phaae aeqﬁenee network which
is o’&tained from F:Lg: 'W by m*:.ting the Tranches
vhich eamnot earry zero phase. sequence current, _
'7!1119 oréd.nary three-phase line-tmneut.ral 1mpedances
sre given in Fige 6 om & 30,000 kv-s base, and ia
1’1@; 7 and & the c'arrespond‘ing s-erb ‘phase seqﬁ ence

impedancea are g;lven on the same base. L
- The positive directian of the zere phase -
sequence ourrents in the cmdw tors is toward the

fault, but in getilng up the zero phase sequence




e
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network it is usm.ally eaaier t.o atart at the fauld
and work back thrau&h the systenm, mnsidering whiech
branches provide & mth for ssere- phase sequence .

- eurrents, and whieh do not.

We will now consider the portions of the network in .

detatl,

-y
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Resisteance

The zero phase sequence resistance of a wonductprl
in any phase 1is equal to.ita-ordinafy remiaﬁance valves
but 1f the conductor is in the meutral its zero phase
sequence resistance is three times the ordinary wvalue,
This. 1s because the ordinary resistanc@-qf a conductor
is referred to the totel current in it, while the zero
phase sequence resistance refers to the zero phase
sequence current in one phase only, and this 1s one-

third ofthe total current in the neutral.

Trengformers A and B

Zero phase seguence currents cannot flow im the
lines leading to an ungrounded Y or delta because there
is no ground connectlon through which the current may
return to the fault. This is always true, no matter
what connectlon is used on the other side of the

transformer,

Transformer C _

If a Y-delta transformer 1is grounded and a ground
fault occurs on the ﬁ:side{;ita.zero phase sequence |
impedance 1s equal to'its%prdinary three~phase impedance,
Jine to neutral. It will‘bé noticed in Fig, €& that the
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anrf;gﬁa_in the Imall_ﬁlqy_&way from the meutral -
p@i;t; and that the oqmpannap;ﬁg_p@rpenté wi}l q;réulatc
in the delta. @bnsequentiy mo z6ro ﬁhaae sequenee -
currenta can flow in the lines eannected to the delta,
and the network on the far aida of the delta has: no

intlunnca on the zero ‘phase &equence eurrents,
Since the currenta Iloiing fron the ground thraugh
the tranaﬂbrmer enconnter the 1mpedanco oﬂ'the B
transtbrmsr, the ground 11 !&gﬂ ? and 8 ih nﬁewn

‘_' ]fr A

on the far &ide of the trannﬁbrmer reactance, G,

Transformer B By i
"me zero phase sequemce impedance of & ¥~Y

transformer, grounded om the fault sdde but
_isolated on the other slde is infinite. Elthough
there is a path for the zero phase saquence currents
on the 5rounded side, thare is mo path for the |
umgrounded glde to balance the ampere turnm un the
grounéed side._ Gbmsaquemtly, 1t 1s 1mpoasible tbr
saro phalo aequence currents to flow 1n the 1ines
eennacted to a !Hf‘transrormer which huw one side

isolated from ground,
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!r&nafbrmer E

The 1mpedanee or L3 YWI'transformar with both

| aﬁutra;a,sren%@?@-iﬁ equal to the ordinéry three=~

phase impedange. A% far as the transformer itself

is concermed, there is & path for zero phase sequence

. currents on Bdth pfimary and secondary sldea, since

there 1; 8 eannection te ea@h neutral. o

Zero ghaae ssquence current& will flew in the

- lines eonneeted 1o both sides of the tranaﬂbrmar,

provided ef ennrse that the reat of the path can o

be completed as shows in Fig. 6. If the generator
@ had been wmgrounded, no gero phase sequemce currents
eould have flowed in transformer E or the lines

connected to either its primary or secondary.

Generator & e
| Since thls gemerator has a meutral commection;
it movidks a path for zero phase sequence curremts
to flow from the ground snd returm to the fault,
Tests show that the zero phase sequence transiemt
reactance of & synchromous machime is sbout 37 per

eont of its ordimary transient reactance.
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Impedance in Gemerator Weutral: The zero phase

‘sequence impedance of the gemerator neutral connection
is three times 1its ordinary impedange, because it is
referred to the zero phase sequence current in one

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

the neutral,

e

Three=winding Transformers

In a one-line dlagram, a three-winding transformer
is represented by an equivalent clrecuit, In Fig., 9,
let the reactance: from primary totéeoondary be xpg,
from primery to tertiery be xpi, and from secondary

to tertiary be xgt. Then in the equivalent network,

Xp ¥+ Xy = Xpg (27)
X, + Xy = Xpt, (28Y)
Xg + Xy = Xpg (29)
Therefore
?p = 1/2(xps+ xpt - xét) (30)
X = 1/2(xp + x s xpt) (31 )
x, = L/Bx b ox - Iés) (32)
Transformer H
Let © XFpg =5
xpt' 9
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Therefore

xp =1/8(5 + 9 = 3) = 5.5
X = 1/2(5 + 3  8) = =0.%

n
(&3]
-
w

Xy = 1/2(9 + 3 = 5)

The negative reactancé for xg means that the secondary
leg of the equivalent circult acts as a capacltance,

The secondary and tertlary are Both deltes and
both provide cireculating currents to compensate for
the zero phase sequence currents in the groundea; Y
primary. The zero phase sequence reesctance of the
transformer 1is therefore equal to the ordinary primary
reactance xp in serles wilth the secondary =g and the
tertiary xt in parallel. The zero phase sequence

reactance of transformer H 18 therefore equal to

xp + xtxt 5«5 = Se& X 065
: = 5,5 e -
Xy + Xg Beb = 05

= 4,92 per cent

Trensformer J

In transformer J one winding is an ungrounded
Y which cannot carry zero phase sequence currents,
. Therefore the circulating current in the delta must
entirely compensate the zero phase sequence in the

grounded Y, This three-winding transformer acts in
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exectly the same masnner as transformer €.

ﬂnﬂo-trsnaibrmer K o

& gronné:e@ Y anto-transformer with a delta ter*t.iary
1s equivalent te a three-winding transformer with two
groﬁnaed*%'iin&angﬁ and a delta. Im settisg up the
e:quivalent. circuit we look ahead and notice that the
secondary is eonnecteé to an ungroundsd generator Iu'
which will not sllow gero phese sequence cUrremts Lo
flow inm the limes comnected t_@__it; Hence the suta-
transformer K acts as 1f it were a Y-deita trems-
former with grounded ¥, 1ike frwﬁ"@t@erﬂ_@i and 1ts
zero phase sequence Teactance s equal to its ordinary

reactance from the high'volt.a_ge ¥ to the delte,

Erounding Eransfbrmers S

& trensformer ennnacted either grounded Y- -
delta or grounded zig-zag, which floats on the line
for the purpose of_es;ab}ish;ng;a ground, acts in the

game manner as transformer C.

Zero Fhase Sequence mpedan“ e | e
‘The zﬁro phasge saquenee network 1s nOW eomplately )

.set up and all the poasible paths f@r_%??°“9hﬁ$° S6quUOnss

‘eurrents are imdicated by grounds at both erds, We tien
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caleulate the gero phase sequence ilmpedance, Zgp,
of the network of Fig. 8 to the polnt of short
eircuit as follows:

The impedances of the paths im parallel are,

Eranch Iﬁadaﬁca : Reciprocal

¢ J5 - J0.200 ’
X 3 - jo.167
3 o  -7j0.100
E jeion % J0s208
B 9 + J15.7  :_0.0385 » J0,08l
3 Total = 0.8535 « J0.721
Then Zg = #E ¢
-0335 = 10,

= 0.,064. + J1.38 ohms

Linesi0eground Short-sircuit eurrents

. When we have a line=~to-ground shpgt;qircuit the
eurrent flowimg into the fault mist Teturm through the
grounds and there must be p9s;§1vg; pe5é£1;e and zero
_phase sequence compoments of current?

