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PREFACE

The following chapters have primarily been written in an attempt
to aid the Meter Engineer who, equipped with a sound fundamental
knowledge of electrical phenomena, trigonometry, elementary calculus,
and vector summation, wishes to become moie familiar with the
fundamentals of electricity meters and all instruments employed,
directly or indirectly, in their calibratior. .

They have also been written, Lowever, with a view to being of
service to the Engineer or Exprt mentalist who employs electrical
instruments in his investigations, «nd dJesires information as a guide
in the choice of the most suitable apparatus for his particular purpose.

Finally. I should hke to rocord my gratitude to the manufacturers
who have kinaly furnished me with information, blocks, and photo-
graphs of their products; to the I.E.E., for permission to reproduce
diagrams appearing in the Journal; to the C.E.B., for their helpful
reading of the sections upon Summation Metering; and, last but not
least, to Mi. W. Reynolds, for his most valuable and enthusiastic help

in the preparation of the diagrams.
A. E. B. PerriGO
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CHAPTER I

Units and Definitions associated with the
Measurement of Electrical Quantities

1.1. Development of Electrical Units. Betore commencing the
measurement of any electrical quantity, one must first be familiar with
the definitions of the various units mvolved. It is therefore proposed
to devote this chapter to the deitvation and defimtion of the units
used in the study of electrical phenomena. A primary consideration
in the develnpraent of electricai units is the observed effects of electric
currents. These will therefore receive our attention first.

1.2. Effects of an Elcctric Current. The most important effects
»bse1ved when an electric current is flowing are.

(a) Heatsng. A wire carrying current is heated. This property is
aade use of in hot-wire instruments. It is not, however, suitable for

tandardising purposes because of the difficulty of measuring quantities
* heat accurately.

(b) Magnetic. A wire carrying current is surrounded by a magnetic
eld. This property is of very great importance and, as will be seen
iter, most of the instruments described in this book owe their action
» this particular phenomenon of electric current.

(c) Chemical. The passage of an electric current through an electro-
yte is accompanied by a deposition of the substances composing the
‘hemical solution, and the amounts deposited are proportional to the
urrent flowing and the length of time during which the action takes
lace. As the measurement of both time and weight can be performed
ith great accuracy, the chemical effect is very suitable for determining
1d defining a standard of current. In practice, the chemical employed

silver nitrate dissolved in water, and the unit derived is termed the
aternational ampére.

1.3. The International Ampére is that unvarying electric current
vhich, when passed through a solution of silver nitrate in water,
eposits silver at the rate of 0-00111800 gramme per second.

The other unit of current is based upon the magnetic effect and is
ermed the Absolute electro-magnetic unit.

1.4. The Absolute Electro-magnetic Unit & Current is that
arrent which, when flowing in an arc of 1 cm. length and 1 cm. radius,
xerts a force of 1 dyne upon a unit magnetic pole placed at the centre
round which the arc is described. This current is equivalent to 10
Ptematlonal ampéres.

5. Coulomb. The idea of a current, or rate of flow, suggests
wantity of electricity. Quantity of electricity is therefore defined as

1 I



I:1.6 ELECTRICITY SUPPLY METERS

the amount passed when a certain rate of flow is maintained for a
given period. The unit is the Coulomb, which is the quantity of
electricity passing a certain point per second when the current is
I international ampére.

The following units are also of importance in the measurement of
electrical quantities:

1.6. Ohm. The international ohm (i.e. the standard fixed by
international agreement) is defined as ‘“‘the resistance offered to an
unvarying electric current by a column of mercury at the temperature
of melting ice, the column being 144521 grammes in mass, of constant
cross-sectional area, and 106-300 cm. in length.

1.7. Volt. The international volt is that steady e.m.f. which,
applied to the ends of a conductor whose resistance is I international
ohm, causes a current of I international ampére to flow.

The international units are the legal units and, in all practical work,
one adheres to these. Hence, throughout the remainder of this book,
all reference will be to the international units.

1.8. Ampére-hour. The ampeére-hour is the quantity of electricity
passing a point in an electric circuit, when a steady current of 1 ampére
flows for one hour.

1.9. Watt. The practical unit of power is the watt. It is the
power dissipated when a steady current of 1 ampére flows through a
resistance of 1 ohm. As the watt 1s a small.unit for the measurement
of power, a larger unit—the kilowatt—is also used. As its name implies,
a kilowatt is 1,000 watts.

1.10. Watt-hour. If power is supplied to a circuit at the rate of
1 watt for a period of one hour, the total energy supplied is 1 watt-hour.
This unit is too small for supply work and therefore the kilowatt-hour
(kWh) is employed. The latter unit corresponds to 1,000 watts
developed over a period of one hour, and is also known as the Board
of Trade Unit (B.T,U.).

1.11. Electro-motive Force. The practical standards of electro-
motive force are the Weston cadmium cell and the Clark cell. The
former has the value
E,=E, ,—00000406 ( —20) —0-00000095 (t —20) 2+ 0-00000001 (} —20) ®

volts
for any temperature between the limits of 0°C. and 40°C. For the
Clark cell
E,=E;;—0°00119 ({—15) —0-000001 ({—15) 2 volts
for any temperature between the limits of 10°C. and 25°C.

In the above expressions, E, is the e.m.f. at temperature ¢, ¢ is the
temperature in degrees Centigrade, E,, is the e.m.f. of the Weston cell
at 20°C., i.e. 1-0183 volts, and E,; is the e.m.f. of the Clark cell at
15°C. (1 4326 volts).

1.12. Construction of Standard Cells. It is not proposed to

2



UNITS AND DEFINITIONS 1:1.12

describe fully the construction of the Weston and Clark standard cells
in this book, but the interested reader is recommended to consult
Chapter XXVIII of A Text Book of Practical Physics, by Watson, for
full details. As the standard cell plays such an important part, however,
in all work involving the use of the d.c. and a.c. potentiometers, we
will consider certain relevant details.

. Platinum
P/zzt/r(ljum Lea‘d)
eq .
L/ Codmium
Suiphoie

Solution
/

-

Cadmiuvm
Sulphate
Crystals

Y, Mixture of
oo, merany. GRS
Sviphate

Fi1c. 1. —Weston Cadmium Cell.

The Weston cell is the more generally used, its advantages over the
Clark cell being:

(@) A much lower temperature coefficient (less than one-twentieth
that of the Clark cell).

(b) It has a much longer life than the Clark cell; the latter having a
tendency -to crack at the junction of the negative terminal wire.

(¢) In the Clark cell, a layer of gas is formed which tends to interrupt
the circuit. No such layer occurs in the Weston cell.

(d) Temperature variations cause only small hysteresis effects in the
Weston cell, but large effects in the Clark cell.

Both types of cell are formed of mercury, zinc, and cadmium of a
high degree of purity. This quality is essential for a cell required to
give, as far as possible, a permanent unvarying e.m.f.

An illustration of a Weston cadmium cell is given in Fig. 1. The
positive element consists of mercury, and the negative element of
cadmijum amalgam—a solution of 1 part of cadmium in 4 parts of
mercury. A saturated solution of cadmium sulphate forms the electro-
lyte; the cadmium sulphate crystals being added to ensure saturation
of. the solution. The depolariser consists of mercurous sulphate.
This must be exceedingly pure, as any impurities in this chemical
have a much greater effect upon the permanence of the cell e.m.f.

3



I:1.13 ELECTRICITY SUPPLY METERS

than is the case for impurities existing in any of the other chemicals
employed.

1.13. Precautions in the Use of a Standard Cell. Great care
must be taken to ensure that no appreciable current is given by a
standard cell, as the e.m.f. is only constant when the cell is on open
circuit. When a heavy current is taken, the voltage falls, and it is a
matter of time before recovery is complete. During this interval large
errors may occur in any measurements undertaken. In consequence,
standard cells are only employed for null methods of measurement
(such as with the potentiometer) and, in order to protect the cell, a
high resistance should be connected in series with it and this should
only be taken out of circuit when one is nearing the point of balance.

The cells should be stored in a dry place, having a fairly uniform
temperature between about 12°C. and 22°C.

1.14. Ohm’s Law. If any given conductor is kept at constant
temperature, and the potential difference at its ends is compared with
the current flowing through the conductor, there is found to be a
constant relationship between the two. This relationship is called
Ohm’s Law, and may be stated symbolically as

where I is the current in ampéres, E is the potential difference in volts
between the terminals of the conductor, and R is the resistance in ohms

of the conductor.
1.15. Alternating Current. As the above units and definitions

have been derived from steady values of supply (direct current) we
will consider the effect of employing alternating current. Given a

~
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FiG. 2.

supply e.m.f. with a pure sine wave, the wave-form of the current will,
in general, be similar and may be represented by the continuous line
curve of Fig. 2. If this current were passed through a d.c. permanent
magnet moving coil instrument, the inertia of the moving system would
be too great for it to follow the rapid alternations of the current, and
it would register the average value, which is zero. This value is obvious

4



UNITS AND DEFINITIONS I:1.16

from the shape of the curve ¢=1,,,, sin u¢ of Fig. 2. However, we know
that the power expended in producing heat, by a current of ¢+ ampéres
flowing through a resistance of R ohms, is 2R watts, and therefore
the heating effect is independent of the direction in which the current
is flowing. Hence, we may use a hot-wire instrument for the purpose
of comparing the relative heating effects of direct and alternating
currents, and therefrom deduce the relationship which exists between
the two. Assuming the maximum value of the alternating current to
be I ampéres, it will be found that the hot-wire instcument registers
the same deflection for this current as for 1 direct current of 0-707
(i.e. 1/4/2) I ampéres. Frcm this .xperiment. we learn that the effective
value, or virtual value, of the ..ternating current is 1/4/2 of the
maximum value. This etfective value 1s usually termed the root mean
square (r.m.s.) value of the curient siiice it is the square root of the
average value of the square of the current over a complete cycle.

1.16. R.M.S. Value of Alternating Current, by Mathematical
Means. The results of the last paragraph may be quickly and accur-
ately obtained by utilising the calculus. Let the current at any time
¢t be given by

t=1 s, Sin

then the energy dissipated in time dt=172R.d¢.

The total energy dissipated in one complete cycle

2n
a
= [ i*R.d!t
0

where @ = 2r times the frequency in cycles per second.
But ¢ =1,,,sinol. .
Therefore, the total energy dissipated per cycle

2rn

@
= / 1%,.R sin %t.dt
[

2n

-
=J3 R ] $(1--cos 20t).d¢
0

2n
3 @
DRy T 2ty
2 20 0
1%, Rn
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I:1.17 ELECTRICITY SUPPLY METERS

but this energy would be dissipated in the same time by a direct

current I, if
(31}) 2R =] "maclm

(4] w

2
that is, if 12:1._3331

L nae
or / V2
=0707 I oy

Hence, the r.m.s. value of an alternating current is o-707 times its
maximum value.

1.17. Alternating Voltages are likewise measured by their
maximum or their r.m.s. values, and similar reasoning to that of
section 1.16 will show that E, ,, ;. =0707 E 4z

The rated value of a supply voltage is always the r.m.s. value, and
an a.c. voltmeter indicates r.m.s. values only. Thus, if a voltmeter
indicates 200 volts, the voltage is rising and falling between zero and
a maximum value of +2004/2=(282-8) volts.

For power calculations, and for determining the size of cable required
to carry a certain current, one is concerned with r.m.s. values of voltage
and current. On the other hand, for the determination of the thickness
of insulation necessary for a conductor carrying alternating current,
one is concerned with the maximum value of the voltage.

1.18. Power in Direct Current Circuits. In any d.c. circuit, the
expenditure of power is easily determined in any one of the three
following ways, depending upon which two of the three quantities—
voltage, current, and resistance—are known.

(a) If the current and applied voltage are known, then the power
expenditure==EI watts, where E is measured in volts and I in ampéres.

(b) If the resistance of the circuit is known, and also the current
flowing in the circuit, then the power expenditure

=1I2R watts
where R is the resistance in ohms.

(c) If the resistance of the circuit and the applied voltage are known,
then the power expenditure

2
=EJ =E£=II§ watts.

1.19. Power in Alternating Current Circuits. In alternating
current circuits, the above simple relationships do not hold. The values
of the applied voltage and the current flowing in the circuit are con-
tinuously changing. They are, in general, out of phase with one another
and the.power supplied to the circuit is a continuously variable
quantity. In fact, as we shall see later, in all circuits containing

6



UNITS AND DEFINITIONS I:1.21

reactance, the circuit will be returning power to the supply for certain
portions of each cycle. Formulae, therefore, have to be derived which

give the mean power expenditure over a complete cycle.
1.20. A.C. Circuits containing Resistance only. We will first
consider the case of a.c. circuits containing resistance only (Fig. 3).
+

@£ sinwt
max
. (’//'”.i‘;/;/';‘ wt
tH
(@) - (b)

116. 3.-—Circuit cortaining resistance only.

The current will be in phase with the applied voltage and its value

will be given by
=E
R

where E and I are the r.m.s. values of the voltage and current
respectively.

The power dissipated in the circuit=1I2R watts. Therefore, since
I=E|R

I?R=EI
and the power expended is the product of the voltage and current.

1.21. A.C. Circuits containing Resistance and Reactance.
We will now consider the general case of a.c. circuits where there is
reactance as well as resistance. A simple circuit of this nature is
illustrated in Fig. 4, consisting of a resistance of R ohms and an induc-
tance of L henrys. The ammeter 4 will indicate the r.m.s. value of
the current in the circuit, whilst the voltmeter V will indicate the
value of the applied voltage.

The voltage ¥V must be the vector sum of the voltage across the
inductance L and that across the resistance R. Furthermore, the
voltage drop E, across R will be in phase with the current. The voltage
drop E, across the inductance L will be JoL volts, and smce this portlon
of the load is purely inductive, it will lead the orrerh by go°. The
conditions may therefore be represented by the vector diagram of
Fig. 4 (b).

We see from this diagram that the current is lagging the applied
voltage V by angle ¢, and that

wl

¢ =tan-1—R-;
7



1:1.22 ELECTRICITY SUPPLY METERS

The applied voltage is performing two duties:

(@) It is supplying a component E;=—IR to force the current through
the resistance of the circuit. This voltage is in phase with the current
and is known as the ““in-phase” component of the total voltage.

(b) It is supplying a component E,=wLI to overcome the counter
e.m.f. of the inductance. This component is go°® ahead of the current
and is known as the wattless or quadrature component of the total
voltage.

Fic. 4.—Circuit containing resistance and reactance.

One may consider inductance as the electro-magnetic equivalent of
the mechanical phenomenon of inertia. The energy required to create
the magnetic field around the inductance during one-quarter cycle is
completely restored to the supply during the succeeding quarter-cycle
(this is assuming the ideal inductance, which possesses no resistance
and has no iron-losses). Hence, the mean expenditure of energy over
the complete cycle is zero.

The only power dissipated in the circuit is due to the current flowing
through the resistance R. Therefore, the power expended

=1I2R watts
but E,=IR volts
=V cos ¢
and the power expended =I2R=VT cos ¢ watts

where V is the supply voltage.

When a condenser is connected in the circuit, the component of the
voltage required to overcome the counter e.m.f. of the condenser lags
the current by 9o° and is wattless, since the energy associated with
this voltage and the current is alternately taken from and returned to
the supply. As there are no losses, the mean power supply to the
condenser is zero over a complete cycle.

1.22, Power Factor. For the general a.c. circuit, with reactance
as well as resistance, an a.c. voltmeter across the supply would read
V, the r.m.s. value of the applied voltage, and the ammeter connected
in series with the load would indicate I, the r.m.s. value of the current.

8



UNITS AND DEFINITIONS 1:1.22

The product of these readings, V1, is termed the “apparent watts”,
since this is the power which apparently is being expended in the
circuit. We have already seen, however, that the actual power is
VI cos ¢, which is known as the “true watts”.
The ratio of mean power supplied (VI cos ¢) to the product of the
r.m.s. values of the voltage and current is
VI cos ¢
57
= cos ¢
This ratio of true watts : appurent watts is termed the power factor
of the circuit and its value, as v.c:, be seert from the above expression,
is cos ¢; wheie ¢ is the angle of lag or lead of the current relative to
the supply voltage.



CHAPTER II

Absolute and Secondary Measuring Instruments—
Potentiometers

Although the Meter Engineer, for whom this book is primarily
written, is raainly concerned with the measurement of electrical energy,
quantity, etc., he is largely dependent for his accuracy upon instruments
other than integrating meters. Therefore, before we consider integrating
meters, we will concern ourselves with the principles and construction
of instruments designed for the measurement of current, voltage, and
power. These instruments may be divided into two classes, namely,
absolute instruments and secondary instruments.

2.1. Absolute Instruments give the value of the electrical
quantity being measured in terms of the deflection, or setting
required, due to the passage of the current through the instrument,
and the constants of the instrument. No comparison with any
other instrument is necessary, since it does not require initial calibra-
tion.

Two examples of this class of instrument are the Rayleigh Current
Balance and the Tangent Galvanometer, both of which will be described
presently.

2.2. Secondary Instruments depend upon calibration against
either an absolute instrument or another secondary instrument which
has already been calibrated. Until such a calibration has been made,
the deflection of the secondary instrument bears no known relationship
to the electrical quantity being measured.

The secondary instrument is in most general use, as the absolute
instrument is almost entirely confined to the laboratory. How-
ever, we will consider briefly the two absolute instruments already
mentioned.

2.3. The Tangent Galvanometer. A simplified illustration of
this instrument is given in Fig. 5. It consists of a coil in the centre of
which is suspended a very small magnetic needle. The plane of the coil
is adjusted to lie exactly in the magnetic meridian and in the vertical
position. The axis of the needle is horizontal.

Let the radius of the coil be » cm., the number of turns be N,
the horizontal component of the earth’s magnetic field be H gauss,
and the length of the needle 4 cm. Then, when a current of I inter-
national ampéres flows through the coil, the magnet will deflect to
such a position that the respective torques, due to the earth’s field
and the current in the coil, are equal and opposite. Under these
conditions

I0



POTENTIOMETERS 11:2.4

H sin 6=211—1—V cos 6
107

Hence, tan 6=@—-I
10rH

and I, the current (in international ampéres) will be given by
1orH

J=2""7"
2N tan 6

The accuracy of the measureraent depends directly upon the accuracy
in determination of the value of H, and the correci alignment of the
coil. Thus, in general, a separat¢ and very accurate determination of

f s,

.._..,N
N to
- cor/
N
8
N
= R
S 3
N
H Y (b
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I_@_,saé
7%(_
7

N
Fi16. 5.—Tangent Galvanometer.

the value of the earth’s horizontal magnetic field is essential as a prelude
to the above test. Tor further details, the interested reader is recom-
mended to read the article by Kohlbrausch (Phil. Mag., Vol. XXXIX).

2.4. Rayleigh Current Balance. This apparatus, due to Lord
Rayleigh, consists of two fixed coils ‘(similar in construction to a
Helmbholtz coil) with a moving coil suspended between them; all three
coils having a common vertical axis. The moving coil is somewhat
smaller than the fixed coils, and the remote end of its suspension is
fixed to the arm of a balance. A simplified illustration of the arrange-
ment of the coils is given in Fig. 6.

11



11: 24 ELECTRICITY SUPPLY METERS

When such a system of coils is carrying a common current, there
will be a force of attraction or repulsion between the moving coil and
each of the fixed coils, which will be proportional to the square
of the current. As the movable coil is suspended from the arm of a
balance, it is an easy matter to ‘“‘weigh” the force and, from a
knowledge of the constants of the instrument, determine the value of
the current. In consequence, the instrument is sometimes termed a
current ‘“‘weigher”’.

An absolute instrument of this type was employed by Lord Rayleigh
and Mrs. Sidgwick, in 1884, in theit determination of the electro-
chemical equivalent of silver. Since that time, the instrument has

To
Balance Arm

‘ N
Y
Fixed |- Moving

Ceils EEMﬂ Corl
|

Common Ax/s

|
of Coils—j

Fic. 6.—Rayleigh Current Balance.
(Diagrammatic Arrangement)

been developed to a high degree of perfection due to the work of
Ayrton, Mather, and Smith at the National Physical Laboratory,
England, and Dorsey, Miller, and Rosa at the Bureau of Standards,
Washington, U.S.A.

The Rayleigh current balance is not intended to be used as a normal
current-measuring instrument, but as an absolute instrument for
current measurement in special investigations. It has given great
service in the determination of standards, and is considered to be the
most accurate device which has been developed for this purpose.

The advantages of the instrument are:

(a) The constant of the instrument depends principally upon the
ratio of the effective radii of the coils.

(5) The measurements are independent of the local field and its
variations,

(c) There are no torsion constants to be determined.

It has been found that when the distance between the fixed coils
and the movable coil is equal to one-half the radius of the fixed coils,

12



POTENTIOMETERS 11:2.5

slight inaccuracies in the location of the movable coil produce very
small errors in the calculated constant of the instrument.
When the balance is used in the manner described above,

1gk="%
2

where m is the change in weights, corrected for the buoyancy of air,
which is necessary to restore balance to equilibrium upon reversal of
the current in the fixed coils, and g is the acceleration due to gravity.
The factor K depends principally upon the ratio of the radii of the
fixed coils to that of the mvvable 20il and is equal to dm/dx, i.e. the rate
of change of mutual inductance v h respect to axial displacement of
the movable cnil.

2.5. Kelvin (lurrent Balance. Lord Kelvin designed a secondary
current balance, 1 diagramimatic arrangement of which appears in
Fig. 7. It consists of four fixed and two movable coils; the two movable

Hard drawn copper
ligaments -

Ribbon Suspensian
/

-0 O
+ -

F16. 7.—Kelvin Current Balance.
(Diagrammatic Arrangement)

coils being carried on a beam free to rotate in a vertical plane in a
similar manner to the beam of an ordinary chemical balance. The
beam is suspended by means of a collection of hard-drawn copper wires,
this collection forming a flexible conducting ligament; the number of
wires used depending upon the current capacity of the balance. In
manufacture, precautions are taken so that the tension upon each
element of the total ligament is the same. The six coils (Fig. 7) are
connected in series and the current flows in such a direction in each
coil that the movable coil B is attracted by fixed coil 2 and repelled
by fixed coil 4. Likewise, movable coil 4 is attracted by fixed coil 3

13



I1:2.5 ELECTRICITY SUPPLY METERS

and repelled by fixed coil 1. The effect of these forces is to create an
anti-clockwise moment upon the beam carrying the movable coils.
This is balanced by the displacement of small weights which are carried
on a small carriage running along a graduated bar attached to the
beam. In order that the weights shall always be placed in the same
position on the carriage, the latter is fitted with small conical locating
pins which fit into similar shaped recesses in the weights.

The operation of measuring the current is performed in the following
manner. A suitable known weight, for the approximate magnitude of
the current, is placed on the carriage and a counterpoise, equal in
weight to the loaded carriage, is placed in the V-shaped trough attached

4 4

; .
s {

L.

F

F1c. 8.—Kelvin Current Balance—Force Diagram.

to the right-hand arm of the beam. The carriage is then moved to
zero at the left-hand end of the graduated scale, and the clamp is freed.
The carriage is thereupon moved along the graduated bar until a
balance is obtained for the particular current passing through the coils.
Suppose Fig. 8 represents the conditions when balance is obtained.
Then, if the length of the beam is / cm. and, at balance, the distance
of the carriage from zero is @ cm., the total moment in a clockwise
direction due to the weights (say, each of w grammes) will be

(e (-9)

=wd gramme-cm.

At balance, this turning moment must be equal and opposite to that
due to the current, and if we consider the force due to the current to
be applied at the zero points of the bar, the turning moment of the

latter is
FLyF!
2 2
=Fl
which is in an anti-clockwise direction. Furthermore, the force due to
the current is proportional to the square of the current.
14



POTENTIOMETERS 11:2.7
Therefore, K,I%=wd
and, since w and K, are constants,
=K ,4/d ampéres.

The Kelvin balance may also be used for the measurement of
alternating current. Since all coils are in series, the electro-magnetic

Fic 9.—Kelvin Current Balance

fields of the six coils will reverse simultaneously. The turming moment
is therefore always in the same direction.

An instrument of the above type, manufactured by Kelvin, Bottom-
ley and Baird Ltd., is illustrated in Fig. 9. These instruments are
manufactured with ten different ranges, the maximum range obtainable
being 2,500 arnpéres.

2.6. Galvanometers. An instruraent which is employed for the
detection and also measurement of small currents is the galvanometer.
It is used extensively in potentiometer work and has been developed
for usein a.c., as well as d.c., circuits, The most generally used galvano-
meter for d.c. measurements is thaf’of the D’Agronvhl type, whilst for
the a.c. measurements it is modified in order to employ the principle
of electrical and mechanical resonance.

2.7. The D’Arsonval Galvanometer consists essentially of a coil
of many turns of very fine wire suspended between the poles of a
permanent magnet; a cylindrical iron core often being placed inside
the coil in order to keep the magnetic flux in the air gap as large and
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uniform as possible. A simple illustration of such an instrument appears
in Fig. 10.

The air gap between the sides of the coil and the pole faces is made
as small as possible, consistent with the permitting of suitable clearance,
and the pole faces are shaped in such a manner as to ensure a radial
field. The suspension consists of a single strand of very fine phosphor-
bronze wire, whicli also serves as an electrical connection to the coil.

C- Moving cor/
H- Helical spring
I~ Soft iron cylindrical core

s R
-

M- Mirror @
P~ Soft iron pole pieces

. R o, B
S-Ph. bronze suspensron N ¥

N& S - Permanent magnet

()

FI1G. 10.—Arrangement of D’Arsonval Galvanometer.

To the bottom of the coil is fitted a loosely coiled spiral of wire, acting
as the other lead to the coil. The extremities of both the suspension
and the spiral wire are connected one to each of the terminals of the
instrument. A small mirror is attached to the suspension and, when
the instrument is in use, a beam of light from an external lamp is
focused upon it. This beam is reflected by the mirror to an external
scale, and a torsion head is provided upon the galvanometer to permit
of zero adjustment. In the case of short period galvanometers (five
seconds or less) the loosely coiled helix of wire, attached to the bottom
of the moving coil, is often replaced by a phosphor-bronze strip similar
to that of the suspension. This is effected in order to keep the moving
system taut, and it improves the zero-keeping qualities of the instru-
ment, especially if the latter is not seated upon a steady foundation.
The action of the galvanometer is very simple. When a current is
flowing through the coil, the interaction of this current with the
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magnetic field due to the permanent magnet produces a torque. The
coil then rotates until it finally reaches a position of equilibrium such
that this torque is equal and opposite to that due to the torsion of
the suspension; the latter endeavouring to bring the coil back to its
zero position.

2.8. Damping is produced by means of eddy currents induced in
the coil, and also in the metal former upon which the coil is wound,
as they rotate in the magnetic field of the permanent magnet. The
length of time taken for the ccil to reach its position of equilibrium
depends upon the extent of damping and upon the period of a complete
swing when the instrument is on uper. circuit

Deflection

Time
F16. 11.—Response Curves—Damping.

If an instrument is over-damped, it will be sluggish in action and
gradually creep to its final position. This is due to the creation of
comparatively large eddy currents which oppose the motion of the coil.
If under-damped, the coil will swing past its position of equilibrium
on account of its inertia, and will then oscillate around this position
with gradually decreasing amplitudes before finally coming to rest.
In this case, the eddy currents induced in the coil are insufficient to
overcome the inertia of the coil.

In most work it is advantageous to have the instrument critically
damped, that is, swinging to the position of equilibrium, but just not
oscillating at this point.

Fig. 11 illustrates the above three degrees of damping. It can be
seen from these curves that it is advisable to aim for critical damping
since the galvanometer will accurately respond to chapges of current
much more quickly in this condition than witl under-damping or
over-damping. As a consequence, one determines the external resis-
tance necessary to give critical damping and endeavours to keep the
galvanometer circuit at this value during service. Most manufacturers
specify the external resistance necessary for critical damping. It can,
however, easily be determined in a simple manner by giving the
galvanometer a large initial deflection and observing whether or not
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the coil oscillates when it reaches its position of equilibrium. The
external resistance is varied, and the test repeated, until it is found
that the coil just does not oscillate as it comes to rest. If the resistance
is increased, the damping will decrease, and vice versa.

2.9. Periodicity. The periodicity of the galvanometer is the time
taken for it to make one complete oscillation when the coil is on open
circuit. It can be ascertained by timing a number of complete oscilla-
tions whilst the coil is swinging freely. For meter-testing purposes,
1-0-2-0 seconds will be found to be a suitable period.

2.10. Sensitivity. The sensitivity of a galvanometer is usually
defined as the scale deflection produced by one micro-ampére, when
the scale is placed 1 metre from the galvanometer mirror. It is usually
expressed as mm./micro-ampére. Similarly, the voltage sensitivity is
defined as the mm. deflection per micro-volt under the same conditions.

The great advantage of the galvanometer is its high sensitivity,
thereby permitting of a very large deflection for a very small current.

2.11. Vibration Galvanometer. It was suggested by Max Wien,
in 1891, that a very sensitive detector of alternating currents could be
developed if the principle of resonance was followed in the design of
a detector. In other words, if one requires the maximum sensitivity,
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F1G. 12.—Response Curves Vibration
Galvanometer. Cambridge Inst. Co.
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the moving member must be tuned mechanically, so that its natural
period is the same as that of the electro-magnetic forces which cause
its deflection. Thus, the moving member must have a very short
natural period of vibration, and the damping must be small in order
that the resonance curves shall be sharp.

Such a galvanometer has been developed and is termed a vibration
galvanometer. It is of the D’Arsonval type, having a moving coil
suspended between the poles of a very strong magnet. The moving
system carries a small mirror, upon which a beam of light is cast.

18
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When an alternating current, the frequency of which is the same as
the natural frequency of the galvanometer, is flowing through its coil,
the coil and mirror vibrate and a band of light is reflected upon the
scale. Thus, to effect a balance in the circuit, adjustments are made
until the length of the band becomes a minimum,

A great advantage of the instrument is that it is practically insensi-
tive to all frequencies except that band which is very near its natural
frequency. This can be seen from the response curve of Fig. 12, which
demonstrates the sensitivity of the moving coil vibration galvanometer
developed by Campbell and :nannfactured by the Cambridge Instru-
ment Co. Since it is inscnsitive o Larmonies, it is exceedingly useful
in many measurement operations

The instrument is tuned to the required frequency by varying the
tension, and also the length o’ the suspension. A spiral spring is
provided below the moving system for the former adjustment; whilst
the latter is performed by alteration of the position of the bridge
situated above the coil. In practice, a suitably small e.m.f. at the
required frequency is applied to the galvanometer terminals, and the
above adjustments are effected until the band of light seen on the
screen is of maximum length. The adjustment is very critical and must
be made with care.

It should be mentioned that, for 50 cycle per second measurements,
the Cambridge Instrument Co. have developed their Simple Vibration
Galvanometer, which does not require initial tuning.

2.12. The Potentiometer. A potentiometer is an instrument
designed for the comparison of potential differences and utilises the
null method of measurement. It is only used for current measurements
inasmuch as the p.d. developed across a standard resistance, carrying
a current of unknown value is compared with the e.m.f. of a standard
cell; generally of the Weston cadmium type already discussed (section
1.12). Thus, since the value of the standard resistance is known, and
also the voltage drop across its terminals, it is only necessary to apply
Ohm'’s Law (section I.14) in order to determine the value of the current.

2.13. The D.C. Potentiometer. Fig. 13 illustrates the principle
of the potentiometer and gives the circuit in its most elementary form.
The battery B, sends a current through the slide-wire AC, of uniform
cross-section, the value of the current being regulated by adjustment
of the variable resistance R. The battery for test (of the voltage to
be measured) is connected in series with a galvariumeter and key S to
the terminal A of the slide-wire, and also to a sliding contact B along
the slide-wire. The battery B, is connected so that its e.m.f. at AB
is in opposition to that due to the battery B,. This is clearly shown
in the diagram.

Let us consider the resistance per unit length of the slide-wire as
r ohms, and the current flowing through the slide-wire as I ampéres.
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Then the p.d. per unit length of the slide-wire will be I volts, and
that between the points 4 and B will be rId, volts, where d, is the
distance between the points 4 and B. When the switch S is closed,
there will be two p.d.s in opposition in the galvanometer circuit, i.e. the
e.m.f. due to the battery under test and that due to the voltage drop
between the points A and B on the slide-wire; this latter p.d. being due
to the passage of the slide-wire current through the resistance of 4B.

By R
N
! .
) 44
Slide Wire
A \ 8 |¢

d

| B¢ SO—J

F16. 13.—Simple d.c. Potentiometer.

As the position of the sliding contact B is altered, so 4, will change
in value and, when 7/d, is equal in value to the e.m.f. of B;, no current
will flow in the galvanometer circuit, and the galvanometer will have -
zero deflection. It therefore follows that, at balance,

E,=Ird, volts.

If the battery under test is replaced by a second battery B,, the
e.m.f. of which is known, and the sliding contact is again adjusted
until zero deflection of the galvanometer is obtained for the same
current in the slide-wire circuit, it follows that

E,=Ird, volts,
where d,, is the new distance between 4 and B.
E, a4

Thus, -E-; =Z
d

or E,=E,2‘—

from which expression the value of E, can be determined.
20
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In this elementary form of potentiometer, a scale is fitted along the
slide-wire and the distance between the points 4 and B can be read
off directly in cm.; the ratio d,:d, being that of the two e.m.fs
subjected to comparison.

It is essential that the supply battery B, shall be of ample capacity,
so that the current in the slide-wire circuit will remain constant
throughout the test. During the initial adjustment of the sliding
contact, a resistance of high value should be placed in series with the
galvanometer in order to limit thc current to a value which will not
damage the instrument. As the ze-o point is approached, the resistance
should be taken out of the galvanometer circuit, thereby providing
full sensitivitv for the final adji siment. The resistance also fulfils the
important fuuction of protecting the standard cell which should not,
under any circumstiances, be permitted to give appreciable current.

2.14. Croinpton Potentiometer. The simple slide-wire form of
potentiometer was first modified by Crompton, in the manner illus-
trated in Fig. 14. The graduated slide-wire AC is connected in series
with fourteen or more coils; the resistance of each coil being exactly
equal to that of the slide-wire (10 ohms). When the potentiometer is
standardised, there is o-1 volt drop across each of the coils and also
across the slide-wire. The two moving contacts C, and C, make contact
with the slide-wire and the resistance coil studs respectively. The
e.m.f. of the supply battery is 2 volts. The variable resistances R,
and R, are for adjustment of the current; the former giving course
adjustment whilst the latter gives a continuous fine adjustment by
means of a slide-wire.

The galvanometer G is connected in series with the switch S and a
multiple circuit switch, the latter being provided to facilitate the
selection of either the standard cell, or the e.m.f. to be measured, for
connection into the galvanometer circuit. It is very important that
the e.m.f. to be measured is connected with care. Otherwise, there
is a possibility of damage to the apparatus due to the connecting of
wrong polarities.

The method of standardising the instrument is as follows:

A standard cell, usually of the Weston cadmium type, is connected
to the terminals SC. For reasons already mentioned, the galvanometer
and cell are connected in series with a high value resistance. The
setting of contacts C, and Cy depends upon the voltage of the standard
cell employed. In the case of the Weston cadmium cell, contact C, is
set at stud 10 and C,; at 0-0183 on the slide-wire, since the voltage
of the cell is 1°0183 volts. The current in the main battery circuit is
then adjusted, by means of R; and R,, until the galvanometer has
zero deflection at full sensitivity, i.e. with the series protective resistance
out of circuit.

The resistances R, and R, are thereafter kept at this value and the
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selector switch is rotated to the contacts to which the voltage for
measurement is connected. The galvanometer is again initially ren-
dered insensitive and C, and C, are readjusted until, finally, there is
no deflection of the galvanometer at maximum sensitivity. The sum-
mation of the readings C, and C, will now give the value of the voltage
being measured, since the potentiometer current has already been
standardised with the standard cell.

R, R
" A
RAd v
/0 0Am
‘:/COi/s
)
/00hms. ;{///’,‘?;e
A C; C
E:l s
/ / A‘/‘W @
e.m.F. to be
measyred

Fi16. 14.~Circuit of Crompton Potentiometer.

In the case of current measurement, the reading of C, and C, will
give the value of the p.d. developed across the standard resistance,
due to the passage of the current being measured. It is therefore a
simple matter, since the value of the standard resistance is known, to
calculate the value of the current. This will be

GitCy
R

where R is the value of the standard resistance, and C, and C, are
the potential values which correspond to the positions of C, and C,.
It is advisable to choose a value of R so that the p.d. developed: will
result in a convenient reading for C, and C,.

2.15. Tinsley Vernier Potentiometer. Fig. 15 illustrates another
form of d.c. potentiometer. This instrument, manufactured by H.
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Tinsley & Co. Ltd., possesses two ranges; the normal range being
from 1:90100 volts down to 0-00001 volt and the lower range from
0°190100 volt down to 1 micro-volt. There are three measuring dials.
The left-hand dial covers 1-8 volts in steps of 0:1 volt, the middle dial
covers 0-I volt in steps of 0-00I volt, and the right-hand dial gives
0001 volt in 100 equal steps. No slide-wire is provided in this instru-
ment since the smallest steps are sufficiently fine to be considered
continuously variable for most purposes.

2 Volt Coar se Unknown
Battery .?heoétcrr Pne at potentiol L
Reducing | X1 xe r (G""”c”’”‘“’%g
Ratio g Galvanometer i
1 Resistance

20d.Djal
(Vernier)

Fic. 15.—Circuit Arrangement of Tinsley Vernier Potentiometer.

The resistances of the middle dial shunt two coils of the first dial;
the moving arm of the latter carrying two contacts spaced two studs
apart. It thus employs the principle of the Varley slide, the purpose
of which is as follows. The first dial possesses nineteen coils, each of
5 ohms giving a p.d. of o1 volt with a current of 20 milliampeéres. The
coil of the second dial, as previously stated, shunts two coils of the
first dial, and has a total resistance equal to that of the two shunted
coils, i.e. 10 ohms. This coil is equally divided into 100 sections.
Therefore, the effective resistance of the parallel circuit is equal to that
of one coil of the first dial, and the p.d. across each section of the
middle dial coil is 1/100th that across each coil of the first dial. In
consequence, it is equivalent to dividing each of the first dial coils into
100 sections.

The Varley slide method necessitates the employment of exception-
ally good contacts on both brushes but, providing this is so, it is a
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very convenient method of extending the scale of a potentiometer.
Small zero errors, however, are very liable to exist in such an arrange-
ment.

The simplified circuit diagram of Fig. 16 illustrates how the third
dial operates. One step of this resistance is in series with resistance B
across the main dial, whilst the remaining 100 steps are in parallel
with resistance 4. The values of A and B are such as to give the
necessary p.d. across each division of the third dial when the potentio-
meter has been standardised. On the normal range this value, as

18Steps (First Dial)

100 Steps.
(Second D/a/)}‘

/Step /00 Steps + ve
Golvo. -ve  |Tmrd Dial (101 Steps)
Unknown
MWW~ AD.

F16. 16.—Simplified Arrangement—Tinsley Vernier Potentiometer.

previously stated, is 0-00001 volt. The advantage of this arrangement
is that a small negative setting of 0-00001 volt is provided and also,
since the o stud of the first dial would not be at exactly the same
potential as the o stud of the second dial, it provides a ready means
of compensation for this difference; making it possible to attain a
perfect zero potential for zero setting of the potentiometer.

The total resistance of this instrument is approximately 100 ohms,
and it is provided with a four-position selector switch for the selection of
either the standard cell or any one of three p.d.s to be measured.

The potentiometer has an independent standardising circuit, and it
is only necessary to set the selector switch to standard cell, set the
standard cell dial to the appropriate value at the ambient temperature
(20 steps of 0:00005 volt each) and adjust the current until balance
is obtained. The lower range of the potentiometer is obtained by
moving the plug in the contact recesses, marked ‘‘reducing ratio”, from
the position “X by 1" to “X by o-1”. This operation shunts the
working portion of the potentiometer with a resistance of one-ninth its
value; thus making the resistance of the working portion virtually

24



POTENTIOMETERS 11:2.17

one-tenth its previous value. In order to keep the total resistance
constant in the current circuit, and therefore the total current at a
constant value, a resistance of nine-tenths that of the normal working
resistance of the potentiometer is connected in series with the parallel
circuit. Consequently, as the current is of the same value as it was for
the “X by 1" setting of the potentiometer, and the resistance of the
working portion of the potentiometer is one-tenth its previous value,
the total volt drop across the coils will be one-tenth its normal value.

2.16. Cambridge Meter Testing Potentiometer. The Cam-
bridge Instrument Co. has developed a petentiometer specially for
meter-testing purposes. It is robn-t and capable of withstanding rough
usage without its accuracy beiig endangercd. On the normal range,
steps of 0-1 volt are given upon an engraved switch, and lower values
of voltage are covered by a large disc, graduated in millivolts, which
carries a rollisg centact over a circular wire. Each millivolt graduation
is subdivided into five divisions. The potentiometer current is supplied
by a 2-volt accumulator and, at any time during a test, it is possible
to check or readjust the standardisation of the potentiometer without
disturbing the main dial settings. The normal range of the instrument
is 0 to 1-8 volts and a rotary switch is provided to give one-tenth of
this range. Compensation for temperature (between 10°C. and 30°C.)
of the standard cell can be effected by means of a calibrated slide-wire
provided for this purpose.

2.17. The A.C. Potentiometer. This instrument operates by
means of the same principle as the d.c. potentiometer. The only
difference is that, as the former must take into account the relative
phase as well as magnitude of the alternating voltage, it must have
an arrangement whereby the p.d. in the slide-wire circuit can be altered
in phase relative to that of the p.d. being measured. It is therefore
necessary to modify the d.c. potentiometer if it is to be suitable for
alternating current measurements. In consequence, the operation of
the a.c. potentiometer must of necessity be more complicated.

It is essential that the frequency and wave-form of the current in
the slide-wire circuit of the potentiometer be exactly the same as that
of the voltage to be measured. Hence, it is advisable to take the
supply for the potentiometer from the same source of supply as the
voltage to be measured.

There are two general classes of the a.c. poteutiok eter, and they
differ in the method by which the unknown voltage is measured.
They are:

(a) Those which measure the magnitude and phase angle ot the
unknown voltage, indicating them in polar form.

(5) Those which measure the rectangular co-ordinates of the voltage
(i.e. the “in-phase” and the 9o° out-of-phase components), thus
indicating them in cartesian form.
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2.18. Drysdale-Tinsley A.C. Potentiometer. This instrument
belongs to class (2) and consists of an ordinary potentiometer (the
coils, however, being non-inductively wound), a Drysdale phase-shifting
transformer, and a precision type electro-dynamometer ammeter. The
D’Arsonval galvanometer is replaced by a vibration galvanometer
(section 2.11).

2.19. Drysdale Phase-shifting Transformer. This phase-
shifting transformer cousists of a ring-shaped stator wound with either
a two-phase or three-phase winding. A wound rotor is located in the

Stotor Winding

Phose [
70
Wire
circuit of
Potentiometer
r r—-—,.
Stalor Winding
— Phose 2
C -
\ l Load 7o
= Potentiometer
soeen| [ For
7 > measyrement
Stondord
Resistance

F1c. 17.—Circuit Arrangement—Drysdale Phase-
shifter, Single-phase.

stator; only a small air gap being provided. When current flows in
the stator windings, a rotating field is produced, thereby inducing an
e.m.f. in the rotor winding. Thus, the stator winding is the primary
and the rotor winding the secondary of the transformer. In addition,
the rotor can be adjusted at will through any required angle, the phase
displacement of the secondary e.m.f. being equal to the angle through
which the rotor has been moved from its zero position. A scale and
pointer are provided on top of the instrument to indicate the angle
through which the rotor has travelled from its zero position; the scale
being graduated in degrees and cosines of the angles.

The phase-shifter may be employed from a single-phase supply by
means of a phase-splitting device, consisting of a resistance and
variable condenser, arranged as shown in Fig. 17. It is then only
necessary to have two separate pairs of windings on the stator, set 9o
geometrical degrees apart, instead of the three windings required for
the three-phase instrument. One pair of windings is fed directly from
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the supply, at the phase of the supply voltage, whilst the other pair is
connected in series with the resistance and variable condenser, the
p.d. at the terminals of the winding thereby being displaced by go°
from that of the supply voltage. Correct phase-splitting is attained
by adjusting the values of the resistance R and the condenser C until
the magnitude of the e.m.f. induced in the rotor winding is constant,
irrespective of the angular position of the rotor from zero. When a
three-phase supply is available, it is usual to employ three-phase
windings for both stator and rotor, thereby dispensing with the

Fic. 18.—Drysdale Phase-shifter—
Three-phase.

necessity of a phase-splitting device. The connections of such an
instrument are illustrated diagrammatically in Fig. 18.

Now, consider the two coils in the diagram of Fig. 17. Let the stator
winding of phase 1 be energised by a current of value I sin w?, at any
time ¢, and the stator winding of phase 2 by a similar current, but 9o°
out of phase with the former, i.e. of value I cosw?. Then the rectangular
components of the resultant field at the centre are

x=H sin wt
y=H cos wt
The resultant field R =+/x%{y?
H+/sin? wt4-cos? wi
H
which is constant, and equal to the maximum field at the centre due
to each individual coil.
27
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At any instant, the tangent of the inclination of this resultant to
the vertical axis is x/y.

Therefore, tan y=-=—— =tan o

Hence, y=aut.

Therefore, the resultant field at the centre is of constant magnitude
and rotates with coustant angular velocity. Also, since the flux

StatorQ O Phose !

Compensating\_
Winding

F16. 19.—Drysdale Phase-shifter—Schematic Arrangement.

threading the rotor winding is proportional to cos (wt—6) and the
induced e.m.f. to sin (w/—6) the time-phase displacement is equal to
the actual displacement of the rotor winding from its zero position.
In other words, providing the currents in the two stator windings are
exactly 9o° apart, and of the same amplitude, the phase angle of the
exm.f. induced in the rotor winding will correspond to the angular
displacement of the rotor from its zero position, whilst the magnitude
of the e.m.f. will remain constant for every position of the rotor.

The actual instrument, for use with a single-phase supply, consists
of a laminated stalloy stator with 48 slots; the windings of the two
phases being as shown diagrammatically in Fig. 19. The number of
turns in each slot is graded according to a sine law (i.e. in a slot 6° from
the zero position the number of turns will be N sin 6, where N is the
maximum allowable turns per slot). The object of this is to produce
a practically uniform field in the portion surrounded by the stator.
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Since the windings are displaced by 90°, both geometrically and electri-
cally, the stator will be influenced by two uniform fields in time and
space quadrature, in the manner already described. The rotor is of
such dimensions as to give only a small air gap between its periphery
and the stator, and it has 36 slots which are almost totally enclosed.
Two windings, also graduated according to a sine law, are symmetri-
cally distributed over the rotor, but at right angles to one another, as
indicated in the winding diagram. Only one of these windings is
connected to the potentiometer circuit; the other being connected to
a coil of equal resistance and reaciance to that of the potentiometer
circuit. The purpose of this second winding i> to compensate, in every
position, for rotor reaction. Gool onstancy of voltage and accuracy
of phase angle can, however, be attained without this compensating
circuit by careful adjustment of the phase-splitter already described.
To ensure a siwoth variation, it is usually necessary to incline the
slots tu the verticai.

The rotor is mounted in parallel bearings concentric with the stator,
and its motion is controlled by means of a handle and worm gear.
The dial, which is on top of the instrument, has one-half graduated
in degrees and the other half with a corresponding cosine scale. Four
pointers, at right angles, are provided with the scale to facilitate rapid
conversion from polar to cartesian form, without reference to trigono-
metrical tables. An index pointer is also provided to indicate the
magnetic axis of the rotor.

The electro-dynamometer ammeter is necessary for the accurate
measurement of the potentiometer current, and is chosen for this
purpose on account of its indicating accurately for both alternating and
direct current. It is of the torsion-head type described in section 4.12.

2.20. Circuit of Drysdale-Tinsley A.C. Potentiometer. A
simplified diagram of connections of the Drysdale-Tinsley potentio-
meter is given in Fig. 20. It can be seen from this diagram that the
potentiometer incorporates the Varley device (section 2.15). A vibra-
tion galvanometer replaces the D’Arsonval galvanometer when the
potentiometer is connected to the a.c. supply. R, and R, are the shunt
and series resistances respectively, and when these are brought into
circuit, the potentiometer has one-tenth its normal range. This
arrangement has already been described (section 2.15) in connection
with the Tinsley Vernier d.c. potentiometer. The stattr terminals of
the phase-shifter are connected to the supply, via a phase-splitting
device if only a single-phase supply is available, and the leads so
indicated on the diagram go from the rotor terminals of the phase-
shifter to the working portion of the potentiometer circuit. Usually, the
potentiometer is connected to the supply via an isolating transformer.

The potentiometer is standardised with a d.c. supply and a standard
cell (see section 2.15), the galvanometer switch S; being located so as
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to bring the D’Arsonval galvanometer into circuit in place of the
vibration galvanometer. The standardising current, indicated by the
electro-dynamometer ammeter, is carefully noted.

Switch S, is now changed over to the alternating current supply
and, by means of switch S;, the D’Arsonval galvanometer is replaced
by the vibration galvanometer. The stator windings of the phase-
shifter are now adjusted to exact quadrature and the resistance R,
varied until the electro-dynamometer ammeter indicates the same
alternating current value as that noted during the d.c. standardisation

Third
Drysdale Phase -shifter e!’arl
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R Ga/vo. Seri
D'Arsonval L go.{:a Serves
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~ 33
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F1G. 20.—Circuit Diagram—Drysdale-Tinsley a.c. Potentiometer.

of the potentiometer. Balance against the p.d. being measured is
obtained by successive adjustment of the potentiometer knobs and the
phase-shifter until, at maximum sensitivity, the vibration galvano-
meter gives minimum deflection. The phase angle of the voltage being
measured (relative to the supply voltage) will then be indicated by a
pointer upon the calibrated scale of the phase-shifter; whilst the magni-
tude may be read directly from the setting of the potentiometer dials.

Where the voltage to be measured is that due to a current passing
through a standard resistance, the magnitude of the current is—as in
the d.c. case—the potentiometer reading divided by the value of the
resistance, and the reading on the scale of the phase-shifter gives the
phase angle of the current relative to the supply voltage. Since the
cosine of the phase angle gives the power factor of the load, the power
dissipated in the circuit is equal to the product of the supply voltage,
current, and cos ¢, where ¢ is the indication on the scale of the phase-
shifter. It is assumed, of course, that the phase-shifter is energised by
the supply voltage responsible for the current being measured.
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In order to maintain the sensitivity of the potentiometer, it is
essential that the frequency of the supply be kept constant. This is
because the vibration galvanometer is a tuned instrument with a highly
selective response curve, i.e. it only responds freely to currents of one
particular frequency. If the vibration galvanometer is tuned to the
fundamental frequency of the circuit, it will only indicate a balance
when the fundamentals, and not the r.m.s. values, of the p.d.s are of
the same magnitude. If the wave-form is very bad, the galvano-
meter may vibrate at some other than its natural frequency, thus
making it impossible to obtainr an exact Lalance In consequence,
good wave-forms are necessary for the successtul operation of the a.c.
potentiometer.

2.21. Carapbeli-Larsen A.C. Potentiometer. This belongs to
the second class of a.c. potent.ometers, in which the in-phase and
quadrature ccrnponents of the voltage are measured. It was developed
by Campbell, and is a modification of the Larsen potentiometer. The
latter potentiometer had the disadvantage of not giving a direct reading
of the quadrature component of the voltage being measured. The

Isolating Standard Mutua/
Tronsformer /ndyctometer

su%g'/ygléw B

. Is
Vibroting
Galve

70 Vo/tage

being measured Shae Wire

Fig. 21.—Circuit Diagram—Campbell-

Larsen Potentiometer.
reason for this is that the e.m.f. induced in the secondary of a mutual
inductometer (which Larsen employed for balance of the quadrature
component of the voltage) is proportional to wM I, where a is 2x times
the frequency, M is the mutual inductance, and I is the primary
current. As I was of constant value in Larsen’s pofentiometer, the
induced voltage, for any given value of M, was directly proportional
to the frequency.

Campbell improved the instrument by an ingenious arrangement
which makes I inversely proportional to the frequency. Thus, the
mutual inductometer can be directly calibrated in volts, corresponding
to the e.m.f. induced in the secondary winding of the mutual inducto-
meter. Campbell incorporated a variable loop shunt, graduated in
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cycles per second, in the resistance portion of the pofentiomet:
A simplified circuit of the modified potentiometer is illustrated
Fig. 21.

When a current I passes through the primary winding of the mutu
inductometer, part of the current passes through the working portic
of the potentiometer. Let this be denoted by I,. If the resistanc
between the movable contacts AB is P, and that round the pat
BCDA is Q, it follows that

1, 1P

- f;o
therefore, = (-E;Q).I s

Now, P+4Q is constant, and if we make I, constant, the value of 7
is inversely proportional to P. Thus, if we make the value of P directly

-~
+
Vg ) i .Vm
In Phase FMF i V:’ +
W
©
I8

Fic. 22.—Vector Diagram—
Cartesian type a.c. Potentio-
meter.

proportional to the frequency, I will be inversely proportional to the
frequency and the induced voltage will be proportional to M, the
mutual inductance.

Hence, E,=KM

where E, is the induced secondary voltage of the mutual inductometer
and K is a constant.

In the actual instrument, P is adjusted by means of a dial, calibrated
directly in terms of the frequency.

The instrument is initially standardised with direct current in the
same manner as described for the Drysdale-Tinsley a.c. potentiometer.
The dial of P is then set to correspond to the frequency of the voltage
to be measured, and the current in the working portion of the potentio-
meter is adjusted until the ammeter 4 indicates the value found to be
correct during the d.c. standardisation of the potentiometer.

The voltage to be measured is now switched into the vibration
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igalvanometer circuit, the galvanometer initially being rendered very
insensitive. The movable contacts on the slide-wire circuit and the
mutual inductometer are then adjusted by successive approximation
until balance is obtained, i.e. until at maximum sensitivity the deflection
of the vibration galvanometer is a minimum.

If V, is the voltage of the in-phase component, and ¥V, is that of the
quadrature component (Fig. 22), then

V=V V34Vt

V.
== -1 —-a
and ¢=tan 7,

where V, is the magnitnde of tte voltage being measured and ¢ is
the phase angle of tlus voltage relative to the potentiometer supply
voltage.

The same 1: marks apply to the measurement of current with this
potentiometer as applied to the Drysdale-Tinsley a.c. potentiometer.

2.22. The Gall-Tinsley A.C. Potentiometer. This instrument,
which was developed by D. C. Gall and is manufactured by H. Tinsley
and Co. Ltd., measures the in-phase and quadrature components of
the voltage. This is effected by means of two potentiometers, one of
which is termed the “in-phase” potentiometer, and the other the
“quadrature’ potentiometer.

A simplified diagram of the potentiometer circuit is given in Fig. 23.
The transformers T, and T, are for the purpose of isolating the
potentiometers from the line potential and also for stepping down the
voltage to 6 volts. The resistance R; and condenser C are for phase-
splitting, and quadrature is obtained by their variation. Alternatively,
one may feed the transformers from a two-phase alternator.

VG is, as the letters imply, a vibration galvanometer, and 4 is a
reflecting electro-dynamometer ammeter. The vibration galvanometer
is tuned to resonance at the supply frequency. S, is a switch for the
galvanometer circuit. Sy and S, are switches for reversal, if necessary,
of the e.m.f. under measurement to the working portions of the
respective potentiometers. They may be operated individually. R, and
R, are variable resistances for adjustment of the magnitude of the
currents in the in-phase and quadrature potentiometers respectively.
S, is a selector switch for connection of the voltage to be measured to
the potentiometer ¢ircuits, or for comparison of the twy potentiometer
currents during quadrature adjustment. For thi§ latter purpose, the
mutual inductance M is brought into circuit.

The operation of the potentiometer is as follows:

The in-phase potentiometer is first standardised with direct current
against a standard cell, in the manner already described, and the value
of current required for this purpose is carefully noted. This is indicated
by the electro-dynamometer ammeter, which is of the torsion-head
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type described in section 4.12. During standardisation, the torsion-
head is rotated until there is zero deflection for the correct in-phase
potentiometer current. Throughout all subsequent operations the
torsion-head is not moved.

The potentiometer is now connected to the a.c. supply and resistance
R, is adjusted until the electro-dynamometer ammeter again registers

Vortage to be
measured
0

~ o
Supply

F16. 23.—Gall-Tinsley a.c. Potentiometer.

zero deflection, i.e. until the torque due to the current is equal to that
due to the torsion-head. The selector switch S, is now rotated into
the test position illustrated in Fig. 23, thus bringing the mutual
inductance M in series with the vibration galvanometer circuit; the
entire circuit receiving a p.d. from the points @ and b of the in-phase
potentiometer. Now, if a current of r.m.s. value I ampéres passes
through the working portion of the quadrature potentiometer, it follows
that the induced voltage in the secondary of the mutual inductance
will be wMI, where M is the value of the mutual inductance in henrys.
Therefore, if the standard value of the current in each of the potentio
meter circuits is 50 milliamperes (as is the case in the actual instrument
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?he induced voltage in the secondary of the mutual inductance will be
E,=uMI volts.

At 50 cycles per second, this will be
27m.50.50.10~3M
5tM volts.

Thus, if we adjust the contacts a and b so that there is a p.d. of
1 volt between them, the inducted voltage in the secondary winding
of the mutual inductance will be exactlv equal and opposite when the
following conditions are «.bserved

éa) The induced voltage in th:* .2condary of the mutual inductance
isxactly 18¢° out of phase with the p.d. between the points 4 and b
of the in-phase potentiometer.

As the e.m.f. in the secondary winding of the mutual inductance
lags the primary current by ¢o” (assuming no losses in the mutual
inductance), this will only occur when the current in the quadrature
potentiometer is exactly 9o° out of phase with that of the in-phase
potentiorueter. That is, when the two potentiometer currents are in
exact quadrature.

(b) The magnitude of the induced e.m.f. in the secondary winding
of the mutual inductance must be equal to the p.d. across the points
a and b of the in-phase potentiometer. Therefore, for the e.m.f. induced
in the secondary winding of the mutual inductance to be, say, 1 volt
when a current of 50 milliampéres is passing through the primary
winding and the quadrature potentiometer,

wMs50.1073=1.
At 50 cycles per second, 5tM =1
and M =0-0636 henry.

In the actual instrument, M is constant at 0-0318 henry and the
value of E ,, the induced voltage in the secondary winding of the mutual
inductance, is

E,=2nfMI
=2nf0-0318 X 50.10~2 volts
=f/100 volts,

where f is the frequency in cycles per second.

Hence, for adjustment of the quadrature poteng‘ometer, the p.d.
between the points @ and b of the in-phase potentiometer is set at
f/100 volts. At 50 cycles per second this will be 05 volt.

To standardise the quadrature potentiometer, after the points @ and

have been set for the correct p.d., successive adjustments of the
condenser C and the resistance Ry are made until, at full sensitivity,
the deflection of the vibration galvanometer is a minimum. If the
frequency is not determinable with sufficient accuracy, it will be
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necessary to install a second electro-dynamometer ammeter in the
quadrature potentiometer circuit.

When the above adjustments have been made, the voltage to be
measured is connected in circuit by means of the selector switch (which
simultaneously opens the circuit of the mutual inductance secondary
winding). This ronnects the tappings from the potentiometer circuits,
the voltage to be measured, and the vibration galvanometer, in series.
Balance is obtained by successive adjustment of the contacts ab and
¢d, and reversal of either or both S, and S,, if this is found to be
necessary. The settings of the contacts ab and cd, together with the
positions of their respective reversing switches, give the magnitude and
direction of the in-phase and quadrature components of the voltage.

If the setting of the in-phase potentiometer is found to be V;, and
that of the quadrature potentiometer V,, as represented in the vector
diagram of Fig. 22, the magnitude V,,, of the voltage being measured,
is given by v, =\ VIiTT
and the phase angle of this voltage, with respect to the potentiometer
supply voltage, is given by

p—tan-1 19
= 7

If these are both positive, as indicated in Fig. 22, the voltage under
measurement will lead the potentiometer supply voltage by the angle ¢.

2.23. Calibration of Ammeters with Potentiometer. In the
case of the calibration of an ammeter, the instrument is connected in
series with a standard resistance of such a value that when the calibra-
tion current is flowing a p.d. of the order of 1 volt is developed across
its terminals. The potentiometer, after standardisation, is set at the
p-d. which would be developed across the standard resistance for the
exact value of calibration current. The p.d. across the standard
resistance is then applied to the potentiometer circuit in the normal
manner and the calibration current is varied until balance is obtained.
The deflection of the ammeter is noted and the percentage error will
be given by Li— _!x o

I
where I is the calibration current and I, is the indication of the
ammeter.

Alternatively, the calibration current may be set at an approximate
value and the p.d. developed across the standard resistance measured
by means of the potentiometer. When the potentiometer is balanced
the current in the standard resistance and ammeter circuit will be
given by ! E

= —R-’
36



POTENTIOMETERS I1:2.24

where E,, is the potentiometer setting and R is the value of the standard
resistance.

When calibrating an ammeter throughout its range, it is advisable
to change the value of the standard resistance at suitable stages during
the test, in order to retain a convenient setting of the potentiometer.

2.24. Calibration of Voltmeters with Potentiometer. It has
already been seen that the potentiometer is only suitable for the direct
measurement of voltages between the limits of o and 2 volts. For
greater values of voltage, a voltage rat:o hox must be employed in
conjunction with the potentiometer. [he principle of the ratio box

-
R
2
7 a
RS8R Test Voltage
8 R Vs Y
U ey R
S ] 7 l
S d% %
3 c
I

Fic 24 —Voltage Ratio Box.

can be seen from the simple diagram of Fig. 24, illustrating the internal
connections of such a piece of apparatus. We will assume that the
voltage of the supply is V,. Then the current flowing through the

circuit abcd will be given by
Vv

=_2
8R
where 8R is the total resistance across the test voltage.

Now, if this resistance consists of eight portions, each of value R,
the voltage drop across each portion R will be

V,=i,R
_V,R
<8R

vV,

)

From this it follows that any value of voltage between zero and the
full supply voltage may be tapped off a voltage ratio box, or potential
divider, providing a tapping is made such that the ratio of the resistance
tapped off, to the total resistance across the supply, bears the same
ratio relationship as does the required voltage to the supply voltage.
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During the calibration of a voltmeter, a volt box, or potential
divider, is connected across its terminals and the ratio adjusted until
there is a p.d. of the order of 1 volt applied to the potentiometer, for the
particular calibration voltage supplied to the voltmeter terminals.

If, after balance of the potentiometer is obtained, E, is the potentio-
meter setting, V, the voltmeter reading, and r, the ratio of the
potential divider, the error of the voltmeter will be

V,—rE,

V,—7,E k
=( —'—~—iﬁ.mo) per cent.

By choosing suitable ranges of the voltage ratio bux, and various
settings of the potentiometer, it is possible to calibrate the voltmeter
throughout its range for any required number of readings.

2.25. Calibration of Wattmeters with Potentiometer. A simpli-
fied diagram of connections of a circuit for the testing of a.c. wattmeters
and watt-hour meters, with a potentiometer, is given in Fig. 25. The
potential coil of the meter under test is supplied thiough a step-up
transformer from the rotor winding of a phase-shifting transformer.
In parallel with the potential coil of the meter is connected a voltage
ratio box and also a voltmeter V; the former being for the purpose of
tapping off a given ratio of the potential coil voltage to the potentio-
meter. As already stated, the ratio should be such that about 1 volt
is applied to the potentiometer. The voltmeter is connected to give
an indication of the voltage across the potential coil of the instrument
under test. In the current coil circuit of the instrument under test are
connected an ammeter, a standard resistance, and a variable resistance
for adjustment of the current. The voltage applied to the potentio-
meter, for measurement of the current in the current coil of the
instrument, is taken from the terminals of the standard resistance:
the value of the latter being chosen to give a suitable p.d. to the
potentiometer circuit.

Variation of power factor of the phantom load upon the meter is
obtained by rotation of the rotor of the phase-shifting transformer,
by means of which the potential coil voltage may be made to lead or
lag the current in the current coil circuit, by any required angle. Once
the pointer on the phase-shifter dial has been correctly set at unity
or zero power factor of the phantom load, the reading on the dial
will give the correct phase angle between the current in the current
coil of the instrument and the voltage applied to its pressure coil
terminals.

In order to ensure accuracy of measurement at zero power factor,
the primary winding of a mutal inductance is connected in series with
the current coil circuit of the wattmeter and, since the e.m.f. induced
in the secondary winding of the mutual inductance will lag the current
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by go°, zero power factor lagging will be obtained when the induced
voltage is exactly 180° out of phase with the applied voltage to the
pressure coil.

In the case of the wattmeter, if 7, is the ratio of the potential divider,
R the value of the standard resistance in the current coil circuit, E,, the
reading (in volts) of the potentiometer when connected to the portion
of the pressure coil voltage, E, the reading of the potentiometer when
connected across the standard resistance, ¢ the phase angle of the
current in the current coil circuit relative to the pressure coil voltage,

Phase Shifter

7.
| Potentiometer
wattmeter
C al
—~— .
A.C
Supply
Resistance Potentiometer
( For zero
Power Foctor)
Poteniiometer
F16. 25.-—Calibration of Wattmeters—Potentiometer
Method.

and W is the reading of the wattmeter under these conditions, then
the wattmeter error is

LS

W —(rEs) (G )cos #

=ity

( W — (r,E,) ( ;cos 45) X I00
= 35 per cent,

7.E, (7() cos ¢

In the above expression, 7,E, is the value of the applied voltage to
the pressure coil, E,/R is the current in the current coil of the watt-
meter, and cos ¢ is the power factor of the load.

