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INSTRUCTIONS 
A VERSATILE PHASE-ANGLE METER FOR 

POWER SYSTEM ANALYSIS 

Abstract - Th e ph ase- angle meter is an inst ru­
ment that c an be of considerable value to i ndustry. 
I t  is simple to use, but there i s  a prOb l em in under­
standing its readings .  This p aper  end eavors to 
impart an under standing of its use and to c larify 
interpretation of re sults obtained. 

I ncluded is the descr iption of a unique phase­
angle meter with 360 degree scale having not only 
the versatilit y  of broad c urrent and voltage rang e s  
for current-volt age phase-angle measurement, b ut 
includ ing b uilt-in circuits for meas uring th e phase­
angle between two currents or between two voltages.  

In  trouble-shootin g ,  it will  expedit e  the solution 
of relay and meter conn ection problems b y  giving 
the phas e relat ion ships between various combina­
t ions of c ur rents and voltages.  Illu strat ions of 
typical r elay c ircuits are included showing current 
dir ect ions which can be ch ec ked with the phase­
angle meter . Other illustrations show devic e s  which 
use both current and potential circ uits, such as a 
polyphase watt hour-meter . The phase relat ionships 
bet we en these curre nt s  and potent ial s are shown 
with indicat ions as to how to connect a phase­
angl e  meter to read these relat ionship s. 

I N T R O DUC T I O N S  

Th e trend toward cont inuous m anufacturing 
proc esses increases the import anc e of ab solute 
cont inuity of e lectric power servic e.  Failure to 
achieve thi s  goal results in decreased profits from 
lost production, and the high cost involved i n  
restart-up fol lowing a plant shutdown .  

Generat or s, tran sformers,  relay s ,  and switching 
e quipment must be coordin ated in modern electrical 

F ig. 1. Westing hou se Type Pl- 16 1 P ha se-Angle Meter. 

distribution syst ems to assure ele ctrical reliability . 
This i s  a comple x and difficult t ask for field 
engin eers and electrician s. Many electrical devices 
re quire connections which de pend upon the proper 
r e lationship between current and voltage to provide 
sati sfactory operation . Th e ph as e-angle meter is an 
instrument which allows me asurement of this rela­
t ionshi p.  

The purpo se o f  thi s  paper i s  to describe a 
versatile, new portab l e  phase-angle meter and to 
impart and underst anding of el ect ric power syst em 
conditions through interpretation and understanding 
of th e instrument readings by:  

1 .  describing the new West inghouse Type PI- 1 6 1  
ph ase-angle meter as a field instrument.  

2.  citing examples to illustrat e  use o f  the inst ru­
ment. 

3 .  providing a bibliography t o  assist engine ers and 
relaymen using the instrument . 

These instructions neither cover all details or variations in equipment nor provide for all contingencies with regard to installation, 

operation or maintenance. On request, Westinghouse will be glad to supply further information as to particular problems or 

questions which are not covered sufficiently for the purchaser's needs. 

COMPLETE REVIS ION EFFECTIVE July 1976 
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PHAS E-ANGL E M E T E RS 

Three types of ph ase-angle meters are c om­
merci ally av ailable . 

1 .  Electrodynamic : This type is accurate but has a 
scale limited to 90 degrees so that switching i s  
r equired between quadrant s .  

2 .  Electronic: Thi s type c an be b uilt with high 
accuracy b ut has limitations for fi eld work , 
and also i s  limit ed to 90 degree quadrant s .  

3 .  Moving-iron type with 3 6 0  d e gree scal e ,  which 
i s  preferable  for most field work . The instrument 
to be described in this paper ope r at e s  on this 
princi pl e .  

The Westinghouse Type PI-161 phase -angle 
mete r ,  shown in Fig .  1, h as been developed to meet 
the need for a port able 3 60 -degree scale instrument 
incorporating a b ro ad c ove rage of current and voltage 
r ange s to me asure the angle between a current and 
a volt age ,  or between two voltages or t wo current s .  
Conventional counterclock wise vector notation h as 
b een incorporated in th e 3 60 -degree scale to picture 
clearly the v ector relationships . The scale h as an 
e ffective length of about 20 inches re sulting in 
sc al e  re solution or readability of ne arly 1 /16 inch 
per electrical degree.  

2 

The mechanism c onsists of a motor-type stator 
with distrib ut ed 3-ph as e  st ar-connected windings 
energize d  on single -phase through a ph ase- splitter 
cir c uit h aving a capacitor in one leg and an inductor 
in one of the oth er  legs. Adjustable re si stors are 
provided to adjust the c urrent level in each leg for 
c alibration. The moving element rot ates freely with 
low- residual , annealed Hipernik lT.l nick el-iron vanes 
magn etiz e d  by a separ ate inner-coil winding.  M oving 
element position is det ermined by th e ph ase-angle 
b etween the ele ctrical quantity which energiz e s  the 
rotati ng magnetic field of the stator ,  -an d  the elec­
t rical quantity which e nergizes the inner magnetizing 

coi l .  The movi ng-elem ent vanes are magnetiz ed 
alternately north and so uth by th e alternating current 
and will come to rest at the point where th e vanes 
have m aximum pole strength as th e rotating field 
set up by the stator sweeps by.  This is of course 
true only whe n  both circuits are energized from 
sour c e s  having identic al fre quencies . Should there 
be any difference in freque ncy ,  the moving ele m ent 
will rotate in the same manner as a synchroscop e .  

Fig. 2. Dial a n d  sca le arrangement o f  Type P l - 16 1 
Phase-Angle Meter. 

To minimize bearing friction for improved ac­
curacy and to provide longer bearing life with low 
maint enance , the conventional type bottom pivot 
and sapphire V-jewel , or ring b earing ,  has b e e n  
replaced by a magnetic- suspension type of  th e 
kind used in w att-hour meters .  This practically 
elimi nat es the influence of bearing friction upon 
accuracy, which can be appreciable for various load 
conditions . 

Both circuits  of the instrument ar e energiz ed 
through i ntern al multirange transformers.  Circ uit  n o .  
1 i s  n ormally the c urrent circuit and h as ran g e  
r ating s of 3 0 ,  1 0, 3 ,  and o n e  amperes , b u t  also 
includes voltage t aps with r atings of 1 20 and 60 
volts .  Circuit n o .  2 is  normally the voltage circuit 
with switch- selected ratings of 4 80, 240, 1 2 0 ,  60 , 
30 and 15 volts, * but i s  also e quipped with a current 
winding rated 3 amperes.  Thus,  in addition to the 
usual me as urement of angle between a current and 
a volt age , the instrument is arranged to m e asure 
th e angle bet ween t wo voltages or b etween two 
current s .  The current circuit h as a m aximum ratin g  
of 1 6 7  p ercent rated current continuously which the 
voltage circuit maximum continuous rating is 120 
percent of  rated voltage . Maximum short-time rating 
is of  course depend ent on the length of time of 
appli c ation . The current circuit i s  c ap able of  c arry-

*Se e Appendix II 
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ing an overload of twenty-time s r ated current for 
a period of t wo second s. (Schematic internal wiring 
is sh own in Fig.  25) . 

Th e  rated accuracy i s  ± one degr ee at rat e d  
voltage , current and fre quency. Th e influence of  
v ar i ation in voltag e ,  current , and fre quency i s  
t abul ated in th e performance dat a  and curves in 
Appendi x I .  Th e i nstrument is calibrat ed with 
current applied to c ircuit n o .  1 and volt age to 
circuit no. 2. The ph as e -angl e  of  th e i nt ernal 
transformer s would th en introduce error s in indica­
tion wh en me asuring th e angle bet we en two voltages 
or between two currents.  Th ese errors have b e en 
compensat e d  by th e ad dition of cap acitor s  and 
resistors to maintain proper vector relationship s  of 
the instrument currents under these conditions. 
C ompensat ion for phase-angle shift of the current 
t ap of circuit no. 2 h as been achieved by the ad di­
t ion of a c apacitor and series resistor between th e 
± or common terminal of circuit no.  2 and th e 240-
volt tap of the transformer . Compensation of th e 
transfor mer.  Compensation of the 60-volt and 1 20 -
volt t aps of circuit no.  1 h a s  b e e n  ac com pli sh e d  
by th e addition o f  a capacitor and series resist or 
acros s the series resistors of the s e  circuit s .  

