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D
{(iii} Aom 1-2 should b puraly resistive. o .
(iv] The clvouit musmmters be so choscn thet the cwrent-travsformus

are oot over-burdiznad.

" attempt, however, these values need pob te very sccurste, A prely inductive coil of

pogitive- and negrtive-seguence cwrents are egual im the opaned phase.
The Modified Cireuwit:

Desipgn Considerations:

Pearing the sbove-mentioned points in mind, the design and essembly yprocedure arc |
very sirple. For oxumpie, for a 25«VA current tramaformer, the maximen permissible bur
16 1 ohn at § soms. Thie dictates the velues of the bridge parawmeters. Af the flrst

approxirate value may be teken spd compected in series with a varisble resistance r to
form the arm 3-4 of the bridge. Another variable resistance R may be used to form the
arm 1-2. The remsining twe arme consist of two identical ammeters. By adjusting the
resistances r and R, on & 3-phase balanced systom, the meter shall give & deflection,
while A wiil read zecro, the negative-sequence current being zéro. Chvilously, Aix will :
indicat® the megnitude of the positive-seguence current. Wider thege copditions, the ara
3~ ghgll heve a phace-shift of exectly 609. Afger obtaining such & balance, the reeigt:
ances r and R should not be digturbed. A further check may be made at this stage by
opening up the phuse ¢ of the J-phase belenced cystem. In this case, if the bridge is
properly belanced, the mebers Ay and Ay should resd equal, since the magnitvdes of the

becone more evrident by =ferring to switching operations given below:

Pased on the above discuseglon, using an clectrodymamometer-type wweter, the follou-
ing is a cireult {Pig. 2) designed for the measvrements of positive- and nepetive-sequens..
currents apd their relative phaso-angles. Ti i€ nev in the sense that ouly one ammeter is
peeded to make all the wexsurcpents, cod it con eessure the mgaitudes of the sequence
cwrrents &8 well As thelr relative phece-angles. In this clrcult, use has been mde of
the fact that an electrodyssmoueter iwstrument responds not only to the product of tThe
currents through 1ts coils but algo to (he phasc-angles between the currents. This would

Setting Switch P Switeh 9 Switeh B Switch 5 Meter Roads Figure

b ) lefi et ieft open It:1 3.
1T et righe left opee: T2, R
: Ic
IIT open, right right - eloged Iey, Je, cosd 1 3e.
I~ ‘
2

As shown in Pig. 2, te make s messurement, the tvo current transformers are connset. §
to the lines a snd b and the metor recponds to the sequence currenis of lime e. Im aebtl -
T snd IY {¥Figs. 3a. end 5b.} the meter acts as on ordinary smeter and resds direcily th
positive~ and nggmtive-sequence curraiuts iog and Iep regpectively. Inm setticg IIT {Fig.
however, 1%t cen be sccn thot the two eoils of the meter forn the two avms (I~ and 2-4) .°
the bridge. In this csse the mber defiection is proportiomal to Icps Ien eoséicl, Je,o.
Ic, and Iep having been alvendy deterwdoed Drom the settings I and IT, {he rhuse-angl.
hetuean Icl and ICQ ecan be cormarted.

To oum up, e sircult eszenkhielly Sequires sn electrctiyxmzéter type grmeter wltk
the tws coils baving identiesld impedonces aud the leads brought out imlependently; apzt’
coil having en lopodeace equal o twlce the impedence of cither of the meter-codls; two

current transformovs: & pue resistonce) s GOP-phase-ruift coil; throe double~pole dou” E
thray switcehos; and o single-pole switeh, It cop a2lzo be Azen from Pig. @, that the w '
aircuiting oilteh of the curreat {ronsfovmers should 2lweys be kept closed extceph w - *

e TERE s ek s AR S sl et Woame |l



' »awit.chea P, Q' R end S occoupy esuy of the poaitiom indicated in .;&t‘ting I, 11 or IiI. i '

e SEQUENCE-VOLTAGE TRIDGE

The, bridg=s 1s shown in Fig. 4. it i similry to the cwrrent-bridge described in the
preceding section. In the sbeence of zero-sequence voltages, the meters respond to the
positive- and negative-sequence voltages, as glven by the following equetions:

VX = Vea . - {3)

Vy e Vea, . , S (&)

1 R{2+2;) a-a.z(mzm) ; waere the eymbols are sho-.m 1a Pig. I apd & is the phasor-operator,
as defined ia the momeaclature. ' o

Pollowing the sowme reascpdns os that for the current-bridge, it may be resdily seen
that the following copditions should be fulfilled in order that the sequence-components
of voltages may be mesaured:

(1) “he voltmeters should have exsctly the sams impedance Zip
(11) Arm 3<% of the bridge should have e phmse-chift of exactly 60°.
- {111) Arm 1-2 ghould e purely resistive.

