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INTRODUCTION.

The century just closed has been one of great advance-
ment in the application of electric power to commereial
purposes. With the first advent of tﬁis application,
pioneers in the field realized the necessity of measur-
ing devices, both as a means of control and as a means
for charging the consumer for the power supplied.

It became necessary to measure volts, amperes and watts,
the exact measuring of which was of prime importance to the
producer as well as the consumer. The exactness of the
readings of these measuring devices, as in all instances
where chosen units are involved, had to be referred to a
standard. The method of checking commercial instruments
against the accepted standard, the errors involved, the
selection of instruments to perform this checking that
admit of speed as well as accuracy is the object of this
thesis.

In large generating stations, a laboratory for check-

ing all of their measuring instruments is an absolute

nedessity. Switchboard instruments must be checked, the
watt-hour meters placed upon the Premisés of the consumer

must undergo a similar operation, all of which calls for

portable secondary standards which in turn must be checked




repeatedly against absolute primary standards.

The process mentioned involves errors of observation
and the errors inherent in the instruments themselves, the
latter necessitating a discussion of the type of commer-
cial instruments and the cause for their inherent srrors,
also a discussion as to the refinement necessary and to
show the cases where the correction for the inherent error
would be negligible in g¢omparisonn ith the error of

observation.

TYPES OF INDICATING ELECTRICAL MEASURING INSTRUMENTS.

Indicating electrical measuring instruments may be
divided into three classes viz., firsﬁ, those adapted for
use on direct current only; second, those that may be used
on either alternating or direct current; third, those that
may be used on alternating current only.

The following are the types:

For use on direct current only,

Permanent magnet moving coil.

For use on alternating and direct current,
Electro-dynamometer.
Electro-magnetic.

Electrostatic.

Hot-wire.
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For use on alternating-current only,

Induction.

DIRECT-CURRENT INSTRUMENTS. (Permanent magnest moving coil).

A common form of commercial instrument for measuring
direct current and voltage is the permanent magnet, moving
coil type, in principle essentially that of the D'Arsonval
galvanometer. It consists of a light coil free to turn in
the field of a fixed permanent magnet.

Referring to Fige-l(A!is a permanent magnet made of
steel, B are soft iron pole pieces so shaped to give a

uniform radial field in which the coil C moves.

Fig /

A soft iron cylinder D fastened to the frame of the
instrument is placed inside of the. coil. It offers an easier

path from pole to pble and also makes the field in the air

ona rodia/
gap uniformA which is of prime importance.

T N
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The movement of the coil is opposed by two spiral
springs, one at each end of the coil C; the springs are
coiled in opposite directions so that one is twisted while
the other is untwisted during the movement of the ceoil.
This compensates for possibde non-uniformity of the springs.
Without the springs the needle would be deflected to the
end of the scale with any current.

The force acting on the coil is proportional to the
current flowing and the strength of -the field in whiech it
is placed. Therefore

F=kIH
where H' is the constant field flux between the poles of
the permanent magnet and k is a constant. The only quantity
that may be varied is I which would ﬁroduce a correspond-
ing variation in F. The force F is opposed by the aection
of the spring which follows Hooke's law, Therefore the
deflection is proportional to the current flowing.

Since the instrument gives a deflection proportional
to the current flowing, it is in reality an ammeter,
whether used as such.orﬂg voltmeter. This proportionality
to current flowing has the advantage of allowing an open
scale or one with equal scale divisions. When used as a

voltmeter the moving coil C Fig. 1 is composed of many

turns of fine wire and a resistance coil is connected in
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series with it. The value of this resistance is so chosen

that a given maximum voltage will cause the current corres-

ponding to a full scale deflection td flow through the coil.
A given voltmeter may serve for a variety of ranmges

by varying the amount of resistance in series with it.

Some manufacturers of instruments have ranges on their volt-

metersfrom 0-3 to 0-750. This is accomplished as shown in

Fig. 2 where A is the movable coil and Rl’ Rz' R3, etc. are

the resistances in series with it.

VAL
500 R
s
250
Rz A
RS 2
R,
3O o
Frg 2.

The permanent magnet,moving coil type of instrument
is_as was pointed out essentially an ammeter and when small
currents are to be measured, they may be passed directly
through; when the current to be measﬁred exceeds that =
corresponding to a full scale deflection, it becomes
necessary to divert a portion of it through a circuit con-
nected in parallel with the coil. By this means it is
possible to measure heavy currents being passed through a

suitable low resistance, called a "shunt”, from two points

on which leads run to the instrument.
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The shunt is connected into the line AA Fig. 3 in

which it is desired to measure the current.

A {g) &¢ co C}f &

Line.

The instrument B itself is but a millivoltmeter which
measures the drop in potentsl across the terminals CC of
the shunt. Assume, for instance, that the resistance of the‘
shunt is 0.0l ohm and the maximum reading of the instrument
is 20 millivolts. By Ohmfs laﬁ the current in the line

for a full scale deflection is,

_ B _0.020 _
I R “0.01 2 amperes.

In commercial instruments, the shunts and millivolt-
meters are usually calibrated together, and the seale reads
directly in amperes instead of milli-volts.

In order to reduce the'voltage necessary for a full
scale deflection in a moving-coil instrument for current
ﬁeasurement. it is customary to wind the moving coil with
a much smaller number of turns than in the case of the
voltmeter. The wire used is considerably larger.

The sources that will cause variation in this type of

instrument are due to changing temperature, stray magnetie

field, change of magnets and springs with time, overload,
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mechanical vibration or other service conditions,

ALTERNATING AND DIRECT CURRENT INSTRUMENTS.
Electrodynamometer.
Electromagnetic.
Electrostatic.

Hot-wire.

ELECTRODYNAMOMETER. The electrodynamometer type is probably
the most valuable, all things considered. These instruments
have a stationary and movable coil; the two coils,being
connected in series,attract each other when a current flows
through them. Spiral springs used as a controlling force -
for the movable coil hold it at & certain angle with the

stationary coil when no current is flowing.

When a current is flowing through the coils, the moving coil

tends to place itself in a plane parallel to that of the
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stationary coil, produeing a deflection which is read on
the scale.

The torque exerted upon the moving system, for a given
relative position of the two coils, is proportional to the
scuare of the current strength. Expréssed algebraically

where T= torque and k a constant
T =k x I(mov.e) x I(sta.)

This shows thit the deflection of the instrument
will vary as the square of the current, which means that the
scale will not be uniform as in the case of the permament
magnet moving coil type. Because the coils are connected in
series, the instrument becomes equally applicable for
direct or alternating current since the current changes
simultaneously in both and the attraction between thém
does not reverse.

The electrodynamometer is the most reliable form of
ammeter; when used as a voltmeter, its coils are made of
fine wire, and an auxiliary non-inductive resistance is
connected in series with the coils. The small wire and
consequently more turns in the voltmeter tend to increase
the -inductance, and the effect of the inductance of a
voltmeter is to make an instrument which has been cali-

brated on direct-current indicate less than the value
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(effective) of an alternating electromotive force, the
error being greater the higher the frequency. This may be
shown as follows assumming that the alternating electro-
motive force is harmoniec.

Let I be the direct current in the instrument that
flows due to the direct electromotive force E through the
resistance R, then the deflection d is proportional to
I°. Also let i be the offective value of alternating
current that is caused to flow by e through the impedance
% and give the same deflection d.

