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PREFACE

Metering of electrical power and energy appears in its most
extensive and intensive form in the registration of the energy
consumption of millions (some 25 millions in this country)
of users of electricity. Superficially the technique seems to be
a simple routinized process as prosaic as using yardsticks, quart
measures, or grocers’ scales to vend the common commodities.
Actually, however, there is a wealth of underlying technology
comparable in scope with that fundamental to generators, motors,
transformers, and circuits of all voltages. A watthour meter is
essentially a motor with highly refined characteristics; an instru-
ment transformer is merely one of low kilovolt-ampere rating
but designed to have better regulation than transformers in
general. There are many other parallels, a fuller appreciation
of which cannot fail to aid meter engineers better to attain the
accuracy and proficiency expected of them. As for the technical
student the converse benefit is afforded. Attainment of accuracy
and reliability in metering forces consideration of factors that
can often be ignored in grosser pieces of electrical apparatus.
Since these details are in no sense closely limited in scope, a
comprehensive study of the technique of power and energy meter-
ing can justifiably serve as an alternative to conventional treat-
ment of electrical machinery and circuits. For one thing,
vectorial manipulation and symmetrical component analysis
here demand a respect for exactitude that is not always developed
by abstract approach and mere confirmatory application.

What is here presented had its beginnings in advanced short
courses for electrical meter engineers conducted by the author
for several years at Yale University at the instance of and in
cooperation with the successive meter committees of the former
National Electric Light Association. The aim there was and
here is to pass over the routine matters of technique and con-
centrate upon clarification of the problems which call for a
knowledge of the principles underlying the desired performance
characteristics of metering devices. Having held to this plane,
it was natural that the condensed presentation in the short
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courses should be expanded to constitute a prescribed course
for seniors in electrical engineering at the university. Incor-
porated in the text is also experience gained in conducting the
standardizing and supervisory laboratory of the Connecticut
Public Utilities Commission at which the master meters of the
utilities in the state are certified at regular intervals.

Under such an evolution it is evident that the author must
acknowledge the stimulus and aid of many associates too numer-
ous to mention—fellow members of the Committee on Instru-
ments and Measurements of the American Institute of Electrical
Engineers, faculty associates, National Electric Light Association
committee members, and manufacturers’ engineers. Kspecial
acknowledgment of indebtedness is given to T. A. Abbott,
H. B. Brooks, R. C. Lanphicr, F. B. Silsbee, and R. G. Warner.
To Margaret Mittwollen the author is obligated for painstaking
skill in transcribing the manuscript.

A. . KNowLTON.
SuorTt BEacH, Coxnx.,
October, 1934.
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ELECTRIC
POWER METERING

CHAPTER I

POWER BY INDICATING INSTRUMENTS

Energy is a more basic physical quantity than power, which is
the time rate of converting energy into work. But from the
standpoint of measurement power appears a bit easier to measure
because the time divisor is also inherently a component of the
current factor in the equation power = volts X amperes. To
multiply by time and thus establish the energy magnitude carries
an added complexity involving rotation or some other means of
integration of power variation during the elapsed time. This is
one reason for discussing power measurement before energy
measurement.

Another reason is that precision, sensitivity, torque, bearing
friction, and energy losses, while characteristics held in common
by both the rotating and deflecting types of electrical meters, have
magnitudes in general smaller or of more refined nature in the
indicating instruments employed for power measurement than
in the rotating forms employed in energy registration. '

1-1. Energy and Power.—Klectricity is the name for an
incompressible something which can be made to flow from point
to point in an electric circuit for the purpose of converting energy
into useful work. Electricity is the quantity factor @ of the
energy W. The voltage, or difference in potential, E between
the points is the intensity factory of the energy. If Q is in
coulombs and E in volts, then W is in joules or watt-seconds in
the equation W = @ - E.

Power is the rate at which energy is generated or converted or
applied or transmitted past a given cross section of the electrical
circuit. Current I in amperes is the rate of flow of the elec-
tricity @ in coulombs per second. Thus P = E - I watts and
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2 ELECTRIC POWER METERING [1-2

these are measured by obtaining the product of the amperes I
and the voltage or electromotive force E which at each instant is
the cause of the current flow.

1-2. Power by Voltmeter and Ammeter.—Power in a d-c.
circuit is simply E -I and, therefore, the voltmeter reading
times the ammeter reading should give as the product the watts
consumed by the load. But in any actual measurement either the
voltmeter will register the voltage drop through the ammeter in
addition to the voltage impressed across the load or else the

()
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ammeter will register, in addition to the load current, the current
taken by the voltmeter. The degree of error will depend on the
relative values of the resistances of the two meters and the load.

In Fig. 1a the voltmeter registers the drop through the ammeter
and its shunt as well as through the load. Let P represent the
watts consumed in the load and U, the apparent watts obtained
from the product of voltmeter and ammeter readings.

E, is the voltmeter indication, r, the resistance of the ammeter,
and 7, the resistance of the voltmeter.

E2

Uy = EJ = (E + Ir)I = EI + I'r, = 17’;-2 + I'r,

The proportional error is

P T E* R (1]

The error 18 thus least when r, is small relative to R or when
R i3 large and I 18 therefore small.
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In Fig. 1b the ammeter registers the current taken by the
voltmeter in addition to that taken by the load resistance R.
Let U, represent the apparent watts obtained in this instance
from the product of voltmeter and ammeter readings.

U, = BEJ, = E( 1 + &= EL+£——M+Q
R

The proportional error is

Us— P _EYr, _R

P " EJR ", (2

The error is thus least when r, is large relative to R or when R
1s small and I is thercfore large.
The errors by the two methods of instrument insertion will be
equal when
or R =+/ra, 3]

T« _ R
R

With given ammeter and voltmeter resistances the connection
of Fig. la is preferable (if the errors and corrections are to be
ignored) when R > +/7.r, and that of Fig. 1b when B < /7.7,

1-3. Power by Wattmeter.—By applying the corrections
indicated by the analysis of errors in the preceding paragraph,

Lk

(@) (c)

power in d-c. circuits can be determined adequately through the
medium of voltmeter and ammeter indications. In a-c. circuits
the uncertainty as to phase relations (and therefore power factor)
between load voltage and load current, as established by induc-
live or capacitive elements in the load, makes resort to the
wattmeter necessary for a-c. power determinations. The watt-
meter indicates the mean value of the products of instantaneous
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values of voltage and current. The inertia of the moving element
is relied upon to give a steady indication of the average value of
this varying product just as the inertia of the a-c. voltmeter and
ammeter do for the alternating quantities which they measure.

The wattmeter registers the power delivered to the load
impedance Z in Fig. 2a.

e = E.., sin wf
t = I, sin (vt — 6)

But the current through the voltage circuit of the wattmeter,
if it is assumed it has resistance R, and complete freedom from
inductance and capacitance, is

; _ E,. sin wt
= =
R,

The torque developed by the wattmeter is

E.. sin wt

Torque = K; X R,

X I, sin (wt — 6)
Average torque T = K' X average of product [F,, sin wf X
I, sin (wt — 6)]
= K'E.I, X average [sin wt(sin wt cos § — cos wt sin 6)]
= K'E.I, X average [sin® wt cos § — sin wf cos wt sin 6]
= K'E.I.[average (sin? ot cos ) — average (sin wf cos wt sin 6)]
= K'E,.I.(14 cos 8 — 0 sin 6)
_K'E,I,cos 8
- 2
= KEI cos 6.

The average torque is thus proportional to E, to I, and to cos 6.
The deflection will be proportional to the watts if K remains a
constant. Under this ideal assumption, a control spring of linear
characteristics results in a linear scale. In the torsion-head type
of electrodynamic wattmeter, the deflecting torque is opposed
by spring torque sufficient to hold the coils at the time of reading
in the position of equilibrium corresponding to no current in its
coils. But in the deflection type of instrument K changes when
the coils change their relative positions under deflection and the
scale is therefore not inherently uniform. By proper choice of
shape and location of the fixed and moving coils, K can be kept
nearly constant and the scale of the wattmeter nearly uniform.
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1-4. Accuracy in Wattmeter Indications.—In connecting a
wattmeter for power measurement its voltage circuit may be

H [
- — [ <
"

Source 1 B A Load

—

Fia. 3.

connected on the line side or on the load side of its current coil.
The latter connection as shown in Fig. 3 is preferable because,

(31

Compensating
Couls < -+wene -
Moving coil . |
Uncompensaled 1
posttion ... |
) Field coils”
High ran, [ Reverse
compensated ------|
Low range Y
compensafed " - . )
‘Campensating Reversing" ' Direct
swifch Swikcl
Fra. 4.

while the watts lost in the potential circuit are included in the
instrument indication, this error is small relative to most loads
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and usually negligible. At least it is constant at constant
voltage, whereas with the voltage coil connected on the line side
(as at B) the instrument records the variable watts lost in the
current coil with variable load.

For wattmeters designed for measurements at low power factor
the error arising from registration of the watts lost in the voltage
circuit of the instrument becomes more serious. The Weston
Model 310 (Form 2) low power-factor wattmeter is provided
with an ingenious arrangement of compensation which deducts
these watts from the instrument indication. The compensation
is effected by means of a winding connected in the voltage circuit
having the same effective number of turns as the (current) field
winding and wound in such a direction that the current in it is
opposite to that in the field winding. The voltage-circuit current
in this supplementary winding then exactly neutralizes the torque
effect of that same current as a component of the total current
in the field winding. When the instrument is used in connection
with instrument transformers to register loads beyond its direct-
connected range, it should be employed uncompensated and the
registration corrected for this error along with those introduced by
the ratio and phase-angle departures of the transformers.

Further, in connecting any wattmeter the electrostatic capacity
effects and the risk of insulation breakdown between voltage and
current coils should be avoided by connecting that voltage
terminal (usually marked +) to which the moving coil is con-
nected to the line wire in which the current coil is inserted. If
the deflection is then reversed, it should be the current leads
(not the voltage leads) which are to be reversed. Some watt-
meters are provided with switches in the voltage circuit which
reverse the voltage coil, still leaving it at minimum difference of
potential with respect to the current coils (see Fig. 4). If an
external multiplier is used to extend the voltage range, it should
be connected between the unmarked post and the line.

1-6. Effect of Inductance in Voltage Circuit of Wattmeter.—
Inductance of the voltage element of the electrodynamic watt-
meter arises from the relatively large number of coil turns
required to develop adequate torque with minimized value of
current in the voltage circuit. The result of this inductance is
twofold: (1) It prevents the current through the voltage circuit
of the wattmeter being strictly in phase with the voltage applied
to it and (2) the magnitude and phase angle of that current will
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be different for different values of the frequency of the applied
voltage. The first consequence is to be investigated because the
torque formula T = KEI cos ¢ implies that the reacting cur-
rents in the fixed (current) and movable (voltage) coils are
strictly in the same phase relation to one another as the E and
the I in the load circuit. Any lag of current in the inductive
voltage circuit prevents this conformity and leads to error in
watt indications that are more serious the lower the values of
load power factor.

Let E and I be the load voltage and current, respectively, with
power-factor angle 6. Let the voltage circuit of the wattmeter
have resistance r, and inductive reactance z, = 2xfL, ohms.
The current 7, in the voltage coil lags ¥° behind E, and the phase
angle within the instrument has become (8 — v) rather than the
true 6.

True power P = EI cos 6
Wattmeter reading U = EI cos vy cos (0§ — v)

The latter is derived from taking the component of E in the
direction of I in Fig. 5. The wattmeter reading is then the true
power only under two circumstances: (1) when v = 0, 7.e., when
the voltage circuit of the meter has been rendered non-inductive,
or (2) when y = 6, 7.e., when the power factor of the voltage
circuit of the wattmeter is identical with the power factor of the
load circuit.

The permissible value of z, and ¥ can be derived from a study
of the error, A = U — P, of the watt indication

A=U—P=EIcos (8 —«v)cosy — EI cos 8
= EI sin v sin (8 — v) (from Fig. 5)

For an acceptable instrument v will be small and also, for
values of power-factor angle 6 at which the errors will be signifi-
cant, v will further be small relative to 6. Then



8 ELECTRIC POWER METERING [1-8

A = EI sin v sin 6 (approximately)

For low-load power factors sin 8 approaches unity and the watt-
meter error approaches EI sin v, which means that it behaves at
all load power factors as if its zero had been shifted by an amount
EI sin «.
Also since
A = EI sin 6 sin v

= EI\/1 — cos® sin v

= EIN/1 — (W/EI)? sin v

= V/(EI)* — W*sin v

Or the error will be greatest when W is small relative to EI, i.e.,
at the lowest lagging power factors.

The difficulty in designing a wattmeter which will have an
error as low as 0.1 per cent at low-load power factors can be
sensed from the following:

A = EI sin vy = EI tan v (approximately)

— gL
- B1=

With full-scale values of £ and I the error will be reduced to
0.1 per cent only if
2nfL

At 60 cycles 2rf = 377 and 377% = 0.001.

In other words, the resistance in the potential circuit should be
at least 377 ohms for each millihenry of self-inductance of the
potential coil.

With the constants of the voltage circuit of the wattmeter
known, the true watts can be obtained by applying the following
correction factor to the indicated watts:

1 + (2rfL)?/R?

1+?%£tan0

F = (4]

1-6. Instrument Characteristics.—Electrical indicating instru-
ments in general have an unusually wide range of applicability
within, of course, the specific range of indications for which thev
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are designed. The relatively high degree of independence which
their indications have of their internal characteristics gives them
this broad usefulness. But there is a considerable tendency to
overlook the fact that those internal characteristics cannot
always be ignored in making precision measurements. Some
accuracy is therefore sacrificed by not selecting the instrument
best suited to the circuit conditions encountered.

To show how these characteristics influence performance,
Table I has been prepared from data supplied by manufacturers.
It has no pretension of inclusiveness or completeness. It merely
embraces a selected group of ranges and types from which general
conclusions can be drawn as to the extent to which best design
for general purposes results in mechanical and electrical properties
that should be considered when the devices are used for specific or
special purposes. The table provides the basis for contrasting
different types of instruments with regard to their losses, resist-
ances, impedances, the burden which they create on instrument
transformers, and the extent to which their characteristics
point to the desirability of applying corrections to their indi-
cations in precision measurements.

Some of the comparisons based on the actuating principle
employed and on the limitations imposed by the different ranges
provided are as follows:

1. Moving-iron wvs. electrodynamic wvs. permanent-magnet
moving-coil types.

Voltmeters vs. ammeters.

Wattmeters vs. ammeters and voltmeters.
Low capacity vs. high capacity.

Portable vs. laboratory standard design.

6. Normal vs. low power factor wattmeters.

The Appendix (page 325) discusses design principles upon
which the most advantageous combinations of characteristics are
chosen in the design of indicating instruments.

1-7. Weight, Inertia, and Damping.—In the first place it is
evident from the table that the manufacturers have standardized
the characteristics so that these are either uniform for all capaci-
ties or else in general proportional (in the case of the electrical
properties) to the rated capacities.

The weights of the moving elements of moving-iron and
permanent-magnet moving-coil instruments are of the same order
of magnitude. Those of the electrodynamic type are in general

Guk
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12 ELECTRIC POWER METERING [1-8

greater as a result of the greater length and weight of copper coil
required to produce the requisite torque with the weaker magnetic
fields producible. The weights of the moving elements for
laboratory standard instruments are greater than for the corre-
sponding portable instruments.

The moment of inertia of electrodynamic instruments is much
higher than for the other two types; this is due in part to the
greater weight of the moving element and in part to the greater
diameter of the moving coil as needed to aid in torque production.
Although the weight of the element is usually the same for low
and medium capacities, the low-capacity instrument presents
difficulty in developing the requisite torque. There is therefore
in general a sacrifice in the ratio of torque to weight, a ratio which
serves somewhat as an index of sensitivity and quality of design
(see Appendix, page 328). The laboratory standard instruments
have a higher ratio of torque to weight than the corresponding
portables.

The damping of permanent-magnet moving-coil instruments is
readily brought to the most effective point, 7.e., 70 to 80 per cent
of critical damping, with an ““overshoot” of 1 to 3 per cent. The
damping torque of electrodynamic and moving-iron instruments
is of the same order of magnitude as in permanent-magnet
moving-coil instruments, but the ‘“per cent of critical” is lower
owing to the influence of the high values of moment of inertia in
offsetting the lower values of restoring torque of the control
spring.

1-8. Electrical Proportions in Indicating Instruments.—In the
case of millivoltmeters used with shunts to form an ammeter
combination the instrument resistance is a single value for all
ranges in a given type. The shunt has a resistance inversely
proportional to the current rating, thus creating a uniform value
of volts-drop at all the rated capacities. On the other hand, the
resistance, inductance, and impedance of electrodynamic instru-
ments vary approximately inversely as the square of the rating;
thus low-range instruments inevitably have high impedance and
large voltage drops. For this reason practically no gain in
accuracy is acquired by substituting a l1-amp. ammeter for a
5-amp. meter connected through a current transformer to indicate
current values below the 1-amp. mark on the 5-amp. meter scale
unless correction is applied for the greatly increased ratio and
phase-angle error of the transformer resulting from the greatly
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increased burden on it. Step-up ratio current transformers are
available for measurements of such magnitude.

Watts dissipated in heating the shunt of a d-c. ammeter are
proportional to the current rating. Large-capacity shunts
should therefore be well ventilated to dispose of the higher losses.
In all but the very low ranges the resistance of d-c. voltmeters is
of the order of 100 to 200 ohms per volt. Impedances of a-c.
voltmeters are about one-tenth to one-twentieth the resistances
of the corresponding d-c. meters and consequently their draft of
current from the line is ten to twenty times as great as in the case
of the d-c. meters. Failure to observe this point often leads to
erroneous power-factor determinations in condenser tests and
also faulty values in resonance studies. Double-range a-c.
voltmeters as a general rule draw more current from the line on
their upper range than do corresponding single-range instruments.

The resistance, inductance, and impedance of voltage-element
circuits in wattmeters are greater, the current from the line less
and watts lost less, than for voltmeters of the same voltage
rating. In the case of the current-element circuits of wattmeters
the impedances are less, the voltage drops less, and the losses at
rated current less than for ammeters of the same current rating.
Wattmeters, therefore, constitute a lesser burden on instrument
transformers than the voltmeters and ammeters of the same range
and type.

1-9. Precautions in Placing and Reading Instruments.—A
pointer attached to the moving element moves over a circular
scale graduated in volts, amperes, watts, ete. This pointer must
be as light and rigid as possible and is, therefore, often made of
tubular aluminum. For some a-c. instruments trussed pointers
are desirable in order to minimize the vibration due to the cyclic
variation of the deflecting torque experienced by the moving
element.

The center of gravity of the moving element should be on the
axis of the shaft of a spring-controlled instrument in order that
the indications may be independent of the position in which the
instrument is placed. Balancing weights are provided to accom-
plish this but their weight and that of the pointer are kept to a
minimum so that the inertia of the system and the load on the
pivots shall be minimized. Despite the balancing adjustments,
instruments should be used only in the horizontal (i.e., portable)
or vertical (1.e., switchboard) position for which they are designed.
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To facilitate accurate reading of the scale indications the
pointer is commonly flattened and a mirror mounted parallel
to the scale, thus making elimination of parallax possible by
having the line of sight perpendicular to the scale when the pointer
covers its own image in the mirror.

1-10. Effect of Temperature upon Instrument Indications.—
The effect of temperature variations resulting from external heat
or from losses within the instrument can be sensed from con-
sideration of a permanent-magnet moving-coil instrument such
as a d-c. voltmeter. A rise in temperature reduces the flux in the
air gap in which the moving element acts; the torque and deflec-
tion tend to be reduced and the meter reads low (usually about
0.02 per cent per degree centigrade). But the springs are also
weaker at higher temperatures; the controlling torque is less
and the deflection tends toward high reading (about 0.04 per cent
per degree centigrade). For minimum weight of moving coil, it
is wound of copper which increases resistance (0.4 per cent per
degree centigrade) with rise in temperature; the current through
the coil and, therefore, the deflection will be less at higher
temperatures even though the impressed voltage be unchanged.
In general the effect of these three temperature changes is
compensated by diluting the largest item (copper-coil resistance)
to the point where it adds enough reduction in deflectign to that
produced by weakened magnets so that the total reduced value
equals the tendency toward increased deflection created by the
weakened spring. The dilution is accomplished by inserting a
zero temperature-coefficient resistance in series with the moving
copper coil; its ohmic value is made some twenty times that of
the coil. Repairs to damaged voltmeters can readily result in a
meter accurate at only one value of temperature unless this
proportion is preserved. More difficulty is encountered with
d-c. ammeters because of the low permissible value of total
resistance. Moving-iron instruments for alternating current are
only slightly affected by temperature.

Shunts for ammeters must have a low temperature coefficient
and, in addition, a low value of thermoelectromotive force with
respect to copper. Manganin meets both requirements. The
leads from the shunt to the instrument terminals must be of fixed
low resistance value inasmuch as their resistance is part of the
instrument circuit which must bear a fixed resistance relation
to the shunt with which it is in parallel. Self-contained instru-
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ments often have ventilated cases to dissipate the heat arising
from watts lost in the shunts and series resistors.

1-11. Effect of Magnetic Field and Frequency.—Stray
magnetic fields are seldom of high enough value, except in large
d-c. stations, to affect the accuracy of permanent-magnet
moving-coil instruments. Electrodynamic instruments usually
have to be shielded from the effect of possible stray fields; the
shielding is accomplished by enclosing the working fields of the
instrument inside an iron shell. Stray alternating fields do not
affect an a-c. instrument unless they are of the same frequency
as the quantity being measured. The accuracy of many types of
a-c. instruments employing iron in their construction will be
affected by departure from sinusoidal wave form. Moving-iron
(soft-iron) meters are, however, relatively free of wave-form
error and of frequency error (up to 500 or 1,000 cycles), to which
basis wave-form error is largely reducible.

For higher frequencies, such as those employed in radio, the
thermocouple type of instrument has practically superseded the
former hot-wire type of instrument.

Problems

1-1. It is common practice to make d-c. ammeters of 50-millivolt shunts
and millivoltmeters having (plus leads) a resistance of 10 ohms. Compute
and tabulate the following values for ammeters of 1-, 5-, 10-, 50-, 200-,
5,000-amp. range—parallel resistance (shunt, instrument, instrument leads),
shunt resistance, watts loss in shunt at full scale.

1-2. The watts taken by a 200-ohm resistance at 100 volts are to be
measured by means of a 150-volt d-c. voltmeter having a resistance of 15,000
ohms and a d-c. ammeter having 50-mv. shunts for 1-amp. and 100-amp.
ranges.

a. Determine the percentage error in watts if the voltmeter reads
the drop through the ammeter.

b. Determine the percentage error in watts if the ammeter reads the
current taken by the voltmeter.

Substitute a 2-ohm load for the 200-ohm load.

¢. Determine the error as in a.
d. Determine the error as in b.
e. Which is the preferable connection for small wattage values?
f. Which is the preferable connection for large wattage values?

1-3. An clectrodynamic wattmeter (150 volts, 1 amp.) has the following
circuit constants:
voltage-circuit resistance = 6,543 ohms; field-coil resistance = 0.648 ohm;
voltage-circuit L, = 3.4 mh.; field-coil L, = 9.5 mh.

It is used to determine the watts taken by a 200-ohm resistance with
100 volts direct current applied to the load.
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a. Determine the percentage error with the voltage connection
made at the load side of the current coils.

b. Determine the percentage error with the potential connection
made at the line side of the current coils.

¢. Which is the preferable way of measuring small values of d-e.
watts—by d-c. ammeter and voltmeter or by electrodynamic
wattmeter?

d. Which is the preferable connection of the wattmeter voltage
circuit, on the ‘line”’ side or ‘“load” side of the current coils,
when measuring small values of watts?

1-4. The electrodynamic wattmeter of Prob. 1-3 is to be used to determine
the watts taken by the 200-ohm resistance with 100 volts at 60 cycles applied
at the load.

a. What is the percentage error in watts due to inductance in the
voltage circuit of the wattmeter, if the preferable connection
chosen in d of Prob. 1-3 is used?

b. What would be the percentage crror at 10 per cent power factor
lagging?

1-6. In addition to the wattmeter of Prob. 1-3, a 1-amp. clectrodynamic
ammeter and a 150-volt electrodynamic voltmeter are used to determine the
watts, volt-amperes, and power factor of a load having, at 60 eycles, R = 200
ohms, X = 200 ohms. Assume 100 volts applied at the load.

Ammeter resistance = 2.36 ohms; voltmeter resistance = 1,795 ohms;

ammeter L, = 3.68 mh.; voltmeter L, = 62 mh.

The order of instruments from line to load is ammeter, voltmeter, wattmeter
(connected as decided in d of Prob. 1-3).

a. What is the percentage error in watts due to the voltage circuit
reactance of the wattmeter?

b. What is the percentage error in volts as indicated by the volt-
meter?

¢. What is the percentage crror in amperes as indicated by the
ammeter?

d. What is the percentage error in power factor as computed from
the readings of the three meters?

[For the following problems see Appendix, page 325]

1-6. In a Weston Model 1 d-c. portable voltmeter (150 volts) the weight
of the moving system is 1.73 g., the torque to produce full-scale deflection is
0.413 g-cm., u = 0.2, and p, = 150 kg. per squarc millimmeter.

a. What should be the radius of the area of contact of the pivot
bearing to provide a factor of safety of 1.5?

b. Will the pointer shift position when the voltage changes by 0.5
volt?

¢. To how small a change is it sensitive?

d. The resistance of the instrument is 15,000 ohms. What is the
current for full-scale deflection?

e. What watts are consumed in the instrument at 150 volts?

1-7. Assume that the instrument of Prob. 1-6 has a scale length of 86.5
deg. and is controlled by a single phosphor-bronze spiral spring of five
complete convolutions, inner radius = 3 mm., outer radius = 8 mm,,
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E = 12 X 108 g. per square centimeter. Determine the requisite dimen-
gions of cross section of the spring.

1-8. Assume further that the instrument of Prob. 1-6 has the following
constants affecting the promptness of its response: I = 1.9 g-cm.?, damping
= 73 per cent of critical.

a. Determine the undamped periodic time.

b. Dectermine the requisite damping constant D (in dyne-centimeters
per radian per second) for critical damping.

¢. Determine the time in scconds required for the pointer to be
within 1 per cent of its final deflection (eritical damping, see
Appendix).

d. The damping ratio is the ratio of the amplitudes of consecutive
swings and its value corresponding to 73 per cent of critical damp-
ing is about 0.035. Plot a damping curve (see Appendix) for
this value and estimate the time taken by the pointer to be within
1 per cent of final deflection.



CHAPTER 11
INSTRUMENT TRANSFORMERS

Four reasons may be cited for the use of instrument trans-
formers in conjunction with indicating instruments, watthour
meters, etc.

1. Voltage transformers permit the employment of low-voltage

instruments on high-voltage circuits.

2. Current transformers provide a means for reducing large
values of line currents to lower values in the meter circuits.
Items 1 and 2 together provide for standardization on

meter ratings of 110 volts and 5 amp. for the measurement

of any current at any voltage.

3. The transformers supply the insulation, which avoids the
necessity of having the meters assume the potential of the
line. The safety of employees is further promoted by con-
necting the meter circuit to ground.

4. The transformers provide a large degree of flexibility in
locating the instruments independently of the location of
the high-voltage buses, transformers, ete.

The function of instrument transformers in a-c. measurements
is comparable to that of shunts and multipliers in d-c. measure-
ments. The latter are in general unsuited to a-c. measurements
because they do not provide insulation of the instruments from
the higher voltage circuits and because it is more difficult than
with transformers to control or correct for the effects of induc-
tance of the shunts, multipliers, and instruments.

2-1. Ideal Instrument Voltage Transformer.—The ideal instru-
ment voltage transformer would give a secondary voltage equal
to 1/N of the primary voltage (where N is the marked ratio) for
all reasonable values of primary voltage, frequency, wave form,
and secondary burden of instruments. It would also deliver
to the instruments a voltage always differing by 180° in phase
from the impressed primary voltage. Actual instrument voltage
transformers depart from this ideal principally because of the
magnetizing component and to some extent from the copper and
core losses and the leakage-flux reactance, of the windings.

18
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In fundamental principle of action the instrument voltage
transformer is identical with the common constant-potential
power transformer. That it differs from it primarily in reduction
and control of the ratio and phase-angle departures can be

Ve IpXp
>P Rp

-Vs

1. (Negative)

Mutual
Flux

Fia. 6.
Im = magnetizing component of exciting current.
I. = iron loss component of exciting current.
1, = exciting current.
- = counter induced e.m.f. in primary winding.
E‘,: = direct induced e.m.f. in secondary winding.
n = Ep/E, = ratio of turns, here 1:1.
I. = total secondary current to load.
I, = total current in transformer primary.
Tpy Zp, ra, Ts = resistances and leakage reactances of the windings.
= voltage impressed on transformer primary.
Vf = terminal voltage of transformer secondary.
» = phase angle of load on transformer secondary.
a = angle between primary and reversed secondary voltages.

observed from a study of the power transformer. The appro-
priate modifications in design of a transformer which will have
accuracy for measurement purposes can be inferred from the
factors which render the transformer designed primarily for
economical efficiency of power conversion inadequate for precise-
measurement requirements.
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2-2. Transformer Regulation and Phase Angle in General.—
Transformer performance is usually represented by the vector
diagram of Fig. 6, drawn for a 1:1 ratio of turns and with exag-
gerated values of the exciting current and the resistances and
leakage reactances of the windings.

For secondary loads of slightly lagging power factors, as
represented in Fig. 6a, the following characteristics may be
noted;

1. The primary current is greater than the secondary because

of the presence of the exciting current in the primary.

2. The angle of current lag in the primary is greater than in
the secondary because of the large angle of lag of the
exciting current.

3. The secondary terminal voltage is less than the impressed
primary voltage; 7.e., the ratio of transformation is greater
than 1:1.

4. The secondary terminal voltage lags more than 180°
behind the impressed primary voltage. The excess is a.

5. The resistance of the windings is principally responsible
for the departure from the 1:1 ratio in voltage aimed at in
the 1:1 ratio of turns. For low values of load power factor
(Fig. 6b) the resistance of the windings has more effect
on the phase angle a.

6. The leakage reactance of the windings is principally
responsible for the departure of «° from phase opposition
(180°). For low values of load power factor, the reactance
has more effect on the ratio.

7. The exciting current contributes to both ratio and phase-
angte departures.

VOLTAGE TRANSFORMER

2-3. Voltage Transformer.—In order that a transformer shall
conform closely to the ideal for measurement purposes it will be
necessary to minimize the influences which, in the power trans-
former, result in departures in ratio and phase angle of the
voltages of the two windings. First, the resistances of the wind-
ings must be relatively low; this tends toward increase in cross
section and weight of copper. Second, the leakage reaction must
be kept at relatively low values. Third, the exciting current
must be kept at low values; this tends toward the employment
of larger cross section and weight of the iron core and also toward
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the employment of relatively more turns of primary (and also of
secondary) windings. In short, the instrument voltage trans-
former will weigh much more in pounds per volt-ampere of rated
capacity than a comparable power transformer as a result of the
efforts to approach the ideal for measurement purposes. Recent
developments of high-permeability low-loss iron for instrument-
transformer cores have improved the characteristics and at the
same time reduced the weights.

The secondary ‘“‘load” of instrument voltage transformers con-
sists of such instruments as voltmeters and the voltage coils of
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wattmeters, watthour meters, power-factor meters, relays. To
distinguish 1this instrument load from the line load which is
being metered, the former is preferably denoted as a “burden.”

2-4. Effect of Burden on Performance.—The effect of different
kinds and magnitudes of burden of instruments connected to the
secondary terminals of a voltage transformer is shown in Fig. 7.
In this figure the secondary values of current and voltage have
been reversed to facilitate simultaneous observations on the
effects of the resistances and reactances of the two windings.
In fact it is probably much nearer the truth to acknowledge the
existence of but one leakage reactance and a diagram on this
basis would be an improvement on Fig. 6.

If the burden is of high power factor it is seen that, in general,
the effects of decreasing value of burden volt-amperes (i.e.,
less secondary current to instruments or fewer instruments or
instruments of higher impedance) are:
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1. A ratio value which improves as the burden volt-amperes

decrease. The locus is ac.

2. A phase angle a; which is small and usually lagging and,

therefore, called negative.

3. Phase angle decreases with burden volt-amperes.

If the burden is of low power factor (which is the case with
voltage elements of induction watthour meters, synchroscopes,
and some power-factor meters and relays) the following effects
are noted:

1. The ratio is nearer unity than with burden of high power

factor (non-inductive instruments). The locus is be.

2. The phase angle a, is leading and, therefore, called positive.

3. The phase angle is much larger than with burden of high

power factor but, of course, decreases as the burden volt-
amperes decrease.
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2-6. Voltage Transformer Ratio Curves.—'The locus of the
secondary voltage vector V, for all values of lagging burden power
factor and within the volt-ampere rating of the transformer will
be on or within the sector boundaries abc in Fig. 7. It is evident
that it will not be possible to present for a particular voltage
transformer all the values of ratio and phase angle which will
ensue from all the possible combinations of power factor and
volt-ampere magnitude of the secondary instrument burdens.
It can readily be done for all volt-ampere values of burden at a
few representative values of burden power factor as shown in
Fig. 8.
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In this instance the transformer has been compensated for
ratio by adding a few extra turns to the secondary winding or
removing a few from the primary winding. This results in
increasing the secondary induced and terminal voltages, the
loci ac and ab in Fig. 7 being shifted outward along V,. Then V,
canexceed V,and V,/V, < lor > 1depending on the magnitude
of the volt-ampere burden. In Fig. 8 the effect of compensation
has been to move the scale of the ratio correction factor upward.
Thus for a volt-ampere burden of less than 100 at p.f. = 1.0
the secondary voltage is more than 1/120 of the primary and
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the ratio correction factor is less than 1. For more volt-amperes
of burden V, drops and the ratio correction factor exceeds 1.

It should be noted that higher secondary (and therefore
primary) voltage lowers the ratio curve for all power factors of
burden; also that the effect on the ratio of decreasing value of
burden power factor is more rapid after passing 50 per cent value
of power factor (lagging).

2-6. Voltage Transformer Phase-angle Curves.—In Fig. 9 are
shown the phase-angle data for the same transformer as that for
which the ratio curves are given in Fig. 8. Again the lagging
phase angle (reversed secondary behind primary) is small for
burdens of high power factor; the phase angle is large and leading
for low power-factor burdens. Higher than normal voltage tends
to decrease the departure in phase angle. The change in phase
angle is more rapid between 1.0 and 0.5 values of burden power
factor than between 0.5 and 0.1. This circumstance makes it
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difficult to interpolate in reading from the curves the true phase
angle (and similarly the ratio from Fig. 8) for other values of
power factor than those plotted. This particular transformer was
evidently so designed as to have zero value of phase angle for
about the same value of volt-ampere burden (p.f. = 1) for which
the compensating turns rendered the ratio correction factor
unity.

E=Vp 1

L

Voltage
Transformer

=
(a)

2-T7. Voltage Transformer with Voltmeter.—The secondary
burden on the voltage transformer in Fig. 10a consists of the
voltmeter and the voltage coils of the watthour meter. The
voltmeter is nearly non-inductive and the current ¢, taken
by it is nearly in phase with V,. The voltage coil of the watthour
meter is highly inductive and the current 7, taken by it lags
nearly 90° behind V,. The total current ¢, supplied by the
secondary of the transformer lags 6, deg. behind V,. It should
be noted that the total volt-amperes of burden, V,7,, is the vector
sum rather than the numerical sum of the individual volt-
amperes supplied to the separate instruments.

The current 7, in the secondary at the phase angle 6, creates
a phase angle a (shown leading) and a ratio departure with
respect to the primary voltage V,. The voltmeter reading
will be in error to the extent of this departure from equality if
the ratio of turns is 1:1 or from the nominal ratio if other than
1:1. The true voltage of the line can be derived from the volt-
meter reading by multiplying it by K,R, in which R, s the
nominal ratio and K, the ratio correction factor corresponding to
these particular values of burden volt-amperes and power factor
(Fig. 8). The phase angle « is not significant in the case of the
voltmeter indications.

Fia. 10.

Voltage transformer ratio factor = KR,
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2-8. Voltage Transformer with Wattmeter.—Replacing the
voltmeter and watthour meter of Fig. 10 by an indicating watt-
meter (say of the electrodynamic type nearly non-inductive
but with small voltage-circuit phase angle v), the total trans-
former secondary current 7, would be nearly in phase with V,
(Fig. 11). The transformer phase angle a will be small and
lagging and, therefore, called negative (Fig. 7). The true power

Fig. 11.

delivered to the load is EI cos 6;. The wattmeter reading will
not be wholly correct because:

1. Of the departure in ratio of the transformer with this
particular burden.

2. The phase angle « of the transformer will make the apparent
phase angle between E and I (or V, and I) at the wattmeter
differ from the true value 6, for the load.

3. The inductance of the voltage element of the wattmeter
will introduce an error inherent in the wattmeter. This
phase angle is v.

Let R, = nominal ratio of voltage transformer.
K, = ratio correction factor, voltage transformer.
K., = correction factor, wattmeter with voltage trans-
former.
a = voltage transformer phase angle, positive when
reversed secondary leads.
v = phase angle of voltage circuit of wattmeter.
cos 6, = power factor in line to load.
cos 6, = apparent load power factor, observed in meter
circuit.
6, = 6, — a — v, for lagging secondary voltage.
The true power is

EI cos 6, = VoI cos (6, + a + 7)

The wattmeter indicates
R,V, X I cos 6,
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But
Vp = KuR-u V.

Therefore, the wattmeter correction factor, to offset the error
introduced by its own phase angle and that of the voltage trans-
former as well as the ratio error of the transformer, is
_K.RVIcos (0, +a+7v) . cos (0, +a+7)

Koo = R, VI cos 6, =K cos 0, [51

If the burden were of low power factor (say the watthour-
meter voltage coil of Fig. 10), the reversed secondary voltage
would probably lead the primary voltage and the phase angle
a would be positive. The correction factor then becomes

Ko, = k2250 —at7) [6]
cos 0,

The correction factor for the two cases consoundates into

K = K220 22ty (7]
cos 0,
in which the plus sign for « applies to high power factor of
burden (which makes the reversed secondary voltage lag the
primary voltage) and the minus sign to low power factor of
burden which makes it lead.

Some handbooks use the plus sign for transformer phase angles
which tend to make the wattmeter reading larger than the true
value. This practice is to be deplored because it is inconsistent,
the leading angle being called negative for voltage transformers
and positive for current transformers,

CURRENT TRANSFORMER

2-9. Ideal Current Transformer.—The ideal current trans-
former would give a secondary current equal to 1/N of the
primary current (where N is the marked ratio) for all reasonable
values of primary current, frequency, wave form, and secondary
instrument burden in volt-amperes and power factor. It would
also deliver to the instruments a secondary current always
differing by 180° in phase from the line current through its
primary winding. On account of the ampere-turns required as a
magnetizing component to establish the working flux which
induces the secondary voltage, the secondary ampere-turns
effective are less than the primary ampere-turns and

nzIz < nJl
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or
Iz m

11 Ny

and the transformer inherently requires a correction factor
greater than unity to obtain primary from secondary values of

‘

—>
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Core
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Fra. 12,

amperes unless some compensation is obtained by judicious
modification of the ratio of turns n;/n..

2-10. Theory of Current Transformer.—In fundamental
principle of action the instrument current transformer is identical
with the common power transformer. The vector diagram of
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Fig. 6 applics then with equal force to current and voltage
transformers.

But in the power transformer on a constant-potential line the
secondary load current determines the primary current. In the
current transformer, however, the primary current is determined
by the constants of the main circuit and practically not at all
by the variations in secondary burden on the transformer. The
fact that the current transformer is inserted in the line in series
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with the load (rather than in parallel with the load as is the case
with the voltage transformer) places the emphasis on the cur-
rent relations, the voltages of the windings being of relative
unimportance.

Consider the 1:1 ratio current transformer of Fig. 12 with
merely an ammeter in the secondary circuit indicating, say,
5 amp. of secondary current I,. The low impedance of the
ammeter involves small I,R, and I,X, drops which necessitate
the application of a small voltage V, to its terminals (Fig. 13).
The impedance of the secondary winding of the transformer will
absorb voltage drops of IR, and [,.X, through the 1esistance and
leakage reactance. The induced secondary voltage must be
E, and this is established by the mutual flux in the core. The
mutual flux is in turn established by an exciting current I,
which must, of course, be a component of the line current through
the primary. The flux densities employed in current trans-
formers are so low as to involve only negligible core losses;
therefore the entire exciting current I, may be considered to be
applied to magnetization (I, = 0, I. = I,). The other compo-
nent of the primary current is —I,, offsetting the demagnetizing
effect of I, in the secondary. The total primary current, t.e.,
the line current under measurement, exceeds the secondary
current; also the reversed secondary current leads the primary
by the transformer phase angle 8. A leading (reversed) second-
ary current is called a positive phase angle.

The impedance voltage drop in the primary results in a
terminal voltage, V,, which is only slightly greater than V, and
is, therefore, also small. Being small it may be admitted as a
series voltage drop in the line along with the drops in the line
conductors. If the ratio of primary to secondary current is
large, the voltage drop across the primary of the current trans-
former will be approximately in inverse proportion to the
currents and therefore of still less consequence as a line-drop
factor.

2-11. Factors Affecting Current Transformer Performance.—
Several factors are involved in the ratio and phase-angle per-
formance of current transformers, viz., the magnitude of primary
(and secondary) current, the frequency of the supply, the volt-
ampere burden of secondary instruments, and the proportions
of its resistance and reactance (i.e., the power factor of the
burden).
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It appears at first glance as if the ratio and phase angle would
be constant and independent of the magnitude of the current.
Thus in Fig. 13, with the resistances and reactances of the
burden and transformer windings assumed to be constant, an
increase or decrease in I, would create proportional resistance
and reactance drops in the burden and both windings and there-
fore the. necessary values of induced secondary voltage E,
and terminal primary voltage V, would be proportional to I,.
The mutual flux in turn would also be proportional to I,. With a
straight magnetization curve for the iron of the core the exciting
current [,, would also be pro-
portional to I,. Therefore, all
elements in Fig. 13 would ap-
pear to change proportionally
with the primary or secondary
current and the ratio and phase
angle would be constant.
Actually, however, the flux Y
densities employed in current A b
transformers are so low as to
accentuate the effect of the b
hook at the lower end of mag- 0 Exciting Current 1
netization curves; this hook is Fia. 14.
usually obscured in curves
scaled to embrace the saturation region. Thus in Fig. 14 it is
seen that, for the very low flux densities accompanying low
values of primary and secondary currents, the magnetizing
current is relatively larger than for currents nearer the rated
value. This accounts for the characteristic rise in ratio correc-
tion factor and phase angle with decreasing secondary current.

The flux (and with it the exciting current) must be greater at
the lower frequencies to induce the same voltage. On the other
hand, the leakage reactance of the windings will be decreased
as will the reactive component of the secondary volts for the
same inductive instrument burden. On the whole the effect
is to make the current transformer less satisfactory on 25 cycles
than on 60 cycles as to both ratio and phase angle.

2-12. Effect of Burden on Performance.—The burden on
current transformers consists of current windings of instruments
in series. The induced and secondary terminal voltages must be
increased to meet the increasing impedance of added instruments;

Flux ¢
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this demands an increase in mutual flux and exciting current with
consequent influence on the ratio and phase angle as seen from
Fig. 13. Likewise the varying power factor of the burden will
influence both ratio and phase angle, the latter in general more
pronouncedly than the former. Table I (Chap. I) shows the
impedance characteristics of various types of instruments; in
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Secondary Amperes
60 Cycle Current Transformer’:
F1a. 15.

general the induction-type instruments, both indicating and
integrating (including watthour meters), will show higher
inductances than electrodynamic instruments and, therefore,
involve more departure in ratio and phase angle of transformers.
Figure 15 shows typical performance for a 60-cycle current
transformer. The scales arc enlarged to emphasize the charac-
teristics. . There is no simple manner of interpolating for other
values of burden in volt-amperes (always expressed at the
5-amp. value of secondary current) or for various values of
burden power factor. The laboratories which calibrate current
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transformers have standardized certain combinations of ohms
and millihenries which approximate the actual burdens experi-
enced in practice; the calibration is reported for these standard
burdens unless some specific instrument burden is stipulated.

A word of caution is essential in connection with the use of
current transformers. An open-circuited secondary approaches
an infinite burden. The whole primary current produces flux
because the demagnetizing effect of the secondary current is
zero. The resultant flux and flux density rise to high values and
induce a voltage at the secondary terminals which may be high
enough to be dangerous to life. The usual step-down in current
ratio is attended with a step-up in voltage and the secondary
terminal voltage is several times the impedance drop through
the primary; the latter may be a sizable fraction of the circuit
voltage because of the high impedance of the primary with the
secondary open. The iron loss, increasing almost as the square
of the flux density, may cause breakdown from excessive heating.
The secondary of a current transformer should always be closed
through the instruments or through a short-circuiting jumper
whenever there is current flowing through the primary winding.

Another word of caution concerns the region below one-tenth
current value, the limit at which the calibration curves are
usually terminated. This region is also one that involves the
condensed portion of the scale of ammeters, moving iron and
electrodynamic. The substitution of, say, a 1-amp. ammeter for
the 5-amp. meter on the secondary would appear to give more
accurately the reading of fractional secondary amperes and,
therefore, the low values of primary amperes. This is a delusion,
first, because the ratio curves rise rapidly to high values as the
current approaches zero and, second, the much higher impedance
(see Table I, Chap. I) of low-current instruments increases
the burden and raises the level of the ratio curve. Considerable
error in wattmeter reading would result because the phase angle
also rises to large and uncertain values. The error from biased
magnetization of the core is also of greatest effect in this region.

2-13. Current Transformer with Ammeter.—The total imped-
ance of the burden is the vector sum of the impedances of the
instruments in series on the current transformer secondary.
If the transformer has been calibrated for this particular imped-
ance, the ratio curve gives the ratio correction factor K,. The
true ratio is the nominal ratio R, times K.
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Current transformer
. . = K.R,
ratio correction factor
Primary current = K.R. X secondary current

The phase angle 8 is not significant in the case of ammeter
indications.

2-14. Current Transformer with Wattmeter.—Replace the
ammeter of Fig. 12 by an indicating wattmeter (say of the
electrodynamic type, having a small voltage-circuit phase
angle y) with voltage applied directly from the line. The second-
ary current I, to the wattmeter leads the primary (line) current
by the transformer phase angle 3. The current 7, in the voltage
coil of the wattmeter lags behind the voltage by the wattmeter
phase angle. The apparent phase angle within the wattmeter is
6, = (8. — B — v) instead of the true phase angle 8, of the load
circuit.

Let R. = nominal ratio of current transformer.
K. = ratio correction factor of current transformer.
K,. = correction factor, wattmeter with current trans-
former.

B = current transformer phase angle, positive when
reversed secondary current leads.
0, = 6. — 8 — v (see Fig. 16).

£ The true power is

EI, cos 6, = EI, cos (6, + 8 + 7v)

P 68y O

57—~ R.EI, cos 6,.
But

I=1p I, = KR,

The wattmeter indicates

F1a. 16.

Therefore the wattmeter correction
factor, to offset the error introduced by its own phase angle and
that of the current transformer as well as the ratio error of the
transformer, is

_K.R.EI,cos (8, +B8B+7v) _ ,-cos (6, +B+7)
Koe = R.EI, cos 6, = K. cos 6, [8]

The angle B usually involves the reversed secondary current
leading the primary current and is therefore positive. '

2-16. Current and Voltage Transformers with Wattmeter.—
When the wattmeter is used in conjunction with both current




2-15] INSTRUMENT TRANSFORMERS 33

and voltage transformers, there are five factors introducing
errors: the ratio departures of the two transformers, their phase
angles, and the phase angle v of the wattmeter voltage circuit.
The apparent phase angle 6, within the wattmeter in Fig. 17b,
where the load is inductive (I lagging E by 6.°) and the wattmeter
burden on the voltage transformer creates a lagging phase
angle, is (6, — a — 8 — 7).

Let K. = correction factor, wattmeter used with voltage
transformer and current transformer.

(6. — a — B — v) (Fig. 17ab).

6,

I

—

s
©r-a-B-y)=6

s .
J £

The true power is

Elcos 0, =V,I,co8 (8, +a+8+7)
The wattmeter indicates

R,V,R.I, cos 9,.
True volts
V., = K,R,V,
True amperes
I, = K.R.I,

Therefore, the wattmeter correction factor, to offset the ratio
and phase-angle errors of both current transformer and voltage
transformer and its own phase angle, is
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K _V,,Ipcos(ﬁ,+a+ﬁ—|-'y)
wve = V., cos 6,
_ KRV, X KR, cos (6, + a + B + 7v)
h R,V, X R.I, cos 8,
KK cos (0, + a4+ B+ v)
vire cos 6,

(9]

If the instrument had had a more highly inductive voltage
winding (say a watthour meter) than the indicating wattmeter of
Fig. 17a, the voltage transformer would have had a leading
secondary voltage (reversed); a would tend to increase 6, over 6,,
and thus be positive in 6, = 6, + « — 8 — v and negative in
Eq. [9]. Then

K"‘” — Kch cos (ou - a + B + 'Y) [10]
cos 6,

Another possibility to consider is a leading load current
(Fig. 17d) with a wattmeter as burden; in this case
0o=0,—a—B—7v=0—(a+B8+7)
and
Ko = KK (0, = (« + B+ 7]

cos 8,

(11]

All the foregoing expressions, Eqs. [5] to [11], may be con-
solidated into one:

Ko, = K, —CE"_S_[&.#_SQ + B8+ [12]

cos 0,

in which the plus sign before the parenthesis applies when the
load current lags and the minus sign when it leads the load volt-
age; the plus sign with « applies when the reversed secondary
voltage lags the primary voltage and the minus sign when it leads;
the plus sign is used with 8 when the current transformer second-
ary current leads and the minus sign in case it lags; the phase
angle v of the wattmeter is always lagging and given the positive
sign in Eq. [12].

In the case of watthour meters the phase angle corresponding
to v for indicating wattmeters is either eliminated by the so-called
‘“lagging”’ adjustment (see 9-4) and therefore v disappears
from the foregoing expressions, or else an over-all calibration ana
adjustment are made.



2-17] INSTRUMENT TRANSFORMERS 35

2-16. Instrument Transformer Correction Tables.—Conven-
ient tables computed by Dr. H. B. Brooks have been included in
the Code for Electricity Meters (approved by the American
Standards Association and published by the National Electric
Light Association and Association of Edison Illuminating
Companies). These tables (IT and III) are reproduced here by
permission with modification only as to the conventional sign
of a.

Linear interpolation for correction factors corresponding
to values of (a 4 @) lying between those given in the table
may be made without error. Interpolation for correction factors
corresponding to values of cos 6, lying between those tabulated
may be made without exceeding an error of 0.0010 in the region
of the table between the heavy lines; below or across the lines
the linear interpolation will result in errors exceeding 0.0010.

2-17. Compensation of Current Transformers.—The ratio
correction factor of a current transformer can be made unity for
some particular combination of values of current, burden, and
frequency by simply removing a few of the secondary turns.
This will have practically no effect, however, on the phase
angle and for low power factors an appreciable phase angle will
introduce errors of some consequence in the wattmeter or watt-
hour meter. Thus a phase angle of 20 min. will create an error
of 0.3 per cent in watts when the power factor of the load is
86.6 per cent lagging and of 1.0 per cent when the power factor
is 50 per cent lagging.

Various schemes have been used to reduce the phase-angle
error of current transformers. (1) A non-inductive shunt can be
connected across the secondary winding to divert and subtract an
appropriate amount of current from the burden. This shunted
current is in a phase position tending to restore the cremainder
to phase opposition to the primary current and thus reduce the
leading phase angle. The disturbed ratio can then be corrected
by choice of turn ratio. (2) An auxiliary winding can supply
this corrective current to a circuit containing appropriate
values of R, L, and C to compensate for the disturbing effects
of the exciting current. Y3) An auxiliary transformer may be
connected in series with, say, the sccondary of the principal
transformer and given a ratio and phase angle that will supply to
the burden a corrective current of such magnitude and phase
position as to establish minimum ratio and phase departure of the
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current from the principal secondary. This correction can be
effected over a wider range of current, frequency, and burden
conditions than method 2. (4) The use of higher permeability,
lower loss iron for the core, reduces the ratio and phase-angle
departure and therefore avoids the necessity of anything more
than ratio compensation. (5) The Brooks* multistage current
transformer. (6) General Electric compensated transformer.

2-18. Two-stage Current Transformer.—The two-stage cur-
rent transformer consists in principle of two distinet transformers,
the principal and the auxiliary. The principal transformer
effects transformation in the ordinary way, supplying to the
instrument burden a current which is approximately correct as to
magnitude and phase angle. The auxiliary transformer has a
ratio of turns equal (none omitted for ratio compensation) to
the desired ratio of primary to secondary current. The primary
(line) current and the secondary current from the principal
transformer are passed through the respective windings of the
auxiliary transformer (Fig. 18a) so that their ampere-turn
magnetizing effects upon the core tend to oppose each other.
The auxiliary transformer is provided with a supplementary
winding called the auxiliary secondary; this winding has approxi-
mately the same number of turns as the secondary winding of the
principal transformer.

If the secondary current from the principal transformer were
in exact ratio and phase opposition to the primary current, these
currents in the true-ratio auxiliary transformer would annul
each other with resulting zero magnetization in the core and zero
voltage in the auxiliary secondary winding of the auxiliary trans-
former. When, however, the secondary current from the
principal transformer deviates in ratio and phase angle from the
primary current, the difference in phase and magnitude of
the ampere-turns impressed on the auxiliary transformer estab-
lishes a flux which induces a voltage in the auxiliary winding of
the latter. If the auxiliary secondary be connected to an external
circuit, the induced voltage will establish a current which will
tend to reduce the flux in the auxiliary core to zero. With
proper design this auxiliary secondary current closely approxi-
mates, in magnitude and phase, the current which should be
added vectorially to the principal secondary current to attain a

* Brooks and Hovrrz, The Two-stage Current Transformer, Trans.
A. Il E. E., vol. 41, p. 382, 1922,
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resultant current equivalent to that which would be given by an
ideal transformer of exact ratio and zero phase angle (Fig.
18b).

The vector relations for the principal current transformer
are shown in Fig. 18¢ and for the auxiliary in Fig. 18d. The
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Fig. 18.

vector addition of the corrective current is accomplished by
adding its ampere-turn effect through a supplementary winding
in the wattmeter or watthour meter, this supplementary winding
having the same number of turns as its regular current coil
which is connected to the secondary of the principal transformer.

Instead of two physically distinet transformers as shown
in Fig. 18 it is more convenient to use a single primary winding
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and a single secondary winding circling both cores, with the
auxiliary secondary winding and a few turns of the principal
secondary winding (Fig. 19) surrounding the auxiliary core only.

This scheme in effect adds to the secondary current an equiva-
lent of the exciting current, ordinarily present only in the
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burden
% W.H.Meter
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primary and, as has been pointed out, the prime cause for
departure in ratio and phase angle. The result is a very con-
siderable improvement in the over-all accuracy of watthour
meters on the lower values of load power factor where the phase
angle of the single-stage current transformer makes the registra-
tion depart materially from its desired value. Of course, the
necessity of providing special windings in the wattmeter or
watthour meter has tended to restrict its adoption to situations
where high accuracy is imperative.

2-19. General Electric Compensated Transformer.—A more
recent development* avoids the necessity of dividing the core and
also the requirement of a supplementary winding in the watt-
meter or watthour meter as called for by the multistage trans-
former. Holes are provided (Fig. 20) through two legs of the
core and secondary turns wound through them to embrace a
portion of the core on each leg. At the lower values of primary
and secondary current the flux will divide in certain proportions
between the areas AA’ and BB’. With larger current the demag-
netizing effect of the secondary ampere-turns of compensation
will result in a greater proportion of the flux passing through
the BB’ sections. The decreasing permeability there will cause

*See M. S. WiLsoN, Trans. A.I.E.E., vol. 48, 1929.
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a relative decrease in induced secondary voltage and current;
the ratio may thus be raised for the larger currents to the inherent
level for the lower currents. The level of the nearly horizontal
ratio curve is then adjusted by dropping main secondary turns.
The effect, briefly, is one of changing the effective secondary
turns.

Phase-angle characteristics are simultaneously improved by
resort to a short-circuited turn through the same holes. Its
effect is like that of the lag
coil in the watthour meter (sce
9-4). The mutual flux is
slightly lagged and the second-
ary current is brought more
nearly in phase with the pri-
mary current (Fig. 13), thus
reducing the phase angle of
the transformer. The effect L
is greater at small currents Fia. 20.
than at large currents for the same reason as in the case of the
ratio-correcting turns in series with the secondary.

2-20. Miscellaneous Forms of Current Transformers.—So-
called ““three-wire” current transformers are made for use with
two-wire meters on three-wire single-phase circuits. The
primary winding consists of two equal sections connected in
the outside mains with one reversed with respect to the other.
The secondary supplies to the meter the same vector sum of the
line currents that would result (in ampere turns) in a three-wire-
two-winding meter served from two independent current trans-
formers (see 6-2 and Fig. 56).

Current transformers in which the core is made in ring fashion,
the secondary wound toroidally about the core and the primary
passed through the hole in the core, are called through type,
ring type, or hole type. The primary conductor may be passed
through the core once or several times but, if several, the turns
should be bunched at the center and the return loops on the
outside kept a considerable distance from the ring if the best
results are to be obtained. Current transformers in general
require, for best performance and economical design, 1,000
ampere-turns more or less in the primary. The through type is
therefore more feasible for the higher ratios and current capacities.
The cores may, of course, be rectangular as well as annular.

Short circyrted Furfecean:” id




44 ELECTRIC POWER METERING [2-21

Transformers with hinged or split cores are especially useful
when it is inconvenient or unfeasible to break the primary circuit
to insert the transformer. Such transformers should not be used
with wattmeters or watthour meters on account of their relatively
large phase angle. The phase angle is large because the exciting
current is proportionally larger owing to the increased reluctance
introduced by the air gap in the magnetic core. Also the full-
load ampere turns are in general low (of the order of 125 to 250).
Split or hinged-core transformers are to be relied upon for use
only with ammeters with which they have been calibrated; the
combination is then satisfactory for approximate measurement
of feeder currents.

The bushing type of current transformer has limitations
similar to both the through type and the hinged-core type because
of the low full-load ampere-turns and the greater length of
magnetic circuit.

Current transformers, of course, should not be used in inverted
manner to increase low values of primary current to larger values
for the sake of obtaining the advantages of 5-amp. range instru-
ments. The adjustment of turn ratio to compensate for the
inherent ratio error and to bring the ratio correction factor
close to 1 will produce considerable error when the transformer
is inverted because the turn adjustment acts in the wrong sense.
“Inverted” current transformers are available which are designed
and compensated for giving ratios of primary to secondary cur-
rents in values less than unity.

2-21. Chart for Instrument Transformer Corrections.—The
effect of «, 8, K,, K, and 6, in Eq. [12] can be seen from a nomo-
graph presented by D. R. Laib in Electrical World, March 3, 1934.
As reproduced in Fig. 21 it provides one scale for the ratios of
both the current and voltage transformers and another for their
phase angles. The correction factor for the current transformer
for any load power factor is the intersection with the proper
power-factor line of a straight line joining the phase angle and
ratio values for the current transformer. Similarly for the
voltage transformer.

The composite error should strictly be obtained by multiplica-
tion (as in Eq. [12]) but resort to addition for such small depar-
tures leads to accuracy in general within 0.5 of 1 per cent. Thus
a 12-min. current transformer phase angle and an 8-min. voltage
transformer phase angle (both leading but in opposite sense on
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the chart) will be equivalent to 4 min. in the direction of the
greater. Similarly the equivalent ratio is 100.05, obtained by
adding the 100.25 of the current transformer and the 99.8 of the
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voltage transformer and subtracting 100. A line joining these
composite ratio and phase-angle points gives the combined
correction at any power factor of load.

Problems

2-1. a. What would be the volt-ampere value and power factor for the
burden imposed on a voltage transformer supplying the voltage
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circuits of instruments 24 and 21 of Table I (Chap. I) at 110 volts,
60 cycles?

b. What would be the nominal ratio of the voltage transformer of
Figs. 8 and 9?

¢. What actual ratio would it give with the burden of a and what
would be the line voltage on the primary?

d. What would be the over-all corrcction factor for watts due to the
voltage transformer departures if the load is 86 per cent lagging
power factor?