(iv) . The circult verematers ghould be so chosen that the potenfia.?-
tracsformers are not over-burdened.

For the moasuvements of relstive rhosz-uagles betwcen the sequence-voltagea, the
prineinles governing the curreat-bridge {Fig., 2) may be utilizsed. A eireult similar to
that shown in Pig. 2 u=y be set up, ueing an electrodynsmoneter volimeter having two
exsctly 1dentical coils. With proper switchilng arresgemsnts, the aase mster caz be used
to respond to the positive- and negative~sequance veltegee; and to their rslative phage-
anzles, 88 in case of the sequence-current bridge.

THE SEQUENCE-FMER BRIDGE

After the sequehce-compozenta of curreats and voltages have been sagregated, the
segusace~-power measurements csas be carried out using two ordinzry watimetera. The cwurent
colle of the wattmeters form the arms 1-3 ond 2-4 of the sequence~curreat bridge, vriie |
the voltage-coils form the arms 1-3 and 2-4 of the sequence voltage bridge. With such s |
connection, the two ideatical wotimetere respond to the sequence-components of power.
Hmve( é)eam should be teken to apply the necessery phagse-agngle and scaleofactf/c corTee-
ticas

SoME APPLICATIONS

The applications of the methods of symmetrical comporente are too mrzrous to menticn

(2, 3, 5). These components car be determinad either by amalytical methwds or by direct
metheds, that is, by mcasurements. Obviously, the direct methods are myre rapld and less
tedfous. The methods suggested in this peper give complete information regarding the
seguence quantities of en usbalanced system. Tnese wethods can be uscd to correlate the
theory vith experiments. Comventionnl methods described in text books and elsewhere, do
not give a complete analyels ag the velstive phnse angles cannot be metsured by these
metheds. The method given here can slzo be vged in unhwel laboratory teaching epd regearch }
to amalyze unbalamced systems, and for the measurements of sequence guantities in rotating, i
mschinery, rotery balascers end other apecisl machines (4; 8). Bsolng a bridge weihod, th

method csn alee £ind apriications in detecting unbslance and sctuating comtrol elemsuts 'Lo,




i

restore balance to the sysiem. A further applicstion could be in copjunction with pro-
tective-relsys for seunsisy the flow of aegative-seguence power.

(i)
(2)
(3)

(W)

(5)

(6)

CONCLUSIORS

Detatled mathematical analysis is given' to prove the validity of the methods
discussed. As such, 1t is not available im textbooks.

The t;ridge methodes are extended to measure the seguence-componznts of power,

Modifications are suggested in oxder that phase-gngles between seguence-components

of currents cem bte meaeured. Thic can be further extended for the mmntl of -

phrse-angles betucen sequence-compopents of voltagee.

Megsurements of the saguence-~components and their relative phese-gngles give. the
complete Informetion regerding the nstwe and degree of unbalance in a system.
Thie is in contraést ¢o the esrliler methode vhich give only the nmgnitmies of
ezguence Qquantities.

The method ie useful lo correlating theoretienl predictions with experimental
results. The method thus has an cducational value. A further applicatiosn is
that it gives direct end repid¢ results while the pumerical caleulations by
analytical methods mey be too involved.

It is sgresd that the suggested circulis are relatively.exyanaive and the desisn
ia somevhat critical.
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Froof of Equetioss {1) snd (2):

¢ [

let the secondnry currents divide as shown im Fig. 1. Then, by Kirchoff's lavs:
4 " -

I, = I3 + % _ (5)

t H! -

1.(242.) & T(ReZ ) (6)

where Z_ is the impedmnce of cither of the armeters. From (5) and {6); therefore, writing
in terud of Y, and Ia:

™ I o § () - (1)
2 S

I, * Lz )

Similexrly for the currents 1;) and I{;
% = W) (%

R¢
L = Liwme? - (10}

From the superposition thoorem 1t follows:

| ReZ 7y, |
Be= Tp* 5y < Llmmer) * Dl (1)

' Z+Zm R'?'Zm
”n n
Ay = Yot L L) ¢ hlmer) ' (12)

Revriting Ax and Ay in termnz of sequence-coaponents of e, therefores

2 2
A= Ic][n (R+zm) + a(mzm) ] . Ice{&(mzm) 4+ a (Zfzm)‘}

e

S > Lt il (15)
R¢-z+2?.,m ﬁ+z+dzm
2 . &
= Ie : (Z+'?h) . a(m‘h)] + Ic E(mz*!-ﬂ) -!a,(R-!-Zm)] {i4%)
Ay = Iey e 2| TR, |
15 (mzm) = -»a(z-a-zh), from Foguations {13) and (14):
1 [(aﬂl)(m’“)-ﬁ t (25)
-3 (2] Semeremncesc e smeieee | B o [ od .
Similarly, | s .
. F@i