~ make & simple circult mnsisting of grounded ¥

generator feeding a three phame line with & ground
feult on 1ime a. We know that the totsl current in

phase a 1s equal to the current in the ground smd S
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that the totél currents 1in phases W and e.aye ZeP.
L 5,

'Ehen Igy * 1/5(51a + R + agi.rg_w =
Ao Le =':|.,/ :‘5.(1'8_ s “g]ia"' al, ) = .Ia. |

wd T = 1/5Ta t Be %) = e

Pherefore, | |
I Ia 5151

: (39}
Ial= Ias Iho= I‘ *g *"3"-

It will be noticeé.that the tetal currents smtisﬁw'
the conditions of & ground faultaen phase a only; bBut

the cemponent.eurrgnts behave as if all three phases

are'ahort~sircuite&.to groun&;

’m m& the Value of I&l

et 7y ', 22; , zo be the posi‘bive, negativa and

sero phase aequenee impedancea of the circuit from
the neutral of the generator to the rault._ ﬁhﬁn ‘the
voltage drcp due to t.he compoment Ialﬂowing thr'ouga
impedence Z; i Ial Zl' Alan the drop due to the
megative phase sequamce current 16 T,p % ; amd for
the zero phase sequence current, the voltage drop is.
Igo Zo ¢+ ‘Therefore the total drop im phase a is

Ialzl * Ia.‘?‘ 22 + Iao Ze
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Since phase a 13 shorted ‘t-o srcsund, _the total

Wltage an in phase a.
mre“fore’ ) o _
o \ _ Eﬁ = Ial ZI + Iazézg% | J?ﬁo o

But we have shown that I‘ai = Iaz;‘ = I&o_.

Zl ..+ Zg-l- Zo
where Z,, Zﬁ, Zo are in ohm&

Ir 2y , Zg, Ze are in per cemt on some kv-a
‘base,. and I, is 'the normal current eorresponding to

thet base, then equation (40) becomea,

: ' Iﬁ =X
Ial = Ia% Iao 3 _g_

100 Iﬂ amp, (41}
' ' + +
. CTm "Za' 1z,
Equations (’4&)‘ and Ml)‘ are fhndamental in the

mlmlation of line-Wgroumd short cimnim. Ia].

1s= r:lrst ealoualted and all the other currents are
derived from it.

drop in phase a 1s equal to the. line-to-neutral a ik

Therefore, _ _
o Ta(h Rt %)
or Pal = Eag* Tgo = — ~ g
= By  Amp, (40}
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GENERAL CONSIDERATIONS

In the calculatlons of three-phase or single-
phase short circuits on complicated systems the solu~-
tion of networks by Kirchoff's. Laws becomes very
labqniﬂu&._ The @alenlating Board offers a very good |
solution to this difficulty provided that certain
conditlons are fulfilled. S o

The first econditien is that the three phases
qpst_bé symmetrical, so that ;he_gw&teﬁ.mgy bp;
represented by a one-line dlagram. _!hisi;slprue for
the positive, megative and zero phase sequénce networks.
~ The second condition is that the curremts through-
out ome phase of_the_ngtwgrk_mns; be in phase with each
other, so that alternating currents may be represented
by éirect current so far as thelr behavior according
to Kirchoff's Laws is concerned. This condition is
fulfilled if there is no resistance in the circuit.

A third condition is that all'gpneratqra_must__
have the same induced voltage. This assumption must |
bp_ngde'in p@th_thgpefphawp gnd_singié_phﬁ&e_ciﬁéuitm;

- iny'diaadianﬁagasfef the Caleulating Board are just
as serious ﬂbr.thréééphane'ahcrt circuits as they

ape for-siﬁgle-phaae short circultsi.
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_ With the Method of Symmetrical Components the
calenlatlon of the actual fault current is very
simple once the phase sequence lmpedances of the nete
work have been founmd; but considerable labor 18 inm-
wolved in finding the currents in all the phases of

all the branches, Most of the numerical work con-
gists in multiplying vectors by a or ag; and great
care is necessary to avold making mistakes with the
signs. If, Howsver, the resistance of the cireuit
is neglected, the components are emtirely reactive, and
the multiplication by & or g?'may_bp_peprorme@ directe
ly on_tha &1agrﬁm'of Fg. 10, For example, 1f Ig] =
- J60, it will be seen, by projecting to the horie
zontal and vertical axes of Fig. 10 that a® (éjﬁdﬁ
= -5 + j30.

Te signs cen be réad imnedistely om Plg. 10
and thﬁ ?aluda'are accurate egqggh'for;hdéy:?ufpoﬁem.
we note howsver that the mumeriesl values of the
rggl and immaginary components are either 63856 éf
05 times the mumerical value of the veoton. Theres
foro wo may set our slide rule with ome end at 0,866
to perform all the multiplications by this factor,

and the other component may be foundby dividing by
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2., The signs and approximate values can be seen at
onos on Bigy 19v: oo uy i L h L o

___ When the circult -contalns both resistance and
reactance the phase sequemce components are complex
quanities. To multiply a gomplex guanipj_by a or
a? with the help of Fig. 10 it 1s only necessary
to treat the real and imaginary pafts'éaparately.

M’_

a céoj‘;_n‘éjéixf”—;
=e1b + J25 « 38 - j2°
==~ 585 + J& . ' :

This mey-be Serifisd by translatisg: dwtd-the.
polar form but. considerably more work is Involved.

Thums,

30 + J44 = 53.2 /55,7 deg.

and - 55 + j4& = 53,2 /176.7 deg.
The magnitudes are the same and the amgles differ by

120 deg.

!undamental ﬂssumption& L L N . o
In all short-¢ircult calculatioms it is necessary
to meke assumptions which may, 1m reality, Be far

from exacte.
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(1) We assume gjzero'resiétancé raq1t; ‘E%gally‘
the impedence at the fault 1s small; but if
a conductor falls on a dry wooden crosserm
and the only retura path is through the wood,

& . "the resistance may run inte thousands of ohms.

(2) We meglect load curvent and charglng curreat.
If these are taken into account the caleuw=

lations bedoﬁe extremely complie&te&; _ - o

(3) The imduced voltsges of all gemerators are

assumed to be equal and in phage, so that

there 1ig mo qi:ggigp;ng current before the

short eireuit occeurs.
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€HAPTER 2
DETERMINATION OF CHARACTERISTICS OF
MACHINERY AND APPARATUS USED IN WORK.

In Ea;e§ting;t§é apparatus to use in our tests
we were fortunate to have avallable im the laboratory
a ?mnk of tranarormars whose characteristics and

5 @enstanta lere much as to teat the existent theory
“gn 1ts ltniting conditions. Ll
The' nacessary apparatus conaiated ory = = _
1 lwhtinghousa Motor Generator Set; Rbtating
" armature type of altermator. e
WBstin;houae geg 5enerator, 7.5 kv-a, 125
volt&, De;ta eonngcteq,.zzqiyqlps Star
eonnected; 60 cyecle, 1800 r.p.m.
34,5 Amp. per terminal Delta comnected
l 9 r’ w m w " mw
Serial number 1470261

1 Benk of wagnar Electiric qempany Transformers
1 kw. 220/110 volts, 7/14 amperes
 serial mmbers, 54945,54948,54947
.i Benk of .Westinghouse Electric Company
;!:gquormers; ,iis_kr-m,uﬂ.vixﬁmpedances
240/120 volts - 88/22 volts
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. Serial Numbers, 1089477, 1092259, 1089479
The rwng_naﬁb ffor characteristic determination were

ag follows:e

K, ° Oa the altermator

_ ’ ¢ UEn B i Tusewsy S -
1. Opén circuit characteristic or magnetization
curve pum,

. : . " ¥ e e

2y - Short eiroult characteristic rum. =

3. Effective a'-.s resistance of armature with
“the ‘armature removed from the machinme, mot

: including brushes, .
S¢ Chmic or d - ¢ resistance of armature inwluding

hruahem.

o N = o
!he alternator was rua under lcad for a aufﬂicient

time to bring it up to stable operatins tempcrature

before the above readinss were takem.

N Bue to the fact the alternator waa of the

rotating armature type it was necessary to determinme

the prush drop with directsewrrent with the armature

in place, as there was no way o;_qgt?;yg_}ha_prushea

on the sldp rings with the armature out of the'

alternator for éﬁfective‘g « ¢ resistance determination.
The brush drop per phase was obtained by subtract-

ing the resistance pef phaae=ohtg1ned from Fun 4 from

rum 3.
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Fig. 11 shows the disgram of connectioms for rum #1
'315; 12 n n " " nf o " g
Fig. 15 includes the opem and short circuit
characteristiecs as obtalned in rwms
(1) end (2) -
¥o dlagram of comnections is included for rumns (3),
§4h1&nd'(5) due to the fact- that atandqrdzpfacticu
for resistance determination wasg fpllo‘ﬂd. _
The observed data from the above rums follows
in Section 1 and the calculated data is tabulated

in section 2.