For the watt-hour meter, using the same nomenclature, but where
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E is the total energy registered in kWh, and T is the time in hours
during which the load is dissipated, the error is

T E,
(E — mxooor“E” (—k—)cos ¢)Ioo
e s S L per cent.

1000
2.26. Voltage Standardiser. H. Tinsley & Co., Ltd., have
developed an instrument for the standardisation of d.c. voltages to

+ -

<

1000000
A

F1G6. 26 (a).—Voltage Standardiser—Tinsley Inst. Co.

within very narrow limits, such as is required in the calibration of sub-
standard wattmeters, etc. By this means the applied voltage can be
accurately and conveniently checked at the same time as potentio-
meter measurement of the current is being effected. A circuit diagram
of the instrument is given in Fig. 26 (a). It is similar to the potential
divider previously described, the only difference being that, when
definite predetermined voltages are applied to the “live terminals”, the
voltage drop across the “low potential terminals” is equal to the e.m.f.
of a standard Weston cadmium cell, providing the main dial selector
switch is set at the correct range. The p.d. tapped off from the resis-
tance across the live terminals is connected in series-opposition to the
standard cell. A galvanometer is also connected in this circuit, and
the main voltage is adjusted to its correct value when, at maximum
sensitivity, the deflection of the galvanometer is zero. It is thus similar
in principle to a potentiometer and, as a consequence, has the advan-
tages of such an instrument.
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Referring to Fig. 26 (a), if the selector switch Vy is in the extreme
clockwise position, such that it only brings in the p.d. across the
resistance R,, then at balance

100,000 _V,
Rl Ec
where E, is the voltage of the standard cell and V, is the voltage
across the main terminals (+ and —).

Instrument
vnder fost

f . Standard
i ‘ ———_cell \
+ o+
: StandardiserO- 0
O O @ O- T
-~ | | O G ~d g
Galvanometer

F16. 26 (b).—Voltage Standardisation—Tinsley Inst. Co.

Similarly, when the selector switch is rotated one stud anti-clockwise
100,000V,

R 1+R2 Ec
The values of R,, R,+R,, R,+R,+R,, etc., are so chosen in relation
to 100,000 ohms as to require a predetermined value of voltage across
the main terminals (+ and —) for each setting of the selector switch,
when the galvanometer circuit is balanced.
When the selector switch is at its #th position, commencing from
the most clockwise setting, the voltage will be given by

Vr(R;+Ry+Rz+ + +R,)=100,000 E,

The limits of accuracy within which the adjustment of the voltage
can be carried out are governed by the same considerations as apply to
measurements with precision potentiometers and the makers claim the
accuracy of the instrument as of the order of 1 in 10,000 (i.e. 4-0-01 per
cent). Correction for variation of the standard cell t oltage between
the limits of 10187 and 1-0177 international volts is provided for on
a continuously variable slide-wire dial (D in Fig. 26) which is calibrated
in standard cell voltage values. Fig. 26 () illustrates the external
connections of such an instrument. -

The instrument is capable of standardising up to twelve specified
voltages between the limits of 100 and 1,000 volts. It therefore follows
that, as the resistance across the line terminals is 100,000 ohms, the
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current taken from the line is always between the values of 10 milli-

ampéres and 1 milliampére.
It should be mentioned that of late the voltage standardiser described
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F1G. 27 —Voltage Standardiser—With Auxihary
Potential Circuit Tinsley Inst Co

above has been somewhat altered. It has been found that if the
standard cell is left in circuit, there is a considerable drain on it, so it
is used to standardise an auxiliary potential circuit. A circuit diagram

of this version is given in Fig. 27.



CHAPTER III

Indicating Instruments

3.1. Electro-magnetic Instruments. Most indicating instru-
ments owe their action to the electro-magnetic phenomenon which
occurs when a conductor passing current is placed in a magnetic field.
Under these conditions a force acts upon the conductor in such a
direction as can be determined "y application of the well-known left-
hand rule. Thus, if a coil is nl 'ced between the poles of a magnet,
those conductors which carry current in a direction perpendicular to
that of the magnetic field will experience a force which will create a
torque upon the coil and rend to make it rotate.

3.2. Forues upon the Moving System. In order that the instru-
ment will indicate satisfactorily, it is required that the moving system
shall be acted upon by:

(a) A deflecting force
(b) A controlling force
(¢) A damping force.

The deflecting force causes the moving system to be displaced
angularly from its zero position and, unless some controlling force were
exerted upon the moving system, the magnitude of the deflection would
in general bear no simple relationship to the deflecting force. It is this
controlling force which ensures that the magnitude of the deflection is
always the same for any given current passing through the coil. In
most indicating instruments, this force is usually obtained by means
of a hair-spring or by the action of gravity upon a deliberately un-
balanced moving system.

In order to bring the moving system quickly to rest, at its correct
angle of deflection for the current passing through the coils, a “damp-
ing” or ‘“resistance to velocity” force is necessary. Otherwise, the
moving system would have such a high velocity when it reached its
position of equilibrium that it would overshoot this position and then
oscillate around it with successively decreasing amplitudes, before
finally coming to rest. This would prove most inconvenient to the
observer and, on account of the time which would' alapse before the
pointer took up its final position, only slow variations of the quantity
being measured could be observed on the scale.

Damping may be provided by means of air friction, fluid friction,
or eddy currents. Its effect (see section 2.8) can be seen by inspection
of the deflection-time curves given in Fig. 11 for different values of
damping, i.e. over-damping, under-damping, and critical damping.
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It can be seen from these curves that when the system is critically
damped it reaches its final position much earlier than when under-
damped or over-damped, thereby making it possible to follow more
rapid variations of the quantity being measured than can be followed
in either of the other cases. One can therefore describe critical damping
as being that damping, or resistance to motion, which permits the
moving system most quickly to reach its final position, without oscil-
lating around this peint. When the damping is critical, the instrument
is said to be “‘dead-beat”. In practice, however, the damping is made
a little less than its critical value, since experience has proved that this
leads to slightly better results. As the damping is only a resistance
to motion, it should have no effect upon the final deflection of the
moving system.

3.3. Controlling Torque. When an electric current produces a
torque upon the moving system of an instrument, deflection follows
and, as a result, a torque is set up by the controlling medium; the
magnitude of which will depend upon the angular displacement of the
moving system from its zero position. Furthermore, this controlling
torque will act in opposition to the deflecting torque and will increase
in magnitude as the moving system departs farther from its zero
position. In consequence, the moving system takes up a position such
that the controlling torque is equal and opposite to the deflecting torque.
There will thus be a different position of equilibrium for every value
of current flowing through the coils, from zero to the maximum range
of the instrument.

3.4. Spring Control. In most indicating instruments, the control-
ling torque is obtained by means of a hair-spring, the best type of
hair-spring being manufactured from phosphor-bronze. To obtain the
best results, it is finally annealed. Experiments have been carried out
with many other metals and alloys, but all have proved inferior to
phosphor-bronze, mainly on account of their higher temperature
coefficient or greater tendency to fatigue.

The spring, which is co-axial with the moving system, should contain
a large number of turns, thereby keeping the maximum deflection per
turn at a very small value. In these circumstances, the controlling
torque is directly proportional to the angular deflection of the moving
system. The dimensions of the spring should be such that the maximum
stress on the spring (i.e. that at full-scale deflection) is well within the
elastic limit of the material from which the spring is made. The spring
should also be non-magnetic, not subject to fatigue and, when used
as a lead to the moving coil, its resistance and temperature coefficient
should be small. Often, in order to compensate for the effects of
temperature variation, two springs are coiled in opposite directions—
generally one on each side of the moving system—and when the moving
system is deflected one spring is extended and the other compressed.
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This gives twice the controlling torque of one spring and at the same
time eliminates errors due to variation of the spring temperature.

3.5. Gravity Control. In gravity controlled instruments, a small
weight is fitted to the moving system in such a position as to create
a restoring torque when the latter is deflected from its zero position.
Fig. 28 provides an illustration of such a method. From the triangle
of forces of Fig. 28, it can be seen that the control torque is W/ sin 8,
where 6 is the angle of deflection from the zero position, / is the distance
of the centre of gravity of the controlling arm from the pivot, and
W is the control weight. The controlling torque of this type, therefore,
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Fi1c. 28.—Gravity Control—Indicating Instruments.

suffers from the disadvantage of being proportional to the sine of the
angle of deflection, instead of being directly proportional to the angle
of deflection—as 1s the case with the spring control. This gives rise to
a close scale at the lower end of the instrument. Another disadvantage
of the gravity control system is that any instrument fitted with this
method of control must, for successful operation, be used in a vertical
position.

3.6. Eddy Current Damping. Of the three methods of damping
in general use, i.e. air-friction, fluid-friction, and eddy current damping,
the last mentioned is the best when it can conveniently be employed.
Unfortunately, it can only be provided when the introduction of a
small permanent magnet, for the creation of eddy currents, will not
distort the magnetic field responsible for the deflecting torque upon
the moving system. If such distortion did occur, inaccuracies would
be introduced due to the interaction of the two magnetic fields. Where
a disc or permanent magnet is included in the ¢perating system, it is
very convenient to employ eddy current damping. Its theory will be
found in section 8.1g.

3.7. Air-friction Damping. This consists of the movement of a
light metal vane or piston in a restricted space, thereby utilising the
resistive properties of air to motion. One such method is by the use
of g light aluminium piston which is fixed to the moving system and
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free to travel in a curved cylindrical box which envelops the piston;
the clearance between the piston and the cylinder walls being of the
order of a few thousandths of an inch. Another method is the employ-
ment of two thin aluminium vanes, mounted on the spindle of the
moving system and totally enclosed in a double V-shaped box. Both

these methods are illustrated in Fig. 29.
When the piston is moving rapidly towards the closed end of the
cylinder, the air between the piston and this end will be compressed

Spind/e

Cylindrical or
Rectangulor Chamber

Piston

(a)

Spind/ | i
e 2o

Vanes
(5)

Fi1c. 29.—Damping—Air-friction.

and the pressure thus created will oppose the motion of the piston
and the moving system to which it is attached. Conversely, when the
piston travels away from the closed end the enclosed afr expands and
its pressure decreases. As the pressure at the open end remains more
or less constant, it will be greater, and once again the difference in
air pressure between the two sides of the cylinder will oppose the
motion of the piston and thereby the motion of the whole moving
system. The same remarks apply in the case of the method employing
vanes, except that the pressure will always increase on the forward
side of each vane (forward with respect to the direction of travel) and
decrease on the opposite side of each vane. Thus, the pressure in these
circumstances will also oppose motion. Care must be taken to ensure
that the damping system is never deformed in any way, as the intro-
duction of solid friction (i.e. friction due to the rubbing of the vanes
or piston against the walls of the chamber) would introduce very serious

deflectional errors.
3.8. Fluid-friction Damping. In this method a light vane, fitted
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to the spindle of the moving system, is completely submerged in a pot
of damping oil. Owing to the viscosity of the oil, the motion of the
vane will meet with resistance opposing its direction, and this resistance
will increase with increased speed of the vane. Sometimes a horizontal
disc is employed and this rotates in its surface plane. Oil used for
damping should have no corrosive action upon the metals with which
the instrument is constructed, the viscosity should change but little
with temperature, evaporation should be negligible, and it should be
a good insulator.

Fluid friction has only one real advantage, and that is when the
whole of the moving system has to be imm.ersed in oil for the purpose
of insulation. Its disadvantagr are.

{a) The instrument can only ne used vertically.

(b) Even when used vertica'ly, there is a tendency for the instrument
to become dirty due to the creeping of the oil.

The moving system of an iustrument is usually supported by pivots
or a thread suspension. In the former case, the bearings are of case-
hardened steel and are conical in shape, fitted into conical holes or
recessec in synthetic or natural sapphires. When the deflecting force
is very small compared with the weight of the moving system, thread
suspension is used for the purpose of avoiding bearing friction. The
thread suspension is generally made of phosphor-bronze.

The pointer should be as light as possible in order to keep down the
inertia cf the moving system, thereby keeping the necessary damping
down to a minimum. A light pointer also has the advantage of mini-
mising the load upon the bearings and thereby the friction due to
the load.

Ammeters and voltmeters both owe their action to exactly the same
principle. A voltmeter actually measures current, but as this current
is directly proportional to the voltage applied to its terminals, it follows
that the instruments can easily be calibrated in terms of voltage. Thus,
the only real difference between an ammeter and voltmeter is the
magnitude of current necessary to produce the deflecting torque.

3.9. A.C. and D.C. Instruments. Instruments may be divided
into three categories, in connection with their suitability for the
measurement of d.c. only, a.c. only, or both d.c. and a.c.

If the deflecting torque of an ammeter or voltmeter is proportional
to the current passing through its circuit, then, when the instrument
is connected in an alternating current circuit, if follows that the torque
on the moving system will also be alternating. As the inertia of the
moving system is too great for it to follow these oscillations, the system
will take up a mean position and will tend to oscillate around this
point. In the case of a sinusoidal current, the average value will be
zero, hence no deflection will be indicated by the pointer of the instru-
ment, If, however, the torque is proportional to the square of the
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current, it will always be unidirectional and, providing the alternations
are of a sufficiently high frequency compared with the natural frequency
of the instrument, the moving system will take up a position depending
upon the average value of the torque, i.e. the average value of the
square of the current. The instrument can therefore be calibrated for
r.m.s. values of the current or voltage.

The criterion as to whether an instrument is suitable for use with
both a.c. and d.c., 0. only d.c., is that if the torque is proportional to
the square of the current 1t may be used for both a.c. and d.c., but
if the torque is directly proportional to the current, it is only suitable
for direct current. An exception to this rule is the induction type of
instrument. This can only be employed upon alternating current, for
reasons to be given later in the chapter (section 3.19). It should,
however, be mentioned that the torque upon this type of instrument
is proportional to the square of the current, and therefore it partly
fulfils the above-mentioned conditions.

3.10. Rectifier Bridge Circuit. An instrument, the torque of
which is proportional to the current, can be made suitable for the
measurement of alternating current by employing it in a rectifier bridge
circuit, such as that illustrated in Fig. 30. The rectifiers are connected

A.C Yoltage or

ey CUrrent o o,
be mea:ured

F16. 30.—Rectifier Bridge Circuit for
Permanent Magnet Moving-coil
Instrument.

to pass current in the directions shown. Thus, during one half-cycle
the current will pass through two opposite arms of the bridge network
and also through the meter. During the following half-cycle, the
current will pass through the other two arms, but through the meter
in exactly the same direction as was the case in the first half-cycle.
Full-wave rectification consequently takes place, and the moving
system takes up a deflection depending upon the average value of the
current over half a eycle. Since the ratio of r.m.s. to average value
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of a sine wave is constant (1-x1: 1) the instrument can be calibrated
in r.m.s. values.

The rectifiers are generally of the copper oxide type, and are used
fairly extensively with permanent magnet moving-coil instruments for
the measurement of small alternating currents and voltages. The
rectifiers may have a current range up to 1o milliampéres and are
therefore only suitable for light current work where the resistance is
high. One great disadvantage of the rectifier is that its resistance is a
function of the current passing through it; the resistance increasing
rapidly as the current approaches zero

3.11. Ammeters and Voitmeters. The types of ammeter and
voltmeter in common use are:

(@) Moving-cnil which may be subdivided into two classes:
(1) Permanent magnet type.
{(2) Electro-dynamometer type.
(b) Moving-iron, which may also be divided into two classes:
(r) Attraction type.
(2) Repulsion type.
(¢) Induction.
(d) Electrostatic (depending entirely upon voltage for operation, and
not upon current).
(¢) Hot-wire.

Of these instruments, the moving-coil permanent-magnet type can
only be used for d.c. measurements, and the induction type can only
be used for a.c. measurements. The others are universal in their
application.

3.12. Moving-coil Instruments. As already stated, there are two
types of moving-coil instrument. These are the permanent magnet
type, which is only suitable for d.c. measurements, and the electro-
dynamometer type, which can be used for both direct and alternating
current.

The principle of the permanent magnet type of moving-coil instru-
ment is exactly the same as that of the D’Arsonval galvanometer.
A light rectangular coil, placed over a soft iron cylinder, is so pivoted
that it is free to rotate in a small ait gap between the soft iron cylinder
and the poles of the permanent magnet. It can be seda from Fig. 31
that when the current passes through the coil in the direction indicated
the conductors will experience a force which will create a moment
upon the coil, and the moving system will be deflected in a clockwise
direction.

If r is the mean radius of rotaticn of the coil, in ecm.,, N the
number of turns, I the current in ampéres, ! the active length of each
coil under the influence of the magnetic field, H the field strength of
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the air gap in c.g.s. units, then the force P acting upon the coil will
be given by

_NHII
10

P dynes.

The torque T=2Pr

2¢rNHII!
~_- grm. cm.

10X 981

Ampere-turns X field strength of air gap.

10X 981

=Area of coil X

Permonent- magnel  Ponter attoched
Pole Preces to Moving Cor/

Soft /ron Core torgue
Fic 31 —Permanent Magnet Moving-coil
Instrument.

Moving-coil instruments, in general, are spring controlled. Two
phosphor-bronze springs are placed in opposition for this purpose, and
they also act as leads to the moving coil. They are usually placed one
on each side of the moving system and, after the instrument has left
the manufacturers, it is only possible to alter the front spring—by
means of the zero adjuster fitted to the front of the case.

3.13. Unipivot Instrument—Cambridge Instrument Co. Ltd.
One further type of permanent magnet moving-coil instrument worthy
of mention is the Unipivot Instrument, manufactured by the Cambridge
Instrument Co. Ltd. An illustration of the working portion of such
an instrument appears in Fig. 32. The moving coil is circular and is
carried by one pivot which rests in a recess at the top of the spherical
soft-iron core. As a laboratory instrument it is of inestimable value,
since it is accurate to a high degree.

The main advantages of permanent magnet moving-coil instruments
are:

(@) High torque-weight ratio.
(b) Low power consumption.
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(¢) Suitability for use with shunts and resistances, i.e. as multi-

range instruments.
(d) They are free from hysteresis errors and affected but slightly by

stray magnetic fields.
(¢) Possess uniform scale and, since a large angular deflection is

possible, the scale can also be long.
(f) Damping is ideal, due to the eddy currents induced in the metal

former.
A disadvantage of the instrument is that the accuracy depends upon

F1c. 32.—Unipivot Instrument—Cambridge Inst. Co.

the permanent magnet retaining its magnetism and, if the magnet is
not carefully “aged” (section 8.22), considerable errors may be intro-
duced. However, with the recent progress made in this direction by
the use of chromium and cobalt steels, etc., and electrical ageing, the
errors due to the above have been greatly minimised. Another dis-
advantage of the instrument is that when used in conjunction with a
badly designed shunt it is subject to errors due to thermo-electric
em.f.s.

3.14. Electro-dynamometer Instrument. In this type of
instrument the permanent magnet is replaced by either one or two
fixed coils. These coils carry the whole, or a portion of, the current to
be measured and are connected in series or parullel with the moving
coil. In order to avoid hysteresis and other errors, when the instrument
is used in a.c, circuits, the coils are air-cored. Fig. 33 shows the connec-
tions of an electro-dynamometer ammeter and an electro-dynamometer
voltmeter. The general arrangement of the coils is also illustrated.

As the torque is proportional to the product of the currents in the
fixed and moving coils, i.e. the square of the load current, it follows
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that the torque is always unidirectional, irrespective of the direction
of the current. Thus, the instrument is suitable for both alternating
and direct current measurements.

The controlling force consists of two springs in opposition, which
are also used as leads for the current to the moving coil. Damping may
be pneumatic or by means of eddy currents (sections 3.6 and 3.7).

The instrument is usually connected so that the swamping resistance
and moving coil are in parallel with the fixed coils and shunt. By such

Movin
cor/ g

Frxed
Coils

Fixed Moving Resistance

Coils Coil .

COIL ARRANGEMENT NNECTIONS OF orm;fm;t'r R
Fixed Co/ls YQLIMETER

Shunt
S T, ' NS

M————
Swamping Moving
Resistance Coil

CONNECTIONS OF DYNAMOMETER
AMMETER

Fi1c 33 —Connections—Electro-dynamometer
Instruments.

an arrangement it is possible to make the time constants of the parallel
paths approximately equal. This ensures that the current distribution
between the two paths is independent of frequency, which is essential
for alternating current measurements.

3.15. Determination of Torque for Electro-dynamometer
Instrument. The fundamental relationship underlying the behaviour
of electro-dynamometer instruments is that the torque is proportional
to the product of the currents and dM/d6, where M is the coefficient
of mutual inductance and 6 is the deflection from zero.

10° aM
Thuf, szm‘ll'!g'-d_? grm. cm.

where I, and I, the respective currents in the fixed and moving coils,
are in ampéres, 0 is in radians, and M is the coefficient of mutual
inductance in henrys. Thus, providing we can calculate the rate of
change of the mutual inductance, we can deduce the torque.

We will assume that the fixed coil is a long helix, and that for our
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purpose the moving coil is inside the helical coil. Then, when a current
of I, ampéres flows through the helical coil of N, turns, length / cm.,
and the field in the centre is uniform, the value of the latter is given by
H= 4N, I,
10}
The number of linkages in the moving coil, of area 4 sq. cm. and
N, turns, at an angle 6 to the axis of the fixed coil, will be
ON,=HAN, sin §
4N N, AI, sin 0
ST LT

T

Fic 34.

and the coefficient of mutual inductance will be given by

oN,
M= T,
= 1ﬂlg!4»sﬂ—e—c.g.s. units
10/
= 1o henrys.
dM 4NN A cos 6
Thus, 26 - 10%

In practice, the fixed coil is never long in comparison with its
diameter, and this has the effect of modifying the field inside it. The
field is consequently smaller and non-uniform, but the value of H at
any point can be determined, providing one knows the solid angle
subtended by the surface of the winding at the point 1n question. This
may be calculated from the expression

PR

where ¢ is the solid angle. Suppose that Fig. 34 represents the coil
system of the instrument, then at the centre of the helix ¢=4n cos «,
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« being the semi-angle of the cone which the end of the helix makes
at the centre.

A
Hence, - =-—-—-"— c0s a cos 0

_4mN:NVpd <—-——-—~——_———l—/2 = >cos ]
10%  \V(}f2)2+r?
4nAN,N,.
109V 124472 ¢
1.1, 4nAN N,
and the torque - T Iif gt cos 6

It can be seen from the above expression that, for a given value of
current in the electro-dynamometer circuit, the torque will be maximum
when cos 6=1, i.e. #=0. Advantage of this is taken in the torsion-head
type of electro-dynamometer mstrument. Torsion is applied by means
of the suspension, in order that the moving system will have zero
deflection when the current to be measured is passing through the
circuit, thereby ensuring that the current will create a maximum torque
upon the moving system. Further details of such an instrument are
given in section 4.12.

For direct current measurements, the electro-dynamometer deflec-
tional instrument has the following disadvantages compared with the
permanent magnet type.

(@) It requires a much larger number of ampére-turns, giving rise
to a high moment of inertia, small torque/weight ratio and high power
loss, due to the absence of iron in the circuit. Thus, the possibility of
friction errors is greater than with the permanent magnet type.

(b) The scale is not uniform, on account of the deflecting torque
varying approximately proportional to the square of the current. This
causes the lower part of the scale to be cramped.

(¢) It is much more costly than the permanent magnet type.

The instrument, however, is very useful for precision measurements
in alternating current circuits. When used for voltage measurements,
its inductive term will be negligible at normal supply frequencies, i.e.
up to 100 cycles per second, but when used for measurements at higher
frequencies the inductive term will increase in importance. Further-
more, its value will depend upon the angular position of the moving
coil. Errors will also be introduced due to the eddy currents induced
in the metal formers, and the capacity effect in the series resistance
and between the coils.

3.16. Moving-iron Instruments. There are two types of this
instrument. One is dependent upon the attraction which occurs
between two sections of iron of opposite polarity, whilst the other
depends upon the repulsion of like polarities. In the former type, a
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small piece of soft iron is drawn into a coil energised by the current,
or a definite proportion, to be measured. As the iron is deflected
towards the coil, so the controlling force tends to return it to its zero
position. The moving system will therefore take up a position of
equilibrium, such that the controlling and deflecting torques are equal
and opposite in direction. The pointer, which is attached to the moving
system, will then indicate a position upon the scale corresponding to
the current flowing in the circuit.

In the repulsion type of instiument there are two thin rods of iron in
the coil; one fixed and the other movable. Whea the coil is energised by a
current, the two iron rods are ~imil:xly magnetised and the movable
rod is repelled from the fixed owe the repelling force being approxi-
mately propc-tionai to the square of the current flowing through the coil.

As the deflecting force of bcth the attraction type and repulsion
type muving-iror. instruments i¢ independent of the direction of the
current, it follows that they are suitable for both alternating and direct
current measurements.

3.17. Theory of Attraction type Moving-iron Instrument. Let
us assume that when a current of I ampéres flows through the coil a
magnetic field of strength H is produced. We will also assume that
the field is uniform and parallel to the axis of the coil.

If the soft iron arm (Fig. 35) initially makes an angle of « with the
direction perpendicular to the axis of the coil, and B is the deflection
from this position when current  ampéres flows through the coil, then
the longitudinal induced magnetism in the soft iron disc will be propor-
tional to H sin («+B) and the force pulling the disc into the coil will
be proportional to H?sin (x4 B). Assuming constant permeability, this
force F is proportional to /2 sin («x+p), since H is proportional to I.
If the equivalent point of application of this force is D c¢m. from the
pivot, the deflecting torque

T;=FD cos («+B)
ooH 2 sin (x4 B) cos («+B)
ool 2 sin 2(a-B)
since D is a constant and H is proportional to I.
Hence, T,=K,I2sin 2(a+B)
where K, is a constant.

Now, if spring control is employed, the torque due to this control
will be proportional to the angle B, say K,B, where ¥, is a constant.
Therefore, a steady deflection will be obtained wnen

K,p=K,I%sin 2(a+p)

and7 = [___ KB
K, sin 2(x+p)

=K \/._L__
*n sin 2(a+B)
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If, on the other hand, gravity control is employed, the deflecting torque
will be K sin 8.

Therefore, K sin B=K,I?sin 2(a+-8)

Hence, I=K, __il_n__ﬁ___
sin 2(a+B)

K,, K;, K,, and K, being constants,

ax/s Centre /ine of
drse ot zero
position

F16. 35.—Attraction type Moving-iron
Instrument.

From the above expressions, it can be seen that the deflection is
maximum when the angle « is zero, i.e. when the longitudinal axis of
the soft iron arm, at its zero position, is perpendicular to the axis
of the coil.

3.18. Theory of Repulsion type Moving-iron Instrument. If
we assume that the two iron rods are of equal dimensions, and that
the distance between them is small compared with their lengths, we
can neglect the forces of attraction which exist between the opposite
poles and merely consider the forces of repulsion between the adjacent
poles.

When a current of I ampéres flows through the coil there will be a
magnetic field set up in the coil of, say, H c.g.s. units. Suppose, under
these conditions, that the magnetism induced in the fixed and free rod
is such that their pole strengths are m, and m, respectively, and that
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their relative positions are as illustrated in Fig. 36, say, d c¢m. apart.

Then the force of repulsion existing between the rods will be
2mm
dl’ 2 dynes

+B

But d=27sin——

where 7 is the distance of the rods from the axis of rotation of the
movable rod.

F16. 36 —Repulsion type Moving-iron
Instrument.

The deflecting torque T, is given by
T =7 cos (a_HB 2 mlm,

( {3) _z2mm,y
=7 COs + B
473sin? ( )
MMy

zrtan( -H‘l) (°‘+£3

But m, and m, are both proportional to the current, hence
K1z

T,=
L (a+a) . (a—Hi)
an T s ——2-—-

where K is a constant.
For a spring-controlled instrument, when a steady deflection has
been attained, we have

Klﬁ

Ki2

( +B) (H—B
whence I=K‘JP tan(*—}—s’)sin (m—:—_f)
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In the case of the gravity-controlled instrument, the controlling torque
will be equal to K, sin 8

ian -~~) (“’f'e)
and I=K; J51n B tan( B) (a+ﬁ)

In the above expressions, K, K,, K,, K, and K, are constants.

The disadvantages of moving-iron instruments are:

(a) High hysteresis errors, in both a.c. and d.c. measurements. It
will be found that the instruments give a higher reading for decreasing
values of current than for increasing values.

(b) They are very susceptible to stray magnetic fields. This, however,
can be considerably minimised by magnetically screening the working
portion of the instrument.

(c) When employed as an a.c. voltmeter, errors are likely to occur
with change of frequency, due to the change in impedance of the coil.

(d) Errors occur, with change of frequency, due to the change in
magnitude of the eddy currents set up near the working portion of the
instrument, thereby affecting the magnetic field in the coil.

3.19. Induction Meters. This type of instrument depends for its
action upon the torque produced by the interaction of an alternating
flux with the eddy currents induced in a metal disc by another magnetic
flux; the magnitude of both fluxes being dependent upon the value of
the current or voltage being measured. )

Let us consider a magnetic flux ¢==0 sin ¢ producing a force by
interaction with an eddy current of the same frequency and lagging
the flux by an angle 6. We will assume the eddy current to have the
same wave-form as the magnetic flux. Its instantaneous value may
therefore be represented by =1 sin (uf—8). The instantaneous torque
will therefore be proportional to the product of the instantaneous values
of the flux and the eddy current.

Therefore, T,. o ¢¢

The mean torque will be proportional to

t
I /¢idt
to

T

Therefore, K, sin p=

© «
Therefore, Ty oc ® / @I sin wt sin (wt—0)dt
0
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T
® (0]
o ;tbl [5 [cos 6—cos (2at—0)]dt
(/]

sin (20f— 0)]‘;
0

o 301[t cos 6 —
2n 20

w w
o« —®J ( cos b‘)
2% )

0]
o - cos O
2

But if ® 1s propertional to 4.
Tmocld, )% cos 6.

As 6 approaches ;E racdians, or go°, the torque will approach zero. It

therefore follows that in all induction instruments some means must
be provided for producing eddy currents which are much less than (or
much more than) 9o° out of phase with the flux. Thus, the trigono-
metrical term of the expression (cos 6) should approach as near as
possible to unity.

Two general methods have been devised to fulfil the above condition.
One method is to split the winding of the electro-magnet into two
sections, one being highly inductive and the other non-inductive. This
is adopted in the Ferraris type of instrument.

The other method is to split the poles of the electro-magnet into
two sections; lagging the flux in the one section by means of a short-
circuited turn in the form of a copper band. In this manner, two
effective fluxes are created with a suitable phase angle between them.
Such an instrument is of the shaded-pole type.

3.20. Ferraris Motor. This operates by means of the same
principle as the induction motor. Two pairs of coils are wound upon
a laminated magnetic system, as illustrated in Fig. 37. The windings
are all supplied from the same source, but there is a phase displacement
of approximately go° between the currents in the coils 44 and BB.
This is attained by placing a high-value ngn-inductive resistance in
series with the coils A4 and an inductance in series witk the coils BB.
Thus, the current in coils BB lags almost go° behind the current in
coils AA. The magnetic flux of BB will therefore lag that of 44 by
the same angle. In this manner a rotating field is produced and,
providing the drum was free to rotate, it would do so at a slightly
lower speed than that of the magnetic field, the difference in the speeds
{i.e. the slip) being necessary for the creation of a torque to overcome
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friction, etc. Furthermore, its direction would be the same as that of
the rotating field. In the case of an ammeter or voltmeter employing
the above principle, a spring control prevents continuous rotation of

lgm/'nated Alumintum
ore N
] Orum
A
y.] 8
A
lammated\
Magnetic |
Path L 3R
0 O~-

Fic. 37 —Diagrammatic Arrangement—
Ferraris Motor

the drum, and the latter will come to rest when the controlling torque
is equal and opposite to the deflecting torque. A cylindrical laminated
iron core is placed inside the drum and its diameter is within about
thirty-thousandths of an inch of the internal diameter of the drum.
The whole moving system is carried by a spindle, the ends of which
seat into jewelled cups. The damping is effected by means of eddy
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F16. 38.—Torque and Vector Diagrams—Ferrars
Motor.

currents induced in an aluminium disc attached to the spindle and
rotating between the gap of a permanent magnet.
Fig. 38 (&) gives a vector diagram in which /g and Iy represent the
currents in the non-inductive and inductive circuits respectively, ®x
6o
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and @ being the fluxes due to these currents. The phase angle between
the currents will be almost go® and is represented by «. The e.m.f.s
induced in the drum due to the fluxes ®z and @, will be go° behind
their respective fluxes and are represented by Erp and Erp. These
e.m.f.s will set up eddy currents in the drum which, owing to the
inductance of their paths, will lag their respective e.m.f.s by angle g.
They are represented by Izp and Irp. Fig. 38 (a) illustrates diagram-
matically the relative directions of the fluxes and induced currents,
and it can be seen that the total torque is the sum of two separate
torques. One is proportional to the product of ¢; and #zp, and the
other, in the opposite direction, 15 proportional to ¢ fzp. Thus, the
total torque equals K(¢rirp~-¢rtL , K being a constant.

It @1, ®g, I;p, and Tgp are the r.m.s. values of the respective mag-
netic fluxes and induced currents. the value of the mean torque, T,
will be given bv

Tyu=K[®LIpp cos (90+  —a) —DrILp cos (90+ B+ )]
where (90— «) is the phase angle between ®1 and Igp, and (go+ B+ «)
is the phase angle between ®z and I;p.

Thus, Ty oc [®rgp sin (a— B)+®rILp sin («+ B)]
But 1 LD-:-E:P and / RD=E~:D; z being the impedance of the eddy

current paths. Also, Irp is proportional to the frequency and the
magnetic flux @z, similarly Izp is proportional to f®z.

Therefore, T oc[QR:Lf sin (a— g)+%§”:f sin (a+ ﬁ)]

oc Pr®Lf[sin («—B)+ sin (a+p)]
oc ®r®zf cos B sin a.
But 1 and ®T are proportional to the current being measured, therefore
Ta oc 1% cos Bsin a.

From this expression, it can be seen that the torque is proportional
to cos B sin « for any given current and frequency. Furthermore, the
inductance of the eddy current path is very small, and so cos 8 approxi-
mates to unity. It therefore follows that, for any given current and
frequency, sin « must be as large as possible for maximum torque,
i.e. the currents in the inductive and non-inductive circuits should
approach as near as possible to go° difference in phase.

3.21. Shaded-pole Type. The construction of th's type of instru-
ment is illustrated in Fig. 39. A thin aluminium disc, situated between
the poles of an electro-magnet, is mounted on a spindle supported by
jewelled bearings. Attached to the spindle is a pointer. The poles of
the electro-magnet are each split into two equal sections, as indicated
in the figure; a copper band being fitted to one section of each pole.
When the coil is energised, the copper bands act as short-circuited
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secondary turns of a transformer. Heavy currents consequently flow
in the bands. These currents in turn set up a flux which opposes the
main flux. This has the effect of lagging the flux in the shaded-pole

Copper Permanent
£xcrtatron Shading . Magnet For
Cotl  ae Bond Alumimum  domping

= nisc
~ ’
Supply 4 '

(a)
Copper
Shoaing
Band — f
Laminated
Pole Prece
c)

b)
F16. 39.—Shaded-pole Induction Motor

by an amount depending upon the constants of the copper band. In
general, the dimensions of the bands are such that the shaded-pole
flux lags the unshaded-pole flux by about 45°.

Fig. 40 depicts vectorially the relative phases of the fluxes, and also
the induced e.m.f.s and eddy currents in the disc. The flux in the
unshaded pole is represented by ®;, that in the shaded pole by ®,,

Fi16. 40.— Vector Diagram—Shaded-
pole Induction Motor.
and the main flux, which is the vector sum of these fluxes, is repre-
sented by ®. The e.m.f. induced in the disc due to @, lags this flux
by 9o° and is represented by ¢,. Similarly, ¢,, which is the induced
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e.m.f. due to ®@,, lags the latter by go°. Owing to the inductance of the
eddy current paths in the disc, the eddy currents will lag their respective
e.m.f.s by angle B, and they are represented by 7, and ¢, respectively.
The displacement of the shaded-pole flux relative to that of the
unshaded pole is represented by the angle «, which is usually of the
order of 40°.

From Fig. 39, which illustrates the operation of the instrument, it
can be seen that there are two components of the effective torque,
acting in opposite directions. One is due to ®, acting upon 7,, and the
other is due to @, acting upon #,. Therefore, the mean torque T is
given by

= K|®y%, c0s (90 - £ -a)~- P24 cOS (QO+a+ B)]
K being a constant.
Therefore Ty o (@45 sin (B «) -+ Dyt sin (a—B)]
But ¢, «c @,f, and ¢, ¢ ¢,, therefore 4, oc ®,f. Similarly, ¢, oc @,f.
Therefore Tum oc [@,®,fsin («+B)+P,P,fsin (x— pB)]
oc @,P,f[sin («+ B)+ sin («—B)]
oc @,d,f cos B sin .

Also, ®, and ®, may be considered to be directly proportional to
the current I in the coil. Hence,
T oc I3f cos B sin a.

The torque is therefore proportional to the square of the current
at any given frequency, and proportional to the frequency at any
given current.

It can be seen from the above expression that, in order to make the
torque as large as possible, it is required that sin « shall be as large
as possible. In other words, the angle «—which is the phase angle
between the flux in the shaded pole and that of the unshaded pole
—should be as large as possible.

In the case of either type of induction meter, when employed as an
ammeter, compensation for change of frequency and temperature is
provided in the form of a non-inductive shunt. Thus, when the fre-
quency increases, the increase in torque is counterbalanced by the
increase in impedance of the meter, thereby resulting in a lower current
being taken by the meter (since the impedance of the shunt remains
constant at all normal frequencies).

When used as a voltmeter, the induction meter tends to be self-
compensating, since the increase in frequency also increases the
impedance of the instrument, thereby causing less current to be taken.

The main advantages of the induction instrument are:

(a) A large-scale deflection can be obtained, often more than 270°.

(b) The damping is very simple and efficient.
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the work done upon the moving system will be Tyd6, resulting in an
increase of energy stored. This increase may be represented by dW
and, since the work done on the moving system is equal to the increase
in energy,

T,d6=dW
aw
To= 49

d .
= a6 [i(’l(Vs—Vl) 2+%C2(Vs“ V) ¥

(V ——V) (V4 Vz) dc,
2 dO 2 db

Assuming that the plane of the needle 1s equidistant from that of
the top and bottom quadrants, say, 4 cm. from each, and 8 and 7 are
respectively the angle and radius of the needle sector, then since the

plates are in air,
¢
1p2
2 [27 (2+‘0)]

Cy= 4md

r2 [ ¢
=4Trrd [5+0]

where ¢ and 6 are in radians.

2
Therefore dc,_d ! [‘24—0]

"do do’ 4nd
72
= 4nd
o r*[¢
Similarly, C2_4nd [2 ——0]
aC,  r?
and G0 =" 4
__(Vs—Vl )2 dCy  (Vy—Vy)? dC,
But Ty="-"* S - 26
S (AT AL

It can be seen from the above expression that the value of Ty is
dependent upon the value of V, since V, and V, are of definite valué
depending upon the voltage to be measured. Thus, when the electro-
meter is connected heterostatically, the torque can be increased by
increasing the potential of the needle.
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From the diagram it is apparent that, when the instrument is
connected idiostatically, V3=V,. Therefore, the above expression for
the torque simplifies to

12
" 8nd

Also, since (V,—V,) is the voltage to be measured, and considering
the four quadrants instead of two,
2
T=— 4:— PEa Voltage to be measured) 2
and the needle will rotate in the opposite direction to that indicated
in Fig. 42.

The value of Ty is in dyne-cm., providing the voltage is in electro-
static c.g.s. units. Thus, the value of the torque is given by

ry2
T:I-Ifx'm?ci . grm. cm.

3.23. Attracted Disc Electrometer. This instrument, which is
primarily for the measurement of voltages between the values of 20 kV
and 200 kV, relies for its action upon the fact that when two parallel
plates are, say, d cm. apart, with a potential difference of V volts
between them, the force of attraction existing between the plates is
given by .

AK¢?
F = %n dynes
where F is the force in dynes, A is the area of the plates in square cm.,
K is the dielectric constant of the medium, and ¢ is the uniform field
intensity between the plates, i.e. the voltage gradient between the
plates.

Ty= (Va—Vy)?

Vv
Thus, ¢=2
AKV?
and F= 8md® dynes

Therefore, the potential difference between the plates is given by
. J&F | ‘
=d / 1K electrostatic c.g.s..mnits.

If the plates are in air, K is unity and, since 300 volts=1 electrostatic

c.g.s. unit,
F
V =1504 d\/Z volts

and F=A(V/1504d)? dynes.
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An example of the attracted disc voltmeter is the Abraham-Villard
instrument, manufactured by Everett Edgcumbe & Co. Ltd. It con-
sists of two curved metal discs, somewhat similar in shape to an
ordinary lighting switch cover. The right-hand disc is connected to
the higher potential. The centre portion of the left-hand disc is cut
away to house a small movable disc which is geared to the pointer of
the instrument and acts against a spring. The small movable disc is
at the lower potcntial. The two large discs give protection to the
working parts of the instrument against external electrostatic fields,
and the range of the instrument is varied by setting the right-hand
disc at different distances from the other.

The attracted disc type of instrument is an absolute instrument and
is based on Lord Kelvin’s Volt Balance.

The advantages of electrostatic instruments are:

(a) They are equally accurate for a.c. and d.c. measurements.

(b) The wave-form of the supply and variation of frequency do not
in any way affect the accuracy of the instrument.

{(c) The power loss is very small.

As one might assume from (c), the instruments have the disadvantage
of very small operating forces, and this particularly applies to the
measurement of voltages below 500 volts. However, for measurements
from 500 volts to practically 1,000,000 volts they are extremely useful.

3.24. Hot-wire Instruments. This type of instrument depends
upon the thermal effect of an electric current. A proportion, or the
whole, of the current to be measured is passed through a wire and,
since the heating effect is directly proportional to the square of the
current, a deflection approximately proportional to the square of the
current is produced through the linear expansion of the wire.

When a current of I ampéres passes through a wire of, say, resistance
R ohms, the power expended will be given by

P=I%R watts
=12R107 ergs per second,
and the heat developed will be
2 7
H = {—;g 107 calories

=0-24 I *R calories per second

where [ is the mechanical equivalent of heat (42 X 107 ergs per calorie).
In order that the conductor will attain a steady temperature very
soon after the current is flowing, it is always made of very small
cross-sectional area and the whole of the heat is lost by conduction,
convection, and radiation.
If s is the area of the conductor surface in sq. cm., 8 is the rise in
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temperature above the surrounding air, then the loss of heat, 4., due
to cooling will be given by
h ,=Us#0 calories per second,

where U is the coefficient of emissivity, or loss of heat per sq. cm. per
second per °C. above the surrounding air temperature.
Assuming that U is constant for the range of temperature of the
wire, then, as soon as the temperature becomes constant,
h ,=02412R=Us0
024 R. 1%

f - TETLL
and Us

02402

" UsR
or, providing it is small, the rise in temperature will be proportional
to the square of the current in the wire.

We are also assuming, in the above statement, that:

(@) The resistance remains constant

(6) The coefficient of emissivity is also constant.

The change in length, 4/, will therefore be given by

dl=I16a
__0'24RI? /
T ous
where [ is the original length, and « is the coefficient of expansion of
the conductor.

With a rapid alternation of the current, the expansion will be
proportional to the average value of the square of the current and,
therefore, if the instrument is initially calibrated with d.c. it will
indicate the r.m.s. value of the current from an a.c. supply.

In commercial instruments, owing to the fine wire being too short
for its expansion to be used directly for the deflection of the pointer,
a geometrical magnifying device is employed. This is illustrated in
Fig. 43 (a).

-Suppose that the length of the fine wire is x cm., and its expansion,
when the current is passing and a state of equilibrium has been reached,
is dx. Then, if it be pulled at its centre, so that the slack is taken up
and there is no appreciable sag between the poipts A and BC,

»=(55) ()
__2x.dx-(dx)?
4

where y is the distance of the centre from its original position,
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Neglecting (dx)?2, since it will be very small,

y.—:\/‘_‘dx
2

Thus, ¥ will be proportional to the current, since / z is a constant

and dx is proportional to the square of the current.

In order further to increase the magnification, a double-sag type has
been devised; the further magnification being obtained by means of a
second device similar to the above. This is illustrated in Fig. 43 (b)

A A

Pointer ;'T"q"’ =
Pultey

(d) SINGLE SAG

w
Spring -

F1G6. 43.—Hot-wire lnstrument———Magmfymg Device.

Suppose the length of the second wire is z, and this is also pulled at

the centre to take up the slack due to the expansion of the hot wire
Then d, the sag of the wire z, is derived from

-~ ()
d*= (2 2
_2y—y?

4
Now, y2 may be neglected in comparison with 2zv

2y
Therefore d=/ —g

-
But we have already found that y= / ’i{x
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From which it can be seen that the final deflection is proportional to
%,/dx or, in other words, to the square root of the current.

In most commercial instruments the hot wire is of platinum-iridium;
the advantage of this alloy being that no deterioration occurs due to
oxidation at high temperatures. The diameter of the wire is usually
of the order of o-x mm. The wire 2, of Fig. 43 (b), is generally of
phosphor-bronze, and attached to its centre is a fine silk thread which
passes round a small pulley and thence to a spring which keeps the
whole system taut. Attached to the nulley is a light pointer and a
thin aluminium damping disc, the latter rotating between the gaps of
a permanent magnet. Good damning 1s particularly necessary in the
hot-wire instrument in order t¢ damp cut movements due to vibration
or sudden clianges of current.

As the hot wire expands, so 4 increases (Iig. 43 (8)), and the slack
is taken up by the action of the spring W, this causing angular deflection
of the pulley and pointer. It can be seen that the pulley and pointer
are a magnifying device in themselves.

When this type of instrument is used as an ammeter, it requires
a shunt for all values of current above 5 ampéres. When employed as
a voltmeter, a high value non-inductive resistance is connected in series
with the hot wire.

This type of instrument has the advantage of being unaffected by
stray magnetic fields. Furthermore, it can be used for both a.c. and
d.c. measurements; the calibration being the same for both. Its
greatest advantage, however, is that its deflection depends upon the
heating effect of the current. Therefore it will measure the r.m.s.
value of an alternating current irrespective of the wave-form or
frequency.

The main disadvantages of the instrument are:

(@) The scale is cramped.

(6) It requires frequent zero adjustment, this being due to the
stretching of the wires and also to the difference of temperature between
the working wire and the base of the instrument.

(¢) It is very sluggish, due to the length of time taken for the wire
to heat up.

(@) It cannot withstand overloads as the wire fuses when the current
is greatly in excess of the maximum working value.

(¢) The power consumption is high.

(f) The instrument is very fragile.
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CHAPTER 1V
Wattmeters

4.1. Measurement of Power. The measurement of power in a
d.c. circuit is a simple matter, since the product of the current and
voltage gives the power directly. Thus, the measurement of power
may be made with an ammeter and voltmeter only.

In an a.c. circuit, the product of the instantaneous voltage and the
instantaneous current still gives the instantaneous power, but, owing
to the frequency of alternation of these values, the voltmeter and

NPl
/o

F1G6. 44.—Voltage, Current and Power Curves.

ammeter merely take up r.m.s. values of voltage and current respec-
tively which, in themselves, give no indication as to the instantaneous
power, or mean power, dissipated in a circuit. Their product only
gives the V4 of the circuit, or, in other words, the apparent watts
being dissipated.

Now, the instantaneous power p in an a.c. circuit is given by p=ec¢
where ¢ and ¢ are the instantaneous values of the voltage and current
respectively. These conditions are represented by the curves of Fig. 44;
all three values being plotted to different ordinate scales.

If the wave-form of the supply is sinusoidal, the value of ¢ at any
time ¢ will be E,,,, sin wf, and that of the current ¢ will be I,,,, sin
(wt—6), where 6 is the angle of lag of the current with respect to the
voltage.

Therefore, the instantaneous power p, at any time ¢, is given by

p=es
=E pqe Sinat. Iz, sin (wf—0)
=E pae I pae SN wl. Sin (wf—0)
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2r

w
The mean power P== /E,ml,m sinat. sin (/—6)dz.
¥
[V

2r

_Emas mae / 3[cos 6—cos (2at~ 0)].d!

2n

w

©@¥ ppned mun 1,
LSO maz g [t.cos 6— — sin (mt~6)]
4 2r
0
=3 E pnaad max €OS 0
=EI cos 6

where E and I are the r.m.s. values of the voltage and current respec-
tively (since E=E,,./V2 and I=I,,./V2). As can be seen, the
voltmeter and ammeter only take into account the first two quantities
in the expression for power. Thus, an instrument is essential which
also takes into account the expression cos 6; in other words, the power
factor. Such an instrument is the wattmeter. Its instantaneous torque
is proportional to the product of the instantaneous values of the current
and the voltage and, since it cannot follow the rapid alternations of
the torque, it takes up a deflection proportional to the mean torque,
i.e. to the mean power.

4.2. Single-phase A.C. Circuits. The two obvious methods for
the connection of the wattmeter are as illustrated in Fig. 45. Connection
(a) has the disadvantage that the current coil carries the small current
taken by the pressure coil, as well as the load current. In connection
(b), the pressure coil is connected on the side of the current coil remote
from the load. Thus, the applied voltage to the pressure coil is greater
than that to the load by an amount equal to the voltage drop in the
current coil; the applied voltage to the pressure coil being the vector
sum of the voltage drop in the current coil and applied voltage to the
load. Thus, in connection (a), the wattmeter measures the watts lost
in the pressure coil and, in connection (), the Wu*ttsuiost in the current
coil, in addition to the power dissipated in the load.

When the load to be measured is large, it is preferable to connect
the wattmeter in method (4), as the watts lost in the pressure coil
will be small compared with the total load. If the load is small,
connection (b) is better, since the volt-drop in the current coil will be
small, thereby only introducing a small error.
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Some wattmeters are constructed as indicated diagrammatically in
Fig. 46. A compensating coil is connected in series with the pressurc

Current Coil
Id \\

LIk 00—

Pre; Pressure
l'e.:'.‘iuff cor/
@i

Serses
ResIstonce —

(3) (b)

F1G. 45.—Alternative Wattmeter Connections.

coil and so arranged that it sets up a magnetic field in opposition to
that of the current coil, and neutralises the component due to the
" pressure coil current in the current coil. This is adjusted correctly

Compensacing
coil
(VIR
7o 70
Supply  Pressure Load
Ccoil
NSeries
Res/stonce

F16. 46.—Compensating Winding for Potential Coil.

when the deflection is zero; the pressure coil being energised and no
other current passing through the current coil of the instrument.

4.3. The Measurement of Power in a Polyphase Circuit. At
first sight, the measurement of power in a polyphase circuit might
appear somewhat complicated. We will therefore derive a rule which
will be applicable to all balanced and unbalanced multi-wire
systems.

Let us first consider a system such as is illustrated in Fig. 47 (a),
consisting of two wires from the supply to the load. No matter what
the variation of the current, the instantaneous value in wire 1 will
be equal and opposite to that in wire 2 and, as we have already seen,
the instantaneous power expended in the load will be the product of
the instantaneous values of the load current and the potential drop
across the load due to the passage of the current through the load.
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The mean power will be the average value of this product, and this is
the value which the wattmeter will indicate, when connected as shown
in Fig. 45, since the inertia of the moving system is too great to follow
the rapid alternations in power which occur at normal alternating
current supply frequencies.
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F1G. 47.—Multi-wire Supply Circuits.

Now consider a number of such systems, entirely’ independent of
one another, as illustrated in Fig. 47 (b). The current in wire 1 will be
equal and opposite to that in wire 2 and the current in wire 3 will be
equal and opposite to that in wire 4, etc. Also, the total power expended
in the four circuits will be the sum of the powers expended in the
individual circuits.

If we now merge the lines 2, 4, 6, and 8 into one common line C,
as illustrated in Fig. 47 (c), the currents which previously returned
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through the separate lines will now return through the line C, and the
total instantaneous value of the current flowing in this line will be the
sum of the return currents which were previously flowing in the
individual lines 2, 4, 6, and 8. Thus, the instantaneous current in
the line C will be given by

T,=0y4 14 1 +1g
but ¢,=—i,,1,= -1, etc.
Therefore, ¢, —1,—1%, —15—1%,
or ic‘{ il +ia+i54‘17=0

which agrees with Kirchoff’s Law, which states that the algebraic sum
of the currents which meet at any point is zero.

The total instantaneous power expended in the receiving network
will remain unaltered and will be

0(Vi—=Vo+is(Vs—Ve)+is(Vs— Vo) +1,(V,— Vo)
since V,=V,, V,, etc.,

and the summation of the indications of four separate wattmeters,
connected so that their respective current coils are one in each of four
lines, and their potential coils are connected each to the remaining
line and the line carrying the corresponding current coil, will give the
total average power dissipated in the system. Furthermore, if four
wattmeter elements are constructed to impart their torque upon one
moving system, the indication will be proportional to the average total
expended in the system.

4.4. Polyphase Systems—General Case. By similar reasoning,
we can generalise and state that if a system consists of # wires, (#—1)
wattmeters (or a polyphase wattmeter consisting of (#—1) elements)
are sufficient, under any load conditions, to measure the total power
expended in the network. We shall see later, however, that when the
line currents and voltages are balanced it is possible to dispense with
one or more wattmeters.

In three-phase four-wire circuits it is usual to connect the wattmeters
with the neutral wire as the common potential point. From the above,
we see that this is not necessary, since any line would do for the
common potential point. Such a practice, however, has the advantage
that all wattmeter potential circuits are energised by more or less the
same value of voltage.

It should be stated that the above rule has been derived for a star-
connected load, but should a mesh-connected load, such as is illustrated
in Fig. 47 (d), be employed, the same argument would still hold, since
on the supply side of the system it is exactly similar to that of a group
of two-wire systems with a common return. The passing of the current
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through the load effects a drop in potential in exactly the same manner
as with the star-connected system of Fig. 47 (c). The only difference
is that the current is distributed through two parallel circuits in the
mesh-connected load, whilst in the case of the star-connected load there
is only one circuit. The total instantaneous power will still be the
summation of the products of the instantaneous values of the current
in each line and the potential of the line relative to that of the common
return. The polyphase wattmerer with (» —1) elements will accordingly
indicate the average value of the total instantaneous power whilst, as
we shall see later, the polyphase watt-hour meter, with (n—1) elements
similarly connected, will integr*¢ the toial consumption of energy
dissipated in the circuit in any gven period.

4.5. ‘Three-phase Three-wire Systems—Two Wattmeter
Method of Measuring Power. The most common method of

W,
LA
/
3Phase
Supply
2 2 3
LOAD
(3
>- 0000 -
W

T16. 48 —Two-wattmeter Method of
Measuring 3-wire Load.

measuring power in a three-phase three-wire circuit is by the two
wattmeter method; the connections for measurement of a star-con-
nected load being as shown in Fig. 48. As we have already seen, in
section 4.4, where there are only three lines, and two wattmeters are
connected in the manner indicated, the sum of their readings will give
the total load. Taking the case of a balanced load, such as is repre-
sented in the vector diagram of Fig. 49, the sum of the wattmeter
readings will be
E 41, cos (3046)+Egyl 4 cos (30—06)
=+/3E,1, cos (30+6)++/3E, cos (30—6)
since E,3=E43=+/3E,, and I,=I;=1
Therefore, W,+Wy=+/ jE,I [cos (30+6)+ cos (30— 6)]
=+/3E,I (2 cos 30 cos 6)
=3E,I cos 6
which is the total power dissipated in the load.
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Fig. 49 reveals that, when 6 is 30°, W, reads its maximum value,
ie. Eg,l; for any given current. Also, when 6 is 60° (at o-5 power
factor) W, will read E,I, cos (60-+30), which is zero. For any value
of power factor below o-5 lagging, W, will read a negative quantity.
In such a case the connections to the pressure coil of W, must be

-r

£3

F1c. 49.—Vector Diagram—Two-watt-
meter Method of Measuring 3-wire Load.

reversed in order that the wattmeter will indicate in the correct
direction. The mean power will then be the reading of W, minus

that of W,.

4.6. Three-phase Three-wire Systems. Three Wattmeter
Method. Fig. 50 illustrates the method of connecting three wattmeters
for the measurement of power in a three-phase three-wire circuit; the
load being star-connected.

The instantaneous power in the load

=eplpteyly+tegip

where e, is the potential between the red line and the star point of
the load, ¢, is that between the yellow line and the star point of the
load, and ey is the potential of the blue line relative to the star point.
Now, suppose there exists a potential difference of V between the star
point and the common connection of the wattmeters. Then we have

ewy+V=eg

ewsytV=ey

ew 3+ V= GB
Therefore, the instantaneous power will be

(ewr+V)ig+(ewa+V)iy+(ews+V)ig
=eyriptewslytewsist+V (ig+iy+ip)
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but, in any balanced or unbalanced three-wire system,
1: R + iY + i B=0

and, in consequence, the total instantaneous power will be

ewrigrTewaly tewalp
Wi
2/ [ zn
Wz
R
<2 3
<3 W3

Fi1c. 50.—Connections for Measuring
3-wire Load with 3 wattmeters.

Hence, the summation of the readings of the three wattmeters, when
connected as shown in Fig. 50, will give the mean value of the total
power expended in the circuit.

4.7. Three-phase Four-wire Systems. Three Wattmeter
Method of Measuring Power. The connections of the three watt-

N
y v
lwd

F1G. 51.—3-Phase 4-Wire System—3-Wittmeter
Method of Measuring Power.

meters, or three-element wattmeter, are as shown in Fig. 51. The total
instantaneous torque will be proportional to

18, Feglytegls
which is proportional to the instantaneous power dissipated in the
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circuit and, as we have already seen, the summation of the wattmeter
readings will be correct for both balanced and unbalanced load
conditions.

4.8. Balanced Loads. One Wattmeter Method of Measuring
Power. Fig. 52 gives the connections for the measurement of power
in a balanced three-phase circuit when only one wattmeter is available.
The current coil of the wattmeter is connected in one line, whilst the
potential is connected for alternate readings between that line and
each of the other two lines. This is attained by means of the pressure
coil circuit change-over switch shown in the diagram.

wattmeter /
Current
Ca//‘

T —

Av—

Pressure Coil?

Potentiol Chonge-
ot Swrteh '9/qA B

£ 1, "¢,

I'16. 53.—Vector Diagram

] —One Wattmeter Method

F16. 52.—3-Wire Balanced L.oad—One Watt- of Measuring Balanced
meter Method of Measuring Power. 3-wire Load.

If the phase voltages are E,, E,, and Ej respectively, and the line
currents are I,, /4, and I, the currents lagging their respective voltages
by 6 degrees, then the reading of the wattmeter when the pressure coil
is connected between the lines 1 and 2 will be

Wiy=Es1, cos (30+6)
which can be verified from the vector diagram of Fig. 53.

Similarly, the reading when connected with the pressure coil between
lines 1 and 3 will be given by

Wis=EglI, cos (30—6)

Therefore, W3+ W 3=FE,,I, cos (30+6)+E4 I, cos (30—06)
but Egy,=E,,=+/3E, where E is the phase voltage,
and I,=1I, where [ is the line current.

Therefore, W3+ W ,,=4/3EI[cos (30—6)4 cos (304 6)]

=3EI cos §

which is the total power applied to the load.
Thus, a single wattmeter connected in the above manner may be used
for the measurement of power in a balanced three-phase circuit.
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4.9. Wattmeters. There are three main classes of wattmeter,
and they are as follows:

(@) Electro-dynamometer.

(i) Pivoted coil deflectional type.
(ii) Torsion-head type.

(8) Induction.

(¢) Electrostatic.

We will now consider each class in turn.

4.10. Electro-dynamometer Wattmeters. We have already seen
(section 4.1) that the instantanenus power is the preduct of the instan-
taneous current and the instanwancous voltage. Therefore, if two coils,
one carrying the circuit current and the other carrying a current
proportionz! to the applied voltage—and in phase with the applied
voltage—are placed in such a position that they react upon one
another, then an instantaneous torque will be developed which will
be proportional to the instantaneous power dissipated in the load.
Also, providing the instrument has a long natural period compared
with the periodicity of the alternating current, the moving system
will take up a position dependent upon the mean power expended in
the circuit.

In order that the current in the pressure coil shall be in phase with
the applied voltage, the pressure coil must be as non-inductive as
possible. This is usually attained by placing a non-inductive resistance
in series with the actual pressure coil of the instrument, thus making
the reactance of the pressure coil negligible compared with its resis-
tance. A further advantage of this non-inductive resistance in series
with the pressure coil is that it minimises the current change in the
pressure coil, with change of frequency.

Suppose ,, = the resistance of the pressure coil

L, = the inductance of the pressure coil

E = voltage applied to the pressure coil circuit

v, = resistance in series with the pressure coil.
Then the current in the pressure cuil, » is given by

_ E
VG, T

and the phase angle by which the current is lagg'ng the voltage is
given by !

L
6=tan-! by
(rﬁ+rt)

From these expressions, it can be seen that an increase in the value
of the non-inductive resistance reduces the current in the pressure coil
and also reduces the value of tan~wL,/(r,+7,), i.e. the angle of lag

81



1V:4.10 ELECTRICITY SUPPLY METERS

of the current relative to the applied voltage. Furthermore, the greater
the value of 7,+7,, the less effect, with change of frequency, has the
term o 2L 2 upon the value of the current.

Increase of frequency increases 6 and also very slightly reduces the
current in the pressure circuit.

Suppose we are measuring an inductive load, the current lagging
the voltage by angle ¢. The wattmeter deflection will be proportional
to I/, cos (¢—0), where I is the current in the current coil, I, is the
current in the pressure coil, and 6 is the angle of lag of the current I,
relative to the applied voltage. Siace I, is proportional to E, the
supply voltage, the torque is proportional to
IE
z, cos (p—0)
where Z , is the impedance of the pressure coil circuit.
7y t+7s

cos 0

But Z,=

Therefore, the torque is proportional to
IE cos 6 cos (¢—6)
7yt
The wattmeter will only read correctly at all frequencies providing

the torque is proportional to IE cos ¢/(r,+7,). Therefore, the ratio
of the true reading to the actual reading of the instrument

IE
A:(r,,»,* v cos ¢
IE R
ryr, cos (¢—0) cos 0
cos ¢

cos (¢—6) cos 0
which is the factor by which the actual reading must be multiplied in
order to allow for the inductance of the pressure coil circuit.

Errors are likely to be introduced on account of the induction of
eddy currents in the solid metal parts, in the neighbourhood of the
coils, thereby distorting the magnetic field set up by the current coil
of the instrument. The phase of the eddy e.m.f.s will be go° behind
the flux creating them and the eddy currents will be almost in phase
with their e.m.f.s. These currents will create a magnetic field which
combines with the magnetic field due to the current coil. The resultant
magnetic field will be slightly less in magnitude than the magnetic
field due to the current coil alone, and it will lag the latter by a small
angle.

Ign order to ensure that the error is not serious, all solid metal parts
should be excluded from the vicinity of the coils and, when the

82



WATTMETERS 1V:4.11

wattmeter is designed for passing heavy currents through the current
coil, the conductors should be stranded. This will decrease the eddy
currents by increasing the resistance of their path.

The pressure coil circuit may have self-capacity as well as inductance.
This tends to lead the current in the pressure coils relative to the
applied voltage. In this case there will be one frequency at which the
capacitive reactance is equal to the inductive reactance, and there
will be no phase angle between the pressure circuit current and the
applied voltage.

Such constitutes the principles of the electro-dvnamometer watt-
meter and illustrates its main €rxors. The actual instrument is similar
in principle and design 10 the eiectro-dynamometer ammeter and volt-
meter described in section 3.14. The current is carried in the fixed
coils of the instrument, whils! the nioving coils are connected across
the applied voltage, in -eries with a high non-inductive resistance.

4.11. The Deflectional type of Electro-dynamometer Watt-
meter. In this type of instrument the moving coil is carried on a

F1G. 54 (a).—Deflecting Electro-dynamometer
Wattmeter (Salford Inst Co.)

pivoted spindle and its movement is spring-contrelled; the moving
pressure coil being almost entirely surroundeé by the fixed current
coils. The damping is usually by air-friction, a vane in an enclosed
sector-shaped compartment generally being employed. For currents
up to 100 ampéres, the instrument is usually directly connected.
Beyond this range, either shunts or current transformers have to be
employed, depending upon whether the measurements are for direct
or alternating current.
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FI1G. 54 ().

In order to mimmise the effects of eddy currents, the coil conductors
are usually stranded or lammated. This particularly applies to coils

Fic 54 (c)—Deflecting Electro-dynamometer
Wattmeter (Salford Inst. Co.)

designed for heavy current working. The use of metal in the working
parts is kept to a minimum, consistent with freedom from warping or
other movement of the working coils.

Fig. 54 illustrates a substandard precision electro-dynamometer
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wattmeter manufactured by the Salford Instrument Co. Ltd. No iron
or other magnetic substance is employed in the construction of either
the fixed or moving coils of the instrument. The pointer is girder-
shaped, and it is claimed that this special shape of pointer prevents
vibration due to resonance, which in some instruments tends to occur
between 10 and 100 cycles per second. A pointer of this design also
has the advantage of great mechanical strength. The damping of the
instrument is aperiodic (see section 2.8).

Fig. 54 (a) illustrates the slement of the instrument, whilst Figs.
54 (b) and (c) show the lamii.ated shiekl which protects the instrument
from stray magnetic fiels and s snfficiently remote from the element
to have no appreciable effect uju. it.