Measurement of phase angle betwe e n  a voltage 
applied to circuit no . 1 and current applied to circuit 
no . 2 is not recommended because of less - accur at e  
compensat ion and reduced operating torque . N ormal 
connection of current in circuit n o .  1 and of volt age  
in circuit no . 2 should be use d .  

Synchroscopes are identical to  3 60- degree s c ale , 
single-phas e  pow er-factor met ers , or to 3 60-degr e e  
scal e  ph ase-angle meter s ,  exc ept that they have t wo 
pot ential circuits (instead of one c urrent circuit and 
one potential circuit). The phase -angle meter des­
cribe d in this paper is unique in that it incorporat e s  
t wo p ot e ntial Circuits for me asuring th e angular 
differenc e between two voltages , and two current 
circuits for me asuring phase-angle between current s .  
The infor mation sh own o n  the dial will save th e 
engineer a gr eat deal of calculation in solving relay 
and metering prob lems .  

Regardless of  whether the t esting involv e s  
generation , it is often convenient to assume that 
th e sour c e  of power is a generator . Henc e ,  th e 
not at ion on the dial shown in Fig . 2 .  

Some engine er s  object t o  the terms lag an d lead, 

wh en using a po wer-factor meter , because th ey lead 
t o  confusion if not properly defined. For e x ample, 

I.L. 43-161.2A 

if a current lags a vo lt age by 1 1 5°, i t  doe s not 
necessar i ly follow that because the c urrent has 
moved b eyond a goo displacement point it auto­
m atic ally l eads the volt age . To be sur e ,  a current 
that l ags a voltage by 1 1 5° also leads th e voltage 
by 360°- 1 1 5° = 245° .  

Power-factor meter s  are oft en marked lag and 
lead on either side of the unity mark.  Occasion ally 
out and in ar e sub stit ut ed for lag and lead.  

On a gener ator connected to a syst em supplying 
power at unity power-factor with the voltage r emain­
ing constant , if excitation is increased, th e power­
factor meter will move from unity in a lag direction. 

For this condition r eactive is leaving the generat or; 
ther efor e ,  th e t erm out is sometimes substituted for 
lag. 

A po wer-factor meter connected to r ead l oad 
drawn from the system by a synchrono us motor 
deflect in a lead direction when excitation is 

increased. For this condition , the term in would be 
used in plac e of lead. Note that this is differ ent 
from the generator . It i s  not the concern of this 
paper which t erms are used. The information is 
added only for the purpose of assisting th e relayman 
or meterman to solve his prob lems. 

U sing a ph ase-angl e  meter for the first time is 
aki n  to learning to use a s lide rul e .  Ans wers from 
e ither ar e que st ionab le until confidence is acquire d  
in using the tool. The fol lowing procedure sho uld b e  
followed i n  det ermining the phase re lationship 
b et we e n  a current and a voltag e :  First ,  th e c urrent 
t erminals of c ircuit no.  1 of th e instrument are 
c onnecte d  with proper polarity , in series with th e 
volt age being che cked.  Thir d ,  th e phase re lat ion­
shi p  between the current and volt age i s  read . Th e 
prob lem then is one of understanding th e c urrent 
and voltage ve ctor s  in v arious power syst ems and 
their relat ionship to each other . This paper includes 
st udies made of v arious re lay sch em e s  and power­
system components to assist in achieving this 
understan ding . 

C ertain t erms will b e  used throughout thi s p aper , 
and to eliminate confusion they are defined as 
follows: 

1 .  Power Factor i s  always e x pressed either as a 
decimal-frac tion or as a percent . It i s  th e 
c osine of th e power-factor angle .  

2 .  Power-Factor Angle is expressed in degr e e s  
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mat ely 3 to 1 steps which should m ak e  it possible 
to obtain accurate readings without overloading th e 
cur rent circuit. Each of the current taps is rated 
to c arry 167 percent r ated current continuously 
without ove rh e ating or damage.  High er current s 
can be c arried for short periods. 

The voltage to the phase- angle meter c an bEE 
consider ably reduced , or raised 20 pe rcent without 
ser ious error in the reading . (Rated voltage of 1 20 
per cent can be applied c ontinuously.) A reduction 
of voltage by 50 percent will c au se 0 . 5  degree 
leading error with rat ed current applied . The pointer 

lags with reduced current. Current c an be redu c ed 
to 1 0  percent of t ap v alue with reasonably good 
r esults .  Readings are possible w ith gre ater  errors 
t o  as low as 2 perce nt of rated current. Thus , it is 
possible to obt ain a r e ading o n  the 1 - ampere t ap 
with as low as 20 milliampe r e s .  (See current in­
fluence curve in Appendix 1.) For some purpo ses 
in rel ay work the error s invol ved, even though gre at, 
if und e rstood ,  c an be u nimportant .  Good judge ment 
is r e qu ired in the use of the i nstru me nt and th e 
r elay man should m ake tests w ith his instrument 
covering the conditions under  which he works in 
order  to know the extent of the error .  With only 
c ircuit no. 2 energized , the pointer will rot at e  in a 
clockwise direction . If the current is low, the read­
ing will err on the lag side. Extreme high current 
will produce a slight lead error . To reiterate , even 
though the lag error may be great ,  if readings are 
made on b al anced 3-ph ase currents,  in a different ial 
circuit for exam pl e ,  then the e rror appli es to each 
and the result is an accurate comparis on. That i s ,  
the slip i s  about the same for each phase.  

Good h abits must b e  cultivated in the use of a 

phas e-angle meter. If the two lead s to eith er circuit 
are reversed , a ch ange of 180° results.  A good plan 
is to use color-coded l e ad s, always applying th e 
s ame color to the binding posts with the polarity 
mark. If  clips are used , the same color should b e  
kept in the same relative p osition whe n  c onne cting 
t o  th e equipment te sted . If coded plugs (i.e . ,  th e 
Westinghouse r ed and black ammeter test plug for 
for Flexitest G'l r elay case s ,  or th e General Electric 
relay t est plug for dr awout rel ays) are used , th e 
s ame color should alway s b e  kept away from th e 
rel ay, mete r ,  or other equipment. Then after  readings 
are taken, the re is never any doubt as to the 180° 
shift s. These habits are so import ant that reit er a­
tion is n ecessary. The same color coding system 

should always be used in connecting the instrument. 

6 

(A} 

POW( II FLOW 
-

TO MAINTAIN TERMINAL VOLTAGE 

THE INDUCED VOLTAGE REQUIRES 

BOOST VOLTAGE BY INCREASING 

EXCITATION. lOVER EXCITED) 

TO MAINTAIN TERMINAL VOLTAGE 

THE INOUCE[I VOLTAGE REQUIRES 

A BUCK VOLTAGE BY DECREASING 

EXCITATION. (UNDER EXCITED) 

Fig. 8. Ph ase- ang le of t ransm i ssion c irc uit with 
inductiv e  and c ap ac itive loads. 

STATION �A" 

240" 

BUS 

POWER 
LEAVES 

PHASE ANGLE 
METE A 

t POWER 

LEAVES 

BUS 

POWER 
LEAVES BUS 

NO REACTIVE 
30" 

- -
REACTIVE ENTERS REACTIVE LEAVES 

POWER � � POWER 

C(1 
21 ENTERS ENTERS 

ISO' � 
zts• REACTIVE ENTERS BUS leo- LARGE REACTIVE LU.I/ESIIO" 

POWER ENTERS BUS BUS 
BOTH EQUAL SMALL POWER ENTERS BUS 

Fig. 9. Power flow, r eact ive flow, and the phase-ang l e  
meter. 

Several uses of th e phase-angle meter in indus­

trial plant s will be considered.  

When a reference voltage i s  used , it s polarity 
should not ch ange du e to the rever sal of a con­
venience outlet plu g.  Connections to the m ain 
transformer supplying the outl et may be changed by 
the utility ,  many mile s  away. This possibility 

must always be kept in mind wh en t aking differ ent 

sets of reading s at diffe rent time s .  Finally, the 

reference voltage must be synchronized to the 

system on which readings are being taken. 
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R eal and React ive Power Flow and the Phase-Angle 

Meter 

The current in a transmission line as indicated 
by a switchboard amm eter repre sents both real and 
reactive power. An observer c an not determine 
whether the current is b eing used to produce real 
work or not. Almost all of the current represented 
may be fe eding a capacitive or inductive load which 
produces no real work . 