RUN #1
OPEN CIRCUIT CHARACTERISTIC OR MAGNETIZATION CURVE

Volts Fleld Speed

Per Fhase : Gurrent R. P.M
000 0.0 1800
22.0 | 5.0 .
3945 | 8.3 "
54.8 11.85 -
670 14.8 "
80,0 17.25 -

89.0 19.5 »
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99.0 22,5 1800:

106.3 24,75 *

115.0 27.5 w

121,3 30,0 w

127. 32.0 | "

157,5 35.8 "

144.5 39.5 "
.




Cpern  C. //'6«7/)‘
- F /9? / / ‘

D C. Molor Some
as Above.

_1_@—1

5/?0/'/ C/f“d‘é///
f‘/g // -

Frg /&L Drogroms a/' o aﬂnez.v‘/aﬂ for Ob/amm‘g.-_'_
fhe  Chorocheristic Corves of or
Alfernotor.
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RUN #2
SHORT CIRCUIT GHARACTERISTIC

I ia I3 Ig SFEED Tav.
k= 5 5 5 .05 1800 5

o7 .84 8 1k * .78

1,78 1.8 1.85 4.8 " 1.803

2.66 2,62 2,68 7.2 w 2,653
« 345 3.4 3,48 9.75 " 3,443

4,00 3,925 4,03 11.0 " 3.985

4.87 .4.885 4,87  14.0 0 ~4.855

k= _10-.-7 _10 10 10

2.98  2.93 2,98 17 2,9633

3.45 © 3.4 3,46 19,5 54437

3,95  3.86 35,95 22,2 34907

./:l!

|

o s

4
L,lfuiflull'f.J Lo TN

I Y
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RUN #3
EFFECTIVE A-C RESISTANCE WITH ARMATURE
REMOVED FROM MACHINE (NOT INCIUDING BRUSH
. RESLSTANCE) .
Garrent . Wattss
k= 5 1
3.875 0%,
4,735 137. Phase 1
™ 2,968 54, . aea
387 - 91.8
4,725 138.0 Phase 2
2.95 53.5 b-b
50875 93?0 & g
4,725 137.5 Phase 3
2.975 54,0 c-e
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RUNS #4 AND #5

OHMIG RESISTANCE OF ARMATURE

Current E E
Terminal Without
: Bmshes
19,7 e 4.6
8.46 3.8 &
35. 10.3 8.32
35 10.02 8.35
19.7 6.2 4.66
8.265 3.2 2.0
40.0 3.2 1.83
19.6 6.1 4,52

6.85 10.1 8.28

Phase 1

PFhase 2

Phase 3
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EFFECTIVE RESISTANGCE OF ARMATURE WITHOUT BRUSHES

Fhase 1

~ Phaze | 2

Phace &

CALCUEATIONS

+2448 ohms

2455 ™
2400 "

- 2455 ohng
240 %
8460

2448
. 24685
. 2440

kverags = .2450%

[

i

Average = .246F

etz
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OHMIG RESISTANCE

ﬁth Brushes Without Brushes ‘

Phase 1 «3095 2335
| 3788 .2365°
.2943 «2BTS

Phase ® . 2863 .2384
3150 _ . 23685

.3868 T .2418

FPhase 3 . 4000 .2288
3113 .2306

.29085 .2382

‘Puing average of 2 values corresponding to
- highest currents: -

AVERAGH WALUES OF RESISTANCE

Eff. B Eff, B ohmic B chimiec R
Arm, alone Ine. Brushes -Inc, Elone  Inc. _mﬂhea
‘Phase 1 ,24505 #31145 -2358 .3019
Phase ¥ (24685 309575 857325 .30065

Phase '§ ,34552 - .312195 2344 '« 301075
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SYNCHRONOUS IMPEDANCE PER PHASE
_@aken from Open Cireuit and Short Cirenit
Ghar;cter;l.stic-m |
RN
40 amp,

I, short cirecuit
R, open circuit » 1(_)_0 volts
‘2 =100 *+ 40 '

‘Resactance per

Fhase 1_;_' x’ﬂ =

2,48 ohms
2.48 ohms

Ehasp 2', Es

B

Phase 3, X,

B.
'RUNS MADE ON TEE TRANSFORMERS FDR DETERMINATION
OF CHARACTERISTICS

e - 5 (e i =2 £ .

The only run meds o the sherasteristics or
eonstants of the trans:@ormg_rs was a s-hort.cirmit
run’ from which the reactance, effemtive fé#-istgnc.g:
and'the impedence of the imdividual transformers was
caleulated. |

The okserved data follows in Sheition 1

The Caleulated ™ " - - 2
for both the Wagner Transformers and the Westing-

house transformers,
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SECTION 1
OBSERVED DATA-SHORT GIRCUIT‘RUHS ON TRANSFORMERS '

Wagner Transformers
Coll ratic of turms 2 to 1 1i.e. azo/llc

gurrent Wolts Watts .

4,54 11.48 52 mrmnm.'a‘#5494m
’ 454. 1l 58,5 'mranm. a#54945
4.54 .. 11,48 52,3 Trens,. cfsgsm

Goil ratio 6$iturn&“1;1 ;;e. zﬁnﬁééo

£,5¢ 8.3 37.5 Trens. &
4,54 ‘ - B.65 - . 39 Trans, B
4,5¢ . . 8.5 .. 37  Trens. €

Westinghouse Transformers

10.4 783 77 #1089477
10.4  7.20 68 #'1092259
10.4 7.44 n2 # 1089479
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Vi :
ﬁEcTIﬂH Z
CALGUEATED DATA
TRANSFORMER IMEEDAHCES, REACTANCES AND

- RESISTANCES
Wagner 'rrmngfomerm . Referred to Hgh Sde
B z X . B Z X
.220/110 © - - 220/220
5 2. 522 £ 528 S 1.819 1.83
B 2,545 a.s . T 1.89 1,904
€ 2.538 2,528 1.793 1.823

| In the abiove transformers the reactance 'w'a'a__gé_
low that 1t was mot possible to measure it. 48 this
will Be indicated later this was a ﬂbrttmata thing.

weatiﬂghouae 'Er&nwormra‘:

Referred to High Side - 220/80
. By  Z X
1089477 L7115 .__"75@ 4T
1092250 6T .695 .8931
1089479  .666  .716 .96S

e N |
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CHAPTER 3
ACPUAL TESTS, DATA AND RESULTS OBPAINED IN
SINGLE PHASE SHORT CIRCUIT TESTS.

- The single phase ghort circuiﬂ tqété.were three
in number, each conaidting or-a'difgerenp fype of
cannection; Ihemmoéi logical way to label #n& di&-_
tinguish them is to call them Tests 1, 2, and 3 since
the character of -each is best demoted by its dlagram

of connections, i

The current 1iteratnre an the auhqect of sghort-
gircuita,~baaes_1ta'bhgary and aglgnlatiansluponvthq“
ﬁ‘ihei that .the resistance of the circult 1is nagiigible
on short=-circuit and that the in&uctin reacmance is

._'\(':

the only factor raatrictin& aurrent rlow.

‘Due ta ‘this prevalent asaumption;o;rﬁthree _
investigation& oﬁ'aingie phasa ahort-circnita are
subdivided into flve partav-

‘@& The calculation of theiéhdfiveiréuit_@u;pent&d

- using the numerical value of the impedances of
‘ thg_npparatua,ingqpestian;-
B. The ealculation of the short-circult currents

‘using the complex form of solution.
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¢, The calculation of the I_;lhq'rtf@irguit_,_eurrents
u&in&c&nly the inductlve reactance of the

apparatus in question.

&, ‘The ¢aleculation of the short-eireuit
currents using only the resistences of the

apparatus in question.

e; The sctuel tests for the ‘short-cirouit
enrrent.n actually eximbing mﬁey t.ho uahort.-
eircuit condit.lmr aammedu for .t.'.l.”i “u?go.rat.uuz
whose char;eterintio walues and .@ona‘bantm
were ‘used :!.n the calculated reaults; o:ﬂ" pa.rtar

m, B e, anct d’. above.