If I% gives a deflection d and 1% the same deflection
then I° must equal 1. But I%= B°/R® and 1°= o%/22.

Equating IB and 12 we have,

EZ | o2
R ~ 7%
whence e=ZE/R = vR* +w*1’- B/R

where w= 2xf, f= frequency in cycles per second, L= the
inductance in henrys.

Therefore, to produce the same deflection on alternat-
ing as on direct current, the alternating electromotive
force must be Z/R times as large. The magnitude of the
error is evident, taking the data of a Westinghouse volt-
meter the inductance of which is 70 millihenrys, 1000 ohms

resistance; using a frequency of 60 cycles and a direct
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electromotive forece of 100 volts and substituting in the

above equation, we have

5 2
eQVQlOOO)lgégx“XG°x°'°7°) x100 = 100.34 volts.

Thus it may be seen when the ratio of L/ﬁ which is
sometimes called the "time constant™ is small, the error
is negligible.

The Kelvin balance is a modification of the electro-
dynamometef type of instrument, but this balance changes
appreciably due to heating, when left in the circuit for
any length of time, and have frequency errors which are
greator the larger the capacity of the instrument. With

thick wires and high frequencies the current will tend to

flow near the surface of the wire, and the reading of the
instrument for a given current will Qary to a certain extent
with the frequency.

In order to provide a portable and easily operated
ammeter of the electrodynamometer type, several European
makews arrange the fixed and moving coils in parallel, so
that the latter carry only a small part of the current to
be measured. In order to avoid differences in the division
of the current, due to inductance, the time constants of
the two circuits are made small and as nearly equal as poss-
ible, by adding non-inductive resistance to each coil. As

Bureau of Standards Bulletin No. 20.
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this resistance is of manganin the temperature coefficient
of each circuit is reduced; differences in temperature only

of the two circuits will introduce error.

ELECTROMAGNETIC INSTRUMENTS. This type depends upon the
action of a coil traversed by a current upon one Or more
pieces of soft iron. In the earlier forms the coil consisted
of a solenoid with a plunger moving in the center. In the
light of present day practice this is considered very poor
designecA more perfect ihstrument of the same typeis the
Thomson inclined-coil.

The coil is placed at about forty five degrees to the
direction of the shaft; a soft iron vane is mounted on the

shaftin an inclined position. When the coil is energized

I] Scole
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it produces a flux parallel to the axis of the coil; the
vane tends to move so as to embrace a2 maximum of lines of

force. In doing so it turns the shaft, and the deflection
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is shown on the scale.

The deflection is proportional to the square of the
current in the coil. If I be the current in the coil of the
soft iron instrument and M the corresponding magnetic flux
in the movable vane, the pull on the plunger is proportion-

al to the produet of current times flux, or

Torque= k I I.
The magnetism in the plunger is produced by the current I;
with low iron saturation it may be assumed that M = k' I.

Substituting : o 9
Torque = k k' I =K I,

Therefore the electromagnetis as well as the electro-
dynamometer type will not permit of an evenly divided seale¥

The electromagnetic instrument may be used on either
direct or alternating current; when intended for use on
alternating-current eircuits they should be calibrated on
alternating-current, using suitable transfer instruments
which may be checked with direct-current standards. The

voltmeters and ammeters of this type cannot be accurately

checked on direct-current, as even the mean of the reversed
readings does not give an accurate test of the performance
on alternating-current. When calibrated on alternating
current they may be used on direct-current with approximate

results, within 2 or 3 per cent.
See wvoge /zb.

B
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*In most indicating instruments (voltmeters and ammeters)
where it is not possible in the construction of the
instrument to obtain a uniform and radial field with respect
to the moving element throughout its travel, it may be
noticed that the scale divisions in midrange are wider
than at either end. Remembering that in some instances
the deflection is directly proportional to the current
and in others the defleection is proportional to the square
of the current, it would appear that in the first case

the scale divisions should be of equal value and in the smzm
second case increasing in distance between divisions as
the high end of the scale is approiched.

The foregoing as his been previously stated is not
realized in all commercial instruments, particularly |
the dynamometer and electromagnetis types, and may be
accounted for in part by saying that there is only one
position in which the moving element embraces the
maximum flux, varying on either side as a function of
the sine, where the angle is defined as being that
between the plane of the moving element and a plane
perpendicular to the flux.

In soft iron instruments the openness of the scale
may be controlled within certain limits by suitably
shaping the moving vane and also its position in the

field.
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ThHe ammeters are very slightly affected by frequency
changes; the voltmeters more so on account of their relatively
high time constant. This is evident from the study of the
ratioy using small wire to keep down power consumption
necessitates a greater number of turns for a given torque
which inereases the inductance.

The Bureau. of Standards Bulletin No. 20 makes the follow
ing comment upon the type of instrument under discussion:
”Electromagnetic ammeters and voltmeters are practically
independent of frequency variations; modern well-made
instruments show only a few tenths of one percent change
for as large variations in wave form as would be enoountgred
in practice except in the case of very badly designed
alternators.”

Edgecumbe in "Industrial Electrical Measuring Instru-
ments” gives as the chief disadvantages of moving iron
instruments, as usually construeted are: (1) larkge power .
consumption as voltmeters (say 4 to 8 watts per 100 volts):
(2) temperature error in voltmeters (say 1/3 to 1 per cent

per 10° C. rise in temperature.

HOT-WIRE INSTRUMENTS. If a current is passed through a
constant resistance, the heat generated is proportional
to the square of the current. The energy consumed varies

as the square of the current, and the temperature varies
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proportionately, consequently as a body dbrought to different
temperatures expands and contracts, these variations may be
used as a means of measuring current strengths.

Here again the deflection is proportional to the
square of the current which results in an open scale at
one end and crowded together at the other. On voltmeters
this is not objectionable as the range in commercecial use
is within very narrow limits while the reverse is true for
the ammeter.

Major Cardew was the first to use the expansion of a
wire which is heated by a current for electrical measur-
ing instruments,‘f%e wire used was platinum-silver. There
are several instruments on the market of the hot-wire type
that give good results, among them being the Hartman and
Braun and the Whitney or Roller as it is sometimes called.

A description of this well known type is given below as
being typical.

The prineiple on which these instruments operate will
be better understood by referring to Fig. 6. A wire AB, of
high resistance, low temperature coefficient and non-oxidiz-
able metal is secured at one end to a plate, C, passed
around a pulley, D, secured to a shaft, 8, and its free end
brought back again and mechanically, though not electric-
ally, attached to the same plate,C. Plate, C, is kept under
stress by the spring, F, which constantly tends to pull it in
a direction at right angles with the axis of the shaft,E,




and is so guided that it can move in that one direction

only. To the Shaft, E, is likewise secured an arm, G,
bifurcated at one end and counterWeighted at the other.
Between the extremities of the bifurcated ends of the arm,
G, is another shaft, H, on which there is a small pullej
and to which is attached the needle, I, that gives the
desired indications; a fine silk fiber is attached at one
end to one of the arms of, G, then passes around the pulley
and the staff, H, and finally has its other extremity
secured to the other arm, The arms are sSpringy and serve
to keep the silk fiber taut. The current to be measured
flows through the wire, A, only, entering and leaving as
indicated. Evidently, when A is heated by the passage of
current, it expands, which, as A and B were originally
under the same tension, makes A's tension relatively less

than that of B, and equilibrium can be restored only when

the pulley, D, rotates sufficiently again to equalize the
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strain. The rotation of D, of course, carries G with it,

and G, in moving, causes the silk fibre to rotate the

shaft which carries the needle. If the temperature of the
air surrounding the instrument changes, A and B are affected
alike, and their resulting equal expansion simply results

in a mbvement of the plate,C, back or forth in its path
without any tendency to rotatethe pulley. '

The defects of the hot-wire instrumentaresits large
consumption of power, uncertainty of zero and\%q;heating
when left in the ceircuit. As the working wire must be run
at a fairly elevated temperature to give proper sensibility,
it is easily damaged by sudden overloads, which would do
little or no damage to other forms, except the possible
bending of the pointer.