The instriment «ls» has a low volt-ampére loading of the current
coils which permits of its beirg employed with standard instrument
transformers without fcar of burdening the transformers by overloading.

The advantages of the pivoted coil electro-dynamometer wattmeter
over the induction wattmeter are:

(@) Greater accuracy

(b) Less weight of moving system

(¢) Less power consumption

(d) The instrument can be used for either a.c. or d.c. measurements.

4.12. The Torsion-head types of Electro-dynamometer Watt-
meter. This class of instrument differs from the deflectional type
inasmuch as the torque of the moving system is measured whilst the
moving system is in its zero position, the significance of which will be
appreciated in the succeeding paragraphs. The pressure coil is sus-
pended from an adjustable torsion-head, which serves the dual purpose
of a suspension and also leading in the current to the moving coil.
Thus, any deflectional torque may be balanced by a controlling torque
such that when the system is in a state of equilibrium, due to the
deflecting and controlling torques being equal and opposite, it still
retains its zero position.

The pressure coil is entirely embraced by the fixed, or current, coils,
and in most cases is wound in such a manner that the system is astatic.
This entirely eliminates any error due to external magnetic fields. A
scale is set upon the torsion-head and, for any required load, the
torsion-head is turned through an angle which will create the same
controlling torque, when the moving coil is at its zero position, as the
deflectional torque due to the predetermined locd.

Thus, «=KP

where K is a constant, P is the load, and « is the angle through which
the torsion-head must be turned. It should be mentioned that the
c¢ontrolling torque 1s proportional to «, hence the validity of the above
expression.
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The load is then applied and varied until the deflection of the moving
system is zero, as indicated by the position of the pointer on the scale.

Alternatively, if a load of unknown value is to be measured, the
torsion-head is turned until the moving system returns to its zero
position, and the load can be determined from the expression

P=K a
where K, is a constant for the instrument.
One well-known instrument of this type is that due to Dr. C. V.
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F1c. 55.—Drysdale Single-phase Torsion-head
Electro-dynamometer Wattmeter
(H. Tinsley & Co. Ltd.)

Drysdale and manufactured by H. Tinsley & Co. Ltd. Figs. 55 and 56
show the arrangement of the coils for single-phase and polyphase
wattmeters respectively. The moving coil is stitched to a flat strip of
mica, and is carried by the latter. It is wound in two equal sections,
the current flowing in the one direction in one section and in the
opposite direction in the other. This makes the system astatic, and
ensures that the instrument will not be influenced by stray magnetic
fields. The suspension consists of a silk fibre, attached to which is a
spiral spring for transmission of the required torsion to the moving
system.

The fixed coil is also in two sections, and these are astatically wound.
The conductors consist of ten strands, each of which is individually
insulated. The strands are brought out to a commutator, by virtue of
which'it is possible to connect all the strands in series, parallel, or a
series-parallel combination; thus permitting of several ranges. Two
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fine phosphor-bronze ligaments are employed to lead the current into
the moving coil. The spring, which is made of German silver, merely
acts as a torsion control. By very careful adjustment of the length of
this spring, which comprises several turns, the constant of the instru-
ment is made an exact figure. A knife-edge pointer is attached to the
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F16. 56 - Drysdale Polyphase Torsion-head Electro-
dynamometer Wattmeter (H. Tinsley & Co. Ltd )

%

moving coil and a short scale is provided so that the zero can be
accurately determined. A large scale, equally divided in divisions and
subdivisions, is provided for the adjustment of the torsion-head. When
the deflection is zero for any given load, the value of the load is directly
proportional to the scale reading of the torsion-head. Damping is
provided by means of the mica vane which carries the moving coil.
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The above instrument can be constructed to cover a current range
up to 500 ampéres. Beyond this value, the cross-section of the con-
ductors would be so great that the current would be non-uniformly
distributed. When employed in a.c. circuits, eddy currents would also
be introduced with conductors of large cross-section.

The torsion-head wattmeter is largely used for standardising
purposes.

4.13. Expression for Torque—Electro-dynamometer Instru-
ments. The fundamental difference between the deflectional type of
electro-dynamometer instrument and the torsion-head type is that the
relative positions of the fixed and moving coils of the former change
with load whilst, in the latter type of instrument, the relative position
of the coils—when finally adjusted—is the same for all loads. Thus,
it is only in the latter type of instrument that the mutual inductance
between the coils remains constant. The following argument will enable
the reader to appreciate the significance of this difference in principle
between the two instruments.

Suppose the instantaneous current in the fixed coil is 7 and, at any
time ¢, 1=1,,,, sin (af—06), where 6 is the angle of lag of the current
relative to the applied voltage. Also, let the instantaneous value of
the applied voltage () be given by e=E,,, sinwf. Then, if the induc-
tance of the pressure coil is negligible compared with its resistance,
the pressure coil current ¢, will be given by 7 ,=(E . sin of)/R, since
it is in phase with the voltage; R being the resistance of the pressure
coil circuit.

Now, the flux threading the pressure coil, when the latter is placed
with its plane parallel to that of each current coil, is given by

¢=K N1
where K, is a constant and N, the number of turns in the current coils.
The maximum value of the mutual inductance between the current
and pressure coils is given by
M poz=K NN,

where N, is the number of turns in the pressure coil.
The energy potential of the coil, when its plane is parallel to that

of the fixed coil, is
V=irN o

and when the coil is turned through an angle B from this position
V=1,N,¢ cos p
=1,N,K,N cos B
=M paetyt COS B

When the pressure coil moves through a small angle d from an
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angular deflection of 8, the work done, which is equal to the torque
times the angle moved through, is Tdg, and the change in potential
energy is dV.

Therefore, Tdp=dV
av
and T= is
_ j_ M iyt cOS B
dp
= —M 51,8 sin [ dyne-cm
providing M,,.., t,, and ¢ are in #}-ctrc-magaoetic c.g.s. units.

Eos .
But t,= ;é»"f sin wf

and ¢—=1,,,, 10 (0t —0)
Therefore, the mean torque
2r

m

«
e [ M 132 E oz SIN 8.1 gy, Sin (08— 0) sin B.d¢
T2n R
0

2n
«
=2, M ook mazl maz Svl-n—B/sin (et —8) sin wt.dt
2n R 0

2m
. s
=— mexmmor maz 7 [} (cos 8—cos(zat—0))dl
0

2rn

= i:-‘ . M —'3‘3@1""—”—1[2"‘—"'-” sin B [t.cos O—i(sin(th —6)) ] ¢
0

=‘_‘)___ MmatEmam{n:ac sin B[EECOS 9]
4r R «

M paoE masd maz SiD B cOs 6

- 2R

Therefore, T,,.=L—ﬂ———1;&r—c—m—t. M, sin B
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Thus, in the deflectional type of electro-dynamometer instrument,
the torque decreases as the moving system is reaching its position of
equilibrium. In the case of the torsion-head type of wattmeter, the
maximum possible torque is utilised for any load, i.e. the axis of the
moving coil is perpendicular to that of the fixed coil.

Thus (Load in Circuit) M pas sin 90 =Ko

R
Load in Circuit = KloER_ i
M e
=Klg

where K' and K" are constants and « is the angle of twist of the
torsion-head. This gives a uniform scale and the maximum possible
torque for any load, which is a decided advantage of the torsion-head
electro-dynamometer instrument over the deflectional type.

4.14. Induction Wattmeter. The induction wattmeter depends for
its operation upon the same principle as the induction ammeter and
voltmeter, and has the same disadvantage of only being suitable for
measurements in alternating current circuits.

Contro/
Spring $._._
3 Potential
T £/ectro-
] mognet
§ Disc Copper Band
q
~N | Serses —
Supplyl Efectro-magnet 0] lnad

F16. 57.—Diagrammatic Arrangement—Induction Wattmeter.

A diagrammatic arrangement of such an instrument is given in
Figf 57. It consists of two laminated electro-magnets, one of which
carries a coil containing a few turns of comparatively heavy copper
wire, whilst the other is embraced by a coil consisting of many turns
of fine wire. The coil consisting.of the heavier wire carries the load
current, or a definite proportion of it; the other coil being connected
across the supply and carrying a current proportional to the applied
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voltage. An aluminium disc is mounted between the poles of
the two electro-magnets and a deflecting torque is created by the
interaction of the magnetic flux of each electro-magnet with the
eddy currents induced in the disc by the flux of the other electro-
magnet.

The pressure coil is made as inductive as possible and a copper ring
is fitted to the centre limb of the laminated core. This is adjusted so
that the effective magnetic flux will lag behind the applied voltage by
exactly go° (see section 9.5).

A simplified vector diagram of the indnction wattmeter is given in

4dp

edp

F1G. 58.—Vector Diagram
—Induction Wattmeter

Fig. 58. Consider the applied voltage to the load as E, and the load
current I, as lagging the voltage by an angle 6. These are represented
by vectors E and I, respectively. Then ®, will be the flux due to E
and (after correct adjustment of the copper band) this will be exactly
90° behind E.- This flux will induce an e.m.f. ¢;, in the disc, lagging
®, by 90°. The eddy currents due to this e.m.f. are represented by
3, and will lag ¢;, by angle «, due to the inductance of the eddy
current paths in the disc.

The flux ®,, due to the current coil, will be in phase with the load
current, and will lag behind the applied voltage by angle 6; assuming
cos 6 to be the power factor of the load. This flux will induce an e.m.f.
€4, in the disc, lagging @, by 9o°. The eddy currents,due to this e.m.f.
are represented by ¢, and they will lag ¢,, by atgle « (approximately)
due to the reasons mentioned above.

Now, the instantaneous torque acting upon the disc will be

¢pido+¢oido
where the above quantities are the instantaneous values (see section
3.20).
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Suppose the applied voltage e=E,,,. sin «f, then the current
te=1 10 SIN (wi—06)
and ¢,=K Im,, sin (wf—6)
similarly, [¢, B omag CO8 mt]

(0]

dg,

Koy
==K I ppazs €OS (wt—06)

tae = — K5l puzw COS (0l —06—a)

d
=K

=—K7E,,,M, sin w?
Therefore 14,=~ K¢E,,,, sin (at—a)
where K, . . . K, are constants.
The mean torque T, upon the disc

T,00 K'®,I,. cos (6+a)+ K1® I, cos (180-+a—6)

where ®,, ®,, I,,, and I, are r.m.s. values.

o K1 [ sz;nazKJmaa“’ cos (0+a)] + K1 [1{11,,,"”1{,,13,,,“c cos (0—~a)]

Therefore, since a is small
Tow=E ool maz c0s 0 (KK K+ K1K,Ky)
Therefore T,,ocCE 301 oy COS 0
ocEI cos 6

Thus, the mean torque is proportional to the power in the circuit.

One would assume from the above expression that the deflection of
the instrument was independent of frequency, but this is not so. In
order to simplify the calculations, the inductance of each part of the
circuit has been considered independent of frequency, which is not
strictly true.

Instruments of the above type are usually spring-controlled and, as
the deflecting torque is directly proportional to the power being
measured, the scale is uniform. Furthermore, the instrument can be
designed with a scale covering 300° deflection.

The instruments can be self-contained up to 100 ampéres loading,
but for greater currents transformers are necessary. The induction
wattmeter, however, is only satisfactory when the supply voltage and
frequency are reasonably constant.

The advantages of such an instrument are:

(a4) Long uniform scale.

(b) High working torque.

(¢) Very useful for switchboard purposes.
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The disadvantages are:

(s) High power consumption.

(6) The instrument is only capable of first grade accuracy at a stated
frequency and under certain conditions of temperature.

(d) It can only operate on alternating currents.

4.15. The Lipman Induction Wattmeter. Fig. 59 represents
diagrammatically the electrical and magnetic circuits of the induction
wattmeter developed by C. L. Lipman and manufactured by Nalder
Bros. & Thompson Ltd. ¥V, and V are the terminals of the potential
winding, whilst M and L are those of the current winding. Power

v+
)

Fi1c 59.—Diagrammatic Arrange-
ment—Lipman Induction Watt-
meter

factor compensation is obtained by means of the coils F. These form
a closed circuit in themselves, and the resistance R is so adjusted that
the fluxes F, and F, are electrically displaced by 9o°.

The useful flux F,, due to the potential coil, circulates along the
path indicated by the chain line and acts upon the drum D in a hori-
zontal direction. The flux F,, due to the current coil, acts upon the
drum in a vertical direction. Thus the two fluxes age go geometrical
degrees apart and, since they are also electrically’ displaced by go time-
phase degrees, a torque, which is proportional to the power in the
circuit, is exerted upon the drum D. Damping is performed by the
electro-magnet M.

4.16. Three-voltmeter Method of Measuring Power. At this
point it would be advantageous to consider the method by which three
voltmeters can be employed for the measurement of power. The
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method of connection is illustrated in the circuit diagram of Fig. 60 (a).
V1, V4, and V4 are three voltmeters, and R is a non-inductive resistance
which is connected in series with the load. From the vector diagram
of Fig. 60 (b), which represents the conditions when current is flowing
in the circuit, we have

V3=V, 2+ V3+2V,Vgcos 6

If we neglect the currents taken by the voltmeters V', and V,, since
they will be small compared with the load current, the current in the
non-inductive resistance will be the same as the load current, and also

: L
VZCE R y,  lood Vs
) r

-~
Supply
F16. 60.—Three Voltmeter Method of Measuring Power.

in phase with it. Thus, the reading of V, will be IR volts, where [ is
the load current.

Therefore, 2V, V4 cos 6=2IRV 4 cos 0
and V,2=V,2+V424-2IRV 4 cos 6
But IV cos 0 is the power dissipated in the load, therefore
V,2=V,24+V42+2RP
V2=V, 2—V,?
2R

where P is the power expended in the load.

We see from the above that it is possible to measure power by means
of three voltmeters. It only holds, however, when the resistance R is
non-inductive.

4.17. Electrostatic Wattmeter. This type of wattmeter is essen-
tially a delicate reflecting instrument, for laboratory rather than general
use. Nevertheless, since it has been in constant use at the National
Physical Laboratory for the standardisation of wattmeters, watt-hour
meters, etc., it is well worth brief description in this chapter. The
development of the electrostatic ammeter, voltmeter, and wattmeter,
as accurate standard instruments, is due to Drs. Patterson and Rayner,
at the National Physical Laboratory.

The electrostatic wattmeter consists of a quadrant electrometer used

9%
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in conjunction with a non-inductive resistance, and the simplified
connections are as shown in Fig. 6r1.

!

Supply % .| - Vs Load
L
—/M

Fi16. 61.—Simplified Connections- -Electro-
static Wattmeter.

4.18. Expression for Torque—-Electrostatic Wattmeter. We
will consider the instantaneous load current as ¢ amperes and V,, V,,
and V, as the instantaneous potentials of the needle and two opposite
quadrants, as illustrated in the figure. Then the instantaneous torque

T=K[(V,—Vy)?=(V,—Vy)]
K being a constant.

Potentral '
Divider

Fic. 62.—Electrostatic Wattmeter—-
Alternative Connections.

From the diagram of Fig. 61 we see that (V' ,—V)is the instantaneous
value of the voltage applied to the load, which we will cpll ¢, and
. Vi=Vy=(V,—=Va)+(Vs—Vg)=e+1R
Hence, the instantaneous torque
T=K[(e-+iR)*—e")]
=K(2¢+4tR)(sR)
=K(2e4R+12R?3)

—KaR(ei+10)
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Thus, the instantaneous torque is proportional to the instantaneous
power supplied to the load, plus half the power dissipated in the
non-inductive resistance R.

There are several methods by which this disadvantage may be
overcome, but we will only concern ourselves with two of them. One
is illustrated in Fig. 62. In this arrangement a potential divider,
consisting of a high value non-inductive resistance, is placed across
the supply terminals, and the electrometer needle is connected to
its mid-point. The instantaneous potential across the divider will
therefore be

e+(Vs—Vy)

where e is the p.d. across the load.
The potential of the electrometer needle relative to the point a will be

e+(Vs—V,)
2
and relative to the point b
eHVo=V)—(Vs=V)
2
e—(Vs—V,)
2

Therefore, the instantaneous torque

T=K [(‘it‘f;;@)’_ (e—‘( t_/_;; _;(3))2 ]

=}K[2e(2V3—2V))]
=Ke(Vy—V,)
=KeiR

and the torque 1s proportional to the true power dissipated in the
load.

4.19. Miles Walker’s Method. Occasionally, it is not possible
to use the mid-point of the potential divider. For example, when the
voltage would be too high to apply to the instrument. To overcome
such difficulties, the arrangement given in Fig. 63, which is due to
Miles Walker, may be employed. In this method a further non-induc-
tive resistance R, is connected in series with the load, but on the
opposite side of the load to the non-inductive resistance R, and the
needle of the electrometer is connected to a convenient point on
the potential divider.

Voltage between a and d

Suppose Voltage between @ and ¢
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Then the instantaneous torque
T=K[(V,=V)*~(V,—Vy1

but V,—V ="_"‘L§¢i{e
and Vy—Vy=V,—V,—iR
=f_+_’_1§61_+’_15 —4R

F1G. 63.—Electrostatic Wattmeter
(Miles Walker.)

2
Therefore, T=K (H‘iR‘.HR) (8+1R‘+1R z'R)]

(Y )

=K ;(eiR—{-i*RlR—i—i’R’)——(i’R“)]

and, by making the value of R,=R(x—2)/2, we have

T=K s(eiR+i'R'£_~zt%+i’R’)-—i’R’]

=K>(iR+iRE = 4itRr-ZiRY)

=k(ieR)
X
Toced

In other words, the instantaneous torque is proportional to the true
instantaneous power in the load.

In the above argument, the current taken by the electrometer has
been neglected, which is sufficiently accurate for general purposes,
particularly at low frequencies.

4 97
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4.20. Calibration of Wattmeters or Watt-hour Meters with
Electrostatic Wattmeter. Fig. 64 gives the diagram of connections
for the circuit employed by the National Physical Laboratory for
wattmeter and watt-hour meter-testing. One great advantage of this
wattmeter is that it may be used for circuits with potentials varying
from 100 volts to many kilovolts, and currents from less than a milli-
ampére to thousands of ampéres. A lantern projects a beam of light
upon a mirror attached to the moving system, and the latter reflects
the beam on to a scale at a distance of three metres. The scale is in the
shape of a horseshoe and is approximately five metres long. The voltage

-

F1G. 64.—Calibration of Wattmeters and Watt-
hour Meters with Electrostatic Wattmeter.

applied to the needle is generally 100 volts, and that between the
quadrants in the neighbourhood of 2 volts. In order to obtain the high
sensitivity required of the instrument, the quadrants are only 2 mm.
apart, and the difference of potential is obtained from the ends of the
non-inductive resistance R, through which the current passes.

When the pressure coil voltage is above 100 volts, the needle of the
voltmeter and that of the electrostatic wattmeter are connected to the
potential divider, in order to give some convenient ratio of the total
voltage in the pressure circuit of the instrument under test.

In order to maintain the instruments at earth potential, one end of
the potential divider and the centre point of the non-inductive resistance
R are connected to earth. N

A phantom load is applied to the wattmeter under test, the voltage
coil being supplied from one alternator and the current from another,
as illustrated in the diagram. The two alternators are mechanically
coupled and driven by the same motor.

In Fig. 64, E, is the electrostatic voltmeter for determination of
the applied voltage to the pressure coil of the instrument under test,
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and also to the electrostatic wattmeter, W,. Wr is the wattmeter or
watt-hour meter under test, whilst the pressure and current circuit
alternators are represented by A; and A4, respectively. Adjustment
of the phase angle of the current, relative to the voltage applied to
the pressure circuit, is obtained by rotation of the stator of one of the
alternators, relative to the other. Provision for this is in the form of
a worm gear, which permits of the leading or lagging of the stator of
the one alternator relative to that of the other. Alternatively, one
could employ a phase-shifting transformer, such as the Drysdale-
Tinsley type described in section z.19. It has the advantage of being
simpler and less costly than the ~1!>rnators.

The electrostatic wattmeter 1. very convenient for polyphase
measurements, since it is only necessary to have two similar non-
inductive resistances, one ir. each of two lines, and to change over the
connections to the needle and quadrants by means of a selector switch.
The total power will then be the summation of the two readings.

4.21. Polyphase Wattmeters. This class of instrument has been
developed in order that only one wattmeter need be employed for the
measurement of power in a polyphase circuit. It consists of two
separate wattmeter elements mounted in the same case, the moving
coils being mechanically coupled. Thus, the total deflecting torque is
the sum of the torques due to the separate wattmeter elements, and
the pointer of the instrument indicates directly the total power in
the circuit.

In such an instrument, it is essential that there shall be no interaction
between the fixed coils of the one element and the moving coils of the
other (see section 11.13) and vice versa. This may be reduced to a
negligible amount by means of an astatic coil system, such as is
employed in the torsion-head type of electro-dynamometer polyphase
wattmeter manufactured by H. Tinsley & Co. Ltd. (section 4.12).
In some types of instrument a laminated iron screen is placed between
the two elements, thereby providing a magnetic screening.



CHAPTER V

Frequency Meters—Power Factor Meters—
Insulation Testers—Recorders

5.1. Measurement of Power Factor, Frequency, Insulation,
etc. In this chapter, we will consider the action of instruments
employed to determine the frequency and the power factor of alter-
nating current circuits, an instrument for the measurement of the
insulation of a circuit and, finally, one which gives a continuous record
of the variation of such electrical quantities as voltage, current, power,
etc., over a period of time.

5.2. Frequency Meters. There are three main classes of frequency
meter and they respectively depend for their operation on:

(a) Electrical resonance

(b) Mechanical resonance

(¢) Variation of impedance with frequency.

5.3. Electrical Resonance Type. This type of instrument is
flustrated diagrammatically in Fig. 65. It consists of a magnetising
coil, wound on a horn-shaped laminated iron core, and energised from
the supply voltage. A moving coil is pivoted over the core and the
terminals of the coil are connected directly across a condenser. In the
vector diagrams [ is the current in the magnetising coil, ® is the flux
in the laminated core due to this current, e, is the e.m.f. induced in
the pivoted coil, and 7, is the current in the coil due to e,.

Diagram (a) represents the conditions when the frequency is such
that the moving coil circuit is capacitive, the current leading the
induced e.m.f. ¢, by angle «. The torque acting upon the coil will
therefore be proportional to 7, cos (go—a).

Diagram (b) illustrates the conditions when the moving coil circuit
is inductive. In this case, the torque will be proportional to I3, cos
(90+ B), and since the values of cos (go+ #) and cos (go—«) are opposite
in sign, it follows that the torque will be opposite in direction to that
when the moving coil circuit is capacitive.

Diagram (c) represents the case when the reactance due to the
inductance of the moving coil is equal and opposite to the reactance
due to the condenser, i.e. when wL=1/wC, where L is the inductance
of the coil in henrys, and C is the capacitance of the condenser in
farads.

The current ¢, will now be in phase with the induced e.m.f. and the
torque will be I3, cos 9o, which is zero. Therefore, under such condi-
tions, the coil will be in a state of equilibrium.

In the actual instrument, the value of wL changes with the position
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of the moving coil on the laminated iron core. In consequence, the
coil alters its position on the core until L =1/uC at the particular
frequency of the supply. The condenser is chosen to be of such a value
that when the frequency is at its normal value, say 50 cycles, the
pointer is at the central position upon the scale.

When the laminated iron core is designed so that the inductance

Normal Freguency

Low™ l sk

™~~~ Pointer

g:;;/ 9 : Maggzc;/k/bg
el N /
Laminated = \\\§

Jron Core

I I I
tc ‘:C
C ) éc -€
c \thc C
(a) (b)), (c)

Fic 65 —Frequency Meter-Electrical Resonance
Type.

changes slowly with change of position of the pivoted coil, great
sensitivity can be obtained.

5.4. The Vibrating Reed Type. This instrument depends for its
operation upon the phenomenon of mechanical resonance. It possesses
a number of thin steel reeds arranged so that they .ome under the
influence of an electro-magnet which is energised by a coil connected
across the supply voltage. The reeds are graded according to their
natural frequency, in predetermined and equal steps, and the flag of
each reed is set in front of a scale which indicates the supply frequency
at which each individual reed will resonate. Fig. 66 shows the con-
struction of such an instrument.

The reeds are of slightly different dimensions and are loaded at the
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V:54 ELECTRICITY SUPPLY METERS

remote end from the pivot to give the required natural frequency.
This is determined from the expression

1 b E
= 2m 2 /3(1+4.1K)

()

A—»

load or Flag PLAN Winding

{ SECTION ON A-A !

F16. 66.—Frequency Meter—Vibrating
Reed Type

where [ is the length of the reed in cm.

b ,, breadth of the reed in cm.

E ,, modulus of elasticity of the material, constituting the
reed, in dynes/sq. cm.

3 ,, density of the reed in grm./cu. cm.

K ,, ratio of the mass of the load at the end of the reed to

the mass of the reed.

In the case of unpolarised reeds, the electro-magnet attracts the
reeds every half-cycle, since they are of a magnetic material. The reeds
then all tend to vibrate and the one with a natural frequency twice
that of the supply frequency will vibrate most, due to the effect of
mechanical resonance.
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1f the reeds are polarised (i.e. magnetised) they will only be attracted
once per cycle, in which case the reed with the same natural frequency
as that of the supply voltage will vibrate most. Thus, for either type
of instrument, the frequency being measured will have the value
indicated on the scale by the flag which is vibrating with the greatest
amplitude. The instrument is entirely independent of the wave-form
and magnitude of the supply voltage, providing the latter is sufficient
to cause reasonable vibrations of the reeds, and will indicate the
fundamental frequency of the supply voltage.

5.5. Variable Impedance type of Frequency Meter. This type
of instrument depends for its operation upon the variation in the
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F1c. 67.—Frequency Meter —Variable
Impedance Type. (Lipman.)

distribution of current between two parallel circuits with change of
frequency, when one circuit is resistive and the other is inductive.
Such an instrument is manufactured by Nalder Bros. & Thompson
Ltd., a diagrammatic arrangement of which is given in Fig. 67. The
instrument consists essentially of two parts, one of wkich is fixed and
the other moving. The fixed system includes an external U-shaped
electro-magnet E, which carries the primary and secondary windings,
P and S respectively. P is energised directly, or through a suitable
current transformer. On two diametrically opposite arms of the core
C are mounted two auxiliary arms / and #. The thin aluminium drum
D comprises the moving system, and this is free to rotate between the
poles of the two electro-magnets % and C. The rotor is pivoted between
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jewelled centres and carries the pointer and balance weight arm; the
weight of the whole movement only being 7 grammes.

The operation of the instrument is as follows:

The primary circuit P, which, as previously stated, is energised
directly or through a suitable potential transformer, produces the main
flux F, acting upon the rotor in a horizontal direction. An e.m.f. is
produced in coil S, wound around the main electro-magnet, and this
energises the parallel coils / and #, producing fluxes F, and F, respec-
tively, which act upon the drum in a vertical direction. The coils are
so wound that in combination with the main flux they produce torques
in opposite directions which, at the normal frequency, balance one
another when the moving system pointer is at the centre of the scale.

o

Ooo

F16. 68.—Lipman Frequency Meter—
Arrangement of Rotor.

An inductance L is connected in series with /, and a non-inductive
resistance IV is inserted in series with #n. Thus, an increase of frequency
will cause the current in the inductive circuit L! to decrease. At the
same time, the current in the circuit N# increases, owing to the special
construction of the transformer. This change in current values causes
the drum to rotate to the new position of equilibrium, i.e. until the
torques are again equal and opposite.

No control spring is employed in this instrument; the rotor being
of the special construction illustrated in Fig. 68. A device is also fitted
whereby the pointer returns to the off-scale position when the supply
is cut off, and the inductance H is provided to create a high impedance
to the higher harmonics.

5.6. Power Factor Meters. Power factor meters indicate directly
the power factor of a load and consist essentially of a current circuit
and a potential circuit. Usually, the potential circuit is split into two
parallel paths, one of which is inductive and the other non-inductive.
The current coil carries a definite proportion of the load current and
the deflection of the instrument depends upon the phase angle between
this current and the currents in the two parallel paths of the potential
circuit, i.e. upon the power factor of the load.
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FREQUENCY METERS V:5.7

There are two types of power factor meter in general use, these are:

(a) The moving-iron type

(b) The electro-dynamometer type.

The latter is the older type, but nowadays the moving-iron type is
the more generally used.

5.7. Moving-Iron type Power Factor Meter. One such instru-
ment has been developed by C. L. Lipman and is manufactured by
Nalder Bros. & Thompson Ltd. A simple diagrammatic arrangement
of a three-phase balanced load instrument is given in Fig. 69, in order

Spinc'le
Main Current
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/
7
LA b
s
. 2 i
w
8

F1c. 69.—Power Factor Meter—Moving
Iron Type (Nalder Bros. & Thompson
Ltd.)

to illustrate the principle of the meter. In general, the instrument
consists of two coils in parallel planes, one each side of the moving
system. In the single-phase instrument they are energised by the load
current, whilst in the polyphase instrument they are energised by one
of the line currents. The moving system, which has the advantage of
carrying no moving coils, consists of an appropriate number of magnetic
units, each insulated from its neighbour by a non-magnetic material;
the combination forming a spindle. Each magnetic system has a thin
iron vane mounted at each extremity, and they are stt on the spindle
180° apart from one another. All the vanes are mounted in parallel
planes, and their axes of symmetry are fixed to correspond with the
phase displacements of the respective pressure coil currents which
energise each individual system. Thus, in the case of the three-phase
balanced load instrument of Fig. 69, there is a displacement of 120°
between the axes of symmetry of the vanes in the three magnetic
systems. The actual vanes are 120° sectors of circles.
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The magnetic fluxes due to the current coils oscillate to and fro in
parallel planes with the common axis of the coils. The fluxes due to
the pressure coils oscillate up and down co-axially, magnetising the
vanes of the component magnetic portions of the moving system. Thus,
a turning moment is developed on the system, due to the interaction
of the alternating fields of the current coils and the vanes, the latter
being magnetised periodically and in correct sequence by the pressure
coils. The moving system will therefore take up a position of neutral
equilibrium, depending upon the phase angle of the current in the
main coils relative to the supply voltages. Consequently this position
is independent of the magnitude of the load.

No controlling force is necessary in this type of instrument, and the
damping is obtained by air-friction; four light mica vanes being
attached to the spindle for this purpose.

The above type of instrument is made for single-phase and polyphase
unbalanced load circuits. The great advantage of the instrument is
that by virtue of the pressure coils being at different levels no resultant
rotating magnetic field is produced. In consequence, no “‘drag-torque”
is exerted through the induction of eddy currents in the moving system.

Other advantages of this type of instrument are:

(a) No moving coils are employed. Hence, such controlling forces
as those due to ligaments, for leading in the current to moving coils,
are entirely eliminated.

(b) A 360° scale is possible, on account of the perfect freedom of
rotation of the spindle and its pointer.

(¢) It indicates accurately on low loads by virtue of the lightness of
the moving system.

5.8. The Electro-dynamometer Power Factor Meter. This
instrument is really a development of the Tuma phase meter and
consists of two fixed coils (Fig. 70) carrying the load current, or a
definite proportion of it, and two further coils which are pivoted within
the magnetic field of the two fixed coils. The two latter coils, which
are rigidly fixed go° apart, are connected across the load. The one
coil has a non-inductive resistance R in series with it, whilst the other
is connected in series with an inductance L. The number of turns and
the area of the two pivoted coils are identical. Furthermore, the value
of R and L are such that the same value of current, but at go° phase
difference, flows in each coil at the normal frequency. At other fre-
quencies, however, the currents will be different in the inductive and
non-inductive circuits for similar reasons to those given in section 5.5.

Actually, the current in the inductive coil will not be quite go°
behind that in the resistance circuit, since the former circuit will include
a slight resistive component and the latter a slight inductive com-
ponent: However, for our purpose, we will consider that they are
exactly 9o° apart. We will also assume that the fixed coils are large
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compared with the two moving coils, thereby giving a sensibly uniform
magnetic field in the neighbourhood of the moving coils.
When the coils are energised, and the angle of the load current

4

Supply lood

F16. 70.—Power Factor Meter—Single-phase
Electro-dynamometer.

relative to the applied voltage is 6, the turning moment at any instant
on the coil in the non-inductive circuit will be

E
T,=K, [I sin (af— ) . sin mt] sin ¢

where I is the main current and E is the applied voltage to the pressure
circuit terminals.
The turning moment on the coil in the inductive circuit will be

T,=K, [I sin (mt—ﬂ)ﬁ sin (wt——g)] sin <¢+g>

These turning moments tend to turn the moving system in opposite
directions: hence, the system will be in equilibrium when the torques
are equal, i.e. when

2
(]
BAE: G0 8.9 [sin (ot—0) sinot.dt
R 2n
(4]
2n
K,IE P . n
=, B t— - .
N A é ol LUIC 6) sin ((mt z)dt
0

where K, and K, are winding constants of the coils
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2n
K, . (¢
Therefore R sin ¢fcos 6 — cos (2wt—0)dt
0
27
K /m (’r 6) (t"o)dt
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K, . sin (2ut—6) Jo
g -Sin qSI:tcos 60— o
0
2mn

. b4 [}
sm(z«»t -, 0)
= 2co=.4> tsin 60— -

ol 2a 0

K, . 2n K, 2,
R Sin ¢[m cos 0] N ¢[m sin OJ

>

. K, K,
Therefore 3 tan ¢ == Wl tan 0

Thus, by suitably choosing the values so that K,/R=K,/auL
¢=10

and the instrument reads directly the phase angle of the current relative
to the supply voltage. The power factor will be the cosine of this angle.

When the above type of instrument is made for single-phase circuits,
it is essential that it be used at the normal frequency for which it was
constructed, since any departure from this frequency will alter both
the phase and magnitude of the current in the inductive circuit coil,
thereby rendering the readings inaccurate. For this reason single-phase
power factor meters of this type are not in common use.

5.9. Polyphase Electro-dynamometer Power Factor Meter.
The polyphase balanced load type of power factor meter has the two
main current coils connected in one of the lines, and the moving coils
are connected across two different phases of the supply circuit. In
this case, there is no necessity to employ a phase-splitting device, since
the voltages applied to the moving coils will be 120° apart. The coils
are therefore fixed at 120° apart relative to one another, instead of
90°—as in the single-phase case. Such an instrument is illustrated
in Fig. 1.

The torque equation can be derived in a similar manner to that of
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the single-phase instrument. The polyphase instrument has the
advantage of being independent of wave-form and frequency, since
the two moving coils have exactly the same characteristics and their
currents are affected similarly by change of frequency. The readings
of the polyphase instrument, however, are only correct when the load
is balanced.

No controlling torque is necessary for the electro-dynamometer
power factor meter, since the moving system finds its position of

Supply

Fic. 71.—Power Factor Meter—Three-phase
Electro-dynamometer.

equilibrium and any departure from this position gives rise to an
out-of-balance torque which causes it to take up its correct setting.

5.10. Measurement of Insulation Resistance. As the insulation
resistance of an electrical circuit must always be sufficient to avoid
the possibility of a leakage to earth, or between any two parts of the
circuit which are at a different potential, it is important to possess
some convenient instrument, preferably portable, for high resistance
measurement. It is also desirable that the instrument be direct reading
and simple to operate, in order that it may be used by persons not
necessarily accustomed to the handling of delicate instruments.
Furthermore, it must be capable of supplying a sufficiently high testing
voltage for the location of high resistance leakage paths. Such an
instrument has been developed by Evershed & Vignoles Ltd.

5.11. Megger Insulation Testing Set—Evershed & Vignoles
Ltd. A diagrammatic illustration of this instrument appears in Fig. 72.
The instrument consists of a hand-driven generator and a direct reading
ohmmeter. The generator, which produces the testing voltage, is of
the two-pole permanent magnet type; the armature shaft rotating
between roller bearings. The armature is turned by means of the handle
illustrated in the diagram, and a free-wheel device is provided to ensure
that the armature will only rotate in a clockwise direction. The free-
wheel also has the advantage of allowing the armature to come to rest
slowly when the handle is stopped abruptly. The ohmmeter, which
measures the value of the insulation resistance, is of the moving-coil type.
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There are two coils connected in parallel across the generator. One
is in series with the fixed control resistance and the other is in series

H|H|Illll[|
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I

F16. 72.—Diagram showing principle of operation of Megger Testing Set
(Evershed & Vignoles Ltd.)
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with the resistance under test; the former being termed the control
coil and the latter the deflecting coil. The coils are mounted at a fixed
angle relative to one another and are free to rotate in the field of the
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permanent magnet NS. They are so arranged that when a current is
flowing through the control coil, i.e. when the line and earth terminals
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F1G. 73 —Schematic Diagram, Bridge setting, “Bridge-Meg”’ Testing Set
(Evershed & Vignoles Ltd )
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are not connected to any circuit or resistance under test, the moving
system will come to rest at the “infinity” position of the scale, while
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a current flowing at the same time through the deflecting coil will
cause the pointer to move down the scale towards “zero’’. The instru-
ment therefore measures the ratio of the torques exerted by the two
coils, and this will only depend upon the value of the resistance under
test, since variation in ‘the pressure generated—due to variation of
handle speed—affects both coils in the same proportion. Hence, there
will be a different position of the pointer for every value of resistance
between zero and infinity, the latter being the position of the moving
system when the ohmmeter terminals are on open circuit. The dials
of such instruments are individually calibrated.

Evershed & Vignoles Ltd. manufacture several models of instrument
in their “megger” series. Some include the constant pressure clutch.
This is a centrifugal clutch in the driving gear of the generator, and
was introduced to eliminate errors due to capacity in the circuits under
test. Providing the handle is turned in excess of the slipping speed of
the centrifugal clutch, the generator will run at a constant speed, and
once the capacity has been charged the reading of the instrument will
remain constant. Below this speed, the pointer may wander owing to
variation of current in the deflecting coil, due to capacity.

One very useful instrument in the ‘“megger’’ series is the ‘‘Bridge-
Meg” testing set, which combines the functions of an insulation tester
with those of a Wheatstone bridge. By the operation of a single switch
the instrument can be used for either insulation or circuit resistance
measurements. When used for the former purpose, the instrument is
exactly similar to the “Megger’’ described above. When in use as a
bridge, the generator forms the source of supply and the ohmmeter
acts as a galvanometer.

Fig. 73 shows the connections and schematic diagram of the instru-
ment when set to operate as a Wheatstone bridge. The two diagrams
are correspondingly lettered for the points 4, B, C, and D. The two
ratio arms and the adjustable decade resistances form three arms of
the bridge, the resistance to be measured forming the remaining arm.
The deflecting coil of the ohmmeter serves as the out-of-balance
detector, or galvanometer, and the controlling force is provided by
the control coil, which is independently supplied from the generator
terminals.

When the bridge system has been balanced, by correct adjustment
of the ratio arms and decade resistances, no current will flow through
the deflecting coil. In consequence, the control coil brings the moving
system into the position at which the pointer comes to rest at the
“infinity’’ mark on the scale

5.12. Recording Instruments This type of instrument is one
which automatically records its indications upon a uniformly moving
chart of paper. In this manner a continuous and permanent record of
the electrical quantity, for which the instrument is adapted to measnre,
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is obtained. Such an instrument, therefore, gives a record which is
extremely useful in providing accurate data which by observation of
an indicating instrument would be almost impossible to obtain under
conditions where the electrical quantity fluctuated rapidly. For
instance, the records obtained with a recording wattmeter show a
consumer’s power consumption throughout the day and are extremely
useful in the determination of a suitable tariff.

The moving system of such au instrument is similar in construction
to its indicating counterpart. Tn place ot the pointer, a light arm is
attached to the moving system. Ihi, arm carries a small pen at its
extremity, which rests lightly upunr a chart travelling at a predeter-
mined speed, from one drum to another in a direction perpendicular
to the deflection of the pen. Thus, the length of the chart is a time-base,
and the inked pen gives a continuous trace of the variations of deflection
of the instrument. Therefore, as the deflection is proportional to some
electrical quantity, it gives a continuous record of the variation of this
quantity with respect to time.

It follows that increased inertia will be introduced into the moving
system due to the greater weight and increased moment of inertia.
There will also be an increase of friction due to the contact of the pen
with the chart. The design of a normal indicating instrument, therefore,
must be modified if the instrument is to be used for recording purposes.

First of all, the deflecting torque of the instrument must be increased,
and consequently the controlling force, in proportion to the increased
friction torque. Also, as the inertia of the system has to be increased,
greater damping is necessary. Mechanical considerations, such as the
size of the bearings necessary for the greater load, must also be taken
into account.

The chart-driving mechanism must be capable of creating uniform
speed of travel of the chart under the pen. In general, this consists of
a good quality spring-driven, or synchronous motor, clock, suitably
geared to a revolving metal drum having projecting pins which engage
in perforations at the edges of the record chart. Thus, the speed of
the chart is kept the same as that of the drum, and the chart remains
in alignment-

The damping may be magnetic, or in the form of an oil dashpof;
the former having the advantage of being free from the ‘‘messiness”
of oil and giving a true response free from creep.
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CHAPTER VI

Instrument Shunts, Voltage Multipliers,
and Transformers

We will consider, 1n this chapter, the methods emploved for increasing
the range of an instrument, and the calibration of apparatus employed
for this purpose.

6.1. Shunts. A low resistance shunt is frequently placed in parallel
with a d.c. instrument in order to increase the current range of the
latter. For instance, in the case of a permanent magnet moving-coil
instrument, it is always used with a shunt when the current to be
measured is in excess of a few milliampeéres.

We will only deal briefly with shunts for this type of instrument.
Since the current flowing through the moving coil is very small, any
thermal e.m.f.s set up at the junctions of the shunt will seriously affect
the accuracy of the instrument, and also its zero when the current is
switched off and the shunt is still warm. In view of this, it is advisable
to choose an alloy with a low temperature coefficient and a low thermo-
e.m.f. to copper.

The effect of these thermo-e.m.f.s will be accentuated on account
of the Peltier effect, or unequal heating of the two junctions, due to
the fact that the current is in the same direction as the thermo-e.m.f.
at one junction and in the opposite direction at the other junction,
thereby causing the junctions to be at different temperatures.

The simplest method to overcome the above difficulties is to use
manganin, which combines an extremely low temperature coefficient
with a low thermo-e.m.f. (about 1-4 microvolts per 1°C.) with copper.
To overcome the readiness of manganin to oxidise, itis usually annealed.

The disadvantage of the copper-nickel alloys, for use in shunts, is
their high thermo-e.m.f.s to copper (usually in the region of 40 micro-
volts per 1°C.).

In order that a shunt will be satisfactory, its essential requirements
are:

(a) Low temperature coefficient.

(6) Sufficient cooling surface for the radiation of heat.

(¢) Simple and permanent construction.

(d) Low or compensated thermo-e.m.f. and Peltier effect.

(¢) The current and potential terminals must be well designed.

We have already discussed the advantages of shunts when employed
in conjunction with induction ammeters, on account of their giving
some measure of compensation for change of frequency (section 3.21).

Let Ry be the resistance of the ammeter, Iy the current for maximum
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deflection, and I the current which is required to pass through the
main circuit when I is passing through the shunted meter; the ratio
of I to Iy being n. Then the current passing through the shunt will be

I—1In
Therefore, as the potential drop across the meter and its leads must
be the same as that across the shunt,
(I —1m) Rs=IyRum
where Rgs is the resistance of the shunt

Hence, Rs=— ( )RM

I
(1 20) o

If the meter reading is multiphied by the factor », we shall have the
value of the total current in the circuit.

When the shunt is to be used with an ammeter for alternating current
measurements, it is essential that the impedances of the shunt and
meter bear the same ratio at all frequencies for the current distribution
to remain constant. In other words, their inductances must bear the
same ratio to one another as do their resistances. Thus, if Ly is the
inductance of the meter, and Ls that of the shunt,

I
Rs+joLs =n_:I—(RM +]mLM)

L
which will only occur when Ls= ;{:E
. Is_Lu_Rum
and the current ratio Tw Ls _Rs

. R . L
from which n= Rs -—I+E~I Is

6.2. Shunts for Integrating Meters. It is also the common
practice to shunt d.c. integrating meters of the mercury motor type,
when the rated maximum is greater than 10 ampéres. Provided the
shunt is well designed and there are no troubles due to bad contacts
at the shunt potential terminals, such a pracnce hai the following
advantages:

(a) Smaller and lighter armatures may be used, thereby making it
possible to reduce the width of the magnet gap. As a consequence,
the magnetic field can be strengthened, resulting in a reduction in
speed of the disc and less wear on the pivots and bearings.

(b) The temperature coefficient of the meter can be reduced.

(¢) The shunt tends to protect the meter against momentary
overload.
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Meters fitted with external shunts also have the following advantages:

(a) The cost of installation is reduced, since the heavy cables need
not be brought to the meter. This is a very great advantage when the
meter cannot be fixed in the immediate vicinity of the circuit.

(b) The meter may be removed at any time for examination or
overhaul, without in any way interrupting the main circuit supply.

(¢) Only one current size of meter need be made by the manufacturer,
the counting train alone being modified to suit the shunt. The advan-
tages of this are obvious, since it decreases the cost and simplifies
production.

It is essent:al that the shunts have a negligible temperature co-
efficient, such as that of manganin, German silver, or constantan, in
order that their resistance will not vary with change of ambient
temperature, or due to self-heating. Furthermore, since at high currents
a considerable expenditure of power takes place in the shunt, it must
so be constructed that the cooling surface is sufficiently large to avoid
risk of injury to the shunt. For this reason, shunts are frequently
constructed in the form of laminations, parallel rods, or parallel tubes,
so spaced that there is plenty of ventilation for cooling. Massive copper
blocks are provided at their extremities for the current to enter or
leave the resistance plates. Suitable attachments are made for the
cables and these are so designed that there is, as near as possible, an
even distribution of current over the plates.

Suppose the resistance of the meter be Ry, that of its leads Ry,
and the shunt resistance Rs. If we wish the shunt to increase the
maximum range of the instrument to » times its self-contained value,

then Is=nly—In
=(n—1)In
where Ip is the maximum rated current flowing through the meter,
and I is the current flowing through the shunt.
Now, since the volt drop at the shunt potential terminals must be
the same as for the instrument plus its leads,

Im(Ru+Re)=IsRs
=(n—1)IyRs
Therefore Ry+Rr=(n—1I)Rs

and the resistance of the shunt
Rm+Re

n—1

Alternatively, if a current I is flowing through the circuit, the
meter current

Rs=

Rs
Tl R R
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From the above expression one very important point is obvious, and
should be mentioned at this stage. When a meter and shunt have been
calibrated with certain leads, these leads should under no circumstances
be shortened, lengthened, or changed, without subsequent re-calibra-
tion of the instrument, since any alteration in the value of Ry will
affect the current distribution between the meter and the shunt.
Several cases of erroneous registration have come to the notice of the
writer where it has been found that the length of the meter leads has
been altered, on account of the meter being placed nearer or farther
away from the shunt than was aiiginally inteuded.

6.3. Testing of Shunts. The.c are several methods of testing
shunts. One is by means of u Kelvin double bridge, another is with a
d.c. potentiometer. In the latter case, a standard shunt and the shunt
under test are placed in scries, and the millivolt drop of each is
measured in turn, the current being kept constant for both measure-
ments. Thus, the resistance of the shunt under test

Vr
Rr—Rel
7 I\SVS
where Rr is the resistance of the shunt under test
Rs ,, resistance of the standard shunt
Vi ,, millivolt drop of the shunt under test
Vs ,, millivolt drop of the standard shunt.

The shunt may also be tested in the following manner, where one
has heavy currefft facilities.

If Iy is the maximum meter current and I is the maximum rated
current of the shunt and meter, then the current I—Iy is passed
through the shunt and the millivolt drop between the potential ter-
minals of the shunt is measured. Manufacturers often stamp this on
the copper end of the shunt. This may be, say, 100 millivolts. The
full load meter current is then passed through the meter and its leads
and the millivolt drop is measured. The resistance of the leads is then
adjusted until the total millivolt drop is 100 millivolts. Thus, when
the meter is connected in parallel with its shunt, the correct current
distribution will be assured. A great advantage of this method is that,
when the meter is returned for examination or overhaul, it is only
necessary to know the millivolt drop stamped upon the shunt. It is
then unnecessary to disconnect the shunt from ~he circuit and the
meter can be calibrated as a self-contained unit; the resistance of the
leads or meter finally being adjusted so that the full load meter current
flowing through the meter and leads gives the required millivolt drop.
Extra provision for such an adjustment is usually fitted inside the
meter case.

The leads to the shunt must have a sufficient contact area to avoid
overheating, and the contact surfaces must be perfectly clean when
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the joints are made, since a bad contact is virtually an increase in the
resistance of the instrument leads.

6.4. Voltage Multipliers. The range of a voltmeter can also be
increased by connecting a non-inductive resistance in series with the
instrument.

If the current taken is / ampéres, when the latter is giving full-scale
deflection, and the resistance of the voltmeter is Ry, it follows that
the volt drop across the voltmeter terminals is IR .

Now, suppose a resistance Rs be connected in series with the meter.
When full-scale deflection is again registered the applied voltage E will
be given by

E=I(Ru+Rs)

Therefore, for the applied voltage to be # times its initial value,
in order to cause a full-scale deflection of the instrument (i.e. pass

I ampéres)
nIRy=E

=I(Rm+Rs)
and #Ry~=(Ry—+Rs)
Therefore Rs=(n—1)Rum

It follows that the essential requirement of such a multiplying
resistance is that it will remain constant in value. The temperature
coefficient must therefore be very small and sufficient provision for
cooling must be made, since it will dissipate an appretiable amount of
power ([n—1] times that of the meter).

When used for alternating current measurements, the total impe-
dance must remain as nearly constant as possible for all frequencies.
Voltage multipliers, therefore, should be as non-inductive as possible
and, in view of this, they are often non-inductively wound upon flat
strips of mica.

Suppose Ry is the voltmeter resistance, Ly is the voltmeter induc-
tance, and Rs is the resistance of the multiplier, then, for full-scale
deflection of the instrument, when it is directly connected,

E=Iy/R%+w2L2
When the multiplier is included
Es=I\/(Ru+Rs)*+wL?y
Therefore, the multiplying ratio

Es_/(Ru+Rs)*+aLiu
E VR +wiliy

which illustrates that, if the inductance of the instrument be neglected

in the calculations, an appreciable error might ensue.
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6.5. Multi-range Test Sets. Several manufacturers have mar-
keted instruments with internal shunts and multipliers so arranged
that measurements over wide ranges of current, voltage, and resistance
can be made in both a.c. and d.c. circuits by simple manipulation of
various selection switches on the control panel. The instrument is
usually of the permanent-magnet moving-coil type and the a.c.
measurements are obtained by means of a transformer and rectifier.
Such an instrument is extremely useful to the meter engineer who may
wish to make measurements on site. This normally would require
several instruments or, in other words, a miniature test-room within
his reach. They are therefore made verv compact and portable.

6.6. Century Set—Elliott Bres, (London) Ltd. One instrument
of the multi-range type is the ‘Century’’ set manufactured by Elliott
Bros. (l.ondon) Ltd. The instrument can be supplied with substandard
or first-grade accwracy and 1s for d.c. measurements only. The voltage
ranges have provision for any measurements between 0-5 millivolt and
750 volts; a special form of selector switch being fitted to facilitate the
changing of the range. The series resistances are housed in the instru-
ment case. For the current ranges, two small shunts are carried in the lid
of the box, and two larger shunts, together with the flexible leads, are
contained in the wooden tray which is fitted to the bottom of the case.

Certain other models of testing sets, also manufactured by the above
company, are suitable for a.c. and d.c. measurements.

6.7. “A.C. Test” Instrument—Crompton Parkinson Ltd. A
multi-range instrument of many and varied applications is the “A.C.
Test”, manufactured by Crompton Parkinson Ltd. It is a moving-iron
instrument of the iron-cored type, and differs from the conventional
types previously described (section 3.16-18) inasmuch as no winding
is provided. The conductor which carries the current to be measured
is embraced by an almost closed laminated iron circuit, which is
magnetised by the field due to the current in the conductor. An air
gap is provided in the iron circuit, and this contains a moving-iron
system which depends for its position upon the amount of magnetic
flux in the iron circuit. In other words, its position depends upon the
magnitude of the current passing through the conductor.

The core (Fig. 74) consists of a number of iron stampings of a similar
shape to those of a ring-type transformer. It is modified, as already
stated, by means of the circular air gap 4 and also b’ the two butt
joints BB, the former being to create the poles ot an electro-magnet
and the latter to permit of the entry of a conductor, or conductors, in
the iron ring without breaking the electrical circuit.

The moving portion consists of two curved irons spaced diametrically
opposite one another. Their radius of curvature is slightly less than that
of the air gap; the air gap and movement being co-axial. The movement
is spring-controlled and the damping is pneumatic.
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As we have already seen (section 3.16-18), any magnetic flux
produced in the air gap of such a system would tend to draw the
moving iron into the field of maximum intensity. The reluctance of
the butt joints has little effect upon the accuracy of such an instru-
ment since it will be very small in comparison with that of the
cylindrical gap A.

The instrument, since it is of the moving iron type and has no
transformer, will also indicate in d.c. circuits. Its accuracy, however,
will be impaired on account of the hysteresis which is associated with
a magnetic circuit containing so much iron. It is therefore advisable

Fi1G. 74.—Iron Circuit of ““A.C. Test” Instrument
(Crompton Parkinson Ltd.)

to make any d.c. tests by closing the magnetic circuit over a live
conduetor or switching on the full energising current in one step: the
readings should not be made when increasing the current slowly or in
small increments.

The instrument is manufactured in various ranges between o/100
and of300 ampeéres. A full-scale reading can, of course, be got for a
smaller current than that of the maximum range by threading several
turns of the conductor through the iron arch of the instrument. Thus,
20 amperes can be made to give a full-scale reading on a o/100-ampére
instrument by threading the conductor five times through the orifice
of the iron circuit.

In order to extend the application of the instrument, by making it
into a voltmeter, an attachment is provided for clamping around the
iron core. In the case of the o/100-ampére instrument, this comprises
a sufficient number of turns to permit of full-scale reading when
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75 milliampeéres is flowing through its windings and, with the swamping
resistance, it requires 100 volts across its terminals for this purpose.
A resistance box is also provided, for connecting in series with the
volt attachment, as a multiplier for extending the voltage range
(section 6°4). Probably the o/120-ampére instrument has the most useful
selection of ranges with 0/120, 0/480—bringing 240 to the best part
of the scale—and 0/600 volts.

Such an instrument has many and novel apphcatlons apart from

s \

£

F16G. 75.—Vector Diagram—Determina-
tion of Power and Power Factor, “A.C.
Test' Inst. (Crompton Parkinson Ltd.)

the measurement of voltage and current. One such application, due
to R. G. Isaacs, is the determination of power and power factor. The
conductor carrying the current in the circuit is passed one or more
times through the orifice of the laminated iron core and the reading
(R,) of the instrument is noted. The potential is then also applied to
the volt attachment and resistance box and the new reading (R,) is
also noted. By means of a reversing switch, the current in the volt
attachment is reversed and the further reading (F,) is taken. Finally,
the conductor carrying the circuit current is removed from the arch
-of the instrument and the reading (R,) due to the potential winding
alone, is noted.

It should be mentioned that for the power factor test the indications
are relative and not quantitative. Thus, it is advantageous to bring
the reading of R, near the middle of the scale. This may be attained
either by increasing the turns or introducing, by means of spacers, a
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small gap in the magnetic circuit, thereby increasing the reluctance and
decreasing the indication. The 600-volt range should be used for R,
and R, otherwise the pointer might go off scale.

Now, R, is the reading due to the ampére-turns of the current
winding, R, is the vector sum of the ampére-turns in the current and
potential windings, R, is that due to the vector difference of the
ampére-turns in the crrrent and potential windings, and R, is due to
the ampére-turns in the potential windings only. From the vector
diagram of Fig. 75, representing these conditions, we see that cos ¢
will be the power factor of the load, since ¢ is the angle between the
voltage and the current.

R,24+R,*—R,?
Thus, cos ¢= 2R1F4 -

The above expression may be modified in order to eliminate R,, by

giving the latter in terms of R,, R,, and R,.

Let BD=x, DE=y,0D=z. Then BC=CE=}(x+y)
and CD=4}(x+y) —y=*4(x—y)
In terms of x, y, and 2,

—y)2 2
R~ (x %L+z2’ R,2=x2422 Ry2=y24 22, R42=EL§-X)_

Therefore,
(#—y) 4422+ (x4y) P —4y°—42*

R*+R,2—R;?=

4
_2x2—2y?
T4
xz_yz
=—~5- -
(2242 —(yP+2Y)
— 2‘—"'
R,a_’Ra’
T 2
and R,= [#19)*
4
- \/(zx°+zz'){:(zy'+zz=>(__z, +(x:y)')

= \/E:.R.z_RI’

122



SHUNTS, MULTIPLIERS, AND TRANSFORMERS VI:6.8

2 2
Therefore, cos ¢ =131 _%g‘R R,?
1,

_Ra®—Ry?

 4R,R,
R,2—R,?

or R.2+R.2

Since the actual current and potential can be determined from the
readings of R; and R, it 1s a simpie matter to calculate the power for
either a single-phase or polyphase _ rstem.

Other uses for this type of instrument include the checking of the
ratio of a current transformer by means of difterential windings con-
nected to the primary and secondary windings of the transformer
under test (see the article by R. G. Isaacs, p. 272, Mining Electrical
Engineer, February 1931). It is also suitable for the location of cable
faults.

Crompton Parkirson have also produced another instrument, similar
in principle to the above, termed a “Tong Test”. It has been designed
with a view to its being employed in awkward places where it is not
possible to use the “A.C. Test” instrument, i.e. for fuses in feeder
pillars, etc. The iron circuit, as the name “Tong Test” suggests, is in
the form of a pair of tongs and these are actuated by a lever which
opens the butt joint sufficiently to permit of the passing of the con-
ductor into position. The butt joint is then closed and the measurement
made.

One interesting point about the above instrument is that the moving
system is detachable from the iron circuit by means of the operation
of a pair of clips, and permits of the replacement of the moving system
by one of a more suitable range for the current to be measured. Apart
from the convenience of the ‘“Tong Test’” for the measurement of
current in conductors situated in awkward pasitions, the “A.C. Test”
instrument is considered the more generally useful.

6.8. Instrument Transformers. As the range of self-contained
a.c. instruments is limited, it is generally increased by the use of either
current or potential transformers, or in some cases by both.

Instrument transformers have many advantages, thg most important
being:

(@) Ammeters and voltmeters for use with transformers may be
standardised at 5 ampéres and 110 volts respectively.

(b) The single-range instrument may be used to cover a large current
or voltage range (in the case of a wattmeter or watt-hour meter, it
may cover both a large current and voltage range) with a multi-range
transformer or several single-range transformers.

(¢) In the case of instruments measuring high-tension voltages or
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loads, the secondary winding of the potential transformer is isolated
from the high potential and the instrument need only be insulated for
110 volts a.c. This ensures greater safety for the operators, providing
the secondary windings of all current and potential transformers in
H.T. circuits are earthed. Such a procedure is most important.

(d) The current flowing in the bus-bar, or any other conductor, can
be measured by means of a current transformer of the split-core type,
without interrupting the main circuit current.

6.9. Split-core type Transformer—Price & Belsham Ltd.
A transformer of the split-core type, manufactured by Price and
Belsham Ltd., is illustrated in Fig. 76. The laminated iron core is in

F1G. 76.—Split-core type Current Transformer
(Price & Belsham Ltd.)

two parts, one of which carries the secondary winding. To assemble
the transformer round the conductor, it is only necessary to give a
half-turn to the core lever, which releases the top of the core, push back
the flat spring clip, place the transformer in position, and reassemble,
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6.10. Tong type Current Transformer. This type of transformer
has been designed for use where it is not possible to open the circuit
of which one wishes to measure the load. As the name implies, it is in
the shape of a pair of tongs, and the iron circuit opens and slips over
the conductor, the secondary winding being connected to an indicating
instrument whilst the conductor carrying the load acts as the primary.
One such instrument, due to G. Shotter, has been specially adapted
for measuring the current passing through fuses in feeder pillars, where
space is limited and it is not permissible to open the circuit. The iron
circuit consists of a hinged iron section at one end of which is a butt
joint; the other end having an air Jap.

In order to make a test, the Landles are pressed inwards, thus over-
coming the pressure of the spring and permitting the butt joint to
open. The iron section is then passed over the fuse and the pressure
on the handles is discontinued. The spring thereupon takes control
and closes the butt joint. The subsequent readings indicated on the
instrument are almost independent of the position of the fuse within
the iron scction.

The indicating instrument, which is of the moving-coil permanent-
magnet type, is connected in a bridge circuit employing Westinghouse
metal-oxide rectifiers (section 3.10).

There are two ranges to the instrument, one of 100 ampéres maximum
and the other 400 ampéres maximum. As the readings can be relied
upon down to one-fifth of full scale, it follows that accurate measure-
ments can be made for any currents within the limits of 20 ampéres
and 400 ampéres. Change of range is provided for by terminals upon
the indicating meter; the transformer being of the single-ratio type.
The latter is only suitable for operating at 50 cycles, but is insulated for
use in any circuits where the working voltage does not exceed 750 volts.

6.11. Transformers. A transformer consists essentially of two
insulated coils surrounding a common magnetic circuit, and is supplied
with four terminals—two for the extremities of each winding. Such a
circuit is represented diagrammatically in Fig. 77.

Alternating current is supplied to one of the windings, say PP, and
this winding is termed the primary. An alternating flux is therefore
produced in the magnetic circuit and this flux links with the other
winding SS, which is termed the secondary. The alternations of the
flux induce an alternating e.m.f. in the secondary -winding, of the same
frequency as that of the alternating current supplied to PP.

If we neglect the small effect due to the resistance of the primary
winding, then the whole of the applied voltage is used in overcoming
the self-induced e.m.f. of the primary winding created by the flux in
the magnetic circuit. This self-induced e.m.f. will vary as the maximum
flux, the number of turns, and the frequency (since the average rate
of change is directly proportional to the frequency). In exactly the
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same way, the induced e.m.f. in the secondary winding will vary as
the maximum flux, the number of turns of the secondary, and the
frequency.

S
g-—————‘/- L _—-o
.’,_‘b \,
n:: :\U
P :""' \p S
o— o

FIG. 77.—Diagrammatic Arrangement—Trans{ormer.

Thus, if ®p is the maximum flux

f ., frequency of the supply, in cycles per second
N, ,, number of primary turns
N, ,, number of secondary turns
then the back e.m.f. induced in the primary will be
E,=K®yufN,

K being constant.
The e.m.f. induced in the secondary winding will be

Es=K®ufN,
The ratio §econdary fz.m.f. _ KOufN,
induced primary e.m.f. K®ufN,
=M
N 1
or = number of secondary turns

number of primary turns
and if we neglect the resistance of the primary winding and also that
of the secondary winding, since they are very small, we have
Secondary terminal voltage _ No. of secondary turns
Primary terminal voltage ~  No. of primary turns
In one cycle the flux changes twice from zero to maximum and back

again to zero, and therefore the change is 4®». This takes place in
1/f seconds. Therefore, the average change of flux is

40 .
—= lines per second
If e
and the rate of change in linkages in the primary winding is
40uN,

1if

per second.
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Therefore, the average e.m.f. induced in the primary winding is
4®mfN,10-8 volts. .

The r.m.s. value of the e.m.f., E,, induced in the primary will be
E,=4(z1-11)®mfN,10-8 volts,
r.ms. value = I-1I for a sinusoidal wave.
average value
Therefore, E,=4'44®xfN,16~% volts.

Similarly, it can be proved that the induced e.m.f. Es, in the
secondary winding, is given by

Es=444®mfN 10" ‘olts.
Providing the transformer were 100 per cent efficient, the output

at the secondary terminals would be the same as the input at the
primary terminals, i.e.
E_I,cos 6,=FE,I, cos 0,
and, assuming the two power factors were the same,
E,I,=E,,
I, _No. of secondary turns

E
f $ P
Therefore, v—E,, I, No. of primary turns

since

Secondary current _ No. of primary turns
Primary current No. of secondary turns

We have made several assumptions in obtaining the above relation-
ships. These are:

(a) That the primary and secondary windings are free of resistance

(b) The same value of flux links the secondary winding as that which
links the primary winding

(¢) The transformer is 100 per cent efficient.

Actually, (¢) is involved in (&) and (b).

In practice, the efficiency of well-designed transformers is very high,
and the above relationships hold, within a few per cent, for commercial
transformers. The voltage relationship is most nearly true when the
secondary is on open-circuit. The current relationship, on the other
hand, becomes nearer the above as the load is increased.

6.12. Theory of Current Transformers. A vector diagram for
a current transformer is given in Fig.78. In order to muke the diagram
clear, the magnetising component Iy and the iron-loss component I,
of the excitation current I, are magnified and the diagram has been

constructed for a 1.1 ratio.
Let n = No. of secondary turns _ 7,

" No. of primary turns T,

where T, is the number of secondary turns and T, is the number of
primary turns,
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Also, let E applied voltage

primary current

secondary current

working flux of the transformer
resistance of the primary winding
reactance of the primary winding

= resistance of the secondary winding

t, = reactance of the secondary winding.
For the construction of the vector diagram, suppose that E, is that

s

L

St BN~
| I | I T

SR

Isxs N g,

Fic. 78—Vector Diagram—Current
Transformer.

component of the applied voltage which is available tor creating the
magnetic flux. Then the flux will lag this voltage by go° and this is
represented by the vector ®. Now, there will be two components of
the excitation current: I,, which is necessary to overcome the iron
losses and is in phase with E,, and Iy, which is necessary for mag-
netising purposes, and is in phase with the magnetic flux, i.e. go° behind
E,. The total excitation current will be the vector sum of these two
components and it is represented by I, which leads the flux by angle 3.
The e.m.f. induced in the secondary winding will be go°® behind the
magnetic flux; this is represented by E,. The voltage available at the
terminals (E,) will be the vector difference between £, and the voltage
drop across the secondary impedance; the latter being composed of
the voltage drops across the resistance of the secondary winding (I,r,)
and the reactance (I,x,). These voltage drops will be go® out of phase
with one another; the resistance drop I,7, being in phase with the
secondary current. The latter lags E, by angle 8 where g is the angle
of the current relative to the secondary terminal voltage.