For the purpose of our investigationit was
{adesd fortunate that the grasformers available and
used in°the"tests, Red a very high value of resistance
&s compared to their valu.e of ructance. m'!au&,_
one bank of transrormerer the w:', 1 %klw; ‘hank to
- Be-exaet, had a resistance per pluu f-.:p;f&gti-cally it
equel to impedancs. Thua ﬁﬁe”"jr'-éatgﬁﬁé? was megli-
gidle in comparison. This 1s evident from the
characteristic or constant determination tests as
digcussed in Chapter z,
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Pue to this fect we were investigating for the
extreme case and if we found that the resistance could
be neglected 1n_th1& case, 1t would ahow_thatlthe
common neaumpﬁion that resistance does not affect the

value of current on short-circult was correct.

SINGLE PHASE SHORT-CIRCUIT TEST

' NO.1l
In Test Vo, 1, the apparatus eonmistins of the
'wbating house'ﬁhconnocte& alternator, wngpnr ‘bank of
Transformere connected E‘ﬁo Delta with a turn ratie
of 1 to 1 and the Westinghouse _tranafbrmerm stn- ) .
;icted as shown 1n Fig. 14, The faull was as indicated.

- Ammeters were placed in the _ground uonngotion

or fault and also 1n ‘the grounded leg of the Y-delta
connﬂateﬁ.!@utigghpump grqun&;ng;transﬂnrmgrm. With
the fault comnection bpﬁn, thg alternator veltage
was set at_EgQ yolts and phq erngnpy at 60 cycles,
The faﬁlt eircuit was then closed causing the 1ine-
'to-sround or as it is calle@ "single phase short=-

circnitﬂ'to take plaee.

-
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- Iwo readings were ‘made; ﬂr&t, the instentaneous
or transient current in both the ground or ﬁ?ult and
the grounded leg or the transﬂbrmer were read at the
instent of cauaing the I‘ault., and secondly, 'the zame
current.s were read after steady state conditiona: had?
Cbeen esteblished. .
The instantansovs or transient values are of oaly
passing interest in this paper since they endure for

only a few cyeles and camnot be aceurately imvesti-

geted without the use of en eseillopragh. !
~ Tho steady state conditions, however, are of Sl
primary Smportence since it is these values that ?

relay settings are based upon, amd it 1s these values.

that give us & check upon the sceuraey of our caleu-

lations ss made to [redetermine their megnitudes.
Following are the calculations as made sccording

to the theory outlined in Chapter 1. In these

| ‘ealeulations the averags per phase #_a_lﬁgs-_ of the

gonstents determined .in hapter ¥ were used, These

values will be found on the respective poaitive,
negative and zero phase sequence networks disgrams

ac@ompaiiying the wvariocus &aluti@nﬂa;


tfara.lt
eycl.es
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 Test 1, Part. 1. Caleulation of single phase
short-circult currents uéing the numerical value of
the impedances of the apparatus as the basis Ibr.the
calculation, B | o
Impedance of the altqrn&tof per phase 2.5 ohms
iﬁpedanee-of Delte to Delta Transformers |
Ber Phase _ 1.835 ohms:
Impedance of ¥ to Delta Transformers

Per Phease 0.75 ohms

From the positive phase sequence network diagram
on following page it is seen that for the positive

phase sequence currents the impedance is

Z, positive phase Z, alternmator + Z. Delta~
Delta Transformers = 2.5 + 1.83 = 4,35 ohms

= B, negative phase sequence = Z, dltafah@or
j:é?& + Z, Delta-Delta Transformers = 2,5

X 73 + 1.85 = 3,66 chms

Z, zero phase sequence Z, ¥Y=Delta Transformers

=.'750m o
The tgtal impedance_im

| 4,33 + 3,66 + 0,75 = 8,74 ohms
!hé current in the grounded leg of the Y

eonnected grounding transformers is thus
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I = B = 22048

= 14,51 amperes
% Ba 74

4s is proven in Chapter 1 the ground current,

iz three times the above vaiué and 1s thu&::-

IS = 3 x 14,51 = 43.55 amperes
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Test 1, Part 2, Calculation of the single phase
short-circult eurrents using the.complex"exgrqgaidn
for the values of the impedance of the apparatus as
the basls for the caleulation.
Impedance of the alternator ‘per phase
L Z =31 + §3.48 ohms _.
Impedance of the DeltarDelta Transformers per phase
.2 =l9+ jeoms
Impedance of the Yﬁﬂeltg‘@rana;prge:s_per,phaao
z_'_ ,66&5 + jO.268 ohms |
~ Prom the positive phase sequence network diagram
for Test 1;_Fhr§ 2_1tizsiaeen that for thoﬁpositive
v % phase sequence curgent the';mpedance 1@ _
. Z, Positive phase sequence = Zj
Qlternapor_f 4, Beltgfgqlta_ﬂran&formﬁrm

= (0,31 + j2.48) + (1.9 + jO)

2,231 + j2.48 ohms
and 1n same mannar_ . ‘ B _ o |
z, negative phase sequenee_“ z, gltarnator + —
. 2, Balta-ﬂalta transrormsr = (0. 31 + j 75 x 2.48)
| + (1.9 + Jo) = 2,21 + 31.81 ohmg
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8180, ,_ . _ o
Z, sero phase sequence = 7, Y-Delta transformer
= 0,6685 + 0,268 ohms
The total impedance is )
(2020 + §2,48) + (&.m + 51 81} + (a.eaas |
+ Je.asaj L | |
2 = 5,089 + _4.55 ohms, the meric of whieh is
< =i 089) * eé.s&? = s.s&s ohmg
_ ‘I!he current 1n the grounded 195 of t.he Y-eoﬁnected

sr@uﬁ@ing transformer 13 thus'-_ '
B | S ..
= 18 m ampereaa

and the gronnd current. :i.a R
Ig = 3= 18. = 55 as amperea

Test 1, Fart 3. Galeulation of the single phase
short-eircuit currents using only the values of the
mductive reectance of t.ha. apparatus a3 the baais
for calculatiem, neglecting the resiatance. 3

~ BErom the peaitive phase sequence netwark diagram
for 'ﬂeet. l._Part & it is s@an that for the poaitive '

phase sequence current t.he reactame :ls T

Xy,» poaitive phase mquenoe = XI. ,' altemater +
X1.s ﬁe}.t,a-nelta tranaformera = 2.48 + 0

—2480hms
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and in the same manmner
II.: negative phaée sequence = XL, alternator
+ X1, Bel';:.a-nelt,a transformers =
| 48 x 0073 + 0 = 1,8l ohms
alse X, = zero phase sequence = X;, ¥-Delta
transformers

= ,268 ohms

A}

The total reactance is : .

22.48 + 0.7 x 8.&'8 +0.,268 = 4.558 ohms
The curremt im the grounded leg of the Y-cannected
grounding transformer is thus

Oy l-i = 220 +/5 x 4.558 = 27,9 amperes
smd the ground current is

I& =3 x 27,9 = 83.7 amperes
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Test 1, Part 4, Calculation of the single phase
uﬁﬁrt;wiruuit currents using only the values: of'the‘ _
reaistance of' the apparatus as the basi& for calculatiom,
neglecting the inductive reaatance.‘ i
!bam the positive phase aeqnence netwbrk ‘dilagram
for Test 1. Part 4_1@ iz seen that for the positive
phase sequence current the resistance is .
R, positive phase sequénce = H, alternator—+ :
: Ry ﬁelta-ﬁelta tranmformer = 0,31 + 1.9 = 2,21 ohms
iﬁﬁﬁ“ip'tﬁo same manner. ]
| m, negative phase sequence = R, g}:ternatqr 5
: R, Delta-Delta transformer = 0,31 + 1.9

= 2,21 ohms . L
also R, zero phase sequence = R, Y-Delta transformer

= olﬁéas*-'-ohms- .

The tbimimreaistance ia »

2,21 + 2.31 - &.6665 = 5.0885 obms
The current im the grounded ;eg of the Y@eonnaate&
grounding transrormor is thua-- . _

I g 220 +/3 x 50885 = 24,93 amperes
and tha 5round current is
o _.__I&? 3 X 24,93 = T4,79 _amperes
Test We. 1, Part 5 OBSERVED DATA




(%0)

1 ] I -
. _@rav nded Trans. Ground  Gemerator
Ehaserqurrant ' currpnt Wbltagp
39&5 119 89 Instantaneous or
- Iransiqnt Wkln@
30.5 81 125 Satained or
ateady State
Value

applying the short circuit from line to ground, the .
altermator voltage was set at 220 volts and the fre-

gquency at 60 cycles.