The good points of the hot-wire instrument, are its
independence of frequency, except for~very high freguencies
such as in wireless telegraphy, wave form and stray mag-
netic fields; the fact that it may be calibrated on direct-

current and used on alternating current with equal accuracy.

ELECTROSTATIC INSTRUMENTS. The range of usefulness of this
type of instrument i@ limited. For high voltages up to

50000 the electrostatic voltmeter has some marked advantages
over other types, where the use of potential transformers

are not to be considered. It has a small ratio of torgue
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to weight of moving parts, hence frictional errors are hard
to avoid. In prineiple it depends upon the attraction of -
oppositely charged bodies and the repulsion of simidarly

charged ones.

ALTERNATING CURRENT INSTRUMENTS ONLY.

INDUCTION TYPE. While the electrodynamometer, soft iron

and hot wire instruments may be used on both alyernating-
current and direct-current, yet their is anotheftype that
has come into commercial prominence, known as the "induc-
tion meter”, that can be used on alternating-current only.

Edgecumbe divides this celass of instruments into two
classes:

(1) Shielded pole type.
(2) Split eircuit type. '

It is a well known fact that if a mass of conducting
material be placed within the influende of two alternating
magnetic fields which vary in intensity and direction at
the same rate, but whose maxima and minima do not occur
simultaneously, the reaction between the currents thus set
up in the mass, and the magnetic fields respectively, will,
if the former be suitably journaled, tend to set it in
rotation. This principle may be utilized in various ways
in the construetion of alternating -current instruments.

The arrangement of the shielded pole type is shown in

FPig. 7; the alternating current to be measured flows thfough
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the coil,A, on the laminated iron core, B, and produces in

it a pulsating magnetic field. A pivoted aluminum disk,D,

|

B FQg &

is subjected to the inductive action of this field in the
air gap of the core; the disk moves due to the influence
of the eddy currents induced in it, if these currents
are unsymmetrical with respectto the flux from the iron
core. To produce an unsymmetrical field, a secondary coil,
E, or a single strip of copper is placed on one side of
the face of the iron core and short-circuited upon itself.
The action is as follows: Let E= the electromotive
force across the terminals of the coil A, and assume that
the coil has negligible resistance, Fhen the current I in
the coil would be in quadrature with the impressed electro-
motive force E, the flux § is in phase with I. This flux Q
causes a current to flow in the short-circuited secondary
in guadrature with it or displaced 180° from E. The currenq

in the short-circuited secondary would set up a flux Q in

,;2 ’
phase with it, consequently in quadrature with the fluxQ,

which is the desired result, an unsymmetrical field with
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the fluxes displaced 90°. In reality this condition is
never realized as there is resistance in 9511 A, therefore
the flux will not be in quadrature. This unsymmertical
field will cause motor action in the disk of the 1nstrumént,
which is controlled by a spiral spring.

An induction imstrument of this arrangement is quite
sensitive to any change in frequency. In the case of volt-
meters, partial compensation is possible by making the
eircuit inductive. For any given voltage the flux is inverse-
ly proportional to the frequency. The induced currents in the
moving element are proportional to the product of flux and
ffequency, the effect then of frequency is slight.

In the case of ammeters the compensation for a change
in frequencey is less simple. The usual arr;ngement is to
shunt fhe magnet winding by a non-inductive resistance,
which as the frequency rises, carries a larger portion of

the total current. This is at once evident from the figure.

Iy r

Iz
r 27l

For a correct reading of the instrument for a current,
I1, the current I, should remain constant. A rise in
frequeney will cause Iz to increase thereby keeping the drop

of potential across the instrument constant. This as
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has been stated before is only a partial solution of the
problém. A |

Split circuit induction ammeters and voltmeters are
constructed on similar lines to the iﬂdﬁction wattmeter,
the phase being split by making one circuit non-inductive,
and the other highiy inductive. In the case of the
induction wattmeters it is imperative that the two fluxes
be displaced by 90°, but with ammeters and voltmeters this
is immaterial as an unsymmetrieal field is all that is
necessiry.

Referring to Fig. 9 which i& diagrammatically the
principle of the Ferraris induction voltmeter, the action
is as follows:

The drum is écted upon by a rotating*magnetic field

produced by four poles AA and BB surrounding it. One
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opposite pair of these poles AA is energized by the current

to be measured, and the other pair by a shunt current which
* The word rofaring /s misleading, /n /‘ea//)"/ rhe Flux From BE induvces

? rc:;r:renf 1 the disk, The Flex of which reac’s ‘with that of AA ro Joroduce
otalion.
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is displaced in phase from the main current by means of
a choking coil C in series with BB.

These main and shunt coils are in parallel between the
two terminals T and T of the instrument, and the main coil
has a non-inductive resistance R in series with it, which
in the case of the ammeter is a low resistance, when the
choking coil C is not used owing to the coils themselves
having sufficient inductance in an ammeter.

In the induction type instrument an error arises due
to the change in temperature of the disk. This is more
pronounced in the voltmeters than in the ammeters. In the
voltmeters the current flowing should be kept as low as
possible and still maintain the required torque. When the
temperature of the aluminum disk inereases, its resistance
is increased, thereby decreasing the current flowing in
the disk. This reduces the torque, and consequently the
the deflection of the pointer. This is compensated for
in metérs of low frequencies by shunting a non-inductive
resistance around the magnetizing coil. This shunt is
selected of such a value that its resistance increases
with temperature at the same rate as the resistance of
the aluminum disk. There®ore, when the temperature rises,
more current flows through the magnetizing coil of the
voltmeter, increasing the field strength in the desired

proportion.



Portable induction instruments have been used to a
considerable extent, their inherent defects being partially
compensated for by their practical advantages. They have a
nearly closed magnetic cireuit, and have fairly strong
working fields; they are thus not sen®itive to external
stray field. The moving element is simple and strong, has
no windings, and hence requires no provision for leading
current in and out. The scales are long, it being possible
to make them cover 300°, or even more. Sueh instruments
may be used for commercial testing on definite freguencies,
after calibration under conditions as nearly as possible
like those under which they are used. They are not suitable

for service where a wide range of frequency is met wigh.

INDICATING WATTMETERS.

The function of these instruments is to give a direct
reading of the power consumed in the circuit in which they
are placed. The three types are:

Electrodynamometer.
Induction.
Hot-wire.

Previously the ammeters and voltmeters falling under

T
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the above types have been dealt with and the wattmeters
were left under a separate heading in the hope of making
the desceription more complete.
THE ELECTRODYNAMOMETER WATTMETER. It was pointed ‘out that
the electrodynamometer voltmeter and ammeter would operate
satisfactorily on either direct-current or alternating-
current, this is also true of the wattmeter.