The current in the primary winding will be I, plus a current equal
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and opposite to the secondary current, and this is represented by I,
the vector sum of I, and —nl,. The angle 6 between —nl, and I, is
termed the phase angle of the transformer, and « is the phase angle of
the total burden (including the impedance of the secondary winding).
The applied voltage E will be E, in addition to that required to
overcome the impedance of the primary winding,i.e I,7,+1,%,.

6.13. Transformer Ratio. The current transformation ratio of
the transformer is the ratio of the primary current to the secondary
current. We will consider the most usual case in practice, that is, when
the secondary current is Iagging its voltage. Then, from the diagram,
we can determine the ratio sufficriently accur ite for our purpose in the
following manner.

From the vector diagram
1,2 +nl,cos )=t (fa 1l 5 )2
=(I,sin 8-t nl, cos ¢)%+ (I, cos 8 { nl,sin ¢)2
1,24 n 2 4-2nl 1, oin 8§ cos ¢ 4 2nl, ], cos & sin ¢
~I,24-n% 242nl 1, (Qin 8 cos ¢ +cos 3 sin ¢)

and I, *\/I 2+n21 i‘—{—:mII ‘sin (8+¢)
Therefore, the transformation ratio

rto. A ILAn 24 2nl ], sin (5+)
I

A §

which, since I, is small compared with #»/,, approximates to

Jne N 2nl I, ;i;l (34 ¢)

which further approximates to
n+§' sin (8+¢)

6.14. Phase Angle Error. In practice, due to the excitation
current, the transformer usually introduces a further change of phase
in the secondary current, in addition to the normal 180° phase change
which can be allowed for by changing over the leads to the transformer
secondary terminals. This angle is termed the phase angle of the
transformer. Thus, if, after the secondary current has been changed
through 180°, the secondary current leads the primary current by some
angle, the error is considered positive. If the secondary current lags
behind the primary current, it is considered negative. In general, this
angle is very small, but under certain conditions when the transformer
is used in conjunction with a wattmeter or watt-hour meter, serious
errors might arise. We will investigate these conditions a little later

in the chapter.
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From the vector diagram, it can be seen that
_I,sin [go—(3+4)]
”I¢+Ic cos [90_(8"' ¢)]
_ Loos(3+9)
~ nl,+1,sin (3+¢)
but, when 6 is small, tan 6->60
1, (cos & cos ¢—sin 3 sin
hence 0 = '« nI,+I,—§ET§—_§»¢_j Bt

and, since I, sin [3--4] is small compared with #7,,

' _Imcos ¢—1,sin ¢

tan 0 =

] 4 fTe
T, radians
Iy cos ¢—1, sin ¢<180> degrees
nl, m

The change of phase angle introduces no error in current measure-
ments, the only error that matters being that due to the transformation
ratio. From our vector diagram, we can see that the transformation
ratio depends upon the magnitude of the exciting current, and the
current and power factor of the secondary circuit. Thus, the variation
of ratio under different conditions of load may lead to appreciable
€rrors.

In the measurement of power, we also have to take into consideration
the phase angle of the transformer, i.e. the angle by which the reversed
secondary current leads or lags the primary current. In this case, if
¢ were the angle of lag of the load current relative to the supply
voltage, and 6 were the phase angle of the transformer, the wattmeter
would indicate

EI cos (¢—06)
instead of EI cos ¢.

This would probably be negligible at power factors approaching unity,
but as ¢ became greater, so the error would become more appreciable.

Similar errors would also occur in a watt-hour meter, the current
coil of which was energised from the secondary of the current trans-
former.

6.15. Nickel-iron Alloys for Magnetic Circuit. In order to keep
the phase angle as small as possible, the core must have a low reluctance
and small iron loss. It is frequently made of “Stalloy”, which is a
silicon steel alloy. In the case, however, when it is essential that the
transformer ratio error and phase angle be very small, “Mumetal” is
generally used. Mumetal is a nickel-iron alloy containing a small
percentage of copper. There are also other nickel-iron alloys useful for
this purpose, such as ‘‘Permalloy”; their names, like that of Mumetal,
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actually being the trade-names given to them by the various manu-
facturers. They have the advantage of high permeability, small
retentivity, and Jow iron loss.

In order to reduce the current ratio error, it is usual to reduce the
secondary turns by about 1 per cent. As long as this alteration in the
turns ratio is small, it has little effect upon the phase angle error.

If a very fine adjustment of ratio is necessary, it can be obtained
by making one of the secondary turns encircle only a portion of the
lamindtions, instead of them all. Such a procedure demands great care
in ensuring that the conductor is sufficientl well insulated and free
from mechanical strain.

6.16. Current Transformer Secondary Winding—Open Cir-
cuit. It should be remembered that, in a current transformer, the
number of primary ampére-turns is not appreciably reduced when the
secondary is on cpen circuit, since the current flowing in the primary
winding 1emains practically the same, i.e. the primary ampére-turns
are a fixed value. Therefore, 1f a current transformer has its secondary
circuit opened, while current is flowing through the primary, there
will be no demagnetisation flux due to the secondary current. This
will result in a very high flux density in the core and, in consequence,
a high induced voltage in the secondary winding; the latter severely
straining the insulation and possibly endangering the life of the
engineer. It is therefore essential that the secondary winding be given
its normal burden, or be short-circuited when the primary current is
flowing. The short-circuiting of the secondary will not cause damage,
since the impedance of the ammeter or wattmeter coils, which are in
general connected in with the secondary winding, is exceedingly low.

After the secondary winding of a current transformer has been
opened, with the primary carrying its normal current, it is possible for
the current ratio and phase angle of the transformer to be altered.
One should therefore demagnetise the transformer, before further use,
in the following manner:

A high value variable resistance, capable of carrying the rated
secondary current, is placed across the segondary terminals of the
transformer and the rated full load current of the transformer is allowed
to flow through the primary winding. The resistanceisinitially adjusted
to its maximum value and gradually decreased to zero. In this manner
the alternating magnetic flux commences with high amplitude and
gradually decreases until it reaches its normal value.

6.17. Potential Transformers—Theory. The theory of the
potential transformer is similar to that of the power transformer, the
main difference being that, in the case of the former, the secondary
current is of the same order in magnitude as the magnetising current
of the transformer, whilst in the power transformer the secondary
current depends upon the load and therefore varies greatly.
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A vector diagram of a potential transformer of 1 : 1 ratio is given
in Fig. 79.

FiG. 79.—Vector Diagram —
Potential Transformer.

Let E be the primary voltage

E, be that portion of the primary voltage which is available for
transformation

® be the working flux of the transformer

E, be the voltage induced in the secondary winding

Et be the secondary terminal voltage

I; be the component of the no-load current, due to iron losses

Iy be the component of the no-load current, required for mag-
netisation purposes

I, be the no-load current

7, be the resistance of the primary winding

%, be the reactance of the primary winding

7, be the resistance of the secondary winding

%, be the reactance of the secondary winding

I, be the primary current

I, be the secondary current

6 be the phase angle of the reversed secondary terminal voltage
with respect to the primary applied voltage.

The voltage E,, which is that available for transformation, will be
the vector difference between E and the voltage drop due to the
primary current flowing through the impedance of the primary winding.
This voltage E, will cause a magnetic flux of ® which lags E, by 9o°.
This flux will induce an e.m.f. E, in the secondary winding which will
lag the flux by 9o°. The secondary terminal voltage Er will be the
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vector diflerence between the induced voltage E, and the voltage drop
in the secondary winding due to the passage of I,, the secondary current,
through the secondary winding impedance. The value of the voltage
drop in the secondary winding will be I,V7,2+x,% Iz, will be in
phase with the secondary current and Ix, will be go° ahead of it.
The primary current is represented by I, and is the vector sum of I,

1 . . .
and —,—11 s Where # is the ratio of primary turns to secondary turns,

The phase angle of the potential trausformer is that between the
applied voltage E and the reversed secondary terminal voltage Er, and

is shown as 6.
The voltage ratio E/Er mayv be deduced in the following manner

from the vector diagram:
If we assume that 6 is small, as is the case for a potential transformer,

then the projection of E on —nEr continued will be approximately of
the same magnitude as E. The magnitude of E will then be given by

E=n(Er+1,, cos o +1,x,sin «)+ 1,7, cos B+1,x, sin
=nEr+niy(r, cos a+x,sin o) +1 (7, cos B+, sin B)
but I, cos B==I, cos 01+I 2cos a

where 8! is smaller than 0.
As 0 is very small, the angle 8! will approximate to unity, therefore

I, cos B:‘I,—{—{L’cos a

Similar reasoning gives I, sin =/ M+%. sin «
Thercfore E—=nEr+nl,(r,cos a4+, sin «)
—{—r,,([ﬁ-»‘ cos a)—{—x,,(IM—{—J sin a)
n n

=nEr+1, [( nr,+-2 ) cos a+(nx, +';’3) sin a] +;,I,+x,IM

Now, the reflected secondary resistance of the primary=r,/#2 and
the equivalent resistance R,, of the transformer referred to the

secondary is given by
R,,=r,+%’33
Similarly, the equivalent reactance X,, of the transformer, referred
to the secondary, is given by
X,,=x,+§‘—’.
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Therefore E=nEr+nl (R, cos a+X,, sin «)+7,I,+%,Im

nd E —p  M(Req cos at-X  sin o)+, ]+ %I ur
Er E r

It therefore follows that the difference between the voltage ratio
and the turns ratio, i.e. the ratio error
_ nl (R, cos a+X,,sin a) 47,1, +x,Im
= 7

The phase angle may be determined from the diagram in the
following manner:

sin 6 — I,(x, cos B—7, sin B)+nl (%, cos a—7, sin «)

E
but, since 8 is small, sin § approximates to .

Therefore (
xﬂ

n

I:,+Is COoS a)—fp(IM+13 Sin a) +nl‘l (xs Cos a——rs Sin m)
n
o= - S

L
x r ;
I.( n"+nx,) cos a—I,( ”—}-m,) sin a2 ,1,—7, u
n
E

nl X, cos «—nl R, sin a+x,I,—7,In .
= Tt E T radians

= nl ‘(X,, cos a—R,, sin a) —{—x”l' —rplu ] 180 degrees
E E n
6.18. Transformer Tests--Methods. The tests for transformers
may be divided into two classes; these are:

(a) Absolute methods.
(b) Comparison methods.

There are several variations of each method, but we will briefly
consider one example of each relative to the testing of current and
potential transformers respectively.

6.19. Testing of Current Transformers. The American Bureau
of Standards has developed a method termed the “Mutual Inductance
Method” for the testing of current transformers. A circuit suitable for
this test is given in Fig. 8o.

R and R, are non-inductive resistances of low value (R may be a
universal shunt), the former being suitable for carrying the primary
current, and the latter including a slide-wire for fine adjustment. The
ratio of R, to R must also be approximately equal to the current ratio
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of the transformer under test since, when the in-phase component of
the out-of-balance voltage of the circuit is balanced,

Mutual/

lood

AAAAAAAA &
'}"v{vv

I o
\\
Transformer
under test

F1G6. 80.—Current Transformer Testing—Mutual Inductance Method.

The reactive component is balanced by adjustment of the mutual
inductance, which injects into the circuit an e.m.f. go° out of phase
with the voltage drop of I,R,.

The conditions of balance are illustrated in Fig. 81, which gives a

F16. 81.—Vector Diagram---Mutual Inductance Method
of Test for C.T.’s.

vector diagram of the voltages and currents in the circuit. If I,
represents the primary current, and I, that of the secondary, then
I,R and I,R, are the voltage drops across R and R, respectively, and
each will be in phase with its current. Eg, the vector sum of I,R and
I,R,, will be the resultant voltage in the circuit and upon the correct
adjustment of R, will be go°® ahead of I,. Now, this can only be
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balanced by a voltage equal and opposite to Ek, i.e. a voltage lagging
I, by 9o°. This voltage is supplied by the mutual inductometer, since
its secondary e.m.f., which is injected into the vibration galvanometer
circuit, is always go° behind I, and of magnitude dependent upon the
value of M (oMI,, where M is the mutual inductance and o is 2=
times the frequency in cycles per second). Therefore M is adjusted
until oMI,—=—FEgr. When this condition occurs, the voltage in the
vibration galvanometer circuit will be zero and no current will pass
through the galvanometer.

From the vector diagram, it can be seen that the phase angle may
be derived from

Erx _oMI, oM

anf =y R IR, R

The transformation ratio = _°

I

I.R

5 0 et 1

and, as cos LR

1, R,
I, Rcos6

which approximates to R,

R

since 6 is small.

As the phase angle is wM|/R,, it follows that the supply frequency
must be accurately known. Also, the impedance of the primary of the
mutual inductometer must be included with the load when deciding
the burden to which the errors of the transformer apply.

6.20. Watt-hour Meter Method. In this method, which is of the
comparison class, the transformer is compared with a standard trans-
former through the medium of two substandard watt-hour meters.
The equipment required is as follows:

(@) A standard transformer of the same nominal ratio as the trans-
former under test.

(b) Two substandard 5-ampére meters, the relative errors of which
are known at unity and o-5 power factor, for certain loads.

The apparatus is connected as shown in Fig. 82, the standard and
test transformer primary windings being connected in series, their
secondary windings being connected one to each of the current coils
of the substandard watt-hour meters.

A predetermined value of current is passed through the primary
windings of the two transformers, thus energising the current coils of
the meters; the potential coils being energised by a separate supply
of the same wave-form and frequency. In general, this supply will
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come from the rotor winding of a phase-shifting transformer. In this
manner a fictitious or phantom load is thrown upon the meters.

The phase-shifting transformer is initially adjusted so that the
potential supply to the meters is in phase with the current flowing in
the primary windings of the transformers. The meters are then run
against one another (for, say, 25 to 100 revolutions of the disc) and the
error between the registration of the two meters is noted. The phase-
shifting transformer is then adjusted until the current in the trans-
former primaries lags the applied voltage to the potential coils of the
meters by 60°. Another twenty-five or more revolutions of the two
discs are made and the difference in the registration of the two discs
is again noted.

4

I o2
Staondard Transforme;
Transformer under test
Current Cor/ Current Cotl
of Substandord of Svbstondord
Meter A Meter B

Fic. 82.—Current Transformer Testing—Watt-nour
Meter Method.

This procedure is followed for any required current loadings of the
primary windings of the transformers, in order that the ratio and phase
angle errors may be determined for these conditions.

6.21. Determination of Ratio Error—Watt-hour Meter
Method. Let us suppose that, when the full rated current is passing
through the primaries of the two transformers, in phase with the applied
voltage to the meter potential coils, that the meter Mr carrying the
secondary current from the test transformer registers x per cent greater
than the meter M which carries the secondary current of the standard
transformer. Suppose, also, that when the meter current coils are
connected in series without their transformers, and 5 ampéres is flowing
through their current coils in phase with the applied voltage to the
potential coils, that Mt reads y per cent greater than Ms. Then, since
the meters are operating upon a fictitious load at unity power factor,
the phase angles of the transformers will have little effect upon the
registration of the meters and the errors introduced will be due to the
difference in ratio errors of the transformers. This will be

(x—y) per cent
and if the ratio error of the standard transformer is z per cent, the
ratio error of the test transformer will be
(z+x—y) per cent
to a first approximation.
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The current ratio of the test transformer will be

(=+2—y) .
N ( 1+ 106 ).5
where N : 5 is the nominal ratio of the transformer.

6.22. Determination of Phase Angle Error—Watt-hour Meter
Method. With the trensformers and meters still connected as above
and the primary windings of the transformers still passing the same
value of current, the phase-shifter is adjusted until the primary current
lags the applied voltage to the meter potential coils by 60°, thus giving
a phantom load of o'5 power factor, full load. Suppose, under these
circumstances, that M7 registers a per cent greater than Ms. Then if,
when the current coils of the two meters are fed directly with 5 ampéres
at 60° lag relative to the applied voltage to the potential coils, Mt
registers b per cent greater than Ms, the relative error introduced by
the transformers will be

(a—0b) per cent

If Rr is the ratio error of the test transformer and Rs is that of the
standard transformer, the relative percentage error introduced, due to
the difference in ratio errors of the two transformers, will be

Ry—Rs

to a first order approximation.
The percentage error due to the difference in phase angle will be

[(a—b)—(Rr—Rs)] per cent”

If the phase angle error of the standard transformer is ¢s, the error
recorded by Ms, due to this, at 0-5 power factor, will be

cos (60 —¢s) —cos 60
cos 60

X Ioo] per cent

Similarly, if the phase angle error of the test transformer is ¢r, the
error of Mr, due to the phase angle of its transformer, will be

[Ses_ﬂ_ﬁtfr) —cos 6o

X I00 | per cent
cos 60 ] P

But we have already found that the difference in phase angle errors
of the two transformers causes M to register [(a—b)—(Rr—Rs)] per
cent greater than Ms.

Therefore, if [(a—b) —(Rr—Rs)]=Q
=100 [gc_)_s (60—¢r) —cos 60—cos (60—gs)+cos 60

== cos 60 ] per cent

~2 [cos (60—¢r)—cos (60—¢s)] 100 per cent
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=200 [cos 60 . cos ¢r+sin 60 . sin ¢r—cos 60 cos ¢s—sin 60
sin ¢s] per cent
=200 [sin 60 sin ¢r—sin 60 sin ¢s]
since ¢r and ¢s are small angles.
Therefore Q=100V'3 [sin ¢r—sin és].

Since ¢s, the phase angle of the substandard transformer, and Q are
known, ¢r can easily be determined.

Example. 1f the phase angle error of the standard transformer is
—0° 30" and, at o-5 power factor, it is found that the difference in
phase angle errors between the stardard and test transformers causes
M7 to register 1-2 per cent less ‘lian Ms, due allowance having been
made for transformer ratio errors and meter errors,

then —I-2=1004/3 (sin ¢r-+sin 0° 30')
—12=1004/3 (sin $r+0-00873)
12
Therefore —si = -— -+40-008
erefore —sin ¢r IOO\/3+ 0873
=000674-+0-00873
=0'01547
Therefore ¢7=—sin=! 0-01547
=—0° 54’

It can be seen from the cosinc tables that the cosine of any angle
around 60° differs from the cosine of 60° by approximately o-015 per
degree, i.e. 3 per cent of cos 60° per degree. A simple approximation
may therefore be made, in the case of small variations, by dividing
the percentage relative error (introduced by the difference in phase
angle of the two transformers) by three and considering the value as

degrees. Hence, if this error be Q per cent, the difference in phase angle
between the two transformers, i.e. ¢r—¢s, will be given by

(pr—es) =—g degrees.

Thus, in the above example, as M7 registered 1-2 per cent less
than Ms,

$r—eps=— %—2 degrees

=—0° 24’
Therefore —¢r=¢s+0° 24’
=0° 30" 4-0° 24’
and ¢r=—0° 54’
which agrees with the previous result,
39
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. AD
' which is 04
Since OA4 is constant, the ratio error of the transformer will be

proportional to the current in the ratio error winding.
The difference in phase angle between the two transformers will be

given by
6=/ DOB
By virtue of this angle being very small, sin 6 will approach 6,
therefore

and, since 4D is very small,
0 BD
04
Furthermore, 04 is constant. Therefore the phase angle between the
two transformers will be proportional to BD.

Proportionate to Phose Error

[]
| - Proportionote
A Co Retio Error

S Spill
Current

Secondoary
Current of S”

Secondary
Current of X~

0

Fic. 84.—Vector Diagram—Petch-Elliott
Current Transformer Testing Set.

We thus have the ratio and phase angle errors of the test transformer
relative to those of the standard transformer and, as the errors of the
latter will be known, the actual errors of the test transformer can easily
be determined.
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It should be mentioned that, as the toroidal transformer is not
magnetised at balance, the “spill” winding will be non-inductive under
these conditions and the burden will be low, only comprising the
resistance of the winding.

The maximum range of the apparatus is +2-5 per cent for ratio
error and 100 minutes for phase angle error (thisis at the 5 : 1 setting)
and on the direct setting 4 mm. of the right-hand dial represents a
ratio error of 0-0I per cent, whilst ¢ mm. of the left-hand dial represents
a phase angle error of 1 minute. Rcversing keys are provided in order
that both positive and negrtive errcrs may be determined.

When the transformer is under er-ditions of balance, the loading on
the X transformer, due to the “,p.,I” winding, is less than o1 V.A.
and may be neglected in comparison with the rated burden of the
transformer. Provision is th: refore made, in the X transformer circuit,
for the addition of an actual buiden, the value being that for which
the errors are required.

The test set is built up to impose a non-inductive burden of 1-5 V.A.
on the standard trensformer and extra non-inductive burden can be
added to make up the actual burden at which the errors of the standard
transformer are known. This is attained by removing the test set load
links and connecting to the ““Std. Load’” terminals a non-inductive
burden t¢ make up the required value. Similarly, the non-inductive
load of the required value for the X transformer is connected to the
“X load” terminals. An instrument is also provided on the panel to
indicate the load current of the transformers.

The apparatus is very simple to use and has the advantage that no
phase-shifting transformer is necessary. Furthermore, since there are
no precision readings to be taken, the test may be made by a semi-skilled
operator.

6.24. The Testing of Potential Transformers. In the absolute
methods of testing potential transformers, the terminal voltage of the
transformer secondary winding is compared with a suitable fraction of
the applied voltage to the primary winding, which is obtained from
a non-reactive potential divider. Usually, the potential divider is
connected across the primary winding of the transformer, and the
reversed terminal voltage of the secondary winding is balanced against
a portion of the primary voltage; provision being made for the difference
in phase between the two voltages. A suitable ¢ircuit is illustrated in
Fig. 85. T is the potential transformer under test, and the terminal
voltage of the secondary winding is balanced against a portion of the
primary voltage in the manner indicated; the burden of the transformer
being that to be used in service. The potential divider consists of a
high non-inductive resistance Ry+Rj in series with an inductance L,
and across a part R, of the potential divider is connected the con-
denser C.
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Now, the circuit between the points a and b will have an impedance of
joL+
S c
R,
R,
el 1+70CR,
R,(1—70CR,)

oL+ 14 w?2C2R 2
L or=R— .
7 gy Twww yww vbvvvv' WW— C
{l
L © ®
JSupply Burden
A8

Primary Secondary

Fi1c. 85 —Potential Transformer Testing—Absolute
Method

Therefore, the effective series inductance L,, of this part of the
circuit, is given by

~ CRy?

I+w2C2R,?
and, since C is very small, ®2C2R,? may be neglected with respect
to unity.

L,=L

Hence, L,=L—CR,?

Since L and C are constant, it follows that the effective series
inductance L, will depend upon the value of R,. Thus, by adjusting
the value of R,, the phase of the voltage tapped off from the primary
voltage and applied to the galvanometer circuit may be matched with
that of the secondary terminal voltage of the transformer, under any
required burden. Balance will occur when the vibration galvanometer
has minimum deflection, and this is obtained by successive adjustment
of R, and R,.

Under conditions of balance, we see from the vector diagram of

Fig. 86 that
E, Ry+R,y cos (08,+3)
E.= R, ' cosfy
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__Ry+R; cos 0, cos 8—sin 0, sin 3
R, cos 0,
R,+R
= %: 2 (cos 5—tan 6, sin 8)
2

where E, is the applied voltage to the primary winding, E, is the
secondary terminal voltage and 3 is the phase angle of the transformer.

-~

w(l=-cRP)r £ £ac
v
-
d
(- 7) X

VAT I
"'IR;

f—1(R2# @,)—--‘

F16. 86.—Vector Diagram—Absolute
Method of Testing Potential Trans-
formers.

Also, since § will be small, cos 8 approximates to unity and
o(L—CR,%I will also be relatively small, whence 6, will be small.
Therefore sin 8 and tan 6, approach zero. Thus

E, Ry+R,
E, R,

The phase angle is determined in the following manner:

During the above approximation to the effective series inductance
L, in the circuit, we found that

.y Ry(1—jukR,)
i=falt TGiciR, 2
where z is the impedance between the points 4 and & in Fig. 85.

We have already seen that 1-+4w?C2R,? approximates to unity,

therefore z=jul+R,—juCR,? )

Assuming that the vector diagram of Fig. 86 indicat s the conditions
at balance, then 8,, the phase angle of the voltage of the secondary
relative to the applied voltage, will be 6,—8,.

But 0! —_ tan—l‘i(.,l:_ﬂ!.a)
2

w(L—CR,?

a— -1
and 6, = tan R, %R,
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Therefore, 8, = 6,—0,
I I
tan"[m(L—CRlz) (———————-3)]
approx. Ry Ry+R

6.25. Comparison Method. One of the methods which depend
upon comparison of the transformer under test with a standard trans-
former is illustrated by the diagram of Fig. 87. Ts and T are the

3 Phase

Jupply | ]
Ir T

P
<F” r i

| r

| |

| |
L.r_d_]r_i LﬁJ

Fic. 87—Potential Transformer Testing—Comparison Method.

N

standard and test transformers respectively. Their primary windings
are connected in parallel and their secondaries in series-opposition to
the potential coil of the wattmeter W,. The desired burden of the test
transformer is connected across its secondary terminals, whilst the
potential coil of wattmeter W, is connected across the secondary wind-
ing of the standard transformer. P is a phase-shifting transformer.

o £s 7
l\\"\il/"" (in phose)
I’ & c

Fic. 88.—Vector Diagram—Comparison
Method of Testing Potential Transformers.

The potential coil of W, receives a potential equal to the vector
difference of the seconidary terminal voltage Es, of the standard trans-
former and the secondary terminal voltage Er of the test transformer.

It can be seen from the vector diagram of Fig. 88 that if the current
coil is energised by a current in phase with Es, the reading of W, will
be proportional to the difference in transformation ratios of the two
transformers. Furthermore, if the difference in phase of Es and Er
is small, Oa will be approximately equal to OC or Er. Therefore, if

146



SHUNTS, MULTIPLIERS, AND TRANSFORMERS VI:6.26

Rs is the ratio of the standard transformer and K is the constant of
W, representing the volts per scale division, the ratio Ry of the test
transformer will be given by

LEs
where 8, is the number of divisions deflection of W,.

The phase-shifter is now adji.sted until the current ir. the wattmeter
current coils is in quadrature with Fs. ‘i his cuirent 15 represented by
I, in Fig. 88. It can be s-en fro.n the figure that the reading of W,
will be proportional to the voltu« ac, whicli is a component of the
voltage ¢b. I other words, it 1+ proportional to the tangent of the
angle ¢, where ¢ is the difterer<e m phase angles between the two
transformers.

- -1K 8
Thereforc ¢- tan Es
where 8, is the number of divisions deflection of the wattmeter W, and
K is the same constant of volts/division already mentioned.

‘Then, if 6s is the phase angle of the standard transformer, the phase
angle 01 of the test transformer will be given by

07 —0s+¢

- bett K3
s+-tan E.

The wattmeter W, is only in circuit for the purpose of adjusting the
phase of the current in the wattmeter current coils for the “in-phase”
and quadrature tests. For the “in-phase” tests, the phase shifter is
adjusted until W, gives a maximum reading. Quadrature is obtained
when the wattmeter W, reads zero. It theiefore follows that, unless
W, has only a small phase error, there will be serious errors introduced
due to the incorrect reading of W, at zero power factor. Allowance,
however, can be made for such a case.

The wattmeter W, is preferably a high-grade instrument, the
potential coil of which has a very low voltage range in order to ensure
a large deflection.

6.26. Ratio (or Primary) Correction Factor. In the reports of
the National Physical Laboratory the ratio error of & transformer is
given as

True Ratio

This value is termed the Ratio (or Primary) Correction Factor, which
is abbreviated to R.C.F.
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CHAPTER VII

Integrating Meters—Mathematical Treatment

7.1. Measurement of Energy. Let us consider the curve of Fig. 89
as representative of the power taken by a consumer over a period of
time, say T hours. Now, since energy is the dissipation of power over
a period of time, the total energy supplied to the consumer over the
period of T hours will be proportional to the area enclosed by the curve.

If we take a small element of time df, during which the power is
constant at a value of P, then the energy supplied during this period
will be P.d¢, and the total energy supplied during the T hours will

N
N
:
Q
G‘_,_M ¢ —JNat T
Time

Fig. 89.—Power-Time Curve.

be the summation of all such elements from {=0 to ¢{=T hours.
Therefore, if P is in kilowatts, the total energy supplied will be |

T
/ P.dt kWh
0

From the above it is apparent that for an instr@ment to measure
energy it must integrate the energy over the elements which constitute
the period of measurement. Thus, if we have an instrument, the disc
of which rotates with an angular velocity proportional to the mean
power being supplied at any given instant, then the number of revolu-
tions Ry made in T hours will be given by

Ry :—ﬁ;iz

where ¢ is the angular velocity of the disc, at instant #, in revolutions

per hour.
If, at any instant, the velocity is proportional to the power expended,
the power
P=K¢
K being a constant.
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The total energy supplied

T
- / P.dt kWh
0

T
- [ K¢dt kWh
0

s
=Kjfw KWh.

Thus, a counting train will rea.l directly in kWh, providing that it
is geared so that 1, K revludons of the disc register one unit on the
counting train dial.

7.2. D.C. Systems. In the cas: of a two-wire d.c. system, the
power is the product of the load current and the supply voltage.
Therefore, providing the voltage remains constant and at its rated
value, the power is proportional to the current. That is p=Kz, where
# and ¢ are the instantaneous values of the power and current respec-
tively, and K is a constant. Hence, if the angular velocity of the
spindle in revolutions per hour is ¢, and this is at all times proportional
to the current, the quantity of electricity supplied in time 7" hours
will be

T
Q=[7t A.H.
0
and if 1— K,
r
Q:KJd;dt AH.
0

and the total energy supplied in time T
v 5 4t kWh
K- oes [ 4
0

where K, is a constant and V is the value of the de laréa voltage.

Hence, if the revolution counter is so geared that 1000/K,V revolu-
tions of the disc register one unit on the counting train dial, the meter
will register directly in kWh. If, on the other hand, it is geared so
that 1/K, revolutions of the disc register one unit, the meter will
register directly in ampére-hours.

7.3. Electrolytic Method of Determining Energy Supplied.
We saw in section 1.2 (¢) that when a direct current passes through
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an electrolyte the rate of deposition at the cathode is directly propor-
tional to the current flowing in the circuit.
Let the rate of deposition at time ¢ be # units of weight or volume,
per unit of time, then the current
1=Kr
The ampére-hours supplied

T
= f 1dt
0

where T is measured in hours.

T T
But [ tdt=K | r.dt
0 0
1
Therefore, Quantity = KJr.dt A.H.
0

T
Since K / r.dt is proportional to the weight or volume of the
0

deposition, the ampére-hours are also directly proportional to the
weight or volume of the deposition. Thus, by suitable methods of
measuring this deposition, it is possible to determine the quantity of
electricity supplied in any period of time.

Furthermore, if the voltage V' of the supply is constant, the total
energy supplied will be

V T
k. V / r.dt KWh
I000

0

and, since KV /1000 is constant, the energy supplied is directly propor-
tional to the weight or volume of deposition.

It should be mentioned that the accuracy of the above method of
measuring the energy supplied depends upon the supply voltage
remaining at its rated value. For example, by such methods of
measurement, if the supply voltage were x per cent below the declared
value, the meter would register x per cent in excess of the actual
energy supplied.

7.4. Measurement of Energy by means of Differential Pendu-
lums. Suppose two pendulums, with the same normal frequency of
beat, are geared to the sun-wheels of a differential. Then, since they
are swinging at the same frequency, the planet arm will not rotate.
Now, suppose forces are applied to the pendulums such that the period
of the one is increased and that of the other reduced, directly in
proportion to the power supplied to the circuit. The planet wheel,
which revolves with an angular velocity directly proportional to the
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difference in periodicity of the two pendulums, will consequently rotate
with an angular velocity directly proportional to the power supplied.
Hence, by suitable gearing of the revolution counter it could be
arranged for the counting train to register directly in kWh.

We shall discuss in the following chapters of this book the different
classes of meters which depend for their action upon the above methods
of integration of various electrical quantities, for the determination
of an equitable cost to the ¢omnsumer for the supply of electrical

energy.
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CHAPTER VIII

D.C. Ampére-hour and Watt-hour Meters

8.1. Electrolytic Meters. The simplest form of ampére-hour
meter is undoubtedly of the electrolytic type. This type of meter
depends for its action upon the chemical effect which is associated
with the passage of a current through an electrolytic solution. Such
a meter is cheap to construct, is simple in design, and is accurate over
a wide range. Unfortunately, it is very fragile on account of the amount
of glass used in its construction.

We will consider briefly two of the main types of electrolytic meter.

8.2. Bastian Meter. A simplified illustration of this meter appears
in Iig. go. It consists of a glass bulb, the upper portion of which has

7 /
[fh/n :T__ Measuring
ayer o
o JSco/e
Paraffin
Glass
Container Electrolyte

Ebonite
Tubes

Platinum
Electrodes

F16. go.—Bastian Electrolytic Meter.

a uniform bore. The bulb is filled with water containing a small
percentage of sulphuric acid, the acid being introduced, since water is
a non-conductor, for the purpose of decreasing the resistance of the
electrolyte and assisting the action of decomposition. The electrolyté
also occupies most of the space in the uniform glass bore and a thin
film of paraffin is run on the surface of the electrolyte in order to
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prevent the normal evaporation which would otherwise occur, due to
contact with the atmosphere.

Two leads are threaded down the ebonite rods and at their lower
extremities are connected two platinum electrodes; the other ends of
the leads being connected in the supply circuit in series with the load.
A uniform scale is placed alongside the glass tube for determination
of the height of the electrolyte.

When a current passes through the electrodes the wauter is decom-
posed into its constituents, oxgen and Lydrogen; the gases escaping
into the atmosphere. Now, the rate of decomposition is proportional
to the rate of current flowing, anc . r a given quantity of electricity
passing through the electrolyte there will be a definite decomposition
of the water which will be directly preportional to the quantity of
electricity supplied to the ~onsumer. Therefore, the glass tube may be
graduated directly in ampéie-hours Also, if the supply voltage remains
constant at its declared value, the tube may be calibrated directly
in kWh, since the energy supplied to the consumer will be directly
proportional to the ampere-hours supplied.

This type of meter is now obsolete on account of its many disadvan-
tages. There is a chemical back e.m.f. of polarisation of 1-5 volts and
also a voltage drop due to the passage of the current through the
resistance of the electrolyte. This voltage drop, naturally, is propor-
tional to the load. It therefore follows that there is a large dissipation
of energy in the meter and, as a consequence, it is only suitable for
small currents.

Another disadvantage is that the meter requires periodic refill-
ing (the decomposition of water being at the rate of 0-346 cu.
cm. per ampére-hour), and once this is overlooked no record of the
consumer’s consumption of electricity remains. The inside of the tube
is also liable to get very dirty after a long period of service, thereby
making it very difficult—and sometimes impossible—to read the
meter.

In order to overcome the disadvantages due to the high internal
resistance and volt drop of the meter, a later type employed an alkaline
electrolyte of caustic soda, the platinum electrodes being replaced by
nickel ones. A definite improvement resulted, but the meter still
retained the disadvantages of (4) requiring periodic refilling, (b) a
tendency towards a dirty tube after long service, and (c) fragility, due
to the amount of glass employed in its construction.

For such a meter to be properly shunted, the back e.m.f. of polarisa-
tion must be very small. For example, if ¢ is the back e.m.f. of the
meter, R,, the resistance of the meter, and Rs the resistance of the
shunt, we shall have conditions which can be represented by the simple
circuit diagram of Fig. 91. In this diagram, I is the supply current
and I the meter current.
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Now, the potential drop across the meter will be the same as that
across the potential terminals of the shunt. Therefore,

(I—Im)Rs=IuRm+rc
and IRs=Iy(Ru+Rs)+e¢
Im  Rs €
I Ry+Rs 1 (Ru+Rs)

W)
Ru+Rs IRs
1/ K
-~(*7)
where N is the nommal multiplying power of the shunt and K is a

Rm (4

Iy
I

a Rs b

F1G6. 91.—Back e.m.f. of Polarisation—
Electrolytic Meter.

constant of value ¢/Rs; assuming the back e.m.f. of polarisation to be
constant.

The above expression shows that the meter current is not a constant
proportion of the load current, but decreases as the load current
decreases.

8.3. Reason Electrolytic Meter. This meter has probably been
the most successful of the electrolytic meters, and a schematic diagram
is given in Fig. g2. The electrolyte is a saturated solution of mercury
and potassium jodides. The anode consists of an annular ring of
mercury contained in a shallow trough at the top of the tube, and the
cathode is a cone of specially prepared carbon or a ring of iridium,
During electrolytic action, mercury is transferred from the anode to
the cathode and, after being deposited upon the latter, it falls down
the funnel-shaped mouth into the glass measuring tube. Mercury so
used from the anode is replaced from the reservoir of mercury, the
latter keeping the anode mercury at a constant level. In order to
prevent any risk of the mercury being thrown by vibration into the
registering tubes, a glass fence is fitted between the anode mercury
and the cathode and, in addition, the complete tube is spring-suspended
and mounted in spring buffers. The whole of the tube, with the
exception of the space occupied by the mercury, is filled with the
electrolyte.
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In order to compensate for the negative temperature coefficient of
the meter, a resistance is connected in series with the tube on the tube
side of the shunt, the value of the resistance being such that the overall
resistance of it and the tube remains sensibly constant over a wide
range of temperature.

Alongside the glass measuring tube is a scale calibrated in ampére-
hours or kWh. When calibrated in the latter units, due regard must
be paid to the declared voltage of the circnit in which the meter is to
be installed.

M

Fic 92.—Reason Electrolytic Meter—
Schematic Diagram.

For the larger instruments, the measuring tube is made in the form
of a siphon, and when full it automatically empties itself into the
lower portion of the outer measuring tube, which is graduated in
hundreds of units.

The current is conveyed to the electrolyte by means of a platinum
wire which dips into the mercury anode, and it is led out again by
another platinum wire which is emibedded in the carbon cathode, or
welded to the iridium cathode. As stated previously, the passage of
the current deposits mercury upon the cathode and this loss is made
good by the mercury anode; the electrolyte remuining a saturated
solution.

Since the bore of the measuring tube is not always uniform, but the
deposition of the mercury is directly proportional to the quantity of
electricity passed through the meter, it is necessary for the manu-
facturers to calibrate individually each instrument of the higher
capacity types having siphon tubes; the bore of the single-stem types,
however, is uniform and a uniform scale is provided with the meter.
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The Reason meter has a very low back e.m.f. of polarisation (about
10~ 4 volts) and, as a consequence, it is almost always shunted. This
enables the rating of the meter to be increased, and the ratio of load
current/tube current is always very high.

The tube is hermetically sealed and the meter is easily reset merely
by tilting the tube. Owing to the increased rating of the meter, due
to the provision of a shunt, this operation need rarely be performed.
The larger sizes, for example, can be scaled to register up to 500,000
units for one setting.

This meter has the advantage of no moving parts to wear out, and
there are no frictional losses to cause non-registration errors at low
loads. It must, however, be handled with care on account of the
amount of glass employed in its construction.

8.4. Mercury Motor Ampére-hour Meters. The mercury motor
ampére-hour meter consists of a copper disc carrying current between
the poles of a permanent magnet. The disc and the pole-pieces of the
magnet are totally enclosed in a bath of mercury, the mercury being
the medium of introduction, and exit, of the current to the disc. The
width of the magnet gap is made about twice the thickness of the disc,
and since the resistance of mercury is about fifty-nine times that of
copper, most of the current flows through the copper disc.

Suppose Iy is the current flowing through the meter
® ,, flux density within the gap of the permanent

magnet, in lines per sq. cm.

radial width, in cm., of the magnet gap

angular velocity of the disc, in r.p. sec

,, driving torque

mean radius of the disc, relative to the meter
current

r; , ~mean radius of the disc cutting the flux of the
permanent magnet
K, K,, K,, K, ... are constants.

Then the torque T=?£I%l~r dyne-cm.

‘HZN

=K®Iy dyne-cm.

This current will cause the disc to rotate, but since the disc thereby
cuts the magnetic lines of force due to the permanent magnet, an
e.m.f. will be induced in it. The value of this e.m.f. Eb, will be

Eb=02rNr,l10-8 volts

Therefore, Eb=K,®N volts
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Now, the eddy currents 7, set up in the disc will be proportional

to Eb and
ideaﬁN

This current will react with the magnetic flux and create a force
tending to oppose motion. The value of this force F will be proportional
to 7,®

and F=K 4 ,0
=K 4 2N dynes
The braking torque 7', required to overcome this force, will be Fr,,
therefore T\, =K, ®2Ny,
=K @2\ dyne-cm.

As the disc i= rotating in a medium of mercury, there will be a
fluid-friction resistance between the mercury and the armature. This
is appreximately proportional to the square of the angular velocity of
the disc, and the force will be in such a direction as to oppose motion.

The torque T, necessary to overcome the fluid friction of the
mercury will therefore be given by

T,,=KgN? dyne-cm.

Lastly, there will be a torque T, necessary to overcome the solid
friction of the counter, pivots, and mercuty. This will be fairly constant
at all loads. It should be mentioned, however, that when the disc is
stationary, the torque necessary to overcome solid friction will increase
slightly, since the static friction between solid bodies is greater than
the dynamic friction.

When the disc is running at a steady speed, the above-mentioned
torques must balance. Hence

T=T,+ Tm+ T/
or KoIy=K®0N+KN?*+K,

From the above expression, it follows that an increase of ® will
decrease N. In other words, if we require to decrease the speed of the
meter, for any given current, it is necessary to increase the flux density
within the permanent magnet gap. Conversely, if it is necessary to
increase the speed of the meter, for any given currept, one must
decrease the flux density within the gap.

Some manufacturers employ one magnet as the driving and braking
magnet of the meter, others employ an additional magnet for the sole
purpose of providing a braking torque. In the latter case, the current
passing through the disc does not come under the influence of the
second magnet. The expression for the torque equation then becomes

where ®, is the flux density due to the additional magnet.
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In the above expression it is assumed that there is no reaction
between the eddy currents due to one magnet and the flux due to
the other, and it can be seen that the variation in strength of the
second—or brake—magnet does not affect the driving torque of the
meter.

There will be two forces at work to prevent the meter from registering
accurately at all Ioads. These forces will be due to the fluid friction
and the solid friction of the meter. Since the solid triction is reasonably
constant at all loads, it will have the greatest effect at low loads. The
fluid friction, on the other hand, due to its being proportional to the
square of the angular velocity of the disc, will become more apparent
with increase of load. We can therefore expect that a meter which is
not compensated for these characteristics will register low at light loads
and also at high loads. This is found to be so in practice.

8.5. Compensation for Fluid Friction. In order to bring a
mercury motor meter within the limits of accuracy prescribe® by the
Electricity Commissioners, it usually has to have compensation for
the effect of fluid friction. This is arranged in the form of an iron-cored
solenoid fitted within close proximity of the poles of the permanent
magnet. The coil of the solenoid carries the meter current, and its
polarity is so arranged that it decreases the magnetic flux acting upon
the disc. An air gap is left between the solenoid and the permanent
magnet in order that the decrease in the magnetic flux will be approxi-
mately proportional to the meter current.

In the case of the double-magnet type of meter, where both the
magnets act as braking agents, but only one as the driving magnet,
the compensating coil is so arranged that it increases the strength of
the driving magnet, but weakens the other magnet by an amount ‘of
the same order. The result is that the total braking flux remains
constant, but the driving flux is increased by an amount sufficient to
compensate for the effect of fluid friction.

Considering the case of the meter with a single magnet, the flux
density in the gap will now be (®—Kgls) and

K(@—KIu)Iu=K (®—KoIu) 2N+ KN2+K,
=K (02—2K,0Iy+ K TN+ KN+ K,

If we assume that Kg2I»? is sufficiently small to be neglected, we
have

K(®—KIy)Iy=K ®2N—2K K PIuN+KN2*+K,
and, since Iy is approximately proportional to N,
K(@—KIu)Iy=K ®*N—-K,N2+K N2+ K,
or KOIy=K @3N+ K,+(K,(N2—KN2+ K N?)
=K@IN+K,+ (K g—Ky+Ky)N?
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Thus, by adjusting Kj, the constant of the solenoid, so that
KK JIy2—2K K JIu®N+KN2=0
ie. K,y—Ky+Kg=0
we have the relationship
KoIy=K®:N-+K,

In other words, except for the effect of solid friction, which cannot
be compensated for in this type of meter, the speed cun be made
proportional to the meter curren.. With eccrrain types of meter the
speed is kept very low (about 20 r.p a.. ut full Inad), and by so doing
the mercury fluid friction is not exccwsive even at the higher loads.
In fact, with such a low .pced the mercury flud friction often has an
advantageous effect upon the meter.

Since, neglectine friction, tlie angular velocity is proportional to
the current Iy,

Iy=KN

and quantity == Iln;dt
1

Kif 12
- N.dt ampére-hours
T1

Therefore, providing the gearing of the counting train is such that
1/K* revolutions of the disc cause a registration of one unit on the
counting dial, the meter will read directly in ampére-hours.

Assuming the voltage of the supply in which the meter is installed
remains constant at V volts, the energy supplied to the consumer
between T, and T, hours will be

»—~-/th kWh
100

and, providing the counting mechamsm is so geared that rooo/KV
revolutions of the disc spindle register one unit on the counting train
dial, the meter will read directly in kWh.

8.6. Variations due to Change of Temperature. We will first
consider the effects of change of temperature upon an unshuntsd meter.

The strength of a permanent magnet weakens w'th lucrease of
temperature to the extent of 0-03 per cent per degree C. We have
already seen that the driving torque is proportional to the magnetic
ux, whilst the braking torque is proportional to the square of the
lux. Therefore, neglecting the effects of friction,

(1 + o) Ty = KO 1 +at) N
and N= KI(
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where ¢is the increase in temperature and « is —0-0003, the temperature
coefficient of the magnet. -

Thus N=KIy(1+43.10"%)

since the value of «f is small.

The meter will therefore tend to increase 1ts overall speed by 0-03
per cent per degree {. rise in temperature, due to the change in strength
of the magnet.

As the temperature coefficient of copper is greater than that of
mercury (04 per cent per degree C. rise for copper and 0-07 per cent
per degree C. rise for mercury), increase of temperature will result in
a slightly different current distribution between the copper disc and
the mercury; more current now passing through the mercury and less
through the copper. The actual effect of this is very small and, at the
most, is about 0-01 per cent per degree C.

Another effect of increase of temperature, due to the increase in
resistance of the copper disc, is the consequent reduction in the eddy
currents. This is about ¢-4 per cent per degree C. Therefore, the
braking effect will decrease proportionally and, neglecting friction, the
meter will tend to increase in speed by o-4 per cent per degree C. rise
in temperature.

As the density of mercury decreases with increase of temperature,
so the solid friction of the mercury is reduced and the meter speeds
up slightly throughout the curve. This is particularly noticeable on
the lower loads, and the lower the load the greater the percentage
increase. Furthermore, the effect of fluid friction will be slightly less
with increase of temperature, and this will cause a small increase in
registration at the higher loads.

8.7. Shunted Meters. It is the practice of most manufacturers to
shunt meters with a full load current rating of 10 ampéres or more.
In the case of heavy current meters, from about 100 ampéres upwards,
the shunt is generally situated external to the meter. The advantages
of shunting meters have already been discussed in section 6.2.

Since the shunt will be made of a low temperature-coefficient alloy,
its resistance change due to temperature will be negligible. On the
other hand, the resistance of the meter circuit will increase, as this is
mainly composed of copper; the value of this increase being approxi-
mately the same as that of copper (04 per cent per degree C. rise in
temperature). The ratio of meter current to load current will therefore
decrease by practically the same coefficient. The result is that the shunt
improves the overall temperature coefficient of the meter, reducing it
to about one-quarter of its original amount.

8.8. Self-heating Errors. Both unshunted and shunted meters
have certain self-heating errors. These errors can be determined by
running a meter, which has been off load for several hours, on full load
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for a period of about an hour. If the meter is initially timed throughout
its curve, from low load to full load, and then re-timed after the hour’s
run, it will be found that there is a considerable difference between
the results of the two tests. This difference in registration is termed
the self-heating effect.

The whole curve will be about 1 per cent faster, due to the increased
resistance of the disc after it has carried the full load meter current
for this length of time. At low loads it will generally be found that the
disc speed has increased by more than 1 rer cent, due to the reduction
of friction of the mercury. witl. incrrus .n temperature. Therefore,
in order to have standard conditions t« which the recorded errors of
a meter apply, it is usual to Jive the meters an hour or more on full
load before commenciug tests.

8.9. Ferranti Mercury Mutor Ampére-hour Meter, Type FH.
A meter of this type and manufacture 1s illustrated in Fig. 3. The

1

s MY b 1 M 4
ERPRPA T TIELAN

Fi16. 93.—Yerrant: type FH Ampere-
hour Meter.

1agnetic system consists of two similar permanent magnets. Their
djacent poles, which are of like polarity, are connected by means of
on bars; the lower bar being embraced by a coil carrying the meter
arrent. The meter is so designed that the current only passes through
ne magnet gap. The magneto-motive force created in the coil by the
ieter current acts upon the bar in such a direction that it increases
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the flux in the driving and braking magnet, but decreases the flux in
the magnet used only to produce a braking force. In consequence,
compensation is provided for the effect of the mercury fluid friction
by increasing the driving flux with increase of load. The braking flux
also increases with load, but not being in as great a proportion as the
driving flux, the overall effect is to speed up the meter. In order to
prevent demagnetisatior of the permanent magnets, in the event of a
short circuit occurring on the load side of the meter, a coil is wound
around the lower pole of the driving magnet. This coil is connected in
series with the meter and compensating coil and carries the meter
current in such a direction as to sustain the strength of the permanent
magnet.

/-- Meter rotor spindle single worm

~< Worm wheel 50 teeth.

Worm wheel spindle, carrying
pmion “B”.

A

A Ratio wheel “A” spindle, also

\ o L carrying upper test circle
B\ [~ U il Spindle of lower test circle (on

dial plate).

F16. 94 —Gear Train—Ferrant: type FH Meter

The magnetic shunt C provides a small adjustment of the overall
speed of the meter and its position can be varied by means of the
screws G and H. In order to do this, it is first necessary to unlock screws
E and F. To increase the speed of the meter, screws G and H have to be
turned equally in a clockwise direction, thereby increasing the shunting
effect of C upon the brake magnet. After completion of the adjustment,
screws E and F must be re-locked. A special clamping device is fitted
to the meter, and this fulfils the dual purpose of clamping the disc
(thereby taking the pressure away from the jewelled seating) and
sealing the mercury bath when the meter is in transit. This device is
controlled by screw M and is not in operation when its pointer is in
the “O” position. Extra mercury can be run into the mercury bath
by means of screw-hole D, provided for filling the mercury bath after
assembly, should any mercury leak during transit.

The revolution counter is driven by means of a single or double
worm attached to the disc spindle. This arrangement is illustrated in
Fig. 94. The ratio wheel 4 can easily be replaced, as it is fitted with
an adjustable counter-shaft arrangement to permit of alteration of the
gear ratio during initial calibration. For this purpose the manufacturer
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supplies tables indicating the ratio wheels required for each meter
constant; due allowance being made for the declared voltage of the
system in which the meter is to be installed.

8.10. The Meter Constant —K— is given by the expression

__ampéres X seconds

revolutions

In other words, it is the ampére-seconds of clectricity tequired per
revolution of the disc. Thus, if a meter tal es 1.0 seconds for the
disc to make forty revoluticns, with =z curent loadmg of 5 ampéres,
the meter constant
3> 120

40
= Iy0

K:

We have alrcadv defined the meter constant as the ampére-seconds
per revolution. Hence, the reciprocal ot this will be the revolutions
per ampére-secoud, i.e. I/K.

The revolutions per ampére-hour will be 3,600/K and, where V is
the supply voltage, the revolutions per kWh will be

3600 X 1000
KxV
108
KV

In the previous example, where K is 15-0, if the supply voltage is
200 volts, the revolutions per kWh will be given by

:3.6

36x108
rpu. =">-" "=
15X 200

1200

ind for the meter to read directly in kWh it must be geared so that
1,200 revolutions of the disc spindle register one unit on the counting
rain dial.

The meter element is insulated from the case, but it must be remem-
sered that the mercury bath, magnets, and counting train, etc., are
live when the meter is connected to the mains.

8.11. Chamberlain & Hookham Mercury Motor Ampére-
our Meter. A sectional view of this meter is given in Fig. 95. The
nagnetic system consists of a permanent magnet, having the wrought-
ron pole-pieces B'B! attached to it by means of the locating screws
hown dotted in the diagram. These pole-pieces terminate in the
ircular poles BB, the faces of which are amalgamated to provide good
ontact with the mercury; thereby preventing the possibility of air
ubbles lodging betwean the pole faces and the disc. These circular
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poles BB are screwed one 1n each of the two circular brass castings EE,
which form the top and bottom of the mercury bath and project into
the mercury. Both the circular poles BB and the brass castings EE are
suitably insulated.

The bottom pivot of the spindle rests upon a cup jewel housed in
the screw H, whilst the top consists of a pin-type bearing. Attached

F16. 95.—Schematic Diagram (Chamberlain and
Hookham Ampére-hour Meter.)

to the spindle is the copper disc D which rotates between the circular
pole pieces; the clearance on each side being of the order of half the
width of the disc. The disc is enamelled all over, with the exception
of a thin annulus around the spindle and the rim; these portions being
amalgamated. This has for its object the concentration of current in
the disc, and also tends to reduce the mercury friction. The jacket of
the mercury chamber consists of the metal ring C, which is lined on
the inner side with cork or leather; this acting as a washer and insulator.
Four insulated locating pins are provided in the top casting E to ensure
correct alignment of the metal ring C. G is a brass weight sufficient to
overcome the buoyancy of the copper disc in the mercury.
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Compensation for the effect of fluid friction is provided in the form
of the coil I, which embraces an iron core, the latter being mounted
on the pole-pieces B!B! by means of brass plates. This coil carries the
meter current and is wound in such a direction that it weakens the
flux within the gap between the circular pole-pieces. Adjustment is
provided in the form of the iron screws LL, the positions of which
determine the influence of the coil upon the magnet. We have already
seen that a weakening of the maguetic flux within the magnet gap
will increase the overall speed of the meter and that when a coil
carrying the meter current is cmploy=d for this pirpose the effect will
increase with load.

Fig. g6 gives a horizontal section si-owing the position of the pole,

F16. 96.—Horizontal Section of
Mercury Bath (Chamberlain and
Hookham Ampere-hour Meter).

and disc. The current is introduced into the bath at the centre of the
bottom casting F and leaves at the point J; thereby traversing the
magnet gap. From J it flows to the negative terminal of the meters
via the compensating coil.

The bracket carrying the counting train and top bearing is fixed to
the permanent magnet. Attached to the spindle is a small pinion and
this meshes into a wheel of the counting train. This wheel is termed
the “‘change-wheel” and the number of its teeth, which are between
60 and 120, determine the gearing constant of the meter. This change-
wheel is easily detachable from its spindle, being }Jocat¥l by a coned
seating and nut, and the initial calibration of the meter is performed
by varying the size of this wheel. The manufacturer provides tables
giving the meter constant, corresponding to each number of teeth,
from 60 to 120; due allowance being made for the declared voltage at
which the meter is to operate.

‘When the initial calibration has been made, the straightening of the
error curve may be carried out by means of the iron screws LL. Thus,
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if the meter exhibits an undesirable negative error at full load, the
screws are brought nearer the magnet.

The top circular casting E is provided with a valve for sealing the
mercury bath during transit. It is controlled by means of an eccentric
disc at the bottom of the meter case, operating a lever in a similar
manner to that described in section 8.9.

8.12. Metropolitan-Vickers Mercury Motor Ampére-hour
Meter, Type DM. This meter differs from the two previously de-
scribed, inasmuch as all of the same size run at a constant speed for any

Fic. 97 (a). F1G. 97 (b).
Diagrammatic Circuit Arrangement (Metropolitan-Vickers Type DM Meter).

given load. Figs. g7 (a) and (b) respectively give the diagrammatic
circuit arrangement of up to 25 amperes and 40 to 600 ampéres rating.

Adjustment of the speed of the meter is performed by alteration of
the position of the movable clamp; movement to the left increasing the
speed and movement to the right decreasing the speed of the meter.

In «he case illustrated by Fig. 97 (), movement to the left will
decrease the resistance of the meter circuit between the clamp and the
positive terminal, simultaneously increasing the value of the resistance
which is virtually shunting the meter. This results in a greater per-
centage of the total load current passing through the meter, with a
consequent increase in speed. The meters of 40 ampéres or greater
rating have a shunt of constant value, and movement of the clamp
towards the left merely decreases the meter circuit resistance, resulting
in a greater proportion of the total load current passing through the
meter, thereby causing increase of overall speed.

The adjustment in both cases provides for a total change of speed
of about 20 per cent, which should be of sufficient range for the meter
to be recalibrated even after long periods of service, without changing
the registration gear.
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The meter consists of two small circular magnets moulded in a
bakelite block which fits exactly into the main moulded bakelite con-
tainer. A brass base-plate is screwed to the magnet block and bakelite
container, and attached to the base-plate are two supporting pillars.
To these are screwed the bridge piece containing the top bearing for the
disc spindle, and the supports for the counting train. Mercury is poured
into the filling hole until it reache:, the underside of the base-plate.

Fig. 98.—Working Parts Assembly
(Metropolitan-Vickers Type DM Meter).

The disc runs centrally in the magnet gap, and attached to its spindle
is a worm which drives the registration gear, the latter being fitted to
the supports previously mentioned. A counter-weight is also attached
to the spindle for the purpose of overcoming the buoyancy of the
copper disc in mercury, and this is so shaped that it acts ..s the seating
for the mercury bath sealing mechanism. This latter is of the conven-
tional type described in sections 8.9 and 8.11.

An illustration of the working parts assembly is provided in Fig. g8.
The current, in crossing the bath, passes between the poles of both
permanent magnets and therefore both magnets act as driving and
braking agents. A high torque is consequently attained together with
a low speed (18-75 r.p.m. for 25 ampere meters, 25 r.p.m. for 5 ampére
meters, and 37-5 r.p.m. for all meters of greater rating). In consequence,
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it has been found unnecessary to provide compensation for the effect
of mercury fluid friction.

The temperature coefficient of this meter is exceptionally small, and
this is attained by mounting the two cobalt magnets in opposite senses
and providing a magnetic shunt, the permeability of which varies
with temperature. Increase of temperature slightly diminishes the
driving torque and simultaneously increases the braking torque;
making thereby the registration more or less independent of tempera-
tute variations.

Ferranti Ltd. also manufacture a constant overall speed mercury
motor ampére-hour meter. This meter, the type FK, is more compact
than the meter described in section 8.9. Its constructional features
are generally similar to those of the type FH meter except that a
single permanent magnet is used to provide both the driving and
braking torques. Overall speed adjustment is performed by means of
a sliding bridge piece located under the mercury bath.

8.13. The Mercury Mector Watt-hour Meter. The mercury
motor watt-hour meter differs from the ampére-hour meter inasmuch
as the driving magnetic field of the former is supplied by an electro-
magnet energised by a winding carrying a current directly proportional
to the supply voltage, instead of by a permanent magnet. Braking is
provided by means of a second disc which rotates between the poles
of a permanent magnet.

In general, the disc submerged in mercury, which carries the meter
current, is slotted radially to prevent the circulation of eddy currents
init. Thus, the braking effect due to this disc is reduced to a minimum.

We have found, in the case of the ampére-hour meter, that the
driving torque

T=KeoI,,

and the torque necessary to overcome the braking effect is
T,=Kg 0N
Now suppose, in the case of the watt-hour meter, that the effective
flux due to the electro-magnet is @, when the applied voltage to its
winding is V, and that the flux due to the permanent magnet is ®,,.
Then, where K,, K,, etc., are constants, the driving torque
T=K 1¢UI m
and the braking torque
Ty=K,®,2N+K,® N
If @, is made small compared with @, (K, and K, being more or less
of the same order, depending upon the resistance offered to eddy
currents by the respective discs) it can be neglected, and we have
T°=K .Q’ aN
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Therefore neglecting the effects of fluid and solid friction
T=T,
and K,®,/,, =K,0,2N
But @, is proportional to the applied voltage, i.e. ®,==K,V. Hence
K\K,VI,=K,0,:N

The power P expended in the loaa is equal to VI, and @, 1s constant,
therefore P=K.

Thus, neglecting friction, the disc ¢ . .tes at a speed directly propor-
tional to the powet expen.ded in the 1uad and, as we have already found
in section 7.1, if suilable gearing 18 provided to the registration train,
the meter will read directly in kWh irrespective of (reasonable)
fluctuations in the supply voltage.

8.14. Compensation for Fluid Friction. In the mercury motor
d.c. watt-hour meter, compensation for fluid friction is provided in
the form of a coil, carsying the meter current I,,, wound around the
electro-magnet in such a direction that it strengthens the field of the
electro-magnet. The driving torque will therefore be

T—:ImKl(mv Jf'l{71'rra)
and the braking torque
T,=K,0, 2N+ K,(®, + K,I,)2N
but K4(®,+KI,)? will be small compared with K,», % and may
therefore be neglected.
The total torque equation will now be
I.K(®,+K,Il,)- K, *N+KN2?+K,
where K N2 and K, are the torques required to overcome respectively
the fluid and solid friction.

Providing the supply voltage does not substantially depart from its
rated value, I,, will be proportional to N

or, K\K,l,=K,;,N?

Therefore, if the value of K, is so arranged that K;K,I,3=K/N?,

the torque equation will become
K.I,0,=K,0,*N+K,

and the meter will be compensated for the effect of fluid friction.

At all normal loads, the torque K necessary to overcome the solid
friction will be small compared with the driving and braking torques,
and the speed of the meter will be approximately proportional to the

power expended in the load.
8.15. Compensation for Solid Friction. Compensation for the

solid friction torque may be provided in the form of a thermo-couple
169
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which is heated by means of a coil connected in series with the pressure
coil across the supply voltage; the thermo-couple being connected to
the current terminals of the mercury bath in such a manner that its
current assists the meter current. Since the current passing through
the pressure coil circuit will be reasonably constant, the e.m.f. of the
thermo-couple will also remain constant and, by suitable resistance
adjustment, it can be made to compensate for solid friction. Care
must be taken to ensure that the torque created by the thermo-couple
current will not be sufficient to permit of the meter registering on
no-load. N

8.16. Temperature Variations. The variations due to tempera-
ture change will be the same as those for the ampére-hour meter with
the addition of a further variation due to the winding of the pressure
coil, since the latter is wound with copper wire.

If the pressure coil is connected directly across the supply voltage,
its current will decrease by 0-4 per cent per degree C. rise in tempera-
ture. If, on the other hand, it is connected in series with a swamping
resistance of negligible temperature coefficient, the current will decrease
to a lesser degree.

Suppose R, is the resistance of the pressure coil

and R, is the resistance of the swamping resistance,
then the decrease in current per degree C. rise in temperature will be
f——R—"w X 04 per cent
R,+R,

This decrease in current has the effect of slowing the meter down,
and as the other errors due to increase of temperature tend to increase
the overall speed of the meter it is possible to make the overall tempera-
ture coefficient negligible. Suppose the meter speeds up to x per cent
per degree C. rise in temperature, due to the variations mentfoned in
the section dealing with ampére-hour meters, then if

X= & X0 T cent
TR, TR, COHPC

there will be no change of overall speed with change of temperature.

8.17. Self-heating will also introduce errors in the watt-hour
meter, particularly at low loads, due to variation with change of
temperature of the solid friction of the mercury. It is therefore
advisable to run the meter for a considerable time on full load before
commencing calibration. The self-heating effect is pronounced by the
length of time required to heat up the great mass of metal which forms
the electro-magnet core.

8.18. Hysteresis Error. Another error may arise, due to hysteresis
when the meter is connected in a variable voltage supply such as that
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of a traction circuit. This will tend to make the meter read high with
decreasing voltage and low with increasing voltage.

8.19. Theory of the Eddy Current Brake. We have already
noted that a braking force can be attained by the rotation of a disc
between the poles of a permanent magnet. The great advantage of
such a device is that the braking force, for any given position of the
magnet, is directly proportional to the velocity of the disc

~ - B

- /’\
AN N L
\\_l “ /

F16. 99.—Eddy Current Brake.

Consider a disc rotating between the poles of a permanent magnet
of flux density B, and with pole faces of dimensions ¢ by b cm., as
illustrated in Fig. 9o; the position of the poles being as shown. Then
the e.m.f. induced in the portion of the disc passing through the
magnetic field of the permanent magnet will be aBur10~8 volts, where
« is the angular velocity of the disc in radians per second and 7 is the
distance between the axis of the disc and the centre of the magnet
pole faces.