TABULATION OF CALCULATED RESULTS

TEST 1 L ok
' ‘Grounded Trensm. -&-ogndi,

Phase Current Gurrent
part 1 . 1481 43,55  All of these
part 2 18462 55.86  are steady state
Part 5 27.9 837 values.
Bart 4. 24,05 74,79

The steady gtate values o'b.ta[ined for this I.;_cgok-

up on test were
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I, grounding tramsformer phase current = 30.5 amperes:
I, ground curremt = 8§l ampepes
- . As may be readiiyfgaen the observed -steady state
currents check the values as calculated in part 3.
These values calculated in part 3 were ealculated
using anly the inductive reactance of the -apparatus
as a basis for calculation, neglecting the . resistanca.
B !his shows conelusively that the ~assumption that .
the resistance may be negleoted in simgle phase dhort-
circult ealculatlioms, is correct simce the ratio of
resistance to reactance ia the apparatus used was high,
and in the delta to delta connected bank of tranaxpfmbrs
the raaotange was S0 low as to be- neglig;tao. .
Part 5 ealculations are on the anly ones dheekins

the actual test results,

" SINGLE PHASE SHORT-GIRCUIT TEST
= " No. 2 '

... An test Wa. 2, the apparatus consisting of the

Westinghouse ¥econnested altermator, Wagner bank of

- transformers comnpoted Dalta to ¥ with a turn natlo
of 1 to 1, and the Westinghouae bank of tranaformers

connected Y to delta with a turm ratio of Z.75 to 1




(72)

was cormected as showmn im Fig. 15. The fault was
as indicated. ) “; )
e Ammeters were placed in @ho ground connectlon
ér_rault.ana also in eaqh pr“the grounded legs: of
the ¥=gonnected transformersi :
_ With the fault connection open, the alternator
voltage was set at 220 volts and the frequeney at
B0 OYQIMBS . . .. o Litsotise e e Seee o ases
- The fault edrouit was then closed cauaing tha
line=to-ground or as it 1s celled mmingle?phgaol
shortecircuit™ to take place — o ;:vvv~~
; Two readings were made; first, the 1nstant€ﬂééu&
or _'f.»m_;ﬂ_,:mt currents in the fault, and both grounded
}ranafqrmerllegé were read at the ;pspﬁnp of ceusing
'the fault and secondly, the same currents were read
after steady state conditlons had been eatablishe&.
. && in Test !@. 1, the 1natantaneou8 or transient
values are of only paaaing 1ntereat in thia.paper
'uinoe they only enﬂnru for a Ibw ayclea and cannot -
be investigated wlthput the use of gn gmpilla;rnph.
The ateaﬁu state conditions are of primary

importance since it is these values that relay aetting;
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are based upon and 1t 1s these values that give us
& check upon th; accuracy of our calculations as
made to predetermine thelr magnitudes.

Test 2 Part 1., Calculation of single phase shorte
sireult curranta, using the nnmerioal value of the o

impedances of the apparatus as the basis for the cal@u-

latian’ . e . eesiaien BN B WA R G s we
INpedance of the alternator, per phase = 9@5_ohmm
‘W 0 "W Wpeltasy trams. ® ® =1,90 "
" " 'I_Yéﬁelta _n_ " .. f_ = 0!75 L
~ Prom the positive phase gequence_nstworkldiggpgm
for Test 2 Part 1, it ls seen that for the positive
phase qaéuonca current the lmpedance 1is o
* Z, positive phase s.egu.encei' =2, alte:_rnatorﬁ +
_ Z, delta=Y transformers = 2.5 + 1.9 = 4.4 ohms
and in the same manner
Z, negative phase sequence = Z, altermator x b,?é

+ Z, delta-Y transformers

2.5 + 0473 + 1,9

5'. 725 Ohm

also

Z, zero phase sequence =

1 + i

Z;delta~Y 4, Y=delta
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1+ 61/1;6 + 1/6.75}

1+ (0,526 + 1,333)
0.5375 ohms: |

. ome total impedance 1s . _
| 4.4 + 3,725 + 0.5375 = 3,5625 ohms:
I, combined trans;ofmer”ies_éurpentﬁ_=
| 220 +/5 x 8,6625 = 14,67 amperes
I, delta-Y transformer phase = l4$§7 X l.® . 16;5-aﬁps;

L ]

I, ground = 3 x 14,67 = 44 amperes.







(76}

Test We, 2, Fart 2. Calculation of the single
ppase'sﬁb?ﬁﬁgireuixiéurrgﬁ@p uﬁimg.fheuqup;?x
expression for the values of bha_impedance_of the
apparatus as the basis for the calculation.

From the posltive phase seguence network diagrnn
-Ibr Test ﬁ part 2 it is seen that fbr the positive
phase sequence. current the impedanaa is,

221 + 32 ,48 ohms;

.. Zy positive phase sequence
and_ii_thg_ugpe_mgnn@r 2 e ;
.. Z, negative phase sequence = (0.F1l + J0.75 x 2.48)

+ (1,9 # J0) . = 2,21 + jl.8l ohms

also for the Z8To _phase sequence . :
Y, deltarY tr&nsformera =1 + Z, delta =¥y =
1.+ (1.9 + JO) -:.5255 + .Jo

31.%

Y, Y-delta transformers = 1 + (.6685 + JO 268)
1 + (.6685 + ;1 .268) x

; 1.% = 30.51‘7 TR _
3;_=aro phase aequence = Y, deltanz +. Y, Y=delta =
1. (05265 +# JO) + . .(Zl._ » J #B17)
='&fa@§LC_J,:§;?:g; AR LIRS 3l

2,. zero phase soqﬁpn@a'='lf+'!; zZero ﬁthe,ngpanoe

1
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n.

¥ : _1.. iy x bi -7 1 o 5 =

Y= o ® L] + LB

= .51 + 3 J145 mmeric = .53 ohms
Total impedamce 1s thus N _ _
ad&ing'positive} negative and zero phase sequences,
= (2.21 + -3 3.48) + (2421 4+ Jl.8l) + (fo 51 + ] 0.145)

2
- 4.95 + ] 4.435 numeric = &.95) +(4,435) = @.Gﬁ.ohnm

I, eonb;nqd.tpangwormsr phase currents
= 820 -l-Ji x G‘:._G;g;} = 19.3 amperes:
I, ground = 3 x 19,13 = 57.39 amperes -
I, delta-Y tpensformers = I, total phases x Z, zero
phase sequence + 2, delta-r'tranaformﬂrm
= 19,13 x .53 + l 9 = 5934 ampares,. _
I, Yedelta transformers = 19.13 x 53 + ¢75

= 13,55 amperes

~ Test Z, E;rf:a. Calculation 6f'éingle ﬁhgse
ahopt-c?rcu;t currents using only the inductive _
reactance of the apparatus as the baadu for the cal@u-
lation, neglecting the reaistance.
| From the positive phase sequence natvork diagr&m
' for 2Bst2, Eart 3 it 1s sden that for the positive

phase sequence current the inductive reactance isgze
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%, posltive phase sequence = %,, alternator #

X, delta-¥ transformers = J 2.48 + J ) =

42,48 obme and in the same mewner

Kq,» msgative'phaae saquenee x; alternator = 0.75

+ X, deltaiz'trgaaﬁbrmera = 2%48 x .?$‘+‘ja
= 1.81 ohme

alao N . '
| G el oy
X , zerc phase sequence =

ey ——
SESHEIEAAY'+_ﬁ“
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_ -As can be readlly seen this solution as indicated
above ipal@ ba indeterminate due to the fact that the
inductive 'reactanca of the delta-Y bank of trans-
formers was nag;igibla.__ ..l_ ! . —