This instrument has a stationary ~nd movable coil, the
stationary coil consists of a few turns of heavy wire or

strip connected in series with the circuit , as an ammeter.

o

Fz)cg-

R

& QQ Q9

- The moving coil consists of many turns of fine wire, and is

similar to the moving coil in a D'Ar&onval type voltmeter;
it is connected across the circuit with a highnon-inductive
resistance R in series with it. The force of attraetion
between the two coils is proportional to the product of
current by voltage, or the power in the eirecuit.

This wattmeter, when calibfated with direct-current,
indicates power accurately when used with alternating-
current, providing the inductance of the voltage coil A
is negligibly small.

Mr. E. B. Rosa (U.S. Bureau of Standards Bulletin No.

48) gives some of the difficulties met with in using the
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electrodynamometer for precise measurements. It reads as
follows;[Two circuit electrodynamometers are very commonly
used as wattmeters, with a high resistance in the potential
circuit. For the measuring the power in circuits of relatiwe-
1y high electromotive forceand of large power factor, the
effeet of the usually small induetance of the coils of the
potential circuitand of any slight eddy currents that may
be present is negligible. But when the wattmeter is used

on circuits of very low electromotive force, where the
resistance of the potential circuit must be made small, or
when the power is very small, these sources of error may
be very important. It is therefore desirable to use the
same compensation of resistance in parallel with capacity
in precision wattmeters as is used in two circuit ammeters,
and also to test for the presence of eddy currents. If
these eddy currents are in the metallic part of the instru-
ment (the field conductors being so thoroughly stranded and
insulated as to obviate them in the field windings), they
may be fully compensated for by a loop in the potential
eircuit, placed inductively with respect to the field. If,
however , they are in the field coils themselves, this
compensation for their torque still leaves a possible
source of error- namely, in the different distribution of
the alternating current in the field coils from that of the

direct current employed in calibrating the instrument. The
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field coils should thereforé be carefully protected from
eddy currents by making thém of insulated strands.

It can be shown for low power factors that the electro-
dynamometer type of wattmeter reads high; and when the

angle of lag of the current behind the electromotive forece

; in the potential circuit equals the angle of lag of the

| external cireuit, the instrument reads correctly, ignoring
| of course any error due to eddy currents.

l Let W = the true power. |

i W= wattmefer reading.

a = angle of lag of the current behind the e.m.f.

b = angle of lag of the current behind the e.m.f.

in the external circuit.
due to the inductance of the potential eircuit.

— 7
"+ Then the true power ¥ = E I cos a. (1)
wattmeter reading w = e I cos(a - b).’
=Woos b Icos(a~-b) (2)



(26)

Solving for I in (2) and substituting in (1), we have

W =WOOS{1
cos bk* cos(a-b)

Expanding cos(a-b) and dividing both sides of the equation

by cos:ascos<b, we get

W = w lttan®b (3)
l+tan a<tan b
The wattmeter reading w will equal the true watts W
when the expression (l+tan“b)s (l+tan a_tan b)=1 which will
be the case when b=0 or when a=b. It is evident from
equation (3) that w will be larger than W when a is a
large angle, the error may be decreased, however, by making

angle b as small as possible.

INDUCTION WATTMETERS. In the previous discussion of
induetion type voltmeters and ammeters, two methods were
available for producing the necessary rotating field, (1)
the shielded pole,(2) the split eircuit. With wattmeters
the second method only is available as it is essential for
the accuraey of the wattmeter that the potential flux
should be exactly 90° out of phase with th:t due to the
current coil.

The working of an induction wattmeter is shown dia-
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grammatically in Fig. 12. Assuming that the potential ciicuit
has no resistance, then it will be pure induectance, apd the

flux due to the current in the coil A will lag 90° behind

the voltage at its terminals. A current will be induced in the
disk, in phase with the voltage (because 90° out of phase
with the flux prodsicing it). This induced current will be

in phase with the flux due to the currenﬂ coil B, therefore
the resultant torque is proportional to the produet of the
impressed voltage by the current, or BRI, if the load eurrent
and voltage are in phase.

As it is impossible to have the potential coil without
resistance, the method of bringing the fluxes in guadrature
is shown in the vector diagram. Let E represent the
electromotive forece of the eircuit and I, which is in phase
with E, the current in the series coils. FS represents the

flux due to the shunt coils which are made as induetive
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inductive as possible in order that the flux may be dis-
placed approximately 90° from the flux due to the currentlI.

In reality the current in the potemtial cireuit lags less
than 90° due to ohmic resistance. To place the shunt

flux in exact guadraturs, compensating coils are attached

to the poles of the magnetic circuit and short-circuited.

An electromotive force E, is induced in them and a current

Io flows, which owing to inductance is not in phase with

! E,+« The flux passing through the disk is the resultant

of the fluxes Fy and Fo' and by adjusting the resistance

of the short-circuited secondary, and consequently the value —
of Io ,» the flux angle between E and I may be made exactly
90°. This is true with the exception th:t owing to hyster-
esis and eddy currents in the magnetic circuit of the

current coil, its flux will not be exactly in phase with the
current. ﬂlgg:{ze copper and iron losses in the pressure coil
the resultant flux will not be exactly 90° out of phase with
the voltage.

It follows that it is not easy to insure that the flux
due to thé potential coil shall be exactly 90° out of phase
with that due to the current coil. The effect of any such
discrepancy on the reading is similar to that discussed in
in the case of dynamometer instruments, due to inductance in
the potential eircuit. Thgerror is small at high power-

factors, and increases rapidly as the power-factor is reduced.
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The scale of the induction wattmeter may Be extended over
300° or more. Edgcumbe in "Industrial Electrical Measuring
Instruments” gives the following: A 10°C. rise or fall in
temperature will introduce an error of from 1 to 4 per cent;
for frequency change of 10% the error is from 3 to 6 per cent;
the effect of the changes of wave-form are relatively small
although a peaked wave generallymakes the wattmeter read low.

This type of instrument is robust, has a high torgque and
is used extensively in practice. It can be used on alternating
current only and is ealibrated through the medium of dyma-
mometer instruments which in turn have been previously stand-

ardized on direct-current.

HOT«WIRE WATTMETER. Roller in "Electric and Magnetic Meas-
urements” gives a description of an ingenuous instrument pro-
posed by Bauch. As the hot-wire wattmeter is used to a véry
limited extent in this country a disoussioﬁ of it will not be

taken up here.

AUXILIARY APPARATUS.

In the measurement of alternsating-current it becomes
necessary to deal with high voltages. lmultipliers may be used
with voltmeters and the potential coils of wattmeters, and

shunts for current measurements. This necessarily means that
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there is a high potential on the instruments which is danger-
ous for the operator. Equally as good results may be obtained
by substituting potential transformers for the multipliers
and current transformers for the shunts.

It is evident from what follows that in accurate power
measurements where potential and current transfdrmers are used

that the phase angles of each must be carefully determined.