This will produce a current in the disc, in the direction indicated by
the arrow, and its width will be 4 cm., i.e. the width of the pole faces.
If ¢ is the thickness of the disc, and p its specific resistance, the resis-
tance of the portion of the disc between the pole faces, to the passage
of the current, will be

%tg ohms

Since the current must have a return path, it follows that the
resistance of the total path must be greater than this. We will call
this ratio, of total resistance of the path to resistance within the magnet
gap, K. For a disc of infinite area, the value of K would be unity.
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Providing the dimensions of the pole faces are small compared with
the diameter of the disc, and the poles are not near to the edge of the
disc, the current distribution will be similar to that illustrated in
Fig. 99. If the disc is very large compared with the pole face area, the
resistance of the return path will be negligible and we can assume that
a p/bt ohms is the total resistance to the current, i.e. that K=1. In
general, K will have a greater value than unity, and the resistance of
the total current circuit will be

Kap
R= B ohms

The current will be
E aerIo*abt

I "R~ Ka P
__b_Bieztm’ ampéres
The braking force will be given by
F:aBI
10
a__b.,B._zwrtIO_:_d nes
but abB=®, the total flux of the magnet, therefore
P%wtro-?
F= K ?~d ynes
The torque T =Fr
_ %7109 dyne-cm.
“abKyp
and the damping constant
_ torque
w
__ ®%%10-° .
= K~—ndyne-cm. [radian/sec.

The value of K will increase as the magnet reaches the edge of the
disc, since the return path for the current will be restricted.

We see from the above that there will be an optimum position for
the magnet poles, in order to obtain the maximum damping constant.
As the magnet is moved from the centre of the disc, so the damping
constant will increase, until the magnet reaches a position where K
begins to increase. As the magnet is brought still nearer the edge of

172



AMPERE-HOUR AND WATT-HOUR METERS VIII:8.22

the disc, the damping constant will increase at a lower rate until it
reaches a maximum at a position a little from the edge. It will then
drop rapidly as the centre of the magnet pole reaches the edge of
the disc.

The shape and size of the magnet poles are of considerable impor-
tance. Since the resistance of the eddy current path increases rapidly
as the magnet approaches the edge of the disc, it fcllows that the
smaller the magnet and the higher the flux density, the greater will be
the efficiency of damping. It also lvilows that ~unically shaped pole
pieces on the pole faces of a circula~ aagnet weuld give a very high
efficiency of damping. On the oiher hand, small pole faces tend to
reduce the permanency of a magnit Therefore, although the large
pole faces of the d 1nping nicynets for clectricity supply meters are not
efficient as regards the ratio torque/w, they have the outstanding
advantage of being much more permanent than the conical magnet.
For this purpose, the gaps are made as small as possible, and the pole
faces are suffiiently large to avoid a high demagnetising factor.

8.20. Demagnetising Coefficient. Du Bois and Lehmann have
shown that the demagnetising effect of almost-closed magnets is
approximately proportional to the width of the gap. The value of the
demagnetising coefficient K is given by

47 (la/Aa

2\, /A ,,,)

where A is the leakage factor of the magnet (i.e. ratio of the flux at the
middle cross-section of the iron circuit to the useful flux in the gap)
1, is the length of the air gap, 4, is the area of each pole face, /,, is the
length of the magnet, and 4,, is the cross-sectional area of the magnet.
Thus, to have a small value of K, the ratios /,/4, and 4,,/l,, must be
small, and the larger the value of A the better.

8.21. Safety Factor of a Magnet. Heinrich and Bercovitz have
termed the ratio (4,/l,) /| (Am/lm) the safety factor of a magnet. The
value for supply meter brake magnets is in the region of 100, and may
be even better for cobalt steel magneis.

8.22. Ageing of Magnets. When a magnet is first magnetised,
usually to saturation, there will be a temporary component in its
magnetism which it will lose in time. The magnet is therefore initially
unstable and, if wanted for such a purpose as that of producing a
damping flux for an electricity supply meter, it is of paramount
importance that it be rendered stable before calibration of the instru-
ment. This is attained by demagnetising it by about 15 per cent of its
initial strength. It should then be left to age for about three months
and, if its strength remains constant over this period, it may then be
regarded as reasonably permanent.
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It is possible artificially to age the magnet to a more or less permanent
condition. This may be done by

(4) Heat treatment

(6) Mechanical shock

(¢) Partial demagnetisation in an alternating field.

Artificial ageing is often effected in addition to the above-mentioned
natural ageing. Of the three methods, (c) is the most convenient and,
needless to say, the one in most general use. Some manufacturers
completely assemble their meters first, and then finally age the mnagnets
by placing the whole meter in a rotating magnetic field, increasing the
field strength until the desired stability has been obtained. It should,
however, be mentioned that only time can show beyond doubt that
a magnet is stable.

Much improvement has been effected in the manufacture of brake
magnets within the last few years, especially since the advent of the
cobalt-steel magnet with its high coercivity of about 500 ¢.g.s. units.
This has led to a great reduction in the ratio ®./®, and a decrease in
overall speed of meters, with a consequent improvement in the load
curve of the meter (section 9.7).

8.23. Magnetic Definitions. We will briefly define certain quan-
tities related to magnets. Although these can be found in text-books,
a repetition may not be entirely wasted.

The pole strength of a magnet is equal to the force in dynes between
it and a unit pole situated 1 cm. away.

The moment of a magnet is equal to the product of its pole strength
and the distance between its poles.

The magnetic flux (®) is the number of lines of force between the
poles of the magnet. In the case of a brake magnet, the number of
lines which cut the disc.

The flux density (B) is the amount of flux per unit area between the
pole faces. It is generally expressed in lines per sq. cm.

The intensity of magnetisation (I) is the magnetic moment per cu.
cm. of magnet.

The permeability () is the ratio of the flux density (B) induced, to
the magnetising field (H).

The magnetic susceptibility is the ratio I : H.

Remanence is the magnetisation which exists in the magnet when,
under cyclic conditions, the magnetising field is reduced to zero from
some maximum value of H. This is usually expressed in terms of
Bor H.

Coercivity is the reversed magnetising field required to reduce the
intensity of magnetisation to zero.

8.24. Metropolitan-Vickers Mercury Motor D.C. Watt-hour
Meter, Type DE. This type of meter is illustrated schematically in
Fig. 100. It is comprised of a spindle carrying two discs, the lower of
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which is slotted radially and is enveloped by a mercury chamber in
which are situated the poles of an electro-magnet. The upper disc
rotates between the poles of a permanent magnet and acts as a damping
agent. A pinion is cut on the common disc spindle and this gears into
a counting train.

The electro-magnet consists of two vertical limbs suspended from
poles in the mercury chamber. E 1h of thesc limbs carries a coil, and

.

Reslistance wire

AW

I

/i

\
Resistance wire

F16. 100.—Diagrammatic Arrangement of D.C.
Watt-hour Meter (Metropolitan-Vickers).

they are connected in series with the swamping and thermo-couple
heater resistances across the supply voltage. The gap between the
lower ends of the electro-magnet limbs is almost closed by means of
an adjustable yoke.

The common disc spindle is supported by a hardened steel pivot
seated upon a sapphire jewel, and has a journal upper bearing. An
arrangement is also provided for the sealing of the mercury bath to
ensure safe transit. This is operated by means of a gcrew which is
accessible without opening the case of the meter. -

A compounding turn is placed around one electro-magnet pole. This
is shunted by means of a fixed low resistance; the turn carrying a
definite proportion of the meter current. It is arranged to assist the
electro-magnet flux and is of such a value that it compensates for
the effect of fluid friction.

A thermo-couple is provided. This is heated by means of the pressure
circuit current, and it is connected across the mercury bath terminals,
in the manner described in section 8.15, in order to compensate for
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solid friction. Movement to the left increases the compensating torque
and movement to the right decreases it. This adjustment is in the form
of a clamp which short-circuits a section of the resistance in series with
the thermo-couple.

The meter has a six-pomnter register, the dial of the smallest denomi-
nation being of an extremely large diameter and having 100 divisions.

A modification of the above meter is made suitable for the wider
range of voltage experienced in a traction circuit. In this meter a
biasing permanent magnet is introduced into the electro-inagnetic field
for the purpose of compensating for the errors which would arise from
hysteresis with the variable voltage of a traction circuit.

Adjustment of the overall speed of the meter is performed by means
of the permanent magnet acting upon the aluminium upper disc. This
operates upon the edge of the disc and decreases the overall speed of
the latter as more of the magnet is brought to act upon the disc.

On all standard meters the full load speed is 20 r.p.m. and the
revolutions of the disc, per kWh, are given by

- __(r.p.m of the disc at full load) x 60
P Fuil load rating of meter in kW

8.25. Chamberlain & Hookham Mercury Motor D.C. Watt-
hour Meter. A section through the working portion of this meter is
given in Iig. 101. The copper disc 4, which is slotted radially to
minimise the eddy currents created by the electro-magnetic flux, is
carried by the main spindle and rotates in the mercury bath. The
magnetic system consists of a U-shaped laminated electro-magnet K,
which is located so that its poles just clear the underside of the driving
disc, and its magnetic circuit is completed by the iron ring Q placed
immediately above the centre of the disc. Thus, the magnetic flux
cuts the driving disc twice. The coils GG, which are carried one on each
of the limbs of the electro-magnet, are connected in series across the
supply voltage. Hence, the current passing through the coils, and the
flux thereby created in the electro-magnet, will be directly propor-
tional to the applied voltage. Between the upper and lower portions
of the mercury bath is fitted a ring W of insulating material, and this
carries the two terminals XX, by means of which the current enters
and leaves the bath. A second disc, O, of aluminium is also carried
upon the main spindle, and this runs between the poles of a permanent
magnet, for the purpose of creating a brake torque for overall speed
control.

The lower eud of the spindle has a hard steel pivot which rests upon
a jewelled bearing housed in the screw F. This screw can be adjusted
for the purpose of setting the driving disc in its correct position in the
mercury chamber. The upper end of the spirdle consists of a pin-type
bearing which fits into the journal M,
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The mercury chamber is constructed on the unspillable inkwell
principle, but to avoid losses due to severe shaking during transit, the
valve [ is provided. This is lifted into contact with the leather washer
on the underside of the disc, by means of a flat forked spring which is
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F1G. 101.—Schematic arrangement of D C Watt-hour Meter
(Chamberlain & Hookham T.td )

introduced before transit between the top of the mercusy bath and
the underside of the valve. Before commencing tests, this spring must
be removed.

The motion of the spindle is transmitted to the registration gear by
means of the pinion N, and compensation for fiuid friction is obtained
by compounding the electro-magnet with several turns carrying the
meter current.

All meters of the same size are geared to run at the same full load
speed (of the order of 2o r.p.m.), and an illustration of a switchboard
pattern meter is given in Fig. 102. The clamps, shown one on each
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side of the electro-magnet, are provided for adjustment of the meter
resistance when the meter is used in conjunction with a shunt. It is
usually of such a value that, when the full load meter current is flowing,
the millivolt drop across the meter current circuit is 100 mv. For this
adjustment, the full load meter current is passed through the meter

er)i »}M )
f
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F16. 102.—Switchboard pattern D.C. Watt-
hour Meter showing Ad{‘hstmg Clamps
(Chamberlain & Hookham Ltd.)

circuit and the clamps are altered in position until the voltage drop
across the meter and leads is the same as that across the shunt when
the rated full load current, minus that passing through the meter, is
flowing through the shunt. In other words, if I is the full load meter
current, and I is the actual full load of the meter and shunt, the drop
across the meter, when carrying Iy ampéres, must be the same as that
across the shunt when the latter is carrying I —Iax ampeéres. In practice,
this adjustment must be made whilst the disc is rotating.

8.26. Sangamo Mercury Motor D.C. Watt-hour Meter, Type
D5. This d.c. watt-hour meter is similar in general arrangement to the
two types already described. The effect of mercury fluid friction is
compensated for by compounding the electro-magnet in the manner
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described in section 8.25. Solid friction is compensated for in the
manner described in section 8.15. It differs, however, from the other
two watt-hour meters inasmuch as a float is fitted to the spindle
immediately above the driving disc in the mercury chamber. In this
manner, a force of about 3 grammes is obtained to press the moving
system against the top bearing, which contains a sprung jewel. A pin
type bearing is provided at the lower end of the spindle.

8.27. Commutator type 1).C. Watr-hour Meter. As this type
of meter is now obsolete in this cu.. .ry, we will only consider its
general action. A Jdiagratunatic «rraugement is given n Fig. 103. In

Supply

Fic 103.--D C. Commutator Meter.

principle, the meter consists of an armature 4 wound on a non-
conducting former, the windings of which are connected to a commu-
tator. The armature carries a current I, proportional to the supply
voltage E, since it is connected across the mains, and the two large
coils CC carry the load current. The action is therefore similar to that
of a separately excited d.c. shunt motor, and the torque on the armature
will be proportional to the product of the armature current and the
magnetic flux due to the large coils. Hence

Tool, &
where I, is the armature current and ®c is the flux in the ¢ urent coils.
But I,00F and ®cocl
where E is the supply voltage and I is the lcad current.
Therefore, TocEl

which is the power expended in the circuit.

Braking is effected by means of the copper disc D, attached to the
main armatuge spindle S. The disc rotates between the poles of a
permanent magnet; the latter being magnetically screened from the
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armature field. Thus, the torque T , necessary to overcome the braking
force will be given by
Tb =K N 4

where K is a constant and 7 is the effective radius of the braking disc.

Calibration is performed by variation of the armature current.
Provision for this is made in the form of a resistance R4 in series with
the armature circuit, the value of which can be varied. Compensation
for friction is usually in the form of a movable coil Cr, carrying the
pressure circuit current. This is placed in such a position relative to
the armature that a torque is created upon the armature, due to the
interaction of the flux in the movable coil with the current in the
armature, of a value just sufficient to overcome the friction. No regis-
tration must occur on no-load, due to this compensating device, and
sometimes an iron wire is placed on the spindle in such a position that
it will come under the influence of the permanent magnet and prevent
the armature from creeping forward a whole revolution.

The moving system of this type of meter is essentially very heavy
and, as a consequence, rapid wear of the jewels is likely to take place,
particularly if any vibration of the system occurs.

With increase of temperature, the following variations tend to occur
in the commutator meter:

(@) The armature speeds up 0-4 per cent per degree C., due to increase
in the resistance of the brake disc.

(b) An increase of speed of 0-06 per cent, due to the decrease in
strength of the brake magnet, for every 1°C. rise in temperature.

(¢) The speed tends to decrease by o4 R,/(R,+R,) per cent per
degree C., due to the increase in pressure circuit resistance; R, being
the resistance of the copper section and R, being the value of the
series swamping resistance of negligible temperature coefficient. This
value is usually very small, owing to the employment of large cali-
brating resistances.

The use of a shunt improves the temperature coefficient, since rise
of temperature will decrease the meter current and compensate to a
certain extent for the errors (¢) and (b). When the ratio meter current/
load current is small, the decrease in speed will be 0°4 per cent per
degree C. rise in temperature, but as this ratio increases, so the com-
pensating effect will decrease. Furthermore, in order to obtain a large
driving torque, the meter current is usually fairly large.

In most commutator type meters, the self-heating errors are also
very large, due to the considerable watt-loss in the pressure and current
coils. Thisisaccentuated by the fact that there is little possibility of the
heat getting away, as the meter is fitted with an airtight case.

8.28. Pendulum Type Watt-hour Meter. This ¢ype of meter
consists of two pendulums which have the same normal beat frequency.

180



AMPERE-HOUR AND WATT-HOUR METERS VIII:8.29

Attached to each pendulum is a coil, which is co-axial with the pen-
dulum rods, the coils being energised by the supply voltage. Beneath
gac‘;h .pendulum, and co-axial with the pendulum rod when the latter
is in its vertical position, is a fixed coil carrying the load current. The
two systems are mechanically symmetrical; the fixed coils being in
series with the load and the pendulum coils being in series across the
supply voltage. The coil connections are so arranged that the force
exerted by the action of the one fixed coil assists the gravitational
force upon its own pendulum, and the action of the other fixed coil
opposes the gravitational force upon 1he other pendulum. For a given
current in the fixed coils, the magnitudes of the forces exerted on the
pendulums are equal.

When the current is lowing through the fixed coils, the one pendulum
will increase its speed of oscillation and the speed of the other will
decrease by the same amount; the difference in speed being proportional
to the product of the voltage and the current. Therefore the difference
in speed of orcillation is proportional to the power expended in the
circuit, and this is integrated through the medium of a differential
gear suitably geared to a counting mechanism.

8.29. Theory of Simple Pendulum. Let us first consider the
action of a simple pendulum (Fig. 104 (a)). Suppose m is the mass of

F16. 104 (a) Fi1G. 104 (b)
Simple and Electrical Pendulums

the pendulum, [ is its length, 6 is the angle which, at any time ¢, the
pendulum makes with the vertical, and T is the tension in the rod of
the pendulum; the rod being sufficiently light compared with the weight
of the pendulum that its mass may be neglected.

The free end of the pendulum will move along the arc of a circle
whose radius is /, and the length of the arc measured from the lowest
point will be

s=16
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. ds 4o
The velocity v== i gl(it

6 and Zte being considered positive when moving outwards.

There will only be two forces acting on the end of the pepdulum,
these will be its weight mg acting vertically downwards, and the tension
T in the rod.

Resolving outwards along the tangent of the path, there will be no
component due to 7', therefore

d20
ml T
2

. a26 .
I herefore leZ == —gsin 0

Since 6 will always be small, sin 8==6

%0
and [a‘z =3 —~g6

- —mg sin 0

a2 g
or =0
This is in the form of d20/di*=—«w?2, where w2=g/l. It therefore
represents simple harmonic motion, and its frequency of oscillation

8.30. Differential Pendulum—Theory. Let us now consider the
action of the pendulum when the mass at its free end consists of a coil
of mass m, carrying a current proportional to the supply voltage, acted
upon by the magnetic flux of a fixed coil carrying the load current.
Then Fig. 104 (b) will represent the conditions when the pendulum is
displaced by an angle 6 from the vertical.

Providing the air gap is large, or there is an absence of magnetic
material, the magnetic moments of the coils will be proportional to
the respective currents passing through them. Furthermore, if the
angle of swing is very small, the coils may be considered to be in their
end-on position at all positions of swing, and the force exerted upon
the pendulum will be v MM,

=

where M, is the magnetic moment of the pressure coil, M, is the
magnetic moment of the current coil, and 4 is the distance between
the two coils when the pendulum is in the vertical position.
But M,=KV, and M,=K,I
where V' is the supply voltage and I is the load current.
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Therefore, F ———-KI;;VI dynes

K,v1
and, since VT is the power P expended in the circuit,
F=K,P dynes.

This force F will act at all positions of the swing, since te distance
between the two coils will remain scnsibly constant under ali conditions.
Resolving outwards, along tne tangent to the nath, we have

d26
di?
a2 r .
S 7T [(g/lH: ’(aP] sin 8
which approximates to
420 i
Ca=—| ETFKP 6

and the frequency of oscillation

. _
fzz; \/?IiKsp

In the case of the coils being wound so that the force due to the
magnetic moments assists the force of gravity, the frequency of
oscillation, f;, will be given by

_t [eg
fl—z-n: \/ l +K5P

When they are wound so that the force opposes that due to gravity,
the frequency f, will be given by

1 e
h=5 \/ 1P

Therefore, the difference in frequency of oscillation, f,, of the two
pendulums will be given by

fd:" 1"f2

2 [

and, -expanding by the binomial theorem, we have

=2 [ s e ) )
- ) (-5 )]
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() o ) R+ }
HOTO 4076y =]

fa- fo[(f)—lK.«,P } ;(f)'”(\ 1(,,P)3 ; +]

where f, is the frequency of the pendulums when under no other
influence than that of gravity.

We can see from the above expression that if the difference in
frequency is to be directly proportional to the load, the terms which
have higher powers than the first power of P must be negligible in

-2 2
comparison with the first power term. Thus, 21_3 (‘lg ) (K 8P) must

approach zero.
Suppose the second term causes the frequency difference to depart
from linearity by only 0-125 per cent at full load. Then

1/0 -2 2
8(?) (1\',1’) ~ 0125 per cent

o\ 2 2 10
lad K.P) =
</) (\3 ) 1000
1

-1
Therefore (g) (K 3P) =
) 10

and the difference in frequency, f;, at full load will be of the order of
10 per cent of the normal frequency, f,, of each pendulum.

The higher order terms of the power P will obviously be negligible,
and it follows that this will give a more or less linear law relating power
expenditure in the circuit to the difference in frequency between the
two pendulums. Providing this difference in frequency is employed to
drive a suitably geared registration train, through the medium of a
differential gear, the meter will read directly in kWh.

8.31. Differential Gear—Theory. A simple differential gear is
illustrated in Fig. 105. The sun-wheels S; and S, ride freely on the
shaft B, and the planet-wheel P rides freely on the arm 4 which is
rigidly fixed to shaft B. The planet-wheel meshes with both sun-wheels.

With the arm 4 fixed, we will give one revolution to the sun-wheel
S;. The revolutions of each wheel will then be as follows:

S

P=3
- Sl P
S'..._.....P_ XS_’
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where the nomenclature S,, S,, and P represent the number of teeth,
as well as the identity of the wheels.

The shaft B will obviously not rotate since it is rigidly fixed to
the arm 4.

From the above we can construct a4 tablz giving the number of
revolutions of each component for cert.in conditic ns.

Me;'hm_q Mes?m_q
1) 0
Teeth Lt Jeeth
J — )
— !
—/—

Fi1c 105 —Simple Differential Gear

Revolutions made by
Operation Condition e m— | —
Als, S, | P B
— - - e | — e | S P
1 A fixed, give S, S | 3
1 D1
I rev. | 0] 1 ; -3 P |0
‘ XS XS
2 Multiply by X [0 D G = 0
i 52 | f
‘ XSy |
3 | AddYrevs.toall |Y ¥+ Y~- = 1 Y+52 | Y

oy |

In the case of the pendulum meter, the sun-wheels S, and S, are
geared to the escapement shafts in such a manner as to rotate in
opposite directions, and providing we know the number of teeth on
every wheel and the motion of two of the wheels, we can find the
motion of the whole system.

‘
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Suppose that the sun-wheels are each driven at go r.p.m. by their
respective escapement shafts when there is no load upon the meter
(i.e. when the pendulums are both beating at the same frequency).

Then, from the above table
X +Y=90

and — 21X +Y=—qo
S,

We must have no rotation of the shaft B when no load is passing
through the meter, therefore
Y=0

from which X =qo

Also, since ~§X =—Q0

S, = S,
In other words, there must be the same number of teeth upon each
sun-wheel.
Now, suppose a load is switched on, and this speeds up S; by R r.p.m.
and slows down S, by the same amount. Then

X+Y=+(90+R)
and —-E’X-{— Y=—(90—R)
S2

ie. ~X+Y=—(90—R)
which gives the value of Y as

(90+R)—(90—R)
2

Therefore, Y =R

Thus the speed of the shaft B is directly proportional to the difference
in speed between S; and S, and therefore ‘directly proportional to
the load.

8.32. Aron Clock type Watt-hour Meter. This is the most
important of the pendulum type meters and, whilst the fundamental
principle of this meter is the same as that described above, certain
modifications have been made in order to overcome the difficulties
which arise in practice in making the meter suitable for long periods
of service, without requiring attention for such purposes as:

(a) Winding of the mainspring

(b) Synchronising of the pendulums at the same natural frequency.

In this meter, a differential gear is also employed between the main-
spring and the pendulums, in order that both pendulums may be driven
by the one mainspring, even when the load causes the pendulums to
beat at different frequencies.
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The pendulums (Fig. 106) each consist of a long brass rod with a
coil on the lower end. The coil is co-axial with the rod, and the current
is supplied by means of flexible leads. Adjustable weights are attached
to the upper end of the pendulum for the purpose of giving it the
required natural frequency. The pendulum 1s pivoted to the bearing

oy ,

Fic. 106 — Pendulum

with Pallet and Escape-

ment Wheel (Aron Clock
Meter)

plates of the counting mechamism by means of a steel spindle, and on
the boss is fixed a pallet arm which meshes with the escaperient wheel,
the shaft of which is geared to the revolution counter differential and
the driving differential.

The driving differential is required for the purpose of employing
only one mainspring to drive both pendulums, since they will swing at
different frequencies when the meter is on load. The mainspring drives
the central shaft of this differential, and the energy is transmitted
to the pendulums by means of the two sun-wheels which ride freely
on the arm which is rigidly attached to the central shaft. In this
manner the sun-wheels can both be driven by the main shaft, even
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though they are rotating at different speeds, and the planet-wheel
will rotate around its axis at a speed proportional to the difference in
frequency of the two pendulums.

Figs. 107 and 108 give diagrammatic arrangements of the winding

a A
Vg

F16. 107.—Diagram of Winding Gear in Normal Position (Aron Clock Meter).

gear in the normal position and with the spring fully wound respectively.
One end of the mainspring is fixed to the electro-magnet M, whilst the
other end is fixed to the rotor NV at a point near the latter’s periphery.
When the spring S reaches its “run-down’’ position, the pin X, which
is rigidly attached to the rotor, makes contact with the silver plate C,,
thereby completing the circuit of the electro-magnet coil. This creates
a flux in the electro-magnet, which causes the rotor N to revolve into
the position illustrated in Fig. 108, where it comes under the influence
of the maximum flux.
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The spring O is provided for the purpose of pulling the switch K
sharply on or off, according to whether it is on the right- or left-hand
side of the pivot D, thereby accelerating the make and break action.

FIG. 108.—Diagram of Winding Gear; Spring fully wound (Aron Clock Meter)

In order that the mainspring may be wound without interfering
with the drive to the pendulums, the power of the spring is transmitted
to the driving spindle Z (Fig. 108) by means of a ratchet and pawls,
and the spring cannot unwind without its potential energy being
supplied to the pendulums.

The winding gear operates every thirty seconds, and during the short
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winding interval a drive is maintained upon the driving differential
by means of a spiral spring which connects the driving spindle to the
shaft of the planet-wheel arm. The spiral spring retains sufficient
energy to supply the pendulums during this period.

The advantage of an intermittent driving gear, such as the above, is
that it avoids the continuous waste of power which would be present
with a small d.c. motor.

Since it is difficult to obtain exactly equal natural periods of swing

F1G. 109.—Reversing Mechanism
(Aron Clock Meter).

for the two pendulums (as a commercial proposition) it follows that
there will in general be a slight registration, either forward or backward,
when the meter is on no-load, and also an error in registration when
the meter is on load, due to the same cause. A device is therefore
employed for neutralising this effect, and it consists of the reversing
gear illustrated in Fig. 109. Every ten minutes the current in the
pendulum coils is reversed by means of a commutator, the spindle of
which is turned through 180° by the mainspring. This makes each
pendulum alternately the faster and then the slower pendulum, due to
the load. In turning, the commutator spindle operates the reversing
gear bracket, thereby engaging an alternate gear train to take up the
drive from the differential gear to the registration train. The one gear
train has an extra wheel than the other, and in this manner gives the
required reversal to the registration mechanism.

Since the reversal causes the faster pendulum to become the slower,
and vice versa, the differential gear planet arm will rotate in the
opposite direction, but the reversal due to the reversing mechanism
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between the differential and the counting train will automatically
correct for this and permit the meter to register in the correct direction
for any load.

Thus, for a reversal period of ten minutes the difference between
the natural frequencies of the pendulums will add to the effect due to
the load, but in the followiny len minutes it will subtract from it.
Therefore the meter will regi-ter <lightl high for cne interval of ten
minutes and then the an.e amoi1t low for the next ten minutes. It
follows that, at the end of ovi-  »ves ten-ninute period, the effect
du: to want of synchromsatint Lotween the two pendulums will be
neutralised, and the error due tc chis cause will be a maximum at the
end ot vvery odd wn winews, Ju the case of meters incorporating a
maximum demard indicator, « period other than ten minutes is
somctimes chosen.

When the load 1s such tbat the sun-wheels of the revolution counter
differentis: gear are rotating at almost the same velocity, the force
thereby c.eated on the planet-wheel arm may be insufficient to over-
come the friction and inertia of the registration mechanism. This will
cause the planet-wheel arm to remain stationary and the sun-wheels
will conscaaently run in synchronism. This also occurs in the larger
differential and, in order to avoid these effects acting at the same
time, the sun-wheels of the former differential have 89 and g1 teeth
respectively, instead of go each.

Suppose S, has 89 teeth and S, 91 teeth (Fig. 105), then if the
pendulums are swinging at the same frequency on no-load, S, will
rotate g1 revolutions while S, rotates 89 revolutions.

From our table (section 8.31)

X+Y=91
89 -
—‘;X—l—Y— -89
(I+8—9)X=180
91
X= o1
and Y= o

The meter will therefore not register on no-load.

If a load is applied, such that the speed of S, increases by R revs.
and that of S, decreases by the same amount, in the time previously
taken for S, to rotate g1 revolutions

X+Y= o91+R
89y | Ve — (80—
and —a—IX-H (89—R)
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Therefore (I—}-g 3)X =180

and X= 91
therefore Y=914+R—X
=R
Therefore, the speed of the shaft B 1s directly proportional to the

difference in speed between S; and S, and consequently directly
proportional to the load.

8.33. Temperature Variations—Pendulum Meter. The resis-
tance of the copper coils in the pressure circuit will increase with rise
in temperature, and this will result in less current being taken by the
pressure circuit. The meter will therefore tend to register low by

R,

04 Rt Rbper cent per degree C.

where R, is the resistance of the copper portion of the pressure coil
circuit, R, is the resistance of the zero temperature coefficient ballast
resistance, and 0'4 per cent is the temperature coefficient of copper
per degree C. rise in temperature. In the average meter the value of
R, is large compared with R,, and the error due to temperature
variation of the unshunted meter is of the order of —o0-025 per cent
per degree C. rise in temperature.

In the case of the shunted meter, since the shunt is made of an alloy
having a negligible temperature coefficient, there will be a decrease
in current in the meter circuit due to the increase in resistance of the
current coils with change of temperature. The meter will therefore
tend to register low by

Ry ..
) 4mper cent per degree C. rise in temperature

where Ry is the resistance of the copper portion of the meter circuit,
and Rs is the value of the swamping resistance. This is only so when
the resistance of the shunt is small compared with Ry Rs.

From the above it can be seen that the greater the value of Rs
compared with that of R the less effect will temperature variation
have upon the meter. In general, the error due to temperature variation
of a shunted meter is of the order of 0-2 per cent per degree C. rise in
temperature.

The error due to change of natural frequency of the pendulums, with
change of temperature, is negligible, since the coefficient of linear
expansion of brass is only of the order of 10~ per degree C. Care must
be taken, however, to ensure that the coils are absolutely secure, or
errors may occur due to the alteration of their position with change
of temperature.
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On overload, the meter will tend to over-register, since the higher
powers of P in the expression

e [ i) (o)’ <]

will become more important.

It is of paramount importance that the rendulum meter be set level,
and for this purpose a plumb-bob is attactied to the meter.

The pendulum type of meter hae +1ie following advantages:

(a) It is capable of registering tne smallest possible loads.

(b) It possesses no permanent magnets which might change their
strength with age.

(c) There are no starting trouildes, as the meter is in continual
oscillation.

(d) It possesses a very straight curve.

(e) It is astatic, and therefore independent of external magnetic
fields.

8.34. Three-wire D.C. Systems. Energy may be supplied by
means of a three-wire system, the circuit of which is as illustrated in
Fig. 110. Two similar generators, or parallel sets of generators, are

a 4 d
of 1 }
7 W 2 Lload A
[ >
b jT 3 I J* e
\ 4] Ve EE Load 8
i Ly
¢ - F

F1c. 110.—Three-wire D.C. System.

connected in series. The cables carrying the load current are taken
away from them, as illustrated in the diagram. The power supplied
to the load . i
=Val,+ Vsl

We have seen in section 4.3 that the current in line 2 will be I3—1,
and, when the load is balanced (i.e. the currents of loads 4 and B are
equal), the current in line 2 will be zero.

1f 7 is the resistance of each cable, the voltage of point d above that
of the earth point b will be

Vi—=Iy

and that of f will be —Vot-Iy
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The voltage of ¢ relative to the earth point b
=(I,—Iy)r

When the load is balanced, I,=1I, and the current in line 2 is zero.
Hence, the potential of ¢ will be the same as that of &.
The potential at d will be
Vi—Ir=:V4

=—(Vg—Ig):=—Vp
The load =V 4I,+Vpl,
=2V I 1
From this it follows that an ordinary two-wire d.c. meter will register

%Laad

Load
8

Nevtra/

SupPly s

¢ 211k
F1G6. 111.—Measurement of Three-wire D.C.
Load.

the correct supply of energy, in a balanced three-wire system, if its
current circuit is connected in one of the two outer lines and the
potential circuit between an outer and the middle line, providing the
counting train registration is multiplied by two, or the gearing suitably
modified.

If the system became unbalanced (i.e. when I, is not equal to [)
such a meter would give a false registration. Therefore, since an
unbalanced load occurs very frequently in practice, it is advisable to
meter the load by two separate meters, or two separate elements
driving one common disc spindle geared to the registration train; the
connections being as illustrated in Fig. 111.

The advantages of a three-wire system are:

(4) When the load is truly balanced the losses in line 2 (called the
neutral line) are zero. Under these circumstances the voltage drop
between the load terminals and the generator terminals will only be
one-half of what it would be if the load were connected to a two-wire
system. Even when the system is not balanced, the cable losses are
considerably reduced.

(b) Since line 2 only carries the difference between the currents of
loads A and B, its cross-sectional area may be made considerably
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smaller than that of lines 1 and 3, thereby resulting in a great saving
in copper.

(¢) Voltages of the order of V, and 2V, are available (the latter by
connecting the load across lines 1 and 3).

- (d) When the point B is earthed, the greatest potential difference
from that of earth is only of the order of V,, although twice this
supply voltage is available, if required. This etfects a saving in
insulation costs.

8.35. Three-wire D.C. Wart-hour Meters. When a consumer
is =upplied wi‘h energy by means of 4 thiec-wire system, it is most
convenient to employ one meter tur measurement purposes. This may
consist of two eleinents, onr of which associates the current in the one
outer wire wiin the pressure be’ween that wire and the neutral; the
other element assodiating the current in the other outer wire with
the pressure between thut outer and the neutral. We have already
seen that such a method of nietering will register the true encrgy
supplied I y the system. There are also other methods of metering the
load some of which, although employed in practice, are not quite so
accurate.

The power taken by the load

=V al,+Vsl,
=1,(Va+Ve)+Va(l3—1)
=I(Va+Va)+1,V

where I, is the current in the middle wire, i.e. I3—1,, the out-of-balance
current.

Thus, if a two-element meter were connected so that the current of
line 1 interacted with the magnetic flux set up by the current in a
pressure coil connected across the two outer lines, and the current in
the middle line interacted with the flux due to a pressure coil across
the middle line and line 3, the meter would, if suitably geared and
calibrated, register correctly for a balanced or unbalanced load.

8.36. Mercury Motor Type Three-wire Meter. In general, this
type of three-wire meter consists of two elements mounted upon one
common spindle, the elements so being connected, that the driving
torque transmitted to the spindle is proportiona, to

bwarva+Lwatvy

This is attained by connecting the current circuits of the meter one
in each of the outer lines, and the common pressure coil across the
outer lines. Since the baths of the meter are at different potentials,
the common spindle possesses an insulating coupling between the two
discs. The braking system is also common to both elements and
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consists of the usual aluminium disc rotating between the poles of a
permanent magnet.
Suppose the three-wire system is in an unbalanced condition, then
the current in the middle line
=I’=I3_I1
The total power will be I,V4+1,Vp
=I,(Va+Vp)+1,Ve
The driving torque of the meter, however, will be proportional to
I I
—51(V4+VB)V+ f(VA+VB)
—I(Vat Va)+ 2V at- V)

and the error in registration will be

I
"ZF(VA+VB)'_IQVB

b “‘-Im;f/‘r X 100 per cent
1,—1,
—5 VatVe)—;—1)Vs
IIVA +IaVB
_13(Va—VB)—1,(Va—Vb5)
=—-- 2IVat1,Vs) X 100 per cent
=tV
_Z(IIVA +1,V5)
where Vu=V,4—Vg
The error due to the unbalanced load is not usually so serious as it
would at first appear. For example, if the voltage V4 is 220 v., Vg is
180 v., I, is 11 amperes, and Iy is g ampéres, the percentage error
will be

X 100 per cent

—(11—09) (220—180) 100

2(11 X 22049 X 180) per cent
__80x100
8080
=—1°0 per cent

In the case of the two elements not being properly balanced, there
will be a further error introduced from this source.

8.37. Pendulum Type Three-wire Meter. This type of meter is
easily adapted to register the total energy supplied in a three-wire
circuit, since it normally consists of two elements. The connections

196



AMPERE-HOUR AND WATT-HOUR METERS VIII:8.37

for the meter, when used in a three-wire circuit, are as illustrated
in Fig. 112.

No. 1 pendulum will beat with a frequency

fim () +56) P i3(3) o - ]

_fa[z+ () K,P— (7) (K yP)® -+ "J

R »’}nd/'ng Gear

P
bR R
. £1
Pendiin . ,
. Main
N =1 Cofl

17 d

:

Supply L [ Consumer
(

r I |

Fi16. 112,—Schematic Arrangement—Aron Three-
wire D.C. Clock Meter.

o

1

and the other will beat with a frequency
1/g -2 . ’
fu=t] =58) 3 (6) P —
b

Therefore difference in frequency
x(e)* Oy wpa_p.s
teti=f=t 3(5) Kot P) (%) KPPy

When the reversing gear is brought into operation the difference
in frequency

sttt 1) K )—3(E) "Ratp P9+ ]
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Therefore, the mean angular velocily of the differential shaft, over
an even number of reversal intervals, will be

SRR

=KM(Py+P)

Thus, providing the differential shaft is suitably geared to the
registration mechanism, the meter will correctly register the energy
supplied by the circuit.

8.38. The Testing of D.C. Ampére-hour Mercury Motor
Meters. Before actually commencing tests, one should, without dis-
mantling the meter, make a thorough inspection of its mechanical
condition. All nuts and screws should be tried to ensure that they are
tight, and one should make certain that the first wheel of the revolution
counting mechanism meshes properly with the worm or pinion of the
spindle. The insulation resistance of the meter should then be tested
by means of a ‘“Megger”’ (section 5.11), or by subjecting the meter to
a “flash” test. This should be made between the meter circuits and
the case, and also between any circuits which should be electrically
isolated.

When the “Megger” is used for this test, it should register at least
5 megohms resistance between the meter and case, or between the
individual circuits.

The circuit for the “flash”” tester may be as shown in Fig. 113. The
apparatus consists of a voltage step-up transformer which gives a
secondary voltage of 1,000 or 2,000 volts when the primary winding
is connected across the mains. In series with the primary winding is
connected a circuit breaker, usually set to trip at some value of current
between 1 and 2 ampéres.

The indicating lamp is connected across the primary winding of the
transformer to give a warning when the latter is energised. The leads
on the secondary side are well insulated with flexible “cab-tyre’’ and
at their remote ends from the transformer are fitted copper or brass
testing probes which are provided with thick rubber or bakelite handles
with large hand-guards (Fig. 113 (8)). The low-tension leads terminate
with a suitable plug-in arrangement for connection to the mains.

For convenience, the whole of the apparatus is usually mounted on
a trolley and, with the exception of the control switch and circuit
breaker, it is contained in a wooden box, a window being provided for
the indicator lamp.

When the insulation under test is faulty, current flows in the
secondary winding of the transformer. As we have seen in section 6.11
dealing with transformers, this creates demagnetising ampére-turns
which endeavour to decrease the flux in the core, thereby causing more
current to flow from the mains to keep the flux density at its initial
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value. When the primary current reaches the value for which the
circuit breaker is set to trip, the latter operates and warns the tester
that the insulation is faulty. On account of the quick action of the
circuit breaker, further damage to the insulation is prevented.
Sometimes a resistance is placed in parallel with the circuit breaker
and is made of such a value that when the circuit breaker trips the
secondary terminal voltage is equal to that of the mains supply. If
this resistance is in the form of a lamp, it will indicate when the circuit

breaker has tripped.

anr—

Circvit - T

A Breaksr 1000 or
J-UL D.I' ., , 2000v.

gy Indrcating

T Lamp —_—

@)
Hondle ( rubber or
(cq‘{//ya/fent) | Gvard
Probe

(6)

F1G. 113.—''Flash” Insulation Tester.

After satisfactorily passing the insulation test, the meters are ready
for connecting up. When this is being done, care should be taken to
ensure that all connections are tight. This is essential if the load is to
remain perfectly steady.

The sealing device is now unclamped and the meters are run for a
period on full load, in order to free the mercury baths of air bubbles
which have been introduced during transit, and also to take up any
back-lash which may be in the counting train. They are then placed
upon starting current. This is 1/tooth full load, but some supply
undertakings insist upon the meters registering upon 1 / 200th full load.
They are then observed for a convenient period. Any ineter failing to
register is given attention until it runs satisfactorily upon this load.
In view of the importance of this test, and the fact that care taken at
this stage will be well repayed by the subsequent performance of the
meter, we will consider very carefully the various conditions which
may be responsible for non-registration of the meter upon starting
current. They are:

(@) Air bubbles in the mercury bath.

(b) Dirty mercury, or loss of mercury during transit, or a leaky bath.
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(¢) Friction in the counting mechanism.

(@) Bad gearing between the pinion or worm of the spindle and the
first wheel of the counting train gear.

(¢) Dirty or faulty top bearing.

(f) Faulty top pin. This may be bent, or possess a rough surface
due to rust or wear.

(&) Incorrect adjustment of the top bearing relative to the top pin
of the spindle.

(4} Rough bottom pivot.

(#) Cracked or rough bottom jewel.

(4) Foreign magnetic substance in disc (usually iron).

(k) Disc fouling one of the permanent magnet pole-pieces.

() Floating of the disc, due to insufficient weight of the sinker
attached to the disc spindle.

(m) Buckled disc or bent spindle.

(n) Faulty insulation between components in mercury bath.

We will consider those of the above faults which are not entirely
self-explanatory.

The air bubbles may sometimes be removed by tilting the meter
slightly and vigorously oscillating the disc spindle between the thumb
and first finger. If this is unsuccessful, the bath must be emptied of
mercury, cleaned, and refilled. Occasionally, it may be found that the
fault lies in the disc, or the pole-pieces of the permanent magnet, not
being properly amalgamated. When this is the case the meter should
be returned into the workshop in order that it may be dismantled and
the offending component cleaned with nitric acid before re-amalgama-
tion.

Friction in the revolution counter may be due to a bent tooth,
faulty spindle or bearing, dirt in one or more of the teeth, “sticky”
bearings, or a rough worm. In the case of a bent tooth, it is a serious
fault on account of the fact that the meter may be run for several
hours—or even days—without the tooth coming into gear. It is
therefore advisable rigorously to inspect every counting mechanism
individually. “Sticky” bearings are often caused by too liberal an
application of lubricating oil, which not only absorbs the dirt but
often, due to evaporation, changes its viscosity.

Experience alone will teach one when the gearing between the
spindle and counting mechanism is correct, merely by the “feel” of the
mesh. Either very loose or very tight gearing will give trouble.

Bad adjustment of the top bearing may cause it to rub against the
shoulder or pinion of the spindle, thereby creating considerable friction.
On the other hand, the top of the pin might be pressing against the
spring jewel inserted in the top bearing. Obviously, the remedy in
both these cases is to raise the top bearing to a suitable position. In
other cases, the top bearing might be too high, and if the upper end
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of the pin is slightly burred and in contact with the walls of the bearing,
unnecessary friction will result. Lowering of the top bearing will
frequently remedy this.

Iron in the disc can be ascertained by disconnecting the meter and
turning the spindle backwards slightly from the stopping position. If
iron is in the disc, the latter will move forward with increasing velocity
until it locks itself in the stopping position. If it is then placed
the same amount forward it will repeut the previous performance,
but in the opposite direction, aga'n locking itself in the stopping
position. Since air bubbles in i mercury bath often produce the
same effect, it is advisahle to make the test with the bath empty of
mercuty

With practic, it is quiwz an ez y matter to determine whether the
disc is in its correct position in the mercury bath; all that is required
being a sensitive touch. Onc first lowers the bottom jewel very
gradually :ntil one feels that the underside of the disc is just making
contact w th the bottom pole-piece. The bottom jewel is then raised
with equal care until the disc just touches the top pole-piece; slight
rotation of the disc will advise one when this occurs. The bottom jewel
is then set at the position which permits of equal clearance of the disc
between the top and bottom pole-pieces.

If the sinker is of insufficient weight to create a downward force
on the bottom pivot of the spindle, the pivot is liable to foul the jewel
seating. This applies to certain types of meter in which the driving
force is unbalanced. The obvious solution is to increase the weight
of the sinker.

When the insulation of the mercury bath is faulty, a certain amount
of current which should be going through the copper disc is by-passed.
This decreases the driving torque and, at starting current, it may
reduce it to an amount insufficient to overcome friction. In this case
it is necessary to replace the bath.

It is strongly recommended to subject meters to an all-night dial
test on starting current, This should be done at the conclusion of all
other tests and adjustments, and will well repay for the extra trouble
taken, both by minimising the number of rejects from service and
increasing the revenue capacity of the meters atv very low loads.
Providing the meters are still running the next morning, and register
within 25 per cent of the correct reading, they may be deemed satis-
factory for service.

The meters are now ready for calibration, but before commencing
they should be run at full load for about an hour in order to get constant
conditions for calibration purposes (see Self-heating Errors, section
8.8). At the end of the hour the current is accurately set at its
full-load value by means of an ammeter or potentiometer (section
2.13). Each meter is.now timed for a suitable number of revolutions
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of the disc for a period of 60 to 100 seconds. The value of the
expression

_ ampéres X seconds
revolutions

at this load is now calculated for each meter (see Meter Constant,
section 8.10) and subsequently recorded. This procedure is repeated
with the correct current for half or quarter full load, and then again for
one-twentieth full load (one-tenth full load in the case of 2'5 and
5 ampére meters).

Example. Consider the case of a I0-ampére meter which takes
68-0 seconds for 100 revolutions at full load, 67-2 seconds for 25 revolu-
tions at quarter full load, and 69-5 seconds for 5 revolutions at one-
twentieth full load.

At full load the value of the expression (ampéres X seconds)/(revolu-
tions) will be

10 X 68
100
At } load 7315?2(-56—7-;2:6-72

At 1/20th load :[55599;5 :6-95]

It should be mentioned that due allowance should be made for the
difference of room temperature from 15°C. Thus, if ¢ is the room
temperature in °C. and « is the temperature coefficient of the meter
(section 8.16)

6-8

Kr=K1+«(t—15)]

where K! is the value of the expression (ampéresxseconds) per
revolution, at any given load, and Ky 1s the corrected value of this
expression for a temperature of 15°C.

One next consults the tables, provided by the manufacturer of the
meter, giving each size of change-wheel and its corresponding meter
constant, due allowance being made for the declared voltage of the
installation in which the meter is to operate. A meter constant K is
then chosen of such a value that where K is the value of the expression
(ampéres X seconds)/(revolutions)

K—Kp
K.
falls within the limits of 4 2 per cent for loads greater than one-
twentieth load, and 4 2-5 per cent for one-twentieth load.

The change-wheel or gear compound corresponding to the constant

K of the tables is then fitted to the registration mechanism.
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In the example already given, suppose the tables indicate that the
most suitable constant is 6-82, then the wheel corresponding to this
constant is inserted in the registration mechanism and the errors
(providing the meter was timed at 15°C.) will be

6-82—6:80
t$load = - =+40"
at ¥ loa 650 -+0-29 per cent
6-82--6-7
at }load -~ —= --" - 4715 per cent
e 67 P
6-82--6 95
3 ad - —o= 2 - 1
at g loa 665 I-9 per cent

If the meter 1> vutside iie hmit- at one load it is often possible to
straighten the crror curve by adjustment of the fluid friction com-
pensating device. snliernatively, one may adjust the whole curve of
the meter 1 v the magnetic shurt of the brake magnet, when such an
adjustinent 1s provided.

In the case of meters which have previously been tested (this will
be so with most meters in the test-room of a supply undertaking) the
previous constant of the meter will be clearly marked upon a label
fixed to the counting dial. Therefore, the percentage error of the meter
at each load can be calculated immediately from

and if the error at each load falls within the prescribed limits, there is
no need to replace the change-wheel. If the error falls outside these
limits at one or more loads, one can either fit a wheel giving a more
suitable constant to the meter or make use of the adjustments provided
to improve the curve.

At the conclusion of the tests, one must see that every meter carries
a label bearing the constant K corresponding to the change-wheel
inserted in the registration mechanism.

We have already seen (section 8.10) that this constant K

amperes X seconds
T revo'utih s
Therefore, ampéres X seconds=K revolutions

ampére-hours= K X revolutions
d - 3600
kW hours=K X V X revolutions
3600 X 1000
Revolutions per unit (r.p.u.) =360;) >><< ;)39
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Therefore, providing the registration mechanism is geared so that
36 x10%/(V X K) revolutions of the disc register one unit on the
counting dial, the meter will register correctly in kWh.

In the above example, the r.p.u., when the declared voltage is 200
volts, will be

3600 X 1000

200 X 6-82
=2640

In other words, the change-wheel is such that 2,640 revolutions of
the disc register one unit on the counting dial.

8.39. Dial Test. All meters that have been refitted with new
change-wheels must be re-timed at one-twentieth load (or one-tenth
load in the case of 25 and 5 ampére meters) and, providing they are
within the limits, the batch will be ready for dial test. This may be
carried out by connecting a substandard meter in series with the meters
under test, and comparing the registration of the latter with that of
the substandard meter, after running them on full load for such a period
that the pointer of the dial of smallest denomination has completed at
least ten revolutions. Alternatively, the current may be set at its
correct value by means of an ammeter or potentiometer and held at
this value until the meters have registered this amount. The readings
of the meters under test are then compared with that of the sub-
standard meter.

In either test the pointers are initially set at zero and are read at
the end of the test, each meter being corrected individually, according
to the make and type, for the error due to difference in temperature
from 15°C. The final error should not differ greatly from that found
when timing the meter, since the dial test serves as a check on the
gearing of the entire revolution counting mechanism.

8.40. Mercury Motor Meter with Constant Full Load Speed.
The initial tests are similar in every way to those described for the
change-wheel type of meter, and the same faults are liable to cause the
meter not to register on starting current. The counter gearing, however,
is fixed, i.e. the revolutions per kWh are the same for every meter of
the same size. Therefore
_rpu.xIxV
~ 60X 1000

where [ is the full load current and V is the declared voltage of the
circuit in which the meter is to be installed.

The meters are timed on full load and adjusted by means of the
calibrating device, usually in the form of a movable clamp, until each
meter has a full load error within such narrow limits as the tester knows
from experience are most likely to bring it within the prescribed limits
at all points of its curve. The meters are then tested at one intermediate
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load, either quarter or half full load, and again at low load (one-
twentieth for all meters above 5 ampéres rating and one-tenth full load
for 2-5 and 5 ampére meters) and all errors are recorded.

If T is the nominal time which the meter should take for N revolu-
tions, and 77 is the actual time taken, due allowance being made for
temperature variation, the percentage error

_(T'=T"100
=ty

17 the error ..t one or :nore loaus :s outside the prescribed limits (or
the narrowet limiis which the test '« sets for himself) 1t may be possible,
by readjnstment or tne ¢ ~hif ration device, to bring the meters within
the limits at all toads. 1t ihis is .10t possible, it is advisable to return
the meter tn the workshop [or inspection and overhaul.

Dial test 1s carried out iu the sanie manner as is described in section
8.39, and t'ns should be followed by an all-night test on starting current.

8.41. Llectrolytic Meters. The testing of this type of meter is
a very simple, although long, procedure. They are tested against a
substandard electrolytic meter, the load on the meters under test being
three-quarters their full load value. The duration of the test should
be at least 100 hours; the error being recorded after about 50 hours
and at the end of the test (also at siphoning, for the siphon type of
meter).

All meters found to be within the prescribed limits are ready for
service. Any others should have their scales regraduated and be
subjected to a further test during which periodic observation of the
registration should be made in order to ensure that the entire scale
calibration is correct.

8.42. Mercury Motor D.C. Watt-hour Meters. The meters are
first connected in circuit and the pressure coils energised to heat up
the considerable mass of metal forming the electro-magnet. In order
to avoid an expenditure of power equal to the maximum rating of the
meter, separate supply circuits are connected to the pressure and
current coils. Thus, the only power expended is the small amount
dissipated in the meters under test. Such a load applied to a meter is
termed a fictitious, or phantom, load (section g.74).*

The meters are then run at full load (or full load meter current in
the case of shunted meters tested without their shunts) for sufficient
time to eliminate the back-lash which may be in the counting mechan-
ism. Starting current is then applied and any meters which fail to
register satisfactorily are examined for such faults as are enumerated
in section 8.38.

When the meters have passed the above test they are run at full
load for about an hour and the load is then accurately set by means
of a wattmeter, an ammeter and voltmeter, or a potentiometer and
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voltage stabiliser (section 2.25 and 26) and the meters are timed for
a convenient number of revolutions. The respective errors are then
calculated and the meters are adjusted in turn, by means of the brake
magnets, until the errors fall within the narrow limits set by the
tester, from his experience of the characteristics of each make and
type of meter.

We have already seen that the speed of the disc is directly propor-
tional to the power, i.e.

K X revolutions

7. e B
k¥ seconds

kW x seconds _

Therefore —————=
revolutions

where K is a constant, termed the 2 seconds per revolution constant.

Now, kWh:rE\_/g_h]Eions of.disc
revs. per unit
revs. of disc X 3600
revs. per unit
kW xseconds _ 3600
revolutions  r.p.u.

and the time taken for N revolutions

__ NxKXx1000

~amps. X volts

N x 3600 % 1000

r.p.u. X amps. X volts

Suppose the actual time taken for N revolutions of the disc=11
seconds (after correction for effects of temperature) and the correct
time for these revolutions is T seconds, then the percentage error

and AW-seconds=

From which

Each meter is now timed on one medium load, say quarter load, and
then at one-twentieth load. The calculated errors are recorded and any
meter, not fitted with a solid-friction compensating device, which
registers low on light load must be speeded up throughout the curve if
this will bring it within the prescribed limits throughout the curve.
Otherwise, it must be returned to the workshop for overhaul.

In the case of meters fitted with friction compensating devices,
adjustment is made at low load to bring the meter within the prescribed
limits; due attention being paid to the characteristics of the particular
type and make of meter under test. The current is then switched off,
and a voltage of 10 per cent in excess of the declared voltage is applied
to the pressure coils. Any meter which creeps under these conditions,
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for a revolution or more, must be adjusted until the disc stops in one
position. It must then be re-timed on one-twentieth load, and if it is
outside the limits at this load the tester must re-time it throughout
the curve and ascertain whether it is possible to bring it within the
required limits at all loads by overall adjustment of the curve. If
this is not possible, the meter must be returned to the workshop for
overhaul.

It should be mentioned rhat any meter which has been adjusted at
low load should be re-timed at tLe other two points of the curve.

When the meters have passed the above test they are subjected to
a dial test. For this purpose, 1he poiuters are set at zero and the
meters are run on an accuately set full load for a period sufficiently
long to give at least ten complete revolutions of the pointer of smallest
denomination. The errors are then corrected for differences of tem-
perature from 15°C. and are duly recorded.

The correct dial reading will be

IxVxt
EAREALS
60 X 1000
where I is the current in ampéres passed through the meters
V ,, applied voltage to the pressure coils
t ,, time of the dial test in minutes.

The meters should now be left for an all-night run at starting current
after which, providing the registration is satisfactory, they would be
ready for service.

It has already been stated that meters tested without their shunts
are, for the purpose of the tests, considered as mecters of a rating
equal to the full load meter current. On dial test, however, the meter
should read

NxIXVxt
—- =k
60X 1000
where N is the multiplying power of the shunt
I ,, current, in ampéres, passing through the meter circuit
V ,, voltage applied to the pressure coils.

8.43. Pendulum Meters. As the Aron Clock Meter is the only
one of the pendulum type in general use in this ¢c antry, we will concern
ourselves only with the testing of this type of meter. It is first tested
for creep with 10 per cent in excess of the declared voltage applied to
the potential coils and no load on the current coils. If, during any ten
minutes period between the operation of the reversing gear, there is
a false registration of more than two divisions of the dial of smallest
denomination, due to lack of synchronisation of the two pendulums,
the balance weights are adjusted. This operation is continued until
the false registration is within these limits.

All calibration tests upon this type of meter are made by means of
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dial tests, since it is obviously impracticable to time two pendulums
simultaneously.

The initial test is at full load. The pointers are set to zero and the
meters are run for a sufficient length of time for an initial adjustment
to be made, bearing in mind that the period of the test must be a
multiple of twenty minutes, in order that the difference in natural
frequency between the two pendulums may be neutralised by the
reversing gear. The adjustment is performed by alteration in value of
the resistance in series with the pressure coil across the applied voltage.
Thus, if the meter is registering low, the resistance is decreased, thereby
increasing the current in the pressure coil circuit.

The expression for the dial reading will be the same as that given
in section 8.42, and where R is the correct reading and R, the actual
reading of the meter (after correction for temperature) the percentage
error will be

(B;;R) 100

R

When the meters have been adjusted to within the limits which the
tester considers suitable for full load, they are given a long period dial
test (a multiple of twenty minutes) until the pointer of the dial of
smallest denomination has made at least ten revolutions. The meters
should next be checked at half and one-twentieth full load, in a similar
manner, and it is advisable to make an accurate observation of the
dial reading every twenty minutes to ensure that equal advances of
the pointers are made each period.

If the meter is within the limits at each load it is ready for service.
It is usual, however, to give the meters an all-night test on voltage
alone, to make sure that the false registration is not greater than the
two divisions previously mentioned.

8.44. Pendulum Meters—Indirectly Connected. In the case of
indirectly connected meters, it is advisable to test them in a cupboard
at the average temperature of the place of installation, as this avoids
the necessity of making allowances for the temperature coefficient of
the meter. The full load meter current is then passed through the
meter and its leads, and the resistance between the lead terminals is
adjusted until the voltage drop across these points is the same as that
across the potential terminals of the shunt, when (V—1) times the
meter current is passing through the shunt; N being the multiplying
factor of the shunt. Usually, the voltage drop of the shunt at full load
is expressed in millivolts and is clearly stamped at the end. Apart
from this, the testing of the meter is exactly the same as for the directly
connected meter, except that the dial will read N times the value of
the applied load.

8.45. Three-wire D.C. Meters. The test for a three-wire d.c.
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meter is similar to that for a two-wire meter, except that the elements
must first be balanced. This is attained by running each element
separately at full load—as a two-wire meter—with the pressure coil
(or coils) energised. Each is timed in turn and then one or other of the
elements is adjusted until they both run at the same speed for the same
load. In the case of a meter emp.oying two pressure coils, the balance
is effected by adjustment of the resistance in series with one of the
pressure coils. When there is a ccrumwon pressnre coil, the adjustment
will depend upon the construction v! the meter.

When balance is satisfactory, ihey are connected as ordinary two-
wire meters, the current coil- being connected in series. This gives
conditions similar to those of a balanced three-wire system, in which
case there is no current in the middle wire. From here onwards the
procedure is exactly the same as for a two-wire meter, but it must be
remembered that the equivalent load on the meter is

2VI1
where V is the voltage applied to the pressure circuit and '] is the
current in ampéres passing through the current circuit.

On dial test the meters will register

2Vt
60 X 1000

the nomenclature being the same as that given in section 8.42.
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CHAPTER IX

A.C. Single-phase Electricity Supply Meters

9.1. Meters Suitable for the Measurement of Energy to A.C.
Circuits. For measurement of energy 1n a.c. circuits, there are three
types of meter which could be used. These are:

() Commutator
(6) Pendulum
(¢) Induction.

These are all of the watt-hour type. There is, however, an ampére-
hour type manufactured by the Reason Manufacturing Co. Ltd. This
employs a transformer and rectifier unit in conjunction with their
standard electrolytic metcr.

The induction meter is by far the most used, as it has the advantages
of being inexpensive, simple in operation, and possessing a high
torque/weight ratio. IFFurthermore, it requires little maintenance, has
a long life, is not greatly affected by temperature variations, and
registers correctly down to very low power factors.

9.2. The A.C. Commutator Meter. Since this instrument suffers
from even greater disadvantages than the d.c. type, such as rapid jewel
wear due to vibration, and inaccuracy at low power factors, we will
not discuss the meter here. Like its d.c. counterpart, it has not received
the approval of the Electricity Commissioners.

9.3. The A.C. Pendulum Meter. The main modification to the
d.c. pendulum meter, in order to make it suitable for use in a.c. circuits,
is in the winding gear; the coil being altered to suit the particular
voltage and frequency of the supply in which it is to be installed.

As the pressure coil circuit will possess a certain amount of reactance,
it follows that there will be a phase difference between the current in
the pressure coil and the applied voltage. Unless compensation is
provided for this, there will be an error of registration (section 4.10) of

cos (6—B) —cos 6
cos 6

where 6 is the angle of lag of the load current and B is the angle of lag
of the current in the pressure coil, relative to the applied voltage.

In practice, compensation is provided by making the flux in the
current coil lag the current by the same angle as that by which the
pressure coil current lags the applied voltage. This is attained by means
of the brass cheeks on the current coil formers, which are slotted on
one side; the circuit being completed by means of a resistance wire
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which joins the two sides of the slot. The angle by which the flux in
the current coil is made to lag the load current is determined by the
value of this resistance, the length of which can easily be adjusted. The

F1G. 114 —--Vecto' lhagram-—React-
ance Compensation of Pendulum
Meter

conditions, when the required phasc angle is obtained, are illustrated
in the vector diagram of Fig. 114.

Let I be the current in the current coils

M; ,, mmi duetol]

@, ,, magnetic flux in the current coil

E ,, applicd voltage

®z ,, magnetic flux due to £

M@ ,, m.m.f required to produce the magnetic flux @,

e ,, induced e.m.f. in the brass cheeks due to ®,

i, eddy currents due to ¢

M, ,, mmf duetoz

o ,, angle of lag of ¢ relative to ¢, due to the reactance of
the eddy current path

g ,, angle of lag of @ relative to the applied voltage E

6 ,, angle of lag of the load current relative to the applied
voltage

The flux ®, due to the current I will create an e.m.f. ¢ in the brass
cheeks, which will lag ®, by go°. Eddy currents will therefore be
created and they will lag e by angle «, this angle depending upon the
ratio reactance/resistance of the eday current path. The m.m.f. M,,
due to the eddy currents ¢, will be in phase with 7 and will, according
to Lenz’s Law, oppose the force setting up the flux. Hence, the m.m.f.
M;, due to the current I, will be the vector sum of —M, and M® and
will be in phase with the load current.

From the vector diagram it can be seen that by suitable adjustment
of the resistance of the eddy current path (i.e. adjustment of the
resistance value across the slots in the brass cheeks) it is possible to
lag the flux @, in the current coil by the same amount as the current
in the pressure coil lags the applied voltage. When the adjustment
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has been made, the phase angle between the fluxes ®, and ®x will be
the same as that between the current I and the applied voltage E.
Under these conditions the meter can be calibrated to register correctly
at all power factors which will occur in practice.

9.4. The Induction Watt-hour Meter. The induction watt-hour
meter is similar in principle to the induction wattmeter (section 4.14).
We have already seen that, in an arrangement such as is illustrated in
Fig. 57 (section 4.14) where an aluminium disc is mounted between
the poles of two electro-magnets, one of which is fitted with a coil
carrying the load current—or definite proportion of it—and the other
with a coil carrying a current proportional to the applied voltage and
lagging the latter by 9go°, the mean torque is proportional to EI cos 6;
E being the applied voltage, I the load current, and 6 the phase angle
between these two quantities.

In the induction watt-hour meter the spring control is replaced by
a permanent magnet which operates as a magnetic brake upon the
aluminium disc. This has already been described in connection with
d.c. watt-hour meters (section 8.19). The magnet is usually placed
diametrically opposite the electro-magnet system, in order that it might
not be damaged should an accidental short-circuit current pass through
the current coil of the meter.

9.5. Lag Adjustment. In order that the applied voltage and the
effective pressure coil flux shall be in exact time quadrature (i.e. go°
apart) a copper loop is mounted around the potential electro-magnet
pole tip. This may be in the form of a plain copper band, or a coil
whose ends are connected together by means of an adjustable resistance.
The operation of this loop can be seen from the vector diagram of
Fig. 115, in which

. : . oMo n 4
® is the main pressure coil flux f
M ,, driving mun.f. 1
®, ,, flux passing through the ”ll j!
loop (the effective flux) &%
M, ,, mmf{ required to over- Mi
come the reluctance of
the magnetic path ¢
e ,, induced e.m.f. in the loop ¢ v i Lo
;”‘ :: :'gcllz f(‘ng;rlzn:: slue toe FA%julsIt?ﬁent :??;duc:mem.g

o ,, angle of lag of 7 relative to ¢, on account of the reactance of
the eddy current path
g ,, angle by which @, lags ®.

The flux ®;, which passes through the loop, induces an e.m.f. in the
latter, and this lags @, by go°. This e.m.f. gives rise to a current ¢ in
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the loop, which lags e by angle «; the current creating an m.m.f. M,
which is in opposition to the force creating the flux. Therefore, the
driving m.m.f. M must be equal to the vector sum of —M, and M,,
and will be ahead of the latter by angle 8. It can be seen from the
diagram that alteration of the magnitude of 7 and/or angle « will alter
the value of 8. Thus, by alteration of the resistance of the loop circuit,
it is possible to adjust the value of tl.e anglc B until @, lags the applied
voltage by go°.

Sometimes a copper band is pla.ed around the potential electro-
magnet limb, instead of a loop of adjustuble resistance. In this case,
adjustment of quadrature is perfor.:ed by movement of the band along
the axis of the limb. As it is mov~d farther up the limb it will come
under the influence of a greater amount of flux. This will increase the
value of ¢ and ¢, although o will rernain at the same value. The m.m.{.
M, will also increase, thereby increasing the angle of lag of ®@, relative
to @ and to E, the applied voltage.