_ This indicataa concluaivaly that the valuea of
;Enéie;ﬁhaaa short circuit currenta ror this particular
' type of connaction cannot ba oalculated whan the re~
aiatanoa 1a naglectad and only the 1nduct1ve reactance
uaed._ !hia ia unforturate since in wiew of the previous
test the abowe mentioned method of caleulation was
evidently the best. _ S
mlthaugh the calculation would tend to indicata
Infinite current 1n the daltadr'graunded transformer
phase, thia was not tha ocase aa is shown by the test
data for thia particular hook~up. Ehia 1ndicatea _
concluarvaly that the raaistance mst have 8 limiting
effect im this peculiar and particular type of connaotioh.
Ih viaw of the above fact, tha current coul& bo

pradicted by calculation by mergiy ua{ng tha value of

tho deltadi tranﬂfbrmar reiatance 1n place of the

uJ Lh '4

tndnctivo reactaace ia making the caleulation.
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‘1, zero phasé sequence = 1 + (1/1.9 + 1/0.268)
= 0,257 ohms |
The total induetive reactancs l1s:e
Adding the positive, negative and zero phase
sequence induetlive reactances we have,
] 2.48 + § 1.81 * § 0,287 = j 4.52“!’ ohms:
I, combined transformer phase currents
= 220 +/5 x 4,527 = amperes
I, ground = 3 x 28 = 84 amperes o
I, deltasY transformer phase = I, total x Xy, zero
phage sequence + X, delta-¥ transformer
= 84 x ,237 + 1.9 = 10 amperes
I, Y-delta transformer phase
= 1, total x EL, zero phase aeciuemm Xy .
¥Y-delta transformer = 84 x Q42337 ¥ .2&8 .
= 74 amperes.
_ Am !'!.Ilf'l.-i_mlre_a'dily seen on' the final tabulation
of data and @mpariﬁii_' of ealculated and test values;
this does mnot check the test results. This indicates
conclusively that this method of calamlatiom of, the
single phase short-cirecuit currents i1s of no value
~ for this type of comnection when the trensformers
have negligi®le reactance,
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¥ Post ‘2, Part 4. Calemlation of the single phase
short-eircult currents, using only the resiatancé_
of the apparatus as the besis: for the ealeulatiom,
neglecting the inductive rWﬂqm. _

| Erom 't.he pos-itive phase sequence network d!»iagram
:!br l’eat. 3’ Pert 4 11; is meen that ﬂbr the pnmitive

;hnm a.equmce current the mctance isse

E, pc_asd.t-ite phase sequence = K, a.ltez_*nﬁltor +

R, delta-Y transformer ol ¥ 1.9
= 2,71 ohms
and in the same manner, :
By nqsa.tiva‘phs_.ase-. sequence = K, altermator +

'R, delta~¥ transformer

o FLl 4+ 1.9 = 2,21 ohms

also
1

T i k
K, delta-Y 4+ R, Yedelta

K, zero phase sequénce =

= ..49& Y E‘.;.l'.

l.
Ta 9 0. 6600

The total resistance :Laé ‘
2.@1 + 2,21 +# 495 = 4’:.915*

I, oomhin&dl tranﬂomer phaae =
220 +/3 x 4;.915 = 2»5 35 amperes;

I, deltuY trans:rormer phase = %.85 x +495
1.9

= 6,735 amperes:
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X, !bdelta transformer phase = 25,85 X 495 . 19,712

6658

_'mn-t, No. 2, "Bt 5 ' OBSERVED DATA

e g8l Of I R St i I : e T I

Reading ;ppun&ad Y=delta .. delat~Y

4 eurrent Trans., Phase Trans:, Phase

Pransient 92 = 17.5 66
 Sustained 55 13. 39.5 Rum #1

Transient 90 i 17 “ 66

T b ' ' Rum #2:

Sustained 56 13 39

- Bbrbre elonﬂng ‘the fault circuit i.e._suddenly
apmlying the short-elrcult from line to 5round the.
alternator voltage was set at 220 volts and the fre-

guency at 60 cycles.

TABULATION OF CALCULATED RESULTS

Test 2
% & T I
Ground Combined Delta<Y = ¥-Delta
Phase Phase Ehaga
Fart 1 4 14.67 4,15 10.5
mrt 2 57.39  19.1% 5.34 13,55
mrt 3 84 28. 1o, e,

w455 Y pp85 7 "ds.88  67.35 19,19
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N A1l of the above values are for the sztaady
srtate condition. A _

s is readily seen by 't_.hela‘m:.zl_palr-iéép_of“ the
caleulated and ghmﬁrved_yal&e&,_they do not check
in eny instance. This is due mo doubt to the fact
that tha_type of hook-up used made an exact caleulation
of the currents in.part S dmpossible. This does not
in. any u:y, however, ;}ﬁlliry the results of test 2,
It merely shows that when the tramsformers used heve

an inductive reactance which 1s negligible as-.j cﬁpare&

to the resistance, accurate predetermination of the

magnitude of the single.phase short-cirecuit currents

is impossible when using the present . theory which

bases its caleulation of the inductive rea.ct.lance only.
This sl;aariy indicates a limiting condition for

the theory as-used. This conditiom, 1.e., _trénsxﬁb_rmerm

whose inductive resctance is negligible, would never

~be mét with under practical transmission line uohditionas

of operationm, thus 1t 1s evident that the aaaumption

that the inductive reastance is the only faeter 1d
current: flow under short-eiremit condiitiem is porniau.hls
only when:the ordinary commeércial type of appu-atum is
used and is mot necessarfly true for all ‘l'-y'paﬂ" of nppwaﬁas,
experimental and speelal,
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TEST NO. &
INVESTIGATION 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-eircuit currents

for the apparatus when connected as shown in th o
18, uaing three-winding or tertlary grounding trannﬂbrmsrs.
Due to the fact that the tranarormars_gwgilaﬁlq and
used in the test were mot of the usual threeswinding
type, but were ordinary two winding transformers with.
a split secondary, and also, the lack of.accurate low=
reading meters, we were umable to arrive at satisfactory
resulw. i - =
Qur results indicated that the theory as developed
for the three-winding grounding transformer would not
hold for the split secondary type. Thils is.probably
Bﬂgause'of the great difference between the intere
laced Impedances in the two types.
The authors regret the lack of time and instruments
which made it impossible to extend our investigatiom
to such sn extent as to defimitely determine tho reasons
wh$ the teptiary”theory_yqﬁ'ngt applicable to the_split

secondary type of transformer.
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GHAPTER 4
INVESTIGATION OF RELAY GONNECTIONS.
AND RESULTS.

We were requested by some engineers of the

Georgla Rallway and Power Compeny to investigate
the opgration of the Tyﬁe G!EDirectional_@#erjgmrrent
_ Relay manufactured by the Westinghouse Company. The
Fower Company had been having trouble with these re=
lays on their lines and wish to ascertain if the
connections were correct. We made four separate tests:
ea¢h involvimng & different connectlon of apperatus.
These tests will be numbered Tests 4, 5, 6 and 7 and
will be diseussed separately in detall, We are include
ing in this thesls pages 16-24, incluslve of the Wbsting:
' house bulletin which describes the operation, construs
ction and adjustment of the CE Directional Current
Relay. | | _ _

' The Directional Over-Current Relay is designed
to protect Tramsmission lines which feed to a common
bus. If a short-eireult or other fault occurs. on one
line of & system feedingtthru a common bus the other
line or another line if there are more than two
separate lines ﬁill feed power thru the statiom Bus
and back to the point of trouble on the defective 1ine,
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By plaeing these relays between the line and the
subestation bus that 1line will be protected against

& reverse flow of power back to the fault should one
gceur, ) . | B

This relay works simllarlly to the ugual_aiandar&_
Watthour meter. However, it ecan be easily seen that
if the relation between the current and voltage colls
were such that the current and voltage were practically
in phase with the current in the right dipgcﬁion,_ﬁhoul&
a short occur on the line dropping the power factor to
alout zero, the current and voltage colls would be 90
degrees out of phase and consequently there would be no
torque. - _

The CR Directional Over-Current Relay 1s so de=
signed that with unity power factor load on the line
the current in the relay directlional element will lead
the voltage Eupplying;theIairqctiqnal_g;emgnﬁlby 30°,
ﬂhim will allow the current to lag & considerable amount;
during time of short=cireult without placing a 90°
engle between the woltage and current, .