Let the ratio of transformation in both the potential
and current transformers be 1 : 1, and let I represent the
current in the primary cireuit; E the voltage in the primary
circuit which is displaced from I by the angle a. The true
power P = EI cos a. Now let a potential transformer be placed
in the circuit to excite the volt coil of the wattmeter with
the secondary e.m.f. E'Qf the transformer leading the primary
by the angle b. Due to inductance in the potential eircuit of
a dynamometer wattmeter, the current in the poténtial coil is
displaced from E' by the angle ¢ which is a lag. If W is the
wattmeter reading, we have |

W = E'Icos(a-b+c) )
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If a current transformer is placed in the circuit to
excite the ourrent coils of the wattmeter, with its secondary

current leading the primary by the angle d, then

W = E'cos(a-b+c)I'cos d. (

)

V]

As the leading current tends to increase the displacement

between E' and I, we may write without error,
W =E'I'cos(a-b+c+d) (3)

Thus, we see that a leading current in the current coil
of the wattmeter, has the same effect as a lag in the poten-

tial coil and may be corrected as such.

From equation (3), cos(a-b+c+d) =

W_ = apparent power-factor.
E'I' ’
Dividing equation (1) by (3) we get,

P _ Elcos a
W E'I'cos(a-b+c+d)

oF » . Weos a__ = W x true power-factor (4)
cos(a-b+c+d) apparent power-tfactor

then let the'ahgle of the "apparent power factor = x
cos a = (x+b-g-d)

Equation (4) is the expression for the correction to be
applied to a wattmeter reading for the true power P, under the

conditions stated when a current and potential transformers
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are used. The reasoning was based on a special case, however,
but taking due account of signs whether lagging or leading,
the expression given holds true.

MryiRobinsdn (Proc. A.I.E.E.v0l.28.))states: In order to
keep the error due to phase-angle within 1 per cent, if the su
of the correction angles is 30 minutes, correction must be
applied after the power-factor becomes lower than 0.7. At
power-factor 0.5,pthecertorndueitoothisecanse’would amount
to about 1.5 per cent and at power-factor 0.1 to very nearly
9 per cent. To keep within the same 1 per cent limit, as
low as power-factor 0.1, the sum of the correction angles

must be under 5 minutes.

POTENTIAL TRAI'SFORMERS. In the use pf potential trans-
formers for voltage measurements only, it is essential that
the ratio of voltages be determined accurately within the
range of voltage upon which this piece of auxiliary appara-
tus is to be used. The method for making this test will be
taken up later under the heading Methods of Calibration.
When a potential transformer is to be used in con-
nection with a wattmeter, it is essential not only to

/
know the ratio of transformation but the phase-angle

between the primiry and secondary voltages. A lead bet-
ween the primary and secondary voltage in the potential

transformer has the effect of a leading current in the

potential circuit of the wattmeter as has been shown.
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With the aid of a vector diagram the phase relation
between the primary and secondary voltages at once

becomes evident.

In the figure the arrow indicates the direction of
rotation of the vectors. Q represents the magnetic flux
linking both primary and secondary windings. It induces
in the secondary winding an electromotive'force El, and
and in the primary winding an electromotive force in the
same direction but of different magnitude, fixed by the
number of turns. Let Ny be the number of turns in the
primary and M the current, then NiM are the current turns
necessary to produce the flux Q. Denote the secondary
current by I, lagging behind the secondary voltage E2
by the angle a.

The secondafy terminal electromotive force Eo ,
represents what is left after deducting the ohmic drop

I,rp and 1IpX;, the secondary reictance. The veetor I,r,

is parallel to the secondary current 12’ the vector Iox,

is perpendicular to the vector I,. Let N, represent the
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number of secondary turns, then N1M, Nzlb and NI,

(Ila primary current) may all be drawn to the same scale.
Plaecing Hzlz, parallel to I., at the extremity of N, M,
their vector sum will be equal to Nlll.

The electromotive force applied to the prim.ry
terminals may be separated into three components; the
first balances the induced elactromotive force due to
the flux Q and is represented by Ei; the second bal-
ances the electromotive force due to ohmiec resistanqe,
Iyry (the electromotive force veector parallel to NI;);
the third balances the electromotive force due to the
reactance of the primary lel' perpendicular to Ilrl.

The vector sum E; of these three components must be the
terminal electromotive force of the prim:.ry winding.

By inspection of the above figure it may be seen
that the angle between the primary and secondary voltages
E, and E; may be 180°: some angle b. Mr. Robinson in
the Proceedings of the AJI.E.E. for July 1909 claims that
in most commercial transformers that the angle b is
leading. It is also evident that the value of the angle
a, which is determined by the secondary load whether
inductive or non-inductive, has a direct bearing on the
ratio of transformation.

In the use of potential transformers with wattmeters

it is essential that the ratio of transformation be
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known exactly for the load placed upon it, that is the
regulation of the transformer for different power-factors

of secondary load. In the dynamometer type of mattmeter

the power-factor would be fairly high as there is little
inductance in the potential coil, but in the induction type of
instrument the inductance is high owing to the fact that

it is necessary that the flux due to the potential coil

be in quadrature to that of the current. A low power-

factor will cause a decrease in the ratio of transfor-
mation.

By deriving an equation for the potentisl transformer
of al : 1 ratio in terms of primary and secondary voltages,
pPrimary and secondary resistances and reactances, magnet-
izing current, power-factor of the external load and the
angle between the flux and magnetizing current, the effect
of power-factor on the ratio and phase-angle may be
studied to better advantage.

In the figure following all of the vectors are resolved
into their horizontal and vertical components using the

secondary voltage E. as the x-axis.

g7 LR e

E,= DB + 0B (1)
=(BF + DF)* + (E,+ AH + AB)® (2)
BF = AC = I, X.84n(90 - a) - I,r,sina.

= I,x,c08a - I,r, sina. (3)

DF = GH = I, x,8in(90 - y) - I, r, siny.

= I, x,¢08 y - I,r sin y. (4)
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I.sin a + Iwsin B

sin y

L

I.cos a + I,c08 B

cosj:
Substituting sin y and cos y in (4) we have,

DF = I,x,cosa + I,x,co8s B - I;x, sin a - I,r sin B.

AH = 0K = I,x,c0s8(90 - a) + I,r,co8 a.
= I,x,sin a + I,r,cos a. (5)
AB = OH = I,x,eoS(QO -y) + I,r,cos y.

I, x,siny + I, r, cos y. (6)

Substituting the values for sin y and cos y in (6) it gives,
AB = I, x,8in a + I.X,8in B + I,r, cosa + I,r cos B.
Substituting in (2) we have,
z . -
Bp= szzcos a - Ipr,sin a + I;x,cos a + I,xX,cos B
» - z
- I,r,8in a - I.r, sin ﬂ +{?2+ I,x,8in a
+ Ipr,cos a + I,X,8in a + I.X,s8in B + I;r cos a

2
+ Imr,cos.ﬂ
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Bb= [I,cos alx,+ x} - I,sin alr,+ 1) + I.(x,cos B - r sin,éyz
+[Ez+ I sin a(%,+ x) + I,cosalr,+ r) +
I.(x,sin B + r, cos éﬂz (7)
Angle B = 90 - (z + p).
therefore sin B = cos 2z cos p - sin z sin p. (8)

cos B = 8in z cos p + ¢os z sin p. (9)

sin p = BF + E = BF &+ v(E,+ OK)' + (BFF

=(I.x,cos a - I,r,sin a) ¢

V(Eg+ I,x.8in a + I, r.cos a) + (I,x,cos a -I,r sim af

cos p = (E,+ OK) & v(E_+ OK) + (BF).

