1 . IEEE TRANEACTIONS ON POWER APPARATUS AND SYSTEMS

LL. 43-161. 2

A Versatile Phase-Angle Meter for Power
Sygem Analysis =

JE. L BOURBONNAIS II $BNIOR MEMBER, 1EEE, and LAWRENCE J. LUNAS, FELLOW, IEEE

o

" Abstract==The phase-angle meter is an instrumnent that can

be of considerable value to industry. It is simple to use, but there is
a problem in understanding its readings. This paper endeavors to
impart an understanding of its use and to clarify interpretation of
results obtained. ’

Included is the description of a unique phase-angle meter with
360 degree scale having not only the versatility of broad current
and voltage ranges for current-voltage phase-angle measurement,
but including built-in circuits for measuring the phase-angle be-
tween two currents or between two voltages.

In troubleshooting, it will expedite the solution of relay and meter
connection problems by giving the phase relationships betwees vari-
ous combinations of currents and voltages. Illustrations of typical
relay circuits are included showing current directions which can be
checked with the phase-angle meter. Other illusirations show
devices which use both current and potential circuits, such as a
polyphase watthour-meter. The phase relationships between these
currents and potentials are shown with indications as to how to con-
nect a phase-angle meter to read these relationships.

INTRODUCTION

HE TREND toward continucus manufacturing proc-

esses inereases the imporfance of absolute continuity
of electric power service. [Failure to achieve this goal re-
sults in decreased profits from lost production, and the high
cost involved in restart-up following a plant shutdown.

Generators, transformers, relays, and switching equip-
ment must be coordinated in modern electrical distribu-
tion systems to assure electrical reliability. This is 2 com-
plex and difficult task for field engineers and electricians.
Many electrical devices require connections which depend
upon the proper relationship between current and voltage
to provide satisfactory operation. The phase-angle meter
is an instrument which allows measurement of this rela-
tionship.

The hurpose of this paper is to describe a versatile, new
portable phase-angle meter and to impart an understand-
ing of electric power system conditions through inter-
pretation and understanding of the instrument readings by :

1) describing the new Waestinghouse Type PI-161
phase-angle meter as a field ingtrument

2) citing examples to 1llustrate use of the instrument

3) prov1d1ng a bibliograp hy to assist enginecers and
relaymen using the mstrum’ent
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Fig. 1. Waestinghouse Type PI-161 Phase-Angle Meter.

PuasE-ANGLE METERS

Three types of phase-angle meters- are commercially
available.

1) Electrodynamie: This type is accurate but has a
scale limited to 90 degrees so that switching is required
between gquadrants.

2) Electronic: This type can be built with high accuracy
but has limitations for field work, and also is limited to
90 degree quadrants.

3) Moving-iron type with 360 degree scale, which is
preferable for most field work. The instrument to be
described in this paper operates on this prineciple.

The Westinghouse Type PI-161 phase-angle meter, shown
in Fig. 1, has been developed to meet theneed for aportable,
360-degree scale instrument incorporating a broad coverage
of cwrrent and voltage ranges to measure the angle between
a current and a voltage, or between two voltages or two
currents. Conventional counterclockwise vector notation
has been incorporated in the 360-degree scale to picture
clearly the vector relationships. The seale has an effective
length of about 20 inches resulting in scale resoclution or
readability of nearly 1/16 inch per electrical degree.

The mechanism consists of a motor-type stator with
distributed 3-phase star-connected windings energized on
single-phase through a phase-splitter circuit having a
capacitor in-one leg and an induetor in one of the other
legs. Adjustable resistors are provided to adjust the
current level in each leg for calibration. The moving ele-
ment rotates freely with low-residual, annealed Hipernik®
nickel-iron vanes magnetized by a separate inner-coil
winding. Moving-element position is determined by the
phase-angle between the electrical quantity which en-
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ergizes the rotating magnetic field of the stator, and the
electrical quantity which energizes the inner magnetizing
coil. The moving-element vanes are magnetized alternately
north and south by the alternating current and will come
to rest at the point where the vanes have maximum
pole strength as the rotating field set up by the stator
sweeps by. This is of ecurse true only when both circuits
are energized from sources having identical frequencics.
Should there be any difference in frequency, the moving
element will rotate in the same manner as a synchroseope.

To minimize bearing friction for improved aceuracy and
to provide longer bearing life with low maintenance, the
conventional type bottom pivot and sapphire V-jewel, or
ring bearing, has been replaced by a magnetic-suspension
type of the kind used in watt-hour meters. This practically
eliminates the influence of bearing friction upon accuraey,
which can be appreciable for various load conditions.

Both cireuits of the instrument are encrgized through
internal multirange transformers. Cireuit no. 1 is normally
the current circuit and has range ratings of 30, 10, 3, and
one amperes, but also includes voltage taps with ratings of
120 and 60 volts. circuit no. 2 is normally the voltage
circutt with switeh-selected ratings of 480, 240, 120, 60, 30,
and 15 volts, but is also equipped with a current winding
rated 3 amperes. Thus, in addition to the usual measure-
ment of angle between a current and a voltage, the instru-
ment is arranged to measure the angle between two voltages
or between two currents. The current eircuit has a maxi-
mum rating of 167 percent rated current continuously
while the voltage circuit maximum continuous rating is 120
percent of rated voltage. Maximum short-time rating is
of course dependent on the length of time of application.
The current circuit is capable of carrying an overload of
twenty times rated current for a period of two seconds.
(Schermatie internal wiring is shown in Fig, 25).

The rated accuracy is + one degree at rated voltage,
current and frequency. The influence of wvariation in
voltage, current, and frequency is tabulated in the per-
formance data and curves in Appendix 1. The instrument
is calibrated with current applied to ecircuit no. ! and
voltage to circuit no. 2. The phase-angle of the internal
transformers would then introduce errors in indieation
when measuring the angle between two voltages or between
two currents. These errors have been compensated by the
addition of capacitors and resistors to maintain proper
vector relationships of the instrument currents under these
conditions. Compensation for phase-angle shift of the
current tap of circuit no. 2 has been achieved by the addi-
tion of a capacitor and series resistor between the = or
common terminal of cireuit no. 2 and the 240-volt tap of
the transformer. Compensation of the 60-volt and 120-volt,
taps of circuit no. 1 has been accomplished by the addi-
tion of a capacitor and series resistor across the series
resistors of these cireuits.

Measurement of phase angle between a voltage applied
to cireuit no. 1 and current applied to cireuit no. 2 is not
recommiended because of less-accurate compensation and
reduced operating torque. Normal connection of current
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Dial and scale arrangement of Type PI-161 Phase-Angle
Meter.

Fig. 2.
in circuit no. 1 and of voltage in cireuit no. 2 should be used.