&
b
* L]
- (ﬁwlh’zﬁ-’f Hie :
T Ty ey, {4 LI { 6
Ay *"QEIL. S Top . (26)
Eq_w*icnﬁ (15} end (15} are identicel 7o Fousbions (1) uwmd (2), cxeept that in the latter
the megative sign hrs Degn droyped.
Prooi_of Fauations {3 and (ks K
Lot the voltsges nod currents be as shéwn in Pig. k., Thes, by Rivchoff's lews:
] .
F, = IR+ I} 7, 4 ' X
Yan © M I}r&mé Tty T 32 (x7)
¥ =7 % =~ T.% 2w ' 18
Ve = T8, ~ LE® T2 -~ LR (15}
i 7 ¢+ 1Y =2 27% ¢ L% eTR )
Vb vb R AE: ™ _I"'.a' ® _ (197
- 5 ' ' £20)
LV Ez Tt R . L AR
vhers 2 is the impedance of either of the voltmelers. From Doustiong (29) and (20):
+ 1% * 3% = I3 : o
Vor ¥ Tpe ® Bl * U 7 LA, , (71
Bt from Bammdices (17) ed (15):
w7 rv
IR = .m»h.;?unggx;ﬂ;?} {f_E'}
R L
V. iz
. .ok wm .
p

Substituting Pguations (22) avd {(23) i n’“"uﬁum("“ﬂ {21) aad sioplifyisg: : ;!
L z, Ay P ' '
r whe .'um:z:i ;. ? _t-‘ri < wwana e oA s ‘?a"
Tl 550 ¥ V1 ¢ ) o L2 {2« ot e o5 o (Ek

Writing In tomes of escquenCoe-tomETROnRtE:

~ ngz +7) + e {m ) : U RED +2) 4 eu{r-w )
‘il R ‘,, -.': m,. . e- b e A T f.?f}}
ab] AN & ¥a ,a 3} dbe, : i Z‘nf'?") + 2 H»svzm; i K s '
A gindlar eupression n be writisy fov the wolbage rsad by 1’
How, of R{?:‘Z*} = o R FE, 3 } {263

gy

G o

[P S R




ory

Bounbions
ditferense

L

. " for
L ]
f o
Haz i1ee) o .
v 'Q_ msncmwr«;\m ] iﬂzv P *'fx - . ;2;‘5
et 1‘Lz+.5 T o
V ow 'v; ek n oy ! o807 o - % {28}
x Ven Tee T Yo, 4 “on !
AR A : - fegy
:-le' P

L=

128} and {25) are sdonbical 4o Dowtlons (57 awd {4} e.m?pt; o the

in 2igh.
BT ':JPCMA‘}TI%...

T

L8]
Armeter reading

T = Cuzrenth

V = Voltoge, m_l’r‘m*ﬁ:i:* realdng

R = mesistance

T om
a4 m ¥
l'-.“ [aeT otus

Fesnr operutor ¢

ammedanes

. 4]
Pt
" J180

n‘\u l‘ntc.-t

ny by

bl

The ossigtonce piven by the Nle t*’:-.;.icr‘ Inginecering Doporbneyt, T3Sve
Califoraia, Bereley, n pragratiosn of

-

3. e
L.

(a3

L

shhoo, of Sypealr

revit Aralymio of AQ Lausy
., Uew Yok, 39%s5

& = FisEses &, b undg o

» Fasdnivee apd pogublve-segpenss componends recnectively

B i)
&

wm = prber {(Voliumebse or Ameber).
LE wied loesily are lahelled on clroaly disgrams.

e sy oy s
ALREOHI I RS

LIS

oy .
o A ’} ol

842 a.'sx...wsﬁ.‘(‘ ’5“&:‘ j LS

Bl puper e proateivlly

T O

t\.- \ Paipabemei S

%6 the Bolubices oF nabrp s st o,

:? i’ 1‘:)‘1{35 ‘z. A .i,C-w? -t 1 ‘;{-55

e "1'?: GLue,

7

o

Tritaos, Yol. ¥ {book), L. Clazhe.,  Jdnlm 9iles o

o )




B . :
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Symetricmleumpwmt mih Applied to Phage-Comverters of the Ferroris-Arco
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Fig. 2¢ Bridge for Measuring Sequenes-Currenis snd thels Phase~Angles .
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{a) Betting I (b) Setting IT (e) Setiing ITI

Flg, 3: Simplified Clenli Disgroms.
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Fig. L+ Bridge for Measuring Seguemnac~Voltsges.
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