2-2. Consider the transformer of Figs. 8 and 9 supplying 110 volts,
60 cycles, to the wattmeter 24, voltmeter 21, and a watthour-meter voltage
coil taking 1.5 watts at 20 per cent lagging power factor. Take power fac-
tor of load as 0.707.

a. Determine the burden volt-amperes and power factor.

b. Determine approximately the ratio and phase angle of the trans-
former for this burden.

¢. Determine the over-all correction factor for the registration of
the watthour meter assuming that it and the necessary current
transformer have zero phase angle.

2-8. How long a run of doubled No. 10 B. & S. leads could be run from
the transformer of Prob. 2-1 to the distantly located pair of meters belore
substantial error would be incurred in the meter indieations?  How much
would a 500-ft. run (1,000 ft. of wire) add to the burden?

2-4. Given a single-phase circuit carrying 100 amp. and two identical
20{ current transformers inserted successively in the three ways indicated
in the Fig. 22. The crosses represent simultancously identical polarities.

® ® —®—
AN AN AV

¢)] (2) | k 3) [-Zu_lt?_a’

Frc. 22,

a. In which case will the ammeter read 5 amp.?

b. In which case will it read zero and what will be the magnitude of
the voltage across each transformer secondary?

¢. In which case will the ammeter read 10 amp.?

2-8. a. Compute the volt-amperes of burden at 5 amp. represented by

burden A4 of Fig. 15.

b. How long a run of doubled No. 10 B. & S. leads could be run from
the transformer to distant burden A before the total burden
exceeded its rated value of 10 volt-amp.?

2-6. What error in wattmeter reading would be incurred by the burden
A on the 60-cycle current transformer of Fig. 15 with nominal ratio 50/5
and 2.5 amp. of secondary current? ILoad is 86.6 per cent lagging power
factor and wattmeter has phase angle of 1.3 min. Assume 110-volt line
voltage applied direct to wattmeter.

2-7. Assume the current elements of an ammeter and a wattmeter
have the combined burden A of Fig. 16 and that this current transformer is
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used in conjunction with the voltage transformer of Figs. 8 and 9 to register
a 100-amp. single-phase load of 13,200 volts and 86.6 per cent lagging power
factor.
a. What error in volts would be incurred if the ratio and phase-angle
crrors of the voltage transformer were ignored? _
b. What error in amperes, if the current transformer departures were
ignored?
¢. What error in watts if both were ignored?
d. What error in power factor if hoth were ignored?



CHAPTER III

CALIBRATION OF INSTRUMENT TRANSFORMERS

For several years the comparatively high accuracy of instru-
ment transformers and the lack of convenient means for testing
them, especially in the field, resulted in their subjection to less
testing than was accorded the instruments and meters connected
to their secondaries. More recently, however, the growth in
magnitude and importance of power loads and the constant rise
in the standards of accuracy required in electrical measurements
have occasioned the development and extensive use of calibration
schemes and field apparatus for checking the accuracy of the
ratio and the phase-angle departure of instrument transformers.
This in spite of the fact that modern transformers have better
characteristics and can stand short circuits and open circuits
and even d-c. excitation without appreciable permanent change
in ratio and phase angle.

3-1. Classification of Instrument Transformer Calibration
Methods.—Calibration of instrument transformers may be
classed as either (1) absolute or (2) relative. In the absolute
calibration the ratio and phase angle of a transformer are obtained
through the indications of (a) deflection instruments (electro-
dynamic ammeters, voltmeters, or wattmeters) or (b) null
methods involving the balancing of e.m.f. arising from potential
drops in calibrated resistances or induced in mutual inductances.
The absolute methods may be viewed as restricted to standardiz-
ing laboratories where high precision is necessary for certification
purposes; the absolute method also is adapted to approximate
determinations.

In the relative methods the constants of the transformer
under test are contrasted with those of a similar transformer
previously tested by one of the absolute methods. Relative
methods also may be (a) deflection (e.g., by interchanging volt-
meters, ammeters, wattmeters, or watthour meters between the
two secondaries) or (b) null (e.g., differential electrodynamome-
ters or bridge circuits which are virtually a-c. potentiometers).

48
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3-2. Absolute Calibration of Voltage Transformers.—The
quantities to be determined are the ratio V,/V, and the phase
angle o as shown in the skeleton diagram (Fig. 23). It would
appear that V; might be applied to an appropriate magnitude

L
W -V,
ViRa/Ry
Fi1a. 23.

of standard resistance and the potential tap (Fig. 24) shifted
until the detector G gave minimum indication. Under these
conditions V, = (R2/R1) V1 and the magnitude @ of the indication
of G would give the phase angle « in the form tan a« = Q/V,

Source

Primary

Fic. 24.

(approximately). However, @ will in general be so small as to
require a voltmeter capable of reading to 0.001 volt with accuracy
but such an a-c. instrument is not available. Thermogalva-
nometers or vibration galvanometers can be employed in null
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fashion to balance @ against a known small voltage from a source
in quadraturc with that shown in Fig. 24 but they leave some-
thing to be desired in ease of manipulation.

The null method* of Fig. 25 overcomes the defects of the
deflection method shown in Fig. 24. A vibration galvanometer

* See SI1L8BER, Sci. Paper 516, Bur. Standards.
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(7, is placed in series with the secondary of an adjustable mutual
inductor M; the primary is inserted between R, and R, — R.,.
These resistor units should be of negligible inductance and dis-
tributed capacitance. First, the frequency, secondary voltage,
and burden B are adjusted to the desired values. A balance is
obtained by shifting the tap on R, and adjusting M until the
a-c. galvanometer does not deflect. For low-voltage trans-
formers the voltage ratio is then V,/V,; = R;/R,; and the phase
angle in minutes
oM
= 3,4387{2— [13]
The values of Ry and R, are chosen so that the primary and
secondary currents are about 0.05 amp. For a 33,000/110-volt
transformer, then, R, = 2,000 ohms and R; = 600,000 ohms.
Capacitance effects are serious with voltages of such magnitude
and resistors of such physical dimensions; the resistors must
be provided with a guard circuit of equal resistances R and R
and inductance I’. The balance cited above is merely pre-
liminary, in the case of the higher voltage tests; the guard circuit
must be balanced against the working circuit and this can be
accomplished by means of the detector (7, which may be G,
shifted by convenient switches. The energy dissipated in the
working resistor circuit is considerable (nearly 2 kw. at 33,000
volts). It is, therefore, desirable to measure the resistance
values as promptly as possible after a balance has been obtained.
To facilitate this a Wheatstone-bridge circuit is provided,
@Q being 10 or 100 or 1,000 ohms and D a precision decade resist-
ance. Switches S; and S, are opened, switches S; and S, closed,
and the balance obtained on the d-c. galvanometer.

True ratio = N = (1 + g) cos a [14]
3,438w L.\ .
Phase angle = o = R, <M ﬁ) min, [15]
where L, = total inductance of the working circuit in henries.
M = mutual inductance in henries.

The Bureau of Standards is constructing an attracted-disk
electrometer which will be capable of measuring, directly in terms
of force attraction, voltages up to 300,000 with high precision.
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3-3. Relative Calibration of Voltage Transformer.—As a
practical matter errors in ratio or phase angle which would not
produce an observable difference in the indications of a good
indicating wattmeter would be too small to be of significance.
The wattmeter accuracy available is, therefore, a criterion of the
accuracy demanded in the voltage transformer comparison. It
is furthermore appropriate under these circumstances to employ
the wattmeter as the indicator in a relative method.

The primary windings of the transformer to be tested and
of a standard transformer, previously calibrated by an absolute
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method, are connected to the same phase of a two-phase supply or
through a phase shifter P to the same phase of a three-phase
source (Fig. 26). The secondary windings are connected in
opposition through the voltage winding of a wattmeter, preferably
of lower voltage range than the secondary voltage of the trans-
formers. The 5-amp. current coil of the wattmeter is energized
by passing 5 amp. through it from an auxiliary transformer; some
variation in this current is permissible. The wattmeter functions
as a differential voltmeter. A 30-volt 5-amp. wattmeter with
150 scale divisions will have 1 watt per division; at 5 amp. this
scale division will represent a difference of 0.2 volt between the
secondary voltages. By estimating tenths of divisions the
voltage difference can be read to 0.02 and this is nearly 0.02 per
cent of 110-volt secondary values.

The phase shifter is set to advance the voltage on the two
primaries by 90°. If there is doubt about the preciseness of the
quadrature of the voltages from the phase shifter, it will be
necessary to bring the two secondary voltages to numerical
equality by burdening the one having the higher voltage until its
value drops to equality with the other, 7.e., no deflection with
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the phase shifter reset at zero shift. With the secondary
voltages equalized and the phase shifted 90°, the wattmeter
indications represent the quadrature component of the vector
difference of the two voltages (unequalized). Taking the
“tangent of o’ as equal to o in radians, o’ in minutes is 3438 times
the deflection interpreted in volts. The angle o’ is the difference
between the phase angles of the two transformers, for the
standard carrying the non-inductive burden necessary to equalize
the voltages and the transformer under test carrying any desired
burden. So-called ‘‘comparator voltmeters” have been made
available for convenient use in connection with this method of
test.

Neither test in itself indicates which is the larger of the two
unequal voltages or phase angles. To determine which is the
larger voltages: If the up-scale reading of the wattmeter increases
when the non-inductive (lamp) burden on the transformer under
test is increased, then its voltage is lower than that of the stand-
ard and vice versa. Likewise which secondary voltage is leading
the other can be determined by use of the fact (see 2-4 and
Fig. 7) that increasing the non-inductive burden on the trans-
former under test will make its secondary voltage lag more and
more behind its primary voltage and also lag relative to the
secondary voltage of the standard transformer. If in doing so
the up-scale reading of the wattmeter increases, it shows the
secondary voltage of the transformers under test is already
lagging that of the standard and vice versa.

The Leeds and Northrup voltage transformer testing set is
similar in principle and portability to the Silsbee current trans-
former testing set described in detail in 3-11.

3-4. Absolute Calibration of Current Transformers.—The
absolute methods of calibration of current transformers may be
classified* as follows:

1. Deflection.

a. Two-ammeter method.
b. Two-wattmeter method.
2. Null.

a. Mutual-inductance method.
b. Resistance method.

The two-ammeter method is the simplest of all. The ratio
of transformer is the ratio of the readings of two ammeters, one

* SiLsBEE, Methods for Testing Current Transformers, Trans. A. I. E. E.,
1924,
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measuring the primary current and the other the simultaneous
value of the secondary current. The method has little practical
value because (1) the accuracy is limited to the accuracy of
calibration of the ammeters and this is very poor at the low
values of secondary current on account of the crowded nature
of the scale of the 5-amp. secondary ammeter below 2 amp., (2)
self-contained ammeters are not available above 500-amp.
capacity for insertion in the primary circuit, (3) it gives no
indication of the relative polarity of the windings, and (4) no
index of the phase angle.

The two-wattmeter method has somewhat more value because
it checks the polarities and gives the phase angle as well as
presenting higher accuracy (0.2 per cent at full current) and loses
less in accuracy as the currents are decreased because the deflec-
tion is proportional to the current rather than to the square of it
as in the ammeter indication. The method involves the use of
two wattmeters of appropriate current range, one in the primary,
the other in the secondary, and their voltage circuits excited in
common from an auxiliary voltage. If the auxiliary voltage is
in phase with the secondary current, the ratio of the transformer
is given by the ratio of the watt readings. If the phase of the
auxiliary voltage is more or less accurately in quadrature with the
primary current, then

W, — NW,
— -1 7
B = tan ( 78 )

in which E is the value of the auxiliary voltage, I, the primary
current, N the nominal ratio of the transformer, and W, and W,
the respective readings of the primary and secondary wattmeters.
Available wattmeters limit the range of the method to about
200 primary amperes.

The null or balanced methods are superior.

3-5. Mutual-inductance Method.—This method as used by
the Westinghouse Company* covers the range from 5 to 5,000
amp. with a ratio accuracy of 0.01 per cent. The primary and
secondary currents, respectively, are sent through the primary
windings of two large toroidally wound mutual inductors. The
inductances of the two mutual inductors are inversely propor-

* ForteEscur, The Calibration of Current Transformers by Means of
Mutual Inductance, Trans. A. I. E. E., vol. 34, 1915,
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tional to the currents (nominal rated values of the transformer
windings) in their primary windings; hence the induced secondar ;
em.f. are approximately equal. A detector measures the
difference of these secondary voltages applied in opposition to
its terminals. One inductor is finely adjustable so that an exact
balance may be obtained. The phase-angle departure of the
current transformer is compensated for in the balancing and
ascertainable in magnitude from the value of the few hundredths
of an ohm of resistance inserted in series with the secondary of
the transformer under test, the voltage drop across a known
portion being inserted in the detector circuit to effect the balane-
ing. The toroidal construction renders the system unsusceptible

Fia. 27.

to stray fields provided the marble cores of the inductors are
accurately machined and the windings properly disposed.

3-6. Resistance Method.—The method employed by most of
the governmental standardizing laboratories and several of the
university and commercial laboratories is the calibrated resist-
ance method. In this the primary and secondary currents
of the transformer are passed through resistance standards of
such values that the potential drops across the two are equal,
usually 1 volt or less for rated values of transformer current.
The potential drops are connected in series opposition to the
detector (Fig. 27).

In general the transformer phase angle will introduce the
out-of-phase component e.m.f. of Fig. 23 and no adjustment
of the resistances will give zero deflection of the detector. The
most common way of compensating for the phase angle and at
the same time ascertaining its magnitude is by inserting in the
secondary (or the primary) circuit an air-cored adjustable mutual
inductor of low resistance and low inductance M. The e.m.f.
induced in the secondary of the mutual inductor will be in quadra-
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ture with the current through its primary and, therefore, supply
the @ of Fig. 23 required for balance.

Transformer ratio = .113_2
R,

Phase angle 8 = mnﬂ(?"ﬂ}!
R,

The method is capable of an accuracy of 0.01 per cent in ratio
determination provided an adequately sensitive detector is
employed and the resistors B, and R, (especially the former) are
carefully constructed to minimize residual inductance, skin
effect, and spurious capacitances. Resistors suitable for more
than 1,000 amp. present considerable difficulty in conforming to
these requirements.

3-7. Relative Methods of Calibrating Current Transformers.—
In the relative methods the characteristics (ratio and phase angle)
of the transformer under test are contrasted to those of a standard
transformer of the same nominal ratio which has been calibrated
by one of the absolute methods.

The relative methods may be classified in the following
manner:

1. Deflection principle.

a. Interchanged-ammeter method.

b. Interchanged-wattmeter method.

c. Interchanged-watthour-meter method.
2. Null principle.

a. Differential-wattmeter method.

b. Bridge-circuit method.

c. Silsbee method

The interchanged-ammeter method is the ‘“‘relative” adapta-
tion of the two-ammeter absolute method described in 3-4
and has similar limitations. The primaries of the two trans-
formers are connected in series and the desired burden and a
5-amp. ammeter inserted in each of the secondary circuits. The
ammeters are read simultaneously and then interchanged and
again read. The interchange compensates for scale errors of
the ammeters. The ratios of the two transformers are inversely
proportional to the average readings of the two ammeters
successively connected to each secondary. No information is
obtained about the phase angle.
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The interchanged-wattmeter method is the “relative” equiva-
lent of the two-wattmeter method described in 3-4 and has
similar value and limitations.

3-8. Interchanged-watthour-meter Method.—This method,
devised by Dr. P. G. Agnew at the Bureau of Standards, employs
two similar induction watthour meters in place of two indicating
electrodynamic wattmeters. The superiority of the method
rests in the possibility of attaining a higher percentage accuracy
from the revolutions made by the meters in a run of several

o

Burd Transf.
oo
Ay \Eﬁ‘l By
Watthour Watthour
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minutes’ duration than is attainable by instantaneous readings
of the indicating wattmeters. This accuracy is better than
0.1 per cent if the test is carefully conducted and the watthour
meters do not creep and have not more than 2 per cent difference
in speed at power factor of 1.0 and 0.5 (Fig. 28).

The primaries of the two current transformers are in series and
supplied with requisite values of current from one phase of a
three-phase supply. The current coils of the two watthour
meters are connected alternately to the secondaries of the two
transformers by means of the two double-throw switches 1 and 2.
An auxiliary voltage is impressed on the voltage coils of the two
watthour meters and its phase relation to the current in the trans-
former primaries is controlled by a phase-shifting transformer.

The same principle may be used to compare two voltage
transformers by supplying them in common with an auxiliary
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current and connecting their voltage windings successively to
each of the voltage transformer secondaries.
3-9. Formulas for Interchanged Watthour-meter Method.
Let k = watthours (nominal) per revolution of the two
watthour meters.
ma, My = their respective percentage registrations.
Ri, B, = the respective transformer ratios.
ai, az = the respective transformer phase angles (considered
positive with reversed secondary leading primary).
A, A, = revolutions of meter 4 when connected to trans-
formers 1 and 2, respectively.
B,, B; = revolutions of meter B when connected to trans-
formers 1 and 2, respectively.
cos 8 = apparent power factor within the watthour meters.
While making A, revolutions, meter A records Ak watthours,
the corrected value of which is Ak/m,. In terms of primary
amperes through transformer 1 this represents A,kR,/m, watt-
hours. Takingintoaccount the phase angle a, of the transformer,
the apparent primary watts for meter A on transformer 1 are

A kR, cos 8
m, cos (0 + a;)

Il

or
A kR, -
m, cos a;(1 — tan a; tan 0)
The phase angle «, is small enough to permit placing cos ay = 1
and the foregoing becomes
o ARRy
m,(1 — tan a; tan 6)
But meter B is indicating the same fictitious energy and therefore

AkR, _ BokR,
ma.(1 — tan a; tan 8) ~ my(1 — tan a, tan 6)

When the meters are interchanged,

A2kR2 = Blle
me(1 — tan a; tan §)  my(1 — tan a, tan 9)

If now the phase shifter is set to bring the auxiliary voltage
into close phase agreement with the secondary currents, 6 will
be small and tan 6 nearly zero. Then
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B, [A:B, .
%~ \AB, [Ratio formula] [16]
If the phase of the auxiliary voltage is then shifted to assume a
considerable angle 6 between it and the meter currents and we
divide the first equation by the second and place all tangent
terms on the left,
(1 — tan ay tan 0)2 _ AszR%

(1 — tan a; tan 6)2 A ,B,R?

Since the o’s are much smaller than 6

1 — 2tan a; tan 6 _ A.ByR}
1 — 2tan o) tan 6 - AlBlR%

and this is approximately

2
1 4 2 tan 8(tan o; — tan ay) = fl—gg}%
10 14v)

or

tan a; — tan a;, =

1 ( AgB3R:
2tan 0\ A,B\I%

3-10. Summary of Absolute and Relative Methods.—The
various methods described so far in this chapter have in some
cases more academic than practical value; some are capable of
high precision but are expensive and laborious, and some involve
delicate detectors and calibrated members which require frequent
rechecking. Those which involve a null method, whether
absolute or relative, are in general capable of greater accuracy
than deflection methods. Any method which aims to measure
the difference in ratio and phase angle between the transformer
under test and a standard transformer will be capable of higher
accuracy than one which measures the full absolute values.
Thus, when the differences are balanced through a circuit con-
taining calibrated resistance and mutual inductance, an error
of 1 per cent in adjusting them for balance would represent only
1 per cent of, say, a 1 per cent difference between the trans-
formers and, therefore, only 0.01 per cent of the absolute value
of the unknown ratio or phase angle.

Any device capable of meeting the requirements of field
testing in the hands of meter-department employees of average
technical ability should have certain well-defined propertics

) [Phase-angle formula] [17]
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if it is to promote the testing of current transformers on a plane
commensurate with the well-established routine of watthour- and
demand-meter testing in the field or laboratory. These require-
ments briefly stated are that the method and device should:

1. Be adequately accurate.

. Be simple in manipulation and adjustiment,

Be quick in manipulation.

Be rugged in character.

Not require special accessories.

Give a direct check on polarities.

Permit replacement of detector without recalibration.
Be insensitive to stray fields.

Not be affected seriously by varying system voltage.
10. Preferably not require a polyphase source of supply.

©ONS oW

3-11. Silsbee Current Transformer Testing Set.—The scheme
devised by Dr. F. B. Silsbee of the Bureau of Standards meets

Fia. 29.

most of the requirements imposed in the previous paragraph.
It employs a bridge circuit and null use of the detector, the
standard and test transformer primaries in series and their
secondaries also in series in such a direction that both trans-
formers tend to circulate current in the same direction through
both secondary burdens (Fig. 29). Any difference in the second-
ary current of the two transformers tends to flow across the
bridge ab and can be measured by a suitable detecting instrument
placed in the arm ab. TIn order to gain the advantages of a null
method, a second bridge circuit aed is made to carry all the dif-
ference in current of the two {ransformers by a suitable adjustment
of the resistance r, and mutual inductance M.

When a balance is thus obtained and the detector shows no
deflection, the difference of potential between a and b must be
zero. The potential difference between a and d (due to the
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differential current Al through r; and the e.m.f. induced in M)
and between b and d (due to I, through R) must be equal and in
phase. From the values of r;, R, and M the difference in the
ratios and phase angles of the two transformers may be computed
or, with proper magnitudes chosen, indicated directly on the
scales.

From phase
S A shifter
S 1
2 T
-2 S
y| e R "
g | Check Test
38 X2 R ) Re
X L8] Dyn E b A 1
W— R Pha.s/e
angle
=9 Ratio
F1a. 30.

The electrical connections of the set are shown in Fig. 30.
The detector is a separately excited electrodynamometer instru-
ment, supplied with current from a phase-shifting transformer.
The double-pole double-throw switch is of the rocking type with
plate which in the horizontal position short-circuits the ammeter
4, as shown by the ammeter short-circuiting line A.8.C. Setting

the switch in the ‘“ check” posi-

o $ &7 tion and leaving switch G open

establishes a circuit arrange-

ment which can be simplified

in the manner of Fig. 31. If

the transformer secondaries are

Fie. 31, circulating current in the same

direction around their series

circuit, A will indicate a very small current, if in the opposite

direction a large current, and then the leads from transformer
X should be interchanged. The polarity of X is then known.

3-12. Preliminary Adjustments of Silsbee Set.—A necessary
preliminary move is to adjust the detector (1) to zero and
(2) to quadrature space relation of its coils. The first is done
with the set deenergized. The second is performed with no
current in the primaries, the secondaries, however, connected
to the set, ammeter switch in “test” position, phase-shifter
switch closed, and switch @ in position 2. The detector is
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restored to zero by adjusting the direction of the flux from the
stationary coil of the detector. The electrical connections are
as in Fig. 32. The ratio dial is next set at 1.00 and switch G

o 79

Switch G"in position“2”
Fia. 32. Fia. 33.

changed to position 1 which establishes the circuit of Fig. 33.
Adjust the angular position of the rotor of the phase shifter so
that the detector again reads zero. The object is to simplify the
subsequent balancing by
bringing the current I,
through the stationary coil of
the detector into quadrature
with I,. The vector relations
are in part those of IMig. 34.
3-13. Determination of
Ratio and Phase Angle.—The
switch (7 is now set in position
2, establishing again the circuit relations of Fig. 32. In Fig. 34,
E, sends I, through the movable coil of the detector, which .
will probably deflect as is seen by the torque-producing phase

Fia. 35. Fia. 36.

relation of I, and I,, The detector is restored to zero by adjust-
ing the mutual inductance M; the quadrature induced voltage
JwI,M is thereby given a value which, when added to Eg, brings
I, into quadrature with I, and reduces the deflection to zero.
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The phase relations are now as in Fig. 35. The phase positions
of Vp and I, are next brought into phase with I, by turning the
phase-shifter rotor through 90°. The vector relations are as in
Fig. 36. The deflection of the detector is brought to zero by
adjusting the ratio dial; this inserts the resistance drop —I,r,
into the circuit containing the detector (Fig. 37). The voltage
across the movable coil becomes E,. in Fig. 36 and the current
through the movable coil of the detector is I,; when this is in
quadrature with I, the deflection will be zero.
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The phase shifter is rotated back through 90° to indicate the
remaining value of I, and the mutual inductance M readjusted
still further to reduce I, The operations described above are
then carried through in full until no deflection is obtained
when the phase shifter is in either position. This means that I’,
has been reduced to zero and that ry is a measure of the in-phase
difference (in ratio) between I, and I, and that M is a measure
of the out-of-phase (phase-angle) difference between them for the
particular current value and burdens used.

The procedure is the same for the other values of current and
burden for which calibration is desired.

Problems

3-1. Draw a connection diagram for the two-watthour meter method of
testing voltage transformers analogous to that shown in Fig. 28 for current
transformers.

8-2. In a two-watthour meter test of two 194 current transformers,
meter A made 45.005 revolutions when connected to a standard transformer
and meter B made 44.811 when connected to a second transformer; when
interchanged, A made 44.963 and B made 45.019. The secondary current
in both cases was 2 amp. and the phase shifter was set to make 8 = 0°; the
ratio correction factor of the standard transformer at this current value and
burden is 0.9949.

a. Determine the ratio correction factor of the sccond transformer.

When the phase of the auxiliary voltage was shifted 60° meter A made
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45.004 revolutions on the standard transformer and meter B made 44.957
on the second. When interchanged A made 45.101 and B made 45.007.
The phase angle of the standard transformer for the given current and
burden is +11 min.
b. Determine the phase angle of the second transformer.
3-3 The Kirchhoff equations for the circuits of Fig. 37 when the balance
is pertected are

Al =1, -1,
Al(ry + joLy) + jol M = 1,
Let
T2 wM wly
a=-, b= et
1 T r1
and show that
R
> =1%a

and

3-4, Show how in Fig. 27 two auxiliary current transformers in parallel
and in opposition to the transformer under test can be used to relieve it of
the burden of the resistor K. so that its determined ratio and phase angle will
be strictly that due to the specific burden inserted in the test circuit (sce
Electrical World, page 575, May 6, 1933).



CHAPTER 1V

POLYPHASE SYSTEMS AND VECTOR RELATIONS

The measurement of polyphase power and energy presents
many opportunitics for erroneous procedure because of the
multiplicity of the voltages and currents involved and the chance
of associating them incorrectly with one another in the torque-
producing elements of the meters. The ability to verify the
correctness of the connections and assure the proper inclusion of
all portions of the power depends upon a clear conception of the
foundations of the various polyphase systems. At the risk of
repetition here of some elementary principles of electrical
apparatus and circuits, the vector relations of the three-phase
system will be evolved from those of the simpler single-phase
system.

4-1. Vector Conventions, Single Phase.—In considering first
only the single coil a’a of the single-phase bipolar alternator
of Fig. 38a, the voltage induced in that coil by the rotation
of the armature can be represented by the vector E, of Fig. 38b.
The end of a’ in view is negative in polarity and of a is positive.

©

The vector E, signifies the amount by which the potential of a
exceeds that of a’ when the two are connected in series at the
remote end of the armature; in direction its significance is, first,
E. . and, second, parallel to the plane of the coil, to indicate
its time phase with respect to the other coils in their passage
through the magnetic field.

Consider now a second coil b’b, displaced from a’a by the angle 9
with the consequence that the voltage of b'b reaches its maximum
later than that of a’a by the amount of time required for the

64
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armature to revolve through the angle 6. The voltage of b'b
is Ey of Fig. 38b. The polarities are the same, at the instant
shown, as those found for a’a. If the two coils are now con-
nected in series so that the order of conductors is a’ab’b, the differ-
ence of potential between a’ and b will be the vector sum of E,
and E,, i.e., E,, for the two coils. By successively adding the
coils c’¢c, d’'d, and ¢’c the total voltage E; for the five coils is that
shown in Fig. 38¢c. It is evident that less is being gained in total
voltage as additional coils are included at increasing angles
from the original a’a. The inference constitutes one of the
reasons for employing polyphase systems.

4-2. Reasons for Superiority of Polyphase Systems.—Three
reasons may be cited for the very general resort to polyphase
systems:

1. Higher ratings possible for machines.
2. Economy in weight of line conductors.
3. Uniformity of torque in generator and motor.

The idle area of the armature in Fig. 38a could very profit-
ably be devoted to additional coils, not added to the group

Two-phase Three-phase
(@ (b)
IF1q. 39.

a'ab’ . . . ¢'e but similarly connected in series and serving an
independent load. The resulting two-phase machine is indicated
in Fig. 39a where the separate coil groups are displaced by
90 deg. The principle may be extended as in Fig. 395 to three
windings displaced successively 120 deg. For the same amount
of copper and iron greater output may be obtained by employing
more phases, thus:

Percentage
Single phase................... . 100
Twophase. ... .. ... 140
Three phase........ ... i 130
Six phase and three phase................... ... ... ... 148
Direct current............. i 141

The polyphase systems utilize line copper more efficiently.
Thus with given voltage between conductors, given power
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delivered at a given distance with given percentage of line
losses, the copper required for various systems is

Percentage
Two wires, single-phase. ............. ... ... ... 100.0
Three wires, two-phase.................. ... ... ... 145.7
Three-phase. . ......... ... ... 75.0
Four wires, two-phase............................. 100.0

The torque reactions within the single-phase alternator will
be pulsating and with inductive load there will be reversals of
torque. The flow of power over a polyphase circuit with balanced
load will, on the other hand, be uniform and also the torque
in the alternators and motors will be uniform.

4-3. Evolution of Three-wire Three-phase System.—The
three-phase arrangement of Fig. 39b is exhibited in more complete

7 |
5 ~ =]
N,
F1a. 40.

fashion in Fig. 40 with the difference that the armature is station-
ary and the field revolves (in the opposite direction). KEach
phase winding is connected independently to its own load resist-
ance, six wires being required to effect the outgoing and return
paths. The sinusoidal voltages of the respective windings are
those of Fig. 41a. The corresponding vector diagram of the
voltages is Fig. 41b, in which E, lags E; by 120° and E; lags E; by
120°. Likewise the currents are displaced by 120° but each is in
phase (Figs. 41a and 41c) with the voltages establishing it in the
resistor. Either current diagram shows that the sum of I,
and I; is equal and opposite to I;. In fact the sum of the three
currents (resulting from three equal voltages and three equal

resistances) would be zero at any time and at all times at any
cross section of the line; z.e., ZI = 0.
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This means that the actual current would have zero value
in any single conductor which might be employed to replace
the three individual and electrically independent return con-
ductors 1/, 2/, and 3’ in Fig. 40. Further, if the current is zero
there will be no difference of potential or drop in voltage between
the end junctions.
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This means that the common return wire can be dispensed
with and the junction (or neutral) at the load will be at the same
potential with balanced voltages and currents as that of the junc-
tion (or neutral) at the generator. The three outgoing con-
ductors 1, 2, and 3 suffice as outgoing and return paths of all
three currents; any one conductor at any instant is the return
path for the outgoing currents in the other two.
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In the three-wire three-phase system, then, the return con-
ductors 1/, 2/, 3’ are omitted. The alternator neutral N, is
ordinarily not accessible nor is it accessible in the case of three-
phase motors.

4-4, Three-phase Y Voltage Relations.—Schematically Fig.
42a represents the same situation as Fig. 40 with neutral con-

A | g

SN L_lmu]

R
2 10v
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ductor omitted. In both figures S and F stand for the ‘“start”
and “finish”’ terminals of the respective windings. It is impor-
tant to notice that the Y-connection of Fig. 42a involved tying
the start end of all windings together, leaving the finish ends free
for connection to the load terminals. It is evident that this
results in the voltage between F; and F,, t.e., Ey;, being the

Eag

Fia. 43.

difference rather than the sum of the two voltages. This is
comparable to the 4-volt difference in potential between the
terminals 1 and 2 of 6- and 10-volt batteries having their nega-
tives tied together. In the case of the battery E; is positive and

2 is at higher potential than 1 because in proceeding from 1 to 2
we obtain

—6+10=+4=E12



4-5] POLYPHASE SYSTEMS AND VECTOR RELATIONS 69

By operating with the voltages of windings 1 and 2 of Fig. 42a
in similar manner but effecting the subtraction vectorially as
in Fig. 43, the voltage from 2 to 1, i.e., Eq1, is —Ey2 + Ey; or
E:v 4 Exior Esvior Ez. Tracing the path of the current which
flows (in Fig. 42a) as a consequence of Ey;, we find that it
proceeds from 1’ to N’ in the external load circuit (Fig. 42a) and,
therefore, viewed from the load end, the difference of potential
between 1’ and N’ at the load is Eyy’. Likewise E;; at the
generator is identical with E ., at the load. The successive pairs
of voltages, when similarly subtracted, produce the other three
line voltages Eyy and Eyyp. It is important to observe that the
three line voltages are:

1. Equal to one another and 120° apart.
2. 73 per cent greater than the phase voltages.
3. Displaced from them by 30°.

Also, from Fig. 40, it should be clear that the consolidation,
and finally the elimination, of the three return conductors in no

F1g. 44.

way disturbed the status of the currents in the outgoing wires
to the load. Each of these currents was in phase with the respec-
tive phase voltage because each single-phase load was non-
inductive resistance. These currents in the line wires are the
phase currents and are still in phase with E,y+, Ey», and Egy in
Fig. 43. To the three significant items about the three-wire
three-phase voltages with balanced Y-load may now be added an
equally significant one, viz.,, that even with resistance load
(100 per cent power factor) the three line voltages are not in
phase with the line currents but are displaced 30° from them.
This has a bearing on the behavior of polyphase wattmeters and
watthour meters.

4-6. Three-phase A Current Relations.—Replace the Y-con-
nected resistance load of Fig. 42 by the A-connected balanced
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resistance load of Fig. 44. The current I, in the branch 12
will be E1o/R, where E,, is the voltage between wires 1 and 2 as
found in Fig. 43b. Similarly the current I;; = Eg3/R. and
Is; = E3/R;. The current I, in wire 1 will be the difference
between I,; and I3, since by Kirchhoff’s law for the junction 1 the
current equation is I1 bl Ilz + 131 =0 and Il = Ilz - 131.
The subtraction has been performed in Fig. 44b with the result
that I, is displaced 30° from E,,. Also I, is 1.73 times [i,.

o €5

I
Fia. 45. . Fia. 46.

The load-phase voltages are identical with the line voltages, the
phase and line currents differ.

It is, therefore, true of both Y-connected and A-connected
resistance load that there is a 30° displacement between cach
line current and the voltage from that line wire to one of the
other two wires.

4-6. Balanced Inductive Loads, Y and A.—If the impedances
R, R, R; of Fig. 40 are not non-inductive resistances but
comprise inductive or condensive reactances, the current in each
phase will not be in phase with the corresponding phase voltage
as shown in Figs. 41b, 41¢, and 43b. If the impedance is pre-
dominantly inductive in its reactance, the current will lag its own
phase voltage by an angle 6 (Fig. 45). With respect to the
voltages between pairs of line wires the former angle of 30° has
been increased by 6 to (6 4+ 30)°. If the lag 8 exceeds 60°
(¢.e., the power factor in each phase of the load is less than 0.50),
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then (8 + 30)° exceeds 90°. A wattmeter or watthour meter
responding to the line voltage Ei; and line current I’ under these
conditions will experience negative torque.

There are two line voltages, E»; and Ej;;, involving the phase
voltage K,y associated with I;. If I;is considered in conjunction
with K3, the relations are the same as between I; and Ey,. If I,
is considered in conjunction with E,;, or preferably with E;; as
will be found significant in the next chapter, the angle between
them is (6 4+ 30)° minus the 60° between E; and Ej;; or
(6 + 30 — 60)° = (6 — 30)°.

4-7. Unbalanced Y- and A-loads, Three Wire.—If the three
A-resistances of Fig. 42a are unequal, the respective currents
112, 143, and I'3; will be unequal, the larger appearing in the smaller
resistance. Also the line currents I, I, and I; will be unequal
and the angles between them (Fig. 46) will no longer be 120°.
The system is called unbalanced. The three line currents will,
however, have zero for a vector sum as is seen by transferring
them to the closed triangle. The three separate phase currents,
of course, do not add to zero because their return values are not
represented in the diagram. These return values do appear,
however, in each of the line currents in the subtraction process
employed in deriving them.

If the Y-connected resistors of Fig. 42 are unequal and the
three balanced line voltages Eys, E.;, and Ej; are applied, the
three line currents will be unbalanced and the three voltages
to the load neutral will be unbalanced. Two conditions will
automatically be met and these may be used to determine the
location of the neutral point and the values of the three voltages
and three currents:

1. Fach pair of voltages to neutral will have the corresponding

line voltages as their vector sum.

2. The vector sum of the three currents must be zero.

As a specific instance, let the three line voltages be 100 volts
and the Y-load resistances as follows:

Ros = 20; Ros = 10; Roc =5

Place the three line voltages in.the triangular arrangement of
Fig. 47. Recognizing that the largest resistance will involve the
largest voltage drop, assume some point, such as O, as the
neutral fitting the relation 04 > OB > OC.
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—(100 — @) — jb _
20 -
—5 + 0.05a — j(0.05b)
— (50a—)+;(86.6—b) _
10
—5 + 0.1a + j(8.66 — 0.1b)
2~ 1020 - j(0.20)
Sum = —10 + 0.35a +
§(8.66 — 0.35b)

Separately equating to zero the real and quadrature compo-
nents of the sum of the three currents gives

Eox = —(100 — a) — jb Ioa =

Eos = —(50—a)+j(86.6—b) Ios

Il

Eoc a—-jb Ioc‘—'

0.35a = 10 a = 28.58
0.35b = 8.66 b =2474

This locates the neutral point and establishes the voltages as
EOA = 76, Eos = 65, Eoc = 38
The currents are then I, = 3.8, Iy = 6.5, I, = 7.6.

|

Al;——(100-a)-——>-l<~ a ‘

Fia. 47. Fic. 48.

If a fourth wire were now run from the load neutral to the
generator neutral, the three voltages to neutral would become
equal, the three line currents would be the line-to-neutral voltages
divided by the respective impedances, and the unbalance in
current would flow over the neutral wire of the four-wire system.

4-8. Unbalanced Three-phase Voltages and Currents.—If the
three windings A, B, C of Fig. 48 are equal and 120° apart, the
resulting voltages E,, Es, Ec will constitute a symmetrical
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three-phase system. If the smaller windings a, b, ¢ are equal and
displaced equal amounts, respectively, from 4, B, C, their volt-
ages e, ¢, €. will constitute another symmetrical three-phase
system. If now the pairs Aa, Bb, Cc are similarly connected in
series, the resulting voltages E,, E}, E. will constitute a new
symmetrical system.

But if A and a, B and ¢, C and b are paired and connected in
series as in Fig. 49, the resulting voltages E,, E,, E, will no
longer (Fig. 50) constitute a symmetrical system. The resulting
unbalanced or unsymmetrical system may then be said to be the
resultant of two balanced systems but one of forward (positively)
and the other of backward (negative) phase sequence.

Fia. 49. Fia. 50.

C. L. Fortescue* has shown that any dissymmetrical system of
three-phase voltages or currents may be resolved by vector
methods into a pair of symmetrical systems, one of forward or
positive phase sequence and the other of backward or negative-
phase sequence. The ratio of the numerical values of the
magnitude of the negative to the positive system is called the
unbalance factor of the system (see Chap. XIV).

4-9. Various Three-phase Distribution Systems.—The three-
phase Y-connected four-wire system finds use in both the
2,300/4,000-volt primary distribution and the 1294 g-volt second-
ary distribution. The neutral wire is carried through and makes
available three 120-volt single-phase lighting circuits and
single-phase or three-phase 208 volts for 220-volt motors. The
neutral of the secondary system is almost invariably grounded
(Fig. 51).

A A-connected source, with a middle tap provided on one
secondary winding, is suitable for a moderate amount of lighting

* Trans. A.I.E.E., 1918.
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load on a single-phase three-wire basis (lines 1, 4, 2, of Fig. 52) in
conjunction with a predominating three-phase load. As the
110-volt load assumes greater proportions, it is usually placed
on a three-phase basis. This may be done in two ways: by

-
, 208 110
T
208

3 LIy

120

N

Fia. 51. Fia. 52.

using an additional middle tap, 5, and one of the 220-volt line
wires, 2.  Another way which more nearly balances the currents
in the windings of the transformers is 4, 5, 6.

4-10. Two Phase and Six Phase.—A three-phase supply to
Scott-connected transformers (Fig. 53) will provide a source
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(2) (b) (<)
Fic. 53.

for two-phase distribution; if the connection XY is omitted it
becomes a four-wire two-phase service with the two phases
electrically independent. If the secondary connection is made
from X to Y, the two-phase four-wire service may still be
delivered to motors in which the windings are not interconnected
and a three-phase supply A BC may simultaneously be obtained.
The vector relations are those of Fig. 53b. If the tap to AB is
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shifted from the 86.6 per cent point to the 50 per cent point,
the common middle point becomes the neutral of a two-phase
five-wire system, the vector relations for which are shown in
Fig. 53c. 'This is occasionally called a ‘‘ quarter-phase system.”
In this case the three-phase service is not simultaneously
available.

Six-phase synchronous converters are common because the
greater number of taps to the winding promotes more effective
use of the copper. The six-phase supply is obtained from the
usual three-phase service by one of the two methods indiecated
in Fig. 54. At a each transformer is supplied with duplicate
secondaries and these are connected into two independent deltas;

(k)

Fiu. 54.

the scheme is called ‘“double delta.” At b the three single
secondaries are connected at the midpoints and the terminals of -
each connected to diametrically opposite points on the converter
winding; this is called ‘‘diametral.”

Problems

4-1. Take the valtages of Fig. 44 as 120 volts and the resistors R, = 6,
Ry = 8, R;1 = 13 Find the values of the line currents and their phase
position.  Draw the vector diagram.

4-2. Again referring to Fig. 44, let Z,: consist of R =4, X = 3; Zy
consist of B =3, X = 4; Zy consist of X =5, R = 0. Determine the
three line currents and draw vector diagram.

4-3. Referring to Fig. 42, take the linc valtages as 200. Let Z, consist
of B = 400, X = 0; Z, consist of B = 400, X = 0; Z; consist of B = 0,
X = 500.

a. Determine the currents and their phase position. Assume the
phase sequence is 1, 2, 3. Draw vector diagram.

b. Assumec the phase sequence is 1, 3, 2 and determine the currents
and their phase position. Draw vector diagram.
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4-4. Referring to Fig. 52, consider the transformer 2, 5, 3 omitted, 7.e.,
operating open A. The voltage is 220 volts and at the end of the line is a
balanced three-phase load of 5 amp. at 0.8 p.f. lagging in each phase element.
Between the transformer bank and the three-phase load is an unbalanced
single-phase load consisting of 5 amp. at 1.0 p.f. between wires 1 and 4 and
8 amp. at 0.8 p.f. lagging between wires 4 and 2. Ignore line and trans-
former impedances and (1) find by complex algebra and (2) represent on a
vector diagram:

a. The line currents beyond the single-phase load.
b. The line currents at the transformer bank.
¢. The currents in each portion of the transformer windings.

4-5. Draw the vector diagram for Fig. 54a in the case of a synchronous
converter operating at 0.95 leading power factor.

4-6. Draw the veetor diagram for Fig. 54b in the case of a synchronous
converter operating at 0.95 lagging power factor.



CHAPTER V
POLYPHASE POWER MEASUREMENTS

In the case of a two-wire circuit, either direct current or
alternating current, insertion of the current element in one of the
conductors will suffice to register the power delivered over the
circuit. When one side of the circuit is grounded at the entrance,
as most secondaries are required to be for the sake of safety,
it is imperative to insert the current element in the ungrounded
side; otherwise an inadvertent ground on the load side of the
meter might result in a portion of the current being unmetered
owing to its return path in the ground.

For circuits of more than two wires, one meter element will, in
general, not suffice.

5-1. Theorem of Blondel.—The fundamental principle upon
which power measurement in a multiconductor or polyphase
distribution ecircuit is based was enunciated by Blondel in a
paper delivered at the International Electrical Congress in
Chicago, 1893.

The total power delivered to a load system by means of n conductors
is given by the algebraic sum of the indications of n wattmeters so
inserted that each of the n wires contains one wattmeter current-coil, its
potential coil being connected between that wire and some point of the
system in common with all the other potential coils; if that common
junction of all the potential leads is on one of the n wires, the total power
is obtainable from the indications of n — 1 wattmeter elements.

To substantiate the theorem, consider a circuit having n wires
denoted 1, 2,3 - - - (n — 1), n, carrying at a particular instant
currents 21, 42, . . . %n—1, is, and at potentials to earth-zero at that
instant of vy, vs, v3 . . . V.1, ¥, respectively. Let the potential
of some particular point x of the system be v..

The rate of work done in displacing electricity of current
value -7; under the pressure of the potential », and against the

potential v is p; = 71(v1 — v.); therefore, the total instantaneous
power is:

b= ’il(vl - vz) + i2(v2 - v:) e in—l(vn—l - va:) + in(vn - vs)
77
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Strictly the rate of doing work in each conductor is p, = 7;v; but
G474+ - - e + 7 = 0 (see 4-3)
and therefore
e + e+ e 4w, =0
which means that
p =11ty — vz) + 202 — v2) © - ¢ Tac1(Vner — 02) + da(va — v3)
is identical with
p =14 + 120 + ¢ TamWuy + a0n

The total average power over a time T as registered by the
wattmeters is

P = —f T — vz) + ; f 1a(ve — v2) + -

L L i (vy — 02) + f in(vn — v) (18]

Each term represents the indication of a wattmeter. If z is
taken on one of the wires, say the nth, then v, — v, = 0 and this

— —]
1 1 ! s L 1
E Qag@ Ey W, | o) | load
o

i |
2 4 2 4
E; E, r/r\:/évs’
3 — 3 LN —
m Iz (a) (b) m [2
Fiag. 55. F1a. 56.

wattmeter indicates zero, the other (n — 1) wattmeters register-
ing all the power.

6-2. Three Wire Single Phase (or Direct Current).—If a
three-wire load is balanced, 7.e., the two currents I, and I, of
Fig. 55 are equal and the two voltages are equal, there is no error
in the wattmeter reading whether its potential coil is connected
across 13 as at m or connected across 12 as at n and the reading
multiplied by 2. In general, however, the currents and voltages
will not be balanced and Blondel’s theorem requires two separate
wattmeters as in Fig. 56a. Watthour meters are made in
so-called ‘‘three-wire form’ employing two separate current
coils (Fig. 56b) in conjunction with a single armature (direct
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current) or a single potential electromagnet (alternating current).
Under these circumstances some degree of error will be experi-
enced when the quantities are unequal but, in general, the accu-
racy is adequate for commercial energy metering,.

The magnitude of the error in the case of direct current (or of
a-c. loads of unity power factor) can be determined from the
following considerations. The true total load in Fig. 56b is

W = Elll +E212

The load registered by the three-wire meter, when potential
connection is made at n, is

W, = E\I, + E\I,
The discrepancy is
W — W, =EJl,+ E), — E\I, — E\l,
= I,(E, — E)) [19]

and this is zero, or the registration correct, only when E, = E,.
The lesser voltage will usually be on the side supplying the heavier
current and thus, if I, > I, £, > E. and the error will be nega-
tive which means the meter will overregister and be “fast.” If
some other load has caused the voltage unbalance, I, may be
greater than I; but E, may simultancously be greater than E,.
In this case the error will be positive and the meter will under-
register and be “slow.” Note that the registration will be correct
even if the currents are unbalanced as long as the voltages are
equal,

When the voltage coil is connected across the outside mains,
as at m, the total actual load is still

W = E\I, 4 E.l.
but the registration of the meter is
W, = 14(E, + E2)(I, + I.)

The coefficient 14 represents the allocation of half the voltage
to each of the current coils. The error in this case is

W -~ Wn = Euy + Eoly — }$Edy — }8E Iy — Y3 EDy — 5Bl

16E\I, — Y$E\I, — Y$E,I, + W E,l, [20]
= Lo(By — Ey) (I, — Iy)
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This error is zero only when either E, = E, or I, = I,. If
the voltage unbalance is due to the unbalanced load being
metered and I, > I, then E, < E, and the error will be negative
or the meter will overregister and be fast. This is the usual
situation. Note that this still holds if I, > I; and E, < E,.

T
O,

Since the error in the case of the potential connection from
main to neutral (n) is proportional to the whole of the current
on that side of the line, whereas in the case of the potential
connection across the mains (m) it is proportional to half the
difference between the unequal currents, the latter is, from the
standpoint of accuracy, the preferable connection.

2
Fia. 57.
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A three-wire current transformer (two primaries and a single
secondary winding) in conjunction with an ordinary two-wire
meter accomplishes the same purpose as the three-wire meter and
introduces the same errors discussed above.

65-3. Two-phase Power Measurements.—The two-phase four-
wire system consists of two distinct single-phase systems in
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quadrature. Power measurement requires a two-wire meter in
each single-phase circuit or the equivalent, a polyphase watt-,
meter. In case each phase is a single-phase three-wire circuit,
the separate meters or elements of the polyphase meter (espe-
cially in the case of watthour meters) are commonly three-wire
elements.

Two-phase three-wire load can also be metered, in accordance
with the Blondel theorem, by means of two single-phase instru-
ments or a polyphase instrument connected as shown in Fig.
57. That the total load is correctly registered even when a
load is connected across the outside main can be seen from the
following considerations. The true power is

P = eixiin + eaniay + €121z
The power registered is

P’ = ety + eanty

But
Ty = v + iz = tiv —
Ty = Toy + %21 = fanv — 712
€12 = €v + exz = ev — €gx
Thus

P = €1N(1:1N - ’521) + ezN(iw - 7:12)
ewtin — eixtar + €sntony — €anlyz
= ewvliv + eavtay + (e1v — ezN)ilz
= ewviiv + evian + €121z

The instantaneous power registered by the meters is thus identical
with the true instantaneous power at all times and, therefore,
the average power is also correctly registered. Note that the
sum of 7y, 7y, 7y is zero. In a later section it will be shown that
the same meter connections serve when three-phase loads are
supplied from a three-phase source over three wires.

The five-wire two-phase system of Fig. 53 can be metered
in several ways which are practically identical in principle. In
Fig. 59a a polyphase meter consisting of two three-wire single-
phase elements is used in conjunction with four independent
current transformers. In Fig. 59b a single polyphase meter
consisting of two-wire single-phase elements is used in con-
junction with two three-wire current transformers; and in Fig.
59¢ the same type of meter is used in conjunction with four
transformers, the two in each phase having their secondaries
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additively connected in parallel. In a the summation is effected
electromagnetically within the meter, in b it is effected by adding
the ampere-turns in the transformers, and in ¢ by adding the
amperes electrically external to both meter and transformers.
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6-4. Power in Y-connected Load.—The power delivered to the
three-phase three-wire Y-connected load of Fig. 60 may, of
course, be metered by three single-phase meters. As shown at
a, a current coil in each line wire and the corresponding voltage
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Fia. 60.

coil connected from that same line wire to the accessible neutral
N of the Y. The line current is identical with the current in the
leg of the Y and, therefore, the line insertion of the current coils
is equivalent to three meters registering three independent single-
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phase loads. If the loads are identical in impedance and power
factor, the total load may be taken as three times the reading of
only one meter.

The neutral of the Y is not always accessible, so, resorting
to the Blondel theorem, we may obtain an independent junction
point for common connection of all potential leads by connecting
three auxiliary resistors in Y as at b. This is known as the
Y-box method and as before it permits reliance on a single meter
if the three loads are known to be identical.

The accessory Y-box may be dispensed with and the resistances
of the voltage circuits of the three wattmeters be employed to
establish the requisite “point of the system in common with all
the other potential coils.”

In any of the three methods the total power will be obtained
correctly regardless of the degree of unbalance or of the power
factor of each load, provided the three meters are employed.

With loads balanced and each of phase angle 6 the total
power may be expressed in terms of line value of current and
line-to-line value of voltage. Thus, each phase load is

W, = E,I, cos 6,
Total load
W =3W,
= 3K,1, cos 6,
But

I,=1, and 7. = V3E, or E,=-—=

Therefore

E.
V3
= \/gELIL cos 6, [21]

W = 3—=I. cos 9,

This means that with power factor known the power may be
computed from voltmeter and ammeter indications of line values
but not that it may be indicated by a single wattmeter sub-
jected to line value of E and I as this will be demonstrated
later to be unreliable.

6-5. Power in A-connected Load.—When the loads are con-
nected A the total power may be obtained by inserting a watt-
meter in each leg of the A as in Fig. 61. Again if the loads are
balanced one wattmeter will suffice and its indications may
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be tripled for the total power. Again the total power may be
expressed in terms of line value of current and line-to-line value
of voltage if the three loads are identical as to magnitude and
power factor.

Thus each phase load is

W, = E,I, cos 0,
Total load

W = 3w,
= 3E,I, cos 0,

But
I
E.=E, and I.,=+/31, or I,,=7"§
Therefore
W = 3F L'{;; cos 0,
= V3E.I. cos 0, [22]

This expression is identical with that derived for Y-connected
load and it is, therefore, immaterial whether the load is Y or
A.

Likewise the load of Fig. 61 could be metered by either of
the b methods of 5-4.

65-6. Two-wattmeter Method for Three Wire Three Phase.—
Once more the Blondel theorem may be cited as justification
for recourse to one less meter element than there are wires
employed for the power circuit. The connections of the two
wattmeters for registering either Y- or A-loads is shown in Fig.
60c. Notice that the wattmeters are connected so that each
voltage coil is connected from the wire in which 4ts current coil is
inserted to the wire in which neither current coil is connected.

Observance of the polarities in Fig. 60d will disclose that
the same rule has been followed in the installation of a polyphase
meter in connection with voltage and current transformers.
Incidentally, it should be noted that it is good practice to ground
the secondary circuits of all the instrument transformers and
that this may be effected by tying the outgoing leads to a
common bus and grounding it. It should be recognized that in
either ¢ or d there are several incorrect connections possible
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and, while the instrument may register apparently reasonable
values, great care must be exercised, especially when instrument
transformers are used, to verify the connections. The methods
are discussed in the chapter on verification of polyphase watthour
meter connections (Chap. XII).

6-7. Vector Relations for Two-wattmeter Method.—The
vectors for the three line voltages and currents of a balanced non-
inductive load, either Y or A, are shown in Fig. 62. Each line

W3

© )
Fia. 62.

current is displaced 30° from a corresponding line voltage as was
demonstrated in connection with Fig. 43. The upper wattmeter
of Fig. 60c has line current I, and line voltage E,.; the wattmeter
may be identified as 1:W, with adscript 12 for the voltage and
subscript 1 for the current. Its current lags its voltage by 30°.
The lower wattmeter has voltage E;: and current I3 and may be
called ;W3 Its current leads its voltage E; (= —E,;) by
30°. The two wattmeter readings are equal, if the loads are
balanced.

Consider the effect of progressively increasing the inductive
component of the load and, therefore, decreasing the power
factor. All currents will lag more and more behind their time
positions in Fig. 62a. Thus if a balanced load of 86.6 per cent
power factor (30° lag) is imposed, I; will now be in phase with
E;; but the lag of I, behind E,, will have increased from 30°
to a 60° value. The reading of s2Ws will have increased while
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that of ;;W, will have decreased. Actually, for balanced loads,
2W; = 2(12W1)~

If the load power factor drops to 50 per cent (i.e., 60° lag),
I; will lag 30° behind Ej; and I, will lag 90° behind E.;. The
torque and registration of the latter wattmeter will be zero
and all the power will be registered on the wattmeter ;2 W's.

In case the lag in the load exceeds 60° (power factor less
than 50 per cent) I, will lag more than 90° behind E,; and its
reading will be negative. Of course, the negative magnitude
can be ascertained by reversing the voltage connections but
annoying errors are likely if this is not done and restored system-
atically. In the case of the polyphase wattmeter the subtraction
is effected within the meter and no reversal of voltage connections
is necessary.

When the load power factor decreases to zero the load is
zero and the wattmeters or polyphase wattmeter should have
zero resultant. Figure 62d shows this condition, I; lagging E;,
by 60° and I, lagging E;» by 120° which is the same in effect
as a lead of 60° and negative deflection. The algebraic sum
is zero as required.

Thus there are significant relations between the magnitudes
of the wattmeter readings and the power factor of balanced
loads.

|
Power factor Load phase angle,. Relation
degrees !
1.0 0 32“’3 = lz"’l
0.866 30 322W3s = 2(1.W1)
050 60 12W1 = 0
<0.50 >60 12W 1 1s negative
0 920 MWa = —12Wl

This discussion makes it evident that one wattmeter element is
insufficient to indicate the total load except in the single case
of balanced non-inductive load, in which instance the reading
is one-half the total; also that one element of the meter will
usually be working at a lower power factor than the power factor
of the three-phase load being metered. The latter circumstance
will be seen to have its bearing on the importance of the so-called

“lag adjustment” of polyphase watthour meters (see 9-2 and
11-3).
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65-8. Power Factor with Balanced Load from Wattmeter
Readings.—The relation which holds for the foregoing and all
other values of power factor but only with balanced load may be
found as follows, designating the two wattmeter readings simply
as W, and Wy:

Wa. = EI cos (8 4+ 30°) = EI [cos 8 cos 30° — sin 6 sin 30°]

Wi = EI cos (8 — 30°) = EI [cos 6 cos 30° + sin 6 sin 30°]
W, 1 1,

Bl =2 3 cos Qsmo

EV—,—;=%\/§cos0+%sin0

Wa+Wb=\/§cosﬂ

EI
KILTZ'—TEI = sin 0
— 3= W
tan 0 = /3 W W [23]
Wy — W,
& = = —1 e
Power factor = cos 6 = cos [tan \/§Wa T Wb] [24]

The power factor for balanced load is also expressed directly
in terms of the wattmeter indications without the medium of
trigonometric ratios by

Power factor = - — Wi+ W,

S 25
VWa + W2+ 3(W, — W2~ (23]

6-9. Metering Four-wire Y-circuits.—The Blondel theorem
requires three metering elements to measure correctly for all
conditions the power or energy
delivered by a three-phase four-
wire system in which the fourth
wire is the Y-neutral. A three-
wire system which has its neu-
tral grounded on both sides of
the metering installation is the
equivalent of the foregoing four-
wire system because the earth may carry the unbalance current
which in the four-wire instance is carried by the fourth wire.
The meter connections are shown in Fig. 63.

Fia. 63.
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An alternative method employs a polyphase meter comprising
two three-wire single-phase elements connected as shown in
Fig. 64. The current coils inserted in the wire from which no
potential tap is taken are wound in the reverse direction from
those connected in the other two wires. The effect of this
reversal is to reverse the vector I, of Fig. 65 so that it makes the
angle (60 — 8) with E; and (60 + 8) with E;. The vector
diagram has been drawn for the general case of unequal phase
currents at different phase angles with their phase voltages but
with the voltages symmetrical and equal. The reversed current

\ Ay -’1'
1
5 VW w
N I —
Fiu. 64.

I, reacts with E, and E; to produce torque the same as it would
produce with E, in the third element if present. Now if the
transformer primaries are connected A, unbalance of secondary
voltage due to unequal loading will react to distort the primary
voltages but the resulting secondary voltages will still close the
vector triangle. Therefore, no error in registration will result.
For example, if phase 2 is heavily loaded, say with non-inductive
load, the resulting voltage drop in wire 2 and the neutral wire
will tend to shorten E; more than E; and E; and increase the
angle between E,; and E; The current I, reacts with the
resultant of E, and E; which is still equal to E, in magnitude.
Still another alternative involves the use of an ordinary two-
element meter in conjunction with three current transformers
in A-connection (Fig. 66). The current addition in this case is
effected by the passage of the current from the odd wire through
the current elements connected to the lines from which the
potential taps are taken. Thus the path for the current origi-
nating in wire 2 is jihgdcbk, which indicates that it flows through
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both elements in series in a direction opposite to that of the
currents in each from the other current transformers.

To minimize the inherent voltage unbalance and the increasing
effect of voltage transformer phase angles at low power factors, a
third voltage transformer may be inserted (as suggested at the

Source AAA -

~J VYV

14
AAAA o AAAAA AAA. AAA
vy VYW v
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left of Fig. 66) the secondaries of the three being in closed A.
This is seldom considered necessary.