Synchroseopes are identical to 360-degree seale, single-
phase power-factor meters, or to 360-degree scale phage-
angle meters, except that they have two potential circuits
(instead of one current circuit and one potential eircuit).
The phase-angle meter deseribed in this paper is unique
in that it ineorporates two potential eircuits for measuring
the angular difference between two voltages, and two eur-
rent circuits for measuring phase-angle between currents.
The information shown on the dial will save the engineer
a great deal of calculation in solving relay and metering
problems.

Repardless of whether the testing involves generation, it
is often convenient to assume that the source of power is a
generator. Hence, the notation on the dial shown in g, 2.

Some engineers objeet to the terms lag and lead, when
using a power-factor meter, because they lead to confusion
if not properly defined. For example, if & cwrent lags a
voltage by 115°, it does not necessarily follow that be-
cause the current has moved beyond a 90° displacement
point it automatieally leads the voltage. To be sure, a cur-
rent that lags a voltage by 115° also leads the voltage by
360° — 115° = 245°, .

Power-factor meters are often marked lag and lead on
either side of the unity mark. Oceasionally out and in are
substituted for lag and lead.

On a generator connected to a system supplying power
at unity power-factor with the voltage remaining constant,
if excitation is increased, the power-factor meter will move
Srom unity in a lag direction. For this condition reactive is
leaving the generator; therefore, the term out is sometimes
substituted for lag.

A power-factor meter connected to read load drawn from
the system by a synchronous motor will deflect in a lead
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direction when excilation is increased. For this condition,
the term #n would be used in place of lead. Note that this
is different from the generator. It is not the concern of this
paper which terms are used. The information is added
only for the purpose of assisting the relayman or meterman
to solve his problems.

Using -@ phase-angle meter for the first time is akin to
learning to use a slide rule. Answers from either are ques-
tionable until confidence is aequired in using the tool.
The following procedure should be followed in determining
the phase relationship between a current and a voltage:
First, the current terminals of circuit no 1 of the instru-
ment are connected with proper polarity, in series with
the current being checked. Second, the potential terminals
are connected with proper polarity, in parallel with the
voltage being checked. Third, the phase relationship
between the current and voltage is read. The problem then
is one of understanding the current and voltage vee-
tors in various power systems and their relationship to
each other. This paper includes studies made of various
relay schemes and power-system components to assist
in achieving this understanding.

Certain terms will be used throughout this paper, and to
eliminate confusion they are defined as follows:

1) Power Factor is always expressed either as a decimal-
fraction or as a percent. It is the cosine of the power-factor
angle.

2) Power-Factor Angle is expressed in degrees current
leading or lagging voltage, usually between 0° and 90°.

3) Phase-Angle is ordinarily expressed in degrees {cur-
rent lagging or leading voltage between 0° and 360°).

To describe a line current fully in terms of power factor
or power-factor angle, it is necessary to add the descrip-
tions leading or lagging and enlering or leaving. See Fig. 2.
Thus, a current may be said to be leaving the bus at a lag-
ging power factor of 80 percent. The same current may be
described in terms of power-factor angle by current leaving
at 37° lagging. In terms of phase-angle it is eurrent at 323°
leading. Figure 2 summarizes the relationships between kW
and kvar flow, phase angle, and power factor.

One-half of the seale indicates power flow leaving the
bus (the upper two quadrants), while the lower half of the
scale shows power flow in the reverse direction. Similarly,
one quadrant of each half-circle corresponds to lag, while
the other quadrant corresponds to lead. Basically, the in-
strument is a single-phase, power-factor meter with the
scale marked in degrees. For convenience, the correspond-
ing power-factor scale is also marked in contrasting color.

Applications

The phase-angle meter has been used for many years by
relay and instrument men for checking relay and instru-
ment conncctions. Common applications which are of
value to industrial power engineers are as follows:

1) checking polarity

2} checking the connections of directional relays
3) checking differential relay circuits

4) connecting transformers:
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a) Secott transformers (Some are still used for control
applications.)
b) current transformers
e} potential transformers
d) any number of single-phase transformers for
bridge-reactifiers {This problem can be very difficult
without a phase-angle meter.)

5) checking phase rotation

6) phasing out buses

7) checking synchronizing circuits

8) connecting watthour meters, wattmeters, varmeters,

power-factor meters, and synchroscopes, ete.

FunpAMENTALS OF PHASE-ANGLE MzuTeErR Use

Facility in analysis of power-system problems requires
a thorough understanding of the proper use of this instru-
ment. Checking a bank of directional phase relays can be
one of the most diffieult problems in the electric-power
business. To solve this problem, the relayman must fully
understand transformer polarity, and be able to use the
phase-angle meter for reading the angular difference be-
tween specific currents and voltages. However, the really
difficult problem is to understand what is oceurring in the
transmission line to which the relays are connected. To
aceomplish the foregoing, the following must be mastered,
even though parts may seem elementary to many who have
already done so.

A great deal of misunderstanding exists relative to trans-
former polarity. By definition, Fig. 3 illustrates the in-
stantaneous direction of currents for a transformer so
marked. The long curved arrow indicates that the current
may be thought of as passing through the device as if
there were no current transformer present, except for the
ratio change.

Figure 4 carries this concept further. (A) is the same as
Tig. 3. (B) shows that if both polarity marks are changed,
there is no electrical change in the circuit. That is, the
currents flow in the same direction as before; therefore, a
current transformer can be completely reversed with no
effect on the circuit. Sometimes electrical diagrams have
transformers marked asin (C) and (D}. The definition does
not change. If the primary current flows into polarity, then
the secondary current flows out of polarity; or if the primary
current flows out of polarity, then the secondary current
flows into polarity. (E) shows a different symbol for a trans-
former. The polarity marking and current flow is as in (A).
{B), (C), and (D) could also be shown in this manner,

In each of the above, the direction of primary current
could be reversed which would, of course, reverse the
secondary current in all cases.

Figure 5 shows the relationship between polarity, in-
stantaneous current direction, and direction of winding on
the core.

Figure 6 shows how the polarity of 4 current transformer
can be determined. Any source of potential can be used for
the two portable phase-angle meters (moving iron type)
making certain that connections are identical. One side
of the primary of the transformer is arbitrarily picked and
marked as at 1. Current is passed through the cireuit. If
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both instruments indicate the same angle, then the second
polarify mark is made at 2 as shown by the dotted cross.
If the instruments read 180° out of phase, then the second
polarity mark is put at 3. The angle will, of course, be
determined by the choice of polarizing potential. This
method of checking polarity is convenient for checking
bushing current-transformers in power transformers, and
oil cireuit breakers. There are simpler methods of checking
polarity, however, this is an excelient exercise for the
study of the instrument.