Before meking any connectioms to ;@g re;ayalﬁbr_

& three-phase distribution it is sbeolutely necessary
that the phase rotation be determined. We looked
through several references but found nothing on the
subject. However, after some ptudy on ourlparh we

developed a method of determining the phase rotation
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which 1 falrly simple and requires only 2 single phase
wattmater sinee the current and potential transformers
would be necessary for the relays. _

The wattmeter is connected as shown in.Fng 21.
One wattmeter can be used and changed from one line
to amother. The vector dlagram shows the relatlom
between the currents and voltege. It will immediately
be seen that 1f'a reading is taken of watimeter A
with the potential eolls on lines A and B and if a
reading is taken of the same watimeter with the pbtantial
coils on lines A and C the wgttmeter readings will be
respectively I&_Eﬁa_coa(50+45°}lgpd_IA Ega cos(30° -
e very smell angle). Gbnsqugntly_thﬁ_secpnd_raa&;n&
will be the largeé of the two. Now take the reading
of watmeter @ with the potentisl leads first from B
to € and next from A to €. The wattmeter fgadinga
will be Ig Egg cos (30° = Q very small angle) and I
Ezgo cos (45° +.aa°1, Consequently the first reading
will be the larger of the two. Thus with the phase
rotation as shown, ABC and the wattmeter 1n“11ne'g the
larger wattmeter réa@ing will occur with one potential
lead on the line which precedes line A in phase rotatiom.
This is also shown by the readings teken in line C.
In any case oﬁe potentisl 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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Frg. 2. Method for Delerrmining Phase Rotelion
by Use of Two WirrmerERs.
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If the phase rotatiom 1s reversed as shown in
Flgure 21 the reading of Wattmeter A can be shown
in the vector dlegram. It will be seen that the
wattmeter re&ding will be larger for wattmeter A
when its potential colls are connected frém_ﬁsto
.4 than-when connected from C to A. This would indicate
from thé previous reasoning that the rotation should
_ be soch that A follows C in rotation or that the
rotation is CBA. These two connections with thelr
sccompanying vector dlagrams show that this method
of determining phase rotatioﬂ.;s 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 1925 issue of
the Electrical World by Mr. John Auchineloss of the
Switehboard Engineering_Depﬁftﬁent,IGBneral Electrie
Company under the title, "Determining the Sequence
of Pﬁaae&“. ) _ )

- This method uses two lamps and a reactance of
approximately the same impedance as the lamps, These
are cognecied as shoﬁn in Fig. 22. One of the lamps
will burn more brightly then the other. Im the first
case shown, lamp B burns bright. The vector dlagram
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is as shown and the point O will be on the right-
hand side of the circle. Ep represents the voltage
across lamp B and E, represents the voltage across

lamp A« fThe currents in the two lamps are. of course
in phase with their voltages, consaquently_;ﬁ:repre&ents
the phase position of the current in the reactance,
We know that the current in a reactance lags approxima-
tely 90 degrees behind 1ts voltgge,l Therefore, Ep
represents the voltage across the reactance and the
phase rotation is 1 - 2 - 3.

In the second case shown lemp A bupns bright
and the point O is on the left-hand side of the circle.
The constructlon is similar to the first case and it

will be seen that the phase rotation is 3 - 2 « 1,
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DESCRIPTION OF TESTS

- Teat No. 4 was made wiﬁh the commection as

shown in Pig. 35 of_tﬁe Westinéﬁouse bulletin.
The polarltles are not shown in this figure but we
endeavored to mgke the connsctions_and polarities |
consistent, ﬁﬁju&ﬁﬁéntiygslmaﬁe so that tﬁ?ucggpgétm
of the &irgction#i element were aii qpeﬁ whegtigm
power was flowing towards the bus bars. When the
power was reversed and with a power factor of about
10 two of the relays closed and the other stsyed
open. We spent considerable time trying_to make this
connection work but were unable to do so.

Test No. 5 was made with_connections_aéuspown
in Pig. 23 which were developed by the authors. An
open-delta transformer connectlon was used for supply-
ing the potential coils of the relays. This connection
proved satlsfactory 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 Qith about 10% power
factor. _The ob;ectien to the open+ﬁei£a @gnngéiipg"_
is that unbalanced voltages are ob&ained_undef ého?pf

cireuit conditions which might prevent the relays from
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ohtﬁining ehough torqué to operate.

Test No. 6 was made with connections as shown
in Fig. 24, This conneetlon was given us by Professor
Sevant and uses a Yedelta eénnection of power trans-
formers and an openedelta connection effpotential
transformers for supplying the potent;al coils of the
relays. This worked entirely satisfactppiii“giving
the same results as in the previous test.

: fest Ro. 7 was made with comnections as shown in
Fig.2; This diagrem of connections wase furnished us
by some engineers of the Georgla Railway and Power
Company and it represents the comnections of
No. 1 Bank at the Marletta, Georglea, High Tension
Station. Thls uses a delta~-¥ conneetion qf'pgwer
transformers and an open-star comnection of potential
transformers for supplying the potential colls of the
relays. The advantage of the open-ster connection 1s
that balanced voltages are obtained. The contacts
opened with currenﬁ flow in the right directlion amd
closed with power flow in the opposite direction with
ebout 10% power factor. We Lhen"tried_thé connection
with a ground on the line side of the relays and the
contacts closed as they should have done., TWe checked

the current and voltage relations between the current
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In th; curreant coll of the relay and_tho potential
supplying the potemtisl coll of the relsy., The curres
was found to be leading approximately 28 degrees in
all the rqlﬁyslwith the power in the right direction
and a upity power factor load which checks fairly
closely with the value of I0 dagrgés{a;a;m§q by_the
Westinghouse Compamy. With the power flowinmg im

the opposdte direction and & reactlve load of

nhout laﬁ'powar factor we eﬁtainc&.a current 1ag of
approximately 56 &ggreea-ln.the relaym, ag cglaglape@
-Ir&ﬁ‘the wgt@mgterg voltmeter and ammeter readings.

The power factor meter gave a value of 23 degrees

lag. Inaamueh as the power factor neter is;vary
often ofﬂ considerahly,'the value of 56 &ogreas Pf__ 9
as. caleculated from the other meters is probabay nearer
thescorrect value. o o Uy
I; all the above tests ezoept the rirmt “the
relation between the gurrent_gnd voltggg_in the
relays was approximately 28 degrees lead.
In the first test with the Westimghouse
connections: we could make the relays open with 1
power flow im the righﬁf@iraqtiop by yaniﬁulation

of the potential leads but the power factor would -
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not check enywhere near what it should be. By
changing the potential transsfamer eonnecationa to
open~delta the operation was satd.ssfaet@ry in every

WaY s
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. CHAPTER 5
DISCUSSION OF RESULTS

i__._;n our intro&uetion we. stated that 1t !??“ -
our intsntion to verizy exiatina thaory on iﬂlgia
phaae -hort circuita and to datermine 1f posaible,

the 1inihs of its practical application and use,

Our results verify the existing theory for
practical connections and assumptiona in ealculation,
and we have achleved gfeogdi;iog_yhich"sepgjg limit
wpon the use of the presemt theory, end indlcates
en svemae of investigation which if followed, would
result in. de;ining the exact conditioms of applic&tion.

The th&siz was divided into twv main part& as.
inplied in tha titla. The first Part, the 1:703%1-
gﬁtion of aingle phaae ahort -circults as indicated
ahnve, resulted in some very 1ntereatin5 1mrennation
. Whlch point& tha way to further more or 1esa original
reaeareh.- Sl e - - o

!he aecon@ part, the inxeatiggtion of relay

eonnections and 0peration, rosulted in aoms valuah&a

* I“ Tan

checks on exigting methods of eonneotion and tndicata&

aoypmiﬁgxgg;ona_1n.mathQQa 9gﬂgunnectiqg. )
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'J!bat. number one im the WQ m m-

Wk q i d“g : -:"-I'—:?-ir" s.-sut l"n-w ’ . :
¢1rcuit group, ahawa elearlw that for tho usual commereial
: : 'ﬁuw\'-a

type of hnok#up, that tﬁe previiemt aasulption as to
1nductive reactance béin; tﬂo only facter limiting
current flow on short-oircuit 1a correct. Thia is
accentnated by the fact that the transrormnrs uaed
had highly reaiitive windinga as_ compared to their
1nductive reactance and in one bamk, the reactanca

was neglfgihle as compared to the resiatance._

i 1he vnlues of ahort—circuit current were i_.'
@alculated by four methoda as 1ndicated in ehapter B
three and the only predetermined valuea that cﬁbékad

¢ B WL
the actual test valuea were those obtained in part
% S o vheedehitioe . 7
3 of test 1 where 1nduct1ve reactance was assuned to
"-. 415; BERCE” oo
be the only facter 11m1t1ng current flow, !hi&
w4 Lit. i‘l SN S ¥ o ” L&J a"; -". !3; Wi @i
preaents a very atrong argnnsnt in fator of the :
W R L LG wEi .\.&13}. bl S Gt ok, B 5?..: :
accepted theory with rosPQct to 1nduct1vo aggctance
2. tThE R R
as the limiting factor on short circuit. |