Figure 8 shows typical readi ngs on a phase­
angle meter for two different transmitting conditions.  
(A) shows that the i nstrument reads in  a lag direction 
if  the load t akes a l agging power fac tor re quiring 
the generator to be tending to boost voltage . Th e 
load is slightly inducti ve.  (B) shows the instrum ent 
indicating lead. The load take s a leading power 
factor and r e quir e s  the voltage regul ator to b e  tend­
ing to buck voltage. The load is slightly c apacitive.  
The average small town,  with its load consi sting of  
small motor s ,  light s ,  heating elements , etc. , t akes a 
slightly lagging power-factor. A synchronous motor 
can be made to t ake either a leading or a lagging 
power factor depending upon its excitation. Two 
such motors connected to the s ame s up ply ,  one 
overexcited and the oth er underexcited ,  may h ave 
high r e active currents flowing b et ween the m .  The 
same condition may occur with two synchronous 
generators. 

Reference is again made to Fig .  8 ( A) .  If a shunt 
reactor were the load , the phase- angle meter might 
r ead close to goa. It would r ead exactly goa if  there 
were no copper and iron losses. If th e load at (B) 
were an open transmission line or a bank of c apac­
itor s ,  the instrument might read close to 2 7 0°. The 
Th e cop per loss in this case would probably be less 
there fore' the angular displ aceme nt from 0° would 
be greater than for th e shunt reactor. If th ere were 
no coppe r and i ron losses, the reading would be 
27 0°. 

It sh ould be noted that the instrument s in  (A) and 
(B) of Fig.  8 are connected differently (one c onnect­
ed direct; the oth er through instrument tran sformers). 
Th e conn ection method ( B) could have been used at 
(A), and the instrument would also hav e  read a slight 
lag as sh own at (A) .  Because of high volt ages and 
currents in power syst em s ,  current and pot enti al 
transformer s are gene rally required.  The resulting 
readi ngs,  however ,  will be the same.  

At  the  top of  Fig. g is  a portion of a t rans­
mission system.  A phase-angle meter , connected as 

I.L. 43-161.2� 

sh own ,  c an read any angle on the 360° sc ale.  The 
position the pointer t ak e s  will dep end upon the 
relative direction of the real and reactive po wer. If 
both are away from the b us ,  the reading will b e  
from 0 t o  goo; i f  both are into the bus,  the re ading 
will be from 180° to 2 70°. If power leaves and re­
active e nters , the reading W\ll b e  from 270° to 0°; 
vi ce versa from goo to 180°. Furthe r ,  if the power 
is  pur e  reactive , the reading will be goo or 270° 
depending upon direction,  whethe r inductive or 
capacitive; if  r e al power , 0 or 180°. Figure g sh ows 
the dial of a 3 60° inst rument , similar to Fig . 2,  with 
indications of where the readings will be for v arious 
c onditions of power flow. The vector diagrams in 
the corners illustrat e  readings for the stated condi­
tions.  Properly c onnecting the instrument to obtain  
th ese readings is  sometimes difficult .  In the  usual 
cas e ,  the connections are such that th ere i s  no 
pot enti al present th at will give a oo reading for a 
unity powe r-factor load. Th e  potenti al will usually 
be such that for unity power-factor load , th e instru­
ment will read lead or l ag 3 0° ,  goo, or 1 20°. The 
r elayman can use a phase shifter  to correct for this 
differenc e; he c an mentally compens at e  for it in his 
readings; or he c an use the auxili ary scale av ailable 
for this i nstrument.  Thi s s c al e  can be rotated to b e  
set at t h e  z e r o  position to compensat e for a shift 
due to tr ansformer connections.  

Checking Di rectional Relay Connections 

Directional relays obtain their directi onal pro­
p erti es by selecting a current and a pot enti al from 
different ph ase s ,  so connected that the directional 
unit tends to re ceive m aximum torque during a fault 
condition. N ormally the c urrent i s  connected so 
that it leads the voltage by 30 ,  60, or goo. For 
exampl e ,  for the go-de gree conn ection, each relay 
of the three involved receives a current which 
leads the voltage applied to that relay by go degr e e s ,  
wh en the c urre nt through the relay is  at unity power­
factor in the tripping dir ection.  A fault produces a 
highly inductive load which cause s the c urrent an d 
potential in the relay to approach an i n-phase condi­
tion for the relay which is  expected to operat e .  It 
should be borne in mind that this relationship r efers 
to the coils. I f  there , is an internal res istor , then this 
relationship does not h ol d  true across the relay 
c ase st uds. 

Drawings are usually av ailable showing the 
connections for a b ank of directional phase relays. 
In formation for m aking th ese drawing s will come 
from the manufacturer's inst ruction b ooks. The 
installation will probably hav e been made with th e 
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connections as indic ated on the prints. The rel ay­
man m ay be required to det ermine the correctn e s s  
of the installat ion. The final check must b e  made 
under operat ing c onditions with primary c ur rent 
act ually in the tran smission lin e .  

To m ake this check,  th ese steps must be follow­
ed: 

1. Direction of real and reactive power and power­
factor must be established. Th e power dispat ch e r  
c an t ell a great deal about these conditions. 
D uring some p art of every day h e  will probably 
be very certai n  of conditions for most tran s­
mission line s .  At time s ,  he m ay allow the o pe n­
ing of a power circuit breaker , or m anipulat e 
other e quipment to as sist th e relayman in deter­
mining the direction of power and reactive flow.  
I n  Fig. g,  if  the system feeds a normal inductive 
load such as a small t own , and the generator 
cir cuit breaker at station B i s  opened , as well 
as circuit b re aker X at station A, the real and 
reac t ive power will be leaving the stat ion bus. 
Circ uit breaker  X is o pened to force all the 
power out of circuit breaker Y; otherwis e the 
other line may c arry all the power to the syst em. 
The power-factor will not b e  far from unity , but 
will be lagging. It  m ay be that the gene rat o r  
a t  st at i o n  B must b e  k e p t  in operation. The 
oper ator there c an b e  r e quested to set it at 
unity power-factor by adjusting his exc it ati on. 
Station A will then be supplying all the reactive.  
Proper manipulation of the syst em by exerci sing 
good judgme nt can generally e stablish a set of 
known cond itions. 

2. The intended connectio n ,  whether 3 0 ,  6 0 ,  or goo 
must be k nown. This w ill have been determined 
by the applicat ion engine e r. 

3 .  The phase-angle meter is c onnected to each of  
the three relays , one at  a time , the c urrent 
circuit of the instrument in series with th e 
current-coil of the r elay, and the potential c ircuit 
in p arallel with the potential coil of the rel ay .  
The three r e adings should be approximately th e 
s ame. If they are not , they should be made th e 
same. To make them alik e ,  sometimes a polarity 
change is necessary; somet ime s two phases o f  
c urrent o r  pot ential are cros sed. All the direc­
tional elements should track; that is ,  they should 
all be open or closed. If a phase-shift er  i s  
inter posed between the source of pot ent ial and 
the relays , all element s  should open or clos e  
at about the s ame setting of th e phase -shifter. 

Th e use of  the phase shifter  is ac ademic,  b ut 
it is a good exercise for a b eginner. 

4. The correct phase difference between c urrent 
and potential must now be checked. If th e power 

factor i s  unity and the int ended connection i s  
30° l e ad ,  th en the phase-angle meter should 
read 330° lag of current b ehind voltage or 30° 
lead or current ahead of voltage. If the r eading 
h ap pens t o  b e  goo lag, the n  a c ountercl ock wis e 
rotation of th e volt age leads o f  1 20° i s  necessary . 
If the reading is 30° lag, a clockwise rot ation 
of 120° plus a 180° polarity change is required.  
Agai n ,  assuming unity power factor,  if the power 
is leaving the station where the relays are 
located , the direc tional elements probably 
should be closed depending upon the tripping 
direction required; for power coming in ,  they 
should be open. If the elements are not as stated 
here ,  either  the c urrent or pot ential connections 
are simply reversed on each of the relays , or the 
polarity of th e c urrent or potent ial transformers 
changed. C are m ust be taken when delta c onnec­
tions are encountered, because changing this 
type of conne ction can re sult i n  m uch c onfusion. 