The usual use of a phase-angle meter is to read the phase
relationship between a current and a voltage. Figure 7
shows that an instrument so connected reads zero degrees;

that is, the eurrent and potential are in phase. If an instru-
ment is new, or is opened for repair, this test can be made
to make certain that the internal eonnections are correct.
In addition to this, a 2-pF 600-V capacitor is conneeted in
place of the resistor in Fig. 7 to verify that with a capacitor-
type of load the instrument reads lead. A reactor should
read lag. If two currents are to be compared, terminals are
provided for connecting the currents fo the instrument.
Similarly, the phase relation between two voltages ean be
determined by connecting to the proper terminals of the
two circuits. This is the only phase-angle meter manu-
factured with two current coils and two voltage coils
designed into the instrument.

It should be remembered that when inserting instru-
ments into a circuit they may affect the readings obtained.
A phase-angle meter and an ammeter connected to the
secondary of a current transformer may place so great a
burden on the circuit that the readings of both the phase-
angle meter and the ammeter may be in error due to the
load they themselves impose on the circuit. The potential
coil of the phase-angle meter and perhaps a voltmeter may
similarly affect the loading of the source of potential.
Burden limitations of the transformer must be known, and
coordinated with the load imposed by the instruments.

If there is danger that the current applied to the instru-
ment, will be greater than its rating, it may be advisable
to install a snap switch in the circuit so that the current
is normally shunted around the instrument. The switch
is operated for readings. There are times when it is neces-
sary to obtain readings from circuits where currents are
very high. This instrument is equipped with current circuit
taps up to 30 amperes continuous rating in approximately
3 to 1 steps which should make it possible to obtain accu-
rate readmgs without overloading the current cireuit.
Each of the cwrrent taps is rated to carry 167 percent
rated current continuously without overheating or damage.
Higher currents can be carried for short periods.

The voltage to the phase-angle meter can be consider-
ably reduced, or raised 20 percent without sertous error in
the reading. (Rated voltage of 120 percent can be applied
continucusly.) A reduetion of voltage by 50 pereent will
cause 0.5 degree leading error with rated cwrrent applied.
The pointer lags with reduced current. Current can be re-
duced to 10 percent of tap value with reasonably good re-
sults. Readings are possible with greater errors to as low
as 2 percent of rated current. Thus, it is possible to ob-
tain a reading on the l-ampere tap with as low as 20
miiliamperes. {See current influenee curve in Appendix I.)
For some purposes in relay work the errors involved, even
though great, if understood, can be unimportant. Good
judgment is required in the use of the instrument and the
relayman should make tests with his instrument covering
the conditions under which he works in order to know the
extent of the error. With only circuit no. 2 energized, the
pointer will rotate in a clockwise direction. If the current
is low, the reading 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
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balanced 3-phase currents, in a differential eircuit for
example, then the error applies to each and the result is an
accurate comparison. That is, the slip is about the same

for each phase.

Good habits must be cultivated in the use of a phase-
angle meter. If the two leads to either circuit are reversed,
a change of 180° results. A good plan is to use color-coded
leads, always applying the same color to the binding posts
with the polarity mark. If clips are used, the same color
should be kept in the same relative position when connect-
ing to the equipment tested. If coded plugs (i.e., the West-
inghouse red and black ammeter test plug for F I‘lex1test®
relay cases, or the General Electric relay test plug for
drawout relays) are used, the same color should always be
kept away from the relay, meter, or other equipment.
Then after readings are taken, there is never any doubt as
to the 180° shifts. These habits are so important that
reiteration is necessary. The same color coding system
should always be used in connecting the instrument.

Several uses of the phase-angle meter in industrial
plants will be considered.

‘When a reference voltage is used, its polarity should not
change due to the reversal of a convenience outlet plug.
Connections to the main transformer supplying the outlet
may be changed by the utility, many miles away. This
possibility must always be kept in mind when taking
different sets of readings at different times. Finally, the
reference voltage must be synchronized to the system on which
readings are being taken.

Real and Reactive Power Flow and the Phase-Angle M eler

The current in a transmission line as indicated by a
switchboard ammeter represents both real and reactive
power. An observer cannot determine whether the current
is being used to produce real work or not. Almost all of the
current represented may be feeding a capacitive or induc-
tive load which produces no real work.

Figure 8 shows typical readings on a phase-angle meter
for two different transmitting conditions. {A)} shows that
the instrument reads in a lag direction if the load takes a
lagging power factor requiring the generator to be tending
to boost voltage. The load is slightly inductive. (B) shows
the instrument indicating lead. The load takes a leading
power factor and requires the voltage regulator to be tend-
ing to buck voltage. The load is slightly capacitive. The
average small town, with its load consisting of small
motors, lights, heating elements, ete., takes a slightly lag-
ging power-factor. A synchronous motor can be made to
take either a leading or a lagging power factor depending
upon its excitation. Two such motors connected to the
same supply, one overexcited and the other underexcited,
may have high reactive eurrents flowing between them.
The same condition may occur with two synchronous
generators.

Reference is again made to Fig. S{A). If a shunt reactor
wezre the load, the phase-angle meter might read close to
90°. Tt would read exactly 90° if there were no copper and
iron losses. IT the load at (B) were an open transntission
line or a bank of capacitors, (he instrument might read
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Fig. 9. Power flow, reactive flow, and the phase-angle meter.

close to 270°. The copper loss in this case would probably
be less; therefore, the angular displacement from 0° would
be greater than for the shunt reactor. If there were no
copper and iron losses, the reading would be 270°.

It should be noted that the instruments in (A) and (B)
of Tig. 8 are connected differently (one connected direct;
the other through instrument tranformers). The connec-
tion method (B) could have been used at (A), and the
instrument would also have read a slight lag as shown at
(A). Because of high voltages and currents in power sys-
tems, current and potential transformers are generally
required. The resulting readings, however, will be the
same.

At the top of Fig. 9 is a portion of a transmission system.
A phase-angle meter, connected as shown, can read any
angle on the 360° scale. The position the pointer takes
will depend upon the relative direction of the real
and reactive power. If both are away from the bus, the
reading will be from 0 to 90°; if both are into the bus, the
reading will be from 180° to 270°. If power leaves and
reactive enters, the reading will be from 270° to 0°; vice
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versa from 90° to 180°. Further, if the power is pure re-
active, the reading will be 90° or 270° depending upon
direction, whether inductive or eapacitive; if real power, 0
or 180°. Figure 9 shows the dial of a 360° instrument,
similar to Fig. 2, with indications of where the readings will
be for various conditions of power flow. The vector dia-
grams in the corners illustrate readings for the stated condi-
tions. Properly connecting the instrument to obtain these
readings is sometimes difficult. In the usual case, the con-~
nections are such that there is no potential present that
will give a 0° reading for a unity power-factor load. The
potential will usually be such that for unity power-factor
load, the instrument will read lead or lag 30°, 20°, or 120°.
The relayman can use a phase shifter to correct for this
difference; he can mentally eompensate for it in his read-
ings; or he can use the auxiliary scale available for this in-
strument. This scale can be rotated to be set at the zero
position to compensate for a shift due to transformer con-
nections.