(E,+ I,x,sin a + I,r,co8 a) &

V(E,+ I.X.sin a + I,r,cos af + (I,x.cos a - I,r.s8in a)
Substituting the expressions derived for sin P and cos p in
(8) and (9) and in turn substituting the new vilue of
sin B and cos B in (7) we have,

E:= I, cos a(x,+ x) - I,sin alr,+ 1) + L%i,sin z(Eg.+ I, x,sina

+ I,r,cos a) +

3
V(E,+ I, X,8in a + I,r,c0s a) +(I,x,cos a - I,r,sin a)

- r,cos z(Ey+ I, x,8in a + I,r,c0s a)

=2
v(E, + I,x,8in a + I,r,cos a) + (I,x,c08 a - I,r,sin afﬂ
+|IEZ+I,sin a(xz+ X,) + I, cos C"(rz* r') * T

{x,cos z(E,+ I,x,8in a + I,r,cos a) &

V(E, + I,x,8in a + I,r,cos a) + (1,X,008 a - I,T,8in a)

+ + 1 8in 2(E,+ I, x,8in a + I,r,cos a) #

2
V(E;+ I,x,8ina + I, 7,008 a) + (I,X,c08 a - I, T,sin af} (1)
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In making substitutions in the above expression it
was found more convenient to work out a series of values
for sin B and Cos B. In solving for the angle between the
primary and secondary voltages, Ep is the hypotenuse of
a right-angled triangle in which the first half of (10) is
the side opposite and the second half the side adjacentf

| Let the side opposite be represented by M and the side
adjacent by N therefore,

b = tan-1 M .
N

To note the changes in ratio and phase-angle for
various loads and different power-factors, data was taken
from a 100-watt VWestinghouse potential transformer from

| the low voltage side.

Resistance of secondary = 0.6 ohms.

Magnetizing current = 0.4 amperes.

Voltage = 128.

The following assumptions were made:

(1) Ratio = 1:1.

(2) Primary resistance = secondary resistance = 0.6 ohms

(3) Primary reactance = secondary reactance and primary
reactince was taken as 2.5 times the primary
resistance.

(4) The angle z between the magnetizing current and

the flux vector which is constant was assumed to

be 14°.
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With the above data substitutions were made in the
formula derived with different loads (from 0.1 to 1 amp. )
at unity power-factor and again with the same loads at a
power-factor of 0.5. The results are tabulated below and

were plotted.

E. E, Ratio I, a b.

128 | 128.87 «993 0 |0 |0° 2' lagging.
128 | 128.99 « 992 Oe O |0° 6' leading.
128 | 129.23 «990 0. 0 [0 22" "
128 | 129.40 «990 0. 9 ro% 3t "
128 | 129.77 . 986 0.75|0 |0° 58" ..

128 | 129.80 . 985 1.00|0 |1° 18" -

128 128.87 . 993
128 129.19 . 990 Q.
128 129.83 . 985 .
128 130.47 . 981 C.
o.

1.

0° 2' lagging.
60°|0° Q% 30"

60°(0° 2' - leading.
60°|0° 4! "

OO 7' "

60°|0° 10* 30" leading.

128 | 1z1.27 | .975
128 | 132.00 | .969

OO0 HHO o201
(o3}
(@]
°

o,
(o]

o

o

It is interesting to note that for low power-factors
the ratio is affected most with dbut slight variations in
the phase-angle. The reverse is true for unity power-factor,
hence with dynamometer type of instrugents as a load the
Phase-angle between the primary and Secondary voltages
must receive careful attention, while with induction
instruments, the ratio if not taken into account will

cause serious error.
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CURRENT TRANSFORMERS. This piece of apparatus, like its

mate the potential transformer, is used extensively on
alternating-current circuits in comnection with measuring
instruments; with a variable ratio current transformer
one instrument may be employed to measure a wide range of
currents.

In the potential transformer the ratio and phase
angle between voltages on varying power-factors are
required, for current transformers the ratio and phase-angle
between currents on varying power-factors are also
required, the value of the power-factor in both cases
being governed by the impedance in the secondary circuit.

Using the same vector diagram and notation for the

current transformer as that for the potential trans-
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former we may neglect I;r{ and I;x;, thus causing E to
coinecide with Ef. Let x be the angle between Ei and I,
and z the angle between Ei and the exeiting current M.
The angle between I1 and IZ will be 180°s2y. Without
sensible error we may diregard Izrg and Ioxo, thus
bringing Es in phase with B, Thep let the angle between
I, and E} be a.

Drawing another figure and using flux and  induced
electromotive force as axes, an expression for the ratio
of transformation may be obtained in terms of magnet-

izing current M, primary current I and secondary

current I, all expressed in ampere turns.
180°

Zndwced em.” em [

- |

Then %ib_ (I.cos a+lMcos z)% + (Izsin a+lsin 2)2 (1)
s Ig

or ratio = V{Ipcos a + Mcos z)2 +(Iosin a + Msin z)2 (2)
3 T

To observe the effect of a change in power-factor,
or impedance in the secondary circuit, on the ratio with

I, and I, constant let a=0 and equation (2) becomes,
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vIZ + 2M(I.co8 2z + M)
I
2

then let the power-factor of the secondary cireuit equal
z and the expression reduces to
I. + M

thus for the'same load and the angle a inereasing, the
ratio 11/12, increases or reversing the ratio as is
usually the case the ratio would deerease. It is evident
that as instruﬁnnts are added to the secondary eircuit
the impedances will be increased,(therefore the anglea),
»with a corresponding change in ratio.

The angle between the primary and secondary current,
or phase angle, is our next consideration. Referring
to the abovs figure where I, 12 and M are plotted as
ampere-turns, we may obtain for analytieal purposes an
expression for y in terms of magnetizing ampere-turns,
secondary ampere-turns and their angles. From the

figure it may bs seen that,

y = tan~t __M sin(z-a)

I, + M cos(z-a)

As the angle a i& determined by the impedance of
the secondary circuit, let us suppose that this angle
were zero, then y would be & maximum with a leading
current. Again suppose a=z, then y=0; upon increasing

the value of a the resulting relation between I and
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Iz would be lagging and the angle negative with respeect
to a=0. It is evident therefore, that. upon making phase
angle determinations that two angles of equal magnitude
may be obtained and to determine whether it is a:lagging
or leading angle, a non-inductive load should be placed
in the secondary circuit which would msake a=0 snd
therefore indicate a leading angle.

It has been shown that a leading current in the
Secondary with respect to the primary hais the same effect

as'lagging currcnt 1in the current coils of a wattmeter.
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METHODS OF CALIBRATING COMMERCIAL INSTRUMENTS.

In calibrating commercial instruments, they must be
comparcd with precision instruments and the latter must

agree with the standard units as legalized by the United

-

States Government. The following are the definitions kaken

from the Bureau of Standards Bulletin Vol.1l, No.l.:

LEGAL DEFINITION OF THE ELECTRICAL UNITSSIN THE

UNITED STATES.

(Act approved Fuly 12 1894)

Be it enacted,&c., That from and after the passage of
this act the legal units of electrical measure in the
United States shall be as follows:
First. The unit of resistance shall be what is known
as the international ohm, which is substantdal -
Ohm. ly equal to one thousand million units of
resistance of the centimeter-gram-second system
of electromagnetic units, and is represented by the resistance
offered to an unvarying electric current by a column of mer-
cury at the temperature of melting ice fourteen and four
thousand five hundred and twenty-one ten-thousandths gram in
mass, of a constant cross-sectional area, and of the length
of one hundred and six and three-tenths centimeters.