If th e power factor is not unity ,  the departure in 
eithe r  the lead or lag direc tion must be t ak e n  into 
consideration while taking readings or the auxiliary 
s c ale available for the instrument is used and it s 
zero aligned with the point er for e as e  in making 
conne ction change . 

Every effort should be made on a new installation 
to have the relays conne ct ed correctly ac cording t o  
the manufact urer's recomme ndations and diagram s. 
To test a system , it may be convenient to b uild up 
the output of  a generator ,  o n  a 3-phase fault , until 
proper m agnitude of current is reached to make a 
check. L ine charging c ur rent on HV long lines may 
supply the necessary test current. 

Addit ional informat ion will follow on directional 
relays which will further ass ist in checking con­

necti ons. 

D I FFER E N T IA L  RE LAYS AND THE 

PHASE-ANG LE METER 

Figure 1 0  t o  15 illustrat e  several conventional 

relay schemes. Various normal and fault conditions 
ar e hypothet ically applied to sections of a power 
system. The s e  condit ions produce currents which , 
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when applied to the diagram , prove or disprove the 
correctness of the circuit in question. BY ob serving 
the paths and m agnitudes of the currents during 
nor mal conditions and i nternal or e xternal fault 
condition s ,  the correctness of the wiring c an be 
determined. These value s  are readily checked with 
the phase-angle meter and an ammeter when act ual 
c urrent i s  flowing i n  the systems. The arrows 
represent an ass umed direction of single-phase 
current or power flow. This curre nt will have some 
definite phase-angle meter reading when compared 
with some reference volt age. Depending upon the 
polarity of the tr ansformers in question,  all the 
current shown by one kind of arrow , either s olid 
or dashed will either be in-phase or 180° out-of 

phase with the original assumed current. The relay­
man will generally plug into the nearest con­
venience o utlet for the reference volt age. After 
checking all the circuits of one phase , a 1 20° shift 
will be indic ated on the scale of the phase-angle 
meter when the next phase current s are checked , 
i f  the same reference voltage i s  used. The m agn­
itude s represent steady- state values of ammeter 
readings. 

In all the drawings primary c urrent is shown by 
the large arrows and secondary current by the smal l  
ones. The l arge , solid arrows represent c urrent 
which produces secondary currents as shown by 
the small solid arrows. The large arrows with long 
dashes are ac companied by small arrows with long 
dashes. Simil arly all the large and small arrows 
with short dashes are rel ated. If the m agnitude of 
the primary current is  given ,  then the value of the 
secondary current i s  established by the indicated 
current t r ansformer ratio. If primary c urrent is  
as sumed to pass e ntirely through the differential; 
that is, if the same amount of current enters and 
le ave s the protected circuit , then no secondary 
current is produced which will cause the differential 
to operate. If a fault is assumed to occur within the 
protected section ,  then secondary currents should 
pass through the operating element of the relay to 
operate the differential control circuits to clear the 
fau lted section. These conditions are true if the 

cir cuit is properly connected. BY as suming faults 
as shown in the figure s ,  any similar circuit diagram 
can be checked for correctne s s. 

Some engineers insist that the reason for an 

error sho uld be determined before making a change. 
This is excellent practice exce pt th at some field 
condition s dem and an immediate solution . If such 
an ex pedient is t aken , then the problem should be 
analyzed later when time permits. 

I.L. 43-161.2A 

Figure 1 0  illustrates a bus section protected by 
a neutral differential. In Fig. 10, if a balanced 3-
phase load of 1 0 0  amperes on each c onductor were 
being supplied through the bus section shown, no 
sec ondary c urrent would leave either tran sformer 
bank bec ause the currents from each b ank would 
balance out. If the 2 -ampere c urrent sho wn flo wing 
past the relay is to be act u ally present in the circuit, 
the sec ondaries of the c urrent tran sformers of phase s 
2 and 3 of each transformer bank would have to be 
sh ort-cir cuited and disconnected from the rest of 
the circuit. This would produce the same condition 
that might e xist during a phase-t o-ground fault 
external to the bus section protected. The doub le­
headed arrow indic ates that there is zero c urrent 
in the rel ay. It c an readily be seen that if the lead s 
from either bank were crossed , the 2 amperes from 
each b ank would be forced through the relay c ausing 
a tot al of 4 amperes t o  flow through it s operating 
element. If, under these conditions, the induction 
relay were set at a low enough c urrent value , the 
relay would operate on an external fault c au sing a 
misoperation. An internal fault is shown being 
supplied by primary c urrent coming in through both 
oil-circuit breakers. The large broken arrows indi­
cate the direction of flow,  and the small arrows 
show that 20 amperes flow to operate the relay. 

To che ck the circuit of Fig. 1 0 ,  a relay test set 
could be connected to pass a single-phase current 
through the primary circuit  to simulate a through 
line-to-ground fault condition. If the current trans­
former r atios happened to be incorrect, c urrent would 
pass through the operating element of the relay. By 
checking with a phase- angle meter ,  the phase rela­
tion of the currents in question can be proved to be 
correct , then the ratios should be corrected. The 
phase-angle meter is a mo st valuable tool for check­
ing differe ntials. Connecting it in the variou s  
circuits wi ll establish the relative direction o f  
current s .  A sen sitive low-burden (thermocouple) 
ammeter is also necessary to determine the magni­
tude of current , and should be c ap able of indicating 
very low currents. Many low-current ammeters h ave 
high internal impedance. A check will show whether 
the ammeter seriously affects the circuit im pedance. 

If a check during operation is necessary it c an 
be done by short-circuiting and disconnecting two 
current-transformers in two phases, allowing the 
tran sformers in the other ph ase to produce a current 
which simulates a single-ph ase to ground external 
fault. More simply one set may be short-circuited 
and disconnected in one ph ase . The resulti ng current 
will be the vector addition of the other two which 
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i s  the reverse of the one dis connected,  if the pow er 
load is balanced.  

Figure 1 2  shows the second ary currents re sult­
ing from the various primary c urrents entering and 
leaving the bus . To check the cir c uits unde r thes e 
conditions, o ne current -transformer from eac h  bank 
is disconnected at a time, and the results observed 
with phase-angle meter and ammeter. I f  all currents 
coming in are disconnected first , the current i n  the 
relay will build up to a maximum and then de crease 
to zero as the out c urrent s are disconnected.  
Actually ,  the  current in the relay will seldom become 
zero, due to inaccuraci e s  of the c urrent-transformers. 
A zero reading s hould be viewed with s uspicion as 
the relay may be short-circuited from the rest of 
the circuit . Thi s  differential may also be checked 
by u si n g  a relay test set for pas sing primary current 
thr ough e ach current tran sformer ,  and reading the 
secondary c urrent and relative phase-angle. If the 
same lead of the test  set  i s  always connecte d on 
the line side of the c urrent transformers through out 
the entire test ,  the se condary currents from each 
bank will all have the same relative phase relation­
shi p. This test will also check the current- trans­
former ratios. The 6 9 / 1 38-kV transformer bank has 
a current r atio of 2 to 1. The current-transformer  
ratios on the  two side s  are different to compensate 
for this pow er-transformer r atio differenc e .  

Phase Di fferent i a l s  

Figure 1 1  s hows that whenever primary c urrent 
is pre sent , there will be secondary current in the 
relays . This simplifies the check of  the circuit. 
Modern r el ays provide e asy methods of ac cess into 
the rel ay circuits.  I f  the current entering the re­
straining element is  in phase with and e qual to 
that leaving , then the circuit for that relay is 
probably correct. By reading the m agnitude of the 
line c urr ent and knowing the current-transforme r 
ratios involved,  an approximate estimat e  of the 
actual current c an be made. If  the same referen c e  
voltage i s  used, the c urrents in o n e  relay will b e  
1 20° out o f  phase with the other two. Slight amount s 
of current in the ope rating winding is normal ,  as 
it was in the neutral differentials. Any appreciable 
c urrent will prob ably indicate that something i s  
incorrect . 