6-10. Metering Combined Lighting and Power Loads. 1.
Any Relative Value of Lighting and Power Loads.—Delta-con-
nected three-phase four-wire distribution may be obtained by
tapping the center point of one phase as in Figs. 52 and 67. If

v n
‘ J"“A AAAAAAA. T '
e : o | ™1 7hree-wire 2
3 _ ] Lo | 74 ree- phase
[ r—J"L—‘ 3
Loads
2 F=—=== oA ] |
A 1 e b Three-wire
Ay | e | Single-phase”
v [ ERASQaMR 1
} ) (a)
Lo i
(b)
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the single-phase (lighting) and three-phase (power) loads are
supplied by independent circuits, each may be metered separately
by the methods outlined in 6-2 and 6-6. The connections are
those of Fig. 67. Any load connected between wires 3 and M
will not be registered, but such a load is unlikely on account
of the odd voltage between them (86.6 per cent of the three-phase
line voltage).
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This connection is especially appropriate where the lighting
and power consumptions are sold on different rate bases.* It
has, however, one defect; that arising out of the use of a three-
wire single-phase meter when voltages and currents are unbal-
anced. If this error is to be avoided it will be desirable to replace
the single-phase meter by a two-element polyphase meter. In
either case, however, it will not be possible to ascertain from
demand attachments on the two meters the combined value of
the simultaneous demands on the lighting and power loads.
But this will be desired only if power load and lighting load are
on the same rate schedule. In that event the connections of
Fig. 67b will be preferred.

2. Small Power and Large Lighiing Load.—Another way of
using a polyphase meter and a single-phase meter to register
combined single-phase three-wire lighting and three-wire three-
phase power is frequently used, especially where the power load
is relatively small as it may be on store and office circuits.
The lighting meter is chosen to be a two-element polyphase
meter with elements connected Wiy and s Wy ; the second meter
is a simple single-phase meter connected ;W3 and registers
that part of the polyphase load not appearing in the other meter.
That these two meters properly record all the energy can be seen
by noting the conformity with Blondel’s theorem. Each wire
contains a current element and all these are associated with
potentials from the respective wires to a common potential
point (in this case M). The single-phase meter has only 190 volts
in the case of a 220-volt service.

3. Combined on One Meter for Demand Purposes.—The scheme
of Fig. 67b serves to register the two loads in one instrument.
It is special in that it is a polyphase meter consisting of two
single-phase elements, one a standard two-wire single-phase
element and the other a three-wire single-phase element. The
A-voltages may be unbalanced without interfering with the
accuracy of registration of the polyphase load but, if the two
portions of voltage of the tapped phase are unbalanced, more or
less error will be encountered in the registration of the three-wire
element as was analyzed in 5-2. A three-wire current trans-
former may be inserted in lines 1 and 2 and its secondary con-
nected to the current coil of a standard two-wire single-phase
element in the polyphase meter and accomplish the same result.

* See KiNng, H. W., Elec. World, Qct. 25, 1930.
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The scheme of Fig. 67b will register a load connected between
wires 3 and M.

4. Combined Metering on Grounded Circuits.—Both methods
a and b of Fig. 67 are only in partial conformity with the require-
ments of the Blondel theorem which stipulates three current
elements and three voltage elements. Such an installation
is represented in Fig. 68 but it is evident that for precision the
element connected to wire 3 should have a 190-volt voltage coil
while the other two are 110 volt. Usually the performance of a
220-volt element will be satisfactory at 190 volts, especially

XK 7Y 1
‘ 220 220 . ,
x x IAAd
3 /0 10 ??,O_LV A 3
Lt /0 —
2 K ) __t—_" M
r ju}
10+ AL
110 T LR —
190" L
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if it is calibrated at that voltage. It is imperative that the
current coil associated with the odd voltage be inserted in the
line wire which is opposite the middle of the tapped phase. This
method is correct under all conditions and is, therefore, preferable
from the accuracy standpoint to either of the methods of Fig. 67.
It also is adapted to the customary safety practice of grounding
such circuits at the point M at the transformers. Loads con-
nected from any line wire to ground will be recorded by some
element of the meter. :

5. Three-phase Lighting with Three-phase Power.—If the
lighsing load justifies division of it among the phases of the
polyphase system, either the five-wire scheme of Fig. 52 (with
terminals 1, 2, 3 and, say, 3, 4, 5 used) or the six-wire scheme
(with terminals 1, 2, 3 and 4, 5, 6 used) may be metered by
using two separate polyphase meters, one connected in accordance
with Fig. 60a for the 220-volt power load and the other similarly
connected for the 110-volt lighting load.

6-11. Combined Three-phase and Two-phase Loads.—The
three-phase and two-phase loads simultaneously derivable from
the Scott-connected transformer system of Fig. 53 can be
metered by either of the methods of Fig. 69. In a a standard
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two-element polyphase meter is employed in conjunction with
three current transformers, one of which is of special ratio. The
two current coils of the meter are connected directly to the cur-
rent transformers in wires 1 and 2; the common junction for
the voltage leads is on 3. This much suffices to register the
three-phase load and the portion of the two-phase load on phase
1, 2. The other phase (3, 4) of the two-phase load is registered
by the same two elements by means of the current transformer
in wire 4. But the vector sum of the (balanced) voltages 13
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and 23 with which the current in 4 reacts to produce torque in
the meter is equal to the 4/3 times the voltage 43 at which this
phase load is delivered. This is compensated for in the ratio of
the current transformer by making its secondary current 5/4/3
for the same primary current as produces 5 amp. in the other
current transformers.

An alternative method b involves two meters without special
features. A standard three-wire polyphase meter is connected
in wires 1 and 2 with 3 as the common wire. The two-phase
current in the 34 phase is registered by a separate single-phase
meter. The scheme has practical value where transition from
two-phase to three-phase distribution is in progress, because the
polyphase meter may be left in place without change and the
single-phase meter used elsewhere after the two-phase service
has been abandoned.

6-12. Six-phase Power Measurement.—Loads on the six-
phase systems of 4-10 (Fig. 54) may be metered as if three-
phase using three A-connected current transformers in the
manner of Fig. 66. Usually the six-phase load is a synchronous
converter in which case the six-phase loads are balanced and the
registration of its input may be effected with one single-phase
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meter in the three-phase supply, its reading being multiplied
by 3.

Problems

(It is intended that the analysis in practically all of these problems will be performed
by drawing the vector diagrams corresponding to the load and connection situation
stipulated.)

6-1. A lighting load of 10 amp. and a power load of 20 amp. at unity
power factor are served by a three-wire 239{;5-volt single-phase line
through a 230-volt three-wire meter.

a. What will be the error if the lighting load is all on one side of the
line and the actual voltages are 112 volts on that side and 114
on the other side?

b. What would it be if a 115-volt meter were being used with its
potential on the same side as the lighting load?

¢. What if on the other side?

6-2. The potential leads from the two elements to the third (middle wire)
in Fig. 60c accidentally become detached from that wire but remain tied
together. What error in registration will result if the balanced-load power
factor is 1.0? What if it is 0.50?

6-3. The current coil of a wattmeter is connected in series with one line
wire A of a threc-phase circuit. When the voltage coil is connected between
line A and line C the meter reads 15 kw.; when it is connected between line
B and line C the wattmeter reads 6.6 kw. The load is balanced and of
lagging power factor. Determine the load and the power factor.

65-4. A single-phase motor load is added to the balanced load previously
measured by a two-clement polyphase meter. Does the meter register the
new unbalanced load correctly, to whichever phase the single-phase motor is
connected? Under such conditions of load, a meterman reports that, by
opening the potential circuits of the two clements successively, the disk
turns forward in one case and rcverses in the other; is this consistent?
Why?

65-6. Could you meter correctly the power taken by a three-phase motor
by installing a single-phase wattmeter in wire 1 with voltage from 1 to 2
and multiply its registration by 2? If not, what fraction of the total power
would be registered if the power factor is 1.0?  What fraction if it is 0.80?

6-6. If the bill of one of your power customers should suddenly drop to
two-thirds with no change in his manufacturing operations, what is the most
likely defect you would expecet to find in the metering installation?

6-7. A polyphase meter has voltage from lines 1 to 2 impressed on the
voltage coil of the upper element and 3 to 2 on the lower voltage coil. Cur-
rent from line 2 is passed through the two current coils in series. Show that
the registration is correct for balanced loads of any power factor but badly
in error for moderately unbalanced loads.

6-8. A balanced three-phase load is being measured by means of two
wattmeters connected as in Fig. 60c. One reads 900 watts, the other 100
watts.

a. Compare the values of power factor as computed from both the
formulas of Par. 5-8.
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b. Recompute its value for the case in which the readings are 800
and —120.

5-9. On investigation a power company found that the polyphase meter
through which an industrial plant was being served was incorrectly con-
nected. The error resulted from incorrect polarity markings of one of the
potential transformers. During two months the indicated demand had
been 400 and 460 kw. and the watthour meter had registered 170,000 and
260,000 kw-hr. A careful test showed that the power factor was 72 per cent
most of the time.

a. By what factor should the demand-meter and watthour-meter
readings be multiplied ?

b. The demand charge was $1.50 per kilowatt per month and the
energy charge 1.0 cent per kilowatt hour. How much revenue
had the power company been losing beeause of the error?

6-10. Draw the vector diagram for the unbalanced-load condition on a
four-wire three-phase system as discussed in Par. 65-9 in connection with
Fig. 65. ]

6-11. A four-wire three-phase balanced load is metered by means of a
split-current coil polyphase meter connected as in Fig. 64. The voltage
leads instead of being taken from 1 to N and 3 to N arc inadvertently taken
from 1 to 2 and 3 to 2 as for u three-wire circuit. Show that the meter reads
twice the true value at any power factor.

6-12. Show the proper connections to a watthour meter (two-element
polyphase) for measuring the power delivered from a three-phase star-a
connected bank of transformers, 4,000-volts four-wire primary to 220-volts
three-wire secondary, using current transformers in the primary and meter
potentials directly from the sccondary lines. Draw the vector diagram,

a. Can the correct registration be effected by use of two current
transformers in the primary line and two of the secondary
voltages?

b. If not, should the correct phase relations between current and
voltage for the two-wattmeters mecthod be obtained by using
three current transformers in the primary? How connected?

c¢. When the connections are correct will the registration include
some or all of the transformer loss? If not all, will it be the core
loss or the copper loss?

5-13. Draw a vector diagram for assumed balanced three-phase and
unbalanced single-phase loads and verify the ascuracy of measurement
claimed for Fig. 68.

5-14. Draw the connection diagram for motering:

a. The five-wire,

b. The six-wire system of Par. 4-10.

6-18. Two of the line wires and the neutral of a four-wire three-phase
110-volt secondary network are the source of supply to a three-wire
residential service with balanced 110-volt resistance loads. Show vectorially
the degree of metering accuracy ohtained by using a regular three-wire
119459-volt single-phase meter with 110-volt potential. How will the
load power factor affect the result? Will the accuracy be improved by
reversing the connections of one of the current coils?



CHAPTER VI
EVOLUTION OF THE WATTHOUR METER

When electricity emerged from the physicist’s laboratory
into a role of usefulness in the everyday world, the inventor
was faced with the problem of providing means for measuring it.
As a salable commodity or service the magnitude to be measured
involved the quantity (coulombs) of clectricity delivered and the
pressure (volts) at which it is delivered. The quantity in
coulombs, in turn, involves the rate of flow (amperes) and the
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duration of flow (seconds). Energy, therefore, is the summation
of the instantaneous products of volts and amperes and suffi-
ciently short time intervals; W = [eit. In preparing to analyse
the modern watthour meter in terms of its ability to perform this
integration, it will be profitable to review the historical stages
by which the component factors in energy measurement were
successively introduced into the metering devices.

6-1. Clock-type Meters.—The need for some type of inte-
grating meter arose with the introduction in America in the
seventies of commercial arc lighting by the pioneers Wallace,
Farmer, Brush, Thomson, and Houston. The first patent on a
meter which would serve to measure the quantity of service
rendered was issued to Samue! Gardiner in 1872. It consisted
of a spring-driven clock mechanicm (Fig. 70) held inactive

95



a6 ELECTRIC POWER METERING [6-2

except when an electromagnet in series with the line became
energized and released the detent. This meter merely registered
the length of time during which there was current flow over the
line; this was an adequate index of the consumption because the
load and current were practically constant for the given series
circuit.

A second meter of this type was patented in 1878 jointly by
J. B. Fuller and W. E. Sawyer. This was an a-c. device con-
sisting of a polarized electromagnet actuated by the line current
or a shunted portion of it; the vibrations of the armature in
synchronism with the pulsations of current actuated a train of
registering wheels. Again the quantity registered was merely
time in terms of the elapsed numbers of cycles of constant
frequency.

In the next six or seven years, the introduction by Edison
of the incandescent lamp and the multiple scheme of distribution
accentuated the need for a meter and there was much inventive
effort applied. Among the Americans who were active in trying
to perfect the clockwork principle were Hudson Maxim, 8.
DeMott, Edward Weston, H. M. Byllesby, and R. P. Diehl; in
England, C. V. Boys and 8. Ferranti.

6-2. Edison Chemical Meters.—About the same time that
Thomas A. Edison was launching the incandescent lamp, he
devised an electrolytic meter which he called the ‘“Weber”
meter. Zinc plates were attached at the ends of a balance beam
and suspended in an electrolyte of zinc sulphate. Passage of
current from one plate through the electrolyte to the other would
increase the weight of one and decrease that of the other. The
consequent tipping of the beam actuated the registering mechan-
ism and reversed the direction of the current through the cell
80 that the deposition of metal was made on the lighter plate.
This device registered Q or If. (i.e., ampere-hours).

The form in which this principle was placed in extensive
commercial service by the Edison-Illuminating Companies
(organized to exploit the Edison lamp and the multiple three-
wire systems) omitted the beam and automatic registration.

It consisted of two electrolytic cells (Fig. 71) containing
polished and amalgamated plates of copper immersed in a
solution of copper sulphate. Two years (1883) after its intro-
duction the active materials were changed to zinc and zine
sulphate. One ampere-hour resulted in a deposit of 1.224 g. of
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zine; to prevent too rapid accumulation and loss of weight the
cells were shunted across German-silver shunts. Later refine-
ment incorporated a shunt with a lower temperature coefficient.
In cold weather a lighted lamp in the meter box prevented freez-
ing of the electrolyte. The meterman once a month would
remove one cell and replace it by a fresh one. The removed
cell was carried to the office, the plates dried and weighed,
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and the consumption calculated. One cell was left intact to
give a quarterly check.

Others who devised meters on the electrochemical pattern
were Green, Elihu Thomson, Johnston, Vanderpoel, and Ferranti
(in England).

6-3. Pendulum-type Meters.—Professor Perry, who had been
associated with Ayrton in the production of electrical apparatus,
in 1882 brought out an accelerated pendulum meter in which
the rate of oscillation was varied in proportion to the current
passing.

Dr. H. Aron of Berlin in 1885 employed a similar design for a
meter which was used extensively in Great Britain and on the
continent until 1893. The 1887 form consisted in comparing
the speeds of two pendulums (Fig. 72), one oscillating at a
constant predetermined speed, the other having its period
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modified by the load under measurement by means of an electro-

magnet in series with the line. In a still later form each pendu-

lum carries a high-resistance coil (connected across the line)

and swung inside or over a large coil carrying the load current.

. Their speeds are so affected by
the electromagnetic retarding
torque as to render the differ-
ence between them propor-
tional to the watts. It is
capable of high accuracy but is
complicated and expensive in
comparison with the modern
watthour meter.

Maxim (1881) and DeMott
(1885) employed similar prin-
ciples. Pentz and Reckan-
zaum omitted the clock
mechanism and provided for
driving the two pendulums
electromagnetically. One had
a constant period and the other
had its period lengthened and
oscillations decreased in num-
ber in proportion to the
current.

6-4. Thermal Principle.—In
1882 Lucian Goulard and John
D. Gibbs invented the trans-
former. William Stanley soon

developed the a-c. high-voltage multiple system and as a-c.
systems made headway against the established d-c. systems there
came a demand for a-c. meters. The early trend for a-c. indi-
cating instruments had been toward the hot-wire principle.
(The Cardew voltmeter was of this type.) It was natural that
the first of the a-c. meters, devised by Prof. George Forbes
(London) and exhibited to the American Institute of Electrical
Engineers in 1887, should be of the thermal form (Fig. 73).
A coil carrying the load current heated the air within the meter
case and set up convection currents which impinged on mica
fan blades. The mica fans were attached radially to a light
paper cone resting on a jewel point. It was too delicate and

Fig. 72.
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too sensitive to disturbing influences to give commercial
promise. '

Fia. 73.
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At about the same time Elihu Thomson introduced a vapor
meter. It consisted of two evacuated glass bulbs connected by a
capillary tube (Fig. 74). The bulbs were nearly filled with
alcohol and each contained a small electric heating element.
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The two bulbs were mounted on a beam, balance fashion, and
the one in the depressed position dipped into a mercury well
and connected its heater across a line shunt. The rise in tem-
perature of the alcohol increased the vapor tension above the
liquid and forced some of it through the capillary tube into the
other bulb. The cycle was thereupon repeated, each oscillation
of the beam registering a more or less definite consumption.

6-6. Shallenberger Ampere-hour Meters.—Edison as early
as 1881 invented what was probably the first meter of the motor
type. It consisted of a small bipolar motor (Fig. 75), the field
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connected in series with the line and the armature shunted across
the field. A fan controlled the speed proportional to the line
current (as will be discussed in connection with the Shallenberger
meter). It was not developed commercially because ldison
was partial to the chemical meter.

The first really successful motor meter was devised by Oliver
B. Shallenberger in 1888. In an experiment with a new form
of arc lamp for alternating current, a small piece of spiral spring
became detached from the mechanism and fell upon a flange
of a magnet comprising a part of the lamp. It fell so as to
be placed under the influence of the flux from the magnet and
that from a core of soft-iron wires. Shallenberger noticed that
the spring rotated slightly about its longitudinal axis. This wasa
new phenomenon and he saw in it at once the potentiality for
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adaptation to a simple motor principle for meter purposes, the
induction principle and rotating magnetic field. Within three
weceks of his original observation he had employed the principle
of two displaced magnetic ficlds with a time-phase difference
of their fluxes to construct an induction ampere-hour meter.
The time and space displacement of the two magnetic fields
was accomplished by placing the axis of a heavy short-circuited
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copper secondary at an angle with the axis of the parallel coils
carrying the line current. Free to rotate within both coil
systems was a light aluminum disk carrying a soft-iron ring.
Control of the speed to some functional relation to the line
current was accomplished (as in Edison’s motor meter) by means
of four light aluminum fans supported radially from the same
shaft as the disk (Fig. 76). The driving torque was proportional
to the flux and current in the main coils and also to the flux and
current induced in the short-circuited coil. The latter was
proportional to the former and, therefore, the driving torque
was proportional to the square of the line current. The fan
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developed a retarding torque proportional to the square of the
speed at which it was rotated. With friction at the bearings and
register neglected,

Driving torque = K,I?
Retarding torque = K,(speed)?

Under conditions of steady load the speed will automatically
assume a value at which

Retarding torque = Driving torque

or

Ky(speed)? = K, I?

I

and
Speed = KI

The meter inherently had poor light-load characteristics
because at 1/10 load the driving torque was only 1/100 of the
tull-load torque.

6-6. Thomson Recording Wattmeter (TRW).—A patent was
obtained in 1889 by Elihu Thomson for a motor-type meter
which was the first real watthour meter. The inventor’s
intention was to develop an a-c. meter. Actually its real field
of usefulness has proved to be on d-c. systems because of the
difficulty of lagging it for correct registration on inductive loads
and because of the simplicity and lower cost of the induction
meter. It consists of a small shunt motor (Fig. 77) with a
cylindrical armature mounted on a vertical shaft and free to
rotate in the fields of circular coils placed in series with the
line. The armature is conneceted in series with a resistor across
the line. The driving torque is, therefore, proportional to the
current in the armature (and, therefore, to the line voltage)
and also proportional to the line current in the series coils.
The driving torque is, therefore, proportional to the product
of E and I and, therefore, to watts. The armature shaft carries
a copper disk which rotates between the poles of permanent
magnets. The retarding torque of reaction between eddy cur-
rents induced in the disk and the magnet flux which induced
them is proportional to the speed of the disk. In this instance
the balance of the driving and retarding torques will result
when the speed is proportional to the watts to which the driving
element responds. The meter, therefore, performs the integra-
tion [EIdt and is a watthour meter.
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6-7. D-c. Mercury-type Meter.—Barlow in 1823 discovered
that magnetic flux threading through the plane of a disk would
react with a radial current to produce torque which would make
the disk rotate about its axis. Faraday made the same dis-
covery. In 1888 and 1889 Ferraris and Hookham independently
devised ampere-hour meters functioning on this principle. The
brushes of Barlow and Faraday were supplanted by mercury
contacts. In fact the disk was submerged in mercury contained
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in a chamber of insulating material. The current passed across
a diameter of the horizontal disk and encountered a vertical
flux upward on one side of the shaft and downward on the other.
The torque resulted in rotation. The Sangamo mercury ampere-
hour and watthour meters are the direct American descendant.
6-8. Watthour Adaptation of the Induction Principle.—An
induction meter in which a disk was subjected to two magnetic
fields displaced in space and in time-phase was patented (United
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States) in 1890 by Blathey. One coil was a shunt coil responsive
to line voltages and the other a series coil energized by line
current. Ferraris had discovered (1885) the rotating field
produced by space-displaced polyphase windings. Blathey
got the effect from a single-phase source; this meter was more
than merely an amperc-hour meter like Shallenberger’s but
hardly a watthour meter because of the omission of phase
control of the voltage flux. Gustav A. Schecfer in 1894 patented
the scheme which introduced some correction of this sort; he
sensed the necessity for maximum torque and speed under unity
power-factor condition of the metered load. He also provided,
for the first time, means for compensating for the friction of the
moving parts; a short-circuited winding on the current coil
functioned as a ‘“‘shading coil.”

It remained, however, for Shallenberger to make the last great
stride in the evolution of the induction watthour meter. In 1895
he patented means for bringing the resultant flux from the voltage
coil into time quadrature relation with the flux from the current
coils. This assured not only maximum torque at unity power
factor as Scheefer had approximately attained but also correct
registration at any power factor. Subsequent development of
the induction watthour meter has been in the direction of
refinement and simplification of design with improvement in
operating characteristics and, more recently, less variation
of accuracy of registration with overloads and change in ambient}
temperature.

The Duncan, General Electric, Sangamo, and Westinghouse
meters all function on the fundamental design established by
Shallenberger and differ little from one another today in per-
formance or manner of effecting adjustments or compensation.

6-9. Recapitulation.—The Gardiner and Fuller-Sawyer meters
measured only the time of consumption. The Edison (chemical),
Perry, Forbes, Thomson (vapor), and Shallenberger meters
(1878-1888) measured current times the time or ampere-hours.
The Thomson Commutator Meter measured d-c. watthours.
In the a-c. field Blathey (1890) added volts to Shallenberger’s
ampere-hours; Scheefer (1894) added a function of the power-
factor angle; and Shallenberger (1895) made that function the
cosine and thus rendered the induction meter a true watthour
meter for alternating current.
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CHAPTER VII
DIRECT-CURRENT WATTHOUR METER

In devising a d-c. watthour meter it would appear that the
same principle of torque production could be employed as in the
indicating wattmeter of the electrodynamic type. Continuous
rotation at a speed proportional to the load would be desired in
place of mere deflection to a new position of rest. The control
spring would be removed and some other form of countertorque
control substituted. Several additional coils would be added to
the armature to permit development of adequate torque at all
positions during rotation. A commutator would be needed.
By this time the structure would begin to resemble the dynamo
minus iron cores for field or armature. The commutator-type
d-c.watthour meter of Thomson may be viewed in this way as an
evolution from the electrodynamometer wattmeter, with Edison’s
motor meter of 1881 as one of the way stations along the route.

7-1. Commutator-type Watthour Meter.-—The structural
design of a commercial commutator watthour meter (Fig. 78)
consists of the following essential elements (1) the series field
coils, (2) the armature, commutator, and brushes, (3) braking
disk and magnets, (4) compensation for friction. In the evolu-
tion to this form two disturbing elements are encountered which
were lesser obstacles to satisfactory performances in the case of
the indicating wattmeter. One is the effect of the counter
e.m.f. generated in the armature when it rotates and the other
is the greater friction occasioned at the bearings by the necessarily
heavier moving element.

If the meter is to register watthours correctly it must operate
under all loads at speeds that are strictly proportional to the
loads. This requirement is met by restricting the counter
e.m.f. to low values by providing retarding torque of sufficient
magnitude to keep the speed low. Thus if the meter is treated
a8 a motor and the customary motor equations applied,

EL = Ea + iaRa

Ea = k1¢/S = kzIS
106
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Td = k3¢ﬂ:a = k4I1:¢

in which E, = line voltage.

I = line current through series coils to load.
E. = counter e.m.f. in armature.

1, = armature current.
R, = total ohms of armature circuit.

T; = driving torque.
In order that the driving torque may be proportional to the
load, T4 will have to be proportional to E.I or Ty = ksE.LI.

But
T, = kili, = mz(pilg F)

a

and it is evident that E, must be kept negligible with respect to
E. in order that the desired equality shall be attained. The

v

Friction
compensation

F1a. 78.

Bureau of Standards (1913) found the value of back e.m.f.
for five representative 110-volt meters to range from 0.07 to
0.19 volt at full-load speed. This is accomplished by the
employment of as much resistance (I2,) in the armature circuit
as permits sufficient ¢, to produce the requisite torque T\,.
Furthermore, the braking torque must be created to equal
T at that low value of speed.
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With these prime considerations provided for in the design
the more important of those remaining pertain to (1) obtaining
maximum armature ampere-turns with minimum amperes and
weight, (2) maximum field flux for permissible IR drop through
series coils, (3) minimum bearing friction, (4) minimum weight of
braking disk compatible with requisite braking torque, (5)
minimum commutator diameter to minimize torque of brush
friction.

7-2. Magnets and Braking Torque.—The voltage e induced in
the disk of Fig. 78 when it is rotated between the poles of the drag
magnet acts along the radius of the
disk and establishes eddy currents
across the path of the flux. In Fig.79
these will flow in toward the shaft
(for the downward flux direction and
rotation toward the right). They in
turn react with the same flux which
induced them, to create a coun-
tertorque toward the left, thus oppos-
ing the driving torque developed in
the armature above; the driving
torque was the cause of the motion of

Fic. 79. armature and braking disk toward
the right.

The voltage e will be proportional to the speed of rotation
and the magnitude of the flux.

e = ke¢mS

The currents established by e will be inversely proportional to the
effective resistance R of the distributed paths in the disk. The
braking torque T at radius r will, therefore, be

k6¢,,.S) S

_—_ 27
7y = k¢,,,Rr

Several deductions may be drawn from this relation. (1)
If T, is equal to T; at an appropriately low speed S, then R must
be small and ¢, and r be large. (2) The magnet flux will be
large when the magnets are powerful, of adequate polar area,
and the air gap as small as mechanical clearance will permit.
(3) The limit to the disk radius » will be the weight and size
permissible. (4) The resistance R will be low if a low-resistance

Ty = kidmiyr = k7¢m—1%7‘= k7¢m(
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material is employed along with as much thickness as weight
permits. Aluminum best fits these over-all requirements for
disk material. Copper of the same dimensions would have half
the resistance, twice the eddy currents and braking torque, but
three times the weight to be carried on the bearings.

Two other deductions should be noted in passing. (5) Any
attempt to gain torque by increasing r (i.e., moving magnets
nearer the edge of the disk) may mean an increased resistance
R of the disk paths due to their restriction at the edge. (6) A
change in magnet strength (weakening with age, say) will result
in twice as great a change in torque at a given speed. Since the
speed will rise until T, equals T, this means that a 1 per cent
weakening of the magnets will result in a 2 per cent increase in
speed for a given metered load.

When two magnets are employed, as in Fig. 81, placing the
opposite poles adjacent accomplishes two purposes: (1) it tends
to reduce the risk of demagnetization and (2) in spite of the flux
lost in the series circuit through the magnets, that which passes
through the disk establishes eddy currents in shorter paths than
if the polarities adjacent were the same. This increases the
braking torque.

7-3. Compensation for Friction.—The commutator meter
presents four sources of friction: (1) upper and lower bearings, (2)
gears and register, (3) brush contact, and (4) windage. All but
air friction are sensibly constant and of them the brush friction
represents 60 to 80 per cent of the total at rated full-load speed,
the others dividing the rest practically equally. As a whole,
friction for these meters lies between 0.6 and 1 per cent of the
full-load driving torque. At 10 per cent of load the friction
torque would be nearly 10 per cent of the driving torque and the
meter would be seriously in error if no compensation were
provided. N

Commutator-type watthour meters are provided with a
supplementary field coil the flux from which is added to that
from the series coils energized by the load current under measure-
ment. It is located parallel to the field coils and placed in series
with the armature. In the modern lower voltage meters it also
embraces most of the ohms required in the potential circuit
to keep the armature current and voltage-circuit watts at the
desired low values. With this compensation the average
5-amp. meter will start on currents as low as 0.04 amp.
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The “light-load” coil will carry current to create torque by
reaction of its flux with the same current in the armature coils
when the voltage is on. Since it will carry current and produce
torque proportional to the voltage, the friction-compensating
torque will vary with the square of the voltage, whereas the
friction will be independent of the voltage. A 110-volt meter
which has been calibrated to be correct at 10 per cent load on
110 volts will be likely to ‘“creep” (rotate on no load) if the
voltage is raised to 130. Meters which have a tendency to
creep under conditions of vibration are usually remedied by
clipping a piece of iron wire over the edge of the disk where it
will be subject to attraction by the corner of the drag magnets.

7-4. Characteristic Performance of Commutator Meter.—The
friction compensation will not, however, guarantee the propor-
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tionality of speed and driving torque because the friction is cer-
tain to vary somewhat with the speed, especially the air friction,
whereas the compensating torque is sensibly constant. As a
result of this and other minor factors (not, however, self-heating)
the characteristic speed-load curve is of the form shown in Fig. 80.
The curve marked ‘“normal’’ shows the meter correct in speed
and registration at both 10 and 100 per cent of its rated load.
In general the heating of the series coil under sustained load will
raise the hump and drop the overload tail of the curve.

A shift of the full-load (magnet) adjustment that increases
the speed 1 per cent at full load will increase it by the same
percentage at all loads (curve M, Fig. 80). If a meter is correct
at 10 and 100 per cent load a shift of the light-load adjustment
which increases the speed 1 per cent at 10 per cent load will have
increased the speed 0.1 per cent (one-tenth as much) at full
load (curve L.L).

7-6. Calibration and Adjustments.—In order to permit
correction for unavoidable differences between individual meters
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in the manufacturing process and to correct for errors acquired
while in service, the watthour meters are provided with two
adjustments, full load and light load.

The full-load adjustment is accomplished by manipulation of
the retarding torque introduced by the drag magnets,—changing
either (1) the radius at which the magnets act or (2) the flux
across the air gap and through the disk. The first requires mov-
ing the magnets; some makes offer a micrometer feature at this
point.  One obsolete type of (a-c.) meter employed a cylindrical
braking structure and the full-load adjustment was effected
by having the magnets moved parallel to the axis and thus

embracing more or less of the cylindrical area of the aluminum
shell.

Changing the flux from fixed magnets is accomplished by
shifting the position of a soft-iron disk D (Fig. 81) with respect
to the magnet poles; moving it closer to them shunts some of the
flux through the disk and reduces the flux threading through the
disk; the meter speed rises because the retarding torque is
reduced. Moving the iron disk away from the magnets and
the aluminum braking disk decreases the meter speed.

Several schemes have been employed to vary the amount of
friction compensation in calibrating these meters: (1) moving
the light-load coil in a direction perpendicular to its plane and
thus increasing or decreasing its contribution of flux at the
armature location, (2) swinging the coil in its own plane and
thus varying the amount of its flux intersecting the armature,
(3) varying the number of turns of a fixed coil and thus varying
its magnetomotive ampere-turns and the resulting flux. Method
1 was employed in the early Thomson meters but method 2 is
now employed by all manufacturers.
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7-6. Design Proportions of D-c. Watthour Meters.—Data
for three representative makes of commutator-type watthour
meter are offered in Table IV. There are also included for com-
pleteness and comparison the data for the mercury-type meter of
the Sangamo Electric Company. It is not made in the 5-amp.
size for which the other data are given and the data are given
for its 10-amp. pattern.

The over-all resistances of the voltage circuit are practically
identical and, therefore, so are the watts lost. The distribution
of this resistance affects the distribution of the temperature
rise from self-heating. Flux density has significance in connec-

TaBLE IV.—ELECTRICAL AND MECHANICAL DESIGN DaTa
Direct-current Watthour Meters 110 Volts, 5§ Amp., Two Wire (except
Sangamo data which are for 10-amp. Meter)

D General | Westing- | Sangamo
uncan .
E Electrice house |(mercury)
C-6 CW-6 D-5
Full load, rpm.............. 36.66 45.83 46.66 25
Watthours per revolution. . . .. 0.25 0.2 0.2 0.666
Ohms in voltage circuit:
Armature................. 1,290 930 980
Compensating coil......... 12
Resistor................... 1 ,3402 1,500 1,710
Total..................... 2,642 2,430 2,690 2,645
Watts loss in voltage circuit. .. 4.6 5 4.5 4.5
Current circuit resistance, ohms 0.23 0.22 0.21 0.003
Watts loss (full load)....... 5.7 5.5 5.2 0.3
Flux density, gausses....... 85 75 70
Moving element:
Torque, centimeter-grams. .. 14.31 17.0 14.92 6.0
Weight, grams............. 156.2 91.0 96.1 3*
Ratio, torque/weight.... ... 0.092 0.187 0.155 2
Diameter of commutator,
centimeters.............. 0.465 0.240 0.240
Commutator segments. ..... 8, 8 8
Thickness of disk, centimeters. 0.150 0.065 0.065 0.09
Diameter of disk, centimeters. . 13.35 12.66 12.70 10.18
Magnets:
Number, used.............. 2 4 4 2
Total flux, gausses......... 14,400 7,300 7,300 8,100
Retentivity index.......... 247 304 302 88
Temperature coefficient (meter
as a whole), degree centigrade +0.10 +0.10 +0.07 +0.12

* Figure given is upward thrust on upper bearing.
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tion with the judicious balance of ampere-turns in armature and
series coils; it also has a bearing on the susceptibility to stray
fields. Ratio of torque to weight is a commonly used index of
the preponderance of driving torque over friction torque. Com-
mutator diameter is a component of the friction torque con-
tributed by the brushes riding against the commutator. The
retentivity index for the magnets is the ratio of (1) the ratio
of the magnet steel length to its cross section to (2) the ratio
of the air-gap length to its cross section. The temperature
coeflicients of the aluminum-disk and voltage-circuit resistances
are both positive and of the same order of magnitude, +0.40 per
cent. The magnet air-gap flux weakens about 0.01 per cent
per degree C.

The coefficient for the meter is sensibly the algebraic sum of
the positive voltage-circuit coefficient, minus the positive disk
coefficient (minus because increase in disk resistance means less
eddy currents and less braking torque), and twice the negative
magnet coefficient (twice because a change affects both the
flux and the eddy currents which it induces).

7-7. Shunting and Astaticism.—Heavy-current-capacity d-c.
meters present two problems: (1) the handling of the large current
in the series coils or a shunted fraction of it, (2) the shielding
against or neutralization of the stray fields from the heavy
current buses in the immediate vicinity.

If the heavy currents are handled in their full value in the
series coils, the conductors must be large to keep the drop and
losses low and but few turns can be employed—often only one.
If the series coils are shunted, the low permissible shunt drop
indicates large coil conductors, few turns, and difficulty in
developing the requisite flux and torque. The Columbia meter
employs iron in the armature to enhance the flux and torque.
The Duncan shunted meter employs an elongated armature and
four series coils to enhance the torque. Mercury-type meters
are readily shunted because of the inherently lower resistance
of the series circuit through the mercury and disk (see
Table IV).

Two schemes are employed to minimize the effect of stray
fields. One astatic arrangement employs a four-pole wave-
wound armature with two brushes and four series coils in quad-
rants about the armature. The other employs two separate
armatures on the same shaft, their pairs of field coils giving
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opposite flux directions so that a stray field will add as much
to one as it subtracts from the other.

7-8. Mercury-type D-c. Watthour Meter.—The mercury-type
watthour meter consists essentially of a copper disk floated in
mercury and subjected to a magnetic field perpendicular to its
plane—upward (in Fig. 82) on the right of the shaft and down-
ward on the left. Current passing from left to right across the
disk establishes clockwise rotating when viewed from above.
The mercury serves the purpose of the brushes of the commutator
meter and at the same time floats the entire moving system, a
float aiding in the buoyancy.
The copper disk and the
attached float are completely
~H immersed in the mercury.
The buoyancy creates a slight
upward thrust on the upper
bearing. The disk constitutes
a one-turn armature and the

— Mz — > requisite torque is obtained by

Fro. 82. enhancing the flux from the

voltage-circuit electromagnet

by means of an iron core. Slotting the disk radially gives an
additional 50 per cent increase in torque.

Some of the features of the mercury meter are (1) minimized
bearing friction and wear, (2) unaffected by vibration or stray
fields, (3) high ratio of driving torque to friction torque, (4) low
losses in the current circuit, (5) adaptability to shunted operation.

The same principle is adapted to ampere-hour measurements
by substituting permanent magnets for the voltage-excited
electromagnets of the watthour meter.

7-9. Friction Compensation of Mercury Meter.—In the com-
mutator meter the torque to compensate for friction was pro-
duced by augmenting the field flux by means of a supplementary
field coil energized by the line voltage. In the case of the mer-
cury meter the torque to compensate for friction is obtained by
augmenting the line current across the disk. In order to isolate
the circuit by which this corrective current is passed through
the disk from the variable-resistance load circuit, a thermocouple
is employed. The heater coil H surrounding the thermocouple
is placed in series with the voltage electromagnet coil S.C.
The e.m.f. generated in the thermocouple circulates a corrective

Insulatin,
marte
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current in a local circuit having its path in the disk in common
with the load-current circuit. The polarity of the thermocouple
e.m.f. is, of course, independent of the direction of current
through the heater coil and, therefore, independent of the polarity
of the line connections to the meter. The proper polarity of the
thermocouple can be obtained by shifting its terminals from the
upper and middle to the middle and lower blocks or vice versa.
With the polarity correct an adjustment of the meter toward
either fast or slow on light load is available because the thermo-
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couple connection is not made at the end of the resistor rod.
Thus moving K to the extreme left will reverse the thermocouple
current through the disk and make the meter slower on light
load. The magnitude of the corrective current is controlled
by the length of resistor rod embraced between K and the
thermocouple connection to the rod.

The compounding series turns CT around the voltage electro-
magnet compensate for the increased torque of fluid friction at
the higher speeds and, therefore, tend to prevent the ‘“overload
droop” of the load-registration curve.

7-10. Shunted Mercury Meter for Large Capacities.—All
Sangamo meters above 10 amp. rating are used with shunts.
Up to 75 amp. rating the shunt is connected across the meter
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terminal posts within the case. From 100 amp. rating upward
the shunts are external and the meter may readily be placed
25 ft. from the bus in which the shunt is inserted. When
operated in conjunction with a shunt the relative resistance of
the shunt and the parallel circuit through the meter, including
leads and contact resistances, must be maintained at the proper
proportions, more so than for millivoltmeters and shunts used
as ammeters. A sliding-block adjustment N is furnished in the
series circuit of shunted meters to bring the fraction of shunted
current to its proper 10-amp. value when the line current is at
the value for which the shunted meter is rated.

The voltage drop with 10 amp. through the 10-amp. unshunted
meter is 30 mv. In the case of internally shunted meters (up
to 75 amp.) or so-called ‘“pocket-type’’ external shunts (up to
200 amp.) the voltage drop is 60 mv. With open-type (up to
1,000 amp.) or box-type shunts (up to 400 amp.) the voltage
drop is 75 mv.

7-11. Watthour-meter Terms and Constants.—Since the
watthour meter is designed to rotate at a speed proportional
to the load watts, each revolution represents a definite number
of watthours passed to the load during the time required for
that one revolution. For an extended period of time the total
revolutions made are to be a measure of the total watthours
or kilowatt-hours consumed in the load. The revolutions made
by the disk are communicated to a set of dials by means of a
worm and set of gears.

The Code for Electricity Meters (approved as an American
Standard and published in 1927 by the National Electric Light
Association and Association of Edison Illuminating Companies)
gives the following definitions covering the terms employed in
connection with the dials, register, and meter constants.

Rotating Element.—That part of the motor element which
rotates at a speed proportional to the power integrated by the
meter.

Register—That part of the meter which registers the revolu-
tions of the rotating element in terms of units of electrical
energy.

Dials.—The graduated circles over which the dial pointers
move,

Dial Pointers.—Those parts of the register which move over
the dials and point to the numbers on the divisions of the dials.
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First Dial.—The graduated circle over which the most rapidly
moving dial pointer moves.

Dial Train.—All the gear wheels and pinions used to inter-
connect the dial pointers.

Register Ratio (R,).—The number of revolutions of the wheel
meshing with the worm or pinion on the rotating element for
one revolution of the first dial pointer.

Gear Ratio (R,).—The number of revolutions of the rotating
element for one revolution of the first dial pointer.

Register Reading.—The numerical value indicated on the dials
by the dial pointers. Neither the register constant nor the test
dial, if any, is considered.

Register Constant (K,).—The factor used in conjunction with
the register reading in order to ascertain the total amount of
electrical energy that has passed through the meter. The
register constant may be 1, 10, or any multiple of 10.

Percentage of Accuracy.—The percentage of accuracy of a
meter is the ratio, expressed as a percentage of the registration
in a given time to the true kilowatt-hours and is commonly
referred to as the ‘“accuracy’ or “percentage accuracy”’ of the
meter. (The term percentage registration means the same as
percentage accuracy).

Watthour Constant (K,).—The registration of one revolution
of the rotating element expressed in watthours.

Watt-second Constant (K,).—The registration of one revolution
of the rotating element expressed in watt-seconds.

P = load watts.

R = number of revolutions of the disk.

S = time in seconds for R revolutions.

Meter watthours = K,R.

Meter watt-seconds = K; X R X 3,600 = K,R
KiR X 3,600 _ K,k

Meter watts = S 3 [26]
meter watts X 100
Per cent accuracy =
true watts
_3,600K:R X 100 _ K,R X 100 (27]
B PS = PS

Also, for single pitch worm and gear R, = R, X n;n = number
of worm wheel teeth; and, for double pitch worm and gear
R, = R, X n/2.
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7-12. Testing Watthour Meters with Rotating Standards.—
Portable watthour meters, called ““rotating standards’ or *test
meters,” are provided with a plurality of current and voltage
windings (one instrument thus serves to test service meters of a
wide range of capacities) and with dials indicating revolutions
and fractions of a revolution of the rotating element. They
facilitate an accurate comparison between them and the meter
under test. The two meters are subjected to the same load
for the same length of time and the revolutions of each noted;
an integral number of revolutions of the meter under test must
be taken because fractions of its revolutions can only be estimated
in the absence of graduations.

Let r = counted revolutions of meter under test.

R = counted revolutions of rotating standard.
kr = watthour constant of meter under test.

K, = watthour constant of rotating standard.
Meter watthours = rks.
True watthours = RK,.

meter Wa’gthours
true watthours
T’C;.

= R‘I(—h X 100 [28]

Percentage accuracy = X 100

The revolutions (in a given time and with a given load) made
by two accurate meters will be inversely proportional to their
watthour constants. Since the watthour constants commonly
employed bear simple ratios to one another, a pair of integral
values of r and R can always be found which will consume an
adequately but not inordinately long time. A comparison,
then, of the revolutions R made by the rotating standard, while
the meter makes r revolutions, with the revolutions R, which
would be made by the rotating standard if the meter were of
100 per cent accuracy, gives the percentage accuracy of the
meter as Ro/R X 100. Convenient tables can be constructed
on this principle for the use of meter testers.

7-13. Register Constant.—Since watthour meters are seldom
read oftener than once a month, it is essential that the pointer
of the last dial shall not pass over its zero more than once during
the month. This necessitates the use of the register constant
which is merely a multiplying factor to increase the kilowatt-hour
equivalent of the numerical value of the register reading. The
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numerical value of one revolution of the first dial pointer of a
standard register is 10; therefore, the register constant for
kilowatt-hours is
_ Ky XR,
K =1ox 1,000 129]

Evidently the introduction of the register constant to prevent
overrunning of the register is accomplished by increasing the
gear ratio (and register ratio).

The interrelation of watthour constant, register ratio, register
constant, and rated capacity of the meter can be seen from the
following table pertaining to the General Electric Type C-6 d-c.
watthour meter in selected ratings.

. 110 volts 220 volts 550 volts
Rating,
amperes | g | K, R, K. | K, R, | Kv | K, | R,
5 0.2 1 500 0.4 1 250 1 1| 100
10 0.4 1 250 0.75 1 13314 2 1 50
50 2.0 1 50 4.0 1 25 10 1 10
100 4.0 1 25 7.5 1 1313 20 10 50
600 25 10 40 50.0 10 20 125 | 100 80
Problems

7-1. The internal potential connections of an accurate meter are changed
so that it runs backward. Will the difference of the dial readings be the
true consumption? Why?

7-2. The “line” wires of a two-wire meter are interchanged with the
“load”” wires. Will the meter run forward or backward? If it runs for-
ward, will it register the consumption correctly? Why?

7-8. A sccond meter (perhaps for check purposes) is connected on the
load side of an existing meter of the same rating. What is the result on
both meters? Would you expect them to register identically at all loads?
Why?

7-4. A 100-volt 5-amp. two-wire meter having a watthour constant of 14
is found to be creeping at the rate of 1 revolution in 2 min. By how much
would the bill be too large at the end of a month? (The rate is 8 cents per
kilowatt-hour.) Should the credit apply during periods of load on the
meter?

7-6. A train of gears consists of wheels A and B on one shaft, C and D
on another shaft, £ and F on a third shaft. The wheels mesh as follows:
B with C, D with E, F with G. Wheel G carries the first dial pointer. The
numbers of teeth are as follows:

A =100 C =50 E
B 10 D =10 F

(']
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a. Compute the register ratio.
b. What is the gear ratio if wheel A meshes with a single-pitch worm
on the disk shaft?
¢. If the register constant is 1, what will have to be the watthour
constant of the meter for which this register is appropriate?
7-8. What should be the register constant and register ratio of a 100-amp.
220-volt three-wire meter having a watthour constant of 12?7
7-7. A Sangamo type D-5 75-amp. meter is discovered to have by mistake
the register of a 25-amp. meter. The reading on March 10 was 3256; on
April 10 it was 3593. What number of kilowatt-hours should be billed?
7-8. A 50-watt lamp burns }3 hr. How many revolutions would be
made by the disk of a meter having a watthour constant of 0.37 14?7
%47 217?

7-9. A certain consumer’s watthour meter tests as follows:

Rotating standard Consumer’s meter
Load, per cent
K, Revolutions K, Revolutions
10 0.06 18.21 0.5 2
100 0.6 17.62 0.5 20

Calculate the percentage accuracy of the consumer’s watthour meter at
light load and full load.

7-10. For a meter under test K, = 1.25; for the rotating standard
K, = 0.5. The meter under test makes 4 revolutions while the standard
makes 10.15. What is the percentage accuracy?

7-11. A meter under test has a watthour constant of 24; the rotating
standard has two current windings, for 1 and 10 amp., with K, = 0.06 and
0.6, respectively. If the meter is correct, how many revolutions should the
standard make for 2 revolutions of the meter under test on light load and
for 10 revolutions on full load?

7-12. Why does a d-c. commutator meter run faster with increase of
metered load (which strengthens its field) whereas the shunt motor, which it
resembles, runs slower if its field is strengthened?

7-13. The N.E.L.A. Meter Committee recommends that the register
ratio shall be such that the register will not repeat in less than 25 days when
operated at full load (rated amperes times 120 volts or multiples thereof)
for24hr.aday. On this basis deduce from the table in Par. 7-18 the register
constant, register ratio, and watthour constant of a 150-amp. 440-volt meter.

7-14. The Code for Electricity Meters stipulates that a d-c. watthour
meter, cover on, shall not be affected more than 2.5 per cent at 20 per cent
of rated current by an external magnetic field of 0.25 gauss applied in such a
direction as to have its maximum effect. It suggests obtaining the 0.25-
gauss field by passing 3.5 amp. in series through two four-turn coils wound
on the edges of 100-cm. wooden disks and placed parallel 50 cm. apart.
Verify the 0.25 gauss.

What is the relation in magnitude of this external field to the working
flux of the meter?

What effect does the sheet-metal cover have?



CHAPTER VIII
PRINCIPLE OF INDUCTION WATTHOUR METER

The induction watthour meter is in many respects astonish-
ingly simple in its structural assembly. And in spite of the
complexity of the electrical and magnetic interactions which
enter its operation, its accuracy under wide variations of load,
power factor, voltage, frequency, and temperature will be found
almost as striking. In fact there are relatively few devices
surpassing its sustained accuracy among the many measuring
instruments used in vending a measurable service or commodity
to the public.

8-1. Induction Meter Comparable with Induction Motor.—
The action of the induction watthour meter may be likened to
that of the induction motor. In the polyphase induction
motor the stator windings are displaced in their space relation
the same number of electrical degrees as the corresponding
applied voltages are displaced in time phase in the polyphase
supply. The result is a stator flux which is uniform in magnitude
and rotates about the rotor axis at uniform velocity; it induces
in the short-circuited rotor e.m.f. which circulate currents in the
closed rotor circuits. These currents react with the flux to
create the driving torque of the motor.

The single-phase induction watthour meter uses an aluminum
disk as the rotor and a voltage electromagnet and a current electro-
magnet so located as to apply their magnetic fluxes in a dis-
placed space relationship. The requirement of time-phase
displacement so readily met in the polyphase induction motor by
the difference in time-phase of the polyphase voltages is met
in the induction meter by making the voltage electromagnet as
purely inductive as possible and the current electromagnet as
purely non-inductive as possible. In the ideal meter the voltage-
electromagnet flux will lag 90° behind the applied line voltage,
and the current (or series) electromagnet flux will be in phase
with the line or load current.

This quadrature relation between the two sources of flux
resembles the quadrature relation of the two-phase induction

121
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motor. In the motor the resultant flux rotates uniformly and
acts upon the whole rotor. In the meter the resultant flux
acts only on a portion of the disk and merely “shifts’’ or *glides”’
across that portion of the disk, always in the one direction—that
in which rotation of the disk follows as a consequence.

8-2. “Shifting-field” Analysis of Action.—The particular
arrangement of the voltage (or shunt) and the current (or series)
electromagnets differs with the various manufacturers. In some
cases they lie on opposite sides of the disk as in Fig. 84. In
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other cases they are placed on the same side of the disk. Some
use two current coils in conjunction with one voltage coil and
pole. Others use two voltage coils and poles with one current
coil.

The disk is mounted on a vertical spindle and the rear portion
of the disk passes through the air gap between the electromagnets.
The front portion of the disk rotates between the poles of perma-
nent magnets which serve, as in the case of the d-c. meters, to
introduce the controlling torque which results in a disk speed
proportional to the load in watts on the meter.

A typical form of driving element is that shown in Fig. 85
in which the voltage winding of several hundred turns is marked
V.C. and the two current windings are at S.C., of few turns
and so wound and connected in series as to result in opposite
magnetic polarities at the air gap. Flux configuration is shown
at the right of Fig. 85 when it is at a maximum for the voltage
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electromagnet and at the left for the time when the current
electromagnet flux is at maximum value. Note that both fluxes

divide in parallel paths.

At the time instant a (Fig. 86) the
load current I through the series coils
is a maximum and the flux is, say,
upward at 1-2 and 2-3 and downward
at 3-4 and 4-5; the current I in the
potential coil is zero. At the instant
b, I is zero and I is maximum, giving,
say, flux upward at 2-3 and 3-4. At
the instant ¢, I is zero again and I
gives flux downward at 1-2 and 2-3 and

Flux

Fi1a. 85.

upward at 3-4 and 4-5. The upward flux has, therefore,
progressed from 1-2 and 2-3 to 2-3 and 3-4 and finally to 3—4

E
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-t 90
E \

e 4y ¢
£ = Voltage of circuit I =Current in serfes elecfromagnet
Ig= Current in voltage elecfromagne! @ =Flux of current elecfromagnet
PE= Flux of voltage e/ec/ramg{gnef i =Currents induced in disk by ¢;
g = Eday currents induced in disk by @

F1a. 86.

and 4-5 or has passed from left to right across the disk. The
progress is summarized in the following tabulation.

Time Instant
1-2 2-3

Flux Paths
3-4 4-5 1-2

[ 7 Up Up Down Down
b 0 Up Up 0
[ Down Down Up Up
doooii 0 Down Down 0 Up

The result of such relative motion of flux and disk is, then, °
the induction of eddy currents in the disk similar to the rotor
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currents of the induction motor and these currents react with
the flux to create torque which drives the disk from left to right
(or counterclockwise from above if the shaft is on the opposite
side of the electromagnets from the reader).

While this account of the source of driving torque may give
a helpful preliminary notion of the source of torque in the
induction watthour meter, it does not lend itself readily to
analysis of the effect upon the performance of the meter of such
items as overloads, changes in voltage or frequency, change in
temperature. The following treatment is, therefore, much more
valuable.

8-3. Disk Eddy-current Analysis of Action.—The driving
torque in induction watthour meters can be accounted for by the
reaction in the disk of the alternating flux from one electro-
magnet with the eddy currents resulting from the alternation of
flux from the second electromagnet and vice versa. The two
fluxes must have a time-phase displacement (so that one will
be at maximum while the other is at zero but changing most
rapidly and thus inducing maximum eddy currents in the disk);
they must also have a space displacement (so that part of the
eddy-current paths for one pole will lie in the path of the flux
from the other pole). This conception is preferable to that of
the shifting field (just described in a qualitative manner) because
it lends itself better to detailed analysis of effects of variation
in voltage, frequency, wave form, load power factor, heavy
overload, temperature, etc.

Consider again the ideal conditions existing in the electro-
magnet structure of Fig. 85 at the instant a. Current I in the
series coils is at its maximum and likewise the flux ¢, established
by it. In Fig. 87 this is upward at 1-2 and 2-3 and downward
at 3—4 and 4-5 just as it was in Fig. 85 (left). If a load of unity
power factor being metered is again assumed, then at a the
voltage E is also a maximum but the voltage-electromagnet
current /¢ and flux ¢x are zero; however, the flux ¢ is changing
at its greatest rate, inducing the maximum value of voltage in
the disk (which constitutes a closed-circuit secondary) and,
therefore, circulating at the moment the maximum value of disk
eddy currents. These eddy currents circulate through the two
regions where the flux ¢; exists and there they create the force
reaction which is the basis of the driving torque, toward the
right in both areas.
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After the instant a the current I and flux ¢; begin to decrease
and the change in the latter induces an e.m.f. and consequent
eddy currents in the disk; these eddy currents pass through the
region of the flux ¢r and the two react to create torque. When
the instant b arrives, this torque reaction is at its maximum
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and that described in the last paragraph has declined to zero.
If the time instants ¢ and d are considered successively, the
successive torque reactions (at unity power factor) of eddy
currents from one set of poles with the flux from the other will
be found to be all in one direction—that in which the disk
rotates.

8-4. Factors Determining Torque.—In deducing an expression
for the driving torque jt will be desirable to keep the variables
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as few as possible. Thus an indefinitely large disk will assure
avoidance of restraint on the flow of the eddy currents. Also
it will be assumed that the flux from the voltage electromagnet
lags the voltage by 90° and that the current-coil flux is in phase
with the current. Further it will be assumed that the load power
factor is cos @ corresponding to a phase angle 6 between load
voltage and current.

1. The instantaneous torques will be proportional to each
alternating flux and also to the currents (induced by the
changes of the other flux) which react with them. But at
constant frequency the eddy currents will be proportional
to the inducing flux. Therefore, the torque will be pro-
portional to each of the fluxes and consequently to their
produet.

2. The torque will be proportional to the sine of the time-
phase angle ¢ between the fluxes. If the two fluxes are in
phase, the sine and the torque will be zero. At zero
power factor of load the torque should, of course, be zero.
But a lag of 90° of current behind voltage, corresponding
to zero power factor of load, brings the line current and
current-coil flux into phase with the voltage-coil flux
which already lagged the voltage by that same 90° in
time angle. Therefore, the net torque is zero as is desired
at zero power factor of load. Actually, there are equal
positive and negative torques having zero resultant.

3. The torque will be proportional to the conductivity k
and thickness ¢ of the disk. A thicker disk would increase
the eddy currents and torque. Lower resistance material
would do likewise.

4. The torque will be proportional to the frequency f «f the
fux magnitudes are independent of the frequency. KEach
fixed flux will, with its higher rate of change at the higher
frequency, induce proportionately greater currents in the
disk and thereby increase the torque proportionately.

5. The torque will be directly proportional to the mean
radius r to polar centers and inversely proportional to the
distance d between centers. The greater the separation
of poles, the greater the chance that the bulk of the eddy
currents will pass between them and therefore produce
no torque.
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6. The torque will be proportional to a geometrical factor
@ dependent on the configuration of disk, voltage poles, and
current poles.

With these factors assembled,

Tow P4, 865ny [30]

8-6. Dependence of Torque on Geometrical Factors.—In
commercial meters designed for cconomy of space and material
the clectromagnets are necessarily too close to the edge of the
disk to permit symmetrical disposition and unrestrained magni-
tude of the eddy currents. Therefore, the torque realized is
often only half that which would be obtained from the indefinitely
large disk assumed in the preceding paragraph. The larger
disk, if permissible, might provide more torque but it would
introduce distinctly objectionable features of added weight and
inertia offsetting the gains in torque. The maximum torque
appears to be obtained* when (1) the flux circlesoverlap, the center
to center distance being about 4/2 times their radii, (2) the
perpendicular distance from the spindle to the locus of the flux
centers is about 0.8 of the disk radius. The value of G is
then 0.38R/a, where R = radius of disk and a = radius of flux-
circle areas.

8-6. Requisite Phase Relations.—Since the meter is to
register watthours it must, for fixed values of E and I, develop
torque proportional to the power factor; otherwise the speed
will not be proportional to the watts load. At unity load power
factor the torque must be a maximum and it must be zero when
the load power factor is zero. These conditions will be estab-
lished if the voltage-electromagnet flux lags 90° behind the line
voltage E. In the actual meter the current flux will lag the
current because of slight copper and core losses and the disk
eddy currents will lag the voltage induced in the disk because
of the inductance of their paths. Consequently it is more
rigidly correct to say that the electromagnetic structure is to
be so designed or compensated that, for load condition of unity
power factor, the voltage flux shall be in phase with the eddy
currents resulting in the disk from the flux established by load
current, through the series coils. When this condition has been

* JimBo, 8., Tokyo, 1927.
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established the torque reaction of fluxes and eddy currents will
be proportional to cos @, the load power factor, which is then
identical with the sin ¢ of the torque expression.

8-7. Components of Driving Torque.—One component of
driving torque is derived from the interaction of voltage coil
flux ¢z with the eddy currents #; induced in the disk by variation
of the current-coil flux. The torque contributed by this com-
ponent action, for a load power factor cos 6, is

T] = kld)g‘il cos 8

where ¢g
i

voltage-electromagnet flux.
effective equivalent of eddy ecurrents induced by
the current electromagnets.

A second component of torque is produced through the inter-
action of series flux ¢, with eddy currents ¢ induced in the disk
by the voltage flux ¢g

Tz = kzd)”l:s cos @
The eddy currents from both sources are proportional:

Directly to the thickness of the disk.
Directly to its conductivity.
Directly to the frequency.
Directly to the flux magnitude.

Or

The total driving torque is then

TD = T1 + Tz = (kl(bx’il + kzdﬁix) cos 6
(c10sdif + c20195f) cos 6
csdeduf cos 0 [31]

and T'p « EI cos 8 if the frequency is constant and the respective
fluxes are always proportional to E and I. However, varying
distribution of eddy currents and flux and the varying per-
meability of the iron will enter to impair this simple linear
relation of driving torque to E, I, and 6. Further than this any
variation in damping torque will combine with variations in
driving torque to give a net torque that will in turn produce
speeds not in strict proportionality to all load conditions. There
is also to be considered (later) the contribution of torque T,
from the device which compensates for friction.

I
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8-8. Damping Torque of Permanent Magnets.—The only
method now used in induction watthour meters for braking to
bring the speed into proportionality with the load is the perma-
nent magnet. It is usually placed singly or in pairs with the
poles on opposite sides of the disk at points more or less diametri-
cally opposite the driving electromagnet system. With the disk
in motion, voltage and eddy currents are induced where the disk
material passes through the flux of the permanent magnet;
these eddy currents remain fixed in space relative to the magnet
poles. They are proportional to the flux, the speed, and the
conductivity of the disk. They react with the flux to create
the magnet braking torque 7.

Tw = CiPmlm
but

Ey

Im = 7= CsPmS

where ¢, = permanent-magnet flux.
E, = disk e.m.f. induced by ¢. at speed S.
Z = impedance of eddy-current paths in disk.
im = eddy currents induced by ¢n.
therefore

T = ced2S (32]

Thus if 6, is constant the braking torque is proportional
to the speed of rotation S, as is desired. Note that if the magnet
should weaken, say, 1 per cent, the speed would rise 2 per cent
before the braking torque would balance the existing driving
torque.