Checking Directionol Relay Connections

Directional relays obtain their direetional properties by
selecting a current and a potential from different phases,
so connected that the directional unit tends to receive
maximum torque during a fault condition. Normally the
current is connected so that it leads the voltage by 30, 60,
or 90°, For example, for the 90-degree connection, each
relay of the three involved receives a cwrrent which leads
the voltage applied to that relay by 90 degrees, when the
current through the relay is at unity power-factor in the
tripping direction. A fault produces a highly induective
Ioad which eauses the current. and potential in the relay to
approach an in-phase condition for the relay which i1s ex-
pected to operate. It should be borne in mind that this
relationship refers to the coils. If there is an internal re-
sistor, then this relationship does not hold true across the
relay ecase studs.

Drawings are usually available showing the connections
for a bank of directional phase relays. Information for
making these drawings will come from the manufacturer’s
instruction books. The installation will probably have been
made with the connections as indicated on the prints. The
relayman may be required to determine the correctness of
the installation. The final check must be made under
operating conditions with primary current actually in the
fransmission line.

To make this check, these steps must be followed :

1} Direetion of real and reactive power and power-factor
must be established. The power dispatecher can tell a
great deal about these conditions. During some part of
every day he will probably be very certain of conditions for
most transmission lines. At times, he may allow the open-
ing of a power eircuit breaker, or manipulate other equip-
ment to assist the relayman in determining the direction
of power and reactive flow. In Fig. 9, if the system feeds a
normal inductive load such as a small town, and the gen-
erator circuit breaker at station B i1s opened, as well as
circuit breaker X at station A, the real and reactive power
will be leaving the station bus. Circuit breaker X is opencd

to force ail the power out of eircuit breaker Y; otherwise
the other line may carry all the power to the system. The
power-factor will not be far from unity, but will be lagging.
It may be that the generator at station B must be kept
in operation. The operator there can be requested to set
it at unity power-factor by adjusting his excitation.
Station A will then be supplying all the reactive. Proper
manipulation of the system by exercising good judgment
can generally establish a set of known conditions.

2) The intended connection, whether 30, 60, or 90°
must be known. This will have been determined by the
application engineer.

3) The phase-angle meter is connected to each of the
three relays, one at a time, the current circuit of the instru-
ment in series with the eurrent-coil of the relay, and the po-
tential circuit in parallel with the potential eoil of the re-
lay. The three readings should be approximately the same.
If they are not, they should be made the same. To make
them alike, sometimes a polarity change is necessary;
sometimes two phases of current or potential are crossed.
Al the directional elements should track; that is, they
should all be open or closed. If a phase-shifter is inter-
posed between the source of potential and the relays, all
elements should open or close at about the same setting
of the phase-shifter. The use of the phase shifter is aca-
deinie, but it is a good exereise for a beginner.

4} The correct phase difference between current and
potential must now be checked. If the power factor is unity
and the intended connection is 30° lead, then the phase-
angle meter should read 336° lagof current behind voltageor
30° lead of current ahead of voltage. If the reading happens
to be 90° lag, then acounterclockwise rotation of thevoltage
leads of 120° is necessary. If the readingis 30° lag,a cloc k-
wise rotation of 120° plus a 180° polarity change is required.
Again, assuming unity power factor, if the power is leav-
ing the station where the relays are located, the directional
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 current or potential connections are simply
reversed on each of the relays, or the polarity of the current
or potential transformers changed. Care must be taken
when delta connections are encountered, because changing
this type of connection can result in much confusion.

If the power factor is not unity, the departure in either
the lead or lag direction must be taken into consideration
while taking readings or the auxiliary scale available for the
instrument is used and its zero aligned with the pointer
for ease in making connection change.

Every effort should be made on a new installation to
have the relays connected correctly according to the
manufacturer’s recommendations and diagrams. To test
a system, it may be convenient to build up the output of a
generator, on a 3-phase fault, until proper magnitude of
current i1s reached to make a check. Line charging current
on HV long lines may supply the necessary test current.

Additional information will follow on directional relays
which will further ussist in checking connections,
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DIFFERENTIAL RELAYS AND THE PHASE-ANGLE METER

Figures 10 to 15 illustrate several conventional relay
schemes. Various normal and fault conditions are hypo-
thetically applied to sections of a power system. These con-
ditions produce currents which, when applied to the dia-
gram, prove or disprove the correctness of the eircuit in
question. By observing the paths and magnitudes of the
currents during normal conditions and internal or external
fault conditions, the correctness of the wiring can be deter-
mined. These values are readily checked with the phase-
angle meter and an ammeter when actual current is flow-
ing in the systems. The arrows represent an assumed
direction of single-phase current or power flow. This cur-
rent will have some definite phasc-angle meter reading
when compared with some reference voltage. Depending
upon the polarity of the transformers in question, all the
current shown by one kind of arrow, either solid or dashed
will either be in-phase or 180° ocut-of-phase with the orig-
inal asssumed current. The relayman will generally plug
into the nearest convenience outlet for the reference
voltage. After checking all the circuits of one phase, a 120°
shift will be indicated on the scale of the phase-angle
meter when the next phase currents are checked, if the
same reference voltage is used. The magnitudes represent
steady-state values of ammeter readings.

In all the drawings primary current is shown by the
large arrows and secondary current by the smali ones. The
large, solid arrows represent current which produces
secondary currents as shown by the small solid arrows,
The large arrows wilh long dashes are accompanied by
small arrows with long dashes. Similarly all the large and
small arrows made with short dashes are related. It the
magnitude of the primary current is given, then the value
of the secondary eurrent is established by the indicated
eurrent transformer ratio. If primary current is assumed
to pass eniirely through the differential; that is, if the same
amount of current enters and leaves the protected circuit,
then no secondary current is produced which will’ cause
the differential to operate. If a fault is assumed to oceur
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
faulted section. These conditions are true if the circuit is
properly connected. By assuming faults as shown in the
figures, any similar cireuit diagram can be checked for
correctness.

Some engineers insist that the reason for an error should
be determined before making a change. This is excellent
practice except that some field conditions demand an im-
mediate solution. If such an expedient i1s taken, then the
problem should be analyzed later when time permits.