Fi gures 1 3  and 14 show a phas e differe ntial 
prote cting a ge nerator and a wye-delta transform er.  
The vector voltage diagram for the power transfor mer 
establishes the polarity of the windings of the 
transformer .  This diagram is the standard one found 
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on the nameplate of all power tran sformer s .  It me an s  
that in t h e s e  figur e s, t h e  voltage from ground o r  
neutral t o  H 1  i s  in phase with t h e  voltage from X2 
to Xl . From t he vector di agram, the direction is the 
same from the cente r of the wye to H 1  as it  is  from 
the points on the delt a X2 to Xl . Ob servi n g  the 
windings themselves it is se en that voltage on 
the winding at the top l eft of the power transform er, 
reading from bottom to top, is X2- X 1 .  The vector 
diagram indicates that this is i n  phase with the 
voltage from t he neutral point to H l .  Because the 
vector diagram gives this relationship, the polarity 
marks are added as shown in the circle s. If the 
vector  diagram has been drawn such that the H 1  
ve ctor was as shown in the dotted box at the upper 
right of the powe r transformer in Fig .  1 3 ,  the secon d  
polarity mark would have b ee n  on t h e  grounded side 
of  the wye winding. The ot her two winding s  of the 
other two phases are similarly polarized. As suming 
primary c urrent s  for faults 1 and 2 in Fig .  1 3 ,  one at 
a time,  the secondary c urrents will be as shown and 
will not pass through an operating elem ent. F ault 3 ,  
if traced out , would act as the other two .  F ault 4 ,  
however ,  is  le gitimate trouble for this cir c uit .  There 
is no c urrent in the c urrent transformer connected to 
H3, as suming that there is no other  source of power 
connected to the transmission line. Therefore, the 
secondary c urrent from the other current-transformers 
is not b alance d  out ,  and the phase 1 and 3 relays 
operate. If fault 5 occurs,  there would have been 
current i n  only the current transformer in the X3 
circuit . This would hav e  prod uc e d  an operating 
current in the phase 3 relay. The path woul d  h av e  
b een through the neutral lead from wye connected 
curre nt-transformer bank to the operating element 
of this relay. By using the same met hods as use d 
for phase diffe renti als ,  these circuits can be check­
ed by using a phase-angle meter, ammeter, and 
pos sibly a relay test set as a source of t e st current . 

Figure 14 shows an incorrect connection and the 
paths of the r e sulting c urrents. A unique condition 
occ ur s  with thi s  circuit. Ob serving the path of the 
se cond ary current for fault 1 ,  if only the one single­
phase to  ground t est were  mad e ,  the  circ uit would 
appear to be corre ct, because c urrent doe s n ot go 
thr ough an operating element. It actually follows 
the same path as that of fault 1 in  Fig. 1 3. The 
second t e st shows that the circuit is  in error . I f  the 
circuit s were so connected , an external phase to 
ground fault on phase 1 would n ot trip the differe nt­
ial ,  and thus indicate that the circuit was correct. 
This could have re sulted in the as sum ption that the 
entire di ffere ntial was correct . 
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Fi g. 1 2 .  O vercur r ent r el ay in a tran sformer n eutral 
di fferenti al scheme. 

Figur e 1 5  illustrate s a method of protecting a 
large-gene rator instal lation. Any fault within th e 
prote cted secti on will operate the transform er 
differential. To operate the generator differential ,  a 
fault must occur b etween the Y connected current 
tran sformers at the transforme r ,  and tho se in the 
neutr al conne ction of the generator. 

I.L. 43-l61.2A 

I +f'AULT•t 
���rl±���/,__, /f'"'''' 

Fig. 1 3. Thr e e-phase tr an sformer differ ential s cheme 
cor r ectly connected. 

Fig. 14. Incorrect vari ation of Fig. 13 whi ch under 
some conditions m ay appear to be cor r e ct. 

Fig. 15. Three-phase gener ator and tr an sformer di f­
ferenti al r el ay s cheme. 

Balanc ing Transformers 

Figure 1 6  sh ows the use of the balancing trans­
former ,  and how it function s .  The conditions at both 
(A) and ( B )  ar e identical exce pt that a di fferent type 
of b alancing transforme r is used. It should b e  noted 
that the ampere-turns b alance out in each c ase.  

11 www . 
El

ec
tric

alP
ar

tM
an

ua
ls 

. c
om

 



A ph ase -angle meter and an ammeter co nne cted 
in the s e  circuits with a test pri m ary cur rent throu gh 
the current transformer s  as shown would verify 
correct conne ctions and polariti e s .  Und e r  operat ing 
conditions, disconnecting and short-circuiting the 
prope r current transformers would ac complish the 
same result .  

Checki ng Schemat i c  Di agram s of AC Ci rc u i t s  

Figures 17 and 1 8  illustrate a vector analysis of 
a 3 -winding power t r an sformer differential and a 
b ank of directional relay s .  ( A) and ( B) are add ed to 
sho w the relationship between polarity and cu rrent 
direction . The circuits would not b e  affected if b oth 
polarity marks were mo ved to the opposite ends of 
th e wind ings . Further , d irection of the polarity 
arrows is arbitrary and could just as well have b e en 
point ed in the other  dire ction , but when once estab ­
lished should b e  maint ained throu ghout a proble m .  
When pointing i n  the s ame direction they mean that 
cu rrent flowing in the t wo windings is in phase . The 
heavy ar rows indic ate current directio n .  

T o  check the different ial circuit, these steps are 
followed: 

1 .  It is assumed that power is flowing into the 
p ower transformer at th e 1 38-kV terminal s  and 
flowing out at the 69- and 1 2 . 5 -k V  c onnections. 
Some other as sumptions c ould have b e en mad e .  
However ,  the power going in at o n e  voltage 
mu st be c oming out at anoth e r .  

2 .  Polarity marks are added to th e transformer 
windings by ob serving the namepl at e  vector 

voltage diagram. This will be done in the same 
manner as stated previously .  See Fig . 13 and 
the accompanying t ext . The same notation i s  
add ed t o  the windings a s  found on th e polarity 
diagr am .  The diagram indicat e s  that th e pol arity 
rel ation ships of th e windi ngs are neutral to H 1 ,  
and Y 2  to Y 1; N t o  H 2 ,; and Y3 to,Y2; Ntol/3, 
and Y 1  to Y3 . 

3 .  For the pur pose of adding the arrows to th e 
drawing to indicate the direction of current flo w ,  
it is assumed that in each primary phase the 
current follows the ·power as ment ioned pre­
viou sl y .  

4 .  Current dir ection i s  established i n  all the 
secondary circuits starting with th e assumption 

stated in item 3 .  

12 

The direction of current from the 1 2 .  5 -kV ter­

t iary of the power transformer to the relay i s  
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Fig. 16. Two types of balancing tran sformers sho wing 
direc tion an d m agnitude of cur rents. 

evident becau se of the assumption th at powe r 
i s  flo wing out .  Th e current from the two auxi­
liary tran sformers to the relay is not e vide nt 
bec au se of the delt a connections of the banks .  
Since the current i s  flo wing out o f  the tran s ­
former a t  both the 69-and 1 2 .  5-kV te rminals and 
because the curr ent from the 12 . 5 -kV t e rtiary 
winding is into the relay, then that of the 6 9-kV 
is al so into the relay. With both of these cur­
rents going in,  the current must b e  flowing out 
of th e rel ay to the 1 38-kV circui t .  A ph as e­
angle meter conne cted into th ese circuit s will 
give this indication.  

5 .  The small circles at the jun ction points of all 
th e d elta connections contain arrows indicating 
direc tion of cu rrent at th ese points.  From thes e 
arr ows , an e quation may be written for th e delta 
current in terms of the wye-current s .  Th e large 
circle to be defined at the top of the drawing. 
Ih 1 l'l is s e en to split into two other  current s ,  
Ih3 and Ihl . A s  Ih 1 i s  away from Ih 1 ll, i t  is 
called positive and as Ih3 is toward it , it  is 
negativ e .  The equation i s  written as sh own on 
the delt a lead to the relay emanating from th e 
junction point . Equations are also shown for 
the other  phases of the 1 38 -kV circuit s .  Thos e  
for the delt a currents from the 69-kV circuit s 
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Fig. 1 7. A n alysis of current flo w  in a tran sformer different ial relay circuit. 
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Fig. 18. Analysi s  of current flow in a dire ctional relay scheme. 

and for the delta currents from the tertiary 
winding are similar exce pt that the notation for 
latter is a little different. In order to preserve 
the notation that was used on the nameplate of 
the powe r transforme r ,  the terti ary winding 
current for phase I is calle d  I Y 2. Yl reading 
from bottom to top. The other two phases are 
simi lar. 