8-9. Damping Torque of Electromagnet Flux.—From the
standpoint of simplicity of design and of strict speed propor-
tionality to load, the only desirable damping flux and braking
torque would be that introduced by the braking magnets.
This disk, however, in its rotation moves through the very same
fluxes which, in their alternations, induce the eddy currents that
provide the driving torque. The relative motion of the disk
and the electromagnet fluxes results in the induction of e.m.fs.
and the circulation of eddy currents that react with the flux
(that which caused them) to create a torque which opposes
the motion and thus is a component of braking torque. In
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each of these cases (the voltage flux and the current flux), as
was the case with the permanent magnets, the torque is propor-
tional to the square of the effective flux. It is also proportional
to the speed.
Ts = c1¢3S [33]
T, = cs¢;S [34]

8-10. Damping Torque of Friction.—Friction in the induction
watthour meter arises at the jewcled bottom bearing, at the
top-guide bearing, at the register mechanism, and from air fric-
tion at the disk surface. These amount to a reasonably constant
total that must be small in torque value T'; as compared with
the total driving torque T, at full load; otherwise variations
in the friction from the value for which the meter has been
compensated will affect the accuracy at light loads when the driv-
ing torque is small. An important factor is, then, the ratio of
full-load torque to friction torque; this varies from 1,500/1 to
2091 in commercial meters. From the standpoint of light-load
accuracy, high torque is a desirable attribute unless it is secured
by means that cause undue friction. The method of compensat-
ing for friction torque will be described later.

8-11. Proportionality of Torques to Speed and Load.—The
perfect meter would develop at all loads a driving torque that
would counterbalance the braking and damping torques at speeds
that would be proportional to the loads. The total driving
torque is to be proportional to the load. T, = K, X load.
The components of braking torque Tp are proportional to the
speed.

Tg =Twn+ Te+ T, = K; X speed

At any time when the driving torque excceds the braking torque

existing at the instant, the disk will accelerate until the speed

builds the braking torque up to equality with the driving torque.
Then :

Tpr = Ky X load
and
Ty = K, X speed
But
TB = TD
therefore

K, X load = K, X speed
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and
Speed « Load.

This simple and ideal relation would render the speed-load
curve for the meter a straight line. Unfortunately, however,
we are dealing with a mechanical device which has a varying
proportion of friction torque to other torques and also dealing
with an electromagnetic device subject to the non-linear flux-
current characteristies of iron.  Thus when the torques—driving,
aind braking—are assembled,

To+Tre— T+ Te+Ti+T) =0 (35]

With constant voltage assumed, T will be proportional to the
speed but Ty (obtained, as will be seen, through the medium of
voltage flux) and T, will be constant. The driving torque will
vary with I, the load current, but T4, the series damping torque,
will vary with the speed and the square of the current; 7; and
T, will both be affected by the permeability. It is evident that
friction and series damping T, will have to be made as small
as possible in comparison with Tp and Tw. The voltage-flux
damping may be considered an adjunct of the permanent-magnet
damping, if the voltage is assumed constant.

8-12. Characteristic Speed-load Curve.—The characteristic
speed-load or registration curve of the induction watthour meter
has been accounted for by F. C. Holtz in the following manner
for a typical meter of 1924 or earlier. Different designs show
slightly differcnt shape of the curve. Improvements made in all
meters since 1925 have resulted in much flatter curves and less
overload droop.

In Fig. 88 the various components of driving and braking
torque are represented in terms of the percentage which each
constitutes of the theoretically correct torque at the respective
values of load and spced.

1. Driving Torque.—Low permeability at low flux densities
accompanying the smaller values of load current keeps the flux
below proportionality to the current and thus reduces the torque
below its desired value.

2. Friction Torque—Assumed constant in magnitude, its
percentage of the driving torque increases rapidly as the latter
decreases with load.

3. Damping Torque.—The damping torque due to the perma-
nent magnets and voltage electromagnet are assumed to attain
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the correct value at each load and speed. That due to the series
flux varies as the square of that flux and, therefore, increases
rapidly beyond full load. It is the prime cause of the overload
droop. Since it is also proportional to the speed, lower full-load
speeds will help to prevent the overload droop. Lower speeds,
however, demand stronger magnets.

4. Increase in Series Flur.—Lack of complete symmetry in
the configuration of series and voltage flux may contribute
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to the torque in much the same way that the friction compensa-
tion does. This may often causc rotation of the meter with
either series or voltage excitation alone.

5. Friction Compensation.—Friction compensation introduces
supplementary driving torque of fixed value (at a given voltage)
and thereforc reflects the same hyperbolic characteristic as
friction does when considered in relation to the main driving
torque.

The resultant of these torque components, cach taken in

its proper algebraic sense, constitutes the characteristic curve
of the meter.
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Problems

8-1. Show how to modify Fig. 84 to represent a three-wire 1195 44-volt
meter.

8-2. A 50-watt lamp is on for 4 hr. How many revolutions would be
made by the disk of a 5-amp., 115-volt Westinghouse OB watthour meter
having a watthour constant of 14? What would be its register ratio?
Gear ratio? Full-load speed in revolutions per minute?

8-3. Examine the manufacturers’ bulletins for the values of the various
constants for the 60-cycle 115-volt two-wire single-phase meters in the
following table:

Ampere Worm Revolutions
Case Type - Ky . | R, | Ry | K, | per minute
rating ratio
(F.L.)
D G.E. I-16 5
b ....... Whse. OB 25
C .ol Sang. HC 5
d . ...... Sang. HC 100
e........ Duncan MD 50

8-4. How would you check the accuracy of a 230-volt three-wire single-
phase meter by means of a 115-volt rotating standard?

8-5. The data shown at the top of page 134 are copied from data taken
during the calibration in the laboratory of a Public Utilities Commission
of the portable test meter of one of the utilities in the state.

a. Determine the actual watthour constant (K ;) for each run on the
portable test meter (Mowbray).

b. Convert cach result into percentage registration (% Reg.s).
The nominal values of K. are (for 110 volts): 1.5 amp. = 0.1;
15 amp. = 1.0; 150 amp. = 10.0. (For 220 volts double these
110-volt values.)

c. How much does the percentage registration for each 50 per cent
lagging power factor run on the 15-amp. coil deviate from the
percentage registration with the same current at 100 per cent
power factor? (Record in column marked Dev.)

d. What is the average of this deviation? (Record under Average
dev.)

e. Plot on coordinate paper the percentage registration of the
5-amp. coil (at 100 per cent power factor) for each speed (revolu-

. tions per minute) at which the meter is operated.

f. How much does the percentage registration of each of the other
coils differ from the percentage registration of the §-amp. coil
running at the same speed (same percentage load)? (Record in
column marked Dev.) :

g. What is the average deviation for each coil?
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X Illuminating Company’s Portable

ting Company g vs. Pub. Util. Comm. Rot. Std. 27

Revolu-
Current, .
coil thl}S per Per Aver-
A | V | PF| minute K. K. |cent|Dev.| age
—— reg. dev.
Std. | X Std, | X
As found:
15 15 15| 112} 100{27.60/27.47| 1.0025 |1.007+| 99.3
1.5 50i14.29(14.21| 1.000 {1.006—| 99.+40.1
1.5 1.5 100127.45 2.78 0.1005 |1.018— 99.2l
Made full-load and light-load adjustments:
1.5 | 15/ 1.5 112/ 100[27.91| 2.80 0.1005
5 3.8/ 112 100{23 42, 7.79 0.3343
112 50l11.89 3.94) 0.3333
15 7.5 112] 10015.46/15.44/ 0.9995
112| 50| 8.16| 8.14, 0.998
15| 112| 100{28.18:28.23| 1.0025
112 50{14.34{14.36{ 1.003
50 20) 112} 100{10.87:36.18! 3.337
1.5 1.5 14| 112 100| 5.31] 5.31| 0.1007
15) 112 9.61) 9.65| 0.1001
31| 112 13.43(13.45| 0.1003
1.5 112 23.79123.89| 0.10035

50 | 150;37.5] 112; 100/20.99| 6.96| 3.331
75/ 112 14.21/14.18| 9.98
150 112 26.4226.3910.00

3.8 224 100(22.45| 7.47| 0.6686
15 7.5 224 14.41(14.39] 2.000
5 27.92/28.00] 2.005

h. Report the complete calibration of the meter in the following
form to be used in conjunction with the characteristic curve
plotted for the 110-volt 15-amp. coil combination.

Volt Power Current coils
For other coil ratf;n factor, per
er coil com-
bm:{lgns add the ad- g cent 1.5 15 150
jacent corrections to
the p ercentafe regis- 100
tration read from the 110
curve for each given 50, lag
disk 8
100
220 350, lag




CHAPTER IX

INDUCTION WATTHOUR-METER PERFORMANCE

The requisites of an ideal watthour meter for energy measure-
ment in average commercial service may be enumerated as
follows:

1. Accurate registration under all reasonable load conditions.

2. Sustained accuracy for several years with minimum of attention and
expense.

3. Low internal losses.

4. Independent of normal variations of:

a. Temperature.

b. Voltage.

¢. Power factor.

d. Wave form.

e. Frequency.
. Insensitive to external magnetic fields.
. Insensitive to vibrations of support.
. Ability to start on very light loads.
. Capacity for and reasonable accuracy on overloads.
. From a practical physical standpoint: be light in weight, compact in
dimensions, rugged in construction, easy to install, easy to test, and easy to
adjust.

(=R BEN Sl ]

This chapter will be devoted to a discussion of these require-
ments and the compensations which have been provided in
modern designs to meet them more adequately. Of course,
it should be recognized that voltage regulation, maintenance of
the frequency, and approximation to sinusoidal wave form are
steadily improving. The errors arising in watthour meters
from variations and departures of these factors are now in general
of less significance in commercial service than they have been
in the past.

9-1. Vector Relations in Ideal Meter.—In the ideal induction
watthour meter the voltage clectromagnet would be devoid of
copper and iron losses and the flux would lag the impressed volt-
age by 90° in keeping with a purely inductive circuit. The
current electromagnets, on the other hand, would be desired to
have negligible inductance and the flux set up in phase with

135
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the current. The voltage induced in the disk by the alternation
of these two fluxes would in each case lag 90° behind the inducing
flux. Finally the eddy currents resulting in the disk would be in
phase with the local voltage establishing them, in the absence of
appreciable inductance of the disk paths.

For loads of unity power factor, Fig. 89a shows the vector
relations of these quantities. - One component of the driving
torque results from the interaction of 7; and ¢g, in phase with one
another in this ideal meter and with load p.f. = 1. The other
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&g~ Oisk valtage induded by P

Fia. 89.

component of torque results from the interaction of ¢ and ¢,,
also in phase or in phase opposition. (The phase opposition
does not necessarily signify negative torque because phase
opposition merely means opposite polarity and this can be con-
trolled by the design of the windings and polarity of the con-
nections.) The two components of torque are at their maxima
under these conditions of unity power-factor load.

When the load current I lags the voltage E by 6° as in Fig.
89b, this phase angle appears between the eddy currents and
the fluxes with which they react to produce the driving torque.
The driving torque and speed are then proportional to cos 8
as well as to £ and I.
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9-2. Vector Relations in an Actual Unlagged Meter.—The
practical meter will present two unavoidable departures from
the ideal just established. They arise in two different elements
of the meter.

a. Voltage Electromagnet.—This winding cannot be made
ideally inductive but will have ohmic resistance. Also the
laminated core will experience eddy-current and hysteresis
losses. (Actually these are practically negligible.) The flux
established in the core will lot, thercfore, be in exact quadrature

1cRe
-«

2

"“-lmpressea’ voltage

1<-Load current

i
! In the dlisk

Fia. 90.

with the impressed line voltage but will lag it less than 90°, the
departure being a.

b. Disk.—The eddy-current paths in the disk will not be
wholly free of inductance in the close proximity of polar iron.
Therefore, the disk eddy currents will lag the voltages which
establish them by an angle 6. The disk eddy currents will not,
therefore, at unity load power factor, be in quadrature with
the fluxes with which they react to create the meter torque.

The current windings will also be slightly inductive and,
therefore, create a third item of departure but this may also be
ignored as negligible or else the resulting lag may be lumped
with that arising in the disk.

The departures due to @ and b incorporated in Fig. 89b give
the phase relations of Fig. 90. The two components of total disk
torque, corresponding to the ideal values of 8-T7, are in this case
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TD = Cl¢)g?:1 cos (0 ‘+’ o + 5) + Cz(ﬁlig co8 (0 + o - 5) [36]

It is evident that this differs from the ideal relationship which
requires that the torque be strictly proportional to cos 4, the
cosine of the load phase angle. The meter without some correc-
tive feature is, therefore, not accurate even at unity power factor
and especially inaccurate at the lower values of load power
factor. The compensation provided to effect the correction
is called ‘‘lagging” because it counteracts the effect of a and
“lags” the effective flux from the voltage coil to the desired
quadrature value.

Before proceeding to analyze the lagging it will be well to note
the magnitude of the errors in an uncompensated meter.

9-3. Error of an Unlagged Meter.—The statement that the
errors of an unlagged meter are progressively greater as the load
power factor decreases may be checked by assuming 6 to be zero
or negligible in Eq. [36]. In that event

Ty = cos (0 + a)
instead of
T, < cos 6

That the amount of error may be considerable at low power
factors even when « is quite small may be seen from the departure
between these two expressions as tabulated for various values
of load power factor and various small values of @. Itisapparent
from the table that a phase angle for the voltage flux even as
small as a 20 min. cannot be tolerated in meters from which
accuracy is to be expected on low power-factor loads.

Meter phase angle

Lagging power

factor, per cont Load phasc angle 2 min. 4 min, 20 min.

Slow error of meter, per cent

80 36° 53.4/ 0.07 0.15 0.77
50 60° 0.10 0.20 1.00
20 78°27.6’ 0.30 0.58 2.87
10 84° 15.6/ 0.60 1.20 5.80

The effect of 8, the lag angle of currents in the disk, can simi-
larly be inferred by assuming « to be negligible or in some way
compensated. Under such assumed conditions, since
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tg = Kog and iy = K¢y,
T o« [cos (0 4+ &) + cos (8 — 8)]

Ixpanding the cosine terms and adding:

T « cos 6 cos &

But § is the result of the inductive reactance of the eddy-current
paths in the disk and that rcactance will be sensibly constant
at a particular value of frequency. Therefore, cos § acts merely
as a torque constant, has no variable effect (at fixed frequency),
and consequently requires no direct compensation as is required
for a.

9-4. Lagging the Induction Watthour Meter.—The decfect of
the uncompensated meter is that ¢ is not in quadrature with E
in Fig. 90 but departs from quadrature by the angle a. The
introduction in some way of an m.m.f. that would add a proper
component of flux more or less in quadrature with ¢z would
appear to solve the difficulty. Such a procedure cannot be
accomplished, however, with the whole of the flux of the voltage
clectromagnet any more than with the mutual flux in a trans-
former. Actually, however, the result is attainable if the total
flux is divided and only a portion is passed across the disk gap,
where the quadrature relationship must be established. This is
really the purpose of the division of the flux cxhibited on the
right half of Fig. 85. The manner in which it is accomplished
may be inferred from consideration of an electrie circuit (Fig. 91)
comparable with the magnetic circuit of Fig. 85.

In Fig. 91 the reluctances of Fig. 85 have been exemplified
by resistances. Inasmuch as the reluctances of the shunted
path and the path across the disk both involve air gaps, the
reluctance of all the iron portions of both paths may be ignored
as inconscquentially small, Similarly resistance is attributed
only to the two branch circuits in Fig. 91a. The currents in
those branches will be in phase with onc another and with the
total current Ir. But the phase of the current I, in R, can
be made to differ from that of I, (and Ir) by any desired amount
by the insertion of an appropriate inductive reactance X and the
vector relations then become those of Fig. 91¢ instead of Fig. 91b.

The watthour meter is designed so that the shunt reluctance
is low relative to that of the disk-gap path and, therefore, a
large portion of the total flux is shunted and a small portion
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passes across the disk gap. This corresponds to a low value of
R, and I, and a high value of R, and I, in Fig. 91a. Under such
circumstances a small value of reactive voltage I,X will effect
a considerable shift in phase of I, without making Ir differ mate-
rially from 7, in phase or magnitude.

Similarly in the magnetic circuit of the watthour meter a
small m.m.f. introduced in the flux branch which passes across
the disk will effect a shift in the phase of its flux (of course, to
quadrature with the voltage on the meter) without necessitating
the establishment of any appreciable increase in the magnitude

T L i "
®)
Iy g'
— : 7,._
I, ~~< T /
2 \\\\ /I[zx
125\\/

Fig. 91.

of the total flux or of the exciting current and, therefore, of the
watts dissipated in the voltage coil and iron.

9-6. Action of the Lag Coil.—The requisite m.m.f. is obtained
from a ‘““lag coil”’ embracing the flux branch which passes across
the disk and is therefore placed around the voltage electromagnet
close to the disk. A few turns will induce a very small voltage
er and this will circulate a lag-coil current ¢, of similarly small
magnitude in the lag-coil circuit if it is closed. This circuit
will have some leakage reactance; its resistance will depend on
the resistance of the winding and whatever supplementary
resistance is inserted between its ends. Assume that the R and
X of this circuit are such as to make 7, lag e, by the angle 8 of
Fig. 92. The m.m.f. M, from the lag coil will be in phase with
11, and deduct vectorially from the total m.m.f. My (produced by
the voltage-coil current Iy through its Nz turns) leaving ¢,®),
as a ‘“reluctance drop” to establish the disk flux ¢, through
the reluctance ®, of its branch path. The lag-coil m.m.f. has
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two components, a demagnetizing component D and a quadra-
ture component . Meanwhile ¢g is established by Mg in the
shunting path. If then R, and X, of the lag-coil circuit are
such as to give the lag-coil circuit a phase angle g and bring ¢,
into quadrature with the voltage E impressed on the meter,
the meter will register correctly at all load power factors.

-g' .-~Impressed
voltage
I
“L.load
current
Load phase
A

Q
/ PARA $oRo D
i \~D/sk gap lux
\ )
[

Fia. 92.

The method of ‘“‘lagging’’ a meter is then, in one practice, to
insert a lag coil with an adjustable resistance; the resistance is
varied until the lag angle of its current behind its voltage intro-
duces the m.m.f. necessary to shift the resultant m.m.f. and
flux across the disk into quadrature with the meter voltage. If
this resistance is too small (7.e., too short), 7, and M, will be
too large, the meter is overlagged, and ¢, will lag £ more than
90 deg.; the meter will, therefore, produce too much torque on
low power factors and run fast. The rule is, then: lengthen the
lag resistor if the meter is fast on lagging power factor and con-
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versely shorten it if the meter is slow on lagging power factor.
The converse results will obtain and the converse adjustments
are to be made for leading power-factor conditions. When the
adjustment is perfected the meter will be correct for both leading
and lagging power factor. If it is left in error a small amount on
lagging power factor, the error will be approximately twice as
great on the same value of leading power factor, and conversely.

An alternative design involves a lagging circuit of one turn: a
punched plate in which the material and cross section are chosen
to give the value of impedance which will result in magnitude
and phase angle of the lag plate current nceded to establish the
requisite m.m.f. M, with that single turn. Adjustments subse-
quently are made by moving the plate either (1) radially with
respect to the disk axis or (2) parallel to the axis of rotation. In
either case the amount of flux embraced by, voltage induced in,
and current established in the plate will change accordingly.
Moving such a punching in a direction tangential to the rotation
of the disk has a quite different effect and purpose as will be
seen in the next paragraph.

9-6. Friction Compensation.—The torque to compensate for
friction in the induction watthour meter is obtained by resort to
the shaded-pole principle. Thus, in Fig. 93, if the light-load
punching is placed with its vertical axis coincident with that of
the voltage-electromagnet core, it will embrace all the voltage
flux ¢z If, however, it is shifted to an unsymmetrical position
in the direction of the disk travel, it fails to embrace all the disk-
gap flux of the voltage electromagnet. As much of the flux as
does link with it, say during the increase in ¢ following the
time instant a of Fig. 86, will induce in the punching a voltage
which will circulate a current in it. This current will flow in
such a direction (according to Lenz’s law) as to have its m.m.f.
oppose the increase in the inducing flux in the region n. No
such counter m.m.f. will be experienced at m; the flux density
at m will, therefore, exceed that at n during this interval.

When the time instant b is reached, the flux ¢z is at maximum
value and not changing; no voltage or current is induced in the
punching and the flux equalizes over the voltage-electromagnet
pole area. While ¢z decreases, the current in the punching
flows in such direction as to oppose the decrease; the decrease
takes place more rapidly at m than at n. A shift in flux has,
therefore, taken place from left to right. If this is the direction
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of motion of the disk under load, then the light-load punching
is capable of contributing to the driving torque. The dimen-
sions and resistance of the punching are so chosen as to contribute
torque to the extent of the probable value of friction torque.
The compensating torque developed increases with ¢z and with
E; therefore, abnormal rise in the line voltage may make the

Light
Joad
agjvstment

Fi1a. 93.

meter ‘“‘crecp’ because the compensating torque may exceed
the friction torque.

9-7. Effect of Departure in Voltage.—An increase in voltage
increases the voltage-coil current and the voltage-coil flux values,
including that contributed by the lag coil. For a change not
exceeding 10 or 12 per cent there is little change in the phase
relations of Fig. 90. The increase in the voltage-coil flux does,
however, increase the damping and tends to make the meter run
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slow (Fig. 94a) on the higher voltages. With decrease in voltage
the damping is decreased and the meter runs fast on the lower
voltages. Constant watts at rated value are implied in both
statements.

With light load the loss in compensating friction torque from
the decreased shaded-pole effect on the lower than normal
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voltages will, in general, tend to make the meter run less fast
than on full load. When the voltage is higher than normal it
will be likely to run less slow than with full load.

If the power factor is lagging 50 per cent it may be expected
that the registration curve with varying voltages will have the
opposite slope from that shown in Fig. 94a for unity power-factor
loads.

In general it may be said that modern induction watthour
meters are affected not more than 0.3 per cent for 10 per cent
departure in voltage.

9-8. Effect of Departure in Frequency.—Consider first the
behavior of the meter under conditions of non-inductive load
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Fig. 94b.

(p.f. = 1.0) with current and voltage at rated values but the
frequency varied. The flux established by the load current in
the virtually non-inductive series coils will be independent of the
frequency. The eddy currents induced in the disk by this
alternating flux will, however, be proportional to the frequency.
These eddy currents react with the voltage-coil flux. The highly
inductive character of the voltage coil will tend to make its
current and flux vary inversely as the frequency. (1) The driving
torque contributed by the reaction of this flux («1/f) with the
series-flux eddy current ( «f) will be proportional to their product
and therefore independent of the frequency. (2) The other
contribution of driving torque comes from the interaction of
series-coil flux with the eddy currents induced in the disk by
the alternations of the voltage-coil lux. The former has been
shown to be independent of the frequency; the latter is also
independent of the frequency because, whereas the voltage-coil
flux is inversely proportional to f, the eddy currents induced in
the disk by it are directly proportional to f and consequently
these two effects neutralize. Therefore, the combined torque
from the two sources is practically independent of the frequency.
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That the independence of frequency is, however, not perfect
is seen from the typical performance shown in Fig. 94b. The
decrease in registration with higher than normal frequency is
principally attributable to two factors. (1) A large proportion
of leakage flux of the voltage electromagnet is necessary to
facilitate the phase-angle adjustment by means of the lag coil
linking with the lesser portion of flux threading through it and
the disk. With higher than normal frequency, volts the same,
the flux decreases slightly faster than 1/f decreases. The torque
and speed are, therefore, decreased. At the lower frequencies
the relatively larger voltage-coil flux manifests itself in the damp-
ing and the curve flattens out; it may even be made to droop by
control of the design. (2) The inductance of the eddy-current
paths in the disk will tend to make the impedance increase with
higher frequencies and, therefore, also make the eddy currents
and torque decrease. The inductance of these eddy paths will
be greater if the iron of the voltage and current cores is closer
to the disk. This is one reason for a moderately large air gap
in spite of the sacrifice in driving torque that it entails.

Further considerations affect the performance of the watthour
meter on inductive load when the frequency departs from normal.
The losses (copper and iron) in the voltage clectromagnet arc
the cause of I failing to lag E by the desired 90° in Fig. 90.
With higher than normal frequency, the iron losses in general
increase more rapidly than the copper losses decrease. The
total losses, therefore, increase and the 90° relation established
by the lag coil at normal frequency then falls to less than 90°.
Meanwhile, however, the current in the lag-coil circuit tends to
lag its voltage more because of the greater inductive drop at the
higher frequency. The net result is usually one of overcompen-
sation at the higher frequencies, the meter then running fast
on loads of lagging power factor; conversely it runs slow on
lower than normal frequencies (Fig. 94b). This effect is one
reason for keeping both the lag-coil ampere-turns and voltage-coil
losses at low values.

9-9. Effect of Departure in Wave Form.—A non-sinusoidal
wave can be decomposed by the Fourier analysis into a funda-
mental and its harmonics in specific proportions of amplitude
and phase displacement from the fundamental. The effect
of non-sinusoidal wave forms on the behavior of induction watt-
hour meters is in the first instance a frequency effect. The
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harmonic frequencies involved are the third order (180 cycles
for a 60-cycle fundamental), fifth order (300 cycles), etc. The
higher the frequency of the harmonie, the greater the reactance
of the voltage coil and the less the magnitude of the current
harmonic with respect to the magnitude of the harmonic com-
ponent in the voltage wave. Further than this the higher
harmonic current (and flux) component will, on account of the
increased proportion of reactance, lag the voltage component
more than in the case of the fundamental and lower harmonics.
The current and flux wave forms are, therefore, quite different
from the voltage wave form and in general nearer the sinusoidal.
The reactance of the eddy-current paths in the disk creates a
similar disparity between flux and eddy-current wave forms.
The effect of the lag coil is enhanced at the higher frequencies.

A particular harmonic in the eddy current reacts to produce
a torque component only with the harmonic of the same fre-
quency in the flux wave. The reduction of the magnitude of
the harmonic in either flux or disk eddy current reduces the torque
contribution of that frequency. The over-all result of these
various effects is that of overlagging; 7.e., the meter tends to
run fast on low lagging power factors. There is, however,
little occasion for concern about this characteristic with modern
watthour meters operating on representative commercial power
systems.

9-10. Improved Overload Characteristics.—The increase in
use of electric appliances in the home has tended to increase
the maximum load to be registered by the meter in residential
service. The introduction of radio trickle chargers and motor-
driven clocks has simultaneously emphasized the necessity for
accuracy on sustained light loads in such a way as to preclude
the adoption of meters of higher current rating to meet the
increased values of maximum load. The urge has, therefore,
been to retain the light-load accuracy of the 5-amp. meter for
the great majority of residential services but to improve the over-
load characteristics.

The improvement has been accomplished principally by three
means: (1) reproportioning voltage and current fluxes, (2) slower
speeds, (3) magnetic compensation. Increasing the magnitude
of the voltage flux with respect to the current flux reduces, for
a given desired value of driving torque, the damping effect of
the series flux; this tends to alleviate the overload droop. Using
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more powerful braking magnets decreases the speed of the meter
at rated load and decreases the ratio of series flux to permanent-
magnet flux; this also improves the overload registration.
Magnetic compensation in one form employs a bridge or magnetic
shunt which approaches saturation at about rated load and for
overload values of current its reluctance increases and shunts
an increased proportion of the increasing series flux through
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the disk; the driving torque is increased more rapidly than the
load current and most of the overload droop is eliminated up
to 300 per cent load (Fig. 95).

The progressive improvement in overload acecuracy of all
makes of watthour meters is typified by Fig. 96, which pertains
to Westinghouse meters.

Of course, the increased current-carrying capacity of the coils
has reduced the copper loss at rated value of current. Also the
decrease in speed has had a favorable effect on the registration
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with varying voltage; stronger braking flux from the permanent
magnets tends to obscure the variations in damping effect accom-
panying the departures in voltage flux. Where nceded, addi-
tional corrective effect can be accomplished by supplementing the
leakage path (Fig. 85) of voltage flux by means of a saturable
reactor; increasing voltage results in a greater proportion of the
flux passing through the disk, enhancing the driving torque
enough to offset the damping due to voltage flux.
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9-11. Effect cf Departure in Temperature.—The induction
watthour meter is composed essentially of copper, aluminum,
steel lamination, and magnet steel. These materials have
their inherent variation of conductivity, permeability, and
hysteretic properties with temperature. It might, therefore,
be expected that the registration of watthour meters would
vary with temperature, other factors constant. Characteristic
performance of the older uncompensated meters is typified by
Fig. 97; some meters reflected less slope for 50 per cent lagging
power-factor loads with varying temperature but steeper slope
for unity and leading power factors. Practically all commercial
watthour meters not provided with modern compensating fea-
tures, however, at low temperatures run faster as the power
factor is shifted from leading to lagging; conversely they run
slower at higher than normal temperatures as the power factor
becomes more lagging.

It is evident that there are influences at work which make the
speed vary with temperature when the load is non-inductive; the
speed may vary because the driving torque or the braking torque
or both are affected. It is also evident that the influences under
unity power-factor conditions are supplemented by others which
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make the speed departures greater or less when the power factor
varies, Those factors which operate primarily to affect the
performance at unity power factor are called “Class I errors’’;
those which primarily affect the phase relation of fluxes and
therefore manifest themselves under conditions of reactive
load are called “‘ C'lass IT errors.”
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9-12. Sources of Class I and Class II Errors.—.ll the factors
varying with temperature, except the changes in the braking
magnets, can be associated with one or more of the vector com-
ponents of Fig. 90. Inasmuch as rising or falling temperature
and leading or lagging power factor will reflect opposite effects,
it will be desirable to limit the discussion to one of the four
possible combinations of load power factor and temperature
change and infer the others from that one. The origin and
consequences of temperature changes will be tabulated (Table V)
for the condition of inductive load (lagging power factor) and
rising temperature.

The two effects arising from the brake magnets may be viewed
as the more important of the Class I errors; the others are
divided in their effect on the registration, two resulting in
increased speed and two in slower speed. In the case of the
Class II errors, all here recognized have the effect of making the
meter run slower on lagging power factor than at unity power
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factor when the temperature is higher than normal. The sum
total of these Class II errors may be treated therefore as if they
were concentrated in the increased resistance of the voltage
coil of the meter.

TaBLE V.—CrLASSIFICATION OF TEMPERATURE ERRORS

Effect on
. registration
Member Change Result 1;;3' Class| ———————
Unity |Lagging
p.f. p.f.
Brake magnet.. .| Lower p |less ¢ |....... 1 Fast | Same
Brake magnet. .. |Gapopens| Less ¢, |....... I | Fast |Same
Voltage coil. . . .. Incr. res. | Less flux SED I |Slow |Same
Voltage coil. .. .. Incr. res. | Less lag of flux | ¢zp, 8 | 1T | Slow | Slower
Voltage iron. . ... Lower u | Less flux PED 1 |Slow |Same
Voltage iron.. ... Lower u | More E' and | Ig, E’ I | Fast |Same
losses ¢rD
Voltage iron. .. .. Lower x| Less lag of flux | ¢xn, 3 | IT | Slow | Slower
losses
Lag coil or plate.| Incr. res. | Less choking | ¢&p I | Fast |Same
Lag coil or plate.| Incr. res. | Less lag of flux| ¢xp, 5 | 11 | Slow | Slower
Disk............ Incr. res. | Less lag of flux| ¢xp, 6 | 11 | Slow | Slower

9-13. Compensation for Class I Errors.—Since the principal
source of Class I errors resides in the brake magnets, it should
be possible to eompensate for all the Class I errors by com-
pensating the magnets for their departures with temperature.
The most logical means of compensation would naturally be
(1) to use as a magnetic shunt some material which would
decrease in permeability more rapidly than the magnets and
thus shunt an inereasing proportion of damping flux through
the disk or (2) to use some temperature-sensitive material
of which to construct the supports for the magnets so that their
radial distance from the shaft would increase to compensate
for their decreased flux with rising temperature and thus develop
the same braking torque.

1. Temperature-sensitive magnetic materials to provide com-
pensation by magnetic shunting have been found in cop-
per-nickel alloys of the monel group. They consist of
approximately 66 per cent nickel, 31.5 per cent copper,
1 per cent mahganese, and 1.5 per cent iron. With most
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advantageous proportioning, purification, and heat treat-
ment they can be made to offer a temperature-permeability
curve like that of Fig. 98 for H values (1.5 in this case)
corresponding to the average m.m.fs. to which they are
subjected as placed in conjunction with the magnets. The
particular alloy shown is called Thermalloy A by Kinnard
and Faus,* who studied its properties and perfected its
application. The “release point” (at which the per-
meability drops with increasing temperature to that of air;
i.e., the material becomes non-magnetic) is controlled
principally by the copper content, more copper lowering
the release point. Since the rate of change of speed of the
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meters increases at the lower values of temperature whereas
the rate of change of permeability of Thermalloy A falls
off in this region, the meter would tend to be undercom-
pensated with only A used to shunt the magnets; therefore,
a second Thermalloy (B) having a lower release point
(20°C.) and lower permeability but more rapid change in
permeability at low temperatures is employed to correct
the undercompensation.

The two blocks are inserted as shown in Fig. 99 from
which it is evident that a more rapid decrease in permea-
bility of blocks than of the magnets will shunt a greater
portion of the flux through the disk as the temperature
rises and thus compensate for Class I errors. It is also
possible to incorporate the Class I temperature-compensat-
mg material with the full-load adjustment disk D of Fig.
81 as employed in some makes of induction meters.

* Temperature Errors in Induction Watthour Meters, Trans. A. I. E. E.,
1925,
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2. Other methods tried have involved (a) the use of tem-
perature-sensitive posts for supporting the magnets or
(b) the use of bimetallic arms which expand with tempera-
ture at such a rate as to increase the radial location of the
magnets when the temperature rises and weakens them, thus
keeping the braking torque independent of temperature.

o 1
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/

Fia. 99.

9-14. Compensation for Class II Errors.—The behavior of a
meter compensated for Class I errors will be comparable to
that of Fig. 100 which, for unity power factor, is a decided
improvement over Fig. 97. The remaining departures due to
Class II errors will be of the same order as in Fig. 97 with respect
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to the unity power-factor curves; but bringing the unity power-
factor curve more nearly horizontal, as in Fig. 100, will tend to
accentuate the slowness of the meter at higher than normal
temperature when the load has a lagging power factor. Poly-
phase meters are usually subjected to reactive loads and, besides,
nne element of a two-element polyphase meter operates at a
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lower power factor than that of the polyphase load. It becomes,
therefore, imperative not only to provide accurate adjustment
of the lagging of each single-phase element of polyphase meters
but also to provide Class II temperature compensation for
those meters which have been equipped with Class I compensa-
tion through the medium of the magnets as described in the
preceding paragraph. Single-phase meters are not in general
subjected to loads of such power factor as to make the Class II
errors serious; nevertheless, it probably will be the practice
ultimately to compensate the single-phase meters as well as the
polyphase meters.

The predominant source of Class II errors is the resistance of
the voltage coil; the lag plate or coil resistance also changes with
temperature but the effect is smaller, and the change in disk
resistance has a still smaller effect. Compensation for the
residual change in registration with temperature and other than
unity power factor of a meter compensated for Class I errors
can, therefore, be effected by aiming the corrective effect at the
resistance of the voltage winding. Inasmuch as the departure
in registration is due to shift in phase of the flux at the disk with
respect to the phase of the applied voltage, three methods can
be cited as feasible for compensation of the Class IT errors.

1. Minimize the resistance of the voltage winding and provide means of
keeping its value constant when the temperature changes. One way, not
wholly feasible from other considerations, is to place in series with the copper
winding a filament of earbon the negative temperature coefficient of which
will offset the positive temperature coefficient of the copper. A scheme
preferred by the author for precision watthour meters employed in calibra-
tion of portable test meters involves the employment of an external resistor
in series with the voltage coil of the precision meter.  Adjustment of the
value of the external resistance to the temperature of the meter will keep the
registration the same for all power-factor conditions of the test load. Thus
a change in resistance from 2.1 to 7.5 ohms will keep the meter of Fig. 101
at the same percentage registration for all load power factors within a range
of 15 to 29°C. of room temperature. Incidentally the graph shows that the
meter with all Class 1I compensation and lag adjustment omitted will run
2.6 per cent faster at 50 per cent lagging power factor than at power factor
of unity when the temperature is 15°C., but only 0.8 per cent faster if the
temperature is 29°C., showing the need of less compensation at the higher
temperatures because the voltage-coil resistance has increased.  More per-
fect Class I compensation of the magnets in this instance would have made
the unity power-factor curves for the various temperatures coincide.

2. The usual resistor in the lag-coil circuit may be supplemented with a
small reactor, the magnetic circuit of which is completed by a temperature-



154 ELECTRIC POWER METERING [9-18

sensitive alloy. As the meter warms up, the meter runs slower on loads of
lagging power factor; 7.c., it is undercompensated and more current is
required in the lag-coil circuit. The temperature-sensitive insert in the
reactor core meanwhile loses permeability, there is less flux, less induced
counter e.m.f., and more current circulates in the lag-coil circuit as is desired.
A large permeability temperature coefficient is necessary for the alloy.
This reactor as an independent unit may be dispensed with by employing
an auxiliary lag plate, one leg of which is located in a slot provided for the
purpose in the tip of the voltage pole. The slot is closed by means of a
wedge of the alloy, its change in permeability with temperature changing
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the distribution of voltage flux through the lag loop and thus changing the
voltage induced in and current circulating in the lag loop.

3. The current-pole flux may be lagged as well at the voltage-pole flux
and in such a way as to preserve quadrature relationship of the two fluxes
at unity power factor regardless of the temperature. The meter will then
have the same percentage registration at any temperature or any value of
power factor that it has for unity power factor. A “figure-eight”’ loop of
material having a high temperature coefficient of resistance (say copper) is
placed around the two current poles and a loop of low-temperature-coefficient
material, (say, phono-clectric bronze) around the voltage pole. Some
material having a negative coefficient would be preferable but all such mate-
rials have high specific resistance and would require inordinate cross section
of the lag-coil conductor in order to provide sufficiently low resistance.

9-15. Characteristic Data of Watthour Meters.—Average
values of electrical and mechanical quantities reflected by the
representative makes of American watthour meters of recent
design are given in Table VI:
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TaBLe VI.—DaATA ror MODERN WATTHOUR METERS
(6-amp. 115-volt 60-cycle two-wire meters)

Westinghouse | General | Sanga- D
. . uncan
— Electric mo MD
OB oC 1-16 H.C.
Revolutions per minute at
500 watts............... 25 25 16* 25 25
Approximate full-load tor-
que, Mm.g............. 36 46 51.6 48 41.5
Approximate weight of mov-
ing element, grams. . ..., 14 13 13.24 1514 | 15.2
Approximate ratio torque to
weight of moving element | 2.6 3 3.90 3 2.6
Approximate loss in voltage-
coil circuit (watts at 115
volts). ... 1.1 1.4 1.26 1.2 1.2
Approximate loss in current-
coil circuit (watts at 5
AMP.) e 0.30 }0.15 | 0.158 0.19] 0.20
Approximate total watts loss
inmeter......... ... 1.4 1.55 1.42 1.39 1.4
Approximate power factor
of voltage-coil circuit....} 0.13 | 0.16 | 0.13 0.31 ] 0.18
Approximate diameter of
disk, inches............. 3316 354 314 34 31
Approximate thickness of
disk, inches............. 0.032 | 0.025 | 0.027 0.032] 0.036
Approximate starting watts [1.5-2.011.5-2.0; 1.7 1.5-2.0f 2
Approximate resistance of
potential-coil circuit, ohms|132 70 49.5 195 128
Approximate resistance of
current-coil cireuit, ohms | 0.0092 0.006 | 0.00629f, 0.008( 0.0086

* At 550 watts.

T At 24°C.; at ultimate temperature, 0.00632,




CHAPTER X
TECHNIQUE OF METER TESTING

Testing of a service meter by comparison with a master meter
was discussed briefly in 7-12. That process involves no exact
determination of time since it consists only in comparing the
number of revolutions of the two meters for identical duration
of the same load. But the original verification of the master
meter does involve accurate determination of the time during
which a precise load is allowed to cause rotation of the meter.
For many years the stopwatch was used for this purpose but
its accuracy is considerably inferior to (1) clocks with contacts
carried on the pendulum or (2) clocks with photocell beams inter-
cepted by the pendulum or (3) tuning-fork-controlled clocks or
(4) 100,000-cycle quartz crystal oscillators with 1,000-cycle
accessories.

In general any timer functioning as a cycle counter is not to
be relied upon for accuracy in intervals of the order of 1 min.
because system frequencies, even where automatically regu-
lated, are likely to waver from minute to minute. Their devi-
ations are made to neutralize over the day, however, and thus
be of acceptable accuracy for driving synchronous day clocks.

Checking of a-c. watthour meters also requires (1) means of
establishing various values of load power factor, especially
50 per cent, (2) ways of shifting voltage phase to simulate desired
power factors, (3) means of ascertaining the phase sequence so as
to distinguish leading from lagging power factor, and as a matter
of economy and convenience, (4) means of so-called ‘“‘phantom
loading.”

10-1. Accurate Timing in Standardizing Watthour Meters.—
Many ingenious schemes have been devised by which mechanical
or magnetic attachments to the pendulum of a high-grade
seconds-beating clock could open or close the circuits to relays
which actuate the starting and stopping of a standard watthour
meter during calibration. Interception by the pendulum of a
beam of light as it falls on a photoelectric cell has proved superior

156
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to most of these schemes because it climinates the possibility of
any retarding effect on the motion of the pendulum.

One scheme is that used by a metropolitan utility company as
shown in Fig. 102. Each stroke of the pendulum reflects the
beam of light to the photoclectric cell which actuates the grid
of the amplifier tube whose plate current then energizes the main
relay. This relay may close the circuit to a telegraph sounder
and thus beat audible seconds for checking stopwatches for

field use or it may close the circuit described in the following
paragraph.

_. Clock
pendulum

,--100 watt lamp
%

Mirror< —J @
Photo —I [ 171-A tubc .
electricd P Ma/r/n
cell _— I_ reiay
00000']

530hms  200hms 100 ochms
Main rheostat

+
120 volts OD.C &———

Fia. 102,

A mechanism for automatically energizing the voltage circuit
of portable test meters for any predetermined length of time is
shown in Fig. 103. The initiating relay R is to be energized
every second, appropriately from the circuit of Fig. 102. When
the load is adjusted to the desired value the push button P is
depressed. Immediately thereafter contact D closes, making it
unnecessary to hold P down. This follows the action of the pawl
on the armature of magnet M pulled against spring S. A toothed
wheel is advanced one tooth for each second’s impulse. On the
shaft of this toothed wheel is a series of staggered cams that are
always reset to a fixed initial position after each run. Cam A
on the first impulse closes contact A and energizes the voltage
circuit of the meter through relay 0. Switch 7' has meanwhile
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been set to select the circuit opening cam, say B, which will trip
after the desired number of seconds. This removes voltage
from the meter, stops the run, and at the same time starts the
reset motor so that the gang of cams will be restored to their
original position. The reset motor is stopped by the opening
of the d-c. supply at contact C.

This scheme is reported to be capable of a 0.02-scc. accuracy
(about 1 cycle on 60 cycles) for any time duration.*

/ second impulse Test voltage
from standard clock DcC
| g L| ﬂ_‘ (o) ‘ Meter

mn test

QE Pcsef‘mo/o:l;—%k.‘j J
SHSEE-

Fic. 103.

5

10-2. Stroboscopic Method of Meter Calibration.—The strobo-
scopic method of disclosing speed differences was one of the early
ways of determining the slip of induction motors. A source of
light made to flash in sypchronism with the supply frequency
is used to illuminate alternate black and white sectors on a disk
mounted at the end of the induction-motor shaft. The disk
appears to travel backward at a rate which indicates the degree
of slip of the motor. The same principle has been adopted by
H. P. Sparkes (A.I.E.E. paper, 1927) to the determination of the
slow or fast difference between a watthour meter under test
and the test meter.

A beam of light is directed perpendicularly at the edge of the
disk of the test meter (Fig. 104). This edge has teeth which
alternately intercept and pass the beam. When the beam is
passing through a space between teeth, it activates the photo-
electric cell whose output is amplificd to flash a neon lamp placed
near the disk of the meter under test. This disk is marked on

W )
N

Y 144 teeth

* See Elec. World, p. 1033, Nov. 23, 1929.
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the edge with regularly spaced black spots. These spots will
appear to stand still if the meter speeds are the same, as should
be the case if both are accurate or have the same error and both
have the same watthour constant.

Usually there are 400 marks on the periphery and therefore
the apparent passage of onc spot backward one space during
one revolution represents 0.25 per cent difference in speeds of
the two meters, the meter under test being the slower. At full
load on a 25-r.p.m. meter displacement of one spot in 10 sec.
would mean agreement of the two meters within 0.06 of 1 per cent.

The prineipal virtue of this scheme is that it (1) indicates the
existence of error at once and (2) affords a means of adjusting

Amplifier; ae=rrdlex

Phﬁg;lellecfric T Neon lamp
Power supply

Fra. 104.

the meter intelligently during the run and thus substantially
shortens the time required for testing. It also eliminates many
opportunities for mistakes in calibration and in recording the
sign of the error.

10-3. Phantom Loading.—The term ‘““phantom loading’’ is
used to designate the application to a meter of voltage and cur-
rent which cause its rotation at desired speeds but do not involve
the full expenditure of power represented by their product. The
principal objects in resorting to phantom loading are to avoid
waste of energy and to minimize the weight and cost of artificial
load devices for meter testing. Design for minimum weight
usually necessitates some sacrifice in close determination of the
values of load current desired.

A phantom load (Figs. 105, 106) consists of a small constant-
potential transformer with low voltage secondary (of the order
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of 8.5 volts) and loading resistors of such value as to give desired
values of current through the customary combinations of meter
current elements encountered in testing procedure. The encrgy
expended and the watt rating and weight of the resistor load
are approximately 1{3 what a 110-volt rheostat would involve.
A considerably lower voltage might appear to effect more saving

'1_anary «Secondary

™ ---{\-- g
v 1 | \&
3 —— A - S
n X
ji122s
110 220 volts 8.5 volts
Fra. 105.

but it would not be justifiable because an adequate amount of
resistance is needed in the secondary circuit to prevent the
reactance of the meter coils from establishing an undesired shift
in the phase of the current. With good design of the transformer
and a limited volt-ampere burden of meter clements in series
the phase shift can be kept small. The voltage phase shifter
frequently used in conjunction
with the phantom load can be
resorted to in compensating for

customers load .
during tests. such phase shift of current as
Tine \‘I“ E 3 g Oceurs in the phantom-load

current circuit.
Phantorm ® «10-4. Simulating Low Power
Joad Factor in Meter Testing.—
j T Inasmuch as watthour meters,
especially polyphase meters, are
likely to be subjected to reactive
loads, provision must be made for testing such meters under load
conditions of other than unity power factor. One way is, of
course, to establish actual loads comprised of resistance and
inductive reactance so proportioned as to give the desired power
factor and watts. In general this is cumbersome and inflexible;
adequately satisfactory results can be obtained by simulating
these low power factors by phase-shifting methods. A lagging
power-factor load can be imitated in its effect on the meters by
advancing the phase of the voltage applied to the meter so that

Jumper avords
interruption of

Fic. 106.
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it leads to current in its series coils, the current then lagging by
the desired angle.

Several methods are available for phase shifting.

a. One, limited to obtaining only the approximate value of
50 per cent power factor, is based on taking, through resistance,
current from one phase of a three-phase supply and taking for
the voltage that other phase reversed which lags the first by
120°. The reversal (Fig. 107) results in a voltage leading by
60°. Of course, if a meter is lagged to be correct on inductive
(lagging-current) loads it will also be correct on leading power
ractor. It is desirable, however, to know whether the voltage
leads or lags in order to save time in making the lag adjustments,
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also to be able to attribute any uncorrected residual error to
lag or lead as the case may be. The phase sequence can be
determined by the methods of 10-6.

Other methods available are:

b. Two synchronously driven generators, one for source of
voltage and the other of low voltage for current supply. One
of the machines has its stator winding arranged to be shifted
through any part of 180 clectrical degrees. The current may,
therefore, be made to lag and lead the voltage at the meter by
any part of 90°. This method is usually employed only where
precision testing demands sinusoidal supply of voltage and cur-
rent.  Sine-wave generators are made specially for such purposes.

c. Phase shifters. These are common in two forms, single-
phase plug type and polyphase induction type.

10-6. Phase Shifters.—The" induction-type phase shifter is
based on the rotating-field principle of the induction motor and
onc may be adapted from the wound-rotor form of motor. The
rotor is not permitted to revolve continuously but is rotated
by hand to any appropriate position and locked there. When
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the primary (stator) winding is excited from a polyphase source,
the secondary (rotor) winding (Fig. 108) has polyphase voltages
induced in it which will bear time-phase relations to the adjacent
primary voltages that will depend on the angular shift of the
rotor with respect to the stator. All values of angular displace-

() 90° Shift () 120° Shift
Fra. 108.

ment are available, lead or lag, the rotor position being estab-
lished by means of a worm and gear. The ready availability
of polyphase voltages makes this device uscful where conditions
may make polyphase test of polyphase meters preferable to the
customary single-phase test with the current elements in series
and voltage elements in parallel.
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The plug type of phase shifter is based on the vector principle
shown in Fig. 109. If the three voltages of a three-phase system
arec AB, BC, and CA, the subtraction of a portion of one, say
CP, from another, say BC, results in the voltage BP making
the angle 6 with BC. The voltage BP will not, except when
CP = 0 or CP = CA, have the same value as that of the three-
phase system; but BE may be obtained equal to BC or even
made a multiple of it by providing taps on the BPE coil at the
points proportioned to the vector lengths in the figure.

In order to obtain phase displacements of more than 60° and
also attain zero power factor it is necessary to extend the CA

C 8 A
110 volts

g
I Shag

Shift - phase
corl 3
000000y 00000 0000 0000000000 0000000
B D E F 6
o}
0 110 220 440 550
Fia. 109. Fig. 110.

coil to O and establish OB in quadrature with BC. Also, because
the inductance in the current coils of the meters and reactive
drop in the phantom load, when one is used, may make the meter
current I lag somewhat behind BC, it is desirable to extend the
CA coil toward M. It is then possible to establish unity power
factor by making BE lag BC as much as I does. The taps
provided on the two coils may be spaced to give uniform shifts
of, say, 5° in the angle, in which case the power factor in per-
centage will have more values near 100 per cent than near 0;
or the taps may be made to give equal changes in the power-
factor percentages.

The internal connections of the plug-type phase shifter are
shown in Fig. 110 for the form supplied by the States Company.
Typical connections for using the phase shifter in conjunction
with a phantom load to check a service meter at low power
factor against a rotating standard are shown in Fig. 111.
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10-6. Determination of Phase Sequence.—If three similar
lamps are connected in Y to the three-phase line ABC of Fig.
112, they will have cqual voltages and currents and, therefore,
burn with equal brightness. If, however, an iron-cored coil,
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having small resistance but reactance ohms of the same order of

magnitude as the lamp ohms, replaces the lamp C, the situation

is changed. Its current lags its voltage by nearly 90° and the

neutral point O must shift so that the three voltages will establish

currents that have zero again for a vector sum. The vectors

for this case are those of Fig. 113, the sequence being A B-BC-CA.
Eca

Ordler of A—
Time-Sequence B

is AB-BC-CA A \f‘”g
c .
Enp

1o (\o‘\
—

vecto”

Eac
Fig. 112,

It should be noted that here the voltage OB is greater than OA;
the lamp B is therefore brighter than A.

If, on the other hand, the time sequence of voltages is AB-AC-
BC, then the neutral O must take the new position O’, which
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is necessary to permit I, lagging O'C by ﬁcarly 90° (Fig. 114),
to balance I, and Is. Then Eo, is greater than Eop and lamp 4
is brighter than B. The relative brilliance of the two lamps is,
therefore, an index of the time sequence of the three-phase

voltages.
A——ee
( B
C

F1a. 113.

In either case the voltages follow one another in the same
sequence as (1) the bright lamp, (2) reactance, (3) dim lamp.
A very convenient reactance to use is the voltage coil of an
induction watthour meter.

e c——

.

Fia. 114.

The speed of rotation of a watthour meter may also be used
as an index of phase sequence. The current coil, with resistance
in series to give, say, 5 amp., is connected across CB in Fig. 115.
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10,000 A \lag
ohms 1*'
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A 110-volt meter will have about 1,000 ohms of impedance in
its voltage coil; a 10,000-ohm non-inductive resistance R is
placed in series with the voltage coil. When the voltage coil
and R are connected across AB and the phase sequence is
AB-BC-CA, the speed of the meter will be higher than when
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across AC because the angle « is less than 8. If the sequence
is the reverse, N and N’ will interchange and the speed will be
higher on AC.

A flux-addition method is the basis of the States phase-
sequence indicator devised by H. J. Blakeslee. It consists of a
polyphase-transformer core (I'ig. 116) with three legs, two carry-
ing primary windings to be connected to the
line voltages, and the third a secondary wind-
ing with a lamp across its terminals. One of
the primary windings is wound for low ratio,
say 1:1, of reactance to resistance, the other
for high ratio, say 10:1. The phase sequence
determines the magnitude of the resultant
flux in the middle leg, the voltage induced
in its winding and the brightness of the lamp.
Thus, if the sequence is AB-BC-CA, the flux
P will lag CA less than @ lags A B; the result-
ant @ (Fig. 117), with the demagnetizing effect of lamp current in
thesecondary neglected, will be B, small in value.  If the sequence
is AB-CA-BC, the same fluxes will have a much larger resultant
(Fig. 118) and the lamp will be brighter.

Of course, the direction of rotation of an induction motor
depends on the sequence of voltages connected to its stator

Fia. 117. Fia. 118.

terminals. Once identified, the direction of rotation of a small
portable motor, perhaps having a watthour meter disk for its
rotor, will tell the phase sequence.

Problems

10-1. A meter tester was found using a distribution transformer (2,300/110
volts, 5 kva.) as a sort of phantom load. He had placed a large resistance
(a few lamps in parallel) in series with the 2,300-volt winding and applied
110 volts. The secondary was connccted directly to the current coils of
his meters.

a. How did he obtain desired values of meter currents in his tests?
b. What determined the apparent power factor at the meter?
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c¢. How could he know what power factor he was using?
d. What risks did he run from serious wave-form distortion?

10-2. Compute the number of turns to include between O and B and the
tap points on each of the two coils of Figs. 110 and 111 in order to establish
a4 phase difference of 40 deg. between BE and BC. Neglect impedance
drops and assume two turns per volt with BC' = 110 volts.

10-3. Take the two lamps of Figs. 113 and 114 as having 100 ohms and
the coil as having 100 ohms of reactance and negligible resistance. Com-
pute the voltage and current for each of the lamps and the coil. Employ
complex algebra to express the components of each quantity on vertical and
horizontal axes through O.

10-4. Show how a multiple secondary transformer eould be used
advantageously to test several meters ut one time, current coils in series and
each internally connected to one end of the voltage winding as in Fig. 111.
(Potential current would flow cumulatively through the current coils if the
voltage coils were all energized in parallel from a common source.)



CHAPTER XI

THE POLYPHASE METER

Loads on the various types of polyphase circuits may, of
course. be metered by means of as many separate single-phase
meters as are demanded by the Blondel theorem; the proper
connection for each case has been discussed in Chap. V. The
total load is the algebraic sum of the registrations of the two,
three, or more meters; algebraic sum is stipulated because, for
example, in the two-meter method for three-wire three-phase
circuits, one meter will run backwards when the power factor
is less than 50 per cent. This objection, plus that of mainte-
nance of several meters instead of one, has led to the almost
exclusive practice of using the polyphase meter which is com-
posed of the two (or three) elements with disks on a single shaft
and contained in one case. In the polyphase meter the algebraic
addition of registrations is performed mechanically.

11-1. Features of Polyphase Meters.—In general the poly-
phase meters have parts identical with those of the corresponding
single-phase meter, the principal difference being a larger case,
two (or more) disks on one longer shaft, and variations of internal
connections and terminal arrangement. Naturally, the moving
clement is nearly twice as heavy as for the single-phase meter
and with the same bearing the friction torque is nearly double.
This does not, however, make the polyphase meter particularly
inferior to the single-phase meter since the driving torque and
braking torque are correspondingly doubled.

Placing the two driving elements so close together resulted
in a degree of electromagnetic interaction between them in some
of the now obsolete models. Flux from one element found its
way into the other element and created spurious torque and
registration. Modern meters are designed to be free of this diffi-
culty, a judicious arrangement of the parts and provision of mag-
netic shielding having minimized the effects of wandering fields.

11-2. Constants of Polyphase Meters.—In most instances
the watthour constant for a given make and current rating of

168
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polyphase meter will be twice that of the single-phase meter
of the same rating. The register ratio will correspondingly be
half the single-phase value. This would be the natural conse-
quence of conforming to the same rated speed for full load in
the two cases but having twice the input in the polyphase case.
Expressed in other terms, the watthour constant of a 110-volt
5-amp. polyphase meter will be the same as that of a 220-volt
5-amp. single-phase meter of the same make and class.

When a meter is used with instrument transformers the over-all
watthour constant is that of the meter multiplied by the ratios
of current and voltage transformation. For example, a 115-volt
5-amp. polyphase mcter, having a watthour constant of 0.6, is
used with 2,300/115 voltage transformers and 23§ current
transformers on a 100-kw. load. The constant for meter and
transformers is 0.6 X 20 X 5 = 60.

In routine testing of the polyphase meter it is common practice
to disconnect it from the current transformers (after short-
circuiting them), place the current elements in series, and test
by phantom load in comparison with a single-phase portable
test meter. In this case the same fictitious energy is passing
through both elements of the polyphase meter but it is registered
only once by the single-phase test meter. Either the watthour
constant of the polyphase meter should be halved or that of the
single-phase meter doubled, preferably the former, in comparing
the two registrations to ascertain the accuracy of the polyphase
meter.

11-3. Adjustments in Polyphase Meters.—The full-load, light-
load, and lag adjustments provided in a polyphase meter are no
different in principle from those employed in single-phase meters.

A change in the full-load adjustment will affect both elements
cqually whether it be the upper or lower magnets that are
adjusted. Likewise a light-load adjustment on one element will
supply friction-compensation torque to modify the light-load
speed even though the light load actually be a single-phase load
passing only through the other element. Half the friction-
compensation torque should be contributed by each element and
the total contribution such as to give the desired light-load
accuracy.

The separate elements of a polyphase meter may be subjected
to widely varying torques if the system load is unbalanced. It
is, therefore, important to have each element contribute its
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true portion of the total registration. The speeds of the two
elements cannot, however, be controlled separately by magnet
adjustment because both magnet braking torques are applied
through the disks to the one shaft and neither driving element
knows which magnet torque it is overcoming. Any discrepancy
in speed of the two elements must be removed by bringing them
to equality for identical load conditions and then adjusting the
magnets to give the correct speed for joint action of both ele-
ments. This equalizing adjustment is called ‘‘balancing.”
Balancing adjustments have taken the following forms: (1)
taps on one of the voltage coils, less turns used resulting in more
voltage-coil current and torque of the element; (2) changing the
air gap between current and voltage electromagnets of one
element, smaller air gap giving more torque; (3) mounting both
current electromagnets on a plate, the shift of which vertically
would decrease one air gap and increase the other.

The lag adjustment of the elements in a polyphase meter has
already been shown to be important (see 5-7) because one element
will usually be working at a lower power factor than the power
factor of the polyphase load. Also it will be a leading power
factor in one element if the load power factor is likely to have
periods of better than 86.6 per cent value. Temperature com-
pensation for Class II errors is more essential in a polyphase
meter than in a single-phase meter (sce 9-12), especially if the
elements have been compensated for Class I errors.

11-4. Systematic Test and Adjustmernt.—There are two
independent adjustments (light load and lag) for each element
of a polyphase meter; there is also the magnet adjustment which
affects the performance (full load) of both elements; and finally
there is a balancing adjustment to bring the two elements to
equality of registration. In approaching the correction of a
meter of doubtful accuracy, much time will be wasted unless
the tests and adjustments are made in a logical sequence. It
appears to be most logical to balance the elements first, then
lag each element separately, next adjust the full-load accuracy,
and finally the light load. Single-phase source is recommended
for comparison with a single-phase portable test meter.