Figure 10 illustrates a bus section protected by a neutral
differential. In Fig. 10, if a balanced 3-phase load of 100
amperes on each conductor were being supplied through
the bus section shown, no secondary current would leave
either transformer bank because the currents from each
bank would balance out. If the 2-ampere current shown
flowing past the relay is to be actually present in the cir-
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cuit, the secondaries of the current transformers of phases
2 and 3 of each transformer bank would have to be short-
circuited and disconnected from the rest of the circuit.
This would produce the same condition that might exist
during a phase-to-ground fault external to the bus section
protected. The double-headed arrow indicates that there is
zero current in the relay. It ean readily be seen that if the
leads from either bank were crossed, the 2 amperes from
each bank would be forced through the relay causing g
total of 4 amperes to flow through its operating element.
If, under these conditions, the induction relay were set
at a low enough current value, the relay would operate on
an external fault causing a misoperation. An internal fault
is shown being supplied by primary current coming in
through both oil-circuit breakers. The large broken arrows
indicate the direction of flow, and the small arrows show
that 20 amperes flows to operate the relay.

To cheek the circuit of Fig. 10, a relay test set could be
connected to pass a single-phase current through the
primary eircuit to simulate a through line-to-ground fault
condition. If the current transformer ratios happened to
be incorrect, current would pass through the operating
element of the relay. By checking with a phase-angle
meter, the phase relation of the currents in question can be
proved to be correct, then the ratios should be corrected.
The phase-angle meter is 2 most valuable tool for checking
differentials. Connecting it in the various circuits will
establish the relative direction of currents. A sensitive low-
burden (thermocouple) ammeter is also necessary to deter-
mine the magnitude of current, and should be capable of in-
dicating very low currents. Many low-current ammeters
have high internal impedance. A check will show whether
the ammeter seriously affects the circuit impedance.

If a cheek during operation is necessary it can be done
by short-circuiting and disconnecting two current-trans-
formers in two phases, allowing the transformers in the
other phase to produce a current which simulates a single-
phase to ground external fault. More simply one set may be
short-circuited and disconnected in one phase. The result-
ing eurrent will be the vector addition of the other two
whieh is the reverse of the one disconnected, if the power
load is balanced.

Figure 12 shows the secondary currents resulting from
the various primary currents entering and leaving the bus.
To check the circuits under these conditions, one current-
transformer from each bank is disconnected at a time, and
the results observed with phase-angle meter and am-
meter. If all currents coming #n are disconnected first,
the current in the relay will build up to 2 maximum and
then decrease to zero as the out currents are disconnected.
Actually, the current in the relay will seldom become
zero, due to inaccuracies of the current-transformers.
A zero reading should be viewed with suspicion as the
relay may be short-circuited from the rest of the circuit.
This differential may also be checked by using a relay test
set for passing primary current through each current
transformer, and reading the secondary current and rela-
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tive phase-angle. If the same lead of the test set is always
connected on the line side of the eurrent transformers
throughout the entire test, the secondary currents from
each bank will all have the same relative phase relation-
ship. Thhis test will also cheek the current-transformer
ratios. The 69/138-kV transformer bank has a current
ratio of 2 toe 1. The current-transformer ratios on the
two sides are different to compensate for this power-
transfermer ratio difference.
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scheme.

Phase Differentials

Figure 11 shows that whenever primary current is pres-
ent, there will be secondary current in the relays. This
simplifies the cheek of the circuit. Modern relays provide
easy methods of access into the relay eircuits. If the cur-
rent entering the restraining element is in phase with and
equal to that leaving, then the circuit for that relay is
probably correct. By reading the magnitude of the line
current and knowing the current-transformer ratios in-
volved, an approximate estimate of the actual current can
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be made. If the same reference voltage is used, the currents
in one relay will be 120° out of phase with the other two.
Slight amounts of current in the operating winding is nor-
mal, as it was in the neutral differentials. Any appreciable
current will probably indicate that something is incorrect.

Figures 13 and 14 show a phase differential protecting
a generator and & wye-delta transformer. The vecior voliage
diegram for the power transformer establishes the polarity
of the windings of the transformer. This diagram is the
standard one found on the nameplate of all power trans-
formers. It means that in these figures, the voltage from
ground or neutral to H1 is in phase with the voltage from
X2 to X1. From the vector diagram, the direction is the
same from the center of the wye to H1 as it is from the
points on the delta X2 to X1. Observing the windings
themselves it is seen that voltage on the winding at the
top left of the power transformer, reading from bottom to
top, is X2-X1. The vector diagram indicates that this is
in phase with the voltage from the neutral point to H1.
Because the vector diagram gives this relationship,
the polarity marks are added as shown in the circles.
If the vector diagram had been drawn such that the
H1 vector was as shown in the dotted box at the upper
right of the power transformer in T'ig. 18, the second polar-
ity mark would have been on the grounded side of the wye
winding. The other two windings of the other two phases
are similarly polarized. Assuming primary currents for
faults 1 and 2 in Fig. 13, one at a time, the secondary
currents will be as shown and will not pass through an
operating element. Fault 3, if traced out, would act as the
other two. Fault 4, however, is legitimate trouble for this
circuit. There is no current in the current transformer
connected to A3, assuming that there is no other source of
power connected to the transmission line. Therefore, the

secondary current from the other current-transformers is’

not balanced out, and the phase 1 and 3 relays operate. If
fault 5 oceurs, there would have been current in only the
current transformer in the X3 cireuit. This would have
produced an operating current in the phase 3 relay. The
path would have been through the neutral lead from the
wye connected current-transformer bank to the operating
element of this relay. By using the same methods as used
for phase differentials, these cireuits can be checked by
using a phase-angle meter, ammeter, and possibly a relay
test set as a source of test current.

Figure 14 shows an incorrect connection and the paths
of the resulting currents. A unique condition oeccurs with
this eircuit. Observing the path of the secondary current
for fault 1, if only the one single-phase to ground test were
made, the circuit would appear to be correct, because cyr-
rent does not go through an operating element. Tt actually
follows the same path as that of fault 1 in Fig. 13. The
second test shows that the circuit is in error. If the circuits
were so connected, an external phase to ground fault on

phase 1 would not trip the differential, and thus indicate

that the circuit was correct. This could have resulted in
the assumption that the entire differential was correct,
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Tigure 15 illustrates a method of protecting a large-
generator installation. Any fault within the protested
section will operate the transformer differential. To operate
the generator differential, a fault must oceur between the ¥
connected current transformers at the transformer, and
those in the neutral connection of the generator.

Balancing Transformers

Figure 16 shows the use of the balancing transformer,
and how it funetions. The conditions at both (A) and (B)
are identical except that a different type of balancing
transformer is used. It should be noted that the ampere-
turns balance out in each case.

A phase-angle moter and an ammeter connected in these
cireuits with a test primary current through the current
transformers as shown would verify correct connections
and polarities. Under operating conditions, disconnecting
and short-circuiting the proper current transformers would
accomplish the same result.