In all case s when passing through the wye­
connected current-transformer banks ,  the current 

transformer banks. the currents remain in phase. 
To indi cate that the current has passed through 
a current-transformer bank that the phase rela­
tionship remained constant, the notation was 
simply changed from IH 1 to lhl . Thi s was done 
on all three volt age circuits. 

6 .  The vector di agrams con structed from the 
equations are shown at ( C ) ,  ( D ) ,  and (E) . In 
vector diagram (C) lhl � Ihl-IIi3. Vector 
lh 3 is reversed as drawn with a dotted line at 
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( C) t o  show that it is a minus or negative v alue.  
The par alle logram is  completed and lh  1 � drawn 
in. Phas e s  2 and 3 c an be completed in the sam e  
w ay .  (D) and ( E )  are similarly constructed.  I f  
the final delta currents lh 1t.., ly 1t.., and lx 1t.. for 
ph ase 1 are all in phase , and the same c ondition 
e xi st s  for ph ase s 2 and 3, then the differential 
circuit is c orrect. The e quations for the 1 2 . 5 -kV 
secondary current s are written i n  the se condary 
system,  b ut are exactly the same as if th ey were 
written in c apital l etters for the primary system; 
i . e . ,  ly 1t.. = ly2 .y 1 - lyl .y3 is  e quiv al ent to 
IY 1t.. = IY 2 .Yl-1Yl. Y 3 .  

T o  check the ratio s  o f  the auxiliary c urrent 
transfor mer s ,  Table I is a gui d e .  The V or I ratios 

indicate  that if all the current is flowing from the 
138- to th e 6g-kV terminal s ,  there will be twice as 
much current in the 6g-kV as in the 1 3 8 -kV bank. 
Simi lar ly ,  i f  all current flows out of the 1 2 . 5 -kV 
terminals,  ther e wil l  be 1 1 . 0 4  times the 1 38 -kV 
current in  the 1 2 . 5kV circuit. For eas e  of calcula­
tion th e assu med I i n  the 1 3 8-kV circuit is such 
that one ampere is the output of  th e secondary of 
the 1 3 8-kV c urrent transfor mer . As stated in th e 
not e s ,  the r ati o of one auxiliary is checked by 
first assuming that all the current flowing in th e 
1 3 8-kV circuit flows out of the 6g-kV circuit . After 
the value of secondary c urrent is obtained,  then it 
is as sumed that all of th e current flows out of the 
1 2 . 5-kV winding to obtai n  the othe r  secondary 
current . The assumption h as a basi s  in fact, in th at 
i f  eith er  of the lower-voltage circuit s is  opened,  th e 
as sumed condition will actually e xi st .  The ' 'r atio 
change due to wye-delt a  connections of auxili ary 
current-transformers" i s  an increase in c urrent due 
to  the conv ersion from wye to  delt a  in the auxiliary 
curre nt-tr ansformer bank.  The re sulting delta current 
of a delta hookup i s. always the s quare-root of thr e e  
times the current in the winding .  The val ue o f  5 i s  
used in  the fin al r atio because this val\le has been 
arbitrarily used by the industry as the c urrent which 
wi ll, for example , give a ful l-scale reading on a 
stand ard switchb oard ammeter . A lso, current-trans­
former rati os ar e normally given as some primary 
value to 5. 

ADD IT IONA L  IN FORMATION ON 

D IR ECT IONAL R ELAY CON N ECTION S  

The connections fo r directional-phase relays 
(see Fig . 1 8) are determined by the manufacturer of 
the r e lay ,  because only he knows how the internal 
wi ndi ngs of the relays are br ought out .  The relayman 
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T A B L E  I 

D E T E RM I N I NG RAT I O  OF WYE- D EL T A 

AUXI L I AR Y  CUR R ENT T R AN SFO RM E R S  FO R 

PHASE-ANGLE AND CU R R EN T  CHECKS 

fJ to fJ voltage 

V or I ratios 

Current 
transfor mer 
ratios 

Assumed I 

Secondary I 
from 
c urrent 
transformer 

*Ratio change 
due to wye­
delta 

1 38 kV 

4 0 / 1  

40 A 

1 A  

6g kV 1 2 . 5  kV 

2 1 1 . 040 

8 0 / 1  1 20 / 1  

2 X 4 0  = 8 0  t 1 1. 0 4  X 4 0  = 

A or 44 1 . 6A 

1 A  441.60 
3 .680A 

1 20 

connection y'30r 1 .  7 3 2  v3 or 1 .  7 3 2  3 . 680 

of au xiliary 
current 
transformers 

Reducing to 

unity 

:j: Ratio of 5 
fin al 
auxiliary 
transformers 

5 

3 . 68 
---- = 

2 . 1 24y3 

5 X 2 . 1 2 4  = 

1 0 . 6 2  

can check the angular connection from th e m anu­
facturer's diagram. He can determine if it i s  30° ,  
60°, o r  goo , and if  the ph ase-shift i s  either lead o r  
lag. The goo connection is  almost the only one now 
in use . .  In this c ase , the potentials are goo behind 
the c urrents .  The voltage on any of th ese re lay s  is  
the v ectorial difference of the two phase-to-ground 
voltage s att ached to it. The phase shift c an be 
established as well as the correctness of the make 
up of the delta. Th e directional contacts th emselv e s  
may e stablish th e correctness of the current tr ans­
former connections if the direction of power  f low 
is known . Some re lays carry po larity marks as 
indi cated, and assist materially in their chec k .  For 

a unity power-factor load the phas e -angle meter , as 
connected , wi ll indicate a goo l ead for this con­
necti on . 
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Figure 19 shows the method of connecting a 

phase-angle met er in a typic al line circ uit when the 
potential transformers ar e connected wye-wye.  

If  only delt a  potent ials are availab l e ,  th e 
measurement of power-factor angle or phase angle 
is more complex ,  because the voltage reference i s  
shifted 3 0° l eading or  lagging. Figure 2 0  shows 
the pro per connections when only delt a  potentials 
are available .  

With the connections as shown , that i s ,  with the 
phase- angle meter potential polarity conne cted to 
the s ame phase as the c urrent , and the pot ential 
nonpolarity conne cted to the phase which l ags , the 
ph ase- angle  meter will read 30° laggi ng when th e 
line current is leaving the b us at unity power factor. 
If the nonpolarity of the phas e-angle meter's pot en­
tial e le ment is connected to the le ading ph ase , th en 
the same line current condition will be indicated 
when the phase-angl e  meter r eads 30° leading. 
Th is re lationship is easy to rememb er: potential 
polarity always on th e current phase , non polarity 
on lagging phase gives reference 3 0° lagging, 
nonpolarity on leading phase gives reference 30° 
le ading. 

The s e  instructions have been writt'en from the 
point of view that the c urrent and potential trans­
former connections and polarities are k nown. This 
is essential if line c urrent conditions ar e to b e  
determined b y  phase-angle meter  reading s .  I f  
connections and polarities are t o  be determine d ,  
then the line-current conditions must be known.  
For  60° and 90° connections the same re asoning 
applies .  

RECTI FIER TRANS FORMER CHECKS 

Figure 2 1  i llustrates the problem of connecting 
the singl e-phase transformers  of a 3-phase full-wave 
r ectifier.  If the prim aries of two transformers are 
connected between ph ases 1 and 2 ,  the ir secondari e s  
wil l be either in-phase or 1 8 0° out-of-phase with th e 
primary. The secondaries are chosen to agree w ith 
the drawing. Secondary connections will be as 
illustrated if potential connections to the phase­
angle meter are taken from each seco ndary winding 
such th at the de gree reading s are as shown on the 
uprer left-hand part of the illustration ,  if the polarity 
mark is always connected away from the neutral 
point. The two potential windings of the ph ase­
angle meter  will be required for this test. Th e 
instrument is polarized with any convenient voltage 

Fig. 19. 