1. Balance.—Apply normal voltage to the two voltage coils
in parallel—full-load current at unity power factor through
the two current coils in series but with one element reversed
with respect to the other. Under these conditions the two
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driving torques are opposed and there should be no rotation.
If there is rotation the clements should be balanced by the
means provided.

In this test the rotation will be very slow in any event. In
an extreme case of light-load error of one of the elements, the
rotation observed may be due to this cause. If this be the case,
test 4 will disclose it and, after it is corrected, this balance test
at full load should be made afresh.

2. Lag Adjustment.—Apply normal voltage to the two voltage
coils in parallel—full-load current at zero lagging power
factor to each element in succession. The test meter will
cease to rotate when zero power factor is reached and the
polyphase meter should also stop. If it rotates forward on
the lagging current it is overlagged, if backward it is
underlagged; the lag adjustment is made accordingly
until both polyphase and test meter stand still. The
second element is adjusted independently in the same man-
ner. The first current clement may then be reconnected
in opposition and a balance test made, this time at 50 per
cent lagging power factor as a check on the two adjust-
ments, If correct, the meter should stand still.

3. Full Load.—Apply normal voltage to the two voltage coils
in parallel and full-load current at unity power factor to
the current coils in series, with forward rotation at or near
rated speed. Adjust the position of the adjustable magnet
until the registration is correct.

4. Light Load.—Apply normal voltage to the two voltage coils
in parallel and light-load value of current at unity power
factor to each element in succession. Make light-load
adjustment on each so that both have equal registration
but not necessarily correct registration. Then place the
two current elements in serics and make the remaining
adjustment partly on each element until the registration
is correct in light load. If the meter was considerably in
error on light load, it will be well to repeat the full-load
test and balance adjustment for the reason cited in test 1.

The question is frequently asked why the meter does not run
at half speed when only one current coil is excited. The answer
rests in the damping influence of the missing flux (see 8-9). It
is for this reason that the voltage is applied to both elements in
all the foregoing tests and further that the adjustments are not
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predicated on precise half-speed operation with one element
functioning. The full-load current speeds inherently will be a
fraction of a per cent fast in cither case because of the reduced
damping effect. On the other hand, the speed will be less than
half on light-load current because of the deficiency in friction
compensation when only one potential coil is energized.

11-5. Adjustment of Registration for Polyphase-meter Error.
A meter adjusted in accordance with the procedure of 114 will
perform correctly on a polyphase circuit under all conditions of
load, balance, and power factor.

But suppose the meter during the test revealed appreciable
errors under the various conditions of lag, balance, and light
load. If these errors are to be recorded for the purpose of
supplying a correction factor to faulty registration for the period
preceding the test, it will be necessary to modify the procedure
of 11-4 because that procedure was aimed at adjustment rather
than at an “as found” record.

Even with the individual registration known for cach element
and for the combined clements, at both unity and, say, 50 per
cent lagging power factor, there would still be much question as
to the corrections to apply. The doubt arises from three sources:
(1) the fluctuation of the load in kilowatts, (2) the balance or
unbalance of the phase loads, (3) the fluctuation of the load power
factor. Thus if the load power factor were exactly 50 per cent,
one element should have zero torque; it might have extreme light-
load and full-load errors without matecrially affecting the meter
registration. In fact it might be wholly inoperative and still
not prevent complete and correct registration by the other
clement. If the latter, however, were inoperative there would
be no registration whatever. It is for this reason that the latest
models of polyphase watthour meters are provided with open-
potential indicators if desired.

If the load is known (or justifiably assumed) to be balanced
and the power factor at all times lies within narrow limits, it is
possible to compute the correction factor for the billing period
with some degree of certainty. If the conditions are not so
assumable, the case hinges largely on compromise. Nor does
resort to single-phase meters remove all the uncertainty or risk.

11-6. Performance with Instrument Transformers.—The
procedure of 11-4 would result in a registration curve as flat as
the design of the meter permitted. This would be desirable
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in the case of a self-contained meter connected directly into a
low-voltage circuit of moderate current capacity.

But a large portion of the polyphase meters are used either (1)
with current transformers because the load current exceeds the
100 or 150 amp. for which the meters can convenicntly be built
or (2) with both voltage and current transformers because the
voltage exceeds the value of 600 volts safe for application direct
to the meter. In these cases the instrument-transformer
characteristics will be reflected in the registration by the meter.

Thus if two current transformers having the characteristics
of Fig. 15 are used with a two-element polyphase meter adjusted
to independent accuracy, the combination will be sufficiently
accurate at 5-amp. secondary value of load current (unity power
factor). But at 0.5-amp. value (light load) there will be an
error of approximately 0.5 per cent, if curve 3 is assumed to
apply to half the burden B as represented by one element of the
polyphase meter. This error will be in the “slow’” direction
because, on the 100/5 ratio, 0.5 amp. in the secondary indicates a
10-amp. primary current whercas the actual primary current is
10.05 amp., 7.e., is 0.5 per cent higher. This effect may be
overcome by adjusting the polyphase-meter elements to be 0.5
per cent fast on light load.

If in addition voltage transformers are used having the charac-
teristics of Fig. 8, an independent shift in the polyphase-meter
adjustment would be desirable for improved over-all accuracy.
Thus, if cach voltage coil is the sole burden on each transformer
and constitutes 15 volt-amp. at 0.1 power factor, then the effect
of the ratio factor (0.995) is to make the meter run 0.5 per cent
fast. In this particular instance the voltage transformer just
compensates the current transformer, the 0.5 per cent fast of
one offsetting the 0.5 per cent slow of the other, and the poly-
phase meter should be set correct at light load.

Light load in these cases is usually taken at 0.5 amp.; the actual
transformer ratios and necessary polyphase-meter offsetting are
known from the curves for the known burdens. But in order to
compensate for other loads some particular value of load must be
assumed in order to correlate the meter adjustment with the ratio
errors. Thus, with 3 amp. as the most likely load, the magnets
should be set 0.4 per cent slow at that meter loading in order to
offset the 0.5 per cent fast of the voltage transformers and 0.1 per
cent slow of the current transformers.
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Likewise the low power-factor performance of the metering
installation will be affected by the phase angles of the instrument
transformers. In Fig. 8 the voltage transformer secondary
voltage leads the primary by 10 min. and (Fig. 15) the current
transformer secondary current leads the primary by 10 min.
In this instance the two compensate one another. When they
do not, Eq. [12] will indicate the error due to phase angles and the
lagging may be shifted accordingly if precision is required.

The flatter curves of recent current transformers and meters
and the tendency of voltage transformer departures to counter-
balance those of current transformers make thesc refinements of
calibration progressively less essential in an increasing pereentage
of the installations.

11-7. Customary Connection on High-voltage Lines.—As was
stated in Chap. V, the two-eclement meter with a current trans-
former and voltage transformer for each of its clements (Fig. 60d)
is accurate for any degree of unbalance on three-phase three-wire
circuits. 'When, however, the neutral is grounded (or connected
by wire) at two or more points and the metering installation lies
between these points, the system becomes in actuality or in effect
a four-wire system and the two-element scheme is inaccurate
whenever the loads are unbalanced. This method of metering
is correct only for A-connected systems (which have no neutral
to be grounded) or Y-connected systems with floating primary
neutral.

If voltage transformers are Y-connected when used in a A-
connected ungrounded system, the neutral point of the voltage
transformer conncction should not be grounded; the reason is
that an accidental grounding of one of the line wires will impose
an undue strain on the insulation of one of the voltage trans-
formers. Further, the secondaries should in general be connected
A to eliminate the effect of harmonics as well as to establish proper
phase relation with the currents from the secondaries of the
current transformers.

The three-clement method of measurement (Fig. 119) is
accurate for three-phase four-wire circuits under any conditions
of balanced or unbalanced load, voltage, or power factor. It is,
therefore, the advocated method of metering three-wire Y-con-
nected systems when the neutral points are connected together
either by wire or through multiple grounding, especially if the
metering installation is placed between grounded points. The
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three-element meter with three current transformers and three
voltage transformers is somewhat more accurate than the schemes
in which a two-clement meter is made to approximate the three-
element meter by split coils (Fig. 64) or A-connected current
transformers (Fig. 66). The reason is that the third current is
associated with the reversed vector sum of the other two voltages
rather than its own phase voltage which, under unbalanced
conditions, may differ from the vector sum of the other two
voltages. Also each element has a power factor the same as the
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threc-phase line power factor under balanced conditions and,
under unbalanced conditions, approaches it more closely than
the two-clement meter does.

In the three-clement method of metering on grounded-neutral
systems the voltage transformers are connected Y-Y with neutrals
of both their primaries and secondaries grounded. Voltage
transformers should not be connected Y-A on three-phase four-
wire circuits if the primary neutral of the voltage transformers is
grounded; the reason is that the sccondary A-connection would
cause the voltage transformers to act as phase balancers and they
are of insufficient volt-ampere capacity to accomplish such
balancing without overheating.

11-8. Combined Current and Voltage Transformer Units.—
High-voltage instrument transformers are relatively expensive.
Some economy can be effected, especially in connection with the
reduction in number of high-voltage bushings required, by
consolidating a current and voltage transformer in one tank.
In Fig. 120 with solid and low-resistance grounding of the voltage
transformer neutral, six high-voltage bushings are required; if
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resistors or reactors are inserted in the ground lead, nine high-
voltage bushings would be required.
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Single-phase combined units as in Fig. 121 would require
only three high-voltage bushings if the neutral is solidly grounded.
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but six if impedance is inserted in the neutral ground lead.
Such single-phase combined units have been built for voltages
up to and including 220 kv.

Three-phase units (three voltage transformers and three
current transformers in one tank), requiring only three high-
voltage bushings, have been constructed for use on normal system
voltages up to 66 kv, (Fig. 122).
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11-9. Selection of Instrument Transformers.—Many metering
installations are made in contemplation of later increase in the
load. Accurate metering, especially during extended light-load
periods, makes it desirable to use current transformers of the
lowest primary current rating compatible with the likely value
of maximum load. For this reason current transformers with
multiple ratios are sometimes used, a shift in connection to higher
ratio being made when the load increase warrants it. Of course,
some light-load accuracy will then be sacrificed unless the light
load increases proportionately.

Operating conditions may dictate raising the line voltage after
the transformers and meters have been installed. To avoid the
necessity of replacing the instrument transformers, current
transformers insulated for the expected voltage may be installed
at the outset and the secondaries of the voltage transformers
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may be provided with taps to give 115 volts with either voltage
on the primary, which must, of course, be designed for the higher
voltage.

Metering equipment is usually placed on the station side of
line lightning arresters and during high-frequency disturbances
(from lightning and surges arising out of faulty line conditions)
the windings of the instrument transformers may be subjected
to severe electrical stresses.  For this reason current transformers
are often protected by auxiliary spark gaps or low-voltage
lightning arresters across their terminals. The principle of
grading the line insulation to promote spillover away from
expensive station equipment, including metering, may be applied
by using one or two less insulator units in the strings supporting
the line wires at the two or three transmission-line towers
adjacent to the station and metering equipment. Likewise the
primary windings of the instrument transformer should be
designed for higher diclectric strength against impulse than
the bushings through which the line wires or taps enter the
transformer.

Faults on the lines may create line currents of very high value,
dependent on the generating capacity connected to the system
and the impedances to and through the fault. Current trans-
formers must be given ample mechanical strength to withstand
the magnetic stresses resulting from the short-circuit and fault
currents; they should also have thermal capacity to avert
damage or breakdown from excessive heating during the time
required by the protective relay system to clear the fault.

11-10. Control of Instrument Transformer Burdens.—In gen-
eral, indicating instruments, synchronizing devices, and relays,
as well as watthour meters, will require instrument transformers.
Economy may dictate the use of one set of instrument trans-
formers for more than one or all these purposes; but such economy
may be obtained at the expense of accuracy of registration of
the watthour meters.

Current transformers give the best performance as to ratio
and phase angle when their secondary burden is small (few meter
and relay coils, 7.e.,, minimum scries impedance). Bushing
transformers are therefore often used for the relays and syn-
chronizing equipment (their accuracy being adequate for these
purposes) in order to reclieve the burden on the wound type to
which the energy mecters are connected. In any event, the
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highest accuracy will be obtained if the current transformers are
designed for accurate performance within the desired limits of
error in meter registration and compensated for the actual
burden imposed on them; still higher accuracy will be obtained
if the meter is compensated for the ratio and phase-angle depar-
tures of the instrument transformer (see 11-6).

The ratio and phase-angle departures of voltage transformers
may be more nearly compensated by adjustment of the meter
elements (full-load and lag calibration) when the burden is not
subject to variation because of intermittent connection of volt-
meters or other voltage devices. A volt-ampere rating of voltage
transformers nearest to their expected burden will, of course, give
the highest accuracy because the design for this rating gives them
the best compensation for both ratio and phasc angle.

Unbalanced burdens on the voltage transformers should be
avoided as far as possible. Such unbalance of burden may arise
from (1) the use of two autotransformers for reactive component
measurement, (2) the use of open-A-connected loads on star-
connected voltage transformer secondaries, or (3) the connection
of voltage circuits of relays or instruments across the open end
of open-A-connected secondaries.  These connections may result
in an effort of the transformers to correct the unbalance in their
local circuit and by so doing shift the phase of their terminal
voltages and result in metering inaccuracy. Reactive component
autotransformers are most likely to cause such discrepancies;
the insertion of dummy burdens will correct the unbalance of
burden.

If the burden on a voltage transformer is of low power factor,
improved accuracy may be obtained by using static condensers
in parallel with the inductive burdens to improve the burden
power factor (sce Fig. 8). The volt-ampere burden is thereby
reduced and so are the departures in ratio and phase angle, In
general no wave-form distortion results from the interaction of
condenscers and inductive burdens,

11-11, Fusing Voltage Transformers.—Distribution trans-
formers are commonly protected against overload by means of
fuses in the primary leads. But for the much smaller currents
involved in the primary leads of voltage transformers, the fuse
wire has to be of such small diameter as to be very delicate if it
is to blow with excessive burden or even in case of a short circuit
on the secondary side. When primary fuses are used they may
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be viewed therefore as protection of the line against failure of the
voltage transformer itself. Some companies justify the omission
of primary fuses on the basis of favorable experience in this
respect. Others insert resistance in the primary leads to limit
the current, in case of short circuit within the transformer, to
20 to 40 amp., a value which fuses of adequate ruggedness will
interrupt. In normal operation the resistors carry only the
very small primary current of the voltage transformer and the
voltage drop through them does not affect appreciably
the accuracy of metering,

Fuses in the secondary leads are more certain protection of the
voltage transformer against short circuits or excessive burdens
than are the primary fuses. They are, however, a possible source
of metering inaccuracy because of (1) corrosion or loose contacts
at the fuse clips, (2) undetected blown fuses, and (3) inadvertent
removal. For these reasons often none is inserted (even if
primary fuses are also omitted) and when used are installed
close to the instrument terminals where they are more likely
to be observed and maintained in good condition. If protection
is desired while making meter or relay tests, fuses may be installed
in the test leads.

11-12. Grounding of Instrument Transformer Secondaries.—
Safety to the meters, and to persons who have to come in con-
tact with them, dictates the grounding of the secondary circuits
of instrument transformers. In the absence of effective ground-
ing, the leakage and capacitance effects may raise the potential
of the seccondary system to a value approaching that of one of
the high-voltage line wires to ground. Grounding also protects
against puncture of the primary windings or breakdown of the
primary bushings as a result of lightning or other abnormal stress
on these dielectrics. '

Theoretically any point of the secondary may be grounded
but it is preferable to ground a junction point of the secondaries
of two transformers. The ground should be made as close to
the instrument transformer terminals as possible. Best metering
accuracy will be obtained if the grounding is made at only one
point; grounding at two or more points on the same secondary
system provides a possible path for ground currents from other
sources than those involved in the secondary metering circuits
and these may create phantom burdens which will distort the
performance of the voltage or current transformers.
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11-13. Precautions as to Secondary Leads.—High-voltage
metering installations often necessitate placing the meters at a
considerable distance from the instrument transformers and thus
require long secondary leads. Such long leads should be of
sufficient cross section to minimize the resistance burden which
they add to the secondaries of current transformers. Otherwise
ratio and phase-angle departures will be enlarged by the increased
burden. When the distance is considerable this may necessitate
a wire size much larger than required from the standpoint of
current-carrying capacity.

Long secondary leads from voltage transformers to meters are
less significant from the burden standpoint than in the case of
current transformers. But in order that the drop in the leads
shall not detract from the secondary voltage (and shift its phase)
at the meter terminals, care should likewise be taken to keep
their impedance to low values.

In general it is desirable to use common return wires for the
secondary circuits from the terminals of instrument transformers
to the meters, but independent return conductors should pref-
erably be used for the current and voltage circuits. Both circuits
should be grounded but as small as possible a portion of the com-
mon return current should flow in the common voltage conductor
(for illustration see Figs. 121 and 122).

In all cases the secondary conductors, especially if they are
long, should be arranged so that their inductive effect is mini-
mized. This is facilitated by placing all within a single conduit
or using a multiconductor cable; in either case the use of color-
code wrappings on the conductors facilitates the verification of
the connections.

Problems

11-1. Will the register and gear train of a 5-amp. 11B6-volt single-phasc
meter be equally appropriate for a 5-amp. 115-volt polyphase meter of the
same make?

11-2. What size meter would you install to meter the consumption by
a 15-hp. 230-volt three-phase motor which you know runs under full load
whenever it is used? What size meter would you use if a test showed that
the motor ran at full load only 1 hr. in every 4 hr. and at half load at other
times?

11-8. A customer’s load consists entirely of a 150-hp. 2,300-volt three-
phase induction motor. What rating of meter would you install? Of
voltage transformers? Of current transformers? What should be the
register ratio for direct kilowatt-hour indications on the dials if the meter is
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115-volt, 5-amp.? The register ratio should preferably be 20 or higher;
what register constant and register ratio would be desirable in this case?

11-4. Show by vector analysis the reason for difference in accuracy of
metering a three-phase four-wire load by (1) a two-element meter (see Figs.
64 and 65) and (2) a three-element meter (see Fig. 119) under the following
load conditions:

a. Voltages balanced, unity power factor, currents unbalanced.

b. Unity power factor, unbalanced currents also unbalancing the
voltages.

c. Lagging power factor, with unbalanced currents and voltages.

11-6. In the case of long distance from current transformer to metering
panel it appears that weight of secondary wire might be saved and burdens
minimized by using a second step-down current transformer to reduce the
standard 5-amp. secondary current to a few milliamperes and transmit the
reduced current to the distant meters of low current rating. What are
the advantages and disadvantages of this alternative?  Would rectification
of the small current (say by copper-oxide rectifiers) make the scheme more
effective if at all feasible?

11-6. The speed of a single-phase watthour meter served from instrument
transformers shows a secondary load of 175.7 watts when the secondary
voltage is 115.23, the current 3.027 amp., with the current lagging the
voltage by 59° 45’. Data on the instrument transformers are as follows:

Voltage transformer:

Nominal 1ati0. ... o\ 2300/1156

Ratio correction factor....... ... ........ ..., 0.998

Phase angle, leading.......... ... .. .. ... ... 15 min.
Current transformer:

Nominalratio.............. ... .. .. ......... 500/5

Ratio correction factor. ......... ... .. ... ... 0.991

Phasge angle, leading.......................... 30 min.
Show:

a. Primary voltage is 2,300 volts.

b. Primary current is 300 amp.

¢. Primary power factor is 50 per cent.

d. Primary load is 345 kw.

e. Error from ignoring the ratio and phase-angle departures

of the transformers would be 6.4 kw. (z.e., 1.9 per cent)
high and to avoid the necessity of applying a correction
factor the meter should be set 1.9 per cent slow at this
loading.

f. The registration would be 1.1 per cent high if the power
factor were unity; therefore the magnets should be set to
make the meter 1.1 per cent slow and the residue (0.8
per cent at 50 per cent power factor) should be compen-
sated by lag adjustment.

11-7. Show that the voltage at the watthour meter would be only 0.3 volt
less than at the secondary terminals of a 200-volt-amp. 115-volt voltage
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transformer which is carrying half its rated burden, if the leads involve the
use of 400 ft. of No. 9 wire.

11-8. Would the same length and size of leads as in Prob. 11-7 increase
to an undue value the burden on the current transformer supplying 5 amp.
to one element of a polyphase meter which in itself constitutes a burden of
0.7 watt and 0.98 reactive volt-amp.? What would be the volt-amperes,
watts, and power factor of the burden of:

a. The meter element alone.
b. The meter element and the 400-ft. leads of No. 9 wire.

11-9. A watthour meter has registration characteristics and is used with
a split-core type of current transformer having characteristics as follows:

Ampere load, per cent. .| 10 20 40 60 80 100

Watthour meter at 100 :
per eent power factor.| 100.0 | 99.9 | 99.9 | 100.0 | 100.0 | 100.0

Watthour meter at 50
per cent power factor

(lag)................; 100.5 | 100.0 | 100.0 { 100.1 | 100.1 | 100.0
Current transformer

ratio error, per cent. .| +4.8 | +2.4 0 -14| =-2.2| -2.6
Current transformer

phase angle.......... —1°39'|—-0° 18| +1°9'{+1°18'1+1° 15 +1° 12/

Show that by setting the meter itself 2.6 per cent fast at full load, 100 per
cent power factor, 9 per cent slow at light load, and 5.6 per cent fast at
rated current and 50 per cent power factor lagging, the meter combination
will be within 1 per cent of accuracy for all loads of 20 per cent and upward
of its rating.



CHAPTER XII

VERIFICATION OF POLYPHASE METERING
CONNECTIONS

In 1933 the industrial and transportation customers of the
electrical utility companies in the United States paid nearly
$520,000,000 for the 39 billion kilowatt-hours they consumed.
The commercial light and power customers spent $500,000,000
for their energy which totaled over 12 billion kilowatt-hours.
In these two groups something in excess of 3,650,000 customers
are involved. In addition, the revenue from power interchange
between utilities represented $140,000,000. All but a small
portion of these various transactions, amounting in the aggregate
to $1,120,000,000, was measured by means of polyphase metering
installations.

It is evident not only that a high degree of accuracy of the
metering devices is justifiably demanded but also that they must
be installed in such manner as to give both parties to the trans-
actions the benefit of the accuracy of which the devices are
capable. This means simply that care must be exercised ir
connecting meters to instrument transformers and to the power
lines. There would be little occasion for discussing this subject
if (1) there were not many opportunities for incorrect connections
and improper operating conditions and (2) there were no technical
difficulty in distinguishing the very few correct combinations
from the multiplicity of possible incorrect connections which,
nevertheless, result in meter performance and registration that
often look plausibly good.

12-1. Possible Errors in Connection.—The two-element meter,
with or without instrument transformers, has four terminals
for the current windings (two for each element) and four ter-
minals for the voltage windings. It is not likely that one of the
current circuits will be open; this would mean either (1) single-
phase functioning of the line or (2) the existence of a short-
circuiting jumper around the meter or across one of the current
transformers; therefore it is necessary to recognize only the

184
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possiblity of having either or both of the current connections
reversed. This provides four situations: both correct, both
reversed, one correct with the other reversed, and vice versa.
Any one of these four situations (only one of which is systemati-
cally correct) may be associated with a multiplicity of situations
arising in conjunction with the voltage connections.

The voltage connections may (1) be correct or (2) one of the
voltage leads may be open-circuited or (3) the voltage coil
in the meter open or (4) the voltage-transformer primary or
secondary open or (5) two veltage leads from one element of

A vy ! a
c 3 3 E

(3
B AAA 2 b

the meter (or from one voltage transformer) connected to the

same line wire. These situations in conjunction with the four

current possibilities enumerated give 16 possible combinations,

only one of which, of course, will give the correct registration,

i.e., that in which the voltage and current connections are closed

correctly. There arc the further possibilities of having (6) one
or both of the voltage elements reversed and, in addition, (7) a

120° shift in phase of all the voltage connections.

Dr. W. B. Kouwenhoven (in the A.I.E.E. Transactions of
1916) reported 30 equations for the registration resulting from
all the possible combinations outlined. Many of them result
in utterly fantastic results at certain power factors but quite
plausible results at other power factors.

Charles H. Thayer has patented (No. 1,918,723) a circular
calculating device which indicates the correction factor to be
applied because of the incorrect correction of polyphase watt-
meters or watthour meters.

12-2. Result with One Voltage Reversed.—Consider the
simple case in which one voltage coil of the meter is supplied
with a reversed voltage. Thus in Fig. 123 the lower element
has the voltage E¢; instead of Eze. The vector diagram for this
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situation is shown in Fig. 124 with an assumed balanced load,
phase sequence ABC, and lagging phase angle 6. The upper
element, correctly connected, registers at the rate

Pu = EAcIAa [0 5] (30° - 0)

The lower element is functioning with current I, voltage Ecs,
and phase angle (150° — 6) between them. The lower element
registers at the rate

PL = EchBb cos (1500 —_ 0)
The meter as a whole registers at the summation rate

P = EI[cos (30° — 6) 4+ cos (150° — 6)]
or

P = EI sin 6
instead of

P = \/3EI cos 6

asit should. The total driving torque and speed are proportional
to the projection QU + OL of the currents on their associated
voltage vectors.

Fra. 124.

With this incorrect connection the meter will fail to rotate at all
at unity power factor, will register correctly at 50 per cent lagging
power factor (because at 60° the sin 6 = 4/3 cos 6), will run fast
on lower than 50 per cent lagging power factor, and will run back-
ward on any leading power factor. It is evident that this type
of error might long exist unnoticed on balanced loads of lagging
power factor near 50 per cent.
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12-3. Result of Reversed Current Transformer and Inter-
changed Leads.—A second illustration of this method of analysis
will be that in which one current transformer is reversed and in

A AAA a
L
C c
B A b
T
WWARR W m X
L™
Fic. 125.

addition the lead from it to one clement of the meter is inter-
changed with the common current return wire as at X and Y,
respectively, in Fig. 125. The upper clement functions with the
proper voltage and current connections but the lower element is

Ecg®

incorrect. The vector diagram is that of Fig. 126. The upper
element registers at the rate

PU = EACIAa COS (300 - 0)

The lower element carries the current Iz in the proper direction
as may be traced from the marked terminal of the B current
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transformer by way of the common wire n through the lower
current coil and back over wire m to the transformer. The lower
element also carries I4, in the reversed sense; 1., passes through
the lower element and returns to its transformer A in preference
to the route from P over wire m which would entail the high
impedance presented to its flow by transformer B. The lower
element therefore registers at the rate

P, = E4cls cos (30° + 6) + Ezc(— Aia) cos (90° + 6)
This may be reduced to
P, = ElIfcos (30° 4+ 6) + sin 6]
The meter as a whole registers at the rate

P = EI[cos (30° — 6) + cos (30° + 6) + sin 6]
= EI(\/3 cos 6 + sin 0)

The total driving torque and speed of the meter will be pro-
portional to the projections OU + OB — OA = OU + OL of the
currents in each element upon the vector of the voltage applied
to that element.

It is evident that at unity power factor, 6 and sin 6 will be
zero, the registration will be correct, and the error might pass
unnoticed. In this case L and B coincide and I, produces no
torque in reaction with Ege. For lagging power factors of less
than 50 per cent the registration will be negative and for leading
power factors the meter will overregister. (It will register
double at 50 per cent leading power factor.)

This type of error occurs when the installer inadvertently
reverses the current transformer and then interchanges those
two leads which give plausible registration on loads near unity
power factor. Or he may reverse the transformer to compensate
for an inadvertent interchange of two of the three secondary
leads. Incidentally, similar results will follow if the error is made
in the voltage connections in conjunction with correct current
connections.

12-4. Classification of Connections and Terminal Arrange-
ments.—Before proceeding to discuss the basis, procedure, and
limitations of these checks it is desirable to set up a classification
of polyphase metering connections and terminal arrangements.
Meters used on circuits of not over 600 volts and 100 or 150 amp.
will in general be self-contained; 7.e., they will be rated at the
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line voltage and the line wires will be connected to their current
terminals. If the current exceeds 100 or 150 amp., current
transformers will be used. If the voltage exceeds 600, both
voltage and current transformers will be used, the latter necessary
for insulation purposes even though the current rating may be
between 5 and 100 amp. These practical and safety considera-
tions in part establish the types of connections to be identified in a
classification. Classes 4, B, C in Figs. 127 to 129 apply to
sclf-contained meters and involve cight, seven, and five external
terminals, respectively. Classes D, E, F in Figs. 130 to 132 have
either seven or eight external terminals and apply to installations
with current transformers or current and voltage transformers.

Various checks will next be discussed in the light of their
applicability to the forcgoing meter classifications, their advan-
tages, disadvantages, limitations, and general effectiveness in
establishing the correctness or incorrectness of the connections
under various load conditions.

12-6. Opening the Line Wires.—This check is applicable to
all classes of meters, the degree of unbalance of load or its
power factor need not be known and it is not necessary to trace
the leads. It is founded on the principle that opening one of the
three line wires will result in single-phase operation of the load
and that the functioning element of the meter must rotate in the
forward direction.

The procedure is: (1) sce that the meter is rotating forward with
both elements connected as found (or as revised to give this
result) ; (2) open one of the line wires applying current to a current
coil of the meter, at two points, one on the line side ahead of all
taps to the meter and the other on the load side beyond all taps
to the meter (as at aa in Fig. 127); (3) note the direction of
rotation of the disk; (4) reclose the first line at both points; (5)
repeat the operation with the other line wire (as at bb in Fig. 127)
supplying current to the other current coil of the meter. If the
meter rotation is backward in either case, the meter is incorrectly
connected. The connection may be corrected by reversing
either the voltage or the current connections to the element which
gave backward rotation when it alone was energized.

This test is positive for all possible incorrect connections. It
is, however, open to the objection that it is often impracticable
to interfere with the customer’s load to the extent of restricting
to single-phase supply. Of course, the open line should not be
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bridged with a jumper. Even if this objection is absent, the wir-
ing seldom provides a convenient physical means of opening a
mainline conductor at two points close to the metering installation.
The test may also introduce human hazards in the case of the
higher voltage lines.

12-6. Opening the Voitage Leads.—This test is applicable
to all but Class C meters. It is not necessary to know whether
the load is balanced but it is essential to know whether the load
power factor is more or less than 50 per cent.

Open the voltage lead to one element (as at d in Fig. 130)
and note the dircction of rotation. Close d and open the volt-
age lead to the other clement (as at e in Fig. 130) and again
note the direction of rotation. If the power factor is known to
be less than 50 per cent, the meter must be incorrectly connected
if its rotation is forward on both tests; under these circumstances
one clement should tend to run backward as explained in 5-7 and
Fig. 62. If, on the other hand, the power factor is known to be
higher than 50 per cent and the rotation is backward on either
test, the meter must be incorrectly connected; unfortunately
the converse is not true, viz., that forward rotation on both tests
verifies the connections, because there are several incorrect
connections which will give forward rotation.

12-7. The Ackerman Check.—This check (described by P.
Ackerman in Elecirical World, January 17, 1914) is applicable
to Classes B, E, and F and to loads which are not unbalanced
to more than about 25 per cent of the least current. It subjects
each of the voltage coils of the meter to one-half the voltage of
the load phase embraced between the two current supplies to the
current coils. This is accomplished by opening the common
voltage lead (as at C in Figs. 128, 131, 132) but leaving the two
voltage coils in series across the third phase voltage.

If the rotation is backward with the common voltage lead open,
the meter is incorrectly connected. Of course, the secries arrange-
ment existing in the test might involve an interchange of the
two voltage connections and still give the forward rotation indica-
tive of a correct connection; therefore it is necessary as a pre-
liminary (1) to make sure that the proper voltage and current
are connected to the same meter element and (2) that the rotation
is forward before the test is undertaken.

The advantage of this check is its simplicity and the fact that
the load may be somewhat.unbalanced and the power factor may
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be any value. The disadvantage lies in its limited applica-
bility, the fact that it involves tracing the leads, and that it is
inconclusive for certain kinds of incorrect connections under
particular load conditions (see 12-13).

12-8. Check for Class C Meters.—This check is an adaptation
of the Ackerman check (see preceding paragraph) to the Class C
meter which is self-contained and in which the voltage coils are
connected to the line wires after they enter the meter at the
current terminals. Under these circumstances the most likely
error is that the common voltage
return wire will be connected to
either of the line wires passing
through the current coils instead
of the line wire not passing
through either current coil as it
should be connected. Without
tracing the leads this can be
detected by first noting that the
meter rotates forward with all
leads connected or is connected so
that it does rotate forward. The
speed of the meter is determined
by means of a stopwatch. The common voltage wire is then
opened (as at C in Fig. 129) and the speed of the meter again
determined. If the load has not changed in the meantime, the
speed with the common voltage lead open should be one-half that
with it closed; if it is not in the forward direction in both cases
and one speed one-half the other, the meter is incorrectly
connected.

The reason for the behavior and the conclusions may be seen
from Fig. 133, the vector diagram corresponding to the connection
of Fig. 129 with the phase sequence A, B, C. The registration
speed of the meter with lagging-load phase angle  when the
common voltage lead is closed is

Fia. 133.

R = IAEAC cos (0 el 300) + IBEBC' co8s (0 + 30°)

When the common voltage wire is open, the two voltage coils are
in series across the voltage F.p; the current I, reacts with 14E 5
and current Ip with 14E5,, reversed because it is applied to the
voltage coil in opposite direction (entering at the right and leaving
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at the left in Fig. 129). The registration speed when the common
voltage wire is open will be

R' = Y4IpE .5 cos (6 — 30° + 60°) +
1514Ep4 cos (8 + 30° — 60°)
= 14I3E 5 cos (8 + 30°) + 141 ,E4s cos (8 — 30°)

It is seen that when the meter is properly connected R’ = 4R if
the currents and voltages arc balanced. (It may also be shown
to be so if they are not balanced.)

If, however, the common voltage lead is, say, connected to 4,
then the first term of the expression for R becomes zero. The
first term of R’ is then one-half R and the whole value of R’
exceeds one-half R by the value of the second term of R’, which
shows that the meter was incorrectly connected as found.

This check has the advantage that no knowledge of the load
power factor or degree of balance is necessary; but the load must
be constant during the two speed determinations.

12-9. The Kouwenhoven Check.—This check was described
by Prof. W. B. Kouwenhoven in the A.I.E.E. Transactions for
1916, Part I (volume 35, page 183) and is applicable to all but
Class C meters. It is applicable under any condition of power
factor but the necessary modification becomes complicated if the
load is not known to be approximately balanced. The leads must
be traced to the extent of ascertaining the two voltage leads (as
z and y in Figs. 127 and 130) which are connected to the line
wires which supply current to the current coils, directly or through
current transformers. It is also necessary, in all except Class A,
to make sure that the common voltage leads (as at m and » in
Figs. 127 and 130) are not connected to the same voltage coil;
further, in the case of Classes B, K, and F, that these common
voltage leads are not connected to a line wire which supplies
current to one of the current coils.

With these points established the check amounts to inter-
changing the voltage leads z and y—at the meter in Class A
or B, and on the primary side of the voltage transformers of
Class D, E, or F. If the meter does anything but stop or at
the most run at very slow speed in either direction, it is incorrectly
connected. That this should be the result may be seen from
Fig. 134 in which the registration speed with the voltage leads
interchanged will be
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R' = IsE4c cos (30° + 6 + 60°) + I Epc cos (30° — 6 + 60°)
= IBEAC sin 6 — IBEBC sin 6

which is zero under balanced load.

This check gives an indication of changes to be made in the
connections to render them correct. If, after the voltage leads
are interchanged, the meter runs forward at reduced speed, it
signifies that one of the current connections is reversed but
the voltage connections after the interchange are correct; the
particular current coil to reverse is that one which results in
stopping the rotation when the
voltage connections are momen-
tarily -restored to their original
(incorrect) condition. If, how-
ever, after the voltage leads are
interchanged, the meter runs
forward at increased speed, it
signifies that the original voltage
connections were correct but
that one of the current coils is
reversed; reverse that current

Fra. 134, coil which will result in the
meter stopping when the volt-
age leads are again temporarily interchanged.

12-10. The Brown Check.—A check described by Raymond S.
Brown in Electrical World, January 17, 1914, involves the use of a
high non-inductive resistance (10,000 ohms or more) in series
with the voltage coil of the meter. The test requires approxi-
mately balanced load and whether the power factor is lagging or
leading must also be known or ascertained. Also the leads must
be traced to the extent of determining that the corresponding
current and voltage are applicd to the same element of the meter.

The first step in the manipulative procedure is to determine
which is the fast-moving element and which the slow-moving
element; this is, of course, done by opening the voltage circuits
of the two elements in turn. The voltage circuit of the fast-
moving element is then left open (the element then contributing
no torque) and the high resistance is inserted in series with the
voltage coil of the slow-moving element. The direction of the
rotation of the disk is then noted. If this rotation is forward
and the power factor is lagging or if the rotation is backward and
the power factor is leading, the meter is improperly connected.

Exg Eac
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There are several incorrect connections, however, which will not
be disclosed by this test and consequently the converse of the
conditions cited in the preceding sentence does not assure that the
connections are positively correct.

The reason for the meter behavior on which this check bases
its indications may be secn from Fig. 135. Inserting the resist-
ance in series with the voltage coil of the slow-moving element
absorbs the voltage Er in the resistance and leaves Ej applied
to the voltage coil of the meter. If
the power factor is lagging, I will |
fall in the region between Iigo, '%73
and I, but anywhere within this .
range it will produce negative
torque in reaction with E§, provided
R is large enough to reduce K to
less than half Eg, which means that
EY makes more than 60° with Es. 1
Positive torque and forward rota- 0 Iso%

. . Fi6. 135.

tion of the slow-moving clement

would require that I fall vectorially between Iy, and I,
which could follow only from leading current (contrary to the
original assumption) or the reversal of current (or voltage)
from its correct status.

12-11. The Woodson Check.—Most of the preceding checks
(1) presuppose some knowledge of the load balance or power
factor, (2) are limited in their applicability to certain of the classes
of meters, (3) involve some tracing of leads, or (4) involve some
temporary changes in the meter wiring which may result in
continued error if the leads are not properly restored after the
check.  Also (5) most of the tests fail to give a positive indica-
tion for some particular power factor, lagging or leading.

W. C. Woodson of the New York Edison Company devised a
test which avoids most of these shortcomings and gives incon-
clusive results only in certain cases where it is not possible to
ascertain whether the load is of lagging or leading power factor.
Such cases are limited in number, and, therefore, this test has
much merit. Its principal weakness is that it involves more
accessories than any of the others and the analysis of the record
is practically a draughting-room job, which thus does not facili-
tate the immediate application of the results of the check to
correct the connections in case they prove to be incorrect.
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The check in principle amounts to obtaining data from which
to plot vectorially the three currents and the three voltages of
the metering circuit. It requires three wattmeters, an ammeter,
a voltmeter, and a phase-sequence indicator in conjunction with
switching devices to reverse the polarities of the meters, arrange
them in Y or in secries, etc. Each of the three meter-circuit
currents is associated in the wattmeters with each of the three
voltages. This makes it possible to establish the vector location
of all these currents with respect to the three voltages whose
magnitude, phase displacement,
and phase sequence are known
or assumed.

Thus in Fig. 136 the vector

/la \i. Eb location of I, is found as the
/ . .

N intersection of perpendiculars
2 < drawn from points on the respec-

tive voltage vector laid off from

the vector center at distances

proportional to the wattmeter

readings obtained when supplied

' by I, and E,, I, and E,, I, and

Ee E.. The other currents can be

Fic. 136. located by taking six additional

readings, three with I, and the

three voltages to neutral and three with I, and those three
voltages.

The decision as to correctness of the metering connection then
rests on critical analysis of the plausibility of the vector diagram
and its concordance with the known character of the customer’s
load. Incidentally if the tester makes a faulty connection in the
test or records his data improperly, these errors will be disclosed
by a badly distorted diagram.

12-12. Procedure in the Woodson Check.—The leads on the
load side of the meter are connected to the wattmeter terminals
80 as to effect the Y-connection of Fig. 137. The readings are
recorded with their proper algebraic sign. If any reading is
negative it at once indicates that the watthour meter is incor-
rectly connected unless there is an extreme unbalance of load.

The wattmeters, retaining their respective Y-voltages of
Fig. 137, are now inserted in series, firstin line A asin Fig. 138, then
in line B, and finally in line C. The nine readings are recorded.
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This will be the appropriate opportunity to ascertain each line
current by means of an ammeter inserted in series with the cur-
rent coils of the wattmeters; the current can, however, be com-
puted from the vector diagrams drawn from the data.

Finally ascertain the phase sequence and, if desired, the magni-
tude of the Y-voltages or line-to-line voltages at the watthour
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meter. Any ascertainable knowledge of load power factor and
balance should also be noted in the report to aid in interpreting
the meaning of the vector diagrams to be drawn.

The table on page 198 (from N.E.L.A. Publication 278-31)
presents data typical of that obtained in a case in which it was
found, on analysis of the subsequently drawn vector diagram,
that the voltage connections had been interchanged and in

el e, el

A B
8 21N 0 LN T
Qo .
b X lndica'{ings Wattmeters
in Seres
§ ¢ TALN
T (Voltages in Y)

Fig. 138.

addition one of the current transformers was of reversed polarity.

It will be noted that the diagonal readings 272, 208, 68 are in
accord with the Y-readings and would be identical with them if
the load had not changed in the interim between readings.
Also the algebraic sum should be close to zero in the vertical
columns of the series readings.
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Y-ConNNEcTION VOLTAGES
Wattmeter A.,............ +270 AB 110
Wattmeter B.............. +209 BC 110.6
Wattmeter C............... + 68 AC 111.3

SERIES CONNECTION
Line 4 Line B Line C

Amperes................... 5.7 3.4 3.2
Wattmeter A.............. +272 — 84 —192
Wattmeter B........... ... —360 +208 +116
Wattmeter C............... + 96 —118 + 68

Phase sequence ABC. Load—induction motors.

12-13. Plotting and Analyzing the Vector Diagram.—Follow-
ing the principle enunciated in 12-11 and Fig. 136 the data of the
series wattmeter test are transferred to the vectors of the three
voltages to neutral arranged in their proper phase sequence.

Ey

Fra. 139.

Thus in Fig. 139, the data of 12-12 establishes the three currents
to fall in the phase positions I, Iy, I.. Each of these currents
is the only current which will result in the wattmeter readings
obtained when that current is associated with each of the three
voltages to neutral. The length of the current vector is laid off
proportional to the respective ammeter readings or else computed
from the voltage and wattmeter readings in conjunction with the
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cosine of the angle between the current and voltage. This
cosine is the ratio of the wattmeter reading to the length of the
current radial to the interscction point of the perpendiculars,
both measured to the same scale of volt-amperes and watts.

In this particular instance it is seen that the meter connection
must be incorrect because the load is induction motors, an
inherently balanced type of load. The currents are indicated

Fig. 140.

to be unequal whereas they should be equal. There is also an
inconsistency indicated in the phase power factors; these should
be identical for the balanced load of induction motors. Also the
currents lead their respective phase voltages and this is not the
case with induction motors.

In a compact form of the Woodson scheme, as made by the
Weston Electrical Instrument Company, provision is also made
for detecting short-circuited turns in current transformers
(Fig. 140). An accessory reactor is inserted in series with the
current coils of the wattmeters in the series test. The reactor
materially increases the volt-ampere burden on the current
transformer, the secondary voltage of which is thereby raised
enough to reestablish any intermittent short circuit; the ratio of
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the transformer is then decreased and the short circuit revealed
by a sharp dip in the wattmeter reading. Current transformer
errors from this cause which are too slight to be disclosed by the
behavior of the watthour meter are thus exaggerated and revealed
in conjunction with the verification of the meter connections.

12-14. Summary of Polyphase-meter Checks.—In order to
summarize the features of the foregoing methods of checking
polyphase-meter connections and to contrast their technique and
range of applicability, two tables are presented (Tables VII
and VIII). In the first table it should be remembered that
minor preliminaries are omitted for the sake of simplicity in
showing the essential elements of each check.

No claim is made that the second table is not susceptible to
proof of inaccuracy in detail. Phase sequence, load balance,
and the particular location of the point in the meter circuit where
the errors in connection are made will change the load power
factors at which the checks break down. The primary purpose
of the table is to show the relative extent to which the checks
approach universality of applicability. In general the Woodson
test has the widest range, the Kouwenhoven check second, with
the Ackerman and opening-the-voltage-leads checks sharing
third place. The Brown check, not represented in the table, is
about on a par with those assigned third place. Fortunately
the various checks do not break down for the same errors and all
the possible errors can be disclosed by applying two or more
of the checks.

Incidentally Table VII gives vivid evidence in justification of
the devotion of a chapter to this subject.

Problems

12-1. Show the proper connections to a two-clement polyphase meter
for measuring the consumption from a three-phase star-A-connected trans-
former bank, 4,000-volt four-wire primary to 220-volt three-wire secondary
using current transformers on the primary side and applying voltages to the
meter elements directly from the 220-volt sccondary. Can the energy be
measured correctly under all conditions of load in this manner?

12-2. Two polyphase meters were installed by the two companies involved
to register the energy transfer over a three-phase 110,000-volt transmission
line. Current transformers in line wires A and C supplied current to the
corresponding elements of the two meters M and N in series.

Meter M was a two-element meter and its two voltage coils were con-
nected across the respective secondary terminals ab and ¢b of Y-Y-connected
voltage transformers An, Bn, Cn of 1,000/1 ratio.
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Meter N was a 214-element meter with the split coil connected (reversed)
in the common current return lead to the junction of the two current trans-
formers. Its voltage coils were connected to the A secondary voltages of
Y-A-connected voltage transformers AO, BO, CO. The voltage coil for
current element A had the 110-volt voltage of the secondary of CO. The

voltage coil for current element (' had the 110-volt voltage of the secondary
of AO.

Meter N registered 50,000 kw-hr. more than meter M in the first 48 hr. in
service.

Draw the connection diagrams and determine which meter was correct
in its registration and what crrors entered into the registration of the other
meter.

10 H P motor A 10 HP motor B
X /f’ Y {Motors 4blocks apart )

3wires in conalur?
[m% 3] Meter Me;er L % K
b e e 4o |3 Pc pa

Y X

1

Laaseso) |
Transformers
Y | X
Fia. 141.

12-3. A four-wire two-phase system supplies two separate customers,
A and B, through two-element polyphase meters ¢ and b. The motor of
customer B was connccted three-wire and the polyphase meters were
inadvertently connected as shown in Fig. 141. The error was discovered
when meter b was found running at a time when motor B was idle.

Assume equal loads at 80 per cent lagging power factor on each of the two
motors and determine the percentage crror in metering for each of the three
possible combinations of operating conditions, 7.e., both or either alone
operating. Draw vector diagrams. Tabulate thus:

Currents .
. Torque in meter
Motor in elements
Case .
operating
Xo | Yo | Xo | Vo[ Xa|Ya| a | Xo| Y| B
1 A
2 B
3 Both

12-4. A factory having an approximate demand of 180 kw. was purchas-
ing two-phase power from the local electric public-service company. The
energy was billed at a straight meter charge of 2 cents per kilowatt-hour.
From April, 1928, to November 23, 1928, the consumption on the watthour
meter (No. 701) was an average of 35,476 kw-hr. per month; but, with about
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the same scale of operations at the factory, the monthly registration of
meter 2845 (which replaced No. 701 on November 23, 1928) varied con-
siderably as shown in the accompanying tabulation. These variations
prompted investigations which, step by step, disclosed various faults in the
metering installation and adjustment, as follows:

1. November 23, 1928, to November 1, 1929. Meter 2845 was
installed with a register having a constant appropriate for a
current transformer ratio of 60/1. On November 1, 1929, it was
discovered that the mecterman had inadvertently used current
transformers of a 120/1 ratio. These 120/1 transformers were
immediately replaced by others of 60/1 ratio.

2. November 1, 1929, to December 1, 1929. The low registration
during November led to another inspection on December 1,
1929. It was found that the potential circuit of the lower
clement was open and it was closed at once. It is probable that
this condition had existed from the time of the inspection on
November 1, 1929.

3. November 23, 1928, to November 1, 1930. The factory execu-
tives on November 1, 1929, decided to install a check meter.
It consistently registered much more consumption than the
public-service company’s meter 2845. A further inspection of
the latter on November 1, 1930, revealed that it was connected
reactively (potentials interchanged); it had probably been in
that condition from the original date of installation. The con-
nections were immediately corrected.

4. November 1, 1930, a test showed it to be running 15 per cent
fast. This condition may also be assumed to have existed from
the original date of installation and to have resulted from the
magnet adjustment made by the installer in his efforts to make
the (reactively connected) meter agree with the registration of
his test meter. There is no evidence of any other meter adjust-
ments made at the intervening inspections.

There was quite naturally a controversy over the proper adjustments of
the payments made by the factory to the public-service company on the
basis of the erroneous meter registration. The data herewith have been
adapted from those compiled during the settlement of the controversy.

a. For the purpose of a first estimate of the correct consumption
during the (nearly) 2 years it was agreed that the average load
was on the order of 150 kw. at 80 per cent power factor lagging
for 285 full 9-hr. working days per year. During nights, Satur-
day afternoons, Sundays, and holidays (six in a year) the load
was about 6 kw. at 50 per cent power factor lagging. Compute
the 2-year bill on this approximate basis.

b. By applying appropriate correction factors for the errors dis-
covered, determine how much more the factory should pay than
the $11,192.90 which had been paid for the encrgy actually
consumed during the period meter 2845 was in service.

Weigh the correction factor for the reactive connection in
accordance with the amounts of registrations at each of the two
power factors assumed in a.
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Registration of meter corrected for
Monthly Kiloyvatt—hours 1) @ 3) )
cousumption | Fegistered by | Current
meter trans- . .
former Potential | Reactive | Magnets
ratio
1928
Nov. (23-30) 5,000
Dec. 18,810
1929
Jan. 19,320
Feb. 17,560
Mar. 15,370
Apr. 17,430
May 17,570
June 17,080
July 12,320
Aug. 17,440
Sept. 17,590
Oct. 18,300
Nov. 14,800
Dec. 17,105
1930
Jan. 20,050
Feb. 28,100
Mar. 36,110
Apr. 19,330
May 30,540
June 31,510
July 22,710
Aug. 32,300
Sept. 31,150
Oct. 32,150
Nov. 30,000 *
Dew. (15) 20’000% 50,000 | 50,000 | 50,000 | 50,000
Total kilowatt- 559,645 | Revised number of kilowatt-hours
hoursbilled on consumed ...
Meter 2845 Value at 2 cents per kilowatt-hour

Amount paid

$11,192.90

Balance owed

company by factory

electric service
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Tabulate the results in columns adjacent to the recorded
monthly consumptions.
¢. Compare the chances of correcting for these metering errors if
the same mistakes had oceurred on a three-phase installation.
12-5. On investigation a power company found that the three-phase
three-wire polyphase meter through which an industrial plant was being
served was incorrectly connected.  The connections were apparently correct
but the polarity of one of the voltage transformers was found to be incor-
rectly marked; this had the same effect as reversed secondary connection
to the meter. During the three months preceding the investigation the
indicated demand had ranged from 400 to 460 kw. and the watthour meter
had registered from 170,000 to 250,000 kw-hr. per month. A careful test
showed the power factor to be 72 per cent under average conditions.
a. By what factor should the demand-meter and watthour-meter
readings he multiplied?
b. The demand charge was $1.50 per kilowatt per thonth and the
energy charge 1 cent per kilowatt-hour. Show that the power
company had lost over $8,000 in revenue because of the error.



CHAPTER XIII
REACTIVE METERING

Exciting currents of induction motors (also to a lesser extent of
transformers and synchronous motors) and line drop in reactance
of the feed circuits are the principai reasons why power systems
operate at less than unity power factor. The lower the power
factor, the more current or voltage must be supplied to deliver
a given load in kilowatts. A consequence is the necessity of a
larger wire size for lines and more copper and iron in trans-
formers and in machines because more amperes and more volts
demand these more generous designs. Ratings in kilovolt-
amperes are thus necessarily increased and more money must be
invested in the equipment and lines. Line losses are higher and
voltage regulation is poorer with low power factor.

Power factor is therefore a matter of concern in connection
with individual loads, with conditions at substations, on feeders,
in generating and transforming apparatus. Corrective equip-
ment such as synchronous condensers and static condensers
may be used to improve the power factor and thus avoid greater
outlay in providing increased kilovolt-ampere rating for con-
tinued operation at the low power factor. It is quite natural
therefore that power factor should enter into rates and into
metering. The user is expected to pay proportionately for the
added system costs created by his contribution to low power
factor as well as to pay for the cnergy consumed and for the
demand.

13-1. Definition of Power-factor Terms.—In a single-phase
circuit power factor is the ratio of the watts to the volt-amperes

watts _Elcos b _ c

volt-amperes  EI 0s 8

Power factor =

Power factor is the cosine of the phase angle between current and
voltage.

When it comes to polyphase circuits the situation is not so
simple except in the case of balanced voltages applied to identical
loads on each phase and therefore supplying balanced phase

207
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currents displaced symmetrically, if at all, from the corresponding
phase voltages. Under such circumstances the power factor of
the polyphase line and load is the same as that of each of the
phases.

If, however, the polyphase loads or voltages are unbalanced,
then the currents in general will likewise not only be unequal
but will make different phase angles with their respective phase
voltages.

Each phase of the polyphase system will then have a power
factor of its own. What shall be taken as the power factor of
the polyphase system—the simple average of the individual
phase power factors? An average somehow weighted to the
unbalance? Or what?

This question has been answered in the Standardization Rules
of the American Institute of Electrical Engineers as follows:

3243. Power Factor in Polyphase Circuits.—The power factor of a
polyphase circuit, either balanced or unbalanced, is the ratio of the
total active power in watts to the total vector volt-amperes.

The total vector volt-amperes is the square root of the sum of
the squares of the total active power and the total reactive power.

The total reactive power is the algebraic sum of the reactive
powers corresponding to the separate harmonic components of the
gystem.

The last paragraph provides for the general case of non-
sinusoidal wave forms of current and/or voltage. Non-sinus-
oidal current and voltage waves can be decomposed into sinusoidal
components of harmonic frequencies, 7.e., multiples of the
fundamental. The reactive volt-amperes are to be found
separately for each of the components. Of course, ordinary
power and energy measurements are usually made under condi-
tions near enough to the ideal sinusoidal wave form to permit
ignoring this refinement.

13-2. Polyphase Power Factor.—The A.I.E.E. Standards also
provide the following definition:

3246. Reactive Volt-amperes.—The reactive volt-amperes in a circuit
are the square root of the difference between the square of the
apparent power (volt-amperes) and the square of the power (watts).

Consider an unbalanced three-wire three-phase load made up
of an originally balanced inductive three-phase load, star-
connected, and an added single-phase non-inductive load between
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two of the line wires as in Fig. 142. What in Fig. 143 was
originally a symmetrical group of line currents, identical in
magnitude and phase angle with respect to the phase voltages,
consists now of different magnitudes and phase angles. It is at
first doubtful what to set down as the polyphase power factor.
But the vectors of Fig. 143 representing the load currents of
Fig. 142 can be rearranged as in
Fig. 144 with respect to a single -
direction of voltage phase so that -
the watts W and the quadrature
(reactive) volt-amperes Q@ of the
three phases can be added vector- e;
ially. The phase to neutral volt-
ages are assumed equal in Fig. 143;
consequently the watts of the
respective phases are proportional

K

I3
3 .
I i
2 fa M1,
Il iy
1 —— = €
Fia. 142, Fig. 143.

to the projections (om, mn, np) of their current vectors
upon the voltage line oep; likewise their reactive volt-
amperes are proportional to the quadrature projections or, s, st.
The polyphase power factor according to the definition is then
op/ok just as if the unbalanced polyphase load were replaced by

Q.0 Wi Ay m e n P
r
Q. o
P T ol S S

% W

{ Equivalent total Ws k
current ]

Fia. 144.

a single-phase load with current I, the resultant in magnitude
and phase position of the unequal polyphase currents referred to
a common voltage phase.

13-3. Measuring Power Factor.—There are many ways of
determining the power factor of a given load or circuit. Some
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give instantaneous values but are also adaptable to recording
meters giving a continuous chart of power factor. Other
methods provide data for obtaining the average value of power
factor over a period of time.

1. Simultaneous reading of ammeter, voltmeter, and wattmeter.
a. For single-phase circuits the power factor is the watts divided by the
volt-amperes.
b. For balanced polyphase conditions the power factor is the total
watts divided by the total volt-amperes, v/3EI.
2. Direct indication of power-factor meter in portable or switchboard,
indicating or recording type.
3. Relation of readings of single-phase elements of polyphase wattmeters
or watthour meter.
4. Reactive component meters with modified voltage circuits.
5. Cross-phasing schemes for elements of polyphase wattmeters or watt-
hour meters to convert them into reactive component meters.
6. Phasing transformers to apply quadrature voltage to the elements of
the polyphase meter.
7. Kilovolt-amperc-hour meters in conjunction with watthour meters.

13-4. A Polyphase Power-factor Meter.—The question of
power factor arises primarily with power circuits rather than

AAA.

rlvvy

‘C/ark mor‘or
Control motor Phase shifter

Fia. 145.

lighting circuits. Also power circuits are generally polyphase
whereas lighting circuits are inherently single phase. Conse-
quently there is much more interest in power factor of polyphase
circuits than of single-phase circuits.
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One form of power-factor meter which indicates in conformity
with the A.LLE.E. definition of polyphase power factor employs
a wattmeter of the Kelvin balance type in conjunction with a
motor-operated phase shifter. The wattmeter has voltage coils
in mechanical equilibrium at the ends of a beam pivoted at the
middle. When there is current in the stationary current coils
and voltage applied to the beam coils, the mutual attractions and

4
4
¥
i
]
4
2

Frc. 146.

repulsions between coils produce torque proportional to the volts
and amperes and to the cosine of the phase angle between them.
The torque can be made zero under load only when the current
and voltage are in quadrature. This is accomplished by placing
at one end of the beam reclay contacts which start a small motor
in the appropriate dircction of rotation. The motor shifts the
position of a voltage phase shifter through which the line voltage
is connected to the beam coils. This shift in phase continues
until it has been changed enough to establish a quadrature
relation between current and voltage. The Kelvin balance
torque is then zero, the beam centers, and the motor stops.
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Meanwhile the motor has also advanced the pen of the instru-
ment to the corresponding position over the chart. The pen
therefore draws a continuous graph of the instantaneous values of
polyphase power factor (see Figs. 145, 146).

Since the motor always establishes zero torque between the
Kelvin balance coils, the phase shifter must establish a 90° shift
in voltage phase when the power factor is 1.0. The meter really
responds to the reactive factor of the circuit but the chart scale
is marked in corresponding values of power factor. Since all
three line voltages arc impressed on the stator of the phase
shifter, the result is the ascertainment of the vectorial mean
angle of lead or lag as indicated by 6 in Fig. 144. The cosine
of this angle is the polyphase power factor according to A.LLE.E.
rules. The meter, made by the Westinghouse Electric and
Manufacturing Company, is equally reliable under balanced or
unbalanced load conditions.

13-6. Power Factor from Wattmeter Readings.—In 6-8 it was
shown that the power factor of a balanced three-phase load could
be expressed in terms of the readings of the two wattmeters (or
of the two elements, separately, of a polyphase wattmeter).

W, — W,

Power factor = cos [tan“ \/§W————-W-—] (24]
b a

This is, however, a bit cumbersome because it necessitates
recourse to a trigonometric table. The foregoing expres-
sion can be converted through the medium of the relation,
cos 8 = 1/4/1 F tan? 9, into

1
Wy = Woy?

\/1 +(\/§W: ¥ W.,)
Wa + Wb

V (W, + Wo)? +3(W, — W.)? 129

Power factor =

It must be remembered that this applies only to balanced loads.
Thus, even if the load were non-inductive and therefore of unity
power factor, the power factor under unbalanced conditions
would not be indicated as 1.0 by Eq. [25] because the wattmeter
readings would in general not be equal. The relation gives unity
only when the readings are equal. The relation has been put



Values of W,

18-6] REACTIVE METERING 213

POWER FACTOR OF BALANCED THREE PHASE SYSTEM
Determined by Single Phase Wattmeters

10 3 w, 0
-3 W1 . W:
— B 3
or
; - [y ~vwn 3
8' H A 2
; W, 1
7 W, + W, £ 3
P W W+ 3w, W) 1
6 =4
=5
= 6
= 7 «
= 2
“
o
-8 g
E 2
= 9
= 10
= {1
Scales >~
W, and W, scales may simultaneously >~ F
bz mulhphed by any constant. ~& 10
Example
Given, w,- 20 (3
Multipl and W, scales by 10 3
Connec wn*h straight - edge
q-200|n W2=10 = 14
Read PF. =0628
=15
~ 16

Fia. 147.
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into the convenient nomograph form of Fig. 147 by Prof. R. G.
Warner of Yale University.