Checking Schemalic Dz’agm:;ns of AC Ciireuits

Figures 17 and 18 illustrate a vector analysis of a 3-
winding power transformer differential and a bank of
directional relays. (A} and (B) are added to show the rela-
tionship between polarity and current direction, The cir-
cuits would not be affected if both polarity marks were
moved to the opposite ends of the windings. Further,
direction of the polarity arrows is arbitrary and could just
as well have been pointed in the other direction, but when
once established should be maintained throughout a prob-
lem. When pointing in the same direction they mean that
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the current flowing in the two windings is in phase. The
heavy arrows indicate current direction.

To check the differential circuit, these steps are followed:

1) It is assumed that power is flowing into the power
transformer at the 138-kV terminals and flowing out at the
69- and 12.5-kV connections. Some other assumptions
could have been made. However, the power going in at
one voltage must be coming out at another.

2) Polarity marks are added to the transformer wind-
ings by observing the nameplate vecior vellage diagram.
This will be done in the same manner as stated previously.
See Fig. 13 and the accompanying text. The same notation

is added to the windings as found on the polarity diagram.
The diagram indicates that the polarity relationships of
the windings are neutral to H1, and ¥2 to ¥1; N to H2,
and ¥3 to ¥2; N to H3, and ¥1 to ¥3.

3) Ior the purpose of adding the arrows to the drawing
to indicate the direction of current flow, it is assumed that
in each primary phase the current follows the power as
mentioned previousty.

4) Current direction is established in all the secondary
circuits starting with the assumption stated in item 3.

The direction of current from the 12.5-kV tertiary of the
power transformer to the relay is evident because of the

_—
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assumption that power is flowing out. The current from
the two auxiliary transformers to the relay is not evident
because of the delta connections of the banks. Since the
eurrent is flowing out of the transformer at both the 69-
and 12.5-kV terminals and because the current from the
12.5-kV tertiary winding is into the relay, then that of the
69-kV is also into the relay. With both of these currents
going in, the current must be flowing out of the relay to
the 138-kV cireuit. A phase-angle meter connected into
these circuits will give this indication.

5) The small circles at the junction peints of all the
delta connections contain arrows indicating direction of
current at these points. From these arrows, an equation may
be written for the delta-current in terms of the wye-
currents. The large circle to be defined at the top of the
drawing, Thl A is seen to split into two other currents,
Ih3 and Ih1. As IRl is away from Jh1 A, it is called positive
and as Ih3 is toward it, it is negative. The equation is
written as shown on the delta lead to the relay emanating
from the junection point. Equations are also shown for
the other phases of the 138-kV circuits. Those for the
delta currents from the 68-kV circuits and for the delta
currents from the tertiary winding are similar except that
the notation for the latter is a little different. In order to
preserve the notation that was used on the nameplate of
the power iransformer, the tertiary winding current for
phase 1 is called 1Y2.¥1 reading from bhottom to top.
The other two phases are similar.

In all cases when passing through the wye-connected
current-transformer banks, the currents remain in phase.
To indicate that the current had passed through a current-
transformer bank but that the phase relationship re-
mained constant, the notation was simply changed from
ITH1 toIhl. This was done on all three voltage circuits.

6) The vector diagrams constructed from the equations
are shown at (C), (D}, and (E). In vector diagram (C)
Ihi A = Ihi-Th3. Vector Th3 is reversed as drawn with a
dotted line at {C) to show that it is a minus or negative
value. The parallelogram is completed and 7Th1A drawn in.
Phases 2 and 3 can be completed in the same way. (D) and
(E5) are similarly constructed. If the final delta currents
Ih1A, I'ylA, and Izl A for phase 1 are all in phase, and the
same condition exists for phases 2 and 3, then the dif-
ferential cirenit is correct. The equations for the 12.5-kV
secondary currents are written in the secondary system,
but are exactly the same as if they were written in capital
letters for the primary system; ie., IylA = Iy2.yl-
Iyl.y3isequivalentto IY1A =1Y2. Y1-IY1. Y3

To check the ratios of the auxiliary current transformers,
Table I is a guide. The V or I retios indicate that if all
the current is flowing from the 138- to the 69-kV terminals,
there will be twice as much current in the 69-kV as in the
138-kV bank. Similarly, if all current flows out of the 12.5-
kV terminals, there will be 11.04 times the 138-kV current
in the 12.5-kV circuit. For ease of calculation the assumed [
in the 138-kV cireuit is such that one ampere is the output
of the secondary of the 138-kV current transformer. As
stated in the notes, the ratio of one auxiliary is checked by
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TABLE I

DeTERMINING RaTIO OF WYB-DBLTA AUuXIriary CURRENT
TRANSFORMERS FOR PHASE-ANGLE AND CurRrenT CHECES

# to 8 voltage 138 KV 69 kV 12,5 kV
V or I ratios 1 2 11.040
Current transformer 40/1 80/1 120/1
ratios
Assumed [ 40 A 2x40=80 111.04 X 40 =
A or 441.6 A
Secondary I from 1A 14 441.60
current igo =3.680A
transformers

*Ratio change due /3 or1.732 +/30or1.732 3.680

to wye-delta
connection of sux-
iliary current transformers

Reducing to unity 1 1 3.68 =
2123
Ratio of final aux- 5 5 5% 2124 =
iliary transformers 10.62

* The auxiliary current transformers are necessary in the 69- and
138-kV wye circuits of the power transformer because of the delta
hookup of the 12.5-kV circuit.

T It is assumed that all of the primary 138-kV current goes either
through the 69- or the 12.5-kV circuit.

1 The 5 value was chosen arbitrarily.

Conclusion: transformer ratio for 138-kV cireuit, 5/10.62

transformer ratio for 69-kV cireuit, 5/10.62

first assuming that all the current flowing in the 138-kV
circuit flows out of the 69-kV circuit. After the value of
secondary current is obtained, then it is assumed that all of
the current flows out of the 12.5-kV winding to obtain the
other secondary ewrent. The assumption has a basis in
fact, in that if either of the lower-voltage circuits is
opened, the assumed condition will actualiy exist. The
“ratio change due to wye-delta connections of auxiliary
current-transformers” is an increase in current due to the
conversion from wye to delta in the auxiliary current-
transformer bank. The resulting delta current of a delta :
hookup is always the square-root of three times the current
in the winding. The value of 5 is used in the final ratio
because this value has been arbitrarily used by the in-
dustry as the current which will, for example, give a full-
scale reading on a standard switchboard ammeter. Also,
current-transformer ratios are normally given as some
primary value to 5.