Second. The unit of current shall be what is known as
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the international ampere, which is one-tenth of the unit ofr=o
‘eurrent of the centimeter-gram-second system
Ampere. of electro-magnetic units, and is the prac-
tical equivalent of the unvarying current,
which, which when passed through a solution of nitrate of
silver in water in @ccordance with standard specifications,
deposits silver at the rate of one thousand one hundred
and eighteen millionths of a gram per second.
Third. The unit of electro-motive force shall be what
is known as the international volt, which is
Volt. the electro-motive fdroe that, steadily
applied to a conductor ehose resistance is one
international ohm, will produce a current of one internation-
al ampere, and is practically eghivalent to one thousand
fourteen hundred and thirty-fourths of the electro-motive force
between the poles or electrodes of the voltaie cell known as
Clark's cell, at a temperature of fifteen degrees centigrade,
and is prepared in the manner described in'the standard
specifications.
Fourth. The unit of gquantity shall be what is known as
the intermational coulomb, which is the
Coulomb. gquantity of electricity transferred by a
current of one internmational ampere in one

second.
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Fifth. The unit of capaeity shall be what is known

as the international farad, which is the
Farad. capacity of a condenser charged to a poten-

tial of one international volﬁby one inter-
national coulomb of electricity. ‘

S3ixth. The unit of work shall be the joule, which is

equal to ten million units éf work in the
Joule. centimeter—gram-second system, and which is

practically equivalent to the energy expended
in one second by an international ampere in an internation-
al ohm.

Seventh. The unit of power shall be the watt, which is

equal to ten million units of power in the
Watt. centimeter-gram-second system, and which is

practically equivalent to the work done at
the rate of one joule per secong.

Eighth. The unit of induction shall be the henry, which

is the induction in a circuit when the electro-
Henry. motive foree induced in this cimeuit is one

international volt while the inducing current
varies at the rate of one ampere per second.

Sec. 2. That it shall be the duty of the National
Academy of Sciences to preseribe and publish, as soon as
possible after the passage of this act, such specifications
of detail as shaldl be necessary for the practieal applica-
tion d&f the definitions of the ampere and volt hereinbefore
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given, and such specifications shall be the standard specifi-
cations herein mentioned.

A Committee of the National Academy of Seiences sub-
mitted specifications to the above named organization which
were accepted and unanimously adopted on February 9, 1895.

From the foregoing we see that the apparatus and con-
ditions for the legal ohm are specified, therefore using this
as a basis upon which to work, standards of resistance can
be constructed of solid metals, preferably manganin, which
has a negligible temperature coefficient.

The legal ampere is defined and the apparatus specified
exactly; as this apparatus is too slow and clumsy for prac-
tical use, a galvanometer or an electrodyﬁamometer controlled
by a torsion head may be calibrated to read direetly in
amperes.

The legal volt is specified and also specifications
given for the equivalent in the Clark cell; the electromotive
force of the latter changes appreciably with a change of
temperature and with age; another cell which has an almost
negligible temperature coefficient and better suited for
engineering work is the Weston cadmium cell. The nommal
voltage of this cell is 1.01985 volts, at any temperature
between 10°C. and 35°C.

The figure shows the method of checking the three
standards: viz, those of current, electromotive force and

resistance.
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Oral. Cell

Stat Llectrod/ynamomeler

it S Resisionce

o

VOLTMETER AND AMMETER CALIBRATION. Having our primary
standards calibrated to conform to the legal units, our next
step is to check an accurately constructed voltmeter and
ammeter against the above mentioned standards. For rapidity
and ease, deflection instruments of the electrodynamometer
type, which may be used on either alternating or direct
currelt, are usually selected.

The calibration of the selected secondary standards #s
accomplished by the use of a potentiometer, the operation

of which briefly is as follors: The standard cell balances
s _

WMWY |
SLie B © o o 8.7 & Fusigiay L' 7
i 9 Stol. Cell.
E,*TJ g
6 ° ©z
g ha

Unknown emf

9 = 5 H
7. d ” St Ife.s/;f)’ancc ¢ (i) ¢ ¢ ¢
(v "
L NS
the unknown voltage but is not used as a source @f current.

The zero method is used{fherefare it is not necessary to
know the galvanometer constant. The errors of this piece of

apparatus are due to the inequality of the resistances of the

slide wire AB. The potentiometers on the market, however,
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are so arranged that the uniformity of the resistance of
the slide wiremay be checked quickly and acecurately.

Referring to the figure which is a set up for a volt-
meter calibration, a slide-wire ST is connect=d in series
with one or two storage cells Ba. and a regulating rhe@stat
K; a constant current is thus established in ST. Any desired
voltage drop may be had between the contaets C and D by
moving them albng the slide-wire, or by regulating the rheo-
statk. The contact C is for crude regulation, D for fine
regul:tion. The drop between C and D is balanced against the
standa;d cell and against the unknown electromotive force in
Succession. A balance is recognized by the galvanometer
needle returning to zero. The ratio of the kengths C-D in
the two cases is equal to the ratio of the e.m.f.'s under
¢owparison, provided tne current in ST remains constant. By
means of the double-throw switéh L connections are conven-
iently changed from the standard cell to the unknown e.m.f.,
and back.

In order to make the arrangement direct-reading, the
contacts C and D are set beforehand so as to balance the
voltaige of the standard eell at the proper'divisions of the
scale. The switch L is thrown to the left, and the rheostat
K adjusted until the galvanometer returns to zero. Then the
switeh is thrown to the right, and the galvanometer balance

again obtained by shifting C and D.
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The potentiometer scale usually his a range of 1.5 volts,
8o that voltages below this limit mav be directly compared
to th:t of a standard cell. For voltages above 1.5, a
multiplier or volt-box is used. It consists of a high resis-
tance with taps at a known part of it, such as 1/10, 1/100 ete.
Again referring to the figure, the unknown e.m.f. is connected
across JH; the terminals EH are connected to the terminals
of the potentiometer 5 and 6. Then if the unknown voltage
be say 110 and the resistunce between EH be 1/100 of the
total resistance of the volt-box, the voltage drop across
EH is 1.1 and can be compared directly to the e.m.f. of the
standard cell. By this method voltages from a fraction of a
millivolt to several thousand volts can be accurately com-
pared to the e.m.f. of a standard cell.

4 modification of the set up shown in the figure will

have to be made for checking ammeters against a standard cell.
The volt-box is replaced by a standard shunt and the connect
tions are those showm to the right of the figure. The resis-
tance of the shunt is accurately known as well as the eurrent
capacity and for different values of current they are so
Selected that the drop of potential across the terminals

does not exceed 1.5 volts; if it does not exceed one volt

the potentiometer will be direct reading. By selecting
shunts with the proper range, currents m.y be measured from

8 small fraction of an ampere to many thousand.
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With secondary standards calibrated as deseribed above,
they are now available for use in checking commercial volt-
meters and ammeters for either direct or alternating eurrent.