For unbalanced conditions a more reliable index of the power
factor can be obtained only by taking cognizance of the unbalance.
One method* is based on a cyeclic shift of all three voltage connec-
tions from the two wattmeters (or two elements of a polyphase
meter) to the line wires. Thus after I, is taken with Ey; in one

3pin plug
[ T
5 & |Single-| & &
phase
watt-
meter
' S
3 2 .
sdpzj; » Jo Joad
: .
Fic. 148.

wattmeter and I; with E3, in the other to obtain the true watts
W, the shifted connections then involve I, with E,; and I with
E13, giving a new total wattmeter indication of Z.  Kither or both
wattmeters may read negatively depending upon the power
factor and unbalance as well as on the direction in which the
connections are shifted. The sign of cach reading is, of course, to
be noted, and the sum taken algebraically.

If the total vector volt-amperes are called M and the equivalent
polyphase power factor cos 8, the true watts W will be

W = M cos 6

The reading -Z after the voltage connections have been shifted
120° will be

Z = M cos (6 — 120°)
By expanding the second expression and solving for cos 6 it will be

possible to express the power factor in terms of the ratio n of
Z to W in the form
V3 1

2 Vnt4n+1
* See StusBINGS, G. W., Elec. World, p. 823, May 7, 1932.

cos 0 =

(36]
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Figure 149 shows the relation between the power factor and
values of n between 2 and 3. The power factor will be 1.0 only
when Z is negative and half the magnitude of W.

If it is desired to know the order of magnitude of the unbalance,
this may be inferred from the readings obtained when the current
I, is associated in one wattmeter with Ky, and I; in the other
with Ei,. It was shown in 12-9 that a watthour mecter should
stop if this is done under
balanced-load  conditions. If “?

it does not, then the speed (or,  *° /1L

. o

in the case of the polyphase 4 )4 No
wattmeter, the watts) in pro- “E ' / N

portion to the value obtained ¥~
under normal metering connec- i
tions, is an index of the degree -3
of unbalance. In asubsequent
chapter it will be shown that

the interchanged conneetions associate the voltages with what
is, relatively, the negative-sequence components of the current
system. The larger the unbalance, the larger the negative-
sequence  components  with respeet to the positive-sequence
components.

13-6. Reactive Meter with Modified Voltage Circuit.—Power
measurement involves ereating torque within the meter propor-
tional to EI cos 6. Reactive volt-ampere measurement corre-
spondingly calls for the production of meter torque proportional
to EI sin 6. But EI sin 8 = EI cos (90° — §). Therefore
taking the cosine component of current with respect to a voltage
in quadrature with the circuit voltage results in an indication
proportional to the sine of the circuit phase angle and conse-
quently to the reactive component.

The quadrature voltage is obtainable in several ways:

1. By induction phase shifter.

2. By cross-phasing polyphase circuits.

3. By (a) inductance and capacitance in the voltage circuit of a
wattmeter or (b) resistance and capacitance in the voltage
circuit of a watthour meter.

Method 1 is principally a laboratory method, although
applied without difficulty in recording instruments (see 13-4).
Method 2 will be developed in several ways in succeeding
paragraphs,

-2 -1 o} ! 2
Ratio of Wattmeter Readings 24,
Fra. 149.
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The third method works out simply in the case of the electro-
dynamic wattmeter, the potential circuit of which consists
of a large resistance and negligible inductance. Thus, if, in
Fig. 150a, it is desired to convert an electrodynamic wattmeter
into a reactive volt-ampere indicator, an appropriate value of
capacitance can be placed in parallel with its voltage coil and an
inductance inserted in series with the combination. That this
can produce a voltage across the meter in quadrature with the
line voltage can be seen from Fig. 150b.

Let E’ be the voltage across the meter. The current through
the voltage circuit of the meter will be 7z in phase with E’ and
through the condenser i, lcading E’ by 90°.  The current through
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) £
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1 Commm e - in E
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Fia. 150.

the inductance will be 7, and the voltage across the inductance
E.. The resultant of these voltages will be E, the line voltage.
The voltage E’ across the meter is seen to be in quadrature with
the line voltage E provided 7¢ and 7z are equal. This will follow
if the impedance of the condenser at the line frequency and of the
inductance, likewise, are made equal to the ohms of meter
resistance. For a 5,000-ohm meter, C is 0.53 mf. and L is
13.26 henries at 60 cycles.

A similar procedure could apparently be followed in the case
of the watthour meter. Here, however, the voltage circuit is
predominantly inductive and the resistance is not negligibly
small. The requisite value of capacitance for a 110-volt 60-cycle
meter would be about 3.5 mf. and theinductance about 27 henries.
The objection to this scheme is that it is peculiarly sensitive
to frequency changes. Departure from standard frequency is very
slight in interconnected power systems of today, however.
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Therefore the sensitiveness of frequency applies much more to
the harmonic components of frequency which are present in
wave forms not strictly sinusoidal.

13-7. Two-phase Reactive Metering.—Registration of either
reactive volt-amperes or reactive volt-ampere-hours is readily
accomplishable in two-phase circuits because cach phase auto-
matically provides a quadrature voltage necessary for measure-
ment of the reactive component of the load on the other phase.
Interchange of the voltage leads between outside wires and the

E
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For Kilowatt - Hours ()
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90%6
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voltage coils of the watthour meter in Fig. 57 will shift the
registration from energy to reactive component. It will, how-
ever, be necessary, in addition, to reverse the polarity for one
of the elements, as can be seen from Fig. 151, in order that both
clements shall contribute forward torque on the lagging power
factor represented. If the power factor becomes leading rather
than lagging, the polarities of both voltages will have to be
reversed to insure forward registration. Without a ratchet a
permanently connected meter would reverse direction of rotation
whenever power factor changed from lagging to leading. The net
registration under such reversals would have little meaning for
billing purposes if this were allowed to happen. On tie lines
where power factor may be cither lagging or leading, two meters
could be employed, one ratcheted against backward registration
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under lagging conditions, the other against backward registration
under leading conditions. The problem becomes intricate,
however, if the flow of power also reverses direction.  All this
applies equally to three phase. The two-phase connections for
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simultaneous registration of kilowatt-hours and reactive kilovolt-
ampere-hours are as shown in Fig. 152.

13-8. Cross-phasing for Three-phase Reactive Metering.—
The same procedure in connection with Fig. 60 (three phase) as
was applied in the preeeding section to Fig. 56 (two phase) will
convert the watthour meter into a reactive-component meter.
Reversal of polarity of one voltage is again necessary.  The con-

A . Three

c A phase

B ™ load
Fra. 153.

nections are as in Fig. 153, for a low-voltage circuit not requiring
transformers. That this results in registration proportional
to the reactive component may be demonstrated from Fig. 154,
which assumes a lagging power factor of the order of 70 per cent.
Three meter elements with the phase voltages and currents Eqo
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and I4, Ego and I, Eco and I¢ applied to them would register
the total energy. Any two such elements would register two-
thirds the energy on balanced load. Any two such elements with
voltages in quadrature with the proper phase voltage would
register two-thirds the total reactive volt-ampere-hours. The
line voltage Ejcis in quadrature with E,, also —E4; or Ey, is in
quadrature with Ec. These line voltages are, however, /3
times as great as the phase voltages and, therefore, give rkvah.

Fra. 154.

too great by the amount of this ratio. Since therefore the two
meter elements give only two-thirds the registration from one
standpoint but too great by /3 from another standpoint, the
actual registration is 234/3 = 1.155. This is 15.5 per cent too
great and requires the application of a correction factor of 0.866.

A more serious objection than the need of applying a correction
factor of 0.866 is the fact that this connection leads to serious
errors if the voltages and currents are not well balanced. This
will be discussed in the next chapter. -

Incidentally this connection amounts to one of the common
incorreet connections for energy measurement in three-phase
threc-wire circuits as analyzed in the preceding chapter.

13-9. Phasing Transformers for Reactive Metering.—There
are scveral feasible alternatives to the simple cross-phasing
scheme of the preceding paragraph for reactive measurement in
three-phase three-wirc systems. Two involve two autotrans-
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formers and one employs a reactor in Y with the two voltage
elements of the polyphase reactive meter.

In one of the autotransformer methods two autotransformers
are used in open A to perform a double function: shift the voltage
90° in phase position and restore the resultant voltage to the
normal meter value of 110 or 115 volts as desired. The com-
bination is called a ‘“phasing transformer” or ‘reactive-com-
ponent compensator.” For the upper element of the rkvah.
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meter of Fig. 155a a voltage is desired in quadrature with that
(E\;) employed with the corresponding element of the kwh. meter.
This could be obtained by providing a middle tap n of the 1-2 coil
in Fig. 155b and then taking for application to the reactive meter
the voltage 3-n perpendicular to E;,.  This would, however, have
a magnitude of 0.866E,,. The autotransformer makes it
possible to raise K, to equality with E,, by extending the 2-3
winding 15.5 per cent to X and also increasing E,, by the same
amount so that Wis a 57.7 per cent tap. The voltage WX is then

V/(1.155E15)2 — (0.577E12)2 = Ey2 = Ex

in magnitude and likewise YZ is made the normal meter voltage
of 110 or 115. 'This scheme gives the quadrature shift and at the
same time avoids the necessity otherwise of introducing the
correction factor or register constant of 1.155.

The vector relations set up in Fig. 156 are for a power-factor
angle 8 so that the line currents are displaced (30° + 6) from
the line voltages. The upper element of the rkvah. meter
registers at the rate
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E,,I, cos (0 — 60°)
= EnI( cos 6 + 5 sm 0)

The lower element registers at the rate

E;. 15 cos (6 — 120°)

= Eszh(“ % cos 0 + —\é—-g sin 0)

The two elements together (on the assumption that currents and
voltages are balanced) register \/3EI sin 6, which is the reactive

component corresponding to a balanced power load of v/3EI cos 6.

It should be noted that one of
the voltages, in this case E,y, is
reversed. That this is necessary
can be seen from the figure by
assuming zcro power factor;
under this condition the reactive
meter should run at maximum
speed forward for lagging cur-
rent. Then I, will fall in phase
with Ej; and [; in phase with
E;» and each will make a 30°
angle with the voltage with
which it is associated in the
reactive-meter  clement. The
reason for reversing one of the
phasing transformer voltages is E2s f
really the same as the reason for
reversing one of the voltages for
the watthour meter as was demonstrated to be necessary in 6-6.

A sccond phase-shifting scheme employs two autotransformers
in T instead of open A. The mid-tap of one (the 1-2 coil in
Fig. 157) is connccted at O to an 86.6 per cent tap on the other
(3-4). Point 4 is extended 0.5E from O and point 6 is extended
to 0.866E from O; point 5 is 0.5E distant from O. The voltage
E._; is thercfore cqual to E and in quadrature with E, ,. Con-
sequently it is applied to the element which for watthour metering
would have E,_, applied to it. The voltage Es_; to be applied
to the other element is in quadrature with E;_» which would
be applied to it for the purpose of energy registration. The

Fi1ac. 156.
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scheme therefore registers rkvah. and without need for injecting
a register constant.
13-10. Various Y-methods of Reactive Metering.—Each
Y-voltage to the center of a balanced A is in quadrature with the
3

N

(@)
Fra. 157.
opposite side of the A, This suggests using an auxiliary reactor,
identical in impedance and reactance with the two voltage
elements of the reactive meter, and in Y with those clements to
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obtain the requisite quadrature voltage relation for reactive
metering. The auxiliary reactor is most conveniently merely the
voltage coil and laminations from a meter of the same type.
The connections are as in Fig. 158, where it can be seen that the
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two voltage coils have in effect the Y-arrangement shown in
dotted lines ao and co. Inasmuch as the Y-voltage is only
57.7 per cent of the A voltage from the voltage transformers, it
will be necessary to use a register constant of 1.73 (i.e., 1/.577) or
else inject this ratio into the gear train in order to have correct
rkvah. registered by the meter.

Of course, the register constant of 1.73 can be avoided by
inserting a three-phase autotransformer which steps the voltages
up in this ratio before applying them to the Y-connected reactor
and voltage coils.

If the circuits provide a neutral wire, the voltage-coil terminals
may be connected to it and the auxiliary reactor therefore dis-

o -

I'ra. 159,

pensed with,  This, however, constitutes a four-wire cireuit and
the reactive component of any single-phase load between wire 2
and the neutral would not be recorded by this connection of the
two-clement meter.

Still another method effects the establishment of the neutral
by the inverse process of conneeting the primaries of the voltage
transformers in Y and their secondaries in A (see Fig. 159).

13-11. Four-wire Reactive Metering with Three-element
Meter. a. Cross-phasing to Line Wires (Iig. 160ab).—In this
case the current in each current element of the meter reacts with
the voltage between the two line wires other than that from which
the current was derived. At power factor 1.0 the angle between
each current and the voltage with which it reacts is 90°, thus, as
should be the case, creating no torque and no registration.  Inas-
much as the true rkvah. result from the phase voltages in con-
junction with the phase-current values, the registration under
this connection, employing as it does the line-to-line voltages, is
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too great in the ratio 1.73:1. The correction factor is thus
0.577.
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b. Voltage Transformers in Y-Y with Y Phasing Transformer
(Fig. 161).—In every instance the aim in practical reactive meter-
ing is to derive from the system a voltage that will be in quadra-
ture with that which would be applied for watthour measurement.
In the case of the four-wire system this is easily effected by
connecting three autotransformers in Y to the line or clse to the
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Y secondaries of voltage transformers whose primaries are
connected in Y to the line. Taps at symmetrically chosen points
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on two legs of the Y will provide a voltage in quadrature with
that of the third leg. That quadrature voltage can be made
equal to the leg voltage by taking taps at the 0.577 point from
the ncutral junction and thus avert the need for a correcting
multiplier.

c. Open-Y Phasing Transformer (Fig. 162).—An arrangement
of two autotransformers may be employed to obtain the requisite
three quadrature voltages. They are connected V or open Y
with the neutral wire of the four-wire system tied in at the junc-
tion of the transformers. The taps are so taken as to make the
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voltage applied to the voltage element of the reactive meter the
same in magnitude as that applied to the associated watthour
meter.  Then no multiplier is required.

13-12. Four Wire (Reactive Metering with Two-element
Meter. a. Voltage Transformers in Y; Current Transformers in
A (Fig. 163).—The A-connection may be used as in Fig. 66 to
circulate the three currents through the two elements of the
meter in such a way as to have one of the currents appear in both
clements. The third current in effect reacts with the resultant
of the two voltages which are applied to the two voltage elements.
That resultant, for balanced voltages, is the reverse of the third
voltage. Thus in Fig. 163a current I, circulates through both
elements, positively in the upper and negatively in the lower.
For energy metering, each of the three currents would have to
react with its corresponding phase voltages, but for reactive
metering a quadrature voltage is, of course, required in each case.
These are obtained from the terminals of the Y-connected
voltage transformer secondaries where Ey, is in quadrature with
E,., ete. Figure 163b is drawn for the condition of unity power
factor for which the reactive-meter torque should be zero.
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The upper element has current —I, reacting with E,. The
lower clement has current I. reacting with E,. The upper
element has current I, reacting with Ep.; the lower has current

T a ® >

Fi1a. 163a.

—I,, reacting with Ep, which give the same effect as Iy reacting
with — E,, or Ew.  The combined effect of I, in the two elements
is that of reaction with the resultant of E, and E, which is

Eup
Ecn Eqn
Ecn <— > Eac
Esa Eae

Fia. 163b.

E.. In cach instance therefore the line current reacts with a
voltage leading it and in quadrature with its phase voltage. Also
each of the voltages is 1.73 times the phase voltage. The meter
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therefore registers 1.73 times the sum of the reactive volt-amperes
of all three phases and thus requires a correction factor of 0.577.

b. Voltage Transformers in V-V with Phasing Transformer;
Current Transformers in A (Fig. 164).—Here again the A-con-
nection of current transformers in conjunction with a two-element
meter gives the effect of a three-clement meter as in a. The use
of the phasing transformer accomplishes three things: (1) it
permits two voltage trans-
formers to suffice whereas
three were required in a; (2) it
effects the quadrature shift of
voltage phase; (3) it elimi-
Py nates the correction factor
OO0 required in a.

From Fig. 164b, drawn for
unity power factor, it may be

seen that, for the watthour
~ 000 - meter, the current — I, reacts
Frolan, with the resultant Eyg of Ecu

(upper) and E.v (lower).
This is the same as I, reacting with Ezy and the two elements
thus record the total power of all three phases.

For the reactive meter the phasing transformer provides the
quadrature voltages E4 and En. to substitute for Ecy and E,y,
respectively. As in the watthour meter the current —1I, reacts
with the resultant of the two voltages, which in this case is E.,.
The reaction is the same as for E,, with I, and this constitutes the
proper quadrature relation for the reactive measurement of the
third phase. The reactive meter therefore registers the reactive
volt-amperes of the three-phase four-wire load without need for a
correction, provided the taps are taken as in Fig. 155.

13-13. Reactive Metering with 2!4-element Meter.—For a
low-voltage installation the voltage transformer would be omitted
and the phasing transformers could likewise be omitted as in
Fig. 165. The secomd set of current coils in each element of the
214-alement meter would introduce the torque item corresponding
to the third line current. The voltages applied to the voltage
element are respectively taken from the two line wires, from
neither of which each of the currents for the principal current
coils is taken. Thus I, reacts with Ecj, I with Epy, and I with
the negative of the resultant of Ecs and Egy, which is E¢,. Each

O ® > Z
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voltage leads by 90 deg. the phase voltage with which each current
is associated. A correction factor of 0.577 is nccessary. There
is little difference between this case and that of 13-12b. The
supplementary current coils of the meter accomplish the same
effect of addition of currents as the A current transformers; the
voltage Ecg applied to the (upper) clement with current 74 in this
instance is in the same phase position as the K., applied to the
(lower) element of Fig. 164 which had current I,.

13-14. Power Factor from Reactive and Watthour Readings.—
The primary object of installing the reactive meter on the
customer’s service is to obtain an index of the power factor.
Unless the power factor is constant, however, the most that a
reactive metering installation can give is the average power
factor for the period for which the readings have been taken.
Strietly speaking, this is not a true average because the result
will not necessarily agree with the average of the successive
instantancous values of the power factor. For billing purposes
the average obtained through the medium of integrating meter
readings is, however, considered an acceptable index.

For quick determination of the average power factor the
nomograph of Fig. 166 is useful. Place a straight edge so that it
intersects the kilowatt-hour and reactive kilovolt-ampere-hour
scales at the observed values. The intersection with the oblique
power-factor scale gives the percentage power factor. If this
intersection is too acute for accuracy because the vertical scale
values are quite small, better accuracy can be obtained by
multiplying both the kwh. and the rkvah. by the same factor and
thus bringing the straightedge position more nearly horizontal.

Problems

’

13-1. Properly -connected for “two-wattmeter” method of measuring
three-phase three-wire power, one single-phase wattmeter indicates 50 per
cent more watts than the other.  What is the power factor of the load if
both indications are positive? What if the smaller is negative? Consider
the load balanced.

13-2. When properly connected a polyphase wattmeter indicates 840
watts for a three-phase load not positively known to be balanced.  When
the voltage connections are all shifted 120 deg. in eyelic order, the meter
indicates 672 watts. What is the power factor?  Would degree of unbalance
have affected the magnitude of the first reading provided the total load
remained the same?  What would the second indication have been if the
load had been balanced at the outset?

18-3. Derive Eq. [36] in Par. 13-5.
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18-4. Compute the requisite values of inductance and capacitance to
use with the wattmeter of Par. 18-6 to register the reactive volt-amperes of a
25-cycle load as per Fig. 150. Assume p.f. of inductance coil equal to 0.2
and I¢ = Ig.

13-6. Draw the vector diagrams for the connection diagrams of Figs. 158
and 159 and show that the two are equivalent in effect. What is the cor-
rection factor for Fig. 159, if a 20:1 ratio of the.voltage transformers is
assumed?

13-6. A certain three-phase three-wire transmission line operated at
66,000 volts serves as a tie to interchange power in either direction between
two companiecs.  One company measures its input to and draft from this
line by means of a watthour meter and a reactive meter. Show why,
under ordinary operation, either or both meters may reverse direction and,
in fact, they may run in opposite directions at the same time.

13-7. In a certain plant “there is a three-phase system which is badly
unbalanced. One phase carries about 3,000 amp., the second 1,200, and
the third about 700.  The load is mostly single-phase load (electric furnaces)
and a reactive meter has been installed alongside the watthour meter.  How
near a correet power-factor determination can be expected?”’*  Comment
on the plausibility of the data and its adequacy for answering the query.

13-8. Show that the taps indicated in Fig. 162 provide three voltages
120° apart and cach equal in magnitude to and in quadrature with the phase
to neutral voltages.

13-9. Show why a polyphase reactive meter will reverse direction if the
phase sequenee of the supply voltage is reversed.  Would this occur however
with the scheme of Fig. 150?

13-10. Show vectorially why it is necessary to reverse the secondary
connections (N’ of one of the voltage transformers in Fig. 164a. Why not
reverse it at the meter terminals?  Does this hinge on the use of the phasing
transformer and its requirement of a 60-deg. angle?

13-11. Devise a way of avoiding the usc of the phasing transformer of
Fig. 164a by substituting a V-V connection of the voltage transformers.
Manifestly the current transformer connections will have to be modified
so that the reactive meter will be supplied with only two of the line currents,
whereas the two current coils of the watthour meter can still, however, be
supplied with all three load currents from the same set of current trans-
formers. Show how this can be done. Which connection is the more
accurate on unbalanced loads? ¥

* See Elec. World, vol. 82, pp. 1309-1314, 1923.
t Sec Elec. Jour., vol. 25, p. 417 (1928).



CHAPTER XIV

ACCURACY OF REACTIVE METERING. SYMMETRICAL
COMPONENTS

It is not unlikely that the preceding chapter gave the impres-
sion that, employing largely the same instruments as for power
and energy metering, reactive metering should inherently be
capable of an equal degree of accuracy. Unfortunately this is
not the case, at least not under conditions of unbalanced voltages,
currents, and loads. At some risk of repetition it will be empha-
sized again that the conventional methods of polyphase power and
energy metering which adhere scrupulously to the Blondel
theorem are precise for any power factor or condition of unbalance.
But reactive-metering practice does not adhere rigidly to the
dictates of that theorem and the departures account for the
inaccuracies that enter when either the currents or voltage
or both are not balanced, i.e., are asymmetrical.

Briefly, analysis shows that all the reactive-metering schemes
involving cross-phasing of voltages or the use of phasing trans-
formers register in the wrong sense the volt-amperes associated
with the negative phase-sequence components of voltage and
current. As a consequence the error under unbalanced condi-
tions is at least twice as great as the degree of unbalance. The
aim of this chapter will be to develop the method of symmetrical
components to the point where these errors can be determined
for the various reactive-metering schemes discussed in the
preceding chapter.

14-1. Reactive-metering Accuracy Affected by Unbalance.—
There were described in Chap. V conventional methods of power
and energy measurement which do not conform rigidly to the
Blondel theorem. Thus it was found that the three-wire
single-phase meter introduces inaccuracies under unbalanced
conditions of voltage and load. Nor are the 2}4-clement
polyphase watthour meters or the two-clement meter in con-
junction with A-connected current transformers on four-wire

circuitsfree of error on unbalanced loads and unbalanced voltages.
229
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The point in either instance is very simply that, in attempting to
avoid one whole additional meter element (as required by the
theorem), one of the currents is made to react with a substitute
for its appropriate voltage. Under balanced conditions the
substitute voltage would be identical with the proper voltage.
But under unbalanced conditions this identity fails and metering
error is introduced as a result.

The discrepancy in the case of reactive metering is due to a
similar cause. In the effort to establish for the purposes of
reactive measurement a voltage in quadrature with the one
appropriate for energy or power metering, all the practical
methods accomplish this by introducing all or part of the voltage
of some other phase. Naturally then the resultant quadrature
voltage under unbalanced conditions will not be equal numerically
to or perhaps even in true quadrature with the voltage with which
it is artificially set up in intended quadrature. Error results.
No error would result, however, if the in-phase voltage itself could
be rotated into a quadrature position without admixture of
another voltage not always symmetrically equal to it.

Briefly, this is why reactive metering in practice is not on
so high a plane of accuracy as power or energy metering. Even
in the theoretical foundations of reactive metering there are
also certain unsettled questions as to the physical nature and
circuit behavior of what is rather glibly called reactive kilovolt-
amperes or reactive kilovolt-ampere-hours. This lack of cer-
tainty about the interpretation of reactive component is a matter
of international inquiry at the present time.

14-2. History of Symmetrical Components.—In analyzing the
degrees of inaccuracy resulting in reactive metering under
unbalanced conditions it would be a great simplification if any
unbalanced system of voltages or currents could be converted
into component systems which would each be symmetrical in
themselves. In a similar way it is an immense help in dealing
with distorted periodic wave forms to be able to resolve them
entirely by Fourier analysis into a sinusoidal fundamental and its
sinusoidal harmonics. Fortunately a not wholly dissimilar
process has been discovered and perfected for handling unsym-
metrical polyphase quantities in component form, each compo-
nent in itself having symmetry.

The efforts of Ferraris, Lamme, and others as early as 1900 to
explain the basis of functioning of the single-phase motor estab-
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lished the germ of the idea of symmetrical components, some-
times called “symmetrical coordinates.”” They resolved the
single-phase pulsating flux into two oppositely rotating fields of
flux of constant value. L. F. W. Alexanderson’s phase-balancer
patent (1912) incorporated this concept, which had meanwhile
been extended to unbalanced three-phase systems. L. G. Stokvis
set up the mathematical analysis of three-phase generator voltage
regulation® on the symmetrical-component concept.

To C. L. Fortescue, however, is due the credit for giving the
concept a comprehensive generality of technique and applica-
tion.f Ispecially did he show that in those parts of a system
which are electrically symmetrical the currents and voltages of
one symmetrical component have no influence upon the currents
and voltages of a component having the opposite phase sequence.
Each quantity can, therefore, be handled as if no quantity of one
of the other component systems were present in the cireuit.
This property greatly simplifies the study of the unbalances that
exist on transmission lines at times of faults due to short cireuits
or grounds. This field of application of symmetrical com-
ponents has been treated comprehensively by R. D. Evans and
C. F. Wagner in a series of articles running in Electric Journal
from March, 1928, to November, 1931, and more recently
published in book form.f V. Genkin, A. P. Mackerras, and
W. A. Lewis among others have also contributed to the develop-
ment and application of symmetrical components.

14-3. The Principle of Symmetrical Components.—In Figs. 48
and 49 (Chap. IV) it was shown that, if two symmetrical systems
of vectors of the same phase sequence are combined, the resultant
vector system is also symmetrical. But if the two component
symmetrical systems are of opposite phase sequence, the resultant
vector system is unsymmetrical. The technique of the sym-
metrical component analysis is based on the converse principle;
nz.,

Any unsymmetrical system of three-phase vectors whose
sum is zero can be resolved into two symmetrical systems:
one, generally larger in magnitude, having the same (posi-
tive) phase sequence as the original unsymmetrical system
and the other having the opposite (negative) phase sequence.

* Comp. rend., pp. 46-49, 1914; Elec. World, pp. 1111-1115, May 1, 1915.

t His papoer was presented at the ALLEI. convention of 1918,

I WaanNeR and Evans, “‘Syminetrical Components,” McGraw-Hill Book
Company, Inc., 1933.
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If the sum is not zero (as would be the case with four-wire
three-phase system carrying current in the neutral wire or
with ground current between two or more grounded points
on a three-wire threc-phase system), the unsymmetrical
system can be resolved into symmetrical positive and nega-
tive phase sequence systems and a third component of zero
phase sequence,

This enunciation for resolution of three-phase unsymmetrical
vectors is merely a special case of the resolution of a generalized
polyphase system of n phases. It is well to state the principle
as generalized for any number of phases of the polyphase system
because it clarifies the origin of the negative phase sequence
components in the preceding three-phase statement.

Any unsymmetrical n-phase system can be resolved into
n systems of veetors in which the phase angles between
veetors taken in order are multiples of the phase angle for the
fundamental component.,

In the first of these systems the vectors, eyclically ob-
served, are separated by 360°/n.

In the second, the angle by which the vectors in eyelie
order are separated is 2(360°)/n.

And so on until the nth system the angle is

o
’L——~(320 ) — 360°,

which means that all the vectors are in phase; i.e., there is

zero phase sequence.

In the case of immediate practical interest, viz., the three-phase
system the respective phase angles for the three components are
120°, 240°, 360°. A glance at Fig. 167 shows how this leads to
alling the second system a negative-sequence system.  The
veetors Ioyi, Ione, Ians are merely positive-sequence vectors
with a 240° displacement. It is not at all a case of negative
veetor rotation. All the vector components rotate in one
positive direction. The resultant unbalanced system I, I, I3
manifestly does not sum to zero and there must, therefore, be a
return current, in the ground or in a fourth wire, equal and
opposite to Ionr + Lo + s, This ground current and the
zero-sequence component in the three conductors constitute a
single-phase system, asymmetrical in comparison with three-
phase symmetry.
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If the voltages or currents in a three-phase circuit are balanced
as under normal balanced-load operation, the negative- and
zero-sequence components are zero and only the positive-sequence
components are present. The negative-sequence component is
present during all periods of unbalance; the zero-sequence
component is, however, present only when there is a load (or a

240°
Itny
oy %
1 Ton 1

T2 (n)3 \ (0)3

X(p)s 120° I(p)2 240° 360°

Positive Phase Sequence Negative Phase Sequence  Zero Phase Sequence
@) (b) ©

Return Current
in Ground or
Fourth Wire

(e)

Resultant Unbalanced System
Fia. 167.

fault) between one of the three conductors and the neutral wire
or ground. Symmetrical components are especially helpful
to the relay engineer in analyzing the adequacy and performance
of relays under short-circuit or fault conditions on transmission
or distribution lines.

14-4. Three-phase Vector Operator.—Before proceeding to
apply the symmetrical-component technique to reactive metering
it will be necessary to set up certain fundamental relationships
between the component vector systems.
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In common rectangular coordinate notation a counterclockwise
rotation of a vector through 90° is represented by a single
application of the operator j. A second application of j produces
90° more of rotation and the vector is now 180° from its original
position. It has merely changed sign and therefore

ixi=—1 o j=v=1 Ak j=d @7

In the three-phase system of symmetrical vectors the angle
of rotation is 120° = 2x/3. Hence the vector operator is

2 1, .V3
eeor—gtiqg

This will be called a and consequently

a = e’%"z —%4—]\2(—3

., 21 A3 [38]
@ == —y =iy

a® =¢ =1

The various derivatives of the operator a for characteristic
positions of threc-phase vectors are indicated in Fig. 168. It
‘s clear that 1, a, and a? represent a balanced system of vectors
with zero sum.

Therefore
l1+a+a*=0
whence
l14+a*= —a [39]
and
l14+a= —a

Other relations can be obtained by algebraic manipulation or
else derived from Fig. 168 by inspection.

Table IX summarizes the more commonly used relationships
of the functions of the operator a.

14-5. Interrelations of the Components.—There are various
uscful relations between the vectors of each of the symmetrical-
component systems in conjunction with these of the unsym-
metrical system of which they are the components,

The positive-scquence components of currents for phases
1, 2, and 3 are I, Itme, Igws. They follow the sequence
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1,2, 3 and are 120° apart. Since they are identical in magnitude,
differing only in vector position, each may be exp.essed in terms
of the others by applying a or a? as operators:

I = alpe = a® s
I(p)2 = (lltms = azl(p)l [40]

Is = alipy = a?lipe

Since the system is balanced, Iy + Iime + Iims = 0, and no
component of a neutral or ground current can arise out of the
positive-sequence system.

JeV-7

[90°
JI=-V-1
Fiu. 168.

The negative-sequence system has similar interrelations but
they differ because the phase sequence is 1, 3, 2

Iim1 = alins = a*lime
Itz = aly = a2 l(ms [41}
Ims = aline = a* (a1
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TaBLE IX.—SoME FuNcTIONS OF THREE-PHASE OPERATOR
. Equivalent in other operators
Num- | ¥ unocftlon Three-phase
ber equivalent .
operator Algebraic | Exponential TI: g:gg‘
1, /3 9 o
1 a a —é + ]“i— ejér I120
1 /3 508
2 a? a? —3 iy | 120
3 a’ 1 1 € |0°
1 2 1 /3 - Tons
4 . a —5 =g | '3 |120
5 I +a —a? ! -i-j\—/§ 3 |60°
2 2
1 A3 ~i% %
6 1+ a a 5 i e '3 IGO
1, /3 x °
—q? 1 vV J 60
7 alt a 3 +j 5 €3 l___
Y _ 1_ A3 -5 50°
8 a—} a g~ € 3 l60
1 . 1, 43 . e ano
9 ali IV I3+ V3 |v3pe
. 1 1 /3 o S
10 a"h ‘\/3-(1 — (l) 12 —J -;2“ ‘\/35—'76 \/3l300
- 1 A3 o o
11 1 —a V3 h 12 —Jy V3¢ 8 \/3!30°
- 1 /3 x N0
12| 1-a | VB H5 | V3de |/3)30°
18 | o-a V/3a% V3 A VeI
14 | a—a | -3 ~iv3 o |vao
15 at + a -1 -1 Al |180°
Y 1, /3 5
16 a—1 —+/3a-% —12 +J—2~— \/33—0’—' \/3]1_5_0;
- YR 1 A ’3 Br
17 | a* —1 —/3a% =13 =% | VB |VE[150°
1 1 % 1 1 x 1.
18 - ——a —_— ——e "7y —5-190°
a — a? /3 iV3 V3 ? \/3|
1 _ - —in 180°
L 1 1 ¢ |
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Again, the negative system is balanced and therefore has zero
sum Iy1 4+ Iwe + Iiws = 0, and consequently no component
of neutral or ground current can arise out of the negative-
sequence system.

The zero-sequence components Iy, Iw2, Iws are unidirec-
tional. In other words they are of equal magnitude but in
phase with each other and consequently asymmetrical in com-
parison with the three-phase system in which they exist. Since
no part of the neutral current can arise out of the positive- and
negative-sequence systems, the zero sequence constitutes the
whole of the neutral current, Iy,

Iv = Ion + T2 + Is [42]

Also since the vector sums of both positive- and negative-
sequence components are zero, the vector sum of any set of
three-phase unsymmetrical currents must equal the sum of the
zero-sequence components, 7.e., the neutral current,

I.V=II+I2+I3

Still another principle is that the neutral conductor (or
ground) current divides ecqually between the three-phase
conductors:

,lélh' = I(o)l = I(a)2 = I(a)3 [43]

14-6. Relations of Vectors to Their Symmetrical Components.
There are also relations between the vectors of the unsym-

metrical system and the vectors of its symmetrical components.
Thus

Il = I(p)l + I(n)l + I(n)l
I, = Igye + Iiwe + Tine [44]
I = Igs + Liws + Tios

But a more useful set of relations, however, is the following,
based throughout on the symmetrical components of phase 1 in
terms of which the other phase components can be expressed.
After this is done, the subscripts may be dropped from the

symmetrical components: \
Il = Ip + In + Io
I, =a,+ al, + 1, [45]
Is=al, + a’l, + I,
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By multiplying the second by a and the third by 1/a there
results

Il = Ip + In + Io
aly, = a®l, + a*l, + al, [46]

1 1
ala I,,+aIn+an

Buta® =1,1/a = a*and 1 + a + a? = 0. Thus in taking the
sum of the three equations, I, and I, vanish so that

3, =1,+ al, + a*I;
Similarly,

31, =1, + a*l, + al; [47]
and

3Io=11+12+13=11v

These relations will be found to provide the basis for geo-
metrical methods of resolving an unsymmetrical system into
its symmetrical components. These will be deseribed later.

14-7. Power and Energy of Symmetrical Components.—In
addition to the relations of the two preceding sections there are
aspects of the power and reactive flow associated with the
symmetrical-component systems of current and voltage which
will facilitate the analysis of the accuracy of metering unbalanced
circuits.

The total power of the three-phase circuit may be expressed
in three ways:

1. P = E\I, cos 6, + E.I, cos 0, +£3313 cos 0; [48]

This implies phasce voltages and not line-to-line voltages
and also that the underscoring signifies that the E’s and I's
are taken only in their scalar magnitudes.

2. Another way of expressing this is to abbreviate each term
by letting a dot between the letters indicate that E is
multiplied by the component of I(i.e., I cos) in phase with

it, t.e., a scalar product. '

P=E1'I1+E2'I2+E3'IS [48(1]

3. Still another way of expressing the total power in a general
three-pheage system is to sum the power in each of the
component systems: positive-sequence voltage and current,
negative-sequence voltage and current, zero-sequence
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voltage and current. This can be written by inspection,
if it is remembered that there can be no power interaction
of the current of one component system with the voltage
of another component. Since symmetry is the character-
istic of all components, all three phases of each component
will have identical phase angles between E and I and will
therefore make identical contributions of power. (See Fig.
169.)

P =3E,I,cos a + 3E.I, cos 8 + 3E.I, cos v [49]

where « is the phase angle between E and I of the positive-
sequence system, § for the negative-scquence, and v for the

Fra. 169.

zero-sequence system. Equation [49] is for a four-wire or
multigrounded three-wire circuit. For an ungrounded three-
wire circuit there can be no neutral or zero phase-sequence
current and the expression reduces to

P =3E,I,co8 a + 3E.I, cos 8 [49a]

For the reactive component of the total volt-amperes, similar
reasoning results in the expression

Q = 3E,I,sin a + 3E,I, sin 8 + 3E,I, sin v [50]
for a four-wire or grounded three-phase circuit, and
Q = 3E,I, sin a + 3E,I, sin 8 150a]

for an ungrounded three-wire circuit.
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14-8. Unbalance Errors in Power Metering.—Analysis of
the power- and energy-metering methods of Chap. V will show
that those which are in strict conformity with the Blondel
theorem involve no inherent error under unbalanced conditions.
Any subterfuge like the 2!4-element meter or A-connected
current transformers to avoid a full third-meter element in
connection with four-wire systems will result in the introduction
of error under unbalanced conditions. This results because
cach current is not made to react exclusively with the voltage
with which most intimately related in the system.

For example, consider the accuracy with which the four-wire
three-phase 215-clement meter of Fig. 64 will measure energy
under unbalanced conditions of voltage and/or current. The
registration of the upper element will be

Ry =E,- (I, —1,) = (Eoor + Ew) " Lo + It + Lior —
(Ipe + Ime + Liw2)]

For the lower element the registration will be

Ry=E;- (Is— 1) = (Egps + Ews + Ews) - Iz + Iz +
Ios — (Lipe + Iiwe + Ti9)]

Expanding the former expression:

Ry = Epi - Iooi + Egor* Ioor + Egor * Ioy + Eaor * Ion +
E(n)l : I(n)l + E(n)l : I(u)l + E(o)l . ](,,)1 + E(o)l : I(n)l +
E(o)l : I(a)l - E(,.)l : I(p)2 - E(p)l : I(mz - E(p)l ‘ I(o)2 -
E(n)l * I(p)?. - E(rm : I(n)'z - E(n)l * I(o)2 - E(o)l * I<p>2 -
Eo1 - Iime — Eo - Lo,

There will be a similar expression for the registration of the
lower element.

Fach term can next be converted from vector to numerical
magnitudes of E and [ along with the angles between the factors
in each term. It will be found desirable to introduce the angle
n between the voltages of the positive- and negative-sequence
systems and also the angle ¢ between the voltages of the positive-
and zero-sequence systems. To carry this out in detail for
the 18 terms of the expressions for Ry and Ry is too cumbersome
to incorporate here, so only the result of substitution and simplifi-
cation will be indicated.*

* Some of the omitted steps will be found in a paper by Prof. R. E. John-

son in the 1931 report of the Great Lakes Division of the National Electric
Light Association.
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Rv + R, = 3E,I, cos a + 3E.I, cos 8 + 3E,I, cos (60° +
2 — a) + 3E,I, cos {60° — [z — (n + B)]} [51]

Comparison of this result with Eq. [49] discloses the failure
of this particular metering scheme to register any part of the
power (or energy) associated with the zero-sequence quantities.
On the other hand, it does register as power (or energy), when
it should not do so, interaction of the zero-sequence voltage
with the positive- and negative-scquence currents. It should
be especially noticed, however, that the scheme registers the nega-
tive-sequence component of power (or energy) in the correct
amount and with the correct (positive) algebraic sign. This
will be found generally not to be the case with reactive metering.

The error with this scheme, by subtracting Eq. [51] from
Eq. [49] is

Error = 3E.I, cos v — 3E,I, cos (60° + 2 — a) —
3E,I, cos {60° — [z — (n + B)]} [52]

There is, therefore, no error in this scheme unless the zero-
sequence component of voltage is not zero.

This error can be wholly avoided by employing the three-
element meter as shown in Fig. 63.

14-9. Error of Cross-phasing Three-wire Reactive Meters.— -
In 13-8 it was mentioned that an objection to mere cross-
phasing of the ordinary two-clement meter for reactive measure-
ment on three-wire circuits was its tendency to introduce more
or less serious error under unbalanced conditions. That this
error can be prohibitive under extreme conditions of load unbal-
ance was shown by the author in an article in the December
29, 1923, issue of Electrical World. Computations of the meter
registrations for various combinations of non-inductive and
inductive load and with only one or only two phases loaded
showed errors as high as +50 per cent in reactive registration
with a corresponding error of 439 per cent in apparent total
kilovolt-ampere and of —38 per cent in derived power factor.
These particular errors occurred with assumed single-phase
load of 50 per cent power factor between the conductors carrying
a meter current coil and the one that does not. For a 50 per cent
power-factor load between that conductor and the other current-
coil conductor the errors are — 50 per cent in reactive component,
—34 per cent in total kilovolt-ampere, and +51 per cent in
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power factor. For a load across the third phase there is no
error.

In general the error with this scheme is less with non-inductive
load and with less load unbalance, as might be expected. But
on the whole the scheme, while simple and therefore attractive,
is so prone to inaccuracy under unbalanced conditions that its
application should be materially restricted.

Ega Esc

The source of this cerror can be ascertained by the method
of the preceding paragraph as applied to Fig. 154. For the
upper element

Ry =Esp-I,=(E;, — Ey)- I,
For the lower element
R, = E21'Ia = (El —-Ez)'Ia

By substituting the positive- and negative-sequence components
of the E’s and I's and proceeding generally with the trans-
formations and substitutions of the preceding paragraph in
conjunction with the veectors and angles of Fig. 168, there is the
following result for the registration of the meter:

Ry + R. = 24/3E,I, sin a — 2v/3E,.I, sin 8 —
V/3E,I,sin [60° — (n + 8)] — V/3E.I,sin[60° — (n — a)] [53]
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To be correct this should be
Q =3KE,I,sin a + 3E.I, sin 8 [50a]

Several discrepancies are noted between the registration and
the true value. In the first pla('o it is evident that the meter
reading must be multiplied by ! 3 in order even to approxi-
mate the true result; this was noted in 13-8.

By applying this multiplier and subtracting Eq. [50¢] from
Eq. (53],

Frror = 6F,1I, sin a + 34E,I, sin [60° — (n + B8)] +
d,K.0, sin [60° — (n — «)] [54]

The principal term in the error is due to the fact that the
torque represented by the negative-sequence components is
registered subtractively as shown by Kq. [53] whereas it should,
of course, be registered additively as per Eq. [50a].  This is,
however, a characteristic error of all metering schemes involving
any degree of cross-phasing (sce author’s article, Electrical World,
December 29, 1923, for full vector analysis of this characteristic).
In this instance there are additional errors arising within the
meter from torque interaction of the negative-sequence current
with the positive-sequence voltage and vice versa.

This connection therefore introduces more error than most
of the other reactive-metering schemes,  Consequently it should
be avoided unless the voltage and current are pretty certain to
be balanced.

The magnitude of error can be reduced to that of the superior
reactive-metering schemes for three-wire circuits by substituting

a 2'4-clement meter with the current circuit common to both
elements inserted in the C lead of Fig. 153.

14-10. Reactive Metering with Phasing Transformers.—
a. Open-A Type.—If the effect of ratios of voltage and current
transformers is ignored, the registration of the upper clement in

Fig. 155 is

R Iy = —(2F E I
v 1 \/3( 28 + Fho) - It

and for the lower element

Ro=E, I = __(2E12 + Ez) - Is

<l
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Substituting scalar magnitudes and angles from Fig. 168 and
simplifying as before:

Ry + R, = 3E,I,sin a — 3E,I, sin B [55]

If this is compared with the true value as in Eq. [50a], there
is the

Error = 6E.I, sin 8 [56]

The scheme therefore has only the one inescapable error
of all the cross-phasing schemes, viz., that the negative-sequence

(a) ®)
Fra. 155.

reactive volt-amperes are registered in the wrong algebraic
sense.

b. Scott-connected Type.—Registration of the upper clement as
deduced from Fig. 157 is

2
Ry =FEys- I, = ‘\3/_<1’432 + En)'Il

and for the lower

Ry, = Eg - = 1/(E54 + \/3E21) 13

The successive steps in determining the error in registration
here are, in order,
1. Replace the line voltages by the phase voltages; e.g.,
E23 = Eg - E’a.
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2. Substitute the components for all current and voltage
vectors.
3. Replace cach vector product by the scalar magnitudes and
the sines of the angles between each E and I.
4. Combine the terms; many
will drop out.
The result will be found
to be

Ry + R, = 3E,,Ip sin a —
3E.I,sin B [57]

There is then the
Error = 6E.I, sin 8 [58]

Once more the error amounts
to twice the unbalancing quan-
tity associated with the negative-
sequence components of voltage
and current. If either of these
is zero, there is no error in the
reactive registration.

14-11. Three-element Four-
wire Meter with Cross-phased Potentials.—This is the four-
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Fia. 156.
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Fia. 160.

wire equivalent of the three-wire cross-phased meter of 14-9
and is shown in Fig. 160,
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RU =Ky I
RM=E13'12
R, = sz’Is

are the registrations of upper, middle, and lower elements,
respectively. By proceeding as in the preceding instances and

N

1
2 JAVAV‘\
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:—_. ,—, N { r-——_J
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i 4| | RKvau
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Fic. 161.

finally correcting the registration by applying the proper multi-
plier 0.577, there will result for the total registration

Ry + Ry + R, = 3E,I,sin a — 3E,I, sin 8 [59]

With the possibility of the existence of zero-sequence com-
ponents in a four-wire system the true registration should be as
in Eq. [52].

Q = 3E,I,sin a + 3E,I, sin 8 + 3E,I, sin v [60]

This scheme has the common defect of registering the negative-
sequence component in the wrong direction and does not register
any part of such zero-sequence components of reactive volt-
amperes as may be present.

14-12. Three-element Meter with Y Phasing Transformer.—
With reference to Fig. 161 the registration of the respective meter
clements (the ratios of the instrument transformers again
ignored) will be

Ry =E4-1I, = ,l/ﬁ\/g(Eso — Ey) - I,
Ry = Egi- I, }é\/g(Em — Ey) - I,
R, = Ebs ¢ Ia = %\/3(an - EIO) * Ia

I
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Applying the steps of the preceding sections:
Ry + Ry + R, = 3E,I,sin a — 3E,I, sin B [61}
There is as in the immediately preceding instance the
Error = 6E,I, sin 8 + 3E,I, sin y [62]

14-13. Open-Y Phasing Transformer.—With reference to
Fig. 162 the registration of the three clements will be

Ry = Enn In = (25V3Ecy — 14V/3E4y) - I
,1/3'\/5(—ENA — 2Ev¢) - 14
Ry=Eyy - In = Y4\/3(—Eva + Exc) - I
Ry =E, Ir = Y4\/3(—2Evs — Exc) - I¢
Substituting components and simplifying:

Ry + Ry + R, = 3E,I,sin a« — 3E,I, sin 8 —
3E,[,sin (60° 4+ 2z — a) — 3E,[.sin {60° — [z — (n + B)]} [63]

The error is, as before, found by subtracting from this total
registration the sum of the reactive component values associated

_‘ZOUJ>
Ii:
3

Fig. 162.

with the positive-, negative-, and zcro-sequence systems, i.e.,
Eq. [63] minus Eq. [50].

Krror = 6E.I, sin 8 + 3E.I, sin v +
3E,I, sin (60° + 2 — &) + 3E.I.sin {60° — [z — (n + B)]} [64]

14-14. Two-element Meter on Four-wire; Phasing Trans-
former in Y, Current Transformer in A.—This was the case
of Fig. 163a, treated in 13-12a. Here the registration of the
upper clement (with the effect of instrument transformer ratios
omitted) is

Ru = Eﬂc’ (IB - IA)
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and the lower element

Ry = Ep,- (Ic - Ib)
The total reactive registration, after the symmetrical components
of voltage and current are substituted, is

Ry + R. = 3V3E,I, sin « — 34/3E,Il, sin B [65]

This is a case in which the registration is to be corrected by
applying the multiplier 144/3 to correct for the departure in

A —

—

J—

=

2 a % >
D,
g

.......

F1a. 163a.

value of voltage applied to the meter. After this correction is
made, the crror, by comparison with Eq. [50], is found to be

Error = 6E,I, sin B8 + 3E,I, sin v [66]

The same error would result from using a 2l4-element meter
(as in Fig. 165) in place of the two-element meter in conjunc-
tion with A-connceted current transformers (Fig. 163a).

14-16. Voltage Transformers in V-V; Open-A Phasing Trans-
former; Current Transformers in A.—This is the case of Fig.
164a. Once more with the ratio of the current and voltage
transformers ignored for the sake of simplicity, the registrations
of the upper and lower clements are

Ry = Eqg - (I¢c — Ip)
Ry = Epy,- (IA - IB)
Replacing the phasing transformer voltages by their equivalents
in line-voltage values:
Ry = ]/é\/§_(2EAN + Econ) - (Ic — In)
R, = }é\/g(_zEcn - EAN) . (IA — IB)
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Substituting the symmetrical components and simplifying:

Ry + R, = 3E,I,sina — E,I,sin 8 —
3E,I, sin (60° 4+ 2 — &) — 3E,I.sin {60° — [z — (n + B)]} [67]

A ~JVV
B AAAS §
9
C A N
N
e, r--—- =
VNV T
AW Is A :
H
"

KWH RKVAH

Fia. 164a.

Reactive Meter
Fia. 164c.

This is similar to the case of the open-Y phasing transformer
and the error, therefore similar, is

Error = 6E.,I, sin 8 + 3E,I, sin v +
3E,I, sin (60° + z — &) + 3E,I, sin {60° — [z — (n + B)]} [68]

The error would be the same if a 214-element meter were used
instead of the two-clement meter and A-connccted current
transformers.
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14-16. Cross-phased 2!4-element Meter.—This was the case
of 13-13 and Fig. 165. In this instance the registrations of the
two elements are proportional to

Ry = Eop- (Ia — I)
Ry = Ep- (I — It)
to be corrected by a multiplier of 144/ 3.

Substituting the symmetrical components of current and
voltage and simplifying:

N

Ry + R, = 3E,I,sin o — A

3E.I,sin 3 [69] B

The error by comparison with ¢
the proper value as given e
by [50] is : '
L :
Error = 6E,I, sin B + ; i
3E,I, sin v [70] ! |
109900000
14-17. Summary of Reac- h000 —
tive Errors under Unbalanced F:;' ;;;"J

Conditions.—Certain general
conclusions can be drawn from a summary of the errors of the
various reactive metering schemes as presented in Table X.

1. If the voltages (or currents) are balanced, there is no
error no matter how much the currents (or voltages) are
unbalanced.

2. Every one of the schemes registers the negative-sequence
components of reactive volt-amperes in the wrong sense
and thercfore introduces an error at least twice as great
as the percentage of unbalance.

3. All the four-wire schemes fail to register any part of the
zero-sequence components of reactive volt-amperes.

4. Cross-phasing a two-clement meter (without phasing trans-
former) introduces a component of torque arising out of the
interaction of negative-sequence components of current
with positive-sequence components of voltage and wvice
versa; these products represent no power and no true reactive
volt-amperes.

5. All types of phasing transformers on three-wire circuits
introduce merely the error of registering the negative-
sequence components in the wrong sense.



254 ELECTRIC POWER METERING [14-17

6. All types of phasing transformers on four-wire circuits
introduce error through creating torque reaction betwcen
the zero-scquence component of voltage with the positive-
and negative-sequence components of current; in general,
however, this zero-sequence component of voltage will be
small inasmuch as it is likely to arise principally out of
drop in the neutral wire.

7. The 2l4-element meter, or the two-element meter served
from A-connected current transformers, used with a phasing
transformer, has the simple error of the three-element meter.

TasLe X.—SumMmary or KErrors 1N Rracrive Merering Due To

UNBALANCE
Instrument-trans-
§ - E former connection “
BlS 2 w & o Nature of error
g |2 |88|BES £ w
0| 2 |31BLe| % g2
] ® |E|3 g.&.’ = 2| Voltage |Current| 5§ §
S| & |Clas®|ge” C -
1 (149 | 3| 2 None None None |l54/3|6(N) + 3;(NP)
2 [14-10a} 3 2 Open A Open A Direct 1 6(N)
3 |14-10b; 3 2 Scott » None None 1 6(N)
4 |14-11 [ 4| 3 None None Direct [15+/3 [B(N) + 3(0)
5 |14-12 | 4 3 Y Y-Y or Direct 1 6(N) + 3(0)
none
6 (14-13 | 4 3 Open Y | None or | None or 1 6(N) + 3(0) + 3(0P) +
Y-Y direct 3(0ON)
7 114-14 | 4 2 None Y A 144/3 8(N) + 3(0)
8 |14-15 | 4 2 Open A V-V A 1 6(N) + 3(0) + 3(0P) +
3(ON)
9 [14-16 | 4 | 213 None None None |}34/3 ‘G(N) -+ 3(0)

(N) means negative-sequence rva.

(0) means zero-sequence rva.

(OP) means zero-sequence voltages interacting with positive-sequence currents.

(ON) means zero-sequence voltages interacting with negative-sequence currents.

(NP) means negative-sequence voltages interacting with positive-sequence currents and
vce versa.

On the whole the tendency toward error on unbalance, the
necessity for using a correction factor to compensate for odd
voltage values, or the nccessity for using special potential coils
or registers to overcome the effects of odd voltages or multipliers
should influence the choice of connections for general practice.
On this basis only cases 2 and 3 of the table can be recommended
for use on 3-wire circuits and cases 6 and 8 for 4-wire circuits.
In the last case elimination of the multiplier by means of the
phasing transformer is of more moment than elimination of errors
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introduced by the phasing transformer through torque interaction
of the symmetrical components,

These rccommendations are further justified because they
involve the use of the same type and rating of meter for rkvah.
measurement as for the watthour meter on the given load.

14-18. Graphical Resolution of Symmetrical Components.—
It was mentioned in 14-6 that the relations in Eq. [47] provide
the basis for resolving an unbalanced system into its symmetrical
components,

The first relation of Eq. [47] may ///4,'
be interpreted as indicating that three
times the positive-sequence compo-
nent is equal to the veetor sum of
veetor 1 plus vector 2 rotated 120°
plus veetor 3 rotated 240° (or — 120°).
Also in the second relation three times
the negative-sequence component is
equal to the vector sum of the first
plus the second rotated 240° and the
third rotated 120°. By the third rela-
tion of Kq. [47] the zero-sequence com-
ponent is merely one-third the vector
sum, without rotation of any vector, or
isequal to one-third the neutral current.

This last principle reduces all three-phase resolutions to a
determination only of the positive- and negative-sequence compo-
nents. Thus in Fig. 167 the zero-sequence component I, is
one-third the closing side of the open figure. If this component
is deducted from cach of the vectors as in Fig. 170, the residual
sct of vectors embraces only. the positive- and negative-sequence
components.

First Method.—Arranging the three vectors in a triangle,
the second and third are rotated 120° and —120° respectively,
about the extremities of the first. One-third the sum of the
three in the new positions is the positive-sequence component
as in Fig. 171a. The opposite direction of rotation of the second
and third vectors produces three times the negative-sequence com-
ponent as called for by the sccond relation of Eq. [47]. The result
is seen to check with the components as assumed in Fig. 166abc.

Second Method.—Another method develops the positive- and
negative-sequence components in a vector position which shows

Fia. 170.
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directly how they combine to result in one of the unbalanced
vectors. In Fig. 171b the middle point of M is taken on one of
the vectors, say I, and a right triangle AMP constructed with a
30° angle at A. Then BP is the negative-sequence component
of I, and PA its positive-sequence
component. The angle between
the components is n.

This is based upon relationships
which may be derived from Eq.
[47] and certain j equivalents of a
as shown in Table IX at items 1

Fi1:. 171a. Fig. 1716.

and 2. By substituting these values for a in Eq. [47] and
simplifying, there is for the positive-sequence component

Iy =, Il +J2\/3 s — 1)
and for the negative
1
I(n)l = § 1 z’\/3(13 - IZ)

The midpoint M establishes 147, in each of these expressions.
Also AM is half the diagonal of the parallelogram ABCD and
therefore, vectorially,

AM = 15(Is — I,)

With angle M AP made equal to 30°

MP = AM tan 30° = _AM- —
V3 \/3

(Is — Ij)
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in magnitude and in addition is rotated 90° from AM. Therefore

MP =i (1, - I)

2v/3
The construction made I, = CM 4+ MP and I, = BM + MP
and these vector sums are in
keeping with the requirements
of Eq. [47].

Third Method.—Still another
method develops the compo-
nents in the form of equilateral
triangles (Fig.172). Construc- g
tion lines are drawn from cach I(n),/\
vertex of the original vector
triangle making 30° angles
inside and outside with the
sides of the original triangle.
The six intersection points
establish the vertices of the
equilateral triangles, outside
for the positive-scquence components and inside for the nega-
tive-sequence components.

14-19. Metering Positive-sequence Voltages.—Symmetrical
components may be measured by conventional forms of volt-
meters, ammeters, wattmeters, and watthour meters in con-
junction with specially designed external networks. In some.
instances the design of the meter may be modified by insertion
of special windings that dispense

Fig. 172.

Z with the networks. The devising
of these networks is principally due

€ to R. D. Evans.
bd o Zero-sequence voltage is easily

measured as one-third the vector
sum of the three line-to-neutral
= voltages as in Eq. [43]. This is
simply obtained by inserting a
voltmeter between the series ter-
mina's of the three secondaries of voltage transformers, the
primaries of which are subjected to the three neutral voltages.
If caubrated to register one-third the voltage on it, the meter
m Fig. 173 will indicate the zero-sequence component of voltages.

Fra. 173.
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The positive- and negative-sequence voltages are related to
the line-to-neutral voltages by Eq. [47]. As in the graphical
construction (Fig. 170) the voltages are to be rotated 120° or
240°; but in case of the symmetrical-component meter the desired
result can be affected by shifting the current through the meter

c ba coil by an equivalent angle as

Za long as the magnitude is kept
VWA proportional to therespective volt-
%ﬂ ages. The phase shift of 120°

Z L || O and 240° by mere impedance
WA TS LS would require negative resist-
‘ﬁﬁg ances; but the negative effect can
T casily be attained by reversing
Ze 1 the voltage and thus letting a 60°

shift by an impedance element
suffice. Thus in Fig. 174 the
reversal of voltages E, and E, in conjunction with proportions
of B and X in impedances Z, and Z. which will give a lagging
current of 60° in Z, and a leading current of 60° in Z, will cause
the meter to indicate three times the
positive-secquence component of voltage.
Interchange of Z, and Z. will cause —%
the meter to register the negative-
sequence component as in Eq. [47].
14-20. Networks for Voltage Com-
ponents.—If the zero-sequence compo-
nents are excluded from the measurement
network, the necessity for a special <«
meter with three coils as in Fig. 174 can I
be avoided by means of an impedance ¥ia. 175.
network devised by C. T. Allcutt. Thus in Fig. 175, by
Kirchhoff’s principle,

Fia. 174.

c b a

IM = Inc + Ibc
(EaN - EcN) = IacZac + (Iac + Ibc)ZM [71a]
(EcN - EbN) = Ichbc + (Iac + Ibc)ZM [71b]

To solve for I, multiply Eq. [71a] by Z,, and Eq. [71b] by Z..
and add the results.

I — Zbc(EaN - cN) + Zac(EcN - EuN)
" Zchac + ZMZbc + ZMZuc
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Substituting for each of the voltages its positive- and negative-
scquence components and simplifying:

(I — a)(Zee + aZac)

IM B Zchac + ZM(Zbc + Z,w)

E, +

(1 = a®)Zy + (a* — a)Za.
Zchac + ZM(Zbc + Zac)

This indicates that the meter may be made to register either
the positive-sequence component E, or the negative-sequence
component E, by so adjusting the impedances that the numerator
of the coefficient of the other becomes zero.