BUS 

LINE 

USE THESE : 
FOR 60° 1 CONNE� 

I 

I. L. 43-161. 2A 

Phase-angle met er connect ions in a Y - connect­
ted pot ential, dir ectional relay scheme 
(pot ent ial connect ion s to relays ommitted for 
simp/ i city). 

BUS 

LINE 

Fig. 20. P h a se-angle meter connect ion s in a � - connect­
ed potent i al dir e ct ional relay scheme (  pot ent i al 
connection s to relays ommitted for simpli city). 

TI '"'"' 
I 2 3 4 5 6 

Fig. 2 1. Analys i s  of single-phase t r ansformer connec­
tions in a 3-phase full-wave rectifier. 
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LINE 

z 

LOAO 

fOR UNITY 
POWER fACTOR 

r, 
PHASE ROTATION 1-2<5 

�_:>�'�'!"_!'!��£_ ������U
_
R

_ ��T
_

E� _ 
GENERAL ELECTRIC TYPE -63 

A � TO :�LOAO 

NOTE -
lf CU�R[NT LAGS 30° 
T�N 11 WILL BE IN P ..... SE Will'! 
IT'S VOLfAG[ Vn A�O I 1  WILL LAG 

iT'S VOLTAGE Yo? B Y  60° 

Fig. 2 2 .  A n alysis of polyphase wotthour-meter connec­
tions. 

that is synchronized with the pow er to the rectifier .  
The read ings may not  be as shown,  b ut the  angular 
relations wi ll b e  the sam e .  This is b e c ause the 
sourc e of  power to the polarizing element of  the 
phase-angle meter  m ay be out-of-phase with any 
one of the sec ondary pot entials being me asure d .  
The auxiliary scale is u s e d  and t h e  oo mark aligned 
on the auxiliary scale with the pointer for the first 
reading . The 60o shift as the rectifter transformers 
are c hecked will  then be read i ly apparent . If the 
rectifier has twelve transformers instead of six , the 
shift will then be only 30° and the auxiliary scale 
will t hen be e ve n  more he lpful. 

CONN ECT IONS FOR POLYPHASE 

WATT H OUR METE R S  

Figure 2 2  illustrates the problem of  c hecking 
out w atthour m et er s ,  watt meters,  reactive k VA 
meters ,  and any other type s  of meters or instrument s  
which u s e  currents an d p otentials in s pecific 
relatio nships. 

If the phas e-an gl e  meter is connected as sho wn 
in the drawing,  the instrument will c h ec k  the exist­
ing relationships against the vector diagram o f  the 
instrum ent . 

1 6  

M I S C E LL A N  E 0 U S  C H E C K S 

In c onnecting a group of potential transformer s 

for a synchronizing system,  the various potent ials 
can be checked to be sure they are on the s am e  
phase and that polarities are correct . 

P hasing c an b e  checked by comparing pot ential s .  
Phases that Will b e  connected together should h av e  
t h e  s ame phase re lationship. Phase rot ation c an be 
checked to see which p hases follo w each othe r .  

Scott-co nnected t ransformers can e asily b e  
c hecked to determine phas e  relationships b y  com­
paring e ach voltage with s ome re ference. 

Each of  t he ab ove requires s ome other pot enti al 
to polarize the instrument. Care should be exercised 
that the load supplies curre nt that is close to the 
r ating of the instrument . C aution should be exercis e d  
t o  not pick a polarizing voltage which i s  connected 
to anot her power syst em,  b ec ause the phase-angle 
meter will t hen never read a single value,  b ut will 
continue to change as the syst ems go in and out 
of phas e .  T his suggest s that the phase -angle met e r  
can also be used a s  a synchroscope . It m ak e s  a 
good substitute .  

When the current elements of several device s 
are connected in s e ries , such as the protectiv e 
relays and met ers used on a large m otor ,  an 
ammeter  and a phase -angle meter c an be connected 
to a t est plug and ins e rt ed i n  one re lay and/ or  
meter after another to quickly c heck t he presence 
of c urrent , and phasing t hrough the whole group 
of  devices .  

A P P E N D I X '  I 

Ch aracter i st i c s  and Performance of 

Westi nghouse Type Pl - 1 6 1  Ph ase-Ang le Meter 

Rated Accuracy . . . . . . . . . . . . . .  Within one degree at r at e d  
voltage , current , and fr e ­
que ncy . 

Scale Length . . . . . . . . . . . . . . . . . .  2 1  inche s (53 em) . Scale 
displays all 4 Quadrants o r  
3 6 0  degrees.  One de gre e 
e qu als 0 . 050 inche s ( 1 . 4 8  
mm. ) .  

Response Time . . . . . . . . . . . . . .  2 . 5  secon ds m aximum at 
r ated current and voltage . 

D amping Facto r .  . . . . . . . . . . . .  2 . 5  minimum at r at e d  c ur­
r ent and voltage . 
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Loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . R efer t o  ' ' Line loss and 
inst rument c urrent " t ab l e .  

Bearing System . . . . . . . . . . . . .  M �netic suspension. 

Ci rcu i t  No. 1 ( Cu rrent) 

Se lf-contained t 
ranges. 5 

Maximum c ontinuous 

3 0 / 1 0/3 / 1  Amp .  and 1 2 0/60 
volts. 

current . . . . . . . . . . . . . . . . . . . . . . .  1 6 7% of rated.  

Current influence with 
rated voltage on 
circuit no . 2 . . . . . . . . . . . . .  See Fig . 23 . 

Current influence with 
r ated current on 
circuit no. 2 . . . . . . . . . . . . .  See Fig . 29 . 

Volt age influe nc e with 
rated voltage on 
circuit no.  2 . . . . . . . . . . . . .  S e e  Fig. 3 0 .  

I . L . 43-16 1 . 2 A  

A P P E N D I X  I I  

Protecti ve Ci rc u i t  

Potent i al circuit (circ uit number 2) is protect ed 
from ove rvoltage dam age by t he c ombinat io n  of  a 
fus e  and an overvoltag e  sen sing c irc uit . These are 
shown as part of  the i nt ernal schematic wiring in 
Fig. 2 5 .  If ope ration is ac cident ally attempted at a 
voltage exceeding the switc h  setting; the prot ective 
circuit will function and prevent damage to the 
int ernal pot ential tran sformer .  For prope r operation 
it is essential t hat only the fus e specified on the 
instrum ent panel  b e  used . The us e of a h igher 
current fuse will nullify the action of t he prot ective 
c irc uit and upon ove rvoltage , b ot h  the prot ective 
circuit and the internal transformer may be damaged.  

O P E R A T I O N A L  T E S T S  

1 .  Apply voltage only t o  c ircuit no. 2 .  P ointer  
Minimum pick up for should rotate slowly in a c lockwise direct ion . 

positive reading . . . . . . .  2% of tap value.  

Ci rcu i t  No. 2 ( Voltage) 

Self-cont ained t 
ranges .  5 

Maximum c ontinuous 

480/240/ 1 20 / 60/30 
and 3 Amp.  

voltage . . . . . . . . . . . . . . . . . . . . .  1 20% of rated .  

Voltage influence with 
rated current on 
circuit no . 1 . . . . . . . . . . . . .  See Fig .  2 6 .  

Voltage influence with 
rated volt age on 
circ uit no. 1 . . . . . . . . . . . . .  See Fig.  28.  

Current influence wit h 
r ated current on 
circuit no.  1 . . . . . . . . . . . . .  See  Fig.  2 7 .  

Fre quency Influence . . . . .  S e e  Fig .  2 4 .  

V olts 

Die le ctric Te st .  . . . . . . . . . . . .  2600Vrms live parts to te st 
prob e .  

Dimensions . . . . . . . . . . . . . . . . . . . .  Length 1 2 . 63 inches ( 3  2 em) 

Width 1 1  inches ( 2 8  em) .  

D e pth 8 . 3 2  inche s ( 2 1  em) .  

Weight . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 0 . 5  pounds (9 . 3  kg .) 

Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Maho gany core with pl asti c 
rose wood finish ve neer.  

2 .  A pply the s am e  r ated volt age t o  both 1 2 0-volt 
vo ltage c ircuit s (no .  1 and no. 2) obs erving 
proper  polarity . The pointer  should i ndicat e  
within one degree o f  zero o n  the scale. 