- !Bst ma.xz in the singia phaae short-aircuit B
group roaulted 1n some rathar my&tifying nlthough
important data._ It indicates clearly tha: Ibr the
type of transfbfmera used on tha teat, the &pecial

experimsntal low reactance type, the assumption that
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indyctive reactance is the emly factor limiting
énfféﬁt_flow'on short-circuit ig érrqneéus.' The
ﬁfqdétérmined'yalues in no way gﬁeékéﬁ'thqle;pep;ﬁ
mental results. As 1s seen in chnptéffthﬁgé, test
number ﬂy.this is due 1n a great measure to the
ﬁeculiarities of the transformer hook-up. This test
is very 1mpprtaﬁt due fo'the fact’ihat:#ith the appargtﬁs
used and the t?pe'of hdéf*ﬁp used wé'hawp éxgsede&'ﬁhe
limits of the theofy'ror'sinéiemphaae ihdrt-circuitm.
It 15 true that tho resulta were obtained fron

& special case of" hook~up and test, but it ia the
meeting and interlinking of the gqngra;_cgae wip@ the
special case that usually determines the limiting
factqrskand Qonditibns bf1£ﬁy theory éﬁdefactiuz;

_ The results of this test show that further
_1nwumtiggtion along thia line would result in mnuh

evidence as to the conditiona undsr which tha_fi;gqyt

shaz 73 :
théory of single phaae short-circﬁlﬁ caql nlation

be app&idd with safety and eertafni 2
| The quthors regret the Taek of t1ﬁ€¢;;&E;§ffﬁident-
.,,_né‘v.

1y dalic&ta instruments to thoroughly 1nvestigate this
phase of the problem,




(103)

~ West mumber 3 of the single phase short-ecircuit
section was productive of one fact. The three- '
winding transformer theory for tertlary comnections
under short-qiruuit1g0nd1tionq.qvidagtly does mot -
bold for the ordinsry two winiing, split secondary
typace:.tranaﬁarmar,whan_usé&mfnwihiﬁ'yganbr.__ﬁhs
auﬁhorsvhave come to this cané}ug&qg gfﬁe? a conside~
rable ﬁim@y@a@_gqangmpegt”in;tqaﬁ;gg;gﬁqnga;gulgtion
_:nn an attempt to apply the exi_stipg; theqry'or to
develop new relationships which would hold. It was . °
with real regret that the authors had to terminate
this part of the igwéspigation and proeeed with the
study of relay .connectlon and oporatiqn.,_ﬂ_ P

The results obtalned in the seeond part of the

investigation, the relay tests, showed conclusively
that for accurate predetermination of relay operation,
great care must be takenm in deriviag the type of .
econnection used. 4Absolute determination of the phﬁse
rotation, definite knowledge.of. 1nstrumant anﬂ '
transformer pelaritiea and strlot adheqeneo to the L

diagram of ecannectlions as.worked,agb Ano imperative,
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5 zéﬂhp~y9rk with relays ahoyeq'that th?,¢i@5r‘?$“. _
supplied with relgyi-éaﬁnot.be_rg;ie&_gﬁon &mp;@qi#%y.
The comnections for the rums in chaptnr_é_afe"cnrrewt
. theoretieally and work out most satisfactorily inm
practice. ~From the tests 1t can be seen that if the
connections are worked out consistently with pd;aritiem
and rotation taken into consideration satisfactory.
operation will be obtalned with vartous types of
transformer connectlons.

In comnectlon with the statement of the engineers
of the Georgla Rallway and Power Company that trouble
had been experienced in the operation of these relays
ét the Marietta High Tension Statlon,it would seem
from our tests that the trouble must have been &ug to
mechanical causes in the relgya 1§§sﬁu@p as opr‘teaﬁgm
indicated that the relays would work under the extreme
conditions uauallylmet in practiees. The operator at
the Marietta station stated that it was sometimes
necessary to take a pemcll and touch the moving
element of the relay so that 1t would function
properly. Consequently the qonnecpiongméa'u39§ £§9pq
are correct and that more consisﬁent:régﬁlti éan'oﬁly_

be obbained by an improvement in the mechaniecal design
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; : |

of the roltym. | - '"i’

- The results on the whole were more than mati&factory
practically and indicate deciadvely that there iz
mach 1nwestigation anq'reaegrch along this line of

ehﬁeavur as yet um@one;




Westinghouse Induction Type Over-Curreni and. Directional Over-Current Relays
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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 very
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-
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what slower in resetting than the standard
type of relay.

The inverse tifme 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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Fig. 23— Characteristic Curves 'of Low-Energy Type CO
Over-Current Relay, Showing the Burden Placed on
the Current Tranaformer with Various Currents
in the Relay Windings

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.

Trip Cireuit Terminals

Operation Inuicator
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Contucis ‘j it Switch
)
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« . "Current Terminal

Block

-
-
=
A
i

Punchings

Current Tarminals
Fig. 24—Diagram of Internal Connections 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 14 to 214 amperes range are
.5-.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 designecl 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
likely 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.
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Fig. 25—Ordinary Method of Connecting Type CR Direction-
al Over—Current Relayson Three-PhaseSystem. Voltags Vec-
tors shown. Connections give Current 30° lead at 100%; P.F.
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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 piven substation and exceeds the
amount for which the over-current element of
the Type CR Relay is set to close its contact.

Fig. 286—Typical Ring System Protected by Means of Type
CO and Type CR Relays

Fig. 21—Type CR Directional Over-Current Rélay
. (Cover Removed)

Special Application—There are many
special applications in which the Type CR Re-
lay is used. Among these might be mentioned
the cross conmection 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
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Fig. 29—Diagram of Cross-Connected Type CR Relays for
Parallel Line Protection
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Fig. 30—Diagram of Connections for Type CR Duo-Directi-
*onal Relays 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 Meter 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 th?t 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
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Fig. 31—Front nnd Side Sectional View of Type CR Directional Over-Current Relay
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Fig. 32—Internal Wiring Dia;
~ ith SI‘

Standard Connections

directions of travel according to whether it is a
uni-directional or a duo-directional relay. Its
motion is exceedingly small, being only about
# 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-cutrent
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 desxred 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
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Fig. 33—Internal Wiring Diagram of Type CR Relay with
Special Terminal in Trip Circuit between Elements
(7 Terminals, 2 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.
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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 directiomn 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 Directional Over-Current Relay Connect-
ions with Y-/A Power Transformer between Line and Station.
Connections as shown give Current 10° lead at 100% P. F.
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This scheme of connections requires three voltage
transformers, but enables the standard 125-volt relays
fo bé used. :

Fig. 36—Pro Connections for Type CR Direction Over- '
Current Relay used on Three-Phase System with A-Y
Power Transformers hetween 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 switch
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.’
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 & Power

Pawer Trans.
Trans. Prlm

A <] <

As many faults very greatly dis- -

Potmrmf ??am

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 similar®nature.

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
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or extra 58-116-volt step up transformers am necassary.
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Flg 37—Proper Connections for Type CR Directional Over-Current Rel
wlun used on Tlu---l’h-u System with &-Y Power Transformers between ltl;z
and S use only Two Voltage Transformers, and asshown

give m.lrunt 30° Iud at 100 9, P. F.

1 : 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
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Fig.

38—Portable Phase Indicator for Use |
in Mukln( 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 complete}y close the
tripping circuit.

(1) Excess current must be flowing;

(2) In the direction for which the relay

is connected to 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-

‘circuit to be made in either direction.

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
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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 gingle contact relay except that
there is a stationary contact on each side of the
moving contact, thus allowing the tripping
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:gir-
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 plumger of the auxiliary contactor
switch should pe 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 two auxiliary con-
tactor switches, one being connected to shunt
each of the directional element contacts and
the over-current contacts.

23

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. With 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. Seepages 10and 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
wey as the Type CO Over-Current Relay. All
mechanicalladjustment and current time set-
tings are therefore the same for the Type CR
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over-current element as 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 toreduce 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: 1mportant 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 that the contacts
are just barely held open with zero current and
voltage.

Contact Ad]ustment—ln 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 that.
there is a 75" 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 & gap total. r "

Electrical Test—The directional element
disc should not tend to creép 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 . sidé. of the mainpole should be
change® until the! disc stops. creeping.

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 amrmeters 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 Type CR 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 two 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
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This .
-adjustment is manipulated with a screw driver