Thus if

E, [72]

A= a)Zy = —(a® — a)Za:
since
(a? — a) = a*(1 — a?)
Zye = —0*Z0e = s+ j/l’é\/g)zac

and the meter will register only in proportion to the positive-
sequence component,
Likewise if

Tne = —aZue = (34 — jY6NV/3) Zucy

the meter will register only in proportion to the negative-sequence
component.

Interchange of these 60° impedances or of two of the leads
between the line wires and the net- . ,
work will change the meter from
positive- to negative-sequence registra- | -
tion or vice versa. £

Similar results can be attained by ~ Zp
omitting the reversal of one voltage @
as in Fig. 175 and substituting a 60°
condensive impedance for the resistance
branch.

14-21. Network for Symmetrical
Component of Current.—For the case
where zero-sequence current is not pres-
ent or cannot be (as in the threce-phase three-wire ungrounded
circuit), a network like Fig. 176 will accomplish the same results
for current as did Fig. 175 for the voltages. Here the shunt
impedance Z, is to have a 60° phase angle so that for phase rota-

AAA
~ V VLU

Fia. 176.
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tion abc the meter will register the positive-sequence component
of current.

Interchange of the current transformer connections or of the
impedances will convert the mcter to a negative-sequence
indicator.

Wattmeters and watthour meters can be ecmployed to indicate
or register sequence components of power and energy flow by
connecting their voltage and current windings to proper com-
binations of the segregating networks shown in Figs. 173 to 176.

14-22. Unbalance Factor.—The unbalance factor is the ratio
of the negative- to positive-sequence magnitudes. It may
apply to voltage, current, or even power and energy as measured
by the sequence-metering schemes of the preceding sections.

European practice tends to emphasize the economic bearing
of unbalanced loads upon the cost of rendering service. Unbal-
ance of current prevents full economic use of investment in
conductors and in apparatus capacities. It also tends to
unbalance the voltages and thus necessitate added capital
outlay for facilities to restore the voltage balance and maintain
regulation. In this country there is less disposition at present
to rank unbalance factor with power factor and load factor as an
clement to be metered in conjunction with billing for electric
service,

Problems

14-1. A single-phase load of 60 kw. at 70 per cent lagging power factor is
added to an existing balanced three-phase load of 100 kw. at 80 per cent.
lagging power factor. The voltage between line wires is 440.

a. What are the thrce new line currents?

b. What are the positive and negative sequence components of
current?

¢. What is the current unbalance factor?

14-2. A three-phase four-wire system serves an industrial load which is
mostly single-phase arc furnaces. Under certain conditions of factory
operation the currents in the phase wires were found to be 3,000, 1,200, and
700 amp., respectively.

a. Assume the voltages negligibly unbalanced and the same lagging
phase angle in cach phase and find I, I',, and I, by the method of
Figs. 167 and 171b.

b. Which method of metering the reactive component would you
advocate in order to get the most reliable index of “average
monthly power factor” of such a load?

14-8. Under short-circuit conditions out on the line betwecen phases 1
and 2 the line currents at a substation are I, = 1,200 amp., I; = 1,200 amp.,
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and I; = 200 amp. At the same time the Y-voltages are Einy = 42 kv.,
E.x = 62 kv., and E;n = 100 kv.
a. Show hy the graphical method of Fig. 172 that I, = 793 amp.
and I, = 593 amp.
b. Check these results by applying Eq. [47].
¢. Show by the graphical method of Iig. 171b that E, = 71.7 kv.
and K, = 28.6 kv.
d. Check the results in ¢ by Lq. [47] with voltages substituted for
currents.
14-4. A 5-hp. wound-rotor induction motor took 1,730 watts of input
under the following conditions of voltage unbalance:

Ezl = ]089, Em == 10()3, Esz = 1009
Il = 24.0, 12 = 18.8, Ia 146‘

a. Show that E, = 60.9, K, = 2.7, I, = 187, I, = §.5.
b. What is the percentage voltage unbalance?
A reactive meter connected as in 14-10a indicated 2,913.5 volt-amp.
¢. What should it have indicated if capable of such accuracy,
assuming sin a = 0.866 and sin g = 0.820?
d. What was the percentage error in reactive-component measure-
ment? Compare with the pereentage voltage unbalance.

14-5. Use the method of 14-8 to show that four-wire three-phase meter
with threc clements is capable of registering loads of unbalanced nature
without error.

14-6. Why doces the geometrical construction of Fig. 172 as outlined in
14-18 result in the positive- and negative-sequence components?

I



CHAPTER XV

KILOVOLT-AMPERE METERING

The objective of reactive metering is to obtain an index
of ruling power factor. Another frequent objective is an
ascertainment of kilovolt-ampere demand at the time of maxi-
mum kilowatt demand. But as will be shown the assimilation
of watthour meter readings with reactive kilovolt-ampere meter
readings on loads that have variable characteristics does not
give an index of power factor over the metering period that meets
rigid requirements of ratc cconomics. Where the loads and the
revenues involved are of such magnitude as to justify the gener-
ally greater expense, the kilovolt-ampere meter is available
in several forms. From it, used in conjunction with the watthour
meter, there can be obtained indications that reconcile power
metering more closely with the requirements of an equitable
rate than is obtainable through the medium of conventional
reactive metering.

Reactive metering artificially separates components which
are continuously blended in the circuit in varying proportions.
Kilovolt-ampere metering deals with them dircetly in their
blended state. The latter comes nearer therefore to registering
the circuit quantities in keeping with the manner in which they
predetermine the necessary provision of capacity in power plants,
substations, and lines. In the final analysis the aim of kva.
as well as reactive metering is to promote load conditions which
will keep power factor high and kva. capacity of lines and appara-
tus from unnecessary excess over kilowatt demand.

16-1. Kvah. Preferable to Rkvah.—That ordinary reactive
metering may give dubious results can be seen from Fig. 177
which, while exaggerating ordinary conditions, is, nevertheless,
not an impossible situation. The diagram represents a constant
load of 340 kw. with 60 kva. of reactive component for one hour
followed by 60 kw. and 340 kva. of reactive for the second hour.
The corresponding power factors are 0.984 and 0.173. These arc
the values that would be obtained from meter readings taken at

262
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the end of each of the hours. The kva.-hours computed would
be 341.6 for the first hour and 341.6 for the second hour or
683.2 for the two hours with a resultant power factor of 0.494.

Actually, however, the watthour and reactive meters would
not in general be read at hourly intervals, ordinarily not oftener
than monthly. Two hourly periods N
so different in character would, if
combined, more nearly represent the
extremes likely to be embraced in
a month’s registration. The vesults
for the 2-hr. interval are 565.6 kvah.
and a power factor of 0.707. A
kvah. meter, on the other hand,
would circumvent such erroneous
inferences by integrating the kvah,
in purcly additive manner rather.
than the vectorial summation which
results from, say, monthly registra-
tion of watthour and reactive meter. That the error in
kvah. by the latter procedure is considerable (17.3 per
cent in this instance) can be inferred from Table XI. The kva.
meter always gives a larger value than is obtained by taking
the square root of the sum of the squares of kw-hr. and rkvah.
for an extended period.

©
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3453

%
60
340 60

M
Fra. 177.

TasLe XI
Two hours
Quantity First hour |Second hour By kwh. By kwh.
and rkvah. | and kvah.
Kwh............... 340 (0A) |60 (BC) 400 (OM) 400 (OM)
Rkvah.............. 60 (AB) {340 (CN) (400 (MN)
Kvah............... 345.3 (OB) (3453 (BN) (565.6 (ON) |683.2 (OBN)
Power factor........ 0.984 0.173 0.707 0.494

These discrepancies become even greater if the indications
of an unratcheted reactive meter on a load that may have
either lagging or leading power factor are compared with those

of a kva. meter.

16-2. Classification of Kva. Meters.—Two general types of
One type embraces several forms of meters

kva. meters exist.
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that have in common the employment of the obvious principle
that a wattmeter can be converted to a volt-ampere meter if
the phase angle between current and voltage is eliminated or
compensation introduced to neutralize its effect. With the
phase angle made equivalent to zero degrees, cos 6 becomes 1.
EI cos 8 becomes EI and the wattmeter is converted to a volt-
ampere meter. Meters which fall under this classification are
the Angus, Aron, Lincoln VAD, General Electric with over-
running register, and schemes involving rectification of the
alternating quantities.

The second type functions on the principle of veetor addi-
tion. Two watthour-meter elements, one for watthours and
the other for reactive volt-ampere-hours, are coupled through
the medium of some mechanism which sums their revolu-
tions or speeds vectorially. They derive the kva. in the form
v/ (kw.)? + (rkva.).. Meters which fall under this vector-
addition classification are the Landis & Gyr, Sangamo, and
Westinghouse (two forms).

156-3. Angus Volt-ampere Meter.—The induction watthour
meter becomes a volt-ampere-hour meter if the potential applied
to it is equal to the circuit voltage but shifted in phase from it
so that, regardless of the load power factor, it is in phase at the
meter with the load current. This is, however, difficult of
accomplishment, apparently requiring a power-factor meter
responding to the circuit power factor and actuating a potential
phase shifter to which it would be mechanically coupled. By
proper linkage and proper taps on the phase shifter, the desired
result might be obtained, but from the design standpoint this
is an impracticable scheme.

An equivalent result is obtained in the Angus meter. Instead
of shifting the voltage phase, the flux which the voltage produces
in the meter is shifted by a corresponding amount so as always
to be in time quadrature with the current flux. This establishes
the condition for maximum torque with given current and
voltage.

In the Angus meter the phase shifter responding to load power
factor is an inbuilt feature. The flux from the current coils
C and €’ (in Fig. 178) follows a divided path; part of the flux
goes across the air gap at the disk and part across the rotor.
The rotor has a polyphase winding, which is connected through
slip rings and brushes to the three potential leads from the
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metered polyphase circuit. This winding creates a rotating
magnetic field which reacts with the current flux and causes
the rotor to turn to such a position that, when the current flux
is a maximum, the rotating field at that instant will be aligned
with the current flux. The rotor thus serves as power-factor
meter and phase shifter. After the shift of the rotor the potential
flux across the air gap KN and disk is always in quadrature with
current flux across MP, regardless of the power factor.
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Fi1a. 178.

This is inherently a single-phase element. If a three-phase
load is balanced, three times its indications on one phase will;
of course, represent the kva. of the three-phase circuit. For
the case where unbalance may occur on a three- or four-wire
circuit, three such elements would be needed for accuracy.

15-4. Lincoln Volt-ampere Demand (VAD) Meter.—Although
this is ordinarily employed in the form of a demand meter (see
Chap. XVI), it is included here because of its kva. aspects. A
phase-shifting autotransformer so modifies the response of the
meter as to indicate volt-amperes with acceptable accuracy over
a limited range of power factor. The accuracy depends on the
amount of departure in actual power factor of the load from
the average value estimated in advance. The phase-shifter
taps are so taken as to compensate for the estimated value of
power factor. Thus if the cstimated average power factor is
80 per cent lagging, the phase angle is 36°52’. If the phase of
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the voltage applied to the demand meter is then lagged 36°52'
by means of the phase shifter, the voltage will be in phase with
the current (or in the case of the two-element thrce-phase
meter 30° from it). The meter therefore gives a volt-ampere
response.

But the indications will be true volt-amperes only at the
assumed power factor—in this case 80 per cent. The errors
will not exceed 1 per cent, however, as long as the phase angle
between E and I at the VAD meter is not over 8°7.5’, lead or lag.
This means that the actual load phase angle can be betwecen
28°44.5" and 45° without exceeding a 1 per cent error resulting
from the arbitrary assumption of 80 per cent average power
factor of the load. This means further that the power factor
may range from 87.6 to 70.7 per cent without incurring more than
the 1 per cent error. The phase-shifting autotransformer may
be provided with taps to permit setting at other values of power
factor. The customary power-factor ranges for the two sets
of taps are 90 to 65 per cent and 75 to 45 per cent, allowing a
2 per cent tolerance in extreme error.

A ready way of ascertaining the power factor prevailing at
the time of maximum demand of a given load is to connect
a demand meter to each of the two sets of taps. The meter
giving the larger indication at the end of a reading period reveals
the power-factor range as that for which its taps have been
taken. If the power factor varies widely, both meters may be
left permanently installed, the larger indication of the two
always being recorded as the maximum volt-ampere demand.

16-6. Overrunning-register Type.—Somewhat the same prin-
ciple as in the Lincoln meter was developed by the General
Electric Company. It is a single-phase mecter consisting of
three distinct induction watthour-meter eclements. Kach of
these elements is adjusted by means of “lagging” (sce 9-4)
the potential element so that it will give maximum torque
under different load power factors. Instead of shifting the
voltage phase as in the Lincoln meter, however, it rests on shifting
the time phase of the air-gap flux produced by the voltage cle-
ment. The lag angles are customarily chosen at 11°, 33°, and
55° corresponding to 98, 84, and 60 per cent power factor. The
meter elements are all connected to a single register through
the medium of ratchets so that the element with the highest
torque (and speed) actuates the register.
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Under the conditions cited the registration is proportional
to the volt-amperes with an error not exceeding 1 per cent for any
phase angle less than 66° or power factor better than 40 per cent.
The error is kept within these limits by adjusting each element
to be 1 per cent fast at the compensated power-factor angle.
Each would then be 1 per cent slow at the intermediate phase
angles of 22° and 44°, each displaced 11° from the setting points
of 11°, 33°, and 55°. Three such three-clement meters are
required to measure the volt-amperes of an unbalanced three-
phase load.

16-6. Aron Ampere-hour Meter.—On the assumption that
voltage is practically constant on commercial systems an ampere-
hour meter should suffice for determination of kilovolt-ampere-
hours. The Aron meter is of this type, being compensated for a
limited range of voltage variation. It consists of an induction
element functioning on the shaded-pole principle and actuated
by the load current. The rotation of the disk of the meter is
controlled, in part, by the damping action of permanent magnets
and, in part, by the seclf-damping effect of the current flux (see
8-9). At rated load the damping from these two sources is made
practically the same. If 7 is the load current, S the meter
speed, and I the current equivalent of the permanent-magnet
damping, the driving torque is a¢* and the braking torque is
bS (I2 4 72) where a and b arc design constants. At balance of
driving and braking torque

of I' Y\ _ I
s= i)~ Hfe)

Thus the relation of speed to torque is not strictly linear but
can be made practically so except for the low percentages of
load current.

Voltage variation is compensated for by means of a load-
voltage-excited solenoid which moves a ‘‘shading coil” with
respect to the main driving element. The shading coil con-
tributes an amount of driving torque which corrects the torque
and speed so as to keep the registration sensibly proportional
to volt-amperes,

15-7. Volt-amperes by Rectification.—The advent of copper
oxide and electron-tube rectification has afforded a ready
means of converting alternating volts and amperes to equivalent
d-c. values. The effect of phase angle can thus be eliminated
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and the meter subjected to the rectified values then indicates
or registers a result proportional to the a-c. volt-amperes. For
integration only the commutator- or mercury-type meters may
be used although the thermal type could presumably be adapted
to demand indications.

Mere rectification does not suffice, however, in eliminating
the effect of phase displacement between the a-c. quantities.
The pulsations of the rectified half waves retain a phase dis-
placement which will affect meter torque as can be seen from
Fig. 179. Filters are needed in either or both the current and

[« =~ ~"Rec t1fied voltage-~--=-- ->'
[« ----Rectified current--—--+

~—_—

Fra. 179.

voltage circuits to smooth the waves sufficiently to minimize
the phase displacement between the rectified half waves. A filter
in the voltage circuit is the more feasible from the standpoint of
rating and size of the filter elements. With the voltage wave
converted to a reasonably smooth line it is practically immaterial
where the current half waves fall in time phase.
Experimentation at Yale University in 1928-1930 by the
author in conjunction with T. A. Abbott demonstrated a degree
of feasibility of a single-phase meter based on this principle.
Full-wave rectification of both voltage and current by mcans of
copper oxide disk units in conjunction with the filter circuit
indicated in Fig. 180 gave on a slightly modified electrodynamic
wattmeter the results indicated in Fig. 181. The independence
of power-factor values obtained by means of a phase shifter was
practically perfect. The characteristics of the rectifier did not,
however, permit deflection in close accordance with a lincar law;
there was also a time lag in response due to the thermal character-
istics of the rectifiers. Effort to integrate kilovolt-ampere-hours
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by means of a mercury-type d-c. watthour meter with demand
register did not prove particularly successful because the 214-
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amp. rating dictated as an upper limit by filter considerations
conflicted with the higher current rating dictated by the limita-
tions of the mercury meter.
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16-8. Phase-elimination Meters in Unbalanced Polyphase
Circuits.—Inasmuch as the two-element wattmeter or watthour
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[16-8

meter will inherently register the
power or energy correctly in three-
wire three-phase lines regardless of
load balance or power factor, it
would appear that any of the preced-
ing phase-climination schemes would
also register the volt-ampere quan-
tities with equal inherent accuracy
on a two-clement basis. Actually
accuracy is attainable only under
balanced conditions and with identi-
cal power factor on all phases; even

3
then a correction factor of m or

0.866 must be applied for the same
reasons as for the reactive meter
discussed in 13-8. For unbalanced
conditions of load and of individual
phase power factors there will be
errors incurred just as for the reac-
tive meter.

To disclose the magnitude of error
possible in two-element volt-ampere
metering on’ unbalanced and mixed
loads, consider the three simple cases
of A-loading on a three-wire three-
phase circuit presented in Table XII.
Case a is a balanced load. Case
b is balanced as to phase current
but unbalanced as to watts, power
factor, and line currents. For the
metering, line 2 is taken as the com-
mon potential wire. Case c is iden-
tical with b except that line 1 is
taken as the common potential wire
for the metering.

For the balanced case there is no
error. But for the unbalanced case
there is error that is in itself depend-
ent on the particular wires chosen
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in which to insert the current windings of the two meter
clements.

On four-wire three-phase circuits where the possibility exists
of measuring each phase independently these errors can be
avoided by installing a three-clement meter at the load so as to
eliminate the drop, if any, in the neutral wire and the consequent
shift in potential of the neutral.
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16-9. Kilovolt-amperes by Vector Addition Mechanisms.—
The second type of kilovolt-amperc meter cited in 16-2 was
that in which the volt-ampere product is obtained through
the medium of watts and reactive volt-amperes added in quadra-
ture. Several meters of this type employ two conventional
watthour meters: one connected for kilowatt-hours, the other for
reactive kilovolt-ampere-hours (kilovarhs). The interest here
is therefore upon the means by which the registrations are
combined to obtain vectorial addition or its equivalent.

16-10. Sangamo Recording Volt-ampere Demand Meter.—
In the Sangamo recording volt-ampere demand meter the
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desired vector result is obtained graphically on a chart. The
pen is moved horizontally in proportion to the kilowatts during
the 15- or 30-min. demand interval (Fig. 182) while the chart
is driven vertically at a speed proportional to the reactive volt-
amperes by coupling the chart drive to the shaft of the reactive
meter; the pen as a result draws the vector triangle, the hypoth-
enuse of which is kva. demand during the interval. . Vertical
rulings on the chart constitute the kw.-demand scale and the
same scale can be applied to the vertical side of the triangle to
determine the kilovar magnitude. To facilitate deriving the
kva. demand and power factor a polar chart is printed at intervals
on the chart paper. By drawing OC parallel and equal to BT
the intercept on the kva. circles will disclose the kva. demand
to the same scale as the kw. Power factor can also be deter-
mined directly from the radial scale for power-factor angles.

If the load varies in magnitude and in power factor, the vector
kva. and “average’” power factor can be determined by joining
the extremities of the record; the arithmetical sum of kva.,
if desired, can be determined by adding the component lengths
of the record line.

Since the chart moves at a speed proportional to the reactive
kva. and not uniformly (in proportion to time as in ordinary
graphic or recording meters), some supplementary time scale
must be provided if the time of occurrence of the maximum
demand, poorest power factor, etc., are to be ascertained. A
synchronous motor advances a second stylus slowly to the right
from midnight to noon across the twelve hour-lines and back
to the left during the period from noon to midnight. The time
of day of the record can thus be read from the chart.

16-11. Vector Addition by Pantograph (Westinghouse RS).—
The Westinghouse RS meter employs a pantograph to derive
the vector sum of kwh. and rkvah. demand from demand
mechanisms superimposed on commercial polyphase meters,
one for power and the other for the reactive component. The
demand pointers of the kwh. and rkvah. elements are arranged
to swing over two opposed quadrants so placed that links con-
nected to these pointers will move a pen (attached at the junction
E of the links) over a kva. scale consisting of circular arcs.
With power factor 1.0 the arm C (Fig. 183) will swing about N,
the zero of the rkva. scale, as D is advanced along PS by the
rotation of A proportional to the kw. demand. The PS scale
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is therefore the kw.-demand scale. Conversely, PQ is the rkva.-
demand scale because at zero power factor the arm D will pivot
about M, the zero of the kw.-demand scale. For intermediate
power factors the junction will assume a position E’ fixed by the
components PR and RE’, each of which is sensibly a straight
line, whence PE’ is the kva. demand, the resultant of the kw.
demand PR and the rkva. demand RE.

The location of E gives the demand during the prevailing
demand interval. In order to leave a permanent record of

Kilowatt hour meter R Kilovolt-ampere hour
meler

Fra. 183.

the maximum kva. demand, a third demand pointer and scale are
provided below the sector PSQ. This pointer is advanced by
means of a cord wrapped about a drum on its shaft and passing
through a pulley at P to the link junction E. When a length
of cord PE (proportional to kva.) is unwound from the drum by
the motion of E, the kva.-demand pointer is advanced a cor-
responding amount over its scale and held there by friction
until the last value of kva. is exceeded in some subsequent
demand interval.

16-12. Vector Addition by Rolling Sphere (Westinghouse RI).
A valuable geometrical property of the sphere constitutes
the principle of action of the Westinghouse RI kva.-demand
meter. A light aluminum ball rests at three points on a free
wheel W and two other wheels (Fig. 184) driven at speeds
proportional respectively to kw. and rkva. The sphere rotates
about an axis XY, the position of which depends on the ratios
of the speeds of the two wheels d, and d;. If these speeds are



274 ELECTRIC POWER METERING [16-12

equal and the same in direction (as they will be at 70.7 per cent
lagging power factor), the axis of rotation of the sphere will be
horizontal and parallel to the axis of the two wheels. The radii
of rotation a and b are then cqual. Since the two wheel contacts
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are separated by 90° of great circle are, the speed of rotation
of the third wheel W is proportional to C. Since C = v/a? + b?
the wheel W rotates at a speed proportional to the kva. The
wheel W at all times follows the equatorial great circle, the one
whose plane is perpendicular to the axis of rotation of the sphere.
The tangential component of friction causes it to do so and
thus swing to appropriatc angular positions.
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For power factor 1.0 the sphere will pivot about the stationary
(reactive) wheel d; and the wheel W will ride in the middle of
the upper left quadrant. For lagging power factor it will swing
toward the right reaching the 45° position in the upper right
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quadrant at zero power factor. For leading power factors it
will move below its unity power-factor position because the
reactive kva. wheel d, will then be rotating in a direction opposite
to the kw. wheel d; and the sphere will be rotating about a
vertical axis.

The revolutions of W during any demand interval are inte-
grated by gearing and communicated to a pen which draws a
proportionately long kva. record line on the chart (Fig. 185).
Power factor is indicated by having a pen actuated by the kw.-
demand element make a small mark alongside of the kva. line
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just at the end of the demand period, power factor being the
ratio of the scale reading of the kw. mark and the length of
the kva. record line.

156-13. Landis and Gyr “Trivector” Volt-ampere-hour Meter.
The ingenious scheme of the Landis and Gyr “Trivector”
meter employs a watthour meter and rvah. meter as the actuating
means for driving a volt-ampere-hour register in addition to
the conventional kwh. and rkvah. registers. The registration
of total kilovolt-ampere-hours is brought within 1 per cent of
accuracy for all values of power factor by resort to ratchet
drive and a special assembly of planetary and spur gearing.
Three intermediate systems of gearing effect additions of particu-
lar fractions of the speeds of cach of the driving elements so
that the combined speed at the kvah. register is sensibly the
same for any power factor as it is for 100 per cent power factor.
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In Fig. 186 it can be seen that curve 1 represents the speed of
the watthour element as power factor changes from zero to 1.
Curve 2 is the speed curve for the reactive meter. Without
any supplementary mechanism a volt-ampere registration with
constant volt-amperes of load at decreasing power factors would
drop along curve 1, instead of remaining constant. Wtth
ratchet or overrun mechanism provided, the reactive meter
would take up the drive of the volt-ampere register as soon as

Kwh
regrsterA
Watthour k.. Reactive

meter disk--" meter disk

Planetary gearing----"

e Kvah

‘ | regrster
Fig.186 Curves (5) (8) (M () (9)
100 055083098 0.19
Power factor range g8 0.19 0.5 083 0,00
Fig. 187.

the power factor dropped to 0.707 and again increase the speed
toward its proper value as the power factor approached zero.
Throughout the 0 to 1 range of power factor the meter would
average only 85 per cent of the kvah. and at 70.7 per cent power
factor it would register only 70.7 per cent of the kvah.

The curves 1 and 2 are sine curves. Two sinec curves when
added result in a sine curve regardless of the phase displacement
between them. The Trivector meter employs this principle by
mechanical means rather than the clectrical means of phase
shifting as employed in the Lincoln VAD and General Electric
overrunning register meters. The spur-gear sets in the central
portion of Fig. 187 establish appropriate fractions of the speeds
of the kwh. and rkvah. shafts that conform to the curves 3,
3,3",4"”,4',4. The planetary-gear sets then effect the addition
of these in pairs: 3 and 4 to establish 6; 3’ and 4’ to establish 7;
3” and 4" to establish 8. The ratchets on the shaft of the
volt-ampere register provide for its rotation.at the maximum
speed imparted to it from any of the five sources—watthour
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meter or reactive meter alone, or any of the three intermediate
combinations.

For fixed volt-ampere load at any power factor the meter
will operate at the practically constant speed represented
by the heavy-line segments of curves 5, 6, 7, 8, 9. The cusps
are at 98.5 per cent so that a 1 per cent fast adjustment of kwh.
and rkvah. elements will reduce the maximum error of kvah.
registration to less than 1 per cent.

For leading power factors a relay (responsive to reversal of
torque when power factor passes through unity) reverses the
polarity of the potential on the reactive meter and thus drives it
forward whether the power factor be lagging or leading.

16-14. Miscellaneous Kilovolt-ampere Meters.—Many other
schemes for obtaining the product of volts and amperes inde-
pendently of whatever phase angle may exist between them have
been proposed.  Iiven though the principal ones actually applied
in practice have been deseribed in this chapter, the opportunity
for ingenuity in circumventing the phase-angle difficulty is
large and interest in the subject is sustained. There is always
the urge to meet the economic criterion that kva. demand is a
truer index of readiness-to-serve cost than a kw. demand which
ignores power factor and therefore the requisite capacity of
apparatus and lines.

As showing principles differing from those already described
there may be mentioned two United States patents by W. F.
Sutherland (1,646,034 and 1,651,482). In one the (single-phase)
meter is designed to sum the two torques obtained from two
elements, one of which develops the torque E cos 6 X I cos 6 or
EI cos? 0, the other EI sin? 6; the sum is EI (cos® 6 + sin? )
or EI as desired. In the other (polyphase) meter one element
develops torque proportional to (E + I)? = E* + 2EI + I* by
means of combining the rotating ficlds established by E and I
excitation of a polyphase structure similar to the induction-motor
rotor and stator. The undesired terms E? and I? are neutralized
in the torque result by setting up countertorques proportional
to E? and I (see 8-9). The remaining torque is proportional
to EI as desired.

As a complete substitute for reactive and kva. metering
Prof. V. Karapetoff has patented and the author has discussed
(see Electrical World, January 28, 1933) a metering scheme which
registers only the negative loop of the power wave. This is
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the real quantity which oscillates or reciprocates between
generator and load and it can therefore serve as an index of the
excess apparatus and line capacity necessitated by low power
factor. The meter involves half-wave rectification and allows
only negative current to react with positive voltage in producing
the meter torque.

Problems

16-1. Substitute for the data on which Fig. 177 was constructed the
following load conditions:
First hour, 80 kw. at constant p.f. 0.707 lagging
Second hour, 80 kw. at constant p.f. 0.832 leading
Construct the kvah. diagram for three ways of metering the variable power-
factor load:
a. Kwh. and rkvah. meters, the latter without ratchet.
b. Kwh. and rkvah. meters, the latter with ratchet.
c¢. Westinghouse RI kvah. meter.
Tabulate the result for each hour and for the 2-hr. period as in 15-1
and Table XI. (The three “2-hr.” power factors arc 0.97, 0.89, 0.81,
respectively.)

16-2. Determine the amount of phase shift to be introduced in conjunc-
tion with the Lincoln VAD meter of Par. 16-4 in order to keep within
2 per cent error in volt-ampere measurement for power-factor range of:

a. 90 to 65 per cent.
b. 75 to 45 per cent.

After the taps appropriate to cither one of these ranges have been chosen,
how much error in volt-ampere registration will result if the power factor
happens to go to the extreme value of the other range, all power factors
lagging?

16-3. A constant 110-volt A-connected load has equal impedances of
11 ohms in each leg but the proportions of reactance and resistance are
such as to make the respective power factors 1, 0.866, and 0.50. The volt-
ampere-hours of the load are to be determined by two “overrunning-
register” meters (single phase, se¢ Par. 16-6); each mecter consists of three
single-phase elements for which the voltage phase is shifted 11°, 33° and
55°, respectively.

a. What are the total volt-amperes of this load?

b. How many volt-amperes does cach meter indicate?

c. Shift one of the meters to the third wire and again determine
the two indications.

156-4. Plot a curve showing the error in approximate volt-ampere registra-
tion of a watthour meter which has its potential shifted 30° lagging for all
values of power factor, leading and lagging.

a. How can the error be minimized over a 10 per cent power factor
range either side of 86.6 per cent?

b. What will a two-element watthour meter so adjusted read on
the load of Prob. 15-3 if placed in the same wires as chosen for
the meter in Prob. 15-3b?
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16-6. Recompute Table XII for the three cases given but with the meter
clements so inserted that wire 3 is used as the common potential wire instead
of wire 2 as in the table, which applics to the group of * phase-elimination”
meters.

16-6. Determine the registration of a polyphase Trivector meter inserted
in the same two line wires of the load in Prob. 15-3 as were chosen in solving
Prob. 15-3b.

15-7. If the curves 6 and 8 of Fig. 186 were climinated by the omission
of the corresponding planetary gearing and ratchet wheels of Fig. 187,
what maximum error would result in volt-ampere registration of such an
incomplete Trivector meter?

How much could this error be reduced by adjustment of the meter speeds
as in 16-13, next to the last paragraph?



CHAPTER XVI

DEMAND METERING

It takes funds, fuel, and folks to run an electric utility system
and the charges for what it has for sale are to be designed some-
how to recover the costs associated with such application of men,
money, and materials to public service. The watthour meter
of itself, in conjunction with a simple block-meter ratc for
cnergy, might suffice if all customers were quite similar as to
time, extent, and regularity of their usage. Under such ideal
circumstances the requisite capacity in plants and lines could
be calculated and provided to a nicety. The annual carrying and
operating charges associated with keeping the capacity-to-serve
continually available could without great difficulty be appor-
tioned equitably among all users. These charges could easily be
a component of the meter rate over and above the assessment for
production costs of encrgy actually consumed and for a fair share
of the general operating administration of the company.

But this ideal loading is hardly if ever realized. Residential,
commercial, and industrial consumer groups have their character-
istic hours and peaks of usage. Within these groups there is
even more diversity between individual loads as to time and
magnitude of maximum and normal use. A user who creates a
large demand for short periods is, of course, a less desirable
customer than one who draws a steady load over long periods.

For the mass of small users the items of ‘“demand” or maxi-
mum sustained use and ‘‘general” cost can be covered by a
monthly charge of 80 much per room per month or so much per
100 sq. ft. or otherwise. But for the larger commercial and
industrial users equity in allocation of the demand charge
requires the installation of demand measurement either as an
integral part of the watthour meter or in the form of a separate
meter. The demand meter may be viewed not so much as a
means of penalizing a customer for high peaks in conjunction
with low kilowatt-hour consumption but more as a means of
inducing higher load factor, longer ‘“burning hours.” In this
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respect it can be likened to reactive metering, the prime objective
of which is to encourage better power factor.

16-1. Definitions of Demand Characteristics.—The official
definitions employed in the technique and practice of demand
measurement are those of the “Code for Electricity Meters,”
an American Standards Association standard published by the
National Electric Light Association (since superseded by Edison
EKlectric Institute). The following are the definitions of the
most significant terms:

1. Load Factor.—The load factor of a machine, plant, or system
is the ratio of the average power to the maximum power
during a certain period of time. The average power
is taken over a certain period of time, such as a day, a
month, or a year, and the maximum is taken as the average
over a short interval of the maximum load within that
period.

2. Demand.—The demand, for an installation or system, is the
load which is drawn from the source of supply at the
receiving terminals, averaged over a suitable and specified
interval of time. Demand is cxpressed in kilowatts,
kilovolt-amperes, amperes, or other suitable units.

3. Maximum Demand.—The maximum demand of an instal-
lation or system is the greatest of all demands which have
occurred during the period. It is determined by measure-
ment, according to specifications, over a prescribed time
interval. In accordance with spccifications, a demand
may be measured by an instrument with a time lag -or
an instrument integrating the load over the prescribed
time interval, or the load may be determined from a
sufficient number of readings of an indicating instru
ment, taken over the time interval.

4, Demand Interval.—The length of the interval of time over
which the demand is measured. For example, in a 15-min.
demand, the demand interval is 15 min.

Temperature is the principal factor which limits the amount
of load which can be imposed on electrical equipment. Con-
sidering the mass of its parts and its capacity for heat storage
and heat dissipation, the limiting temperature of the insulating
material is reached only after an appreciable time duration of the
load. Any instantancous demand is a less fair and less significant
index of the tax upon apparatus-heating limitations than a
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demand averaged in some manner over a period. The most
common period is 15 min. with 30- and 60-min. intervals next
in order of prevalence. A survey by the N.Ii.L.A. Rate Research
Committee in 1931 showed the 15-, and 30-, and 60-min. intervals
to be in vogue in the ratio 40:8:1, respectively.

5. Diversity Factor.—The ratio of the sum of the maximum
power demands of the subdivisions of any system, or parts
of a system to the maximum demand of the whole system,
or of the part of the system under consideration, measured
at the point of supply.

6. Averaged Maximum Demand.—The highest average or
arithmetical mean of several similar demands. It may be
computed from several demands on a definite number of
days, either consecutive or within certain limits of time,
such as a month or a ycar.

7. Demand Meter.—A demand meter is a deviee which indicates
or records the demand or maximum demand.

8. Integrated-demand Meter.—An integrated-demand meter is
one which indicates or records the maximum demand
obtained through integration.

9. Lagged-demand Meter.—A lagged-demand meter is onc
in which the indication of the maximum demand is subject
to a characteristic time lag.

16-2. Classification of Demand Meters.—There are three
principal types of demand meters: (I) rccording (formerly
called “graphic’ or “curve-drawing”) meters, (II) integrated-
demand meters, (III) lagged-demand meters.

In addition there are current limiters or demand limiters
which are not meters but devices which restrict the customer’s
maximum use to predetermined limits and conscquently act
like demand meters in promoting improved load factors or pre-
venting the penalty of higher demand charges than arc neces-
sary. There are also multi-rate and excess meters which record
separately usage during on-peak hours or in excess of a predeter-
mined value,

Class 1. Recording Meters.—A recording wattmeter in which
a pen draws on a moving chart the load-time curve can, of course,
be used to ascertain maximum demand. In gencral the instan-
taneous demand is not to be taken but rather the average demand
over the stipulated demand interval. With a fluctuating load
this involves the use of a planimeter to measure the area under
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the load curve during the various demand intervals. Division
of the area by the time base gives as the demand the average
height of the curve. This is usually a tedious process and not
conducive to simplicity in billing. A circular chart makes for
much more difficulty than the strip type.

Either of the following types is generally preferable.

Class II. Integrated-demand Meters.—Some device may be
used in conjunction with the watthour meter so that a periodic
record is made of the kilowatt-hours consumed during the demand
interval. Such an integrated-demand meter is available in two
forms, both involving the principle of arithmetical averaging.
The cffect is equivalent to that of a meter reader reading the
watthour meter every 15 or 30 min.

Form A.—This type shows the cnergy consumption during
intervals which begin and end at specific and arbitrarily
established times. If the record is on a tape or chart which
carries a time scale, the magnitude of demand and the day
and time of day of that demand can all be ascertained from
the record. If the record is the position of a pointer on a
demand scale, only the magnitude of the demand since
the last reset of the pointer is ascertainable.

Form B.—This type makes a record on a tape or chart cach
time the consumption of a predetermined block of kilowatt-
hours has occurred. The higher the load, the more fre-
quently a record is made. The maximum demand is
ascertained by scrutinizing the tape or chart to find the
demand interval during which the largest number of equal
blocks of kilowatt-hours were consumed. This type differs
from Form A in that the time of beginning and ending the
time interval is not arbitrarily fixed but is selectable by the
computer.

Class II1. Lagged-demand Meters.—The lagged-demand meters
function on the basis of requiring a certain time interval for the
indication to reach a point corresponding to the value of the load.
The scheme is thus an effort to make the indication lag behind
the actual value of the load in much the same way that the rising
temperature of the supply apparatus lags behind the load
imposed onit. The indication therefore can appropriately have a
logarithmic or exponential time characteristic.

Class I1I demand meters differ from Class II in that the record
begins when the load begins and not at some fixed clock time
as for Class II. Two forms exist.
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Form A.—In this type the rate at which the pointer moves
over the scale is proportional to the load at each instant.
It therefore moves upscale at constant speed under constant
load. The lagging is mechanical.

Form B.—In this type the speed of motion of the pointer
diminishes, even with constant load, toward the end of the
deflection integral. Theoretically, it would take an infinite
time to rcach the ultimate deflection. Practically this
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characteristic is overcome by defining the time interval
as that required for the instrument to indicate 90 per cent
of the full value of a steady load thrown on the system
suddenly without previous loading. The lagging is thermal
(or a mechanical equivalent).

16-3. Integrated-demand Meter, Form A.—(1) The General
Electric Type M meter will be described as typical of the demand
meter embracing in its structure no electrical element producing
torque proportional to the load. Contacts opened and closed
at the associated watthour meter (at a rate proportional to the
speed of that meter’s disk) actuate solenoids (Fig. 188) in the
demand meter which advance and return its pointer over a
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scale. A constant-speed induction motor of the disk type
provides the timing for the 15-, 30-, or 60-min. reset function.
The higher the load, the more rapidly the watthour meter
is rotating and the more frequently the contacts are made and
broken. In turn the actuation of the two solenoids (operating
and armature return) is more frequent and the driving dog
therefore advances the demand pointer more rapidly over the
scale. The rate is proportional to the load. When the clock
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motor has reached the end of the predetermined demand interval,
the trip lever disengages the driving gear and a spring returns
to the zero position the pusher arm which advanced the pointer.
The indicating pointer itself is retained by friction at the maxi-
mum demand position until some subsequent demand advances
it further or until it is reset to zero by the meter reader.

16-4. Integrated-demand Meter, Form A.—(2) Another
variety of Form A integrated-demand meter consolidates the
demand indicator with the watthour meter so that the kilowatt-
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hours consumed and the maximum demand in kilowatts are
shown on a single dial. The timing is generally provided by
means of a small synchronous motor. The Sangamo Type HB
Maximum Demand meter as shown schematically in Fig. 189 is
characteristic of several makes of demand meters. The watt-
hour-meter disk 1 drives the kilowatt-hour register gearing
3 in the usual way but shaft 4 also drives the shaft 28 which
carries the pusher arm 23 which advances the indicating sweep
hand 25 at a rate proportional to the load. A friction clutch
7 couples gear 6 to shaft 28. The reset mechanism which acts
in accordance with the predetermined time interval is driven
by the synchronous motor 18. Cam 16, by means of a double
gear reduction (30/22, 32/33), is operated at slower speed than
cam 17, usually one-sixteenth as fast as cam 17. Whenever the
small radius of cam 17 coincides with the notch 34 in cam 16, pin
11 drops into notch 34 and, through the medium of toothed
sector 9, returns the pusher arm 23 to zcro as fixed by set screws
27. This reset function is performed at 15-, 30-, or 60-min.
intervals as desired by proper choice of the gear reduction
between the synchronous motor and the cams 16 and 17.

The demand registers attachable to Duncan, Westinghouse
OB, and General Electric I-16 watthour meters involve the same
general principle as the Sangamo demand register just deseribed,
although there are differences of detail in the cam and gearing
arrangements.

16-6. Integrated-demand Meter, Form A.—(3) The Westing-
house RA Polyphase Recording Demand meter provides a
graphic record in place of the dial indication of the preceding
designs of integrated-demand meters. The pen P (Fig. 190) is
positively advanced by the rotation of the watthour-meter
shaft D which at the same time is advancing the kilowatt-hour
register. At the end of the demand interval the tripping rod
pushes against F and takes gear G out of mesh with worm 1.
The pen is then swung back to zero by the counterweight C.
When pressure on F is released, spring E replaces G in mesh with
worm 1 for a new cycle.

The time interval is controlled by the spring-driven clock I
the rate of which is regulated by the escapement mechanism J
and a differential spring governor. At the predetermined time
intervals the trip on shaft M allows shaft K to rotate at a speed
which is controlled by the fan governor L. The reset wheel Y is
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given a quarter turn and causes the bell-crank H to trip the pen P
through the medium of F as previously deseribed. Just before
the pen is returned to zero by this means, the large gear on the
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spring-driven drum T is allowed to advance the chart a small
amount, proportional to the time scale printed on the chart. The
object in starting the motion of the proper chart before the pen is
returned to zero is to make a small “hook” at the end of each
indication so that there will be no doubt just how far the pen
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had been advanced in making the demand indication on the
chart.

As shown, the record on the chart has a “jog’ near the middle
of the trace. This is the 15-min. interval, the paper being
advanced slightly at this time without returning the pen to
zero, thus making the meter simultaneously a 15-min. and 30-min.
demand device.
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Printing platen
raised when solenoid
s energized

16-6. Integrated-demand Meter, Form B.—Formerly the
General Electric Company made a meter, known as the Printom-
eter, which can be placed in this classification. Other than
recording meters it offered the principal example of Form B
(see 16-2) in that, when set for a shorter time interval than the
billing demand interval, it afforded a means whereby the com-
puter of the bill could choose the time of beginning and end of the
demand interval in a way not provided in Form A which estab-
lishes these times arbitrarily by the clock action.

The Printometer was actuated by the associated watthour
meter. A separate contact-making clock provided the timing
element. As shown in Fig. 191a the cyclometer counter of the
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demand meter reproduces the registration of the watthour meter
and this is printed on the tape by the following means: The
D-3 contact wheel attached to the register of the watthour meter
(see 16-3) advances the counter one unit for each unit of advance
of the watthour-meter register. At the predetermined time
intervals the clock contacts close and a solenoid is energized to
raise the printing platen and make a record of the time and the
kilowatt-hours on the tape as shown in Fig. 191b.

Assume the demand-interval is 1 hr. The maximum con-
sumption during any hour is from 8:30 to
9:30, ‘.e., 227-141 or 86 kw-hr. With a 86 079

¥Form A meter beginning the hourly 6 079 0}\ 6
demand intervals ‘“on the hour,” the 6
maximum demand would have determined 7 085 0 }’2
as 85 from the difference 268-183 from 9:00 7 091 14}*20
to 10:00. The maximum half-hour con- 8 105 }50
sumption is 44 kw-hr. between 9:00 and 8 141 36},73
9:30 giving a 30-min. demand of 88 kw. 42
To the extent that the Printometer may o 183
be set to print the record at shorter 9 227 ?}‘55
intervals than the demand interval, it| 10 268 84
therefore enables the computer to choose | 19 311 43}79
the beginning and end of the time interval. 11 347 36 } o8
This meter has been superseded by Type 11 379 32]»62
PD which prints the actual consumption 30
during each interval (the cylometer dial | 12 409 | }54

being reset to zero aftereach record, thereby | 12 433
making subtraction by the computer e
unnecessary).

An earlier form, even more closely in conformity with the
definition of Form B, printed the time and the kilowatt-hours
each time a given number of kilowatt-hours was consumed.
During the high loads the records become more frequent and
the computer looked for the particular time interval in which the
largest consumption took place.

16-7. Lagged-demand Meter, Form A.—This type is exempli-
fied by the former RO meter of the Westinghouse Electric and
Manufacturing Company. Mechanical and electrical means
were employed to prevent the demand being registered as the
instantaneous value of the load; 7.e., the lagging was electro-
mechanical. It really consisted of a watthour meter and a

Fra. 191b.
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wattmeter built into a single electrical structure. An auxiliary
uisk is inserted in the air gap of the driving element (Fig. 192)
above the regular watthour-meter disk. The auxiliary disk is
restrained against rotation by a spiral spring. Without any
other restraint it would deflect instantly to an amount propor-
tional to the torque imposed upon it; this torque is proportional
to the load. The same torque rotates the watthour-meter disk
continuously at a speed proportional to the load. The demand
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disk is further restrained by an escapement actuated by the
watthour mechanism. The action is as follows:

At any load the rate at which the escapement wheel is released
by the escapement claw, which is oscillated by an eccentric
geared to the shaft of the watthour disk, is proportional to the
speed of the watthour meter. The higher the load, the more
rapid the escapement action and the faster the demand disk is
allowed to deflect and carry the demand pointer to its correspond-
ing deflection. But the higher the load, the greater the ultimate
deflection of the auxiliary disk and of the demand pointer. The
rate at which the demand pointer is advanced is therefore
proportional to the load. In other words, the time required for
registration of the demand of all constant loads is the same and
by proper gearing this time can be made 15, 30, or 60 min. to fit
the demand interval desired.
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In that this meter begins to record when the load begins—
i.e., it does not “split the peak’”—it has also the characteristics
of Form B of the integrated-demand meter.

16-8. Lagged-demand Meter, Form B.—The Lincoln Maxi-
mum Demand Meter is of this type. It is a thermal meter and
the lagging is accomplished by thermal storage. The objective
of this meter is to simulate in the registration of demand the
thermal behavior of the electrical apparatus upon which the
demand is imposed. It is radically different from the foregoing
meters in that the deflection of the demand point is derived from
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the differential action of opposed bimetallic springs which are
heated by currents in resistors inserted in an ingeniously arranged
circuit. The difference in deflecting torque of the opposed springs
is proportional to the load watts. The heat developed in the
resistors is applied to the springs through the medium of masses
of metal which absorb and store the heat and thus introduce the
desired time interval or demand interval.

The secondary of a small transformer (C in Fig. 193) circulates
through the two heaters in series a current 7, proportional to the
voltage E. The load current I, flows in opposite directions
through the two halves of this secondary and, at any instant, in
the same direction as 7. in one heater and opposite to 7. in the
other.
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Thus in R, the heating effect at power factor cos 6 is

. I,. I\
I%Rl = 1’2 + 2_2—7/e cos 0 + ? Rl
and in R,

2
3R, = [z‘% + z’z—% cos (180° — 0) + (52—’) ]R2

.
= [i§ — 2%@} cos 6 + <%’1> JRz

If R, and R, are made equal, since the two springs heated by
these thermal units are opposed, the deflection D is proportional
to the difference in heating developed in the two resistors.

D = KR(I* — I}

= KR<4%1',, cos 6)
= K(2)(t.R)I, cos 6
= K'EI, cos 6

The deflection, without heat storage, is thus proportional to
the load in watts.

Lagging, or delay of deflection, is accomplished by enclosing
the bimetallic springs in boxes of such mass and specific heat as
to absorb and store the heat to a degree that establishes the
desired demand interval.

16-9. Demand Interval for Thermal Meters.—When heat is
developed by the load in a thermally lagged demand meter and
imparted to the heat-storage boxes, the temperature of those
boxes and of the bimetallic springs follows an exponential or
logarithmic law. The mathematical statement of this law is

g = Ti(1 — e*t) (73]
in which
6 = the rise in temperature at any time above the initial
temperature.

T, = the final temperature rise when equilibrium is reached,
i.e.,, the ultimate temperature rise corresponding to a
constant and sustained load.

2.7183, the base of Napierian logarithms.

= a calibrating constant.

= elapsed time from the beginning of heat application.

~
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The temperature rise is not proportional to the instantaneous
watts but depends on the history of the load up to the time in
question. The meaning of the expression of Eq. [73] can readily
be grasped by assuming constant load and letting ¢ successively
have values which are multiples of some short time interval, say
5 min., and letting ¢* = 2. Then T, — 0 = T;/2¢ as ¢ is made
1, 2, 3, etc. for consecutive 5-min. intervals. The intervening
temperature rise in each interval is such as to halve the amount
of rise still to take place in reaching T;,. This characteristic is
shown in Fig. 194. One-half the ultimate rise in temperature
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takes place in the first 5 min., three-fourths is attained in the
second 5 min., seven-eighths in 15 min., ete. Theoretically the
ultimate temperature will never be reached but practically it is
reached within the customary demand intervals.

The demand interval for a thermal meter depends, therefore, on
arbitrary definition. If deflection reaches 90 per cent of the
ultimate value in 10 min., it will be at 99 per cent of full reading
in 20 min. and 99.9 per cent in 30 min. It is a matter of choice
whether the demand interval be called 10, 20, or 30 min. Like-
wise a meter which gives a 90 per cent deflection in 15 min. would
give 99 per cent in 30 min. and might be described as having a
15-min. or 30-min. demand interval depending upon the definition
incorporated in the power contract.

16-10. Mechanical Equivalent of Thermal Demand Meter.—
The Westinghouse RL Demand Meter, described by B. H. Smith
in a 1934 A.I.E.E. paper, involves a mechanism which simulates
the functioning of the thermal demand meter of 16-8. Its
response is similarly logarithmic in character. The pusher arm is
not tripped as in definite time-interval meters but moves always
up or down scale as the load varies, thus giving a continuous
indication of the existing demand.
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The essence of the mechanism consists of a disk, ball, cylinder,
and an involute cam attached to the planetary gear of a differen-
tial gear assembly (Fig. 195). The two sides A and B of the differ-
ential are driven respectively by the watthour-metershaft and by
a synchronous motor through the medium of the disk E, ball
and cylinder F, which is tilted slightly so that the ball always
rests against the involute cam C. If the cam is not in such
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,-~ Motor
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,~ Meter Disc

Fra. 195.

angular position as to place the ball at the center of the disk E, the
constant rotation of E by the synchronous motor will spin the
ball about an axis parallel to the shaft of F, and F in turn will
be propelled at a speed proportional to the speed of E and to
the radius of the ball’s contact circle on E. Gear B will then
be driven by cylinder /' and in turn the planetary gear mounted
on the involute cam C will be turned at a speed which will
be the difference of the speeds of A and B.

If there is no load on the watthour meter, A will be stationary
and the cam C will turn until the ball is pushed to the center of
the disk where it will then remain because it, B, and the planetary
gear and cam will no longer be rotated by the disk. The pusher
arm D, attached to the shaft of the cam, will meanwhile have
gone to its zero position corresponding to zero load and demand.
Likewise for any constant load the then constant speeds of both
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A and B will keep the planetary gear, cam, and hall in fixed
locations corresponding to that value of load.

For any constant load abruptly applied to the meter, the
motion of the ball, planetary gear, cam, and pusher arm will
at first be rapid and then decrease as the position of equilibrium
corresponding to that load is reached. This is also the character-
istic of the thermal meter as analyzed in 16-9. The time to
reach the 90 per cent point is

t =T log 1———163

2.302T

where T is the time for the watthour meter to bring the ball and
cam from the zero position to that corresponding to the load with
the synchronous motor not running, i.e., gear B stationary.
Thus if the gear ratios between the motor and B and between
the meter and A are so chosen as to bring the pointer to full
scale for full load on the meter in 30/2.302 or 13.02 min., the
time interval may be called 30 min. In other words, with the
motor running the demand pointer will attain 90 per cent of true
value in 30 min. In another 30 min. the indication will be
brought to 99 per cent. For a 15-min. interval the gear ratios
would be so chosen as to attain the 90 per cent value in 6.51 min.
with the synchronous motor not running.

16-11. Other Thermal Demand Meters.—The Westinghouse
RH Thermal Demand Meter operates on the same principle
as the Lincoln meter. The General Electric H-2 meter registers
maximum current demand. In this instance only one heater
is necessary in the case of a two-wire meter, the second bimetallic
spring responding only to changes in ambient temperature and
thus rendering the meter practically independent of the tempera-
ture of the surroundings. (The two opposed springs in the
Lincoln and Westinghouse meters also compensate for ambient
temperature.) The scale is an ampere-squared scale and there-
fore not linear as in the Lincoln thermal watt-demand meter.

The Wright Demand Indicator is also a maximum-ampere-
demand meter. It consists of two glass bulbs filled with air and
connected by a U-tube filled with concentrated sulphuric acid.
An index tube is tapped off at the top of one branch of the
U-tube. Around the bulb at the top of the other branch of the
U-tube is a heater unit which carries the load current. Load
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results in the heating of the air in the bulb, the acid is pushed
upward in the other arm of the U and runs over into the index
column. The amount which accumulates there is a measure
of the maximum value of amperes. The meter is reset to zero,
after reading, by tilting the meter so as to drain the acid from
the index tube back into the U-tube. Lagging is obtained by
capillary constrictions in the tube.

The Wright and General Electric H-2 meters may be used on
either alternating or direct current.
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16-12. Concordance of Demand Meters.—In spite of the
radical differences between the integrated-demand and lagged-
demand meters they can be and are designed to indicate the same
value of maximum demand for the same steady load sustained
over several demand intervals. But on loads that fluctuate
or are intermittent, considerable difference in demand indication
may result because of ¢he difference in principle of action. Also
the tendency for integrated-demand meters, especially Form A,
to “split the peak” is a factor accounting for difference in
indications on varying loads. The definite-time integrated-
demand meter (Form A) will on this account give a different
result from the Form B meter if the period of maximum demand
80 occurs as to overlap two of its definite-time-demand intervals.
The Form B record made by the early Printometers could



16-12] DEMAND METERING 297

be so0 interpreted as to identify the actual maximum load more
accurately.

The consequences of splitting the peak can be seen from a
study of the following data derived from a watthour- and
demand-meter installation (see Fig. 196):

) Recorded demand
Kilowatt-hours | Average load,

Time ) . .
during cach interval|  kilowatts

Half hourly | Hourly

2:00 to 2:15 6 24
$ 0 ‘ 10

2:15 to 2:30 14 56

32 )46 64 46
2:30 to 2:45 18 72
2:45 to 3:00 8 s # 32 % 52

If it is assumed that the demand meter had a 30-min.
interval which started at 2:00 p.M., it registered a 40-kw. demand
during the first half-hour interval and a maximum demand of
52 kw. during the second. If, however, the interval had started
at 2:15, the recorded demand between 2:15 and 2:45, the only
full interval within the given time, would have been 64 kw.
It is evident that “splitting of the peak’ works to the advantage
of the customer, in this case to the extent of 12 kw. But if such
fluctuation occurs frequently during a billing period, the meter
will ultimately catch one of the peak intervals at its beginning
and thus record the true 30-min. demand.

Incidentally in this case a 15-min. demand meter happening
to start its interval at 2:30 would have recorded a 72-kw. demand
as the maximum. A 60-min. demand meter would have recorded
46 kw. at the maximum. The instantaneous demand is 80 kw.

The indication of a thermally lagged meter (Form B) will be
different under the same value of constant load from that made
by an integrated-demand meter, especially during the first few
minutes. At the end of the demand interval both will, of course,
indicate the appropriate value. Thus Fig. 197 is drawn for
constant loads of 100 kw. and 80 kw., both types of meters having
the same 15-min. demand interval. For the thermally lagged
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meter the indication will be 90 kw. after 15 min. (and 99 kw. in
30 min.). On the ideal exponential curve 60 per cent of the
demand, or 60 kw., will have been indicated in the first 6 min.
(40 per cent of the 15-min. interval). On the Lincoln meter
this value will be approximately 57 kw. owing to a time delay
in getting the heat from the heater to the actuating parts of the
meter. On the other hand, the integrated-demand meter shows
100 kw. at the end of the 15-min. interval and the 60 kw., or
60 per cent of the demand, will not be indicated until 60 per cent,
or 9 min., of the time has elapscd.
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If the load, however, is 80 kw. instead of 100 kw., the thermal
meter will again show 90 per cent, or 72 kw., at 15 min. and will
have reached 48 kw., or 60 per cent of the ultimate value, in
about 614 min. The integrated-demand meter will still show
60 per cent of the load, or 48 kw., in 60 per cent of the time, or
9 min. It is evident that the thermally lagged meter indicates
the demand at a rate decreasing with duration of load whereas
the integrated-demand meter shows increments proportional
to the time duration. The significance of this characteristic
of the thermal meter is that its indications depend not only
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upon the particular sequence of the values of a varying load but
upon the values of load preceding any interval in question. The
power-supply apparatus supplying this demand, in approaching
its limiting temperature, is affected by the same sequences and
history.

One further point may be illustrated by Fig. 197, viz., the effect
of “splitting the peak.” If the constant load was thrown on at
time zero, the thermal meter began at once to indicate it, doing
so at the outset somewhat more rapidly than the integrated-
demand meter. If the integrated-demand meter had started its
interval 5 min. before the load came on, it would reset after
indicating only two-thirds of the demand during the 10 active
minutes of the interval.  Unless the load thereafter continued
through the succeeding 15-min. interval it would thus fail to
indicate the true demand.

On the whole the thermal meter tends to read relatively high
on short abrupt peaks because of the initial rapid response.
This is true despite its tendency to be delayed in full registration
of constant loads. On the other hand, the integrated-demand
meter of the definite-time-interval type tends to read low owing
to splitting of the peaks between successive time intervals and
there is no assurance that two such demand meters will indicate
the same when connected to the same load unless their demand
intervals are in synchronism. The tendeney of the thermal
meter to over-register on short high load peaks may be overcome
entirely by the use of a structure which reaches something less
than 90 per cent of its final value in the specified time—in other
words, by a change in definitions.



CHAPTER XVII

LOAD TOTALIZING. TELEMETERING

Much of man’s inventive ingenuity has been devoted to extend-
ing the scope of his faculties and senses to larger and smaller
magnitudes than those for which nature endowed him. The
lever and block and tackle multiply the muscular forces he can
apply; automobiles, railroads, and airplanes increase his speed
and distance of locomotion enormously; telescopes and micro-
scopes lengthen the distance and depth of his vision; telephones
and microphones increase the range of his voice and hearing,
ete. In the same way there is the urge to bring before the
electrical operator’s vision the indications of electrical and
other meters scattered widely over the electrical system. Tele-
melering is the new art which performs that funection.

Coordinated operation of larger power systems has
necessitated concentration of the supervision at one point—
or at the most a few points. Kconomical generation of steam
power in conjunction with available hydro is one reason for such
centralization. Another is the virtue of concentrating broad
authority in case of power interruptions, accidents, and other
emergencies. A third factor is the reduction of labor of attend-
ance at substations. These are the influences which have
instigated the development of telemetering along with the perfec-
tion of supervisory or remote control systems.

Summation of loads existing at such outlying points is also
an important element in the economical and safe handling of the
system. Summation of the output of several generators con-
nected to a duplicated or sectionalized bus is likewise a desirable
possibility. Totalizing electrical quantities for several circuits,
especially kilowatt-hours of output or consumption and kilowatts
of demand, involves principles that transcend those which suffice
for the design and functioning of the simple meters which are
adequate for individual circuits.

These two new tools of the metering art, devised primarily for
electric-power systems, are now equally available to a wide range

300
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of industrial uses. For example, the over-all demand of a large
industrial plant served with power at several independent points
can be totalized and the result transmitted by telemetering to,
say, the industrial plant supervisor to guide him in controlling
peaks of demand and in the most economical use of energy.

TOTALIZING

17-1. Totalizing by Multicurrent-coil Watthour Meters.—
Where two or more circuits have voltages that are sensibly
equal and in phase, it is feasible to extend the principle of the
three-wire single-phase meter (see b5-2) to the multicircuit
polyphase situation. A single voltage coil on the driving
electromagnet of the watthour-meter element serves to represent
the voltage component of all the circuits. Up to four current
coils can readily be provided and thus effect totalization for
four circuits. In order to keep to standard dimensions for 5-amp.
elements, the rating of each of the four current coils is preferably
set at 214 amp. and the current transformer ratios chosen
accordingly. The advent of meter designs having accuracy
extended to loads of 250 and 300 per cent of normal (see 9-8)
facilitates the satisfactory functioning of such a multicurrent-
coil watthour meter, especially where wide diversity in loading
is likely to exist on the several circuits to be totalized.