ADDITIONAL INFORMATION ON DIRECTIONAL
Revay ConNEcTIONS

The connections for directional-phase relays (see I'ig. 18)
are determined by the manufacturer of the relay, because
only he knows how the internal windings of the relays are
brought out. The relayman can check the angular con-
nection from the manufacturer’s diagram. He can deter-
mine if it is 30°, 60°, or 90°, and if the phase-shift is either
lead or lag. The 90° connection is almost the only one now
in use. In this case, the potentials are 90° behind the
currents. The voltage on any of these relays is the vectorial
difference of the two phase-to-ground voltages attached to




BOURBONNAIS AND LUNAS! VERSATILE PHASE-ANGLE METER

it. The phase shift can be established as well as the correct-
ness of the malke up of the delta. The directional contacts
themselves may establish the eorrectness of the current
transformer connections if the direction of power flow is
known. Some relays earry polarity marks as indicated, and
assist materially in their check. For a unity power-factor
load the phase-angle meter, as connected, will indicate a
90° lead for this eonnection.

Figure 19 shows the method of connecting a phase-angle
meter in a typical line circuit when the potential trans-
formers are connected wye-wye.

If only delta potentials are available, the measurement
of power-factor angle or phase angle is more complex,
heeause the voltage reference is shifted 30° leading or
lagging. Figure 20 shows the proper connections when only
delta potentials are available.

With the connections as shown, that is, with the phase-
angle meter potential polarity connected to the same phase
as the eurrent, and the potential nonpolarity connected to
the phase which lags, the phase-angle meter will read 30°
lagging when the line current is leaving the bus at unity
power factor. If the nonpolarity of the phase-angle
meter’s potential element is connected to the leading
phase, then the same line current condition will be in-
dicated when the phase-angle meter reads 30° leading.
This relationship is easy to remember: potential polarity
always on the eurrent phase, nonpolarity on lagging phase
gives reference 30° lagging, nonpolarity on leading phase
gives reference 30° leading.

These instructions have been written from the point
of view that the current and potential transformer con-
nections and polarities are known. This is essential if line
current, conditions are to be determined by phase-angle
meter readings. If connections and polarities are to be
determined, then the line-current conditions must be
known. For 60° and 90° eonncetions the same reasoning
applies.

RecriFier TransrorMErR CHECKS

Figure 21 illustrates the problem of connecting the
single-phase transformers of a 3-phase full-wave rectifier.
If the primaries of two transformers are connected between
phases 1 and 2, their secondaries will be either in-phase
or 180° out-of-phase with the primary. The secondaries
are chosen to agree with the drawing. Secondary connec-
tions will be as illustrated if potential connections to the
phase-angle meter are taken from each secondary winding
such that the degree readings are as shown on the upper
left-hand part of the illustration, if the polarity mark is
always connected away from the neutral point. The two
potential windings of the phase-angle meter will be re-
quired for this test. The instrument is polarized with any
convenient voltage that is synchronized with the power to
the rectifier. The readings may not be as shown, but the
angular relations will be the same. This is because the
source of power to the polarizing element of the phase-
angle meter may be out-of-phase with any one of the
secondary potentials being measured. The auxiliary seale
is used and the 0° mark aligned on the auxiliary scale with
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Fig. 22. Analysis of polyphase watthour-meter connections.

the pointer for the first reading. The 60° shift as the
rectifier transformers are checked will then be readily
apparent. If the rectifier has twelve transformers instead
of six, the shift will then be only 30° and the auxiliary
scale will then be even more helpful.

CoNNECTIONS FOR, PoLYPHASE WarrHOUR METERS

Figure 22 illustrates the problem of checking out watt-
hour meters, watt meters, reactive kVA meters, and any
other types of meters or instruments which use currents
and potentials in specific relationships.

If the phase-angle meter is connected as shown in the
drawing, the instrument will check the existing relation-
ships against the vector diagram of the instrument.

MiscELLaNEOUS CHECKS

In connecting a group of potential transformers for a
synchroniging system, the wvarious potentials can be
checked to be sure they are on the same phase and that
polarities are correct.

Phasing can be checked by comparing potentials,
Phases that will be connected together should have the
same phase relationship. Phase rotation can be checked to
see which phases follow each other.

Seott-connected transforimers can easily be checked to
determine phase relationships by comparing each voltage
with some reference.

Each of the above requires some other potential to
polarize the instrument. Care should be exercised that the
load supplies current that is close to the rating of the
instrument. Caution should be exercised to not pick a
polarizing voltage which is connected to another power
system, because the phase-angle meter will then never
read a single value, but will continue to change as the
systems go in and out of phase. This suggests that the
phase-angle meter can also be used as a synehroscope. It
makes a good substitute.

When the current elements of several devices are con-
nected in series, such as the proteetive jefays and meters
used on a large motor, an ammeter gnd a phase-angle
meter ¢an be connected to a test plug and inserted in one
relay and/or meter after another to quickly check the
presence of current, and phasing through the whole group
of devices.

ArpenpIx 1
Characterisiies and Performance of Westinghouse
Type PI-161 Phase-Angle Meler
Rated accuracy within one degree at rated
voltage, current, and fre-
quency.
21 inches (53 em) [0.058 in
{1.48 mm) per electrical de-
gree] 360 degree phaseé-angle,
4 quadrants.
2.5minimum at rated current
and voltage.
2.5 seconds maximum at rated
current and voltage.
voltage circuit 5.8VA at
rated voltage{ ALL RANGES)

current ecireuit 1.4VA at

Secale length

Damping factor
Response time

Loss

rated current { ALL RANGES)

Bearing system magnetic suspension
Self-contained ranges

Circuit no. 1 30/10/3 and 1 A and 120 and

60V
MMaximum continuous

current 167 percent of rated
Circuit no. 2 480/240/120/60/30/15 V and
3A
Maximum eontinuous
voltage 120 percent of rated

0.5 degree less lag at 50 per-

Voltage influence
cent rated voltage

Current influence
Circuit no. 1
(see curve Fig. 23)

one degree added lag at 60
percent rated current
two degrees added lag at
33'/; percent rated current
four degrees added lag at 20
percent rated current
Minimum pickup for
positive reading
Cireuit no. 2
Dielectric test

2 percent of tap value

up to twice above. limits

2600 V rms live parts to test
probe

1500 V rms between independ-
ent circuits

see Fig. 24

length 12.63 inches {32 em)
width 11 inches (28 e¢m)
depth 8.32 inches (21 dm)
20.5 pounds (9.3 kg)
mahogany core with plastic
walnut finish veneer.

Frequency influence
Dimensions

Weight
Case
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Fig. 25, Type PI-161 Phase-Angle Meter, schematic
internal wiring.
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Fig. 29. Type PI-161 Phase-Angle Meter, current influence,
eireuit no. 1, current-current angle measurement.
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PERCENT THIRD HARMONIC

. 31.  Type PI-161 Phase Angle Meter, influence of third har-

monic in current circuit (all angles based on 60 Hz).