The aluminium disc also acts in the same manner as the quadrature
loop, but its effect is much less pronounced and may therefore be
neglected.

‘We will now consider the conditions in the meter when the quadrature
loop has been adjusted so that ®, lags the applied voltage by (go— A)°;

v

Fi6. 116.—Vector Diagram—Induction V. att-
hour Meter.

A being a small angle. These conditions are illustrated in the vector
diagram of Fig. 116.
Let E represent the voltage applied to the potential circuit
Ir ,» current in the series coil (load current)
0 , , phaseanglebetween E and I
o ,» Main pressure coil flux
o, ,, fuxduetol
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Let ®x represent the effective pressure coil flux due to E

er ,» emm.f. induced in the disc by ®s

i " ,» eddy currents in the disc, due to ¢

e, ,, em.f. induced in the disc by ®g

i, ,, eddy currents in the disc, due to eg

e, ,, e.m.f. induced in the quadrature loop by ®g

2, ), ,, eddy currents in the quadrature loop, due to e,
o ) ,, angle of lag of ®f relative to @

B ) ,, angle of lag of 7; relative to ¢

Y . ,, angle of lag of ¢g relative to eg

¢ " ,» angle of lag of ¢, relative to e,

The flux ®; will, as far as we are concerned, be in phase with I and
will induce an e.m.f. ¢; in the disc. This will give rise to the eddy
currents ¢; which will lag e; by angle B, due to the reactance of their
path in the disc. The flux @ will not be in exact quadrature with E.
on account of the pressure coil circuit not being wholly inductive.
The effective pressure coil flux acting upon the disc is represented by °
®x, and this lags ® by angle «, due to the action of the quadrature loop,
This flux ®¢ will induce an e.m.f. ¢, in the quadrature loop and eg in
the disc; both these e.m.f.s lagging ®r by 9o°. The eddy currents i,
in the quadrature loop will lag ¢, by angle ¢, whilst those in the disc,
due to eg, will lag the latter by angle ¢; the lag in both cases being
due to the reactance of their respective eddy current paths. The angles
B and ¢ are not necessarily equal, since the eddy current pathg in the
disc—due to ®; and ®z—may not be symmetrical. In most meters it
will be found that the mean path of the eddy currents due to the
effective potential electro-magnet flux covers a larger area than that
of the eddy currents due to the series electro-magnet flux. Since the
angle of lag is equal to

-1 reactance el

: - = ta
resistance R

where L is the inductance of the path and R is the resistance, it follows
that this angle will be directly proportional to the frequency for small
angles. Generally, it is about 10° at 50 cycles per second.

9.6. Determination of Torque. As in the case of the induction
wattmeter (section 4.14) the driving torque T will consist of two
components; one will be due to the interaction of ®¢ with 4; and the
other due to the interaction of ®; with 7z, and the value of the torque

T=K, @i cos x—K,®rig cos.y

where x is the angle between ®f and 4; and y is the angle between
®; and /5. K, and K, are constants which may, or may not, be
equal.
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From our vector diagram of Fig. 116, we see that the value of T
will be given by
T=K,®1; cos (6+B+ A)—K @2 cos (180+4— A —6)
=K, ®gi1 cos (04 B+ A)+K,@sie cos (6—¢ - A)
Assuming that the flux density in each electro-magnet i such that
they are working upon the straight part of tiie B--H carve, ®f and

e will be proportional to the applied «cltage E, whilst ®; and ¢; will
be proportional to the load current /, « any given frequency. Hence,

T=K,EI cos (0+p+ A)+ KE! cos (60—¢+ A)
=KyEI [cos (0 +7 + A) i- cos (6—+ A)] approx.

By careful design the angles g and 4 can be made small and, although
not equal, are usually of the order of 10° at 50 cycles. The angle A
can be eliminated by caretul adjustment of the quadrature loop.
Therefore, for all power factors likely to occur in any commercial
installation, the torque can be made to approximate to EI cos 6, and
providing the angular speed of the disc is directly proportional to the
torque the meter can be geared to register directly in kWh.

Figs. 117 (2) and (b) illustrate the directions of the fluxes and eddy
currents in the working portions of the meter, at time ¢ (Fig. 117 (c)),
as indicated upon the graph of E, I, ®., and ®;, to a base of time.
Assuming that the power factor of the load is cos 6, I will lag behind
E by 6°. Providing the quadrature loop has been correctly adjusted,
®g, the effective flux due to the potential electro-magnet, will lag E
by 90°, i.e. by 1/4f seconds, where f is the frequency of the supply.
We can see from the graph that, at ¢ seconds, ®; will be negative and
increasing in magnitude. Irom Lenz’s Law, we know that the eddy
currents induced in the disc will be in such a direction as to create an
m.m.f. which will oppose the change in ®;. The eddy currents will
therefore be in the direction indicated in Fig. 117 (4) and, from applica-
tion of Fleming’s left-hand rule, we know that the direction of the
torque, due to the interaction of @, with 7, will tend to rotate the
disc in an anti-clockwise direction viewed from the top of the meter.
We also see from Fig. 117 (c) that, at time ¢, the flux ®¢ will be positive,
but decreasing in value. Thus, the m.m.f. due to th eday currents ig
will oppose this change (thereby tending to increase the value of ®x)
and ¢g will be in the direction indicated in Fig. 117 (). Once more
applying the left-hand rule, we see that the torque due to the inter-
action of ®; with ¢¢ will also tend to rotate the disc in an anti-clockwise
direction, viewed from the top of the meter.

Fig. 44 (section 4.1) gives the values of ¢, 7, and their product plotted
(with different scales) to a base of time. At any instant ¢, the value
of the applied voltage is given by e=£,,,, sinaf and that of the current
is 1=1 .4 sin (wf—0); the power factor nf the load being cos 6. From
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the curve for p, we see that the power will be alternately positive and
negative, This is because the load circuit for a portion of each cycle will
be returning power to the supply (except at unity power factor).

() (b4)

F16. 117.—Determination of Torque—Induction Watt-hour Meter.

We will now consider the torques acting upon the disc. In Fig.
118 (a) the instantaneous values of E, ®z, ®, sg, and #; are plotted to
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a base of time; the current lagging the applied voltage E by angle 6.
For simplicity, we will assume that all wave-forms are identical, no
harmonics existing. The instantaneous torques will be respectively
proportional to the products of ®g¢; and ®rig, where, for the sake of
this argument, we will use the preceding nomenclature for the instan-
taneous values of the sinusoidal quantities. These products are given

§
e
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F1c. 118.—Determination of Torque—Induction Watt-hour
Meter.

in Fig. 118 (b). From the diagram it can be seen that the torques will
also be sinusoidal, having a frequency equal to twige tha' of the supply
and an average value greater than zero, around which the wave-form
is symmetrical. This is not surprising, since
T=(K, sin uf) (Kg sin (ot—2))

=K ,K,(sin wi. sin (af—x))

=}K,K,(cos x—cos (20t—x))
and cos x will have a constant value for any particular power factor.

Therefore the mean value of the abgve product will be $K,K; cos x.
We now have to ascertain in which direction the component torques
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of the watt-hour meter will operate. Taking time ¢, in Fig. 118 (), the
conditions will be as shown in Fig. 117 () and (b). We find that at
this instant ¢, the two torques will each tend to rotate the disc in the
same direction. Thus, the torque proportional to ®g¢s is positive when
the curve is above the base-line and that proportional to ®rfg is
positive when the curve is below the base-line. The total instantaneous
torque will therefore be the difference in magnitude (taking into
account the sign) between the torques as represented in Fig. 118 ()
at any given instant.

Inspection of Fig. 118 (b) tells us that, neglecting the impedance of
the eddy current paths in the disc (which will be small) and assuming
that the meter has been adjusted so that ®g is in exact quadrature
with E, there will be a phase displacement between the two torques
of 180 electrical degrees of the torque frequency. Also, each component
of the driving torque will give a negative torque for

% second
60/ seconds

for every cycle of the torque frequency. At low power factors it follows
that, if the average values of the two components are not equal, the
resultant driving torque may be negative at certain portions of the
cycle. The disc, however, would not respond to this change of direction
of the driving torque, owing to the inertia of the moving system, but
would take up a speed proportional to the mean value of the torque,
i.e. EI cos 6.

If the average values of the two components of the total torque are
equal, that is

(DE‘iI =¢1i5

where ®g, ®r, 1g, and ¢; are r.m.s, values, and the conditions are such
that there is a phase displacement of 180° between the respective
torques (i.e. when I and ®; are in phase, E and ®f are in quadrature,
and the reactance of the eddy current paths in the disc is negligible)
the total torque for any given load will be approximately constant at
all instants.

When the disc has reached a steady angular velocity the torque
will be used up to overcome the braking forces due to

(a) the permanent magnet flux
(b) the effective potential electro-magnet flux
(¢) the series electro-magnet flux.

It will also have to overcome the friction of the revolution counter
and bearings of the disc spindle, which is practically constant at all
disc speeds. The effect of windage will be negligible at all normal
speeds of the disc. We have already found (section 8.19) that the
braking force F, due to the disc cutting a magnetic flux @, is directly
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proportional to ®2N, where N is the speed of the disc. Thus, where
@, represents the flux due to the permanent magnet and fis the torque
necessary to overcome friction, we have
T=N(K,Q,2+K 024K 013 +f

9.7. Compensation for Friction. In order to compensate for the
frictional force of the disc spindle bearings and the revolution counter,
a small torque is created upon the disc by means of the potential
electro-magnet flux. We will assume +hat this torque has a value Tr
and is constant for any given value of applied voltage. Since it will
assist the driving torque, the above equation will be modified to

T+4-Tp=-N(K Gp2+K 024 K0, %) +f
K, ®gtr cos (04 B+ A)+ K@rig cos (A+0—4)+TrF
== N(K,;0p2+ K @2+ K@ 2 +f

Assuming that the value of T, is equal to that of f, i.e. it is just
sufficient to overcome the frictional forces in the meter, we have
KEI (cos[0+ B+ A)+KMcos[8+ A—¢)]=N(K 0,2 - K 0p 2+ K ®12)
which, for reasons already given, approximates to

KME] cos =N (K, 0p2+ K Dr?+ Kg0,?)

i EI cos 0
TK,0p2+ K E K, I?
since ®g oc E and @, oc 1

whence N

This expression for the speed of the meter shows that N is not
directly proportional to the power, since the denominator possesses
two terms which respectively vary as the square of the applied voltage
and the square of the load current. In general, the voltage will change
but little, whereas the current will vary between zero and full load (or
a greater value). In consequence, we get the characteristic droop of
the error curve as full load is approached and exceeded. The amount
of the droop will depend upon the ratio of ®;/®p, and in modern meters
this ratio is kept as small as possible by employment of very strong
permanent magnets. In fact, the modern meter has an almost straight
load error curve from one-quarter to twice full load.

The friction in a meter tends to cause it to registd, low at light
loads, unless some form of compensation is provided. The latter is in
the form of a torque due to the potential flux and, providing the applied
voltage is constant, it is of the same value at all loads. There are
many methods of effecting this torque, but we will only consider certain
elemental methods in the subsequent paragraphs.

9.8. Friction Compensating Loops. Fig. 119 (b) illustrates the
method employed in the Metropolitan-Vickers’ type NA meter, for
providing a torque to overcome the effect of friction. The system
comprises two loops which are placed, one in each of the potential
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electro-magnet air gaps. Each loop acts in a similar manner to the
quadrature loop (section 9.5). The amount of flux enclosed by each
loop can be varied by adjustment of the position of the loop. Thus,
when the loops are moved anti-clockwise to the position shown dotted,
loop A will enclose more flux and loop B will enclose less than was
previously the case. This will have the effect of lagging the flux across
the air gap 4 relative to that across B. Now ®, the main flux, is the
vector sum of the fluxes passing across the potential electro-magnet

Loop A '_.Ad_'/us[ab/e Clomp

) Loop 8
u X ) Jl Loop

Lever

Loop A Loop 8
()

F16. 119.—Friction Compensation Loops—
Elementary Methodﬁ. Induction Watt-hour
eter.

air gap and the corresponding portion of the effective flux ®r cutting
the disc and, since it is more or less constant in phase and magnitude,
alteration of the phase of the flux in the right- or left-hand potential
electro-magnet air gap will cause an opposite phase change in the
corresponding portion of the effective flux ®z. In the case illustrated
in the diagram, the adjustment will cause the right-hand portion of the
effective flux to lag the left-hand portion. We have already seen, in
the case of the shaded-pole motor (section 3.21), that such a phase
displacement between two fluxes operating upon the same disc in such
a position will exert a torque upon the disc tending to rotate it from
the unshaded to the shaded flux. Thus, the adjustment of the loops
in an anti-clockwise direction (around their points of fixture) will
increase the torque in a clockwise direction viewed from above.

Fig. 119 (c) illustrates the method employed in the Chamberlain asid
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Hookham type B meter. In this case a loop similar to the quadrature
loop embraces the centre limb of the potential electro-magnet. It is
only capable of adjustment, however, in a plane perpendicular to the
axis of the potential electro-magnet centre limb. It therefore produces
a small shaded-pole effect upon the effective potential electro-magnet
flux ®g, by encircling more flux on one side than the other. Thus,
movement to the left of the central position will cause the left-hand
portion of the flux @z to be shaded relative to the right-hand portion
and a torque is thereby created upor the disc tending to rotate it in an
anti-clockwise direction viewed fiom above (i.e. more positive). It
should be mentioned that this loop will also act as a quadrature loop,
but since it is only free to move in a plane perpendicular to the axis
of the potential limb, alteration of its position will have no effect upon
quadrature.

9.9. Adjustment of Overall Speed of Disc. This may be attained
by alteration of the position of the magnet relative to the centre of
the disc, and it is usually performed by sliding the magnet diametrically
across the disc. Where two magnets are employed for the purpose of
braking, they are usually fitted so that their unlike poles are adjacent;
an adjustable shunt being provided. Thus, movement of the shunt
towards the magnets will cause a greater leakage flux, thereby de-
creasing the flux in the magnet gaps and speeding up the meter.

The system whereby two magnets are employed has the advantages
(@) that the possibility of instability of both magnets is more remote
than is the case for only one magnet, thereby reducing the chances
of error, and (b) the system is less susceptible to the influence of an
external magnetic field.

An interesting form of fine adjustment employed in the Chamberlain
and Hookham type H meter is that of a keeper passing across the
magnet gap. This is of the micrometer type and, providing the screw
thread keeps contact with the edge of the magnet gap, is very effective
and adds to the permanency of the magnet.

We will now consider errors introduced due to variation of operating
conditions.

9.10. Variation of Voltage. From the expressign deduced in
section 9.7, for the speed of the disc, we see that an increase of the
applied voltage E (thereby increasing the value of ®g) will decrease
the speed of the meter for any given load. This, as we have already
observed, is due to the braking force exerted by ®g, and the amount
by which it will decrease the speed of the meter will depend upon the
ratio of @z : ®,. The smaller this ratio is made, the smaller will be the
error introduced in the meter with change of voltage.

Since the value of the frictional compensating torque is directly
proportional to the square of ®g, it will increase with increase in value
of E, This will have the effect of incteasing the speed of the meter
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throughout the curve, but since this torque will be constant for any
given voltage, the percentage increase in speed will be greater the lower
the load. The total effect will, in general, be to quicken the meter up
on low loads and to decrease the speed at the higher loads.

We have seen that increase of voltage increases the friction com-
pensating torque, and it is therefore necessary to ensure that this torque
will not increase, with any reasonable change of voltage, to such a
value that the disc creeps continuously when the potential coil alone is
energised. On account of this possibility, the Electricity Commissioners
lay down that all meters must, at no load, be tested with 10 per cent
in excess of the marked voltage applied to the potential coil of the
meter.

9.11. Anti-creep Devices. Sometimes the compensation required
of the friction compensating device, in order to give the meter a good
calibrating curve, is so great that it would cause the disc to creep at
no-load and give a false registration, unless some device were employed
to prevent the disc creeping more than one revolution.

One of the best methods of preventing creep is to have one or two
holes, or slots, in the disc. At certain positions of the disc these holes
disturb the eddy current paths in the disc to such an extent that a
backward torque is developed upon the disc.

Another method is to fix a piece of iron to the aluminium disc, and
when the iron is under the direct influence of the permanent magnet
the force of attraction overcomes the friction compensating torque.
Sometimes the iron is in the form of a wire wrapped around the disc
spindle, its end going out radially from the spindle. At certain positions
of the disc this comes under the influence of the permanent magnet or
a projecting lamination from the potential electro-magnet, and the
length of the wire jutting out from the spindle is such that the force
of attraction between the wire and the magnet—or laminations—is
just sufficient to overcome the friction compensating torque.

Such a device must not be sufficiently effective to prevent the meter
from registering on starting load, but must be able to overcome the
friction compensating torque when the applied voltage to the pressure
coil is 10 per cent in excess of the declared value.

9.12. Compensation at High Loads. Besides being able to
improve the overload performance of a meter by using a low current
flux, it is possible to improve it still further by the use of a bridge-piece
in close proximity to the limbs of the series electro-magnet. Within
certain limits of current, this bridge-piece shunts a proportion of the
series coil flux, thereby reducing the driving torque. When the current
exceeds a certain value, the bridge becomes saturated and thus a
greater proportion of the series coil flux is effective in creating a driving
torque. Such a device, unless well designed, is liable to create curious
“kinks’’ in the error curve of the meter.
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9.13. Variations Due to Change of Temperature. The errors
introduced with change of temperature are as follows:

{a) The brake magnet decreases in strength by about 0-03 per cent
per degree C. rise in temperature. This will decrease the braking force,
thereby tending to increase the speed of the meter.

(b) The resistance of the pressure coil will increase with increase of
temperature to the extent of 0-4 per cent per degree C., since the coil is
constructed of copper. The value ot the resistance is small, however,
compared with the reactance of the roil and the impedance change is
therefore negligible. Now, the angle between the applied voltage and
the effective pressure coil flux will e

b= (t;m"l(}f) fa

where L is the inductance of the coil, R is the resistance, and « is the
angle of lag of @z relative to @, dne to the action of the quadrature loop.

If we neglect the variation in the value of «, due to temperature
change, the angle between the applied voltage and the effective pressure
coil flux, for a change of temperature ¢, will be given by

¢,=(tan‘1u}é)+a
Therefore, the change of angle

¢,—¢==tan‘1% —tan—17‘;
We know that, with an increase of temperature, R, is greater than R.
In consequence (¢,—¢) will be negative and will decrease the angle
between E and ®z. The meter will therefore register as if the load
current had been lagged by an angle (¢,—¢). Thus, at lagging power
factors, the disc will tend to decrease its overall speed with increase of
temperature. At leading power factors the tendency will be opposite.
(¢) The resistance of the disc and quadrature loop will increase with
rise in temperature, Therefore the induced eddy currents due to ®g
will be smaller, and this will cause the effective flux ®g to lag behind
the main pressure coil flux ® by a smaller angle a:d mdke the meter
register as if the load current had been lagged by this change in angle.
This will introduce errors which will tend to increase the overall speed
of the meter on leading power factors and have the reverse effect on
lagging power factors. The reduction in value of the eddy currents in
the quadrature loop, due to its increase in resistance with rise in
temperature, will increase the value of ®g, thereby slightly increasing
the speed of the meter.
(@) The resistance of the friction compensating loops will also increase
with rise of temperature, thereby diminishing the magnitude of the
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friction compensating torque. This effect, of course, will be most
pronounced at low loads.

To sum up the above, we may say that the overall effect of increase
of temperature is to increase the overall speed of the meter at unity
and leading power factors and also for lagging power factors where the
effect due to (@) is greater than that due to (b) and (¢). The power
factor at which the increase of speed due to () is equal to the decrease
due to (b) and (¢) is generally in the neighbourhood of 0-8 lagging. At
all lagging power factors lower than this value, the meter will decrease
in overall speed with increase in temperature.

Provision is made in the Sangamo single-phase meter, type HMT,
for compensation for each of the errors introduced with variation of
temperature by (a), (b), and (c) described above. That for (a) consists
of magnetic supports, formed of nickel-steel, attached to the grid of
the assembly and so constructed that they form a leakage path for the
main permanent magnet flux. Since the reluctance of the nickel-steel
increases with increase of temperature, it follows that the leakage flux
will decrease with increase of temperature, thereby tending to keep
the value of the braking flux constant. In the actual meter, by careful
design of the supports, the braking force has been kept sensibly constant
over a wide range of temperature.

Compensation for the errors introduced due to (b) and (c) is provided
in the form of an inductance in series with the pressure lag coil. The
core of this inductance consists of an alloy, the permeability of which
changes in such a manner, with change of temperature, that the value
of the inductance decreases with increase of temperature. Thus, the
current in the pressure lag coil increases, thereby causing ®g to lag
behind E by a greater angle and this tends to counterbalance the errors
introduced by () and (c).

In the Landis and Gyr single-phase meter, type CF6, compensation
for variation of temperature is provided in the form of a bi-metallic,
tongue-shaped, counter pole fitted underneath the centre pole of the
potential electro-magnet, but on the opposite side of the disc. This
operates in conjunction with the pressure coil flux. With increase of
temperature the tongue moves away from the disc, thereby reducing
the value of the effective potential electro-magnet flux and slightly
reducing the speed of the disc.

9.14. Variation of Frequency. At first sight, since the stan-
dardisation of the British “Grid” system frequency at 50 cycles per
second, it would appear that the errors introduced with change of
frequency are not important. Such reasoning would be correct if the
wave-form of the supply voltage only possessed the fundamental fre-
quency. Unfortunately, this is rarely the case and, where the wave-
form of the local supply voltage is distorted, errors are likely to be
introduced in the registration of the meter. These errors will depend
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upon the accuracy of the meter at the harmonic frequencies and the
power factors of the harmonics, as well as upon the percentage harmonic

content.
We will first of all consider to what extent the fluxes and eddy

currents, and their respective displacements, are dependent upon

frequency. When the frequency of the supply is increased, the reactance

of the pressure coil circuit will increase approximately in direct propor-

tion to the increase in frequency. Therefore, since the resistance of the

pressure coil circuit is negligible compared with its reactance, we have
Zof

and g oc—]Z;- g E

f

where Z is the impedance of the pressure coil circuit and f is the
frequency of the supply.

Also eg oc Osf
Ef

oC —=
f
< E
. €E
and 1h=~kcos¢ocEcosq;

The flux in the series electro-magnet will be practically proportional
to the load current and therefore independent of frequency.

Therefore ®; oc I
and e7 oc fO;

i1=%cos Boc fIcosB
From the above we see that the product of ®g¢r is given by
Opt; o€ {}: ST cos B

oc EI cos
and ®1g oc IE cos ¢
The reactance of the eddy current paths in the disc will be directly
proportional to the change in frequency. Thus, if L be the inductance
of the eddy current path and R be the resistance, the angle of lag of
the eddy currents relative to the induced e.m.f. in the disc, will be
given by
== "1“—{{.—:. AN™
A=tan R t&n:znfT
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where T is the time constant of the eddy current path (L/R). Thus
tan A=2nfT
< f

For small angles, tan 2 is approximately equal to 1, and under such
conditions the angle is proportional to the frequency.

We see from the above that the smaller the time-constant of the
eddy current path in the disc (i.e. the higher the resistance) the less
effect will change of frequency have upon the angle a.

The reactance of the quadrature loop and friction compensating
loops will also increase with increase of frequency, and this will
respectively affect the angle of ®g relative to E, and the magnitude
of the friction compensating torque.

Summarising, the main effects of increasing the supply frequency are:

(@) Decrease of @ inversely proportional to the increase of frequency
and causing @z to lag E by a slightly larger angle.

(b) Increase of #; directly proportional to the increase in frequency
multiplied by cos B!/cos B, where B! is the angle of i; relative to er at
the new frequency and p is the angle at the initial frequency.

(¢) Decrease of ¢g inversely proportional to the ratio (cos ¢)/(cos ¢*)
where ¢ is the angle of lag of g relative to eg at the initial frequency
and ¢! is the angle at the new frequency.

(@) Increase in the reactance of the quadrature loop, thereby slightly
modifying the value of ®z and causing the angle between ®z and E
to decrease slightly.

With reference to the vector diagram of Fig. 116, we derived the
following expression for torque (section 9.6):

T=K,®gt: cos (64 B+ A)+K®iEe cos (A+6—1)
whence T=K4EI cos B cos (6+ B+ A)+K EI cos + cos ( A+0—y)

and ascertained that for a given frequency ®gé¢; and ®;¢x are propor-
tional to EJ. The increase in the reactance of the eddy current paths
of the disc, however, will affect the driving torque since the angles
B and ¢ will be increased with increase of frequency. The increase in
reactance of the quadrature loop will tend to decrease the angle
(9o— A), i.e. increase A, the angle by which ®5 leads quadrature
with E. The increase in reactance of the pressure coil current will, on
the other hand, tend to decrease A; thus the effects are more or less
mutually compensating.

At unity power factor, where 6=o0, the torque 7? for the new
frequency will be given by

T'=K,EI cos B. cos (814 AY)+KET cos . cos (A1—4Y)

and, assuming that the meter had been correctly adjusted so that
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was in quadrature at the initial frequency, and that the respective
alterations in the time-phase of @ are mutually compensating, we have

T'=KEI cos 2B+ K ,EI cos !
Now, the constants K, and K, will be more or less equal, therefore
T'=K EI (cos 2pl4cos %)
T' cos 28'--ces 2\;}
T cos 2{5+c0= ?;.

where T, B, and ¢ are the respective values at the initial frequency.

Inspection of the above expression shows that at unity power factor
the driving torque will decrcase with increase of frequency. From
knowledge of the time-counstants of the eddy current paths in the disc
one could easily calculate the values of 3, !, ¢, ¢! and therefrom the
ratioof 7' : T

Since @ is inversely proportional to the frequency, it follows that
the braking force due to the potential electro-magnet flux ®g will be
inversely proportional to the square of the frequency. This will tend
to increase the overall speed of the meter with increase of frequency,
and the percentage increase will depend upon the ratio ®z : ®p.

Suppose, at the initial frequency f, the ratio ®x : ®p is # and that
the braking effect of the current flux at all loads is sufficiently small
to be neglected, then the torque necessary to overcome the braking
effect due to the fluxes will be given by

Tpoc(Pp2+ K102+ KOg2)N
oc(x+Kn?)N, since K'®;2 may be neglected.

Tgloc 1+K[ ]’)N1

Thus, the braking force due to ®x will decrease with increase of
frequency and will tend to increase the overall speed of the meter by
the ratio

and

and, at frequency f*

(ItEnt
]

We can see from this expression that when the frequency is reached

such that K(;l) is negligible compared with unity, further increase
in frequency will have no appreciable effect upon the braking torque
and, in consequence, no tendency further to increase the overall speed
of the meter. This has been verified by experiment and is described in
an excellent article npon this subject by Moore and Slater (Jour. I.E.E.,
Val. 68, p. 1023).
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There are thus two opposite effects with increase of frequency, one
due to the decrease in driving torque—which tends to decrease the
overall speed of the meter with increase of frequency—and the other
due to the decrease in breaking torque which tends to increase the
overall speed of the meter with increase of frequency. We have already
seen that

Tloc(1+K [;—ln]’ n

and Toc(1+Kn3)N
Nt TY1+Kn?

N 2
therefore N T (1+K yi "
f 1
which, at unity power factor, when the meter has been initially adjusted
so that @z is in exact quadrature with E, gives us

N'_ (cos *g'+cos %) (1+-Kn?)
N (cos 2R4-cos %)) (I+K[fin] 2)

As one might imagine, there is an optimum frequency at which the
overall speed of the meter is a maximum. This value will depend upon
the design of the particular meter under consideration and will vary
considerably with different makes of meters. Generally, it is between
30 and 100 cycles per second.

The error due to change in braking force with change in frequency
will be more or less independent of the power factor of the load, whereas
the change in driving torque will be dependent upon the power factor.
The latter follows from the expression

T cos B! cos (B'+64- Al)+cos ¢ cos (64 A'—¢?)
T cos B cos (B+6-4+ A)+cos ¢ cos (6—4+ A)

where cos 6 is the power factor of the load.
If we consider the time constants of the eddy current paths of ¢z
and #; as of the same value, this expression simplifies to

T* cos ! [cos (4064 AY)+cos (6—p'4 AY)
T~ cos B[cos (B+0fA)+cos (6—B+A)]
__2 cos 2p! cos (A!+6)
~ 2.cos 3 cos (A+96)
and, if the constants of the meter can be so arranged that A 'and A

are equal, i.e. that the increase in the angle of lag of ®x due to the
increased reactance of the pressure coil is equal to the decrease in the
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angle of lag of ®g, due to the increased reactance of the quadrature
loop, we have

T cos tp!

T cos 2B
which will be independent of the power factor of the load.

9.15. Compensation for Errors due to Change of Frequency.
Compensation for variation of frequency is difficult to apply in practice.
The effects of variation of frequency can, however, be greatly minimised
by suitable design such that the ratio @ : ®.,is small and by employing
a disc as thin, or of as low a conductivity, as possible, consistent with
high torque. It is also an advantage to make ® as near as possible
in quadrature with E before artificia! compensation is provided. This
will decrease the variation of the ratio 7% : T at different power factors,
due to the change in value of A with change in frequency.

The accuracy of a meter upon distorted wave-forms obviously
depends upon its accuracy at the frequency and power factor of each
harmonic. We can tuke it as a gcneral rule that the meter will register
slightly low for distorted wave-forms.

9.16. Special Features of Commercial Meters. Since the
majority of induction watt-hour meters exhibit a marked similarity
in principle, if not in actual construction and design, little purpose
would be served in describing each type of meter to be found in service.
We will therefore confine oursclves to those features, to be found in
various meters, which have not been covered in a general manner.

In the Aron single-phase meter, type el, the low load adjustment
consists of a non-magnetic bar carrying two small steel shoes and a
central iron-piece. This bar slides across the poles of the potential
electro-magnet and is operated by means of a cam which is slotted to
take a screw-driver. The iron-piece creates a leakage field which,
owing to its hysteresis, lags the working flux ®z of the meter. When
the system is unsymmetrical relative to the potential electro-magnet,
a phase difference between the two sides of the pressure coil flux will re-
sult and, as we have already seen, a torque will be created upon the disc.

Fig. 120 gives a schematic diagram of the magnetic circuits of the
Siemens Bros. single-phase meter, type 21. The bulk of the potential
flux Y crosses the gaps G,, whilst the effective flux X crosses the gap
to the limbs embraced by the series coils, thereby cutting the disc.
The flux X then divides, one small portion returping v'1 the gap and
re-cutting the disc, whilst the remainder Z leaks back to the potential
coil core via the iron circuit specially provided for the purpose. The
main series coil flux B takes the normal path across the gap G, to
complete its circuit, cutting the disc in so doing, whilst the portions 4
cut the disc once and return via the leakage paths as illustrated. The
low load adjustment (Fig. 121) is similar in principle to that illustrated
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in Fig. 119 (¢). It consists of a small shading vane placed immediately
below the centre potential limb and is capable of movement in a plane
perpendicular to the axis of the limb. This produces the shaded-pole

F1G. 120.—Magnetic Flux Circuits—
Siemen’s type 21 a.c. Single-phase Meter.

effect (section 3.21) by means of which the required friction compen-
sating torque can be applied to the disc. The adjustment is actuated
by a micrometer worm gear, as illustrated. Quadrature adjustment is
effected in the conventional manner, by means of a copper band

F16. 121.—Low Load Adjustment.
Siemen’s type 21 Single-phase Meter.

capable of movement along the axis of the centre potential limb.
This, too, is provided with a micrometer worm gear for fine and
accurate adjustment. ‘
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An interesting feature of the Landis & Gyr meter (Fig. 122) is the
quadrature device. This is in the form of two thin copper vanes (I)
on the same shaft and rigidly fixed relative to one another. Quadrature

1

F16. 122.—Landis & Gyr Single-phase Meter.

adjustment is effected by variation of the position of the vanes in the
potential electro-magnet gaps. A return path for the pressure flux is
provided by means of leakage from each of the series limbs to a limb
of the potential electro-magnet, as shown. The path 4 (Fig. 123) will

e
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Fi1e. 123.—Working Flux Circuit—Landis
and Gyr Single-phase Meter.

have a higher reluctance than path B, due to its having a greater air

gap, and also because the thick aluminium disc will have a greater

lagging effect than the thin copper plate P. Thus, the effective flux
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will be smaller than the flux passing across B. Adjustment of the
copper vane will alter the phase of the latter flux and, since the phase
and magnitude of the total flux will remain practically constant, it
will also alter the phase of the effective flux, i.e. the flux across the
gap 4.

The copper vanes which, as previously stated, are symmetrically
situated one in each of the air gaps of the potential electro-magnet,
can be adjusted without any phase displacement of the one-half of the
effective flux relative to the other half. Thus, no undesired torque
will be exerted upon the disc. We can see from the above that entrance
of the vanes into the air gaps will decrease the overall speed of the
meter on inductive loads and that their withdrawal will have the
opposite effect.

The friction compensating device is in the form of two iron vanes
(z and 3) which are individually operated. These vanes create leakage
fields which lag the flux ®z on account of their hysteresis. Thus, the
vanes can be so adjusted that such a phase displacement is attained,
between the two portions of the effective flux ®g, as to give the required
torque to compensate for friction. Movement of the left-hand vane
towards the disc lags the left-hand portion of the effective flux, thereby
tending to create a positive torque. Movement of the right-hand
vane towards the disc has the reverse effect; the latter vane being
employed for fine adjustment and the left-hand vane for the initial
course adjustment.

In the Sangamo meter, type HMT, the friction compensating device
is in the form of a non-magnetic vane situated between the disc and
the series electro-magnet. This is only capable of movement in a plane
perpendicular to the axis of the centre limb of the potential electro-
magnet, and when it is moved away from the central position it shades
the one side of the effective potential electro-magnet flux more than
the other side, thereby producing a slight shaded-pole effect (section
3.21) tending to rotate the disc from the less shaded to the more shaded
flux. The adjustment is of the micrometer type and the system can
be positively locked after correct setting.

The power factor adjustment consists of a loop, to the ends of which is
connected a resistance which can be adjusted in value by means of
a slider.

The handle is fixed to the base and has the advantage, when the
meter is being carried, of relieving the jewel of the weight of the disc.

In the Metropolitan-Vickers single-phase meter, type NES, coarse
adjustment of the overall speed of the meter is effected by movement
of the entire permanent magnet system towards, or away from, the
disc, according to whether the overall speed is to be increased or
decreased, whilst a fine micrometer adjustment is obtained by movement
of the magnetic shunt.
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An interesting feature of the Chamberlain & Hookham meter,
type JX, is the unusual form which the brake magnet takes and the
method of adjustment of the braking flux. The braking system consists
of a U-shaped magnet, in alignment with which is located a keeper; the
latter being on the opposite side of the disc. Adjustment is performed
by movement of the braking system towards or away from the centre
of the disc, according to whether it is required to increase or decrease
the speed of the disc. A further adjustment is possible by alteration
of the length of the air gap between the keeper and the magnet.

The type J meter, made by 1he same company, is similar in general
construction to the type J3, except that a moce conventional form of
magnet is employved. The other ad;i~tments of both types of meter are
similar in prin-iple to the elemental types already discussed.

9.17. Fictitious Loads. The resting of a.c. single-phase watt-hour
meters is somewhet more involved than that of d.c. meters, since the
former type of meter also has to allow for the phase difference which
is likely to exist between the applied voltage and the load current
(sections 1.21 and 4.1). Obviously, a test at only unity power factor
would not be sufficient and therefore some means must be provided
for adjustment of the phase angle between the applied voltage and
the load current.

The most apparent method of testing a.c. watt-hour meters is to
connect them, together with a substandard watt-hour meter or watt-
meter, across the supply in exactly the same manner as that in which
they would be connected in service. This would require special non-
inductive and inductive resistances which would be ungainly and
expensive, on account of their high dissipation on all except very light
loads. The expenditure of power would be at least equal to the rated
full load of the instrument, and this would involve heavy electricity
costs. It is therefore most advaniageous to test the meters with
separate voltage and current supplies (i.e. a fictitious load). Thus, the
only energy required would be that to supply the losses of the meter
coils and the testing equipment at the various loads. In order that
the meters may be tested in this manner, an isolating link is fitted in
the pressure coil circuit. This is removed for testing purposes, but
must be remade when the meter is connected for service. In addition
to the above, a device is necessary for varying the phase difference
between the applied voltage and the current to the cugrent coils. This
may be in the form of a phase-shifter (section 2..9) of the Drysdale
type, the stator being energised by the supply voltage and the rotor
being connected to the potential coils of the meters. In this manner,
the applied voltage to the potential circuits is made to lead or lag the
current in the series coils by any required angle.

In the past the device most frequently employed for phase adjust-
ment was two mechanically coupled alternators driven by a motor.
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One alternator supplied the voltage to the potential circuits of the
meters, whilst the other supplied the current for the series coils through
the medium of a step-down transformer. The stator of the one alter-
nator was constructed in such a manner that it could be rotated, by
means of a worm gear, relative to the stator of the other alternator.
Thus, it was possible to alter the phase of the e.m.f. generated in the
one alternator relative to the e.m.f. generated in the other, in order to
attain any desired angle between the current in the series coils of the
meters and the applied voltage to their potential circuits. Such a
system was more costly and involved than that of the phase-shifting
transformer and also had the added disadvantage that the wave-forms
of the e.m.f.s generated in the respective alternators were required to
be identical. B

9.18. Testing of A.C. Single-phase Meters. The method
adopted for the testing of a.c. single-phase meters will largely depend
upon the size of the Supply Undertaking and the facilities possessed
by its testing department.

The Electricity Commissioners have laid down certain requirements
as to the limits of error permitted for a.c. house-service meters. The
errors must not exceed 3} per cent plus or 34 per cent minus at any
load at which the meter may be operating in service. No compensating
allowances are required for varying conditions of temperature, etc.

The loads at which the meters must be tested are (a) at 5 per cent
of the marked current, (b) at one intermediate load, (c) at 100 per cent
or 125 per cent of the marked current. The above tests are to be made
at unity power factor and, in addition, the meters must be tested at
0'5 lagging power factor with marked current and marked voltage.
The meters must also be tested to ensure that they do not creep a
whole revolution with 10 per cent in excess of the marked voltage
applied to their pressure coil terminals.

The meter engineer is permitted to adopt any one of three approved
methods for testing the meters. We will consider each method in turn.

9.19. Method A. Long-period Dial Tests using Substandard
Rotating Meters. This is a test in which the advance of the pointers
of the meters under test is compared with that of a rotating sub-
standard meter connected in series with them. The meters are tested
at each of the prescribed loads, the duration of each test being of
sufficient length of time to allow the last pointer of each meter under
test to make at least ten revolutions.

The load on the substandard rotating meter must be not less than
25 per cent, nor more than 125 per cent, of its full load for any test.
Furthermore, if only one rotating substandard per bench is employed,
it must be re-tested against a substandard wattmeter at least once per
month. On the, other hand, if two rotating substandard meters in series
are employed, they must be tested against the substandard watt-meter
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whenever the corrected meter readings show a mutual difference
of 0'25 per cent at any load, or after an interval of three months,
whichever is the earlier. The performance of the rotating substandard
must be within the limits prescribed by the Electricity Commissioners
and its construction must also comply with the specification laid down
by the Commissioners.

9.20. Method B. Comparison of Disc Revolutions with those
of a Rotating Substandard Meter at all Prescribed Loads, and
One Long-period Dial Test. In this test, the disc revolutions of the
meters under test are compared with those of a substandard rotating
meter, the load on the substandard being not less than 25 per cent nor
more than 125 per cent of ics fun load. The number of complete
revolutions of “ach mecter unde: test, for any given load, is ascertained
by multiplying tne percentase ot the marked current at that load by
2/5. Thus, if the load were 50 per cent of the marked current, the
meter would be run for 50 X 2/5==20 revolutions of the disc. The dura-
tion of the test, however, shall not correspond to less than five complete
revolutions of the disc and need not be greater than twenty-five
complete revolutions of the disc of the meter under test. In addition,
the meter must be subjected to one long-period dial test, as laid down
in Method A, at one of the prescribed loads.

9.21. Method C. Testing by Substandard Indicating Instru-
ment and Stop-watch, and One Long-period Dial Test. In this
method the disc of the meter under test is timed for three revolutions
or 100 seconds, whichever is the longer period; whilst each of the
specified loads in turn is held steady at a value giving the required
deflection of the indicating substandard wattmeter. In addition, one
long-period dial test, as for Method A, must be run at one of the
specified loads.

For each of the above methods of test, the voltage circuit of the
meters under test and that of the substandard meters must be energised
for at least one hour prior to commencing the test.

9.22. Choice of Method to be Adopted. Economical considera-
tions usually determine which one of the three methods is to be adopted
by the meter engineer, for his particular test-room. Each method has
its advantages and disadvantages. In consequence, we will consider
each in turn.

The advantages of Method A are:

(4) The meter is on test for a longer period Lhan is the case for
either of the other methods. This particularly applies to low load, and
it thereby gives the tester a greater opportunity of discovering any
intermittent mechanical trouble which may occur in the meter. For
example, if a tooth on one of the counting train wheels of higher
denomination were bent, the possibility of it making itself felt on short
period runs would be very remote.
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(6) Every test is made upon the dial. This is particularly important,
since it is the advance of the pointers which determines the amount
payable by the consumer.

(¢) Errors due to the starting and stopping of stop-watches, or
rotating substandard meters, are entirely eliminated.

(d) There is no necessity to re-set meters after commencement of
the first test. Thus, all tests may be run consecutively. This makes
it possible for each tester to control several benches at once without
producing undue strain.

(¢) The load need not be held absolutely steady for the tests.

(f) For alarge undertaking, which is well equipped with bench space
and can usually fill each bench with meters of the same size, it is a
very economical method, causing the ratio Meter Output : Testing Staff
to be a maximum.

The disadvantages are:

(@) There must, in general, be sufficient meters of one size passing
through the test-room to fill a bench. '

(b) The initial capital cost is heavy, since the meters spend a longer
time on the bench, thereby necessitating many test benches and the
carrying of a large stock of meters.

(c) Meters which have been overhauled in the workshop must
initially be calibrated by a modified form of either B or C. In general,
it will be by disc revolutions of the meters under test against those of
a rotating substandard, or against a meter specially calibrated in the
test-room for the purpose. Experience has taught one that there is an
optimum number of meters which a tester can efficiently (with respect
to time) calibrate in one batch. It therefore would appear that in many
cases Method A would not be so convenient for overhauled meters as
Method B.

The advantages of Method B are:

(@) The meters occupy bench space for the shortest period of any
method. Therefore less stock need be held and the test bench accom-
modation required is reduced to a minimum,

(b) The load need not be held steady once it has been set at the
required value.

The disadvantages are:

(a) Only one dial test is run. This would in all probability be made
at a high load and, in consequence, little opportunity would be afforded
for mechanical friction to reveal itself during the few disc revolutions
run at 5 per cent full load.

(b) It is very inconvenient when several different makes of meters,
having different full load disc speeds, are tested in the same batch.

(¢) The meter is not on test for a sufficient length of time to attain
a steady temperature at each load.
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The advantages of Method C are:

(a) The meters are run against an indicating substandard wattmeter
which is less likely to introduce errors due to self-heating, wave-form
distortion, or voltage variation than even the best of rotating sub-
standard meters.

(4) It is very convenient where many different makes of meters, with
different full load disc speeds, are likely to constitute a batch for test.

The disadvantages are:

(a) The accuracy of the test Jepends greaily npon the human element
and enacts a greater strair. upon the testing staff. The load must be
held perfectly steady, and this is su extremely tedious occupation for
the load-holder, especially over a long period of time.

(b) Stop-watch errors are introduced.

(¢) This method 1s longer than Methods A and B, and much greater
concentration is required of the testing staff. Furthermore, two people
are necessary for each batch of meters and the responsibility for
accuracy is consequently divided.

We see from the above that the method of test adopted by the meter
engineer will, in general, depend upon the size of the undertaking and
the test-room facilities available. Method A obviously subjects the
meter to the most rigorous test and is very suitable for a large under-
taking with many meters of the same size simultaneously passing
through the test-room. For medium-sized undertakings, the choice will
probably lie between Methods B and C and will depend greatly upon
the equipment at the disposal of the tester and also upon his natural
bias in favour of one or the other of these two methods. Should there
be many makes of meters with different full load disc speeds he will
quite possibly choose Method C. For very small undertakings, the
probability is that Method B alone will be chosen, as the only sub-
standard apparatus required is in the form of rotating meters.

The above remarks only apply to the final testing of meters, and
the meter engineer is at liberty to perform his initial tests in any
manner he thinks fit. In the case of meters which have come directly
from the workshop after overhaul, they will in all probability be re-
calibrated by disc revolutions against a rotating substandard or against
a meter specially calibrated in the test-room for this purpose. Even
in the case of new meters direct from the manufacturer it would be ad-
visable initially to calibrate the meters in this mauner, performing any
adjustments necessary before the final method of testing is commenced.

Before calibration, each meter should be tested to ensure that the
disc does not creep a whole revolution when 10 per cent in excess of
the marked voltage is applied to the pressure circuit terminals. Any
meter found to creep above this amount should be adjusted by means
of the friction compensating loop. Meters which have been overhauled
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should also, where the facilities are available, be tested for quadrature.
Full load, at zero power factor, is applied to the meters and the
quadrature loop of each meter is adjusted until the disc stands still or
rotates backwards or forwards slightly according to the particular type
and make of meter under test.

It is next advisable to ensure that the meters run satisfactorily on
starting current. Each spot is set at the same position relative to the
magnet gap and the discs are left to run a convenient number of
revolutions at the starting load. In the meantime a careful watch is
kept upon each meter, and any which stop or run intermittently are
inspected in order to ascertain the trouble. The discs may stop running
due to any of the following causes:

9.23. Common Faults in A.C. Single-phase Meters. (¢) Foreign
matter in the permanent magnet gap, or between the disc and one of
the electro-magnet limbs.

(6) Iron in disc.

(¢) Faulty top bearing or top pin. The former may be dirty, or the
latter may possess a rough surface due to rust or wear.

(@) Rough or worn bottom pivot.

(¢) Cracked or rough bottom jewel.

(f) Friction in counting mechanism. This may be due to a bent
tooth, a faulty spindle or bearing, dirt in one or more of the teeth,
sticky bearings, or a rough worm.

(g) Incorrect adjustment of the top bearing, or bottom jewel.

() Buckled disc or bent spindle.

(¢) Incorrect adjustment of friction compensating loop.

(7) Discontinuity in pressure coil or series coil circuit.

9.24. Initial Calibration of Meters. When each meter has
satisfactorily passed the starting load test, it may initially be calibrated
by:
(a) Comparing the disc revolutions with those of a substandard meter
at each of the prescribed loads.

(b) Using an indicating wattmeter and a stop-watch.

In the case of test (a), an ordinary meter of the same size and type
as the meters under test is frequently calibrated for the purpose of
replacing the substandard meter during the initial tests. This is
particularly convenient when the nominal overall disc speed of the
meters is different from that of the substandard meter. The calibrated
meter and the meters under test are sét with their discs in the same
position, and the load is applied for the requisite number of revolutions.
If Rs is the number of disc revolutions of the calibrated meter and Rr
is the number of the meter under test, for any given load, the nominal

error of the latter is
[___________(Rr—éi s) xoo] per cent
s
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If the error of the calibrated meter at this load is 4-x per cent, the
actual meter error is
[(RT—RS)

R

This error is exclusive of the limitations in stability of the calibrated
meter due to self-heating errors, etc.

All meters should be calibrated with their covers on, but in the
initial tests it is convenient to muke due allowance for the average effect
of a meter cover and to test the meters with their covers off.

Rotating substandard meters are usually provided with a dial setting
device which permits of the point=1s being returned to zero for the
commencement of each run. Thus, the tester need only count the
number of disc revolutions of the meters under test and open the current
and potential switches when the requisite number of disc revolutions
of the meters under test have been made. The number of disc revolu-
tions of the rotating substandard meter will not of necessity be a
whole number, but since the disc is graduated in one-hundredths of
a revolution, this is immaterial.

Suppose Ns is the number of revolutions per unit of the rotating
substandard meter, Ny is the revolutions per unit of the meters under
test, Rs the revolutions made by the rotating substandard meter (not
necessarily & whole number), and Ry is the number of revolutions made
by the meter under test. The error of the latter meter relative to that
of the substandard meter will be

(Rr.& —Rs) 100
Nr
TR per cent

This error must be corrected for the error of the substandard meter,
and if this be 4y per cent at the particular load applied to the meters,
the actual error of the meter will be

+x] per cent

Ns
(Rr—== N —Rs) 100

S — +y per cent

When a wattmeter is used for the purpose of testing the meters, the
load is adjusted to give the correct reading upon th¢ wattmeter by
means of the rheostats, and this is kept at the same value throughout
the period of this test. The meters are each timed for a convenient
number of revolutions (the period may be less than 100 seconds for
the initial tests). The timing constant of each meter is then calculated
and the necessary adjustments made.

"Now we have already found, in the case of the d.c. watt-hour meter
(section 8.42), that the timing constant of a watt-hour meter is
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kW X seconds
revolutions

i.e. the kW-seconds per revolution.
We also found that the nominal constant of the meter is 3,600 divided
by the revolutions per unit of the meter. This is so, since
kW x seconds kw
‘revolutions  revolutions per second
3600 X kW
~ revolutions per hour
_ 3600
" revolutions per kWh
3600
r.p.u.

Suppose K! is the actual value of the expression (kW X seconds) per
revolution and

or

__3600
“r.pu.

then the nominal meter error will be
[K —K1) 100

7 ~] per cent

If the wattmeter has an error of +y per cent, i.e. an error which
causes it to read y per cent high at the particular load of the test, then
the value K! must be modified to

K(100)
(T00+y)
and the true error of the meter will be

— 100
[K——K1 (Ioo+y)] 100

" — ) per cent
— (IOO-H'

[ (100+y)K —(100K?)

L 100K?

which, to a first approximation, is

K—K*
[( 7 x100)+y] per cent
The meters should first be tested at 100 or 125 per cent of tl:;e
marked current, unity power factor, and adjustment made by means
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of the brake magnet until a suitable error is obtained (bearing in mind
the characteristic load/error curve of the particular type and make of
meter under test. When the final adjustment of the brake magnet has
been effected, it should be securely clamped.

Full load at o0'5 power factor lagging is then applied to the meters,
and any that are not within the limits which the tester sets himself
(generally, limits narrower than those prescribed by the Electricity
Commissioners) must be corrected by adjustment of the quadrature
loop. It may be found that a meter is outside the permissible limits
of error even though the loep was adjusted correctly for quadrature
at zero power factor. This initial qna-drature adjustment, however, is
only made for convenieuce, since it often avoids the necessity of
changing the quadrature loop at this stage of the tests, which would
entail readjustment of the meter at full load unity power factor, as

well as adjustment of the friction compensating loop.

" After the above tests have been carried out satisfactorily, the meters
are tested at one intermediate load (say half or quarter marked current,
unity power factor) and then at 5 per cent of the full load current, unity
power factor. Any meters which are not within the prescribed limits
at the latter load are corrected by adjustment of the friction com- -
pensating loops. Also, if a meter is within the limits on this load, but
has a rather large positive error, it is advisable to reduce this error
by means of the friction compensating loop, thereby decreasing the
possibility of creep at no-load due to too great a friction compensating
torque.

At the conclusion of the above tests, it is advisable to re-test all
meters at the high-load, which have had any adjustment made other
than that to the brake magnet. The whole batch should then be tested
to ensure that none creeps a whole revolution at no-load; 10 per cent in
excess of the marked voltage being applied to the pressure coil circuits.

In the above initial tests it is advisable to keep the limits of error
well within the limits prescribed by the Electricity Commissioners.
This will materially assist both the Electricity Commissioners’ examiner
and the undertaking’s testing staff.

The writer recommends that all meters be given an all-night test at
starting load. This will give mechanical trouble a better opportunity
to reveal itself, since during the night the test-room is likely to be
free from the vibration usually associated with a rooru int #hich people
are working.

9.25. Measurement of Torque. Fig. 124 (a) illustrates a simple
method of determining the torque exerted upon a meter disc by any
given load. One end of a cotton thread OB is fixed, and suspended
from the other end is a weight of m grammes. At a point / cm.below
the fixed end of the thread is attached a second thread. The other end
of the second thread is passed through the hole D which is drilled
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diametrically through a brass sleeving and the disc spindle. The brass
sleeving is a tight fit on the spindle; its object being to increase the
effective radius of the spindle.

The points C and D are arranged to be in the same horizontal plane
and the required load is applied to the meter. This creates a tension
in the thread, between C and D, which causes the suspension thread
between O and C to make an angle 6 with the vertical. The junction
C is thereby displaced horizontally by y cm.; this value being made
of convenient magnitude by alteration of the value of m.

F16. 124.—Arrangement for Measuring Torque.

When the system is in equilibrium, the tension T in the thread,
between C and D, will be
o
Vit—y?
Thus, the load torque

where m is in grammes and 7, the outer radius of the sleeving, is in cms.

9.26. Measurement of Retarding Torque due to the Brake
Magnet. A very convenient apparatus for this purpose is illustrated
in Fig. 124 (b). The same brass sleeve is employed as for the measure-
ment of torque, described in section 9.25, and a cotton thread passes
through the hole drilled diametrically through the sleeve and spindle.
Tension is applied to the thread by means of the two weights m attached
one to each end of the thread, as shown in the diagram. The pulleys
are so positioned that the thread between 4 and D, and between D
and B, is sensibly in the same horizontal plane. Thus, the weights
create a couple of 2mr grm.-cm. upon the disc; » being the radius of
the sleeve in cm. and m being measured in grammes.

The rotor is turned in a clockwise direction until the weights mm
are near the pulleys. The system is then released, and as soon as the
disc has acquired a constant speed the time taken to complete a con-
venient number of revolutions is determined by means of a stop-watch.
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Thus, if it takes ¢ seconds for N revolutions of the disc, the speed
of the disc is

60N
;~ Tpm.

and, at this speed, the braking torque is
2 X 981mr dyne-cm.

Thus, at x revolutions per minure the retarding torque Tx, due to
the brake magnet, is given by

x=--7= - - dyne-cm.

since the retarding torque is strictly proportional to the speed.

For the above test, the pressure and series coils of the meter are not
energised. If it is required to measure the retarding torque due to the
braking effect of the pressure coil flux, the brake magnet is taken off
the meter, the pressure coil only is energised, and a suitable value of m
is.employed to give a convenient constant speed of rotation to the disc,
due to the couple 2mr grm.-cm. The test for the retarding torque due
to the braking effect of the series electro-magnet flux is similar, but
in this case the series coil alone is energised. Since the magnitude of
the latter torque depends upon the load current, it is advisable to
obtain the retarding torque for various values of current and construct
a curve,

9.27. Stroboscopic Testing. This method of testing is, in general,
only employed by meter manufacturers, since its main advantage lies
in the fact that it lends itself to the mass-production testing of meters.
It can be highly accurate and is sufficiently simple in application for the
employment of comparatively unskilled operators under the supervision
of a skilled person, to calibrate the meters.

The stroboscope itself is a device which permits of a rotating object
to be viewed intermittently and thus produces the optical effect of
slowing down or stopping motion. If, for example, a disc is graduated
in 100 divisions at its periphery and rotates at a speed of 20 r.p.m.,
the graduations will appear to be standing still if viewed under a light
which flashes 2,000 times per minute. Conversely, if a disc be rotating
it is only necessary to determine the number of flashes per minute—at
equal intervals—required to produce the optical effect of the gradua-
tions standing still, to ascertain the speed of the disc. If, however, the
speed of flash is not exactly in synchronism with the graduations, the
latter appear to be rotating very slowly backwards or forwards,
according to whether the speed of the disc is respectively low or high.

The modern stroboscope consists of a lamp filled with one of the
rare gases, such as neon, the speed of the flash being controlled by a
thermionic oscillator, or a motor-driven contactor. The flashing rate
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is usually controlled by means of a knob which, for convenience, is
calibrated in r.p.m., corresponding to the number of flashes per minute
of the lamp.

Such an instrument, manufactured by General Radio Co., U.S.A.,
and sold in this country by Claude Lyons Ltd., is the Strobotac type
631-B. It is a small portable stroboscope calibrated to read speed
directly in r.p.m. (which, in general, must be divided by 100 for the
purpose of determining the speed of a meter disc). A Stroboton neon
lamp is employed as the light source and it is mounted in a parabolic
reflector. The flashing speed of the neon lamp is controlled by the
frequency of a vacuum tube relaxation oscillator which can be adjusted
by means of a direct reading dial to any value between 600 and 14,400
flashes per minute.

A feature of the Strobotron is that it is designed to give an extremely
short flash (between 5 and 10 micro-seconds) thereby ensuring sharp
images.

The accuracy of the scale is guaranteed to be within 1 per cent when
standardised in terms of a frequency controlled supply, such as that
of the British Grid system,

Several manufacturers have their own system of stroboscopic testing,
but unfortunately it is not possible to describe them within these pages.
In all cases, however, the principle is essentially the same.

Owing to the difficulties arising from the lack of persistence of vision
at speeds below 600 images per minute, the stroboscope is not suitable
for the testing of meters at disc speeds less than six revolutions per
minute (where the disc is graduated in 100 divisions). One-twentieth
load must therefore be tested by one or other of the methods already
described.

Even if it were possible to go down to one-twentieth load speed for
stroboseopic testing, difficulties would arise due to the effect of the
varying friction compensating torque, at various positions of the discy
making itself apparent.

Procedure in the testing of meters by stroboscopic means may be
as follows.

The load is first set at the required value (say, at full load, unity
power factor) for the adjustment of the overall speed of the disc and,
if the corresponding disc speed to this load is 20 r.p.m., the stroboscope
dial is set to give a reading of 20n r.p.m., where # is the number of
graduations upon the disc. The lamp is then focused upon the disc
and the permanent magnet braking system is adjusted until the
graduations upon the disc appear to remain stationary. If the gradua-
tions appear to be moving forward, the overall speed of the disc has
to be reduced, and if they appear to be moving backwards the reverse
adjustment has to be applied. This procedure is repeated for the
setting of full load, at o-5 power factor lagging, only this time the
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stroboscope will be set at 107 revolutions per minute and adjustment
of the disc speed is made by means of the quadrature loop.

In general, the number of graduations marked upon the disc is 100,
and this will be the value of # in the above paragraph.

For the intermediate load, say one-half full load at unity power
factor, the correct setting of the load is made and the stroboscope dial
is adjusted until the disc graduations appear to be standing still. If
the number of graduations upon the disc is 100, and the nominal disc
speed at this load is ten revolutions per minute the error of the meter
will be

(R—1000) 100

1 cent
1000 pe

where R is the stroboscope reading when the graduations appear to
be standing still.

One-twentieth load and dial test must be run by one or other of the
methods previously described.

The range of the Strobotac is far greater than that required for
meter testing, as a siroboscope of 600 to 5,000 r.p.m. would satisfac-
torily fulfil the requirements demanded for the testing of meters. It
is, however, illustrated as being a standard model of instrument which
could be employed for the stroboscopic testing of meters.
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CHAPTER X

Prepayment Mechanisms

10.1. Prepayment Meters. The prepayment meter is popular
with many household consumers of electricity on account of the fact
that it gives them the opportunity of payment for the energy at the
time of supply, thereby avoiding the unpleasant arrival of a quarterly
bill. Itis particularly convenient in the case of the weekly wage-earner,
since it fits in well with the scheme of a weekly budget to which, in
many households, one must rigorously adhere. A one-time disadvan-
tage of the prepayment meter was its acceptance of coins of only one
denomination, owing to inconvenience when consumers did not have
the foresight to keep in hand a coin of the particular value required to
operate the mechanism. Since the advent of the multi-coin and dual-
coin prepayment mechanisms, however, this objection has largely been -
overruled. Many prepayment mechanisms of modern design accept
coins of a penny, sixpence, and a shilling, and we shall see presently
how this is accomplished. Another objection to the prepayment
mechanism was that, if a coin of different denomination from that
which the mechanism was designed to accept was inserted in the slot,
the meter was out of commission until a mechanic arrived from the
undertaking to retrieve the offending coin. This has been overcome (e.g.
in the Sangamo type B mechanism, and the Chamberlain and Hookham
type JPmva mechanism, etc.) by the provision of a push-button
attachment which permits the release of rejected coins into the coin box,
or a compartment specially reserved for the purpose, and leaves the
mechanism free for the acceptance of coins of the correct denomination.

Manufacturers have exhibited marked ingenuity in the development
of suitable prepayment devices. A high standard of reliability is called
for and, furthermore, the overall dimensions must be kept within
the limits enforced by modern requirements. For the mechanism to
be successful, it must satisfy the following conditions:

(@) Simplicity of operation by the consumer.

(b) The accuracy of the meter must not be impaired, due to the
attachment of the prepayment device.

(c) The mechanism must be fool-proof and fraud-proof.

(@) Consecutive insertion of several coins, up to the “coins unused”
capacity of the meter, must be possible.

(¢) Total coins inserted, and coins or units unused, must clearly be
registered upon dials provided for the purpose.

(f) For every coin of the same value inserted, the meter must deliver
the same amount of energy.
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(g) The switch operation must be certain and positive, and must
not unduly deteriorate with service.

(k) The changing of the price per unit should be a simple operation,
and should not under any circumstances involve the dismantling of
the meter.

10.2. General Principle of the Prepayment Mechanism. We
will first of all consider, in a gereral manner, the mechanism of a
prepayment meter and then devote a few pages to the special forms
of mechanism introduced by various manufacturers.

A prepayment meter consists of a normal quarterly meter to which
is attached a coin mechanisin, the {atte r conta‘ning a switch which is
closed by means of coins inserted via a slot in the meter cover, and
which is opened when the adiancement of the revolution counter
corresponds to the number «f co.ns inserted at the price per unit
charged.

The insertion of a coin of the correct value permits of a mechanical
coupling between the external operating handle and a coin-rest shaft
to which is geared the sun-wheel of a differential gear (section 8.31).
Rotation of the operating handle now turns the shaft, thereby advancing
the sun-wheel through an angle proportional to the value of the inserted
coin, simultaneously driving the planet-wheel arm through a propor-
tionate angle. When the coin rest shaft has rotated through a certain
angle, the coin is released and drops into the coin box. The other
sun-wheel of the differential gear is driven in the opposite direction by
the revolution counter of the meter. Thus, the planet-wheel arm is
driven in one direction by the inserted coin and in the opposite direction
by the revolution counter, at a rate proportional to the supply of
energy to the consumer. When the planet-wheel arm is in its zero
position, i.e. when the consumer has exhausted his credit, the switch-
tripping mechanism operates. The first coin inserted after this, in
addition to advancing the coin sun-wheel of the differential gear, and
the planet-wheel arm, causes the switch to close again. Further coins
merely advance the coin sun-wheel and the planet-wheel arm in the
normal manner.

The gearing between the revolution counter and the energy sun-
wheel determines the price per unit to be paid by the consumer. Thus,
if the gear ratio between the revolution counter and the energy sun-
wheel is x:y, the changing of this ratio to x:2y ig equivalent to
doubling the price charged per unit. Usually, the fuanufacturer inserts
a small gear compound between the revolution counter and the energy
sun-wheel; this being designed to facilitate replacement. These gear
compounds each correspond to a certain price per unit and are easily
interchangeable.

Since the advance of the coin sun-wheel of the differential gear is
proportional to the number of coins inserted, a wheel is meshed with
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it and geared to a further train of wheels, the spindles of which are
fitted with pointers which indicate directly, upon a series of dials, the
total coins inserted. This provides the engineering and accountancy
staffs of the undertaking with very useful information.

We have already seen that the deflection of the planet-wheel arm
(and therefore the main differential shaft, to which the arm is rigidly
attached) from the position at which the switch trips, is proportional
to the coins unused, or to the amount of energy to the credit of the
consumer. A pointer may therefore be attached to this shaft, and if
provided with a suitable dial it will indicate the coins unused. If the
units unused are to be indicated, suitable gearing must be provided
between the main differential shaft and the units unused pointer.
This gearing must be capable of simple modification with change of
price per unit.

Indication of coins unused has the advantage that the average
consumer on a prepayment tariff probably appreciates information in
monetary, rather than electrical, terms.

Where prepayment mechanisms are designed to take coins of more
than one denomination, mechanical coupling will occur for each of the
different diameters of the acceptable coins. The gearing between the
coin-rest shaft and the coin wheel is selected according to the diameter
of the coin inserted, so that the coin sun-wheel may be advanced by
an angle proportional to the value of the coin.

We will now briefly consider prepayment devices adopted by various
meter manufacturers.

10.3. The Aron Type eP Single-phase Prepayment Meter.

A schematic arrangement of the prepayment mechanism, which is
linked to the normal quarterly meter, is illustrated in Fig. 125. When
a coin is dropped through the slot provided in the meter cover, it falls
through a chute into slot 1 of the coin-rest, where it lodges vertically.
As the operating handle is turned, it engages with the cross-pin 3 in
the spindle, which is rigidly attached to the semi-cylindrical sleeve 2.
In the absence of a coin this sleeve, which co-axially encloses the
coin-rest, is free to rotate around the latter. After the introduction of
a coin into the coin slot, turning of the operating handle brings the
edge 24 of the sleeve 2 into contact with the coin and uses it as a lever
for the turning of the coin-rest. When half a revolution of the coin-rest
has been described, the coin is released into the coin box and the
handle, when released, automatically returns to the position for the
next coin insertion. The turning of the coin-rest, and wheel 4 which
is fixed to the end of it, rotates wheel 5 and the double-throw cam; the
latter being double-heart-shaped on account of only half a revolution
being necessary for the operation of each coin. The rotation of the
cam is against a pressure due to the roller 7, which is located at the end
of a lever controlled by a fairly strong spring. This pressure persists
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until one of the two tips of the cam passes the roller and thereafter
forces the completion ef half a revolution of wheel 5. This also results
in the completion of half a revolution of wheel 4 and the coin-rest 1,
causing gravitational ejection of the coin from the now lower face of the
slot, and leaving the opposite face ready to receive the next coin.