3. Connect  the 3 -ampere rang e s  of circ uit s no. 1 
and no . 2 in serie s ,  adjusting the c urrent to 3 
amperes ± 0 . 2  ampe re obs erving proper pol arity 
The pointer should indicate within one degr e e  
of ze ro on the scal e .  

C A L I B R A T I O N  C H E C K  

Calibration should b e  checked at 1 20 volts,  60 
Hz. on c ircuit no. 2 ,  and 3 amperes on circuit no. 1 
against a k nown standard. Unde r these reference 
c onditions , t he c alibration should b e  within one 
degr e e  plus or minus t hroughout the scal e .  C alibra­
tion adj ustments should b e  made only aft er it h as 
b een determin e d  t hat the instrument is out of calibra­
tion. T hree adj ustment s are involved in adjusting 
the calibration .  

1 .  Ori ent at ion of  t he point er o n  the shaft : The 
point er  is secured to the moving element shaft 
by means of two oppo sitely located set screws. 
In  po sitioning the hub longitud inally (vertically) 

on the shaft , make certain that the lo we r fac e 
of the pointer hub clears the upper be aring 
screw shoulder w hen the pointer hub is de­
pre ssed against the lifting force of the 
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Fig. 23. Type P l - 76 7 P h a se-An gle M eter, current influen ce. 

I/ 

Fig. 24. Type P l - 16 7 P h ase-An gle Meter, frequency 
influence. 
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Fig. 25. Type P l - 76 7 P hase-An gle Meter, schemat i c  
internal wiring. 
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Fig. 26. Type P l - 76 7 P h ase A n gl e  M eter, 
voltage influence, circuit no. 2 ( rated current 
applied to c ircuit no. 7), voltage influence 
characterist i c. 

Fig. 27. Type Pl - 76 7  Ph ase-A n gle 
M eter, curren t influence, circuit no. 2 
( rated current app lied to circuit no. 7),  
typical current influence characteristic. 

Fig. 28. Type P l - 76 1 Phase-Angle M et er, 
voltage influence. circuit no. 2 ( rated 
voltage app/ ied to circuit no. J), typical 
voltage influence characterist i c. 
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Fig. 29. Type P l - 76 1 P h a se-Angle Meter, current 

influence, circuit no. 1, current-current angle 
measurem en t. 
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PERCENT THIRD HARMONIC 

Fig. 3 1 .  Type Pl - 76 7  P h ase A n gle Meter, influen ce of 
third harmon ic in current circuit ( all  angles 

based on 60 Hz.)  1 8  
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I l l 
f' ig. 30. Type P l - 16 7  P h ase-Angle M eter, voltage­

vo ltage angle measurement, voltage influence 
circuit no. 1. 

REPAIRS A N D  RENEWAL PARTS 
Repair work can be done most satisfactorily at the 

factory, or at any authorized Instrument Repair Facility (see 

Service Directory 43-000). However, interchangeable parts 

can be furnished to the customers who are equipped for doing 

repair work. When ordering parts always give complete 

nameplate data. 
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Magnethrust ® b e aring . Initially,  the set screws 
sho uld b e  tightened lightly only to the point of 
sec uring the pointer  vertically , Then, if neces­
sary , any r adial adj ust ment t o  position the 
point er to a division m ark on the scale c an b e  
made b y  giving the pointer  a " flip" o r  spi n  
with t he finger .  Thi s w i l l  m o v e  t h e  pointer 
in the direction of spin . With a fe w trial s ,  it is 
possible by t his tec hnique to position the 
pointer to a specifi c  point on t he scal e .  The 
set screws should then be tightened securely . 

2 .  Lo cation or "squaring " t h e  dial for con centricity 
of s c ale dist ribution: Dial screw holes are 
oversize to pe rmit shifting the dial to equ alize 
scale quadr ant s .  After the pointer h as b e en 
adj usted to indicat e  zero at zero phase ang l e ,  
a r eversal o f  t h e  current s hould re sult i n  an 
indication of 1 8 0 degre es.  Also, an angle of 90 
degrees with reve rsal should result in indic a­
tions of 90 and 2 7 0 . The dial should be shifted 
as neces sary to obt ai n  this result , and the dial 
screws tightened.  

3 .  Current level adj ustment of the split -phase 
circuit :  Insert low-resistanc e milliammeters 

---

( 0- 1 00 or 0-200 rnA) in the cap acitor leg and 
in the inductor le g of the instrument circuit. 
Current levels should b e  adj usted to e quality 
by resistance adj ustment of each lag. With 
1 2 0 volts ,  60 Hz. applied to circuit no. 2 ,  the 
trial current setting of e ach l e g  should be about 
66 rnA. Check the scale distribution with the 
standard . Normal ly ,  the points 0, 9 0 ,  1 80 and 
270 will be on with proper pointer setting. The 
points in between will read high i f  the split­
phase circuits have too high a current level , 
and vice ver sa. Adjust as required to obtain 
t racking throughout the sc ale . 

C O M P E N S A T I O N  C H E C K  

Aft er calib ration has been checked with c urrent 
to circuit no. 1 and voltage to circuit no. 2 ,  a check 
should be m ade of the compensation for m e asu ring 
voltage vs.  voltage and current v s .  current . 

1 .  Compensation for correct indi cation of the an gle 
between two voltages is ac complished by 
c apacitors connected across a portion of e ach of 
the resistors in circuit numb er 1 as sho wn in 
Figure 25 ( 60 volt and 120 volt terminal s ) .  

With 6 0  volts , 60 H z .  ac ro ss circuits number 1 
and 2 in parallel , the pointer should indicate 

I.L. 43-1 6 1 . 2A 

within one d egree of ze ro.  Small corrections 
in compensation can b e  m ade by adjusting t he 
position of the s li ding cont act on the resistor 
in the 60 volt circuit . Chan ge s  in c ompens ation 
beyond this range of adjustment will r e quire a 
larger val ue of capacitor. The next larger value 
will usual ly b e  s atisfactory. 

The proc edure for the 1 20 vo lt range i s  similar 
to the 60 volt r ange above ex cept t he resistor 
t ap and capacitor involved are those in the 
1 20 volt circ uit . 

2 .  Compensat ion for corre ct indicat ion of the angle 
between two c ur re nts is accomplished by a 
capacitor ac ross the ± and 240 volt points o f  
circuit number 2 .  If the point er does not indicat e  
within one degree of zero with 3 ± 0 . 2  amperes 
thr ough b ot h  circuits in series,  the compensation 
has changed and should be correct ed . The c or­
rection i s  made by chan ging the trimmer (small)  
c ap acitor and/or the main capacitor across the 
± and 240 volt  points until  the pointer indicat e s  
properly . 

L I N E  LOSS AND I NST R UM EN T  CUR R EN T  

Nom i n al Values for Reference 

C i rcu it No. 

Voltage 
K l - 26 1  

Appl i e d  Lo s s  I n strument 
on K l -26 1 

Cu rrent 

1 2 0  v .  65- 7 5  rnA 60- 7 5  rnA 

60 v. 65- 75 rnA 60- 75 rnA 

3 0  Amp. 70 - 90 rnA 1 9 0 -2 1 0  rnA 

1 0  Amp.  1 70 - 2 1 0 rnA 1 90 -2 1 0  rnA 

3 Amp. 0 . 5 5 -0 . 6 5  v 1 90- 2 1 0  rnA 

1 A mp .  1 . 2 - 1 . 7  V .  1 9 0-2 1 0  rnA 

C i rcu it  No. 2 

480 v .  1 1 - 1 3 . 5  rnA 5 5 -60 v .  7 0 - 8 5  rnA 

240 v .  22- 2 7  rnA 5 5 -60 v .  7 0 - 8 5  rn A  

1 20 v .  45-55 rn A  5 5 -60 v .  7 0 - 8 5  rnA 

60 v .  1 0 0 - 1 20 rnA 55 -60 v .  7 0- 8 5  rnA 

30 v .  1 9 5 -2 1 0  rnA 55 -60 v 0 70-- 8 5  rnA 

15 v .  390-440 rnA 5 5 -60 v. 70- 85 rnA 

3 Amp .  0 . 4 2 -0 . 48 V .  24-30 v 0 33- 39 rn A  
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