The figure below shows the ususl method of-connecting
up for a voltmeter calibration for voltages up to 600. Above
that on alternating current, potential transformers are
used. The exact ratio of trangformation mast be known and

the method of determining it Will,be taken up later.
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Ammeters for both alternating and direct current may

O¥

be calibrated as connectedwithin the ordinary range, but
for large currents on alternating current circuits current
transformers are used. The ammeter is usually calibrated

separat%{and the ratio of the transformer determined.
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INDIC&TING WATTMETERS. In selecting a secondary standard
for the meésurement of watts, an indicating instrument of
the electrodynamometer type is to be preferred,.as it may

be used on both alternating and direct current. In check-
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ing it against primary standards, two potentiometers should
be used, one for checking the potential coil and the other
for the current coil. By this means the errors are reduced
over that by using the product of the voltmeter and ammeter
readings of the secondary standards.

Such an instrument with known corrections could be used
for calibfating indicating wattmeters of the induction type,
and in conjunction With an accurate stop-watch to check
rotating standards and watt-hour meters.

In connecting up the secondary standard with the
meter under test, care must be faken that the potential coils
of both wattmeters be connected to one point ahead of the
instruments as shown. This eliminates the error of the

Sia. Wettmeter Woltmeter under fest

== 50503

O

secondary standard indicating the power consumed in the
potential coil of the instrument under test when connected
as shown by the dotted lines. On an alternating current
circuit with both instruments having a light load, the
error would be still more pronounced due to the potential
coil of the wattmeter under testbeing inductive. The

secondary standard would be measuring an inductive load

(highly so in the case of induction instruments), which
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means that the current and e.m.f. will be displaced thereby
causing the inductance error of the electrodynamometer
instrument to be more pronounced.

It is necessary to know th performance and accuracy
of wattmeters, both indicating and watt-hour instruments
on inductive loads, the power-factor ranging from 0.1 to
unity. A convenient method of ascertaining this is shown

in the figure.

by |
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The wattmeter is connected to one phase of a two phase
three wire circuit, r is a non-inductive load on phase B,
the current flowing through the series coils thereby being
in phase with the e.m.f. of phase B. Another resistance R
or load is connected across phase A through an ammeter A.
Thus we have two currents displaced by 90° flowing through
the current coil of the wattmeter. The displaéement of the
current from the voltage in phase B is denoted by tana =
A/B, where a is the angle of displacement. A small reading
on ammeter B should give a reading on the wattmeter, which

if the wattmeter is correct should remain the same through

any variation of reading of the ammeter A, however, both
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dynamometer and induction type wattmeters read high on
inductive load and this method only serves as an approximate
check on the accuracy of the instrument.

For accurate measurements with a dynamometer wattmeter
it is important to ascertain whether the current in the
potential coil leads or lags behind the current in the main
eircuit. Exact measurements of resistance, capacity and.
inductance should be made and from this the angle obtained
by computation. Edgecumbe in "Industrial Elecctrical Measur-
ing Instruments” claims that in improperly designed instru-
ments that the cupacity of the potential coils is quite
appreciable.

Mr. Robert W. Paul, instrument maker of London, quotes
an article by Mr. R.Beattie in the London Electrician,Vol.
48, page 818, on a means of determining the angle of phase
displacement of the current and e.m.f. in the potential coil
of a dynamometer wattmeter. His method consisted in doubling
the inductance of the potential coil without changing its
resistance, and subtracting algebraically from the original

reading, the change of the reading thereby produced.

TRANSFORMERS. As has been pointed out previously in the use
of current and potential transformers accurate determinations
must be made of the ratio and phase-angle, and when once
calibrated these pieces of auxiliary apparatus may be classed

as precision instruments. Not only must the ratio be
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determined for one power-factor but for all ranges for which

it is expected that the instrument will be used.
Ur.L.T.Robinson,in the Proceedings of the A.I.E.E, for

July 1909, takes up in detail the checking of potential

and current transformers for ratio @end phase-angle under

all of the conditions that they would be subjected to in

practice.
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The above figure shows the apparatus for a ratio test
of a potential transformer. This is suitable for any
frequency and the common voltages met with. The resistances
R; and Ry, are connected across the primary eircuit with
taps for various voltages, so that about 10 ohms per volt
may be used. The primary and secondary are connected
together and to the ground as shown. The polarity is such
that the potential rise from the ground aldng the secondary
of the transformer is in the same direction as that from the

groung along the main primary resistance. By shifting the
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moving contact until a zero deflection is obtained, the

ratio would be,

Rp + R,
Rp

It may be seen that the ratio is easily found for any
value of inductive or non2inductive load up to the capacity
of the transformer.

The connections and apparatus for the phase-angle’

test are given below.
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The 3-phase line current is brought to a phase shifter
(described in detail by Sharp and Crawford of July 1910
Proceedings of the A.I.E.E.) and to the low voltage side
of a step up transformer. A duplicate of the transformer
being tested may be used for stepping up the voltage.
Current from the secondary of the phase shifter is passed
in series through the current coils of two dynamometers,

-usually of 5 amperes capacity, the amount being controlled
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by a suitable resistance R in series. The same resistance
used in the ratio test and as shown, is connected in
multiple withe the primary of the transformer in test,
and the drop across a considerable portion of it is used
to excite the moving coil of the primary dynamometer. The
The secondary voltage of the transformer in test is used
to excite the potential coil of the secondary dynamometecr
through the resistance Ty The load on the transformer
under test is then adjusted to the proper current and
power-factor, and the phase is shifted until the primary
dynamometer reads zero. The phase-angle between the

primary and secondary electromotive force is then,

W,

- “N_l
v Sin X

where Wy 1s the reading of the secondary dynamometer, T
is the voltage across the secondary of the transformer in
test and if left in must be considered part of the load,
A 1s the reading of the ammeter. Both of the refleeting
dynamometers should be accurately calibrated with two
potentiometers.

The method described by Mr. Robinson for calibrating
current transfbrmers for ratio and phuse-angle is similar
to that for potential transformers. He gives the one
mentioned here as preferable to some four or five other
methods for speed and accuracy.

For the ratio test of current transformers, the
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apparatus is shown in the figure, two reflecting dynamometers
with their shunts are requirsd, which admit of accurate
calibration on direet current with i1 potentiometer. The
instruments used measure watts lost in the shunts and the
deflection is therefore proportionil to the square of the

current.
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it Ip on calibration gave a deflection Wp, and I a
deflection Wg; as each is proportional to the square of the

current the true ratio would be,

117‘;11%

In ghecking a transformer with the connections as .-

shown, the primary dynamometer is brought to a reading Wp
cormesponding to Ip and the secondary dynamometer reading
noted. The ratio expressed above will then be the ratio
of transformation.

Some difficulty may be experienced with the inductance

of the shunts with currents of 500 amperes or more. The
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phase-angle due to this inductance must be determined as it
is necessary in order to apply the correction - bo tﬁe
dynamometers. In the proceedings of the A,I.E.E. Vol.29,
Sharp and Crawford give an accurate method for determining
this phase-angle.

For a phase-angle determination of a current transformer
the same apparatus is required with the exception of the
shunts and a phase shifter in addition.
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The current windingsof the dynamometers are in the s
primary and secondary as shown; the potential coils are
connected to a phase shifter, this phase-shifter being

rotated until the primary dynamometer reads zero. The

phase angle then is,

L 1 v
B = gin —_—

B X Is

where Ig is the secondary current in the transformer, Wg
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N

the watts read on the dynamometer and E is the voltage of the

£4.

phase shifter.