Fig. 125.—Schematic Diagram—Aron type eP Prepayment Mechanism.

When the switch has previously opened, rotation of wheel 5, due to
the operation of the following coin, rotates cam 54 which is fixed to
wheel 5, and one or other end of the cam abruptly deflects the tail of
switch quadrant lever 8. This rotates around pivot 9 against the
tension of spring 1o and turns pinion 11, thereby turning switch drum 12
into contact with the copper shoe 13, simultaneously lifting switch
arm click 14 from a vertical to a horizontal position, where it is trapped
by lever 15, and retained in position to keep the switch closed.

The differential gear is similar in principle to that already described,
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it and geared to a further train of wheels, the spindles of which are
fitted with pointers which indicate directly, upon a series of dials, the
total coins inserted. This provides the engineering and accountancy
staffs of the undertaking with very useful information.

We have already seen that the deflection of the planet-wheel arm
(and therefore the main differential shaft, to which the arm is rigidly
attached) from the position at which the switch trips, is proportional
to the coins unused, or to the amount of energy to the credit of the
consumer. A pointer may therefore be attached to this shaft, and if
provided with a suitable dial it will indicate the coins unused. If the
units unused are to be indicated, suitabie gearing must be provided
between the main differential shaft and the units unused pointer.
This gearing must be capable of simple modification with change of
price per unit.

Indication of coins unused has the advantage that the average
consumer on a prepayment tariff probably appreciates information in
monetary, rather than electrical, terms.

Where prepayment mechanisms are designed to take coins of more
than one denomination, mechanical coupling will occur for each of the
different diameters of the acceptable coins. The gearing between the
coin-rest shaft and the coin wheel is selected according to the diameter
of the coin inserted, so that the coin sun-wheel may be advanced by
an angle proportional to the value of the coin.

We will now briefly consider prepayment devices adopted by various
meter manufacturers.

10.3. The Aron Type eP Single-phase Prepayment Meter.

A schematic arrangement of the prepayment mechanism, which is
linked to the normal quarterly meter, is illustrated in Fig. 125. When
a coin is dropped through the slot provided in the meter cover, it falls
through a chute into slot 1 of the coin-rest, where it lodges vertically.
As the operating handle is turned, it engages with the cross-pin 3 in
the spindle, which is rigidly attached to the semi-cylindrical sleeve 2.
In the absence of a coin this sleeve, which co-axially encloses the
coin-rest, is free to rotate around the latter. After the introduction of
a coin into the coin slot, turning of the operating handle brings the
edge 24 of the sleeve 2 into contact with the coin and uses it as a lever
for the turning of the coin-rest. When half a revolution of the coin-rest
has been described, the coin is released into the coin box and the
handle, when released, automatically returns to the position for the
next coin insertion. The turning of the coin-rest, and wheel 4 which
is fixed to the end of it, rotates wheel 5 and the double-throw cam; the
latter being double-heart-shaped on account of only half a revolution
being necessary for the operation of each coin. The rotation of the
cam is against a pressure due to the roller 7, which is located at the end
of a lever controlled by a fairly strong spring. This pressure persists
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until one of the two tips of the cam passes the roller and thereafter
forces the completion of half a revolution of wheel 5. This also results
in the completion of half a revolution of wheel 4 and the coin-rest I,
causing gravitational ejection of the coin from the now lower face of the
slot, and leaving the opposite face ready to receive the next coin.

13A

13

Fig. 125.—Schematic Diagram—Aron type eP Prepayment Mechanism.

When the switch has previously opened, rotation of wheel 5, due to
the operation of the tollowing coin, rotates cam 54 which is fixed to
wheel 5, and one or dther end of the cam abruptly defle:ts the tail of
switch quadrant lever 8. This rotates around pivot g against the
tension of spring 1o and turns pinion 11, thereby turning switch drum 12
into contact with the copper shoe 13, simultaneously lifting switch
arm click 14 from a vertical to a horizontal position, where it is trapped
by lever 15, and retained in position to keep the switch closed.

The differential gear is similar in principle to that already described,
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the coin sun-wheel being driven by pinion 16, and the energy sun-wheel
by wheel 25 from the revolution counter of the meter, via the price-
change gear compound. We have already seen that the spindle 19 will
vary in position according to the coins to the credit of the consumer.
Attached to this spindle is cam 21, and when the coins credit is ex-
hausted the pin on the inner face of cam 21 deflects lever 15 and
releases the tip of click 14. This abruptly opens the switch contacts
through the action of spring 10 operating through the rack in the end
of lever 8, and through pinion 11.

10.4. Chamberlain & Hookham Prepayment Switch. An
interesting feature of the Chamberlain & Hookham prepayment
mechanism is the mercury switch illustrated in Fig. 126. This consists

F16. 126.—Mercury Switch (Chamberlain & Hookham Ltd.)

of a tube of insulating material, plugged at each end and pivoted in
the centre. Two copper contacts are fitted in the manner shown, and
the tube is partly filled with mercury so that, when the axis of the tube
is horizontal, the mercury connects the contacts, thereby completing
the series circuit of the meter. When the tube is inclined, the mercury
rests in the lower portion of the tube, thereby breaking the series
circuit.

10.5. Metropolitan-Vickers Type DM Prepayment Meter.
In the Metropolitan-Vickers type DM prepayment meter, the drive
from the revolution counter to the energy sun-wheel of the differential
gear is assisted by a helical spring which is wound up by the turning
of the coin-operating handle when a coin is passed through the mechan-
ism. This has the dual advantage of relieving the meter of the prepay-
ment mechanism friction and taking up the back-lash in the gear train,
thereby reducing the individual error in the electricity delivered for
each first coin. A single-pole switch of the quick-make quick-break
contactor pattern is employed, and this has a self-aligning rolling butt
contact, and asbestos arc shields. When fitted to a d.c. meter it is
provided with a magnetic blow-out.

10.6. Ferranti Switch. The Ferranti switch is of the open type
and of unusual, yet simple, construction. It has a very narrow break
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and relies for its action upon rapid de-ionisation which is induced as
the current wave passes through zero. The actual break occurs in
2.10% micro-seconds, and once the gap has been de-ionised the current
cannot re-establish itself.

The object in making the gap small is twofold. It leaves only a
small volume of gas to be de-ionised and also keeps the pressure drop
between the contacts (which is proportional to the length of the gap)
very small, thereby keeping the energy available for ionisation at a low
value. The switch is actually constructed so that there are two gaps
in series (Fig. 127 (@)), thus enabling the energy to be dealt with in
two separate places. The electrodes are formed cf comparatively large

Fic. 127.—Prepayment Mechanism Switch (Ferranti).

masses of high conductivity copper, which rapidly cool the electrode
“hot-spot” and, by virtue of their possessing a large surface area,
quickly absorb the heat of the ionised gases. The absorption is accen-
tuated by the lateral spreading of the arc in the partial vacuum created
by the receding contacts. When the switch closes, a wiping action
takes place between the contact surfaces, thereby removing any
particles of foreign matter from between the surfaces, which would
otherwise increase the contact resistance. The largest duration for the
arc to be maintained is 1/2f seconds, where f is the frequency of the
supply. Thus, at 50 cycles per second, the maximum arcing period is
1/100th of a second.

Fig. 127 illustrates diagramatically the general principles of the
mechanical operation of the switch. The advantage of the double-
toggle device is that it reduces the mechanical loauing of the tripping
system, at the same time closing the switch contacts with a pressure
of 60 lb. per square inch. The switch operates satisfactorily up to
50 ampéres 230 volts,

10.7. Two-part Tariff Prepayment Devices. One method of
charging a consumer for the supply of electricity is by means of a
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two-part tariff (section 12.7), whereby the consumer pays a fixed charge
per year to cover his share of the capital and standing charges of the
undertaking, and a certain price per unit for the energy supplied.
Generally, the price charged per unit is considerably less than when
the consumer is on a flat rate, i.e. when his only form of payment is
at a certain price per unit, irrespective of how much or how little he
takes. Such a tariff is particularly beneficial to the consumer who
makes full use of his installation, since the price per unit is relatively
small, and providing he uses sufficient electrical energy, the overall
cost per unit is affected but little by the standing charge. Such a
system also has its advantages for the undertaking, since it guarantees
a certain annual income towards the meeting of the interest and sinking
fund charges and, to a certain extent, covers the general maintenance,
wages costs, and managerial expenses inevitably incurred by such an
establishment. Furthermore, it is apparent that the consumer who
demands very little energy during the course of the year is only a
liability to the undertaking, as his bill would possibly not even cover
his fair share of the cost involved in guaranteeing him a supply of
electricity, apart from the fuel costs due to the generation of the
electrical energy supplied to him.

In order to meet the requirements of such a tariff, and still permit
consumers to remain upon a prepayment basis, manufacturers have
developed fixed-charge collectors which have been designed to operate
in conjunction with the normal prepayment meters. These collectors .
operate by subtracting a prearranged sum, over a given period,
from the amount credited to the consumer by the prepayment
mechanism.

10.8. Two-part Tariff Meter—Shunt-torque Type. One of the
earliest forms of two-part tariff prepayment a.c. meter consisted of a
normal quarterly meter given a very powerful shunt torque which
rotated the disc at a predetermined speed; the meter having a normal
prepayment attachment. Since this rotation was superimposed upon
the whole curve of the meter, it was equivalent to reducing the con-
sumer’s coin credit at a constant rate, whilst charging a certain price
per unit for energy supplied. The speed of rotation of the disc was
dependent upon the predetermined fixed charge, and was directly
proportional to the latter. Obvious disadvantages of such a meter were
that each had to be tested and adjusted to suit the individual tariff
requirements of the consumer in whose premises the meter was to be
installed, and that the alteration of the fixed charges of a meter was
a somewhat involved operation. Furthermore, alteration of the price
per unit of the prepayment mechanism, unless accompanied by an
adjustment of the no-load speed of the meter to an inverse ratio,
altered the fixed charge of the meter. Another disadvantage of the
meter was that, as the shunt torque is proportional to the square of
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the applied voltage, the meter was rendered inaccurate with departure
from the declared value.

10.9 Synchronous Motor Type Fixed Charge Collector.
Generally, in the modern a.c. two-part tariff meter, the fixed-charge
side of the mechanism consists of a small, self-starting, synchronous
motor which is connected across the mains on the input side of the
meter, thereby ensuring that it will run continuously. The usual speed
of such a motor is 200 r.p.m. (i.e. it is fitted with fifteen pairs of poles
for use at 50 cycles), and it will remain in synchronism for any applied
voltage within the wide limits of 4+ 25 per cent of the declared value.
This motor is utilised, through a gear train, to drive one side of an
auxiliary differential, whilst the othe¢r sun-wheel of this differential
gear is driven by the revolution cour ter. Both of the drives are positive
and, as a result, the planet-wheel arm and the spindle to which it is
rigidly attached advance at a rate proportional to the summation of
the advancement of the two sun-wheels. The spindle is then geared to
the energy sun-wheel of the main differential gear of the prepayment
mechanism, the latter being identical with that already described in
section 10.2, etc.

It will be appreciated that the standing-charge tariff will be more
flexible than the price per unit (the former often being based upon a
certain percentage per year of the rateable value or, in some cases,
upon the floor area of the house in which the meter is to be installed).
Therefore, some convenient means of altering the rate of exhaustion
of the consumer’s coin credit, to suit individual conditions, is necessary.
This must be capable of simple adjustment and, preferably, avoid the
necessity of fitting special gear compounds between the synchronous
motor and the fixed-charge sun-wheel of the auxiliary differential.
Since no variable speed transmission, covering a very large range and
including very small change steps, has been devised, several ingenious
arrangements have been developed to overcome this difficulty. Broadly,
they all work upon the same principle whereby only an intermittent
portion of the synchronous motor drive is transmitted to the coin credit
reducing mechanism; the remainder of the travel of the synchronous
motor being idle. The cycles of useful and idle time are predetermined,
the total overall periods being equal and of comparatively short dura-
tion, and the ratio (useful time) : (useful{idle time) is constant for
any given setting of the fixed charge. Usually, an arm carrying a pawl
is rotated at a constant speed by the synchronous mo‘or, through a
train of gears. During each revolution of the arm the pawl engages
with a wheel geared to the fixed-charge sun-wheel of the auxiliary
differential gear and advances the wheel through a certain angle, after
which the pawl is disengaged. This advancement can be varied and,
as the rate of exhaustion of the consumer’s coin credit is directly
proportional to the angular advancement of the above-mentioned
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wheel, per revolution of the constant speed operating arm, it forms
a very simple method of variation of the fixed charge applied to the
consumer.

10.10. Hotel-service Prepayment Mechanisms. In view of the
demand by hotel authorities for a prepayment mechanism, the coin
credit of which can be mechanically exhausted when a resident perma-
nently vacates his room, manufacturers have modified their normal
prepayment mechanism to meet this requirement. A push-button is
attached to the cover of the meter, and upon being pressed the differen-
tial gear is so released that the planet-wheel arm and main differential
spindle return to the zero position, thereby exhausting the consumer’s
credit and tripping the switch. When the room is again occupied, the
new resident must insert a suitable coin in the prepayment mechanism
before he can receive a supply of electricity.

11.11. Prepayment Collectors for Billiard Tables, etc. A novel
application of the prepayment meter is for the collection of charges
for the hire of billiard tables in certain places of amusement. The table
lighting system is connected to the output side of the prepayment
meter and the price per unit is governed by the rate of charge for the
billiard table and by the load upon the meter. Thus, if the charge is
at the rate of two shillings per hour for the table, and the table lighting
system consumes 500 watts, the price per unit can be determined from
the expression

Price per hour=(Price per unit) (Units consumed per hour)

Price per hour
Units consumed per hour
_2l
=05
= 4/.

When the billiard table has been in use for a period corresponding
to the money inserted in the meter, the switch trips and it is necessary
to insert a further coin in order to have sufficient light for play to
be resumed.

10.12. The Testing of Prepayment Mechanisms. Since the
testing of the meter element is exactly the same as for the ordinary
quarterly meter of the same make and type, we will only consider the
method of testing the mechanism. .

Each tester is likely to evolve his own particular method, and this
will largely depend upon the type and make of meter passing through
his hands, and the faults to which it is most prone. A general form of
test, however, may be made in the following manner.

The mechanism is run down to zero credit by connecting a load to
the meter, Alternatively, the gearing between the pinion, or worm,
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on the disc spindle and the first wheel of the revolution counting
mechanism may be disengaged. The wheel is then turned by hand,
in the same direction as it would be driven by the disc spindle, until
the coin credit is almost zero. The gearing is now remade and the
switch is allowed to trip by means of an electrical load applied to the
meter. The revolution counter and prepayment mechanism pointers
are now set to zero (or, where necessary, their registrations are re-
corded). A coin is then inserted and during the cycle of operations
careful observation is made to ascertain whether the switch makes
contact in the correct manner. The coin credit is again reduced by
hand until it is almost zero; the hinal tripping being made by a load
upon the meter. The registration of the revolution counting dial should
now be equal to

Price pei unit (pence)
within the limits allowed and the actual reading should be recorded.
A further coin is inserted and the above procedure repeated, except
that the pointers are left untouched. The revolution counter pointers
should now read twice the previous value.

This test is repeated until the tester has assured himself that the
switch is operating satisfactorily and that the “first-coin” error is
within the prescribed limits (usually -+35 per cent). It should be men-
tioned that one of the tripping tests should be made with one-twentieth
full load upon the meter, and another with reasonable vibration at
full load.

Coins are then inserted to the ‘‘coins-unused” capacity of the
mechanism, and inspection must be made to ensure that the device
prohibiting the insertion of further coins now comes into operation.
The mechanism may now be run down electrically, or by hand, but
the final tripping must be effected by a load upon the meter. When it
has finally tripped, the advance of the revolution counter pointers
should bear the following relationship to the total coins inserted:

The value of coin inserted (pence)kWh

Value of total coins inserted (pence)
" Reading of meter in kWh

Throughout the above process it is essential to ensure that the
operation of each coin is correctly recorded upon the ‘“Total coins
inserted” and “Coins unused’’ or “Units unused’’ dials of the prepay-
ment mechanism, and the overall accuracy in the delivery of energy
by the meter should be much higher than that per individual coin. In
fact, the advance of the revolution counter dial should be well within
=+ 1 per cent of the value corresponding to the total coins inserted.

If the mechanism fails to pass the above tests, the cause of the
trouble must be located and removed. The remedy will obviously
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depend upon the type and make of mechanism, and it is therefore
advisable to purchase meters with as simple, but reliable, mechanisms
as possible.

The most frequent source of trouble with the prepayment mechanism
is the variation in quantity of energy delivered for a single coin. This
is because most prepayment devices are designed for the insertion of
ten or more coins to the credit of the consumer. This usually represents
an advance of 180° of the main differential spindle, and since the
tripping mechanism does not operate at an absolutely definite point
of the cam, a very small variation in the tripping point represents an
appreciable portion of the cam motion for one coin. The design of a
mechanism with a small “coins-unused’ capacity would greatly mini-
mise this trouble. Furthermore, in the case of a meter designed to
operate with shillings, it is most unlikely that the consumer would have
a coin credit approaching ten shillings; this giving a strong case for
a meter with a smaller “‘coins-unused’’ capacity.

In practice, the above characteristic of the prepayment mechanism
is not so serious as it would at first appear, since what a consumer
loses upon one coin he gains upon another and, taken over the average
of a great number of coins, the energy delivered will be correct.

In the case of a hotel-service prepayment meter, the ‘“‘coins unused”
capacity is generally four coins, thereby greatly minimising the first-
coin error and giving each consumer a better chance of receiving his
correct amount of energy.

The above method of testing prepayment devices would appear very
lengthy where a batch of, say, fifty meters are to be tested. The
tripping tests, however, can be arranged so that the switches open at
different times. When a meter switch trips the advance of the revolu-
tion counter should be recorded and a further coin inserted, thereby
completing the series circuit of the whole batch of meters.

10.13. The Testing of Two-part Tariff Meters. The testing of
the prepayment mechanism can be performed in the manner described
in section 10.12, it only being necessary to open the synchronous motor
circuit of the fixed-charge collector. The latter may be tested by noting
the time taken for it to trip the switch after the insertion of a con-
venient number of coins. For the purpose of measuring the time
accurately, an electric clock of the type suitable for operation from
time-controlled mains may be connected across the load terminals of
the meter (with the testing link between the pressure and series coils
connected). The energy taken by the clock will be too small to cause
any but the smallest sizes of meter to register and will therefore have
no effect upon the accuracy of the test. The clock can be arranged to
commence as soon as the meter switch is closed, and will stop as soon
as the switch opens.

In view of the fact that the synchronous motor only intermittently
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drives the fixed-charge sun-wheel of the auxiliary differential gear,
the above tests must be run for a multiple of the period taken for one
complete cycle of useful and idle drive of the synchronous motor.

In general, a combined test of the prepayment mechanism and the
fixed-charge collector is more convenient (as well as approaching more
nearly the actual conditions of service). In this case, one or more coins
are inserted and a convenient load is placed upon the meter. The
fixed-charge collector is allowed to operate for a multiple of the period
between successive drives of the synchronous motor. At the completion
of the period the fixed-charge collector is rendered inoperative by
disconnecting the synchronous motor. and the meter is allowed to
continue running until the switch irips. If E vnits of electricity are
registered upon the revolution counter dial, the price per unit being
P pence, and the coins inserted are equivalent to C pence, then the
reduction in credit by the fixed-chasge collector is

(C— EP) pence.
If H is the number.of hours of operation of the fixed-charge collector,
the fixed-charge S, in pence per week, is given by
168
S=(C—EP) i
which should agree with the setting of the fixed-charge indicated upon

the tariff dial.

In order to facilitate a more speedy test than the above, certain
manufacturers have produced small gear units for attachment to the
fixed-charge collector. The function of such a unit is to replace a
section of the gearing between the synchronous motor and the drive of
the wheel before the intermittent driving device. These can sometimes

be operated manually.
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CHAPTER XI

Measurement of Energy in Polyphase Circuits

11.1. Number of Watt-hour Meters Required for Energy
Measurement in Polyphase Circuits. In section 4.4, we derived
a rule concerning the number of wattmeters, or elements in a polyphase
wattmeter, which would be sufficient for the measurement of power
in a polyphase circuit. This rule is that if there are » wires in the
supply network, (n—1) wattmeter elements will be sufficient for the
measurement of power expended in the circuit, irrespective of whether
or not the system is balanced. Furthermore, it is entirely independent
of the law of variation of the current in the respective lines.

We have since found that if the wattmeters, or polyphase wattmeter,
be replaced by watt-hour meters, or a polyphase watt-hour meter
connected in a similar manner, the total consumption of energy will be
integrated over any given period. Thus, we may state that if there are »
wires in the supply network of a polyphase system, (#—1) single-phase
watt-hour meters (or one polyphase watt-hour meter comprising (#—1)
elements) are capable of measuring the total energy dissipated in a circuit.

In general, a single meter is used for such purposes, and it usually
consists of two or more driving elements, mounted in such a manner
as to have one common spindle and one common braking system.
A separate disc is usually provided for each element, but in certain
meters the individual elements operate upon one common disc.

We will now consider the methods employed in practice for the
measurement of energy in the various polyphase a.c. systems.

11.2. Two-phase Three-wire System. Since this system is not
so common as the others about to be described, we will first consider
the arrangement of such a network. The circuit diagram is given in
Fig. 128. The system consists of two phases, commoned at one end of
each, the p.d.s being 9o° out of phase, as shown in the vector diagram
of Fig. 128 (b). Thus, if the voltage across each phase is V, that across
the outer wires of the system will be 1-41V, leading the phase voltages
by 45° and 135° respectlvely Similarly, if it is a balanced system, the
current in the common wire will be 1-41 ‘times the current in either of
the separate phases.

One method of measuring the energy in such a system is by means
of two single-phase meters, connected as shown in Fig. 128 (a). The
total energy will be

1000

I ty
X /(e,i1+e,i,)dt. kWh
4
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where ¢, and ¢, are measured in hours.

ty

But meter 1 will register I / eyt dt. kWh
1000

1

t

t2
. . . 1 ,
and meter 2 will register -—-- / eg1,dt. kWh
1000 /4

Hence, the summation of their readings will give the total energy
supplied between ¢, and ¢, hours.
This method is not suitable for the purpose of measuring total

2- Phase
Alternator
M,
!
TWJ” ,
4.
’ # Load
y
00 - 1 —
M2

(b)

F1G. 128.—Two-phase Three-wire System.

maximum demand, and where this is required it is essential to use a
two-element meter. The connections of the elements are similar to
those for the single-phase meters, and the driving torque will therefore
be proportional to E,I, cos 6,+E,I, cos 8, and, since the speed will
be proportional to the torque, the meter will register the total energy
supplied. Actually, the common spindle has the effect of summating
the torques of both elements, thereby making it possible to integrate
the total energy upon one revolution counter dial.
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When the loads are equal, each of the single-phase meters will read
half the total load. Thus, one meter only need be employed, providing
its revolution counter is geared to register twice the previous amount.
It should be mentioned that such a method has not met with the
approval of the Electricity Commissioners as a means of measuring
the supply of electricity.

11.3. Three-phase Three-wire System. Three-element
Meter. We have already seen (section 4.6) that three single-phase
wattmeters may be employed for the measurement of power in a
three-phase three-wire circuit. Similar reasoning shows that three
single-phase watt-hour meters, connected in a similar manner, will
measure the total energy supplied in a circuit. A polyphase watt-hour
meter, comprising three elements, and connected in the same manner,
would also be capable of measuring the total energy in a three-phase
three-wire circuit.

11.4. Three-phase Three-wire System. Two-element Meter.
Referring to section 4.3, we found that the total instantaneous power
in a three-phase three-wire circuit is

23(v;—vg) +15(vs—0y)
Therefore, the total energy is

2%

b . .

el — —v,)dt. KkWh
To0e /::(v1 V) +13(vg—0y)d

If the rotational speed of a disc is made proportional to the mean

(b)

F16. 129.—Connections and Vector Diagram for Three-phase
Three-wire Two-element Meter.

value of 4,(v;—v,)+45(v3—v,), then providing it is suitably geared to

a revolution counter, the latter will register the total energy directly in

kWh. In practice, this is attained by employing one common disc and
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two separate watt-hour meter elements, the elements being connected
in the manner illustrated in Fig. 129 (4); whilst the vector diagram of
Fig. 129 (b) represents the conditions when the load is balanced.
Where it is required to measure the total maximum demand, a
polyphase meter of the above type is essential. In other cases, however,
two single-phase meters could be utilised for the purpose.
Under the above conditions the “red”’ element will register

ty
FOIE)E) /’f’:RyIR cos (30-+ 6r)dt. kWh

and the “blue’’ element

l!
1 / Esyls cos (30--0g\dt. KkWh
woo J

and the summation of their readings will give the total energy delivered
between ¢, and ¢, hours.

When theloadis balanced, Egxy=FEgy==-Egp, Ir=1y-=1g, 0g=0y=0p
and the total power

=ERgylIr cos (304 6)+Epylp cos (30—0)
=ElI[cos (304 6)-+cos (30— 6)]
where E=Egy, etc., I=I, etc., 6="0g, etc.
Total power=EI [cos 30 cos §—sin 30 sin 8--cos 30 cos 6+sin 30 sin 6]
=EI[2 cos 30 cos 6]
=4/3 EI cos 6
and the total energy

-— t2
= _\-/—31 EI cos 6dt. kWh
1000 )

Under these balanced conditions the energy may be measured by a
single-element meter with two transformers, connected as shown in
Fig. 130 (a) or, alternatively, by a meter with two series windings upon
the same electro-magnet limb, connected as illustrated in Fig. 130 (3).

In both cases the conditions will be as represented by the vector
diagram of Fig. 130 (c), and the resultant energising current of the
series electro-magnet (Iz_g) will lag Er_s by angle 6., Therefore, the
meter will register

tl
X [Er_sIx_s cos 6dt. kWh
1000 tl

but Ep_g=F and Ir_s=+/3 Ix=4/3 1
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—
therefore registration =~§/i /EI cos 6dt. kWh
1000 ¢y

which will be correct as long as the system remains balanced.

For the directly connected meter, the same number of ampére-turns
must be provided upon each of the series windings. Similarly, in the
case of the meter employed in conjunction with current transformers,
the latter must have the same ratios.

e/ L R
o 14 >
(8 (6)

«©)

F16. 130.—Connections and Vector Diagram
for Balanced Load Single-element Three-
phase Three-wire Meter.

The above type of meter has not received the approval of the
Electricity Commissioners. It is, however, used frequently for costing
purposes in which a second party is not involved.

11.5. Three-phase Four-wire System. In the four-wire system,

Red Yellow Blve
[ [ |
R__ \
y [ L
8 ' { [
v .

F1c. 131.—Connections for Three-element
Meter—Three-phase Four-wire System.
the neutral is available, and therefore three single-phase meters may be
connected so as to measure the energy in each phase. The connections
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are as shown in Fig. 131, and the total energy is the summation of
their respective registrations.

Alternatively, a single meter comprising three separate single-phase
elements may be employed and so mounted as to drive one common
moving system, the speed of which (neglecting friction and the varying
current fluxes) is proportional to the mean power. The meter therefore

ly
registers 1—0160 [(E;J r €0s Or+ Eyiy cos Oy+Eglp cos 0g)dt. kWh
t

which is the total energy delivercd to the rircuit,

Such a meter has the advantagas over three single-phase meters of
being more compact, registering the tntal energy on onc dial, and being
suitable for the measurement of uverage total maximum demand.

11.6. Two-element Meter for Three-phase Four-wire Sys-
tems. A two-element mcter is frequently employed for the measure-
ment of energy in a three-phase four-wire circuit. The connections of

Red Blye
r-\.u.ur]
o e i
y { [/ \{
8 ¢ L
”,
(a). Directly connected Meter
Red Blye
i "UW\—&_ VY
R 54 >
14
8 > ':MAL'J
N

(b). Current JransFormer connected
Meter

Fi1G. 132 (@) and (b).—Circuit Diagrams for 1 wo-element Meters—Three-phase
Four-wire System.

such a meter are illustrated in Figs. 132 (a) and (b) for directly con-
nected and transformer connected meters respectively., As can be seen
from the diagram, the ‘“red”’ element has its poteficial circuit energised
by means of the red to neutral voltage, and the series electro-magnet
is energised by the red current and the reversed yellow current. The
“blue” element has its potential circuit energised by the blue to neutral
voltage, whilst its series electro-magnet is energised by the blue current
and the reversed yellow current.
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In the directly connected meter there are two windings on the series
electro-magnet of each element, and these are suitably insulated to
withstand the difference in potential between the respective lines. The
transformer connected meters have only one series winding upon each
series electro-magnet; this being possible by virtue of the isolation of
the secondary windings of the transformers from the line potentials.

£/?-£y fa-fy

Fig. 132 (c).—Vector Diagram for Two-element Meters—Three-phase
Four-wire System.

Considering the case of a balanced load, where the power factor is
cos 0, the conditions will be as represented in the vector diagram of Fig.
132 (c). The driving torque of the “red”” element will be proportional to

ErIgr_y cos (30—06)
" or V3EpI cos (30—6)
where Ep=ER, etc., and I=1Ig, etc.
The driving torque due to the “blue’”’ element will be proportional to
Eglp_y cos (30+6)
or V'3EpI cos (30+6)
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Therefore, the total driving torque on the moving system will be
proportional to

v/3EpI [cos (30—6)+ cos (30+6)]
=K+V/3EpI [2 cos 30 cos 6]
=3KEpI cos 6

or V3KEI cos 6, since E=V3Ep
and the total registration will be

- ¢,
V3. { EI oo 0dt. kWh
1000 J t

which is the total energy supplied.
Should the conditions depait frum halance, the registration will be

ty
I EgfIr cos 6x +1y cos (60 ~0y)]+Es[Is cos 6-+1y cos
1000/ 4 (60+6y)]dt. kWh

whereas, it should be
1 by

;6&)_ (ERIR cos Or+Eyly cos 0y+Eglp cos Op)dt. kWh

Therefore the errdr in registration will be

[ / (Exl'y cos (60— 08y)--Ealy cos (60-+0y)dt
IOOO

t2
—jEy[y cos ﬂydl]kWh
tl

If Eg=Ey=Ep-=Ep, the error

12
=— [[ pIy[cos (60 —0y)+cos (60+0y)]dt— [ Eply cos 0ydt]kWh
4

EPIY [/2 cos 60 cos By—/cos OydthWh

I000

lq ty
._=§f_l_‘_’[ [:os Oydt—-/cos Bydt]
1000
¢ ¢
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The meter will therefore register accurately as long as the voltages
remain balanced. To determine the error when the voltages are
unbalanced, it is necessary to evaluate the expression

fy ty
/ERIY cos (60 0y)+Egly cos (604 6y)dt— | EyIy cos Oydt
Per t 4
cent = - -
error ty
ﬁERIl( cos Or+EyIy cos 0y +Eglgcos Og)a’l

£

We see from the above that, from the point of view of accuracy, a
three-element meter is superior to the two-element meter in a four-wire
circuit. On account of its limitations, the latter meter has not received
the approval of the Electricity Commissioners.

Two single-phase meters, in conjunction with three transformers
connected in the same manner as for the two-element meter, or two
single-element meters with their series windings suitably modified, may
be employed for the measurement of energy in a three-phase four-wire
circuit. They have the same limitations, however, as the two-element
meter and, in addition, are not suitable for use when it is required to
measure the average total maximum demand. ’

11.7. Constructional Details of Polyphase Meters. Each
driving element of a polyphase meter is similar in construction to
that of the single-phase meter of the same make. It is modified, how-
ever, in order that the driving torque can be adjusted. This is
essential, since the various elements of the meter have one common
braking system, and each element must exert the same driving
torque upon the moving system, for any given load, to effect accurate
registration.

A device is therefore provided for the purpose of increasing or de-
creasing the driving torque of an element relative to that of the other
elements. It may operate upon the series or potential fluxes of the
meter. In the Chamberlain & Hookham two-element polyphase
meters, types BT and BT4, the lower element is inverted and the series
laminations of the two elements are mounted on the same base plate.
In this manner they are fixed relative to one another. By means of
two eccentric studs, operating in slots cut in the base plate, the series
laminations can be moved up or down. When moved upwards, the
gap between the series and potential laminations of the upper element
is narrowed, thereby increasing the torque of that element. At the
same time, the gap of the lower element is widened and this reduces
the driving torque of the lower element. Thus, any adjustment of the
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balance device affects both elements and necessitates the complete
recalibration of the meter.

11.8. Type JT4 Polyphase Meter—Chamberlain & Hook-
ham Ltd. In the three-element meter, type JT4, manufactured by
Chamberlain & Hookham Ltd., only top and bottom elements are
fitted with balance adjusters; the middle being the reference element.
The adjustment is similar to that already described for the types BT
and BT4 meters, except that the series lJaminations are not mechanically
coupled and can therefore be individually adjusted. Tt should be
mentioned that both the eccentrics operating the series laminations
should be adjusted by the same amonnt, otherwise the series lamina-
tions will become tilted, thereby . 'tering the friction compensating
torque of the rotential flux.

11.9. Type NE Meter—Metropolitan-Vickers Ltd. Balance of
elements in the Metropcliti.n-Vickers, type NE, polyphase meter is
attained by adjustment of the position of an iron bar which is located
behind and across the poles of the potential electro-magnet. As the
bar is brought nearer the poles, so the driving torque of the element
is decreased. The position of the bar is adjusted by means of screws
accessible from the front of the meter.

11.10. Sangamo Polyphase Meter. The Sangamo polyphase
meter is so designed that the return plates (which, in the single-phase
meters, are fixed in positions relative to the series laminations) are
adjustable by means of levers. It is therefore possible to alter the value
of the series flux operating upon the disc and in this manner vary the
driving torque of one element relative to that of the other elements
of the meter. Another feature of this meter is the iron shields cast in
the base and positioned between elements; their purpose being to
prevent interaction between elements.

11.11. Types FLx and FLy Meters—Ferranti Ltd. An interest-
ing feature of the Ferranti polyphase meters, types FLx and FLy, is
that the driving elements operate upon one common disc, thereby
allowing of a more compact meter. This is made possible by virtue
of the disc having a glass centre-portion and an aluminium outer rim.
It is claimed that this composite form of disc reduces the interaction
between the elements to a minimum.

11.12. Aron Pendulum Meter. This, being essentially a two-
element meter, lends itself to the mcasurement of power in a three-phase
circuit. The connections for the three-phase three wiré and three-phase
four-wire meters are given in Figs. 133 (4), (b), and (c); the last men-
tioned giving the connections for a three-phase four-wire meter which
is transformer connected. Balance of the elements is performed by
adjustment of the ballast resistances, in exactly the same manner as
for the single-phase meter (except that the elements are adjusted
separately). This type of meter has the advantage of being sensibly
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free from interaction, and it follows that, providing the elements are
balanced, its accuracy will be independent of phase rotation.

11.13. Interaction between Elements. One of the greatest dis-
advantages of the induction type polyphase meter is the interaction
between the elements, which creates a torque upon the moving system.
Experiment has shown that this is mainly due to the stray potential
flux of one element interacting with the eddy currents created by the
working fluxes of the other elements.* Thus, in a three-phase, three-
wire, two-element meter the torque due to these stray fluxes will be
proportional to

K, (EryIpcos[9o—0g]) + K 3(Epy/x cos [90 +6:]) +K y(EsyEry cos 60)
-+ K‘,(EB)'ERY cos ()())
=K,Egylp sin 05— K Epyly sin Op-+K EryEpy

where Egy is tiic rcad to yellow voltage
Egy ,, blue to yellow voltage

Ig ,, cuarrent in “rcd” current coil

Ig ,, current in the ‘“‘blue’”’ current coil

0r ,,» pnase difference between the red current and the red
to neutral voltage

0B ,» Pphase difference between the blue current and the

blue to neutral voltage.

Inspection of the above expression tells one that there are two
varying components and one constant component of the resultant
driving torque, created by the interaction between the elements. The
constant component, K EryEpy, will have similar characteristics to
the friction compensating torque, especially when Ery=Epy. We may
therefore consider it as modifying the friction compensating torque,
which can be compensated for by suitable adjustment of the friction
compensating device upon the meter.

The values of K, and K, may be determined in the following manner:

A pre-determined load, say full load at 0'5 power factor, is applied
to the “blue’’ element, and the potent.al coil of the “red” element is
energised by the blue to yellow pressure. The meter is then timed for
a convenient number of revolutions of the disc, in order to determine
the percentage error. The potential coil of the “red” element is now
reversed relative to the blue to yellow pressyre akd the meter is
re-timed, in order to determine the percentage error under these condi-
tions. Suppose # seconds be the time for # revolutions of the disc
when the interaction is positive and #! is the time in seconds for the
same number of revolutions when the interaction is negative.

* Howarth, Electrical Powey Engineer, Vol. 9, 1927.
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Then, at o-5 power factor,
floc o
EI(1+K, sin 30)
where E=Egry=FEpy, etc., and I=Ig=Ip, etc.,
and #Hoc E‘f(?:flc‘; sin 30)
#f 2—K
Therefore Flz;—;f_?:
2804 K it =21 — K 11
_2(t -8
D
The value of K, can be determined in a similar manner.
In the case of a balanced load, the power factor of which is cos 6,
the total torque due to interaction will be proportional to
K,EI sin 6—K,EI sin 04+ K E*
where E=Ery, etc., I =Ip, etc., =0, etc.

Assuming that the friction compensating devices have been adjusted
to counteract the effect of K E2, the torque due to the interaction is
(Ky—K,)EI sin 6
and, since the driving torque for a balanced load is proportional to
v/3EI cos 0, the effect of interaction will be

(Ky—Ky)EI sin 6
W/3EIcos6
(K,—K,) tan 6 x 100

.—_[ v3 ] per cent

For balanced conditions, the above expression becomes zero when
K,=K,. For unbalanced loads, the error due to interaction will depend
upon the extent of unbalance, the values of K, and K,, and the power
factor.

The above expressions are also applicable to the three-phase four-wire
two-element meter, and expressions for the error due to interaction
in a three-element meter may be derived in a similar, if a little more
laborious, manner.

The effects of interaction may ‘be minimised by magnetically
screening each element and, in the case of the two-element meter, it is
quite a common practice to invert the lower element as this also tends
to reduce the interaction in the meter.

11.14. Phase Rotation Indicators. One can see from the above
that it is essential that the test voltage and that of the circuit in which
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the meter is finally to be installed are of the same phase rotation.
Furthermore, when the meter is installed it is extremely important to
ensure that the supply has the correct phase rotation. For this purpose,
small phase rotation indicators have been developed to facilitate quick
checking of the rotation. The terminals of the instrument are con-
nected to the live wires of the supply and the meter responds in a
manner dependent upon the phase rotation.

If, when the instrument is connected in accordance with the nominal
phase rotation of the supply, the indicator shows the wrong phase
rotation, then two of the line wires must be reversed. After this
operation the rotation will be correct.

One such phase rotation indicator . onsists of three small electro-
magnets which operate upon a piveted aluminium disc. The electro-
magnets are sta:-connected across the live wires of the supply and are
symmetrically spaced 120” apart :clative to the aluminium disc. We
thus have a sn:all mduction motor, the electro-magnets taking the
place of the stator and the aluminwum disc acting as the rotor. The
latter will therefore be under the influence of a rotating magnetic field,
due to the electro-magnets, and its direction will depend upon the
phase sequence of the line wires. We have already seen (section 3.20)
that the disc will rotate in the same direction as the magnetic field.
This direction can be determined by observation of the arrow painted
upon the disc and one can therefrom decide upon the actual phase
sequence of the supply.

11.15. Metering of Three-phase Systems-—Most Suitable
Methods. We will now briefly consider the most suitable methods of
metering three-phase systems, bearing in mind the interaction which
occurs in a polyphase meter and also that the polyphase meter has
additional friction errors to those of a single-phase meter, due to its
heavier moving system.

The most accurate method of metering a three-phase four-wire supply
is by means of three separate single-phase meters. The initial cost is
slightly higher than for a polyphase meter, but when one also takes
into account the higher testing cost of the polyphase meter, incurred
by the supply undertaking, there is little difference in overall cost.
Furthermore, the use of single-phase meters results in a smaller number
of types and sizes of meters to be stocked, thereby involving less capital
in meter stock.

The main disadvantage of the polyphase meter is that the rating
required is governed by the maximum load on any one of the phases
and, if the phase loading is greatly out of balance, it is quite possible
that one of the elements will only be driven by a relatively small load.
For example, in the case of a three-phase four-wire supply, metered
by a 20-ampére thiee-element meter, suppose that two of the phases
supply power loads up to the full load capacity of each element and
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only a lighting load is connected across the other phase. It is apparent
that, when only a lamp of, say, 60 watts is switched in circuit, the
lighting load will be approximately 1/8oth of the full load of the
element and it will only supply 1/240th of the full load driving torque
of the meter. It would be very optimistic to expect a meter to register
accurately under such conditions. The alternative of three single-phase
meters, two of 20-ampére rating and one of 5-ampére rating, would be
infinitely more suitable, since the 60 watts lighting load would then
create a driving torque of approximately 1/20th full load upon the
5-ampére meter, at which load the meter should register with reasonable
accuracy.

When it is required to measure the total maximum average demand
the employment of a polyphase meter is essential, in order that the
total torque may be summated upon one spindle and the total energy
delivered registered upon one dial.

In the case of a three-phase three-wire supply, where the neutral
is not available, the two-element meter has certain advantages over
the two separate single-phase meters. For example, when the power
factor is below 0-5 lagging (which is liable to occur in certain industrial
plant, such as induction motors) the one single-phase meter will register
in the reverse direction and, since the friction compensating torque
is adjusted for forward registration, the meter is liable to register very
inaccurately under such conditions. Furthermore, reverse registration
is likely to lead to errors on the part of the meter reading staff, and
certain minor confusion in the accounts department of the supply
undertaking. On the other hand, it might be said in favour of the two
single-phase meters that, where they are employed to measure a
balanced load, they give a valuable guide as to the power factor of the
system. We have already seen that the watt-hour meter M, will register

t
I 2
I—Oooft ET cos (30-+6)dt. kWh
1

and M, will register

I Ly
15&)j;1E1 cos (30—0)dt. kWh
Now, the difference in speeds of the two discs, at any instant, will
be given by
{(Ng—N,)=K[EI cos (30—8)—EI cos (30+8)]
=KEI [cos (30—6) —cos (30+6)]
=2KEI sin 30 sin 6
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=KEI sin 6
but N,+N,=KV3EI cos 8
N,—N EI sin 6
h 2 l=____
therefore o N, ~V/3ET cos 0
and tan 6 :W))
(No+N,y)
f=tan—! < \/:}L"Vz.:NJ))
(NN,

From the above it can be seen that the average power factor of the
system is approximatcly given by

Vjiﬁi,‘Ml))

f=tan"1{ - -2._"2

where M, is the advance of meter A, and M, is the advance of M,,
during the period over which the average was calculated.

11.16. The Testing of Polyphase Meters. Prior to the Electricity
Comruissiorers specifying that all polyphase meters were to be tested
under three-phase conditions, it was the practice of some supply
authorities to test polyphase meters with single-phase loading. In
consequence, we will consider both methods of test, commencing with
the single-phase method.

Three-phase three-wire meters are first connected as shown in Fig.
134, according to the type of meter, and allowed to run on full load

rmm———— N e ey

= ‘
Supply

(3) Directly connected (b) Transformer connected
-

F1Gc. 134.—Connections for Single-phase Testing of Three-phase
Three-wire Meters (Phantom Load Arrangement Omitted).

for a suitable period for reasons already mentioned in section 9.13.
The “red”” element potential coils are then energised with 10 per cent
in excess of the marked voltage, whilst the “‘bla.” element potential
coils, and all series coils, are left on open circuit. The friction com-
pensating device of each “red” element is now adjusted until the disc
behaves in such a manner as the tester has found from experience gives
the required friction compensating torque (the correct behaviour of the
disc is usually backwards slightly in one position and forward in all
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other positions). This procedure is then repeated for the ‘‘blue’’ element
potential coils, after which both potential coils are energised and the
tester must ascertain that the effect of the friction torque of the
combined elements of each meter is satisfactory.

The elements of each meter are now adjusted so that equal loads
applied to each element result in equal driving torques upon the meter.
For this purpose, the meters are connected as shown in Fig. 134, except
that the current in the lower element is reversed, thereby reversing the
driving torque of that element. Full load current, in phase with the
voltage applied to the potential coils, is passed through the series coils
and the balance adjusters are operated until the disc is virtually
stationary, i.e. until the driving torques of the two elements are
balanced. Each element is now individually timed on full load, slight
adjustment of the balance adjuster being made, if necessary, until both
elements rotate at the same speed at full load. For this test, the series
coil of the element not being timed is left on open circuit, but the
potential coils of both elements are energised.

Full load is now applied to both elements and the brake magnet is
adjusted until the error is in keeping with the characteristic curve of
the particular make and type of meter under test. This error is recorded
and each of the elements is individually re-timed and its error recorded;
any slight adjustment of the elements being made by means of the
balance adjusters.

The individual elements are now tested at o-5 power factor lagging,
still leaving the potential coil of each element energised, and the
quadrature loops are adjusted until each element has a suitable error
on this load. This inductive load is now applied to both elements and
the meter is re-timed in order to determine the error under these
conditions. Should a slight alteration prove necessary, it is advisable to
perform equal adjustment upon the quadrature loops of both elements.

One intermediate load, say one-half or one-quarter full load, unity
power factor, is applied simultaneously to both elements, and the meter
error determined. Providing the full load meter error has been adjusted
to within reasonable limits, the meter will in all probability be within
the limits at this intermediate load.

One-twentieth full load, unity power factor, is now applied to both
elements and the combined error is determined. Should the error fall
outside the limits which the tester considers suitable, equal adjustment
of the friction compensating loops of both elements is made until the
meter is within these limits. Any meter which has received adjustment
of the friction compensating loops must be re-timed.at one of the higher
non-inductive loads and also tested for ‘““creep’’ with 10 per cent in
excess of the marked voltage applied to the potential coils.

11.17. Allowance for Interaction. In order to eliminate the
effects of interaction from the results of the above tests, the pressure
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and current coils of the one element are reversed (the driving torque
of that element still remaining in the same direction) and the meter is
re-timed throughout the curve. The error at each load is determined
for the new conditions, and from the two sets of results the mean error
of each load is calculated. In the case of the loading of individual
elements, either the leads of the series and potential coil of the element
under test, or the potential coil of the other element, must be reversed.
(This mean error, when it refers to a combined loading upon the
two elements, is taken as the error of the meter on a balanced three-
phase load. This is based upon the assumption that K, is equal to K,
(section 11.14). If, however, K, aoes not equal K,, the interaction will
not be zero under balanced load ¢ uditions and the mean error men-
tioned above will have no meaning relative to three-phase conditions.)
11.18. Dial Test. When thc meter bas satisfactorily passed the
above tests, it is placed on dial test. Suppose E is the voltage, I the
current in ampéies, and T the period of the dial test in hours. Then
the dial reading, when both the elements are energised by a unity
power factor single-phase load, will be
2EIT
1000
V/3EIT

instead of - 2= kWh
1000

kWh

which would have been registered if a three-phase load at unity power
factor had been applied to the meter.
Similarly, the ratio of the disc speed when the meter has a single-
phase load to that of a three-phase load, will be
_2EI
v/3EI cos 30
2
Vi
Owing to the interaction of the stray flux of each potential electro-
magnet with the induced eddy currents in the disc, due to the potential
electro-magnet flux of the other element, thereby creating a constant
torque at all current loadings, it is advisable to check the meter for
creep at no-load with a three-phase supply at 1o per cent in excess of
the marked voltage. Such a test is essential, and the phase rotation
should be the same as that of the supply in which the meter is to be

installed for service.
11.19. Three-phase Four-wire Two-element Meters are tested

in exactly the same manner as described above, except that the
“yellow” series winding of each element is only energised for the com-
bined loading tests. The connections are then as illustrated in Fig. 135,
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according to whether the meter is directly or transformer connected.
It will be noted that the reversed yellow current acts with the red to
neutral and blue to neutral voltages respectively. It therefore follows
that, in order to attain a positive torque from the interaction of the
current in the “yellow” series coils with the applied voltages to the
potential coils of the “red” and “blue” elements, it is necessary, on
single-phase loading, to make a reversal as indicated.

The effects of interaction can be eliminated in exactly the same
manner as for the three-wire meter (section 11.17). It should be noted,

e—————
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F16. 135.—Connections for Single-phase Testing of Three-phase Four-wire Two-
Element Meters (Phantom Load Arrangement Omitted).

however, that the ratio of disc speed on the single-phase test to disc
speed on the balanced three-phase test will be

4EI cos 6:3E1 cos 6
4:3
where E is the applied voltage, I the load current in ampéres, and cos 6
the power factor of the load. Likewise, the advance of the pointers
under similar conditions will bear the same ratio. The increase in
reading on single-phase loading is due to the two “yellow” series coils
associating with the applied voltages to the potential coils, such that the
torque exerted is 2EJ cos 6 instead of EJ [cos (60+68)+ cos (60— 6)]
i.e. 2ET cos 6 cos 60
or EI cos 6
which would be the case for three-phase loading.

11.20. Three-phase Four-wire Three-element Meter. The
testing of three-element meters on single-phase loading is not such a
simple matter as that of the two-element meter, since the estimation
of the interaction becomes more involved.

Balancing of the elements (see Fig. 136 (c)) is effected by opposing
the driving torque of each element in turn against that of the reference
element (which usually has no balance adjuster) in the same manner
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as for the two-element meter; the balance adjuster being altered in
position until equalisation of the driving torques is obtained. Each
meter is then connected as illustrated in Fig. 136 (a) or (b) and the

Fe====9 | bt 1

D
sugely [ 70000

(c) Balancing ( Top ogoinst
middle element)

F16. 136.—Connections for the Single-phase Testing of Three-phase
Four-wire Three-element Meters (Phantom Load Arrangement Onutted).

elements are successively timed and adjusted on full load. During the
test every potential coil of the meter remains energised. The first
element to be tested is the reference element, and this is brought within
the limits by means of the brake magnet adjustment. The other
elements are then tested in turn and they are brought within the
predetermined limits by means of the balance adjusters.

The meter is then timed with full load applied to the three elements
and the error is determined. Should any alteration be necessary, it is
effected by means of the brake magnets.

The testing of inductive load and the other prescribed loads is made
in a similar manner to that described for the two-element meters.

The single-phase method of test is not recommended, and it is
imperative that the no-load test (i.e. potential only) be made from a
three-phase four-wire supply. This is obvious, since the component of
the interaction giving constant torque at all loads is

K EREy cos 60+KEgEy cos 60+KEEy cos 60
a77
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which, under balanced conditions, where E=Ep, etc., will be
K,E®
(section 11.13)

11.21. Three-phase Testing of Polyphase Meters. It has
already been mentioned that the Electricity Commissioners require
three-phase meters to be tested in three-phase circuits. Actually, the
test is very little more involved than the single-phase test previously
described and, in general, it has only been lack of suitable equipment
which has prevented supply undertakings from testing their three-phase

meters under three-phase conditions.
Three-phase four-wire meters, as well as three-wire meters, can be
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F1c. 137.—Three-phase Testing—Meter Connections.

tested in a three-wire circuit; the connections for each type of meter
being given in Fig. 137. As can be seen, in the case of the former type
of meter, the common terminal of the three potential coils is connected
to the neutral of the potential supply.

When tested in a three-wire circuit, the virtual power of the fictitious
load can be measured by means of two single-phase wattmeters or a
two-element wattmeter. An alternative method of carrying out the
tests is by comparison with a substandard three-phase three-wire two-
element meter, whence either Method A or Method B (section 9.19)
may be employed. Each element is tested individually against the
substandard at each of the specified loads and the errors are then
determined when the balanced loads are applied to the meters.

If the meters are tested against a two-element substandard watt-
meter, or two single-phase wattmeters, the total load must be kept
constant during the course of the test, by adjustment of the rheostats
connected in the lines for variation of the line currents. A polyphase
wattmeter #s the more convenient instrument for the measurement of
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the total load, since the latter is indicated upon one dial. Thus, only
one observer is required to hold the load at its correct value, thus
ensuring greater accuracy.

The test for starting current, and the initial adjustment of the friction
compensating torque to ensure that the disc will not creep on no-load,
is performed in exactly the same manner as for the single-phase test,
except, of course, that each winding is energised from its correct phase.

The meter is next tested for balance of elements. In the case of the
three-wire meter, both potential coils are energised by their correct
voltages and full load current is passed through each series coil in turn,
whilst a number of dicc revolutions are timed. The error of each
element is adjusted within saitabi ;umits under these conditions, by
manipulation ot the baiance adjusters. This balance test is made at
an equivalent single-phase power factor of unity; in other words, the
current in the series wirding of the element under test is adjusted to
be in phase with the applied voltage to the potential €oil of the same
element. Thus, in the case of the “red’”’ element, this will occur when
the red current leads its phase voltage by 30°, i.e. it is in phase with the
red to yellow voltage. The loading upon the element will be the reading
of the polyphase wattmeter or the corresponding single-phase wattmeter.

Full load is now applied to each element in turn, at an equivalent
single-phase power factor of 0-5 lagging (i.e. the current in the series coil
of the element under test being adjusted to lag the applied voltage to the
potential coil of that element by 60°); the potential coils being energised
by their correct voltages. The respective quadrature loops are adjusted
until each element is within the limits of error desided upon by the
tester, due regard being paid to the make and type of meter under test.

The meters are now tested, under balanced conditions, at each of
the following loads: () 125 or 100 per cent of the marked current,
(b) one-quarter or one-half of marked current, and (c) one-twentieth
of marked current; each of these tests being made at unity power
factor. In addition, a balanced load is applied to the meter, of full load
0-5 power factor lagging, and the error at this load is determined.

Providing the tests for the balance of the elements has been carried
out carefully, and the tester has successfully estimated the allowable
limits of error for each load, the meter should require no adjustment
at any of the halanced loads except. perhaps, one-twentieth full load.
If any adjustment of the friction compensating devices has to be
performed to bring the meter within the limits at low load, the meter
must be re-tested at one of the higher non-inductive loads.

Dial test may be run at full load, under balanced conditions at unity
power factor, and the advance of the pointers should be

V3EIT
1000
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where E is the line voltage, I is the load current in ampéres, and T is
the length of the dial test in hours.

11.22. Three-phase, Four-wire, Two-element Meters—
Three-phase Test. Four-wire two-element meters are tested in a
similar manner to three-wire meters except that, when the elements are
tested for balance, the “yellow’ series coils may be disconnected.

Each element is tested for balance with the current in the series
winding in phase with the voltage applied to the potential coil of the
element and then with the current in the series winding lagging the
applied voltage to the associated potential coil by 60°. Adjustments
are similar to those of the three-wire meter and, during the balance
tests, both potential coils are energised by their correct voltages. Tests
at balanced load are also similar to those for the three-wire meter and
therefore need not be discussed further.

11.23. Three-element Meters—Three-phase Tests. The test-
ing of three-phase four-wire three-element meters is similar to the
testing of three single-phase meters connected one in each phase of the
system. For balancing of the elements, the potential coils are energised
by their correct voltages and full load current at unity power factor
is passed through the series coil of each element in turn, and the errors
determined. It is advisable to commence with the reference element
and this is brought within the required limits by means of the brake
magnet. The other elements are then tested in turn, the errors being
made similar to those of the reference element by alteration of the
balance adjusters.

With balanced gonditions and full load unity power factor applied
to the meter, the error is again determined. Should this error be outside
the limits allowed by the tester, from his knowledge of the charac-
teristics of the make and type of meter under test, the necessary
alteration is performed by adjustment of the brake magnet, and the
recorded error for each individual element is modified by an amount
equal to this alteration.

Fullload at o-5 power factor lagging is now applied to each element in
turn and any desired alteration of the error is performed by adjustment
of the quadrature loop.

Balanced loads at (a) full load o-5 power factor lagging, (b) one-half
or one-quarter full load at unity power factor, and (c) one-twentieth
full load at unity power factor are applied in turn to the meter and
the error at each load is determined. Any adjustment required under
these conditions is similar to that already described for three-wire
meters.

The writer prefers the testing of three-phase meters initially in
single-phase circuits, and then under three-phase conditions. This is
particularly convenient for the testing of a meter which has been
completely overhauled, or a new meter never previously calibrated.
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Experience soon teaches one the characteristics of any particular type
and make of meter, and the most likely errors for single-phase loading
which will bring the meter within the limits in a three-phase test.

11.24. Errors due to Potential Flux not being in Quadrature
with Applied Voltage. If the ffective flux of the potential electro-
magnet is not in quadrature with the applied voltage to the potential
coil, certain errors in registration will result. We will therefore consider
the error introduced in a three-phase three-wire meter when the flux
of the “‘red” potential coil lags its applied voltage by (9go— Ar)° and the
flux of the “blue”” potential coil lags its applied voltage by (go—Ap)°.
The meter torque will be pinportionzl to

EgrylIr cos (304 6z L Ag) - aylg cos (30—6p— Ap)
which, at balan~ed load, ‘vill be
EI [cos (30 + 6 + Ay) + cos (30--6—Ag)]
=EI [cos (30 +8 cos Ag--sin (30 +08) sin Ag-+cos (30—06) cos Ap
+sin (30—6) sin Ag]
When Ay and Ap are small, we can make the approximations
cos Agp=cos Ag=1, sin Ar=nr/Ag/180, sin Ap=r/p[180, and the
driving torque is proportional to

EI [cos (30-+6) +cos (30— 0) +sin (30—6) lA =lr

B .
8o Sn (30+96) 1-8—0]

-V/3ET cos o+1-;5551 [Ag sin (30 —6)— Ag sin (30+6)]
but V/3EI cos 6 corresponds to correct torque

"-.EI[AB sin (30— 0)— Ag sin (304 6)]
. 180
Therefore error="- — — _

"A/3EI cos 6
_ ™ [ DAs(sin30cos 6 —cos 30sin 6) — A r(sin 30 cos 8-+4cos 30sin 8) ]
v'3.180 cos 0

:{7;___ [ A s(sin 30—cos 30 tan 6) — Ag(sin 30+cos 30 tan 6)]
T (AIJ—AR)_ [(AH:’AR)\/j. tan 9]

T V3180 2
_ = [(s=8r)_(Letlr)
T 180  2.4/3 an

This expression shows that the error is formed of two components,
one of which is proportional to tan 6 and the other which is entirely
independent of the power factor of the balanced load. Furthermore,
when Agr=— Ap, the meter will be free from any resultant phase error

ce(é_g-:AR

) tan 0 is equal to zero.
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11.25. The Testing of Meters for Use with Transformers.
It has been specified by the Electricity Commissioners that a meter
must be tested with the instrument transformers with which it is to
be used in service. An exception is made concerning the testing of
meters for high voltage supplies. In consequence, these may be tested
without their transformers. Otherwise, a three-phase high voltage
testing equipment would be required. A high voltage meter will there-
fore generally be tested without its potential transformers; 110 volts
being applied directly to the potential circuits of the meter.

When calibrating a meter under these conditions, due allowance
must be made for the transformer errors. We will therefore consider
the errors for which allowance must be made when a three-phase three-
wire meter is tested without its current and potential transformers.

Let E be the nominal terminal voltage of the potential transformers
and I be the nominal current in the secondary windings of the current
transformers for any load at which the test is made. Then, if this be
applied to the meter when it is tested under balanced load conditions,
without its transformers, the driving torque of the meter will be
proportional to

EI [cos (30+46) + cos (30— 6)]
(section 11.4)

Now let us assume that
ar is the phase angle error of the ‘“red” current transformer

«s ,, phase angle error of the “blue” current transformer
Br ,, phase angle error of the ‘“red” potential transformer
Be ,, phase angle error of the “blue’’ potential transformer
Cr ,, ratio error of the “red” current transformer

Cp ,, ratio error of the ‘“‘blue’’ current transformer

Pr ,, ratio error of the “red” potential transformer

Pp ,, ratio error of the “blue” potential transformer

where each error applies to the particular load at which the meter is
subjected to test and, in the case of phase angle errors, is considered
positive when the reversed secondary leads the primary voltage or
current.

The driving torque, under balanced load conditions, will be propor-
tional to

EI [(1+Cr)(x+Pkr) cos (3o+6—aR+BR)+(1+CB)(1+PB)
cos (30—08+ap—fs)]

Cr, Pr, Cp, and Pp will be small, therefore CrPr, etc., may be

neglected and the torque will be proportional to
EI [(1+4Cr+Pr)cos (30+0—ar+-Br)+(1+4Cr+ Ps)
cos (30— 0+ap—p3)]
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or EI [(14Cr+Pg)(cos [30+ 6]cos [ar— Br]+sin [304- 6] sin[ar— Br])
+(x+Cs+Ps)(cos [30—6]cos [as— Bp] —sin [30— 6] sin [ap— B5])]

_EI[(I‘*‘CR“"PR)(COG [30+ 6] +sin [3o+0]( R _~.),-)
+(I+CB+PB)(cos [30— 6] —sin [30— 0]( B — ﬁBL )]

*KT otc., and COS ap=COS
80 "

ap=1, and the percentage changc mn driving torque, due to use of
transformers

. . apm?T,
since ag, etc., are small, sin ag= 8 sin ag==
180

\/SI:ZS 8{(CR+pR)(C°5 (3048 ) 4 {Cp+Pg)(cos [30— 6])
+f§o (Cr+Pr+1)(sin [30+ 0)])(2r — Br) —(Cp+Pp~+1)(az—BB)
sin [30—0]}per cent
100
=22 { (CxPrtcos 30 cos 0—sin 30sin 0+ (Co+-Pa)

(cos 30 cos 0--sin 30 sin 0)
-+ go((CR—{»—PR—{—I)(aR——BR)(Sin 30 cos 6--cos 30 sin 6)
1

—(Cp-+Pp~+1)(as— Bp)(sin 30 cos 6- cos 30 sin 9))}per cent

= {50(CR+PR~}-CB+PB) —{—%%(CB—FPB—-CR——PR) tan 6

7.100

+ Soovs (CR+PR+1)(aR—BR)—(CB+PB+I)(M—@B)]

+ "32‘(’)0 (Cr-tPa-+1)(ar— br) +(Co-+Po+1)(xs—ps) | tan O}Per cent

At unity power factor, this becomes
50(Cr+Pr+Cs+Pp)+ 3611/5 [(CR+PR+ 1)(ar—Br) —(Cp+Pp+1)
(«B—PB) ]

and the meter must be so adjusted that its apparent error, when tested
without transformers, is equal and opposite to the above.
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At o5 power factor lagging, the meter must be adjusted so that its
apparent error is

{IOO(CB+PB)+ 3—5——\/; [(CR FPr+1)(er—Br)—(CB+Pa+1)

(o — BB)] +—\—;—_;gn [ Cr-+Pr+1) (ex—Br) +(Cs+Pp+1) (28— BB)]}

The necessary correction for a four-wire meter, tested without its
transformers, may be determined in a similar manner to the above
expression for a three-wire meter. In the case of the three-element
meter, the derived expression will prove more simple since, at unity
power factor, the series winding current of each element is in phase with
the applied voltage to the potential coil of the same element.

We have seen in section 6.17 that the load on a potential transformer
is constant and, providing the potential coil of the meter element does
not overburden it, the phase angle error will be small. Furthermore,
the ratio error will be constant at all meter loads and it is a very easy
matter to allow for it.
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CHAPTER XIl

The Cost of Electricity Supply

12.1. Standing Charges and Running Costs. It will be advan-
tageous, before we proceed further in our study of electricity supply
meters, to consider briefly the costs associated with the supply of
electricity and the various systems of charging which have been
designed with a view towards the ideal of a consumer paying an amount
equal to the total cost of supplying him, whilst keeping the tariff as
simple as possible for the sake of e.andiency.

The cost inveived in the supply of electrical energy may be divided
into two components. These are respectively termed the standing
charges and the running costs.

The standing cherges represent all expenditure involved in main-
taining the generating and distributing plant in readiness to supply
any power, up to the rated capacity of the system, required by the
consumers. It includes the capital costs, such as interest and sinking
fund charges, the major portion of the salary and wages expenses, and
a slight proportion of the fuel bill.

The running costs represent the expenditure involved, in addition
to the above, when the generating plant is operating and supplying
the consumers with energy. This component comprises the bulk of the
fuel costs, and a small fraction of the salary and wages bill involved
in repairs, etc.

12.2. Load Factor. It has been found in practice that the standing
charges are sensibly proportional to the kW rating of the generating
plant, whilst the running costs are roughly proportional to the supply
of energy from the plant. We may therefore say that, when a generating
plant delivers #n.kWh of energy in a given period, the total expenditure

involved will be
ny
x eo——
£ ( 240)

where £x represents the standing charges of the system during this
period, and y pence represents the running costs per unit of electricity.
Thus, the total cost per unit

and it follows that the greater the value of #, for any given plant, the
less the cost per unit of electricity. Now, the value of # can only
increase until it corresponds to the output of the plant when working
continuously on full load. Suppose this maximum amount of energy
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which could be supplied to the consumers be represented by N, then
the ratio

n

N© L
where L is the load factor of the consumers’ use of the available plant.
We may therefore define the load factor as the ratio of energy supplied
per day by the system to the total amount which the plant is capable
of supplying.