Type PI-161 Phase-Angle Meter,
1t no. 2 (rated current

applied to circuit no. 1), typical eurrent in-

voltage influence, cireuit no. 2 (rated voltage
applied to circuit no. 1}, typical voltage in
Huence characteristic.

PECENT RATED VOLTAGE (CIRCUIT NO.I)
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Fig. 30. Type PI-161 Phase-Angle Meter, voltage-voltage
angle measurement, voltage influence circuit no. 1.

BIBLIOGRAPHY

[1] Applied Protective Relaying, Pittshurgh, Pa.: Westinghouse
Electric Corporation, seetion B-7235, 1064.

(2] Beeman, D)., Industrial Power Systems Handbook. New York:
McGraw Hill. (This contains the data from the General Elec-
tric Company’s loose-leal edition I8, in bound form.)

[8] Electrical Melerman’s Handbook. New York: Edison Eleetric
Institute. .

14] Electrical Transmission and Distribulion Reference Book. Pitts-
burgh, Pa.: Westinghouse Electric Corporation.

(6) Industrial Power Sysiems Dala Book. Schenectady, N.Y.:
General Electric Compauy.

[6] Laws, F. A., Electrical Mcasurements, 2nd ed. New York:
MeGraw-Hill, 1938, ch. IX.

[7] Mason, C. R., The Arl and Science of Protective Relaying. New . ™

York: Wiley, 1956.

[8] L. T. Monseth and P, H. Rabinson, Relay Sysiems: Theory and

Application, New York: MceGraw-11ill, 1935 (out of print).

[9] Silent Senitnels. Pittsburgh, Pa.: Westinghouse Electric Cor-
poration, TD 41-000 {out of print).

[10] Sonnemann, W. K., “Simplification of a-¢ voltage vector
system,” AIEE Trans. { Power Appuratus and Systems), vol.
73, pp. 1320-1328, Uctober 1954,




 rey

15

OPERATTONAL TESTS

1. Apply voltage only to circuit no. 2. Pointer should rotate slowly in a
clockwise direction,

2. Apply the same rated voltage to both 120-volt voltage circuits {no. 1 and
ne. 2) observing praoper polarity., The pointer should indicate within cne
degree of zero on the scale. :

3. Connect the 3-ampere ranges of circuits no. 1 and no. 2 in series, adjusting
the current to 3 amperes + 0.2 ampere observing proper polarity. Theé pointer
should jindicate within one degree of zero on the scale.

CALIBRATION CHECK

Calibration should be checked at 120 volts, 60 Hz. on circuit no. 2,and 3 amperes
on circuit no. 1 against a known standard. Under these reference conditions, the
calibration should be within one degr%e plus or minus throughout the scale.
Calibration adjustments should be made only after it has been determined that the
instrument is cut of calibration. Three adjustments are involved in adjusting
the calibration.

1. Orientation of the vointer on the shaft: The pointer hub is secured to the
moving element shaft by means of two oppositely located set screws. In
positioning the hub longitudinally (vertically) on the shaft, make certain
that the lower face of the pointer hub clears the upper bearing screw
shoulder when the pointer hub is depressed against the Lifting force of the
Magnethrusﬂf)bearing. Initially, the set screws should be tightened lightly
only to the point of securing the pointer vertically. Then, if necessary,
any radial adjustment to position the pointer to a division merk on the scale
can be made by giving the pointer a "flip* or spin with the Tinger. This will
move the pointer in the direction of spin. With a few trials, it is possible
by this technique to position the Pointer to a specific point on the scale,
The set screws should then be tightened securely.

2. "loecation or "squaring" the dial for concentricity of scale distribution:
Dial screv holes are oversize to permit shifting the dial to equalize scale
quadrants. After the pointer has been adjusted to indicate zero at zZero
phase angle, a reversal of the current should result in an indication of 180
degrees. Also, an angle of 90 degrees with reversal should result in
indications of 90 and 270. The dial should be shifted as necessary tc obtain
this result, and the dial screws tightened.

3+ QCurrent level adjustment of the split-phase circuit: Insert low-resistance
milliammeters (0-100 or C-200 mA) in the capacitor leg and in the inductor
leg of the instrument cireuit. Current levels should be adjusted to:
equality by resistance adjustment of each leg. With 120 volts, 60 Hz.
applied to cireuit no. 2, the trial current setting of each leg should be
about 66 mA. Check the scale c¢istribution with the standard. Normally,
the points O, G0, 180 and 270 will be on with broper pointer setting. The
boints in bhetween will read high if the split-phase circuits have too high
a current level, and vice verss. Adjust as required to obtain tracking
throughout the scale.




vs. voltage and current vs.-current.
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COMPENSATION CHECK

After calibration has been checked with current to circuit‘no. 1 and voltage to
circuit no. 2, a check should be made of the compensation for measuring voltage

-

f

1. Compensation for correct.indication of the angle between two voltages is |
accomplished by a capacitor in series with a resistor connected in parallel
with each of the resistors in circuit no. 1 (60 volt and 120 volt terminals).
If -the pointer does not indicate within one degree of zero, there has been a
change in compensation which must be corrected by replacing either the
capacitor pr the resistor (or both). ' ’

2. (Compensation for correct indication of the angle between two currents 1s
accomplished by a capacitor in series with a resistor between the + and 240
volt points of circuit no. 2. If the pointer does not indicate within one
degree of zero with 3 amperes + 0.2 ampere through both circuits in seriés,
the compensation has changed and should be corrected. '

LINE 10SS AND INSTRUMENT .CURRENT

Nominal Values for Reference

Circuit No. 1

KI-261

Voltagg ) Instrument

Applied loss on KI-2601 Current
120 V. 65 = T5mA 0 mm==-m-o- 60 - 75 mA
60 V. 65 - T5mA  =mmmoeoss 60 - 75 mA
30 Amp. _ 70 - 90mV 000 mmmmeme=e ‘ 190 - 210 mA
10 Amp. 170 - 210 mv R el 190 - 210 mA
3 Amp. 0.55-0.65 V., = mmm=ess-e-s 190 - 210 mA
1 Amp. 1.2 - 1.7V, mmmmmooee 190 - 210 mA

Circuit No. 2 _

480 v. 11 - 13.5 mA 55 - 60 V. 70 - 85 mA
240 ¥, 22 - 27 mA 55 - 60 V. 70 - 85 mA
120 V. 45 - 55 mA 55 - 60 V. 70 - 85 mA
60 V. 100 - 120 mA - - 55 - 60 V. 70 - 85 mA
30 V. ' 195 - 210 mA 55 - 60 V. 70 - 85 mA
15 V. 300 - hho mA 55 - 60 V. 70 - 85 mA
3 Amp. 0.42-0.48 v. sh - 30 V. 33 - 39 mA
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