Of course, it is necessary that the circuit from which the voltage
is taken be energized at all times when there is load on any of the
circuits; otherwise the registration will be interrupted and
incomplete. This difficulty can be avoided if the voltage for
the meter can be taken from a bus serving all the circuits. It
is evident that the opportunity for errors in connections, espe-
cially with multielement meters such as three-element four-
wire meters, is great and therefore unusual care must be taken
in tracing and verifying the connections to the respective current
coils.

The totalized demand of the various circuits is readily obtained
by attaching to the register of the totalizing meter the demand
attachments or contact-making mechanisms described in Chap.
XVL

17-2. Totalizing by Paralleled Current Transformers.—
Instead of adding the currents by means of their fluxes as in
17-1, the loads may be totalized by combining the respective
load currents and applying the resultant current to a single
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current coil in each element of the meter. The current sum-
mation can be effected by paralleling the secondaries of current
transformers whose primaries are inserted in the respective
circuits (see Fig. 198).

Common Bus Source
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This method has certain limitations:

1.

All current transformers must have the some ratio. Tt is
not sufficient that all have the same nominal secondary
rating. If the primary ratings and ratios are not the same,
the totalized reading wculd have significance only for some
one particular proportioning of the respective load currents.
The current transformers must have practically identical
characteristics; i.e., their phase-angle errors and ratio
errors must be substantially the same.

. As in the multicurrent-coil meter the voltages of the
respective circuits must be equal in magnitude, syn-
chronized, and in phase with one another.

Metering accuracy is sacrificed to a degree because under
paralleled conditions the burdens on the current trans-
formers are greater and more variable with variable loading
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of the circuits; as a consequence the phase-angle and ratio
errors are likely to be greater.

5. Metering accuracy is also sacrificed to the extent that the
combined load has wider range of variation than the indi-
vidual circuits. The meter clement thereby has to operate
over a wider range of torque and speed, incurring the risk
of extremes of light and full load. The 300 per cent meter
contributes to making totalization a feasibility.

6. Unless the common voltage is taken from a common bus,
provision must be made for transferring connections from
an unenergized to an energized circuit and thus insuring
voltage on the meter at all times.

Absence of load on one of the circuits will, of course, afford
an opportunity for part of the totalized current from the second-
aries of the other current transformers to be diverted through the
idle secondary instead of through the meter coil. The open-
circuit impedance of current transformers is, however, so high
that the error from this cause is generally small enough to be
ignored in practice. A measure of the same sort of error is
present whenever the loadings on the different circuits are
unequal. It is even smaller in magnitude then than in the case
of no load on one or more of the circuits. Any tendency for
current to flow from another source through the secondary
of a current transformer is equivalent to an increase in the burden
on that transformer and its flux and secondary voltage rise
accordingly to offset the flow, or, conversely, its own voltage
rises to maintain its own secondary current output at the value
corresponding to its primary (load) current.

17-3. Totalizing by Multielement Meter.—Certain of the
precading limitations, notably those numbered 1, 3, 5, and 6,
can be overcome by providing two (or three) watthour elements
for each circuit embraced in the totalization (two for three-wire
two-phase or three-phase and three for four-wire three-phase).
Such meters have been developed with as many as 24 watthour
elements, thus capable of totalizing directly 12 three-wire three-
phase circuits. It is no longer necessary for the circuits to be
synchronized or even of the same voltage; it is necessary, how-
cver, that the product of the ratios of current and voltage
transformers be the same for all elements.

In a multielement with eight or more elements it is customary
to use at least two shafts and to add their revolutions at the
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register through the medium of differential gearing, similar
in principle to the “differential” of the automobile. Even then
the moving elements are much heavier than those of the simple
polyphase meters. This accentuates the light-load errors,
i.e., when the combined load on a shaft is small relative to the
combined capacity of the elements on that shaft. This error

Fra. 199.

is not of especial significance in connection with demand readings
but it should be considered if the registration of the meter in
kilowatt-hours is to be used for billing or for interconnection
credit-charge purposes. In general the readings of watthour
meters on the separate circuits when totaled numerically will
have higher accuracy than the multielement meter. A multi-
element meter consisting of two two-element or two three-element
meters is called a “duplex totalizing meter.”

One or more of the circuits may be deenergized and the muiti-
element meter may therefore be subjected to a variable amount of
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damping from the voltage-electromagnet sources (see 8-9).
The error is not, however, great in comparison with others of a
torque and friction nature arising from the multiplicity of
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elements. Torques per moving element are designed to be
relatively high.

Because of the probable diversity of the individual cireuits,
overloads do not in general arise for the multielement meter. In
any event the overload characteristics of the meter can be made

practically as good as those of the individual elements (see
9-8).
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A six-circuit meter, is shown in Fig. 199. The connections
for a four-circuit meter are shown in Fig. 200 where ingoing
and return leads to each coil are connected to a double terminal
post.

17-4. Totalizing by Relays and Impulses.—Summation may
be effected by employing the impulse principle in conjunction
with contacts installed on the rotating shaft or register of each
meter. Impulses are thus transmitted to a receiver or totalizing

Fia. 201.

relay at a rate proportional to the speed and load on each meter.
The total number of impulses received will then be proportional
to the combined load, provided the mechanism is so devised as
not to ‘““lose” fmpulses received simultaneously from different
sources. Much ingenuity has been resorted to in order to obviate
such error. With this accomplished there is practically no
limit to the number of circuits that can be totalized, their relative
ratings, or the distance of the metering points from the totalizing
installation.

The General Electric Type DT-2 Relay (Fig. 201) is one
illustration of mechanism which totalizes by impulses in such a
way as to prevent loss of simultaneous impulses. In the four-
circuit relay shown each meter is connected by a five-wire
circuit of its pair of solenoids, A and B. Alternate contacts at
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the circuit meter actuate A, then B, which in turn actuate pawls
which advance the crown gear wheel E. FEach impulse at E
advances the planetary gear G, independently of impulses reach-
ing F' from the second meter. Wheel G therefore rotates at a
rate proportional to the sum of the loads on these first two
meters. A final stage of addition for the two pairs of meters is
transmitted to a third planetary which drives the gear H.
Gear H winds a spring whose tension drives K, which is mounted
on the contact shaft which carries the cam contacts L that

8 groups of 6 watthosr meters each
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Sub-totalizing
relays

energize the totalizing demand meter over a three-wire circuit.
To make these impulses fall at fairly uniform rates regardless
of the “bunching’” of impulses received from the four meters,
a drag magnet acting on a disk geared to K creates a back torque
on the spring between K and H.

Fight six-circuit totalizing relays of this type were installed
by the Union Electric Light and Power Company (St. Louis)
to sum up the simultaneous demands of 48 individual cable
circuits across the Mississippi River from the Cahokia generating
station* (see Fig. 202).

17-6. Special Features of Impulse Totalizers.—The Westing-
house Company in its Type RA Impulse Totalizer adds a
torque motor to convert the totalizing shaft from a driven to a
driving shaft, thus relieving the initial solenoids and their

* See Stokes and NersoN, Demand Metering Equipment, 4. I. E. E.
Regional Paper 28-31, 1928.
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supply circuits from supplying energy to serve the pawl and
planetary mechanism. The object is to relieve the duty on the
individual watthour-meter contacts and reduce the mechanical
wear on the totalizing mechanism.

The Landis and Gyr Summation Meter also employs the
impulse principle but uses an alternative to the preceding scheme
to prevent loss of simultaneous impulses from separate sources.
There is in the summation meter a relay for each meter (up to

Tk
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eight), the reading or registration of which is to be included in
the totalization. Iivery time a given number of watthours
has passed through a meter (this number must be the same
for all the meters) a contact is made and an impulse sent to the
corresponding relay in the summation meter. To insure that
all these impulses register toward the advance of the dial of the
summation meter, the following mechanism is employed (see
Fig. 203):

When one of the relays is energized by an impulse its
armature releases a lever 1 which is moved by a spring toward
a cam on a shaft bearing all the cams and driven by an induction
disk motor 6; as it moves, a pawl slides over the teeth of a gear
wheel 4 on the totalizing shaft. The cam projection 2 subse-
quently pushes the lever back to relatch it and as the lever moves
back the pawl advances the gear 4 by an amount corresponding
to the number of watthours represented by one impulse. This
component of the total load or demand is thus registered on the
totalizing dial 5. Loss of simultaneous impulses is prevented
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by staggering the cams 2 radially so that the levers are returned
successively to the latch position. Thus, even if two impulses
are received simultaneously, they are registered in the summation
consecutively, the effect being that of storing the impulses.

As shown, relay A might respond to the impulses from a
polyphase meter and B to those from a single-phase meter on
the same circuit. If meters A and B are close together a three-
wire impulse circuit would suffice, a common return being
feasible. Relay C might be connected to a d-c. meter. Relay
D in this illustration is a spare.

17-6. Totalizing by Thermal Converter.—Still another method
of load totalizing is one employing the thermal converter principle
embodied in the Lincoln Thermal Storage Demand Meter (see
16-7). The difference in temperature of the two resistor heaters
of Fig. 193 is proportional to the watts load. If this temperature
differential is applied to a thermocouple the resulting small
e.m.f. is likewise proportional to the watts. By arranging such
thermocouple e.m.fs. in series the resultant e.m.f. is a measure of
the summation of the loads. These loads may be widely scat-
tered since the current to be transmitted is very small, especially
if a potentiometer is employed to measure the total e.m.f. at
the point where totalization is desired. The equipment is
described in detail in 17-17.

This scheme has the advantage that it is inherently reversible;
z.e., if one of the loads is negative, its thermocouple e.m.f. is
reversed with respect to the others and the resultant series
e.m.f. is reduced by an amount proportional to the negative load.
In his A.LE.E. paper* on this subject Professor Lincoln cited
Canadian installations involving as high as 166,000 kw. totalized
by 18 polyphase converters now working over circuits 30 con-
ductor miles in length and involving as high as 1,500 ohms of
totalizing circuit resistance.

TELEMETERING

17-7. Functions and Scope of Telemetering.—Telemetering
is the indicating, recording, or integrating of a quantity at a
distance by electrical translating means (A.LE.E. definition).
Much of the present development of this art has occurred in
conjunction with the extensive adoption of automatic stations
and the supervisory equipment which gives the centrally situated

* Totalizing of Electric System Loads, January, 1929.
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system operator a visual indication of apparatus positions
(switches open or closed, turbine gate openings, etc.) and also
affords him the means of manipulating such apparatus at the
unattended remote substation. To obtain safe, economical,
and expeditious operation of his system the operator must also
be able to ‘“read’’ voltage, watts, power factor, ete., at outlying
points. Television would in some respects be an ideal solution
but this being economically if not technically unfeasible, telem-
etering in some form is the practical alternative. Telemetering
is adaptable to integrating and recording functions as well as
indicating.

Extension of the metered circuit itself, even by the use of
long voltmeter leads, long leads from shunts or from instrument
transformers, while often practicable for distances of several hun-
dred feet or even up to a mile or two, is not truly telemetering.

The discussion which follows will treat telemetering as distinet
from the supervisory-control equipment with which it is fre-
quently associated. It will also be confined to the telemetering
of electrical indications and thus omit reference to telemetering
of temperature, wind velocities, tank levels, gas pressures, ete.
Further it will not attempt to enumerate all the schemes which
have been devised, many of them ingenious but not, however,
extensively used.

One factor always to be considered in telemetering is that of
channels available for transmitting the readings to the distant
point. Multiconductor cables or open-wire pilot -circuits,
telephone lines and wired-wireless or carrier-current coupling
to power-transmission circuits are the channels commonly
employed, the former for short and the latter generally only for
long distances. Telephone circuits are being used simultaneously
for speech transmission and for telemetering and supervisory
control signals. To assure freedom from interference with
speech there are definite limits to voltage, current, and frequency
values impressed for telemetering purposes.

For the sake of economy it will be desirable to have as many
indications as possible transmitted through a given channel.
Telemetering schemes requiring complicated and expensive
apparatus at the terminals will be feasible only for the longer
distances.

Accuracy and reliability of telemetered indications will
depend to a different extent for the different systems upon the
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loop resistance and the insulation leakage resistance of the trans-
mitting circuit.

17-8. Classification of Telemeters.—The electrical indications,
the transmission of which to some distant point is most likely
to be desired, are, in the order of prominence and prevalence,

Amperes. Reactive kilovolt-amperes.
Kilowatts. Kilovolt-amperes.

Volts. Frequency.
Kilowatt-hours. Power factor.

To transmit and indicate or record these quantities there
have been devised a multiplicity of schemes which are reducible
in principle to the following types, based upon the translating
means employed:

Current.

Duplicated position.

Impulse. .

Voltage (including potentiometer and thermal econverter).
Frequency.

Further classifications may be based upon the relationship
of the measured quantity and the translating means. Thus, if
the translating means is frequency and this frequency varies
directly with the magnitude of the measured watts, this would
be called ‘“direct-relation telemetering.” It would be called
“inverse-relation telemetering’ if the translating means, say
current, decreased with increase in the measured quantity.

In step-by-step systems no change is registered until there is
a predetermined increase or decrease from the last recorded value.
Continuous indication is afforded when the receiving meter tends
to follow every decrease or increase in the metered quantity at
the transmitting end.

17-9. Factors Which Limit Telemetering.—Since the objective
of telemetering is to transmit indications at a distance, the factor
of distance enters the choice of a system. Those schemes which
require a continuous metallic circuit encounter two limiting
factors, line resistance and line-leakage conductance, which
affect different schemes to different degrees. In general those
schemes which employ voltage as the translating means can
function satisfactorily with line resistance of 50,000 to 120,000
ohms. The ‘“position’”’ schemes necessitate the lowest line
resistance and consequently are limited to the shortest distances.
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On the other hand, the voltage schemes in general require higher
values of line insulation (2.5 to 5 megohms), while impulse
systems can perform satisfactorily with megohms in the range
from 0.1 to 1. Insulation resistances are much lower for open
wires than for cable circuits. Leakage of open wires is, however,
negligible in dry weather as compared with wet weather when the
shunt-path resistances are multiplied in number and decreased
in individual values.

Other factors to be considered are (1) whether indicated,
recorded, or integrated values are to be telemetered, (2) whether a
multiplicity of conductors is required for the transmitting circuit,
(3) whether telephone circuits are available or special circuits
must be run, (4) whether the telemetering is combined with or
independent of supervisory control, (5) whether the transmitting
principles and translating means will permit the intrusion of
insulating transformers, repeaters, duplexing, quadruplexing,
ete., into the circuit, and (6) whether load totalization is required
in conjunction with telemetering,.

“Current” and “voltage” (including potentiometer and
thermal converter) telemetering employ direct current as the
translating means and therefore cannot function through
insulating transformers or vacuum-tube repeaters unless the
latter are shunted by “retardation coils.” Current-balance
telemetering is used in conjunction with load dispatching for
moderate distances. Impulse telemetering is employed for
greater distances, for customer billing and intercorporate energy
accounting, and where leased telephone lines must be thoroughly
insulated from the power circuits and supervisory control
circuits.

17-10. Current-balance Telemetering Principle.—In current-
balance (also called ‘torque-balance”) telemetering a direct
current (usually between 0.0002 and 0.02 amp.) is established
proportional to the quantity to be telemetered and this d-c.
value is transmitted over the line. At the receiver various
schemes are employed to translate these milliamperes into the
desired volts, power factor, frequency, kilowatts, ete. Several
makes use a milliammeter with correspondingly graduated scale.
The Leeds and Northrup system in some cases uses a self-
balancing potentiometer to measure the voltage drop occasioned

by this current flowing through a resistor incorporated in the
receiver.
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At the sending end several schemes are employed to establish
proportionality of the transmitted current and the quantity to
be telemetered. The objective is accomplished by any means
that will be a practical substitute for the simple but impracticable
scheme of Fig. 204. There the operating element, say a watt-
meter, has its restraining spring removed and, on the shaft, in
place of it, is the d-c. restraining element, a permanent-magnet
moving-coil milliammeter, standard except for the omission of
its restraining spring and pointer. On the same shaft of this ideal
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telemeter is an arm which makes frictionless contact with a
finely graduated rheostat which has a range from 0 to © ohms
compressed within a small angular range (say 2° or 3°) of the shaft -
rotation. Any deflection of the wattmeter will shift the moving
system to the position where the resistance introduced into the
transmitting ecircuit will permit just enough current to flow
through the line, the receiver, and the restraining element at
the transmitter to balance the torque of the wattmeter. In
prineiple this scheme automatically compensates for variations
in the impressed d-c. voltage or in the resistance of the line
wires. The scheme is impraeticable because no such rheostat
can have frictionless contact or infinite and finely divisible
resistance compressed into such small angular range.

17-11. Forms of Current-balance Telemetering.—In the
Westinghouse Current Balance Telemeter (Fig. 205) the pivoted
member of a Ilelvin balance had attached to it a contact arm
and the moving element of the d-c. restraining member. Change
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in the quantity to be telemetered unbalanced the Kelvin meter
and a contact was made in the control motor circuit which started
the motor. The motor rotated the rheostat arm to the point
where the current through the restraining element restored the
Kelvin balance to its neutral position, opened the motor circuit,
and stopped the motor. Meanwhile the current in the line had
indicated or recorded the telemetered value on the milliammeter
scale of the distant receiver. Use of the motor overcame the
frictional and range limitations of the idealistic scheme previously
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outlined. Undoubtedly the inherently favorable characteristics
of thermionic tubés will be employed in place of the Kelvin
balance and motor-operated rheostat of the former equipment.

The Midworth Distant Repeater is similar in general details
to the Westinghouse scheme. The Leeds and Northrup Current-
Balance Telemeter comprises a self-balancing relay mechanism,
which continuously adjusts current through a shunt so that the
voltage drop across it equals that derived from the telemetered
quantity through the medium of a thermal converter, thermo-
couple, another d-c. shunt, or the like. The balancing current
is transmitted to the receiver.

The Esterline-Angus Long Distance Recorder and the Gen-
eral Electric Torque-balance Telemeter employ grid-controlled
vacuum tubes to supply the requisite value of resistance tp
establish the balancing value of direct circuit. In the latter
(Fig. 206) a photoelectric tube and optical system are employed
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in addition to the (pliotron) vacuum tube. Any failure of the
direct current in the restraining element to balance the torque
of the telemetered quantity in the operating element will cause
the mirror on its shaft to reflect the beam of light into one of
the two photoelectric tubes. If it falls on one it will bias the
pliotron grid voltage to cut-off, 7.e., infinite resistance, and then
no plate current will flow through the restraining element and
line. If it falls on the other the plate resistance of the pliotron
DC.
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is reduced to about 10,000 ohms and thus allows maximum cur-
rent to flow through the restraining element and telemeter
circuit. Balance is obtained when the beam is so divided
between the two photoelectric tubes as to establish the requisite
value of grid bias, plate resistance, and plate-to-line current.
The optical system constitutes a frictionless rheostat and the
pliotron readily affords the ‘“infinite”’ range of resistance.

17-12. The Selsyn or Synchro-tie Motor.-—Perfect mechanical
coupling between a transmitter and a receiver would, if it were
possible, duplicate the desired indications at the remote point.
A practical electrical means of coupling is afforded by a pair of
small induction-motor units which have a self-synchronous
characteristic. They are designated as Selsyn or Synchro-tie
motors. The transmitter unit has a single-phase rotor which is
coupled or geared to the meter whose indications are to be
telemetered (Fig. 207). The single-phase rotor of the transmitter
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and receiver units is connected to sources of voltage which shall
not be out of phase. The polyphase stators of transmitter
and receiver are connected together by three conductors which
constitute the telemeter line.

For any position of the rotor there are voltages induced
in the three stator windings which depend for their respective
magnitudes on the particular position of the rotor. If the rotor
of the receiver is in the same relative angular position, cor-
responding voltages will be induced in the receiver stator, there
will be no circulating currents in the line between the two stator
windings, and no torque exerted on the receiver. If, now, the
transmitter rotor be displaced by its meter element, the voltage
balance of the stators is disturbed and circulating currents flow,
tending to turn the receiver rotor until the induced stator
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voltages again balance. The rotor of the receiver, and with
it the moving element of the receiver meter, will thus follow the
successive positions of transmitter rotor and the instrument
which moves it.

17-13. Telemetering by Duplicated Position.—A tclemeter
system employing Selsyn or Synchro-tie motors is unaffected
by moderate variations in voltage or frequency but five wires
are, however, required between transmitter and receiver unless
the same single-phase a-c. supply is available at both locations
with no phase displacement between the applied rotor voltages.
Any such phase displacement arising out of power line and trans-
former impedance drops or from phase shifts due to differences
in transformer bank connections will introduce more or less
serious errors in the telemetered indications. Also, if the scheme
involves more than a complete revolution of the rotors, the
telemetered indications may get out of step in case the power
circuit or the telemeter circuit is subject to interruptions. For
these reasons the duplicated-position scheme of telemetering is
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limited to relatively short distances. The limiting value of
telemeter circuit resistance is about 200 ohms per conductor.
Two miles is a fair limit of distance.

Inasmuch ag considerable torque is required to turn the trans-
mitter rotor, this scheme of telemetering is more feasible for
transmitting the position of mechanisms endowed with more
torque than electrical instruments produce; it is, however,
possible to use power-amplifying relays or relay-actuated motors
to supplement the weak torque of electrical instruments. In
that event several receiver rotors can he actuated by one trans-
mitter and the distance may be increased to 12 or even 20 miles.

17-14. Characteristics of Impulse Telemetering.—A system
feasible for long distances (distances of upward of 200 miles
have been reported) involves the transmission of impulses
originated by means similar to those employed in demand
metering as described in 16-3 and in totalizing as described in
17-4. It is especially feasible therefore for watthour meters,
their speed of rotation readily providing a means for originating
impulses at a rate proportional to the load. At the receiving
end impulse counters in the form of polarized relays (or the
equivalent) actuate an escapement which by gearing to a dial
indicates the registration or indication of the transmitter.

The impulse method is suseeptible of good accuracy, the action
being positive and relatively independent of line conditions.
Induction from the often parallel power line or leaky telemeter-
line insulation (e.g., alkali-dust deposit in wet weather) may
interfere seriously with the current-balance scheme but will -
hardly impair the functioning of the impulse scheme. Further-
more, the impulses may be transmitted through coupling or
“insulating’’ transformers usually required by & communication
company which leases one of its telephone circuits for telemetering
purposes. The receiver is, however, relatively intricate and
sensitive to static disturbances on the telemeter line.

Impulse systems are classified in two ways: (a) high or low
rate, (b) step-by-step or continuous indications. The high-
rate systems are generally of the continuous type and the low
rate are step by step (see 17-8).

17-16. Low-rate Impulse Superior for Totalizing Telemetering.
High-rate impulse systems employ 200 to 400 impulses per
minute for full-scale reading of the receiving telemeter. Low-
rate systems employ 20 to 50 impulses per minute. High-rau;
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systems are most frequently applied for transmission of indicated
quantities (watts, volts, power factor, ete.) in conjunction with
load dispatching and its associated supervisory control.

The low-rate system is peculiarly adapted to totalizing and
telemetering simultaneous demands on a multiplicity of circuits
serving a common load. In fact the totalizing application was
evolved from low-rate impulse telemetering because of its appro-
priateness for telemetering. This appropriateness rests on the
fact that, if the duration of each impulse is shortened, the
probability of superposition of impulses from different trans-
mitters is minimized and accuracy of totalization and conse-
quently of the telemetered total is thereby enhanced. High
speed of action of the contacts which ‘““chop off”” the impulses
is thus desirable.

In the Westinghouse scheme, for example, this problem has
been met by opening the telemeter circuit momentarily to
transmit what is really then more an interruption than a current
impulse. Inasmuch as an a-c. circuit is inherently ‘“inter-
rupted’’ twice every cycle when the current goes through zero,
it would be necessary to employ long contact-opening periods
in order to distinguish between the 120 ‘‘interruptions’ per
second of a 60-cycle current and the interruptions due to contact
opening. For this reason the alternating current is rectified
(copper oxide rectifier) for the telemeter transmission. Filtering
or the meter-coil inductance sufficiently deprives the rectified
current of ripples to avoid frequency effects on the impulse
counters in the telemeter receiver.

The time of contact opening at the transmitter attached
to the watthour-demand meter may be of the order of 0.01 to
0.025 sec. The probability of error E in the telemetered total
at any load for any impulse-duration value is

t(Ni+ Ny + Ny - - )P— N —N} - - -

B = T(Ni1+ N+ N3 - - )

where Ny, N;y N3 . . . = impulses per demand interval at
respective telemetering transmitters.
t = duration of each impulse (or inter-
ruption).
T = length of demand interval.
If all the sending meters were in contact synchronism and
therefore had identical loads, the transmitted result would be
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that for only one of the meters and the error would be the maxi-
mum possible. This contingency is wholly improbable.

For ¢t = 0.02 sec., T = 900 sec. (15-min. demand interval),
and N = 600, the probable error with even 12 meters (50 contacts
per demand interval) can be shown to be only 1.2 per cent at full
load and proportionately less for lesser loads. It is also obvious
that low-rate telemetering affords longer life of the contacts and
the mechanisms.

17-16. Telemetering with Voltage Dividers.—In the voltage
systems the meter measuring the telemetered quantity actuates
a voltage divider or its equivalent in such manner as to apply
to the telemeter line a voltage proportional to the quantity to be
telemetered. This voltage is measured by a self-adjusting
potentiometer which constitutes the receiver. The normal line
current with these systems is only that needed during the
balancing process at the receiver potentiometer. Inasmuch,
therefore, as the telemeter quantity is a voltage rather than any
sustained value of current, variation in telemeter loop resistance
due to temperature or other causes affects only the sensitivity
and not the inherent accuracy. Since, however, direct current
is employed in the telemeter line, a continuous metallic circuit
is required, 7.e., free of insulating transformers and vacuum-tube
repeaters (unless the latter are shunted by “retardation coils”).

The telemetering systems of the Leeds and Northrup Company
are the principal voltage systems in the field of telemetered
quantities. In the (1) potentiometer transmitter and (2)
voltage-multiplier forms, both of which can function satis-
factorily on loop resistances up to 50,000 ohms, the maximum
open-circuit d-c. voltage on the telemeter line is 24 volts; usually
the impressed value is 1 volt or less per 2,000 ohms of loop
resistance. In the (3) thermal converter scheme it is always
less than 1 volt.

In the potentiometer-transmitter telemeter (Fig. 208), the
self-adjusting motor-driven potentiometer at the receiver shifts
its slide-wire contact until balance is obtained, the indication
then being a duplicate of the reading of the transmitter instru-
ment. A rotary switch and auxiliary battery (at the receiver)
in conjunction with a polarized relay (at the transmitter)
serves to compare the transmitted and received voltages for
calibration purposes. The rotary switch, when not establishing
the normal telemeter line connections, in its first position connects
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a relatively high-voltage battery across the telemeter line.
The polarized relay (not sensitive enough to be actuated by
normal telemetering line current) is actuated and moves switch
S to its alternate position 8’. The next position of the rotary
switch connects the telemeter line to the extremities of the
receiver slide wire. If the receiver galvanometer does not
indicate balance, the resistor in series with the recorder slide

2dry cells in paralle/ 2dry cells in paralfe/
(for 15 volts Polarized relay for.._ for 15 volts-- -

\\.[_— . standardizing cxrcunf% 'SIH;Wiv:e, y

Recorder M' Dry battery Transmitter
Fra. 208.

wire and two-cell recorder battery is adjusted to give balance.
The next position of the rotary switch resets the polarized relay
at the transmitter by applying reversed battery potential on
the line. The final position reverts the connection to normal
telemetering functioning.

In the voltage-multiplier telemeter (Fig. 209) a self-balancing
mechanism adjusts the battery B, voltage across R, and R:

. Mechanrical rela
Mechanical : 4
relay L, mec/mn/.sm’,'

mechanism [————e——— ————————
.

Ry

aICOE g

Gy R‘ﬁ =
2 T 7/
TTTw . S
Lincoln \

thermal’

watt meter

Ly oy

F1a. 209.

so that the voltage across R, equals that established proportional
to the telemetered quantity by means of a thermal converter,
thermocouple, d-c. shunt, etc. The galvanometer G, at the
receiver, through the medium of the mechanical relay mechanism,
moves a contact along a variable resistance fed by a battery B.
The reading of the potentiometer recorder is then obtained from
the scale S..
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17-17. Thermal Recorder (Voltage) Telemeter.—The principle
of the Lincoln Thermal Demand Meter (see 16-8) affords a
means of developing a voltage proportional to load by substi-
tuting a thermocouple for the opposed springs of the demand
meter. This constitutes a unique form of telemeter transmitter
in that it has no moving parts.

In the polyphase thermal converter of Fig. 210 the thermo-
couples are plainly marked; the heater resistors are indicated by

B
I V2 AﬁAL
Shunt for volfage
x £ ," Thermocoup/e
ol = 7 /
— T Qovvrerdt / .
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. —;—:.rl-'.:.4ﬂ /
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N

T+ 1+
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S oc. nrm,na/si—~‘%7§f72; -

7o recorder

Fia. 210.

double lines. Voltage and current balancing are made during
calibration by adjustment of the respective shunts, until zero
e.m.f is obtained at the thermocouple terminals when either
voltage or current alone is applied to the recorder. A series cali-
brating resistance brings thermocouple e.m.f. to rated value at
rated load. The converter attains 90 per cent of full response
in 8 sec. and 99 per cent in another 8 sec. A recording potenti-
ometer is usually the receiver.

It is a simple matter to totalize the loads at many scattered
points by merely arranging the telemeter circuit so that the d-c.
thermocouple voltages are in series with their sum then represent-
ing the total load.
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The order of magnitude of thermocouple voltage at rated load
for a polyphase meter is 40 mv. Kven for the totalization of
20 stations the voltage transmitted by the telemeter line to the
recorder is thus only 0.8 volt. It is evident that telemeter
line-loop resistance can be larger and the line longer the greater
the number of thermal converters there are in series and the
greater therefore the number of loads permissibly totalized and
telemetered. For any load that is to be subtracted rather than
added the thermocouple terminals can be reversed with respect

=

Sto.
No.1

Sta.
No.2

Recorder Grond

by
|

/x’ecoro/é rs
Total
gi; iﬁ)‘: Recorder
Star, (o ] B

Fra. 211,

to the others and thus subtract ils voltage from the series
total.

Totalization for the generators at all stations may be effected
by the single recorder at a distant point as in Fig. 211a. Totali-
zation may also be effected separately for each station as in Fig.
211b. In the latter case the greater distance likely to be involved
in transmitting to the grand-total receiver the partial totals for
portions of the system warrants a modification of the elementary
scheme. Two modifications are commonly applied.

One is essentially a current-balance scheme in which current
from a dry cell, battery, or a copper oxide rectifier is regulated to
create in a resistor a voltage drop equal and opposite to that of
the totalizing thermal recorder at the station. The resulting
current over the telemeter line is similarly measured as a resist-
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ance drop (proportional to the load at the transmitter station)
by the potentiometer grand totalizing receiver or recorder.

The other modification is essentially a voltage-balance scheme.
A motor-driven retransmitting potentiometer places on the
telemeter line a voltage proportional to the sum of the thermal
converter e.m.fs. but much greater than that sum in magnitude.
These voltages are transmitted and interpreted by the receiving
potentiometer in terms of the grand-total loading at the several
thermal converter installations.

17-18. Frequency as Translating Means in Telemetering.—
As a translating means, frequency appears to offer certain
inherent advantages not afforded by current, voltage, or position
telemetering. These last translating means will inevitably be
affected to some degree by such line conditions as variable
impedance, variable leakage conductance, and inductive interfer-
ence. On the other hand, a frequency of some particular value
will perforce appear at the receiving end as an identical frequency,
if at all. By sending and measuring a frequency which has been
established proportional to the quantity to be telemetered,
still another form of telemetering is thus possible.

A small condenser (about 0.005 mf.) is attached to the moving
element of the meter whose reading is to be telemetered. This
condenser is connected to an oscillator so that the frequency of
the oscillator circuit varies in accordance with the meter deflec-
tion. But the high frequency which such a small capacitance
could control would be up in the radio-frequency range and much .
too high for wire transmission. Therefore, a second oscillator
of constant frequency is used to create a low-value beat frequency
which can be made proportional to the actuating meter’s reading.
This beat frequency is detected and its current value amplified
by thermionic-tube ecircuits and then transmitted over the
telemeter line. The receiver is a direct-reading frequency
meter with a scale corresponding to that of the transmitting
instrument.

This system is readily adaptable to the carrier principle.
Coupling capacitors superpose (through modulators) the telem-
eter frequency of some hundreds of cycles per second upon the
60 cycles of the power-transmission line. Coupling capacitors
at the receiving end in conjunction with a demodulator restore
the original frequency and it is registered on a simple frequency
meter just as in pilot-wire or telephone-line telemetering.
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Several readings may be transmitted simultaneously by using
different frequency bands (say 300 to 600, 800 to 1,600, and 2,000
to 4,000 cycles per second) for each different telemetered quan-
tity. Band-pass filters at the receiving end will unscramble
the several frequencies and deliver them to their respective
instruments.



APPENDIX

INSTRUMENT CHARACTERISTICS AND PERFORMANCE

A-1. Definitions.—Among the definitions in the A.I.LE.E. Standards 33
(Eleetrical Indicating Instruments) are the following as they appear in
the fifth draft of revision (January, 1933) authorization pending:

“An indicating instrument is an instrument in which the present value of
the quantity under observation is indicated by the position of a pointer
relative to a scale. The term ‘instrument’ is used in two different senses:

a. Instrument proper as deseribed below, and

b. To include not only the instrument proper but, in addition, any

necessary auxiliary devices, such as shunts, shunt leads, resistors,
reactors, capacitors, or instrument transformers.

“The instrument proper consists of the actuating mechanism together
with those auxiliary devices (scale, resistors, shuuts, ete.) which are built
into the case or made a corporate part thereof.

“The mechanism of an indicating instrument is the arrangement of parts
for producing and controlling the motion of the pointer.

“The moving element of an instrument comprises those parts which move
as a direct result of a variation in the electrical quantity which the instru-
ment is measuring.

“The torque of an instrument is the turning moment produced by the
clectrical quantity to be measured acting through the mechanisin, This
is also termed the “deflecting torque”’ and in instruments having controlled
systems is opposed by the controlling torque, which is the turning moment,
produced by the mechanism of the instrument tending to return it to the
fixed position. Torque is expressed in millimeter-grams.”

It will be noted that the word “meter” is not used in the foregoing
excerpts. Nevertheless, where rigidity of expression is not imperative it
is often convenient to use “meter” as synonymous with “electrical indicat-
ing instrument.”

A-2, Classification of Indicating Instruments.—Electrical indicating
instruments may be classified as follows:

A. As to use.
1. Portable.
2. Switchboard (back connected),
3. Wall type (front connected).
4, Laboratory standard.
B. As to principle of operation.
1. Electrodynamic.
2. Permancnt-magnet moving coil.
3. Moving iron.
a. Plunger.
b. Vane.
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¢. Repulsion.
d. Attraction.
Induction.
Electrothermie.
a. Hot wire.
b. Thermocouple.
6. Electrostatic.
7. Thermionie.
8. Rectifier.

A-3. Requirements of Electrical Indicating Instruments.—The adequacy
and refinement of an electrical indicating instrument may be ascertained
from an analysis of the following principal aspeets of its design and
performance:

. Expenditure of energy in the instrument.

. Sensitivity.

. Accuracy.

. Promptness of response. (That is, is it appropriately damped?)

. Simplicity of scale law. (That is, is the deflection of the moving
element simply related to the quantity being measured?)

The designer of the instrument is confronted at the outset with the first
two items as his principal limiting factors. Minimum expenditure of cnergy
in the instrument demands that the resistance be high for a voltmeter and
low for a millivoltmeter and shunt used as an ammeter combination.  Maxi-
mum feasible voltmeter resistance results in minimized current available
for torque production in the moving element. This in turn requires maxi-
mum feasible magnetic flux from the permanent magnet. These limitations
react upon one another so as to fix the turns required in the moving coil to
develop adequate deflecting torque for the moving clement. These coil
turns, along with the bobbin, shaft, pointer (and half the controlling springs),
fix the weight to be carried on the pivot and jewel bearing. The bearing
involves limiting values of pressure and friction. The friction in turn
determines the requisite value of deflecting torque and thus the magnet
strength, coil current, coil turns, deflecting torque, and spring controlling
torque.

A-4, Supports for Moving Elements.—Several types of supports are
available for the moving elements of indicating instruments:

a. Pivot bearing.

b. Knife edge.

¢. Filar or thread suspension.
d. Magnetic suspension.

e. Flotation.

The knife-edge type has commonly been employed in current-balance
and electrostatic instruments. The filar or thread suspension is used in
galvanometers. The magnetic suspension was for a time employed by
Stanley in watthour meters.

A-5. Pivot and Jewel Bearings.—The common form of bearing consists
of a hardencd-steel pivot riding on a sapphire or diamond jewel. The pivot
is ground to a rounded end with a very small radius (actually often sharper
than a needle point). The jewel may be flat or ground to a concave radius

o
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considerably greater than that of the end of the pivot. The resulting area
of contact may be very small, of the order of 10~ mm.2 As a result even
with the lightest of moving elements, the unit pressures are very great.

Thus with an element weighing 2 g. (approximately the weight of the
moving element of a Model 45 Weston d-c. voltmeter) and a contact area of
0.000002 mm.? the unit pressure assumes the value of 100 kg. per square
millimeter or over 60 tons per square inch.

The limiting value or crushing load of steel on agate or sapphire is of the
order of 200 kg. per square millimeter and a safe working value would
certainly not exceed 150 kg. per square milli-
meter. By recognizing the tendency for
impact loads to rise to twice the static value
it is seen that the pressures employed in
practical design make careful handling impera-
tive if mushrooming of the steel pivot or
crushing of the jewel is not to be the result <
of rough handling. T

These high unit pressures are dictated by ‘a)
considerations of low friction and high sensi-
tivity of the instrument. The relative impor-
tance of unit pressure and area of contact in
determining the friction torque to be over-
some when the moving clement is deflected
and the pivot turns on the jewel may be seen
from the following analysis of a flat-end pivot on a flat jewel (Fig. 212).

Let W = the weight of the moving element in grams.

a = radius of the area of contact circle in millimeters.
p = coefficient of friction.
T; = torque of friction in millimeter-grams.

. . w -
The unit pressure is p = — & per square millimeter.
il

Fia. 212.

1

I

The total force on an clementary arca dA is pdA.

The force of friction for dA is ppdA.

The element of torque at any radius r is dT'y = pprdA.

But dA = 2xrdr for the annular elementary zone. The total torque of
friction is then

T, = faprdA = 27rypﬁar’¢lr = 24upa® = 25 uWa
o

The torque is, therefore, directly proportional to the cube of the radius
of contact area but only to the first power of the unit pressure. For
minimum-friction torque the radius of contact area must therefore be
reduced to the point where further decrease would result in unsafe unit
pressures.

The same result would obtain for a pivot with rounded point resting in a
jewel of much larger radius, with uniform pressure distribution assumed over
a contact arca sufficiently large to avoid any, even elastic, deformation.
Yor the case of some deformation, but nevertheless elastic, the foregoing
expression becomes*

* See Goss, Gen. Elec. Rev., April, 1933.
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45
T = 3{¢ nuKW

where K is a constant depending on the materials and dimensions of the

pivot. If the load causes permanent deformation of the pivot point, then
9 [T %
T/ = 3# ;_p W

_The permissible minimum radius of contact circle for a given safe value of
unit pressure p, may be found thus:

W = ra?p,ora = \/ W [74]

™D,

The resulting friction torque for a weight of moving element W g. borne
on a pivot of contact area large enough to limit the crushing stress to the
value p, is

2 T
T, = 3,11“’ -~ [75]
The friction torque is, under these limitations, proportional to the 33
power of the weight of the moving element and the importance of minimum
weight i3 even more evident.

Quality of design for pivot instruments is frequently expressed in terms
of the ratio of torque of the instrument to the weight of the moving system.
This “mecchanical factor of merit” should, however, in the light of the
foregoing discussion, be expressed as the ratio of the torque at full seale to
the 43 or 34 power of the weight of the moving element in order to indicate
more truly the smallness of the friction torque relative to the developed
torque of the instrument. The 33 value is advoceated.

The order of magnitude of the friction torque of the bearing from Eq. [75]
can be sensed by taking p, as 150 kg. per square millimeter, u as 0.2, and W
as 2 g. These values give a friction torque of about 1/250,000,000 1b-ft.
Unless the additional deflecting torque created by increased current through
the moving clement of the instrument exceeds this value, the pointer will
not shift position. If a sensitivity of one-fourth of a scale division is
demanded, then the full-scale deflection (say 150 divisions) will require a
torque development of about 1/400,000 lb-ft.

A-6. Control of Deflection: Restoring Forces.—Early attempts at
electrical instrument design employed gravity as the restoring force. All
modern instruments employ springs to provide the force against which
deflection takes place. The degree of proportionality of the quantity under
measurement to the deflecting torque which it develops and also the degree
of proportionality of the deflection to the restoring force developed by the
spring will jointly determine the scale law for the instrument. In
permanent-magnet moving-coil instruments the deflecting force can be made
practically linearly proportional to the quantity under mecasurement by
proper shaping of the magnet pole faces and proper proportioning of flux
density to coil ampere-turns. The scale will then be a uniform scale if the
springs which control the deflection develop restoring torque proportional
to their deflection. In electrodynamic instruments (voltmeters and
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ammeters) the torque developed for deflection will be inherently proportional
to the square of the quantity under measurement and a linear spring will
give a ‘“‘squared-law’’ scale. The resulting “compression” of the scale
near the zero end can be obviated somewhat by judicious proportioning of
the relative dimensions and locations of the fixed and moving coils.

The helical spring inherently surpasses the flat spiralled spring in linearity
of its torque-deflection relation but its use would inordinately increase the
depth of the instrument case. The flat spiralled spring is invariably used.
Its behavior during deflection conforms to shat of a beam fixed at one end
and loaded at the free end.

For the eylindrical helical spring the torsion constant is

T EI b’E
Sy T LT (76}
where K = dyne-centimeters per radian of twist.
B = total angular defleetion in radians.

E = coeflicient of elasticity.
L = Length of spring in centimeters.
I = moment of cross-sectional area.

br? .
= 12 for rectangular cross section.

in which & = depth of spring parallel to axis of helix in eentimeters.
z = radial thickness of spring in centimeters.
In the case of the flat spiral spring the continuous variation in radius and
curvature modifies the above result to

_ 2B _ -
(ai + an)y
where a; = inner radius of spiral in centimeters.
a, = outer radius of spiral in centimeters.
v = total angular length of spring in radians.

The action when the deflection of the moving system coils or uncoils the
spring is really one of bending and if no permanent set is to be imparted the
bending stress must be limited.  This is accomplislgd by making its length
several hundred times the radial thickness. For purposes of adequate
conductivity and mechanical stability the depth parallel to the axis must
usually be some twenty times the radial thickness.

A-T. Control of Response.—Thus far there have been mentioned four
factors associated with the behavior of the moving clement when an electrical
quantity is being measured by the instrument: (1) the deflecting torque, (2)
the restoring or controlling torque, (3) mass and inertia of the moving
element, (4) friction. Under the influence of these alone the moving ele-
ment would at first overshoot its final position of rest, then, owing to the
excess restoring torque, swing far below that position, and subsequently
repeat oscillations many times before coming to rest when the friction had
decreased the amplitude of the oscillations to zero. It is evident that a
meter so designed would require an inordinate time to come to rest. It
would be cspecially useless for measuring a constantly varying quantity,
however accurate it might be in indicating the value of a steady auantitv.
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For satisfactory promptness of registration one additional design factor
must be taken into account, viz., (5) adequate damping of the amplitude
of oscillations so as to reduce to a minimum the time for the moving element
to come to rest. The consequent equation of the torques and displacements’
involved in a deflection of the instrument is

Ti=1Ia+ K8+ Do+ Ty
where Ty = deflecting torque in dyne-centimeters.
moment of inertia of moving system in gram-square centimeter.
angular acceleration in radians per second per second.
spring restoring torque in dyne-centimeters per radian.
angular displacement in radians.
damping torque in dyne-centimeters per radian per second.
= angular velocity in radians per second.

T, = friction torque of bearings in dyne-centimeters.

If for the moment all but the first term are ignored, it is to be inferred
that promptness of response will be facilitated by a large initial value of «,
the angular acceleration, This will result if 7 is small with respect to Tq
or if the moving clement is as light in weight as is practicable and the weight
is also distributed in such manner as to provide a radius of gyration as small
as torque considerations will justify. The light clement likewise promotes
low value of friction and high sensitivity. The desideratum is a high ratio
of torque to weight and not necessarily high absolute value of torque.

Now taking the spring controlling or restoring force also into considera-
tion, we have

I

Il

£ Do "R ~
I

Ti =1Ia+ K6

A sudden application of the deflecting torque will set the moving element in
motion, the spring reaction being zero at the outset and increasingly opposing
the deflecting torque as the deflection progresses. When Ko = Ty, the
angular acceleration « will be reduced to zero. Call the deflection at this
point 6;, and then 7y = K6,. Then

Ko, = Ia + K98
Ja + K(6 — 0,) = Ia + K6’ =0

in which ¢ =6 — 6, is ﬁle instantancous deflection ecither side of the mean
deflection, i.e., the point of rest if the oscillation were damped. The motion
is simple harmonic with a periodic time

t=21r\/%

As a matter of fact the motion would be the same with respect to the zero
point of a center-zero scale if the deflecting force were applied and then
removed. In this case the equation would be

I« + K6 =0

in which 4 is the angular value of the initial displacement. The behavior in
either case is represented graphically in Fig. 213.

A constant amount of friction at the bearings would reduce the amplitude
of consecutive swings by a fized amount. The number of swings made before
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coming to rest would be inordinately great for an instrument designed to
have an acceptably high sensitivity and, therefore, low value of friction.
The effect of friction, exaggerated greatly, is represented in Fig. 213.
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A-8. Damping.—It is evident that the slight damping effect of friction
will have to be supplemented in order to render the instrument commercially
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serviceable. This damping is in practice obtained in two ways: (1) fluid
friction, which is independent of the load but is proportional to the speed at
the low velocities encountered in electrical instruments, (2) electromagnetic
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or eddy-current damping, in which the torque is also proportional to the
speed as long as the temperature (and resistance) of the eddy-current disk
and the strength of the magnetic field are kept constant.

Examples of fluid friction damping are (a) a vanc moving in free air, (b) a
vane or piston moving in a box or chamber, (c) a vane moving in a liquid
more or less viscous. The last is employed in graphic meters having
relatively heavy moving elements.  An example of electromagnetic or eddy-
current damping is a metallic (usually aluminum) disk or frame moving
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between the poles of a permanent magnet.  In d-c. voltmeters and ammeters
the frame on which the moving coil is moved provides the closed circuit in
which the damping eddy currents flow. In a-c. instruments the damping
may be obtained by an accessory magnet and disk or by mcans of the vane
in a practically closed chamber. Small clearance between the vane and the
walls of the chamber promotes the reduction to a minimum of the size and
weight of the damping vane which, of course, adds to the weight and inertia
of the moving element.

The effect of air damping on the oscillations of the moving system is to
decrease by a constant fraction the amplitude of successive swings. The
decay is logarithmic as is shown in Fig. 214, the equation for which is a com-
posite of that for undamped simple harmonic motion.

0 = Buux 8iN (Vgt - B)

K
and that for a damped inertialess system 6 = Omax € -7 and can be shown
to be
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From this it is seen that the period of the damped oscillation is greater than
when the damping is removed and is lengthened as the damping torque D
is increased. When D? = 4] K, the periodic time is infinite and the moving
clement glides to its point of rest without overshooting. This condition is

called “critical damping.” It is indicated in Fig. 215.

Consecutive swings of the damped oscillation are reduced in the ratio r,

called the “damping ratio,” which is related to the mechanical constants
of the moving system thus:

in which the periodic time is*

L3

4K 1
r=e o+
Instruments in which the damping ratio is less than 0.5 may be classed as
well damped because cach consecutive oscillation in the same direction will
be reduced to less than onc-quarter (i.e., 0.52) and the pointer comes to rest
fairly rapidly. Zero value of r corresponds to ““dead-beat” behavior of the
pointer or “critical damping.”

* Yor a derivation of these two expressions and a much more compre-
hensive treatment of the whole problem of damping, see Drysdale and
Jolley, “Electrical Measuring Instruments” vol. 1, D. Van Nostrand Com-
pany, 1924,
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A

Abbott, T. A., 268
Ackerman, P., polyphase check, 191
Adjustment, bill, for polyphase
errors, 172
of polyphase meter with trans-
formers, 173
Agnew, P. G., 56
Alexanderson, E. ¥. W., 234
American Institute of Electrical
Engineers, 208
Ammeter, characteristics, 10
with current transformer, 13
Angus kva. meter, 264
Aron, H., 97
ampere-hour meter, 267
Association of Edison Illuminating
Companies, 35, 116

B

Balancing polyphase meter, 170

Bearing pressure, jewel, 327

Blakeslee, H. J., 166

Blathey, G., 104

Blondel theorem, 77, 81

Boys, C. V., 96

Brooks, H. B., 35, 40

Brown, R. 8., polyphase meter
check, 194

Burden, instrument transformers,
21-23

Byllesby, H. M., 96

C
Checking connections, polyphase
meters, 189-202
Code for Electricity Meters, 35, 116

Constants, register, 117, 118
watthour, 117
watt-second, 117
Current transformer, with ammeter,
31
burden, 27, 29, 30, 178
data, 10, 46
bushing type, 44, 178
calibration, absolute, 52
interchanged watthour meters,
55
mutual inductance, 53
relative, 55
resistance, 54
combined with voltage trans-
former, 175
compared with power transformer,
27
compensated, 35, 42
connection errors, 187
correction chart, 45
errors at low range, 31
hinged or split-core, 44
hole type, 43
ideal, 26
inverted, 44
load increase allowance, 177
magnetization, 28, 29
open-circuiting, hazard, 31
paralleled for totalizing, 301
phase angle, 28-31
protecting, by sphere gap, 178
ratio, 27, 28
in reactive metering, 224228
ring type, 43
sccondary leads, 181
Silsbee, test set, 59-62
stress under fault conditions, 178
three-wire type, 43
through type, 43

336
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Current  transformer,
(Brooks), 40-42
with wattmeter, 32

two-stage

D

Damping, critical, 12, 332
of instruments, 10, 326, 329-333

Demand, definition, 281
maximum, significance, 280
Wright, indicator, 295

Demand interval, 281, 292

Demand meters, classified, 282

concordance, 296
splitting peak, 298

integrated-, 282-289
lagged-, 282, 289-292
thermal, 291
Westinghouse ball type, 293

De Mott, S., 96, 98

Diehl, R. P., 96

Disk, dimensions, 112, 115
eddy-path inductance, 137
effect of frequency, 144
shifting ficld, analysis, 123

Diversity factor, defined, 282
in totalizing, 305

E

Edison, Thomas A., 96
chemical meter, 96

Energy, defined, 1

Esterline-Angus telemeter, 314

Evans, R. D., 234

F

Ferranti, S., 96, 97
Forbes, George, 98
Fortescue, C. L., 63, 73, 234
Frequency, effect, on induction
meter, 144
on torque, 126
Friction, compensation, 109, 132
of induction meter, 142
of mercury meter, 114
Full-load adjustment, 107, 111
mercury meter, 116
polyphase meter, 171

ELECTRIC POWER METERING

Fuller, J. B., 96
Fusing voltage transformers, 179

G

Gardiner, Samuel, 95
Grounding, instrument transform:-
ers, 174, 179

H
Holtz, F. C., 40, 131
I

Impulse, totalizing by, 306
Instruments, accuracy, 326
bearings of, 326
characteristics of, 10, 325
damping, 9
deflection, 328
design proportions, 9
effeet of stray fields, 15
indicating, classificd, 325
inertia, 9, 329
losses in, 326
precautions in use, 13
prompt response, 326, 329
sensitivity, 326
springs, 329
weights of moving elements, 9

J
Jewel bearing pressure, 327
K

Karapetoff, V., 277
Kilovolt-ampere-hours  compared
with reactive kilovolt-ampere-
hours, 262
Kilovolt-ampere metering, by recti-
fication, 267
unbalance errors, 270
by vector addition, 271
Kilovolt-ampere  meters,
type, 264
Aron type, 267

Angus
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Kilovolt-ampere meters, classified,
263
Landis and Gyr, 275
Lincoln demand type, 265
overrunning register, 266
Sangamo recording demand, 271
unbalance errors, 270
Westinghouse, ball tvpe, 273
pantograph, 272
Kinnard, I. F., 151
Kouwenhoven, W. B., 185
polyphase meter check, 193

L

Lag coil, 141

Lag plate, 142

Lagging, errors averted, 138
methods of, 141
necessity for, 138
of polyphase meter, 169, 171
principle of action, 139

Landis and Gyr, kvah. meter, 275
summation meter, 308

Leeds and Northrup telemeter, 312,

319

Light-load, adjustment, 110, 111
errors in totalizing, 304
induction meter, 142
mercury meter, 114
polyphase meter, 171

with transformers, 173

Lincoln, P. M., 309
thermal demand meter, 291, 309
thermal recorder telemeter, 321
volt-ampere demand meter, 265

Load factor, defined, 281

Losses, in commutator meters, 112
in indicating instruments, 326
in induction meters, 155

M

Maxim, Hudson, 96, 98
Mercury-type watthour meter, 104,
114
friction compensation, 114
shunted, large capacitv. 116
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Meters, ampere-hour, 100

clock type, 95

Edison, chemical, 96
motor, 100

electricity, early, 95

pendulum, Aron, 97

thermal, Forbes, 98

vapor, Thomson, 99

N

National Electric Light Association,
35, 116

I3

Phantom loading, 159
Phase angle, current transformer,
28-31
climination of, in kva. meter, 267
with polyphase meters, 173
of voltage transformers, 20, 23
of wattmeter, 7
Phase sequence, determination of,
164
indicator, 166
Phase shifter, 161-163
in kva. meter, 264
in power-factor meter, 210
Phasing transformer, for reactive
metering, 219, 246
in Y with three-element meter,
249, 250
Photocell in timing, 157
Polyphase systems, Blondel theo-
rem, 77
A-conncction, 69, 83
evolution of three-phase, 66
four-wire circuits, 87
high-voltage, 174-178
metering combined loads, 89-92
superiority of, 65
unbalanced, 71
various types, 73-75
Y-connection, 68, 82
Polyphase watthour meter, Acker-
man check, 191
adjustments, 169
balance. 170



338

Polyphase watthour meter, Brown
check, 194
connections, classified, 188
errors, 184-188
constants, 168
on high-voltage link, 174
with instrument transformers, 172
opening-the-lines check, 189
terminal arrangements, 188
test, systematic, 170
Woodson check, 194-200
Power, by ammeter and voltmeter, 2
errors of connections, 2
defined, 1
by wattmeter, 3
Power factor, definitions, 207
from kva. meter, 272
low, for testing, 160
measurement, polyphase, 209
meter, polyphase, 210
of polyphase circuits, 208
in polyphase registration, 172
from reactive readings, 230
from two-wattmeter readings, 85,
86
of watthour meters, 1565
wattmeter for low, 6
from wattmeter readings, 87, 212
Printometer, General Electric, 288

R

Reactive compensator, 219
Reactive meter, 215
Reactive metering, accuracy, 232
compared with kva., 262
four-wire, 223
phasing transformer, 219
three-phase, cross-phasing, 218
two-phage, 217
two-and-one-half-element meter,
228
unbalance errors, 244-255
Y-methods, 222
Reactive volt-amperes, 208
Recording meters, 282
Register, 116
constant, 117, 118
ratio, 117

ELECTRIC POWER METERING

Rotating standard (see Test meter,
portable)
S
Sangamo  volt-ampere  demand
meter, 271
Sawyer, W. E., 96
Scheefer, G. A., 104
Selsyn telemeter, 315-317
Shallenberger, Oliver B., 100, 104
Silsbee, F. B., 49, 52, 59
Smith, B. H., 293
Sparkes, H. P., 158
Speed-load relation, 130-132
improved characteristics, 146
Splitting the peak, demand meters,
298
Stokvis, L. G., 234
Stroboscopic calibration, 158
Sutherland, W. F., 277
Symmetrical components, graphical
resolution, 255
history, 233
metering, of currents, 259, 260
of voltages, 257-259
power and energy by, 241
principle, 235
Synchro-tie telemeter, 315-317

T

Telemeter, current type, 311, 312
current-halance type, 311, 312
frequency type, 323
impulse type, 311, 312, 317-319
limiting factors, 311
position type, 315
Selsyn, 315-317
Synchro-tie, 315-317
systems classified, 311
thermal recorder, 321
torque-balance type, 302, 314
with voltage dividers, 319
voltage type, 311, 312

Temperature, effect on induction

meter, 148
errors, Class I, 149, 150
Class 11, 149, 151
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Test meter, portable, 118
timing in calibration, 156
Thermal converter totalizing, 309
Thermal demand meter, 291-293,
309
Thermalloy, 151
Thomson, Elihu, 95, 97, 99
recording wattmeter, 102
vapor meter, 99
Timing in meter calibration, 156
Torque, ampere-hour meter, 102
braking, magnet, 108, 129
series flux, 129-132
voltage flux, 129-132
commutator meter, 197
developed in disk, 12
driving, 125-128
cquilibrium, 330
factors affecting, 126
friction, 109, 130, 131, 327
of indicating instruments, 10,
12, 327
ratio to weight, 12, 113, 155, 328
in totalizing meter, 305
Totalizing, multicoiled meter, 301
multiclement meter, 303
paralleled current transformers,
301
relays and impulses, 306
thermal converter, 309, 322
Transformer, instrument, calibra-
tion, 48
characteristics, ideal, 18
combined current and voltage,
175-177
correction factors, 36-39
current (see Current trans-
former)
for high voltage, 174
~ with polyphase meter, 172
potential (see Voltage trans-
former)
in reactive metering, 251-253
“Trivector” kvah. meter, 275

U

Unbalance errors, in kva. metering,
270
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Unbalance errors, in power meter-

ing, 243
in reactive metering, 244255

Unbalance factor defined, 260

v

Vectors, current transformer, 27,

32, 33, 41
A-connection, 69, 70
Silsbee test set, 61
single-phase, 64
three-phase system, 67-74
two-phase system, 80
two-wattmeter method, 85
voltage transformer, 19, 24, 25
watthour meter, 136
wattmeter, 7
Voltage transformer,
21, 179
calibration, absolute, 49
relative, 51
combined with current trans-
former, 175-177
compared with power transformer,
20
fusing practice, 179
ideal, 18
phase angle, 20, 23, 129
ratio, 18, 22, 179
in reactive metering, 224- 228
regulation, 20, 22
secondary leads, 181
selection, 177
with voltmeter, 24
with wattmeter, 25, 32
Voltage variation, effect on induc-
tion meter, 143
Voltmeter, characteristics of, 10
in power measurement, 2

burden, 10,

w

Wagner, C. F., 234
Warner, R. G., 214
Watthour meter, astatic, 113
braking torque, 129, 130
calibration, stroboscopic, 1568
of transformer by, 5658
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Watthour meter,
135-137, 155
commutator type, 106, 110
constants, 117
design data, d.-c., 112
disk eddy currents, 124
driving torque, 107, 125-128
evolution, steps in, 104
frequency variation, effect of, 144
lagging, 139-142
magnet braking torque, 108
mercury type, d.-c., 103, 114
overload compensation, 146
phase relations, 127
shifting field of, 122, 123
shunted d.-c., 113
speed-load relation, 130-132
stroboscopic calibration, 158
temperature, coefficients, 112, 113
compensation, 150-154

characteristics,

ELECTRIC POWER METERING

Watthour meter, temperature
variation, effect of, 148
tests, 156-163, 170-173
Thomson, d.-¢., 102
three-wire, errors, 78-80
vector relations, 136-138
voltage variation, effect, 143
wave-form, effect, 145
Wattmeter, accuracy of, §
characteristics of, 10
compensated low power-factor, €
effect of inductance, 6
errors of connections, 5
power by, 3
Westinghouse kva. meter, ball type,
273
pantograph type, 272
Weston, Edward, 96
Wilson, M. S, 42
Woodson, W. C., 195
Wright demand indicator, 295