Let us consider the hypothetical case where every consumer receives
energy up to the full capacity of his connected apparatus for four
hours per day, and that the time of each consumer’s demand coincides
with that of every other consumer. Then, if T is the total kW loading,
the kWh of energy delivered per day is 47 and, with the standing
charges at £x per day, the cost per unit

N S
=t (4T+24o)
_'((3‘_’3‘ )
=\T -+ } pence

12.3. Advantage of Staggered Demands. If the above consumers
now arranged their demands so that one-sixth T kW of power were
supplied for the whole period of the 24-hour day, the same amount of
energy would be delivered and, for the same generating plant, the cost
would be

60x .
(*T»-» -I—y) pence per unit

which is the same as under the previous conditions. This is because
the load factor still remains

There is, however, one big difference between the two conditions.
Whereas, in the case of the uneven demand, the plant is working at
its full capacity for a period of four hours each day, in the second case
the generating plant is never operating at above one-sixth its maximum
capacity. Thus, six times such a load could be put on the plant and,
since the load factor would now be unity, the overall cost per unit of
electricity would be a minimum at

4 (24T+?473)

= (—T—+y) pence per unit.
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It can be seen from the above that it is advantageous for the con-
sumers to stagger their demands so that the combined load is as near
as possible the same throughout the twenty-four hours.

12.4. Preferential Tariffs. It is the ideal of every supply
authority to attain a load factor as near unity as possible, and with
this end in view special preferential tariffs have been created. They
are designed to encourage consumers to use electricity at light load
periods, rather than at the peak load period of the generating plant.

In practice, there is a great variation in the use made of the supply
by the numerous individual consumers. Their load factors will not be
the same, and what is more importart, their hours of peak load will
not generally occur at the same time + ach day. Thus, the sum of the
consumers’ maximum demands wi'l be gieater than the maximum
imposed upon the penerating plant This will have the advantage of
decreasing the rated capacitv required of the generating plant, thereby
improving the load factor oi the sysiem.

12.5. Effect of Power Factor. When the supply is alternating,
there is an additional factor which affects the cost of the electricity,
and this is the power factor of the consumer’s load. The reason for
this is that tlie capacity of electrical plant depends upon the rating in
kVA and not kW. Furthermore, for a given load, the current will be
inversely proportional to the power factor and, since the heat-losses
are proportional to the square of the current, it follows that the running
costs to supply energy to the consumer are substantially increased with
decrease of power factor.

12.6. Unbalanced Polyphase Loads. In the case of three-phase
supplies, there is a further factor which influences the cost of the
supply of electricity, and this is the extent of unbalance of the con-
sumers’ loads. For example, in a system the line voltage of which is
E, the power, at unity power factor, which can be transmitted per
ampére of the line is

v/3E watts
for a balanced load.

Under the worst conditions of unbalance, when the power is only
transmitted by two of the lines, the capacity per ampére of the line is

E watts.

From this we see that the rating of the three-phase plant required
to supply the consumer with a kW of power will increase with departure
of the load from balanced conditions. Fortunately, unbalance of
individual consumers’ loads tend mutually to compensate one another,
and the overall effect is not so serious as it would at first appear.

From our brief consideration of the factors influencing the cost of
supplying electrical energy to the consumer, we can appreciate the
difficulties which arise when attempts are made to assess an equitable
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cost for the supply of electricity to each individual consumer. In
consequence, only those of the above electrical quantities which are
capable of being satisfactorily defined, and accurately measured, are
taken into account in the determination of the amount which a
consumer is required to pay for his supply of electrical energy.

12.7. Two-part Tariffs. The main electrical quantity involved in
the determination of the amount payable by the consumer is energy.
Fortunately, this is a very simple quantity to measure, as we have
seen in previous chapters of this book. The consumer may therefore
pay a certain price per unit of energy delivered to him, all other
considerations concerning the cost of supply being ignored. On the
other hand, if he prefers a two-part tariff, he pays a lower price per
unit of electricity supplied to him, plus a second component based
upon one of the following factors:

(@) The rateable value of the premises
(b) The floor area of the premises
(c) The kW rating of the electrical equipment installed.

The above component is usually a fixed charge. Alternatively, he
may be charged upon some electrical quantity such as the maximum
demand in kW, since this is easily determinable, in addition to a certain
price per unit of energy.

12.8. A Tariff to Promote Improvement of Power Factor.
Should the undertaking wish to encourage industrial consumers of a.c.
supply to keep the power factor as high as possible, the charges will
partly be made dependent upon the power factor of the load and will
be so designed that it is to the financial benefit of the consumer to
improve his power factor to the most economical value for the particular
tariff. Such a tariff would consist of one component proportional to
the energy consumption, plus a second component dependent upon
the kVA maximum demand or the kVArh (wattless component) of the
load. Alternatively, this second component may be estimated from
the average power factor of the load.

We have already considered the measurement of energy. Therefore
in the following chapters we will consider methods adopted for the
measurement of the other electrical quantities involved in the assess-
ment of the amount which a consumer should pay for his supply of
electrical energy.



CHAPTER XIII

The Measurement of Reactive kVAh (kVArh)
and kVAh, etc.

13.1. Displacement of Current or Potential Coil Flux for
Measurement of KVArh. In the preceding chapter we noted that
certain tariffs involved the measurement of reactive kV.Ah (kVArh) as
well as kWh. Such a measurement may be 1equired in crder to provide
sufficient data for the determination of the average power factor of
the consumer’s load. Alternativels, .: may be used as the direct basis
in charging the consunier.

We have alreacly observed that when an energy meter is connected
in a single-phase circuit, it will register

ty

/ et cos 0.d1
¢

1

where ¢ and ¢ are the instantaneous values of the voltage and current.

Now, suppose that either the potential flux or the current flux of
the energy meter is displaced by go°, relative to its previous phase for
energy measurement, then the speed of the disc will be proportional to

Elsin 6
and the meter will register
11

2
4] eisin 6d¢ kWh,
t

the sign depending upon whether the power factor is lagging or leading.
Such a quantity is termed the “wattless component’’ or reactive VAh.

13.2. Methods of attaining 90° Phase-change of Potential or
Current Flux—Single-phase Meters. Therc are several methods
of altering the phase relationship between the potential and current
fluxes in order that the speed of the disc will be proportional to EI sin 6.
These include:

(a) The use of two potential windings, one being in series with a
non-inductive resistance across the mains and the other being the
normal winding of an energy meter connected acr¢ is the mains. The
windings are connected so that the directions of the currents are in
opposite sense. The conditions of the applied voltage and fluxes may
be represented by the vector diagram of Fig. 138 (), where E is the
applied voltage, @, the flux due to the coil connected directly across
the mains and ®z: the flux due to the reversed coil connected in series
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with the resistance across the mains. By adjustment of the value of
the series resistance, the magnitude and phase of ®rr can be made
such that the resultant potential flux lags the applied voltage by 180°.
In other words, the potential flux has been displaced go° relative to
its position for energy measurement.

(b) The current coil of the meter may be supplied with current from
the secondary of a mutual inductance. Thus, providing the secondary
circuit is non-inductive, this will effect a go-degrees lag in the current
flux. This is illustrated in the vector diagram of Fig. 138 (), where
E represents the supply voltage, I the load current, ® the pressure

E\
7
3.3
B ’[
(2) (b)

Fig. 138.—Vector Diagrams of Methods of
obtaining 9o” Phase Change of Working Fluxes.

coil flux, and @, represents the current coil flux due to the reversed
secondary current of the mutual inductance.

13.3. Electrolytic Meter. In practice, one rarely wishes to measure
the reactive kVAh of a single-phase circuit. However, the kVAh, the
quantity in which we are ultimately interested, can be measured by a
mercury type electrolytic meter (section 8.3) in conjunction with a
current transformer and full-wave copper-oxide rectifier (section 3.10).
Such a meter will register correctly, providing:

(a) The wave-form of the current supplied to the consumer is the
same as that by which the calibration was made (since the rate of
deposition will be proportional to the r.m.s. value of the current).

(b) The supply voltage remains constant at its declared value.

When the electrolytic meter is operating upon alternating current
its performance will not be so good as when on direct current, since
errors will be introduced due to the transformer and the rectifier.

13.4. Three-phase Meters. In a three-phase circuit, the kVArh
may be measured by means of elements constructed in the manner
previously described for the single-phase induction meters (section 13.2),
so that the woltage and current fluxes are exactly in phase when a
non-inductive load is applied to the element. The meter is constructed
and connected in a similar manner to the corresponding polyphase
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watt-hour meter and, as we can see in continuation of our argument
of section 4.4, for a circuit of #n wires, (n—I) meter elements are
sufficient for the registration of the kVArh, under all conditions of
balanced or unbalanced loads.

Such a meter would involve special construction and would be
susceptible to considerable error with change of frequency, on account
of the non-inductive resistance inserted in the voltage circuit. It is
therefore usual to take advantage of the various voltage combinations
of a three-phase circuit, in order to effect the go° phase change of the
pressure or current coil fluxes, There are a number o' methods, and
we will discuss several of thes in the succeeding paragraphs.

13.5. Auto-transform.er Metiod. Two auto-transformers are
connected in open delta across t'» supply, ‘he common connection
being made to the yellow line ana the other line connections being
made to the 10c per cent taps, as shown diagrammatically in Fig.

R vy 8

Yoltage  Voltage
to Blve to Red
Pot. Pot.

Coil Coil

F16. 139.—Circuit Arrangement and Vector Diagram
of Auto-transformer Method for kVArh Measurement.

139 (@). Each potential circuit of the meter is then connected between
a 200/4/3 tapping of one transformer and a 100/+/3 tapping of the
other transformer, so that the potential coil fluxes remain constant in
magnitude, but are lagged 9o° relative to the phases for energy measure-
ment. From our knowledge of the properties of equ latéral triangles, it
is quite easy to see from Fig. 139 (b) how the phase quadrature occurs
and the magnitude of the .voltage remains the same. This method is
employed in the Westinghouse kVArh meter.

13.6. Three-phase Three-wire Meter—Neutral Available.
Another method, if the neutral is available, is illustrated vectorially
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in Fig. 140 (a). The “red” elément is energised by the neutral to blue
voltage and the “blue’” element by the red to neutral voltage. These

¥ ‘
£ |
RY far
(@)
Three - Phase Three - Phase
Three-Wire Four- Wire

F1G6. 140.—Vector Diagrams Depicting Methods
Employed in kVArh Measurement.

voltages lag those employed for energy measurement by 9o, but are
only 1/4/3 the magnitude of the normal energy meter voltages.
Allowance can, of course, be made for this in the gearing and calibration
of the meter.

13.7. Three-phase, Four-wire, Two-element Meter. For this
type of kVArh meter, a method of connection is illustrated in the
vector diagram of Fig. 140 (b). In this case, the meter currents are
supplied from delta connected current transformers. The meter cur-
rents are respectively Ir-y, the resultant of the red line current and
the reversed yellow current, and Iz-y, the resultant of the blue line
current and the reversed yellow line current. Ig-y is associated with
the yellow to blue voltage and Ip-y with the red to yellow voltage.
It will be seen from the vector diagram that the voltages applied to
the potential coils will lag the respective energy meter voltages by go°.
The voltages, however, will be 4/3 times those applied to the watt-hour
meter, but providing due allowance is made for this in the calibration
or gearing, the meter will correctly measure kVArh in a three-phase
four-wire circuit, if the phase voltages are symmetrical.

13.8. Metropolitan-Vickers kVArh Meter. An interesting
method, employed in the Metropolitan-Vickers kVArh meter, consists
of the association of the red current with the yellow to blue voltage
and the blue current with the red to. blue voltage. This has the effect of
lagging the applied voltages to the potential coils by 120° relative to
the phases of the respective applied voltages for energy measurement.
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To obtain the effect of 9o° lag it is necessary to give the voltage
flux a virtual lead of 30° this is done by connecting series resistance
in the voltage coil circuit and adding short-circuited windings on

Ey-8

Ep-y £a-y

Fi16. 141.—Vector Diagram of M.V. Method
for kVArh Measurement.

the series coil poles. The conditions are illustrated in the vector
diagram of Fig. 141.

13.9. Cheetham’s Method. Another method of virtually lagging
the voltage flux by 60° relative to its voltage, instead of by go°, is due
to Cheetham (see Jour. I.E.E., Vol. 73, p. 233, September 1933). It is
attained by placing short-circuited turns around the series laminations.
These are of such constants that the current flux is made to lag the
load current by approximately 30° a small value of resistance being
connected in series with the pressure coil for fine adjustment of this
angle. The advantage of such a method is that the errors due to
frequency variation are sensibly diminished.

The only circuit condition requiring to be satisfied, in the above
methods of kVArh measurement, is that the voltages are symmetrical
in phase and magnitude. We will now briefly consider other, though
less important, methods which require that the current§ also shall be
balanced. ¢ )

13.10. Reversal of ‘‘Red” Element—Balanced Load. If the
connections of one of the coils in the ‘‘red” element are reversed,
thereby reversing the torque of that element, the resultant torque T
exerted upon the moving system will be proportional to

—IrEg-v cos (30+ 6g)+IgEp-y cos (30—05)
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In the case of a balanced load where I=Ig=13, etc., and E=Eg_y=
Ep-v, etc., the torque
TocEI [cos (30— 6) —cos (30-6)]
ocEI[2 sin 30 sin 6]

ocEl sin 6
and the total registration will be
tz
EI sin 6,
tl

which is 1/4/3 times the lagging kVArh. This, of course, will only be
correct under balanced load conditions.

13.11. Single-element Meter. A single-element meter may be
used for the measurement of kVArh in a balanced three-phase circuit,
providing its series coil carries the current in one line, and the voltage
between the other two lines is applied to its pressure circuit. The
applied voltage to the pressure circuit will be in quadrature with the
phase voltage corresponding to the series current, and the meter will

. 1 by
register 1000 EI cos (9o —6).d¢
1
Ly
EIsin 6. dt kVArh
21
which is 1/4/3 of the kVArh in a balanced load.

13.12. Crossed-phase Method. Another method of kVArh
measurement, termed the “‘crossed phase’’ method, consists of a three-
phase two-element meter; each element of which is connected in a
similar manner to the single-element meter mentioned above. The
meter thus registers 2/4/3 times the kVArh in a balanced three-phase
load. It need hardly be stated that such a meter has no advantage
over the single-element meter and is certainly more costly.

13.13. The Measurement of kVAh. We have already seen that,
in an a.c. single-phase circuit with sinusoidal wave-forms of both
voltage and current, the energy component

=EI cos 0
and the reactive volt-ampeéres
=EIsin 6 -
Therefore, since EI=+/(EI cos 6)2+(EI sin §)?
the volt-amperes =+/(watts) 24 (reactive volt-ampéres)?

The relationships of the above components are therefore similar to
those of a right-angled triangle, in the manner illustrated in Fig. 142 (a).

204’
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When time is taken into account, a further variable is involved,
namely, the power factor. This can be seen by reference to the graph
of Fig. 142 (b), which is obtained by noting the respective advances, at
equal intervals of time, of a watt-hour meter and a reactive volt-ampere
hour meter. From this graph we see that the expression

kilovolt-ampére-hours=+/(kWh) 2+ (kVArh) 2
does not hold for the general case, but is only true when the power
KkVAh = leg'qth of

this boundary
/ine
AVAr 4 ,
71 KVAh with
| -y 4 constont
k” /(5'4 < /4' werFactor
‘ ? ( of cos ¢
» <X |
3
AVArh
(a) (6)

Fig. 142.—kW, kVArh, etc. Relationships.

factor has remained constant throughout the period of investigation.
The continuous line 1epresents the conditions for varying power factors,
whilst the dotted line represents the condition of unvarying power
factor.

13.14. Definitions of Three-phase kVAh. Since a straight line
is the shortest distance between two points, it follows that
v/ (kWh) 2+ (kVArh)? will always be less than the kVAh (Fig. 142 (b)),
except in the particular case when the power factor has remained
constant. Under these circumstances the above expression will hold.

Three-phase kVA is generally defined as v/(kW)2+(kVAr)2 This
conventional definition has the advantage that both the energy and
reactive components can be easily and accurately determined, and is
based upon the assumption that the total reactive VA is the algebraic
sum of the separate single-phase reactive VA. Such a definition, of
course, is incorrect in principle since the total epuivd.ent VA is not
a vector sum.

13.15. Root Mean Square Definition—KVA. In practice, there
is also another method of defining three-phase VA. This is as follows:

VA=+/3[V/(IxEz)*+(IvEY)*+(IsEs)?]
where I, Iy, and Ip are the phase currents and Eg, Ey, and Ep are
the phase voltages.
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Suppose IrEr=x, IvEy=x+y, IpEp=%—2z
Then the three-phase VA will be considered as
V312 3(x 2+ 2xy +y ¥+ 3(x 2 —2x2+27)
/g6y 1) +3( 2

The value given by the first-mentioned definition, when the three
single-phase power factors are all equal, is
(3x+y—2)
=V gx34-6x(y—2)+yi+22—2y2
=Vor2+6x(y—2)+(y—2)*

Since y and z are both positive, the root mean square definition is
the greater (except when the load is balanced, i.e. when y and z are
both zero) by an amount depending upon the extent of unbalance. An
advantage of the root mean square definition, if without scientific
justification from the point of view of correctness of definition, is that
the measurement favours the supply undertaking when the load is
unbalanced. This is to a certain extent justifiable since, as we have
already seen, an unbalanced load is not to the advantage of the supply
undertaking (section 12.6), and therefore such an extra charge due to
out-of-balance would tend to react fairly for all concerned.

Most kVAh meters register a value corresponding to the definition
of sections 13.14, whilst, as we shall see later, there is a kVA meter of
the M.D. type which gives an indication corresponding to the root
mean square definition.

13.16. Westinghouse kVAh Meter. We have already seen that
the expression

RV Ah=+/ (kWh) *+ RV Arh) *

is only correct for a load of unvarying power factor and that, by
definition
EVA=+/(kW)24(kV A7)?)

is correct under all conditions. It therefore follows that, providing the
spindle of a meter rotates proportionately to v/ (EW)®-(kV Ar)® and
is suitably geared to a revolution counter, it will (by definition) register
correctly in kVAD, irrespective of the normal fluctuations in the value
of the power factor.

The Westinghouse Co. have achieved this condition in a very
ingenious manner. Their instrument consists of a kWh and a kVArh
meter element which drive separate, but identical, friction wheels in
contact with an aluminium sphere. The size of the sphere is such that
the points of contact subtend a right angle at the centre of the sphere,
as illustrated in Fig. 143. A third friction wheel is attached to the

296



MEASUREMENT OF REACTIVE kvah (kvarh) XIII: 13.16

framework of the sphere and it is in contact with the surface of the
latter. This wheel is geared to a kVAh counter. The framework of
the sphere is free to turn about an axis through the centre of the sphere
and at right angles to the plane of the paper, taking up a position
such that the rotation of the spindle of the kWh meter and that of the
kVArh meter produce the same angular velocity of the sphere about

1X"
/

mMecer Meter

(@) [aygmg Power (b) Leading
Foctor Power Foctor

Fi16. 143.—Diagrammatic Arrangement of Westing-
house kVAh Meter.

the axis X'X!. This occurs automatically, due to the frictional forces
created by the sphere resting on the rotating wheels 4 and B.

After a change of power factor, the sphere and its framework swing
round until the lengths of the circular friction paths, CD and EF, are
proportional to the velocities of their respective friction wheels, thereby
producing the same angular velocity around the axis X'X'. We
already know that the ratio of

peripheral speed of kW friction wheel ~ cos 8
peripheral speed of kVAr friction wheel ~ sin 6
EF cos 6

Hence D must equal sin

This will occur when angles GOC and HEO are equal to 8. The
peripheral speed of the kVA friction wheel will be proportional to the
velocity of the friction ring ML, but

FE . DC
cos 6 sin 6
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RW
hich i . W
which is proportional to cos 0

RV Ar

sin 6
ie RVA.

Thus, since the kVA friction wheel rotates at a speed proportional
to the kVA in the circuit, the meter will register the defined total
kVAh. The meter is therefore fundamentally exact in principle,
although such a friction gear has an obvious disadvantage, especially
at low loads.

Fig. 143 (b) represents conditions when the meter is operating on a
leading power factor. In this case the moving system of the kVArh
meter will reverse its direction of rotation and the point of contact of
the kVATr friction wheel must move to the opposite side of the axis in
order to allow for this. The reversal in direction of rotation of the
kVAr moving system is no disadvantage since only two counters are
fitted to the instrument, one for the registration of kWh and the other
for kVAh.,

It is obvious that the position of the axis X*X*! relative to that of
the kW and kVAr friction wheels is a measure of the angle 6 and, in
consequence, a pointer is attached to the framework of the sphere.
This pointer moves over a calibrated (cosine) scale, thereby enabling
one to read the power factor directly. The instrument registers cor-
rectly on lagging and leading (above o-5) power factors and also has
provision for the recording of average kW and kVA demand; the
recording pointers being operated by means of shaftings from the two
counters. In addition, the average power factor can very easily be
determined from the ratio of the advance of the kWh counter to that
of the kVAh counter, over the period.

13.17. Landis & Gyr Trivector Meter. We will now consider
methods of kVAh mdeasurement which are only approximate in funda-
mental principle, but which give sufficiently accurate results in practice.

Suppose, in a three-phase circuit, that a register advances at a rate

proportional to a (kW)—+b (kVArh)

where a and b are proper fractions. Then, if the power factor of the
system is cos 6, the advance will be proportional to

a cos 0-4bsin 6
If the values of a4 and b are such that the following equations are
satisfied a*+4b2=1

b
tan-! =

then a=cos a and b=sin «
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The register will therefore advance at a rate proportional to
RV A (cos « cos 8+sin « sin 6)
=RV A [cos (6—q)]

and, providing the values of 2 and b are such that 6 and « are of the
same order, the register will advance at a rate approximately propor-
tional to the total kVA of the circuit.

This principle has been developed in the Landis & Gyr Trivector
meter. The instrument consisis of a kW}: and a kVArh meter mounted
in the same case. Both meters dri-ve a swmmator situated between
them. The summator, in turn. vuves a kVAh counter and a kVA
maximum demnand indicator at a rate proportional to

a (kW) b (kVAr)

This summator consists of a very ingenious system of differential
gears (section 8.31) by which means the fractions 4 and b can have any
one of five different sets of values, which correspond to values for « of o,
223°, 45°, 6734°, or go°. The combinations of @ and b, which give the
greatest rate of registration, drive the kVAh counter and the kVA
maximum demand indicator; interference between the combinations
being avoided by driving the first wheel of the counting mechanism by
means of ratchet wheels.

It will be clear that, since there are 224° steps between the values
of «, corresponding to the various combinations, the greatest value of
(6—a), at @ maximum rate of registration, will be 11}°. Therefore, the
greatest limits of error introduced by the approximation will be

—[1—cos 11}°] 100 per cent
=—[1—0°98] 100
=-2°0 per cent.

By making a 1 per cent positive error for maximum rate of registra-
tion for any kVA load (i.e. where 6=0° or 22}° etc.) the above
maximum error due to the summation can be brought to within
-1 per cent.

We have previously noted that a kVAh meter will reverse its direction
of rotation when the power factor is changed from lagging to leading.
It therefore follows that, when there is a pogsibil.y of the meter
operating on a leading power factor, a relay must be employed to
reverse the kVArh meter connections when the load changes from
inductive to capacitive, in order to obtain continual positive registration
of the meter.

The average power factor can be determined from the ratio of the
kWh advance to that of the kVAh register in the same manner as
described for the Westinghouse kVAh meter.
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13.18. Metropolitan-Vickers ‘‘Volt-ampére-hour" Meter. It
will be appreciated that, if the voltages applied to the potential coils
of a normal watt-hour meter are shifted in phase by an amount equal
to the phase displacement of the load current relative to its voltage,
the meter will register true kVAh. This principle has been developed

| KVAH MeTeR

M R

F16. 144.—Diagram of M.V, Volt-ampere-hour Meter.

in the Metropolitan-Vickers “Volt-ampére-hour” meter. The instru-
ment consists of a normal watt-hour meter, in conjunction with a
phase-shifting relay. A diagrammatic arrangement of the apparatus is
illustrated in Fig. 144. The relay consists essentially of a power factor
relay P, a phase-shifting device S, and a Ferraris motor F for driving
the phase-shifting device. Three suitably tapped resistances, delta-
connected between the lines of the three-phase supply, form the phase-
shifting device; the tapping points being connected to a circular selector
switch in the relay. The voltages applied to the potential coils of the
meter are selected by two pairs of brushes rigidly spaced 60° apart.
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MEASUREMENT OF REACTIVE kvah (kvarh) XIII:13.18

The tappings are arranged so that voltages of equal magnitude, but
displaced in phase by 10° from those of the adjacent positions of the
selector switch, are combined throughout the whole of the 360°.
Suppose, in Fig. 145, AB, BC, and CA represent the three voltages
of the three-phase system, and BD represents one voltage selected
from the delta, i.e. the voltage between one line and the mid-point of

]

é o
605 eo
A X 2] c

F1G6. 145.—Vector Diagram
—M.V. Volt-ampere-hour
Meter.

the resistance across the other two lines. Then, if a voltage is to be
equal in magnitude to BD, but displaced in phase by ¢,

XY CY XC

sin60 _ sin (Q0—g¢)  sin (304¢)

but XY = BD and .BD
sin 60

Therefore CY = AC sin (go—¢)
and XC = AC sin (30+¢)

Thus, the tappings must be arranged according to the above sine law,
and in the actual instrument ¢ is made to correspond to multiples of 10°.

The selection of the correct taps for the feeding of the meter potential
coils is made by the Ferraris motor, which is capable of rotation in
either direction, under the control of the power factor relay. The
rotation of the motor is obtained by the energisation of one or other
of the two poles of the lower electro-magnet.

When there is no phase displacement between tie voltage and
current energising the power factor relay (i.e. in the case of the three-
wire meter, when Ir lags the voltage applied to the “red” element
potential coil by 30°, and Ip leads the voltage applied to the “blue”
element potential coil by 30° (the phase rotation being standard) the
movable contact floats. When a phase displacement occurs, the disc
rotates until the moving contact engages with one or other of the two
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fixed contacts. This completes the electrical circuit of one of the coils
of the lower electro-magnet. Rotation of the Ferraris motor results
and the two pairs of brushes are driven around the voltage selector
contacts through a system of gearing. This continues until the position
of the contacts is such that the voltage impressed upon the power
factor relay is, as near as possible, in phase with the supply current.
The relay will now lose its torque, the moving contact will have the
required phase relative to the supply current, and the meter will
register kVAh.

It will be apparent that, since the taps correspond to phase changes
of 10°, the rate of registration will always be at least

kVAh (cos 5°)
=0-9962 kVAh

and the maximum error due to defective phase compensation is
0+4 per cent.

As the voltage supply to the meter must of necessity be continuous,
certain errors are inevitable due to the short-circuiting of the contacts,
thereby decreasing the effective value of the delta resistance. This
error is minimised by changing the continuous rotation of the Ferraris
motor into a series of intermittent drives, through the medium of a
Geneva escapement; thereby reducing the short-circuiting period to
a very small value.

The instrument has the advantage that the meter element may be
tested as a normal kWh meter, the allowance for the voltage reduction
(4/3/2) being made in the meter voltage coil and the registration
mechanism. The phase-shifting relay may be subjected to a separate
routine test.

13.19. kVAh Meters for Limited Power Factor Ranges. We
have already seen that the torque of an induction meter, for any given
kVA loading, is proportional to the sine of the angle between the
current and voltage fluxes. Furthermore, the rate of change of the
sine function around go° is very small. For example, through a range
of 20° from 80° to 100° it only changes approximately 15 per cent
from the maximum value.

If the relationship between the voltage and current fluxes of a
standard watt-hour meter is modified from the normal value by an
angle ¢, the meter will register at a rate proportional to

EI cos (0—¢)
instead of EI cos 6
Also, if 6—¢ is equal to zero, or approximately equal to zero, the

meter will register at a rate corresponding to £I. In other words, it

will register the kVAh.
If in practice it is found that the power factor of the thiee-phase
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circuit does not vary by any great amount, it is possible to employ
such a phase compensated meter for the measurement of kVAh.
Providing the value of ¢, the angle of compensation, is made approxi-
mately equal to the mean value of 6, then EI cos (6—¢) will not differ
from EI by more than 1} per cent (or 4-0-75 per cent if the meter is
made +0-75 per cent at the power factor which corresponds to 6=¢)
through 20° range of phase angle When wider limits of error are
permissible, the power factor range may be incteased. If, for instance,
the limits of 42 per cent error in kVAh registration are allowable
(excluding, of course, normal meter érrors) 6—¢ may have any value
between 4-16°. In other words, the meter will be within the permissible
limits of error throughout a range of 32° phase angle.

The necessary compensation will depend upon the mean phase
displacement of the load current relative to the supply voltage, and
may be effected by one or more of the following methods:

(@) Selection of voltages with suitable phase displacement

(b) Adjustment or modification ot normal quadrature loop

{¢) Short-circuited turns on series coil laminations

(@) Resistance inserted in series with potential coils.

Suppose that it is required to measure the kVAh in a three-phase
three-wire system, when the power factor of the load is known to
remain within the limits of 0+4 and o0-g lagging. Then the load currents
will lag their respective voltages by an angle within the limits of

coslo7 and coslo<g
i.e. 45° and 25°.

Now, the mean angle of lag will be 35°, and if the voltage flux is
made to lag its normal phase for energy measurement by this angle,
the meter will register at the rate of EI cos (6°—35)° and, since the
maximum value of (6—35)° is 10°, then EI cos (8—35)° will not differ
from EI, or the kVA, by more than 1-5 per cent. By suitable adjust-
ment of the error curve, the meter may be brought within the limits of
4075 per cent (excluding normal meter errors).

The most convenient method of lagging the voltage flux by 35° from
its normal phase for energy measurement would be by means of a thick
copper band around the centre limb of the potential electro-magnet.
The action of such a loop would be similar to that of the normal
quadrature loop (section 9.5).

If the meter were required for a power factor riage o? 0'5 to 09
lagging, the load current would lag the supply voltage by an angle
varying between the limits of

cos~* 05 and cos~!og
ie. 60° and 25°. s

The mean angle of lag would be 42}° and, in the case of a three-phase

three-wire meter, this ceuld be obtained 'by associating the red to
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yellow voltage with the blue current and the red to blue voltage with
the red current (thereby lagging the respective voltage fluxes by 60°
from their normal phases for energy measurement) and securing the
173° under-compensation by means of one of the two following methods:

(@) Resistance in series with the potential coil.
(b) Short-circuited windings around the series electro-magnet, to
cause the current flux to lag its normal phase by 17}°.

Such a meter, correctly adjusted, would register within the errors of
+3 (1—cos 174°) per cent

—+2-4 per cent

Meters for limited power factor ranges should only be employed when
the power factor limits are definitely known, as the errors increase
rapidly outside the specified limits.

13.20. The Testing of kVArh Meters. The meter under test is
first connected in a three-phase circuit and 10 per cent in excess of the
marked voltage is successively applied to each potential coil, in order
that the friction compensating torque can be adjusted to a suitable
amount, in exactly the same manner as for the energy meter. Care
must be taken to ensure that the meter does not register more than
one revolution with any or all of the potential coils energised.
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Fi16. 146.—Watt-meter Connections for kVArh Meter Testing.

To facilitate the testing of the meters, two single-phase wattmeters
(or one two-element wattmeter) are connected in such a manner that
the red current is associated with the neutral to blue voltage and the
blue current with the red to neutral voltage, as illustrated in Fig.
146 (a). These conditions are shown in the vector diagram of Fig. 146 (8},
from which it can be seen that the voltages are thereby lagged go°
from their nermal phases for energy measurement, It therefore follows
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that the speed due to each element will correspond to 4/3 times the
apparent power indicated by the relative wattmeter,

13.21. Artificial Neutral for Wattmeters. Where the neutral
point is not readily available, it can be obtained by using two watt-
meters with identical potential coil resistances and star-connecting
them with a non-inductive resistance of similar value. Obviously, there
will be some slight error introduced due to difference in time-constants
of the three circuits, but in practice this will be found to be negligible
since the inductance of the wattmeter potential coils is very small.

The potential circuits of the wattmeters and the meter under test
should be supplied from the rotor of a phase-shifting transformer
(section 2.19), thereby making it possible to obtain any virtual power
factor of the phantom load. The adjustment of the potential flux,
until it is displaced exactly 9o° from its correct phase for energy
measurement, is attained by disconnecting one series element and
applying full marked current to the other element; the potential coils
of both elements being energised. The phase-shifter is now adjusted
until the wattmeter connected in the loaded element circuit reads zero
and the quadrature adjustment is utilised until there is no rotation of
the disc. This adjustment provides for exact displacement, by go°, of
the potential flux relative to its phase for energy measurement. The
other element is then connected in circuit, the adjusted one being
disconnected, and the procedure is repeated.

13.22. Balancing of Torques. The balancing of torques is effected
by applying full load, under balanced conditions, to the meters and
adjusting the phase-shifter until both wattmeters indicate the same
value. The connections to the series coil of the one element are now
reversed and the balance adjusters are operated until there is no
resultant rotation of the disc. This is rather a coarse balance, and it is
therefore advisable to time each element separately with the load
applied to only the one element. Both potential coils are energised by
their correct (kVArh) voltages and the load is applied at zero power
factor.

The connections are now returned to normal and, with the phase-
shifter still in the position for equal load of the elements (i.e. full load
at zero power factor), the meter is timed for a suitable number of
revolutions. The meter is now producing its maximum torque, the
conditions being similar to those of a watt-hour meter g full load at
unity power factor, and the speed of the disc is adjusted to its correct
value by means of the brake magnets. After this initial adjustment,
the meter is timed at such loads as one and a quarter, half, and one-
twentieth full load, at zero power factor, and one and a quarter full
load at 0-866 power factor. Providing the elements have been balanced
and the quadrature bands have been set to give the correct phase
displacement of the pressure coil fluxes, there should be little likelihood
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of any necessity for further adjustment, except at low load. This, of
course, should be effected by means of the friction compensating loops,
after which the meter should be timed at one of the higher zero power
factor loads. After each balanced load, the meter must be tested for
its errors at extreme out-of-balance, i.e. for each element separately.
It is carried out in exactly the same manner as described for full load
at zero power factor. In the case of 0866 power factor, the current
must be in phase with its phase voltage for the “red” element and
lagging its phase voltage by 60° for the ‘“‘blue’ element. The reactive
load on the element will again correspond to the indication of the
respective wattmeter.

The meter is now subjected to a dial test. A balanced full load at
zero power factor 1s applied to the meter for a sufficiently long period
to advance the pointer, of the dial of smallest denomination, by ten
revolutions. Let T be the time of the dial test in hours, E the applied
voltage, and I the load current in ampéres, the dial test reading will be

V3EIT sin 9o°
I000

\/—3E—I—T kVArh
1000

It is usual to permit a greater error, in the case of a kVArh meter,
than is allowed for a kWh meter. Any well-designed commercial meter,
however, should be capable of an accuracy within the limits of +3-0
per cent. In the case of meters specially designed for the British Grid,
an error within 4-1-0 per cent has been made possible.

The meters should be given a critical running on starting current
which, for a kVArh meter, will be one-hundredth load at zero power
factor.

It should be mentioned that a kVArh meter will reverse its direction
of rotation when the power factor changes from lagging to leading.
Where there is a possibility of this happening, it is advisable to fit a
ratchet and pawl and thereby avoid reverse running. The ratchet is
usually fitted on the rotor spindle, whilst the pawl is mounted on the
frame in such a direction that it does not interfere with forward running,
but definitely prevents registration in the reverse direction.

13.23. The Testing of kVAh Meters. When the kVAh meter is
of the summator type, the kWh and kVArh meters are tested separately.
The whole instrument is then connected in circuit with a three-phase
balanced full load at o-5 lagging power factor and the advance of the
kVAh counter is noted for a given period of time, It will be remembered
that the kVAh meter of this type can only be checked by dial tests.
Should the tneter require adjustment, it is advisable to return to the
kWh and kVArh elements to determine by how mugh each element is
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to be adjusted. When the meter has been adjusted satisfactorily, it is
given further dial tests at one-quarter and one-tenth full load o5 power
factor lagging. The above tests are then repeated at 0-866 power
factor lagging.

13.24. Automatic Phase-compensation Type. When the meter
is of the automatic phase-compensation type, it is first tested as a
normal kWh meter without its phase-shifting unit. It i1s then tested
as a complete instrument at 0-866 and o-5 power factor lagging, with
various loads applied to the meter. The loads may be full load, one-
quarter and one-tenth full load. An advantage of such a kVAh meter
1s that it may be tested for accuracy by timing disc revolutions or by
means of dial tests.

13.25. Meters for Limited Power Factor Ranges. In the case
of kVAh meters for limited power factor ranges, they are first con-
nected in a three-phase circuit in their normal working manner and
adjustment of the friction compensating devices is made to give the
required compensating torque when 1o per cent in excess of the marked
voltage is applied to the potential coils of the meter. Itisthenadvisable
to connect the meters in a single-phase circuit, as illustrated in Fig. 134,
section I11.16. One series element of each meter is disconnected and
full load current 1s applied to the other element. The phase-shifter 1s
then adjusted until the current lags the voltage by (9o+%)°, where ¢
is the angle of over-compensation of the potential flux, or the angle
by which the current coil flux lags that for energy measurement. It
should be noted that ir: the latter case ¢ is negative. The element must
now be adjusted until there is no rotation of the disc under these
conditions, and the manner in which this is effected will depend upon
which of methods (d), (¢), and (d)—section 13.19—is employed to obtain
the necessary phase displacement. When this has been accomplished
the procedure is repeated for the other element.

While still employing a single-phase circuit, the connections of the
one element are altered so that the torques due to the elements will
oppose one another. Full load at a lagging power factor of cos ¢ is
then applied (each element thereby producing maximum torque) and
the balance adjusters are altered in position until there is no resultant
rotation of the disc. When the phase displacement of angle ¢ is effected
by lagging the current flux, a leading power factor of cos ¢ must
be applied.

The meters are then connected in a three-phalé cu‘cmt in their
normal working manner and a balanced load is applied. The watt-
meters are connected in the circuit to measure power, in the normal
manner. The phase-shifter is then adjusted until the power factor is
cos ¢ lagging, with full load applied to the meters, and the latter are
timed for a convenient number of disc revolutions. The kVA is then
calculated from the ammeter and voltmeter readings and its value will
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be V/3EI[1,000, where E is the line voltage and I the line current in
ampéres. The speed of the disc is now adjusted to its correct value
by means of the brake magnets, after which the full load error at both
the maximum and minimum power factors is determined. These power
factors will be cos (¢—a) and cos (¢+a«) where 2« is the phase angle
range of the meter as a kVAh instrument. The individual elements
are also tested in a similar manner to that described for watt-hour
meters, the single-phase loading power factor being cos ¢, the current in
the series coil lagging its associated potential coil voltage by ¢°.

The above tests are then repeated at one-quarter and one-twentieth
full load, at each of the power factors cos (¢+«), cos ¢, and cos (¢p—a)
and, for the low load tests, adjustment is performed by means of the
friction compensating devices. Should the meter be outside the
allowable limits at any load, a suitable adjustment should be made
and the entire test repeated.

If the meter exhibits equal errors at power factors cos (¢+«) and
cos (¢—a), the adjustment must be performed by means of the brake
magnets. On the other hand, if the errors at power factor cos (¢+o)
are greatly different from those at cos (¢—«), the adjustment must be
made in the phase displacement of the voltage flux; depending upon
which method of compensation is employed.

When the errors are all within the permitted limits, depending upon
the discretion of the tester (who will naturally bear in mind the range
of phase angle which the meter has to cover) the meters are subjected
to a dial test.

In conclusion, the meters should be tested for registration at starting
current (the power factor being within the limits of cos (¢+«) and
cos (¢—e) lagging), after which they are again subjected to a test at
no-load, with 10 per cent in excess of the declared voltage applied to
the potential coils.
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CHAPTER XIV

Maximum Demand Indicators

14.1. Measurement of Maximum Demand. The measurement
of maximum demand is next in importance to that of energy measure-
ment. Up to the present time, the former quantity has not acquired
an exact nor universal definition. For practical purposes, maximum
demand represents the maximum average power demand over a pre-
determined interval. It is a sustained rather than an instantaneous
demand, such as would occur through an accidental short-circuit in
the consumer’s installation.

14.2. Merz Method. There are two fundamental methods of
measuring the maximum power demand of a consumer. These are:

(a) Merz method
() Thermal method.

In method (a), a separate counter driven by the spindle of a kWh
meter registers the average kW supplied during a definite time interval

Indicator Advance of
n gear Pointer Driving

Arm
j( /

Resetting®  Time ——
period

FiG. 147.—Merz Method—Maximum
Demand Indicator.

Load (Aw)

(which may be of any pre-determined value, and is generally between
fifteen and sixty minutes). Provision 1s made for the drive to return
to zerd for the commencement of each period; the pointer being friction-
held in the maximum position attained by the drive during its previous
excursions. Thus, the pointer is only driven when the drive exceeds
the previous maximum position.

The time intervals are provided by means of a clock mechanism,
which controls an arrangement whereby, at equal intervals, the
maximum demand indicator is disconnected from the disc spindle in
order that the drive to the pointer may be reset to zero. Such a method
is illustrated in Fig. 147.
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XIV:14.3 ELECTRICITY SUPPLY METERS

The drive to the pointer will, during the interval between ¢, and £,
hours, advance by an amount proportional to

ty
/ P.dt kWh
2

where P is the instantaneous power.
The average power supplied during this period will be

te

P.dt kW
1

tl
_ kWh supplied during interval ¢, to ¢,
a t,—t

t g—1

It therefore follows that the pointer will indicate the average power
demand during an interval, providing suitable gearing is employed and
the time interval of the indicator remains constant. Such a register
attached to a meter is capable of indicating the kVA demand in a
similar manner. It will require very little consideration to appreciate
that, although the above type of indicator will give a true maximum
average demand for definite clock periods, the indication for short peaks
will depend upon the averaging period and upon the clock time at
which it occurs. Furthermore, the shorter the averaging period, the
greater the tendency for the indication to favour the supply authority.

14.3. Thermal Method. In method (), an instrument is employed
which depends for its operation upon the heating effect of the load
current. Such an instrument is designed so that for a steady current
the temperature will only reach its maximum value after a pre-
determined period, which is generally from fifteen to thirty minutes.
It is therefore essentially a maximum current demand indicator, but
it can be scaled to indicate kW in a d.c. system, kVA in an a.c. system,
or kW in an a.c. system where the power factor is known.

It is difficult to define the type of maximum demand recorded by
the thermal instrument, since the heating of an element by a constant
current causes an exponential approach to the conditions of equilibrium.
From this it follows that a high peak of small duration (compared with
the nominal time-lag of the instrument) will give a greater indication
than a peak of half the magnitude for twice the duration, although the
kWh supply is identical in the two cases. The thermal instrument,
however, has one advantage over the Merz type of indicator, this being
that the indication is entirely independent of the clock time at which
the peak occurs. On the other hand, a disadvantage of most thermal
indicators is their square law characteristics.

14.4. Operation of the Merz-type Indicator. We will now
consider practical examples of the above types of indicators. In the
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Merz type, the drive to the pointer is usually maintained through a
wheel which is held in mesh by gravity. At each resetting interval a
time-switch completes an electrical circuit whereby the wheel is electro-
magnetically disengaged for a period of sufficient duration to enable
it, and subsequent gearing to the pointer, to return to its zero position.
In some patterns of indicator the above procedure is reversed, the
wheel being electro-magnetically held in mesh during the driving period
and disengaged by the action of gravity when the time-switch opens
the circuit for the brief resetting interval. Of the two types, one would
favour the electro-magnetically held-off pattern, since the vibration
attending the operation of the electro-magnet is thereby only trans-
mitted for a few seconds of every averaging period, instead of
continuonsly.

14.5. Metropolitan-Vickers M.D. Indicator. A diagrammatic

F1c. 148.—Perspective Drawing of Maximum Demand
Indicator (Metropolitan-Vickers).

arrangement of the Metropolitan-Vickers maximum demand indicator
is illustrated in Fig. 148. It is of the electro-magnetically held-off
pattern. The advance of the meter is transmitted to wheel (1), via the
pinion on the rotor spindle, thence to worm (2) which is attached to
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the shaft of wheel (1). Wheel (3) engages with worm (2) and upon a
common shaft with the former is wheel (4), which engages with wheel
(7). The advance of the latter wheel is transmitted via wheels (8) and
(9) to the short driving pointer against the light control spring (10).
The common shaft of wheels (3) and (4) is mounted in rocking frame (5)
and at the completion of each operating period the electro-magnet (6)
is energised for a few seconds, thereby causing the armature of the
latter to rotate. This results in the rocking frame moving wheel (4)
out of mesh with wheel (7). Spring (10) now takes control and returns
the driving pointer and wheels (7), (8), and (9) to their zero position.

There are two pointers to the indicator. The shorter one is rigidly
attached to the shaft of wheel (9) and acts as a driving arm to the
longer pointer. The latter is friction-held and thus remains in position
when the driving pointer returns to zero. At the completion of the
resetting period, which is between five and twelve seconds, the electro-
magnet circuit is opened, the rocking frame returns to its normal
position, wheel (4) re-engages wheel (7) and the driving pointer is again
advanced by rotation of the meter spindle. The maximum demand
indicator pointer will advance only when the average demand during
that operating period exceeds the maximum average demand of each
of the previous averaging periods since the last resetting of the m.d.i.
pointer.

The ratio of the worm (z) to wheel (3) is selected to suit the averaging
period of the demand mechanism, and the m.d.i. pointer may be
returned to zero by means of a milled plunger which is mounted in the
window covering the meter registration dial. The operation of resetting
the pointer can be effected without removing the meter cover; the
plunger being sealed to prevent unauthorised resetting.

14.6. Time-switches. There are several types of time-switches
for controlling the operating period of a maximum demand indicator,
both of the open-circuiting and short-circuiting type, and these include:

(a) Hand-wound escapement type

(b) Electrically wound escapement type without storage spring
(¢) Electrically wound escape type with storage spring

(d) Synchronous motor type.

. The advantage of types (b) and (d) is that they will stop if the supply
is interrupted, thereby avoiding the risk of obtaining a false reading
on the demand indicator. Furthermore, the synchronous motor type
is essential when it is required that a number of demand indicators in
an a.c. system shall operate in synchronism. The obvious disadvantage
of (a) is that it requires periodic visits for the purpose of re-winding;
whilst (d) can only be employed when the supply is a.c.

Generally, the time-switch is provided with a dial which advances
a complete revolution every hour, Fitted to the dial are a number of
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pins, depending upon the length of the averaging period. These are
symmetrically spaced near the edge of the dial and number one for a
one-hour interval, two for thirty minutes, three for twenty minutes,
etc. The tripping period is controlled by means of two arms of different
length, free to move around the same point. As the dial rotates, both
arms are raised together by one of the pins, but they drop at different
times due to their different lengths. Adjustment is such that an interval
of five to twelve seconds elapses between the tripping of the two arms.

Maximum demand indicator mechanisms frequently include a built-in
time-switch of the synchronons motor type. The operating period may
be controlled by means of an hour dial provided with pins, etc., or, as
is sometimes the case, the synchronous motor may be geared directly
to give the required operating period.

14.7. Thermal Maximum Demand Indicators. The two most
common types ot thermal indicators are:

(a) The bi-metallic strip type

(b) Differential thermometer type.

A maximum demand indicator of the bi-metallic strip type, manu-
factured by Price & Belsham Ltd., is illustrated in Fig. 149. Two

Driving Pointer

Maximum Demand
Pointer

Zero

Heater Element

F16. 149.—Thermal type Maximum Demand Ipdxca{ur
(Price & Belsham Ltd.)

coils of bi-metallic strip comprise the movement, the lower one being
the actuating coil. The upper one is fitted for the purpose of providing
compensation for change in ambient temperature. These coils are
supported by a stainless steel rod attached to a zero adjuster, and the
inner end of the actuating coil is rigidly fixed to the bottom end of the
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rod. The inner end of the upper, or compensating, coil carries bearings
which are free to rotate around it. A baffle is also provided between
the coils, and this is bridged by a yoke attached to the outer ends of
the two coils; the needle being fixed to the bearings of the top coil.

The heater block is comprised of two discs of insulating material
with a heater element, stamped from resistance material, riveted
between them. This element carries the load current, or definite propor-
tion of it, and is fixed near the actuating coil in such a position that
its heat only acts upon this coil. The needle is therefore advanced
from its zero position at a rate depending upon the current passing
through the element, and it carries forward a pointer which remains
at the position of maximum excursion of the needle. To prevent the
needle moving to a false reading, either high or low, due to intentional
or accidental vibration of the instrument, a chain friction device is
provided. This consists of a fine chain wound around a drum on the
idle needle, both ends of the chain being attached to a light spring.
Such an arrangement ensures equal friction in both directions on the
maximum demand needle.

The two coils are accurately matched and, as a result, any change
in ambient temperature rotates both coils through the same angle.
The position of the needle is consequently unaffected.

The time-lag is obtained by means of the refractory material, acting
as a heat reservoir, which surrounds the heating element.

14.8. Wright M.D. Indicator. The Wright maximum demand

Overflow
Tvbe

F1c. 150.—Dijagrammatic Arrange-
ment of Wright Maximum Demand
Indicator. '

indicator, manufactured by the Reason Manufacturing Co. Ltd., works
on the differential thermometer principle. The instrument, which is
illustrated schematically in Fig. 150, consists of a U-shaped glass tube
containing a bulb at the extremity of each limb. At the junction of
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the right-hand bulb and limb is fitted an overflow tube, suitably
graduated in the units of the demand being measured; whilst a coil
which carries a definite proportion of the load current embraces the
left-hand bulb.

The U-tube is initially filled with a suitable liquid, until it is level
with the neck of the overflow tube, and the whole system is hermeti-
cally sealed. The proportions of the instrument are such that there is
approximately the same volume of air at each end of the column of
liquid. Hence, changes in ambient temperature aftect both bulbs
equally and the position of the column of liquid is unaffected, but the
heat produced by the current passing through the coil expands the air
in the left-hand bulb, thereby forcing the liquid towards the overflow
tube. That which reaches the junction of the right-hand limb and the
graduated overflow tube overflows into the latter. The quantity of
liquid thus deposited will equal in volume the expansion of air in the
left-hand bulb. This expansion will be proportional to the increase in
temperature of the air in the left-hand bulb and, in consequence, will
be proporticnal to the square of the load current.

The time lag of such an instrument is usually thirty minutes, but it
can be increased by the placing of iron or glass in a pocket in the
heating bulb.

14.9. The Testing of Maximum Demand Indicators. The
testing of a maximum demand indicator of the thermal type is a very
simple procedure. A known current, say full load, is passed through
the instrument for a period sufficiently long to permit of the reading
attaining its maximum value. The maximum demand indication must
correspond to the actual load, and the time taken for the indicator to
attain its maximum reading is compared with the nominal time-lag of
the instrument. If there is too great an error, either in reading or
time-lag, adjustments must be made, depending upon the pattern of
indicator. It is advisable to repeat this procedure at about one-quarter
full load.

The testing of a Merz type maximum demand indicator may be
proceeded with whilst the meter is on dial test. Where the m.d.
indicator has an external time-switch, it is advisable where possible
to use the actual time-switch to be employed in service. When no
time-switch is available for the test, the tripping penod will have to
be manually controlled by means of a switch.

The m.d.i. pointer is initially set at zero, and the instrument is
allowed to run for several averaging periods. At the completion of
each averaging period it is advisable to bring the pointer back a little
from its final reading, in order that the advance of the indicator—as
well as the tripping mechanism—may be checked each time. When
the timing device possesses an hour-dial and pins, one should run the
apparatus for sufficient length of time to check the averaging periods
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right around the dial. When the averaging period is controlled by
hand, the length of the tripping period should only be five seconds, as
this represents the shortest and most stringent tripping interval which
1s likely to occur in practice.

In order to check the back-lash of the indicator, one should run the
m.d.i. test at one-quarter as well as full load. The error of the m.d.i.
should be within 4-2 per cent of that of the meter at full load, and
+ 3 per cent at one-quarte: full load. Theoretically, where the demand
charges are of the same order as the energy charges, the same accuracy
is demanded of the m.d.1. as of the meter.

When testing the meter, the m.d.i. pointer should be well up the
scale as, with the exception of the initial averaging period and small
intervals at the end of various subsequent averaging periods, the meter
disc will not be working against the friction spring of the m.d.i. pointer.
The error, for purposes of record, will therefore be that obtained when
the m.d.i. pointer load is off the meter, but it is advisable to ensure
that when the meter is driving the pointer the retarding effect is not
too pronounced.

14.10. Synchronous Motor Time-switches. It should be men-
tioned that, where synchronous motor time-switches are involved, the
meters should be tested upon a supply from the mains or, alternatively,
due allowance must be made for the difference in frequency between
that of the test supply set and that of the mains. For example, if the
former’s frequency were 49 cycles per second and the mains were 50
cycles per second, the time-switch would operate in a period 2 per cent
greater than nominal, and this would increase the registration of the
indicator by a similar amount.

14.11. Back-lash—Merz System. The manufacturer frequently
allows in his gearing for back-lash and the length of the tripping
interval. The importance of the latter can be seen when we consider
the case of a nominal averaging period of twenty minutes and a tripping
interval of twelve seconds. If no allowance were made for the tripping
period, since the actual averaging period would be nineteen minutes
forty-eight seconds, the indicator would tend to read 1 per cent low.

14.12. Shaded-pole Type kVA Meter with Maximum Demand
Indicator. This type of three-phase kVA meter receives its driving
torque from three shaded-pole electro-magnets operating upon a
common aluminjum disc. The windings of the electro-magnets carry
the three line currents of the three-phase circuit in which the instrument
is installed. We have already seen (section 3.21) that a driving torque
produced by a shaded-pole electro-magnet is proportional to the product
of the square of the current and sine of the angle by which the shaded
flux lags the unshaded fiux. Furthermore, providing the frequency
remains constant, the phase angle between the fluxes will remain con-
stant, and the torque will be proportional to the square of the current.
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The braking torque is provided by the rotation of the disc in the
field of a permanent magnet, as well as in the fields of the shaded-pole
electro-magnets. The driving torque, providing the constants of the
three electro-magnetic circuits are identical, will be proportional to the
sum of the square of the line currents, i.e. proportional to I, where
I, is the root mean square value of the line currents. The braking flux
will be proportional to N(®,24k,®,2) where ®, is the permanent

Tongent,

F16. 151.—Speed-Load Curve—
Shaded-pole type kVA Meter.

magnet flux and N is the velocity of the disc in r.p.m. Hence, the
speed of the disc will be given by

—_ kzl v 2

@24k,

The above expression reveals that when &,7,? is small compared
with @, N approximates to ,I,2/®,2, the curve of which is a parabola.
When &,1,,2is large compared with @, 2, the expression approximates to
N=Ry[k,,i.e. the speed will remain constant for any increase in current.

A general graphical representation of the above expression is given
in Fig. 151, and it can be seen from the shape of this curve that there
is one point whose tangent passes through the origin, this point being
represented by P on the curve. Around P, the curve approximates to
that of the expression N =£I,, which is represented by the tangent at P.

It is this portion of the curve, which approximates to the straight
line of proportionality of N and I,, which is employed as the working
range of the instrument, but owing to the very approximate propor-
tionality of speed to [, the instrument is only utilised as a maximum
average kVA demand indicator. When the value of I, dues not depart
greatly from that represented by point P, it gives a sensibly accurate
indication of the three-phase kVA when defined as v/3 times the square
root of the sum of the squares of the single-phase kVA. As we have
already seen, this value is somewhat greater than that of v/ (RW)3+

(kV Arh)* except in the case of a balanced load; the difference increasing
the greater the departure of the load from balanced conditions.
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The indicator is scaled to read three-phase kVA at the declared
voltage of the system, and compensation for variations in the actual
voltage is provided in the form of shading pieces capable of movement
in the air gaps of the shaded-pole electro-magnets; the movement of
each being controlled by an electro-magnet energised by the corre-

sponding phase voltage.
14.13. The Testing of Time-switches. It is advisable to main-

tain a separate department of the test-room and repair shop for the
testing and overhauling of time-switches. They should be tested and
adjusted to operate with the correct averaging period for several
successive trippings, and the tripping period must be adjusted to be
within five and twelve seconds. This work should be undertaken by
a qualified clock repairer.
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CHAPTER XV

Summation Metering

15.1. Summation of Electrical Energy, etc., from Several
Feeders—Methods. When the total kWh, kVAh, or kVArh, trans-
mitted by a number of feeders is required to be registered upon one
meter, it is essential that some arrangement be employed for the
summation. The methods einployed vary according to the circuit
conditions; each of those we are about to consider having its own sphere
of usefulness.

There are three principle methods of summation metering, namely:

(@) Electrical (transformer, multi-wound series coil meters, multi-
element meters)

(b) Mechanical impulse

(¢) Electro-mechanical impulse.

15.2. Surmmatijon by Transformer. We have already seen
(section 6.8) that one of the greatest advantages of the transformer is
the complete isolation of the secondary winding from the primary
winding. Thus, if the primary windings of two equal ratio transformers
are connected in the corresponding lines of two separate single-phase
feeders, and the secondary windings to the same series coil of a meter,
the current passing through the series coil will be proportional to the
vector sum of the currents in the two feeders. Furthermore, if the
supply voltage of the feeders is the same in magnitude and phase, and
the potential coil of the meter is connected across one of the feeders,
the speed of the disc will be proportional to the total energy supplied
by both feeders. Thus, the meter can be designed to register the total
energy supplied. The total maximum demand can also be determined
by incorporating a suitable indicator.

This method may also be satisfactorily employed for two three-phase
feeders, such as would most likely be the case in practice. The current
transformer secondaries of the corresponding lines of each feeder are
connected to the same series coil of the meter. Thus, in the three-wire
case the two secondaries of the transformers to the red lines would be
connected to the series coil of the “red” element, etc. Tie potential
circuits would be connected in the normal manner to one or other of
the feeders., A diagram of connections for electrical summation with
paralleled current transformers is illustrated in Fig. 152; a relay being
included to ensure that the meter potential coils are always connected
to a live feeder. -

Such a scheme could be extended to any number of feeders, except
for the errors introduced when the transformers are unequally loaded,
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particularly when one or more of the transformers is idle. The condi-
tions for the extreme case in a two-feeder summation are given in
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F1c. 152.—Diagram of Connections for Electrical Summation
Paralleled Current Transformers.

Fig. 153. Transformer 4 is under full load whilst B is idle. The
secondary current of 4 is represented by Is, and this is the vector sum
of Iy passing through the meter coil and I; which flows through the
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F16. 153.—Electrical Sunﬁi}aﬁon with one Transformer
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parallel secondary winding of the idle transformer. The virtual effect
of this is to change the ratio and phase angle errors of the loaded
transformer. In general, the former will be changed but slightly, whilst
the latter error will be increased appreciably compared with its normal
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value. In the case of similar transformers, the current in the secondary
of the idle transformer will be almost 1/n times its primary magnetising
current; where # is the current ratio of the transformer.

The value of the current passing through the secondary winding of
the idle transformer will be kept at a minimum by connecting the
transformer secondaries in parallel at the meter terminals (as illustrated
in Fig. 153) instead of at the terminals of the secondary windings,
since the p.d. at ef is less than that at ab. Furthermore. the lower the
ratio magnetising current/load current, the smaller will be the errors
under the above conditions of unbalance. One can therefore appreciate
that mumetal-cored transformers are 'nfinitely superior to the soft-iron
type, since the magnetising current 1s kept very small. With this type
of transformer, the errors introduczd by the extreme out-of-balance
conditions are not considerable, especially if the transformer is not too
heavily burdened and is liberally designed. Generally, it is advisable
to employ the precision type of transformer if reasonable accuracy
is desired.

15.3. Separate Windings on Series Laminations. The method
of section 15.2 can be improved if each transformer secondary winding
is connected to a separate winding on the series laminations of the
corresponding element of the meter. There will then be no change of
burden with alteration of load, but mechanical considerations deter-
mine the number of coils which can be interleaved on one set of series
laminations.

15.4. Transformer with Multi-primary Windings. Special
summating transformers have been constructed to overcome the
disadvantage of the method of summation of section 15.3. These
consist of several primary windings and only one secondary winding.
The primary windings are each connected to a corresponding line of
the separate feeders, or to the secondary of a transformer connected
in the line, and the secondary winding of the summating transformer
is connected to the series coil of the corresponding meter element.
Since the back ampére-turns of the secondary winding will be approxi-
mately equal to the véctor sum of the ampére-turns of the primary
windings, it follows that the transformer will prove an effective medium
for summation of the current, and it has the advantage of being suitable
for employment for several feeders.

It should be mentioned that when the primary wmdmgs of the
summation transformer are connected to secondary windings of trans-
formers in the lines of feeders, care must be taken to ensure that the
overall ratio between the current in each line and the current flowing
in the corresponding series coil of the meter, due to that line current,
is the same in all cases.

In all the above methods provision must be made so that, if the
supply fails to the feeder from which the potential circuits of the meter
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are energised, there is an automatic and instantaneous change-over of
the potential circuit connections to a live feeder. This may be effected
by an electro-magnetic relay.

The electrical method of summation is simple, reliable, and, except
in the more complicated cases, the cheapest form of summation. It
relies, of course, upon the corresponding voltages of the different
feeders being equal in phase and magnitude. For further information
upon this subject, the interested reader is recommended to read the
article entitled “Current Transformer Summations,” by Hill and
Shotter (Jour. I.E.E., Vol. 69, p. 1251, October 1931).

15.5, Summation by Four-element Meter. Another method for
determining the total energy delivered by two three-phase feeders is by
means of a four-element meter. It really consists of a pair of two-element
meters mounted in such a manner as to have one common moving
system; two of the elements being connected in one feeder circuit and
the other two in the second feeder circuit. The total torque, and therefore
the speed of the disc, is arranged to be proportional to the total power
supplied by the feeders. The counting mechanism therefore registers
the total energy supplied by the two feeders during any given time.

The maximum average total demand on the two feeders can be
determined by incorporating in the meter a maximum demand indicator
of the Merz pattern (section 14.2).

An advantage of summation by four-element meters, over trans-
former summation, is that the frequency, phase, and magnitude of the
supply voltages from the two feeders need not be identical. Unfortu-
nately, the method labours under the disadvantage of increasing the
weight of the moving system, thereby creating extra wear on the pivot
and jewel, and also of introducing interaction between the two pairs
of elements (unless, of course, the feeders are operating at different
frequencies). On account of the former disadvantage, this method of
summation is not extended to more than two feeders.

15.6. Summation by Impulses. In multiple circuits, the total
energy cannof always be satisfactorily summated by the above methods
on account of the limitations already mentioned. A method is accord-
ingly employed whereby each meter is fitted with a device for the
communication of an electrical impulse from the meter to a summation
register; each impulse representing a definite number of units. The
impulse is transmitted by pilot wires between the meter and the
summation register, and the u'npulse current may be either a.c., d.c.,
or rectified a.c. ‘If the pilot wires are long, it is advisable to employ
a smooth d.c. supply, as trouble may otherwise be experienced due
to capacitance,

Upon receipt of an impulse, the summation register is advanced by
an amount corresponding to a definite number of units integrated by
one of the circuit meters,
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15.7. Recelving Elements. In the British Grid metering scheme,
which is probably the most accurate and largest of its kind in the world,
the summator comprises a number of receiving elements, each of which
acts as a receiver of impulses from its associated kWh or kVArh meter.
A register is fitted to each element, and the elements are mechanically
or electrically coupled to the maximum demand indicator (which is of
the Merz type) and its recording gear.

There are three forms of contactor employed for impulsing in the
grid metering scheme; these are:

(¢) Commutator.

(b) Gravity-operated device.

(¢) Cam-operated contactor.

15.8. Commutaror Contactors. The commutator, which is
incorporated with: the corridor switching arrangement (Fig. 154) com-
prising three pilot wires, is fitted to the spindle of the meter. Its

.
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Fic 154 —Corridor Switching
Arrangement.

function is to close the solenoid circuit, which is then opened by a
switch controlled by the solenoid. Contact is therefore only made by
the commutator, and not broken, and as a result it has not introduced
the trouble experienced in the past with commutator meters.

15.9. Gravity-operated Contactor. In the gravity-operated
contact arrangement, the rotation of the disc spindle raises a weight
which, after the meter has registered a definite amount of energy, falls
back into its original position. In so doing, the weight establishes
contact for a fraction of a second and energises the corresponding
solenoid in the summator.

15.10. Cam-operated Contacter. In arrangement (c), a switch
is operated by means of a cam fitted to the disc spindle, the object of
the cam being to establish contact once per reyolutk n of the disc.
In this type the cam also breaks contact, but sparking is prevented
by resistances connected across the contacts.

15.11. Prevention of False Registration—Ratchet and Pawl.
It is clear that in each of the above arrangements the summation
register is incapable of differentiating between backward and forward
registration of the circuit meters, since the impulse would be the same
in both cases. In order to avoid advance of the summation element,
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with backward registration of the disc, circuit meters are fitted with
ratchet devices. The ratchet is designed to operate upon the main
disc spindle, so that there will be no possibility of the disc making
several revolutions before the ratchet becomes effective. If this reverse
rotation were possible, oscillation of the meter disc due to alternate
forward and reverse power would cause a large registration upon the
summation meter.

15.12. Graded Impulsing. In some of the Grid metering instal-
lations, the number of units per impulse of each circuit meter is
constant, being determined by the rated load of the largest circuit. In
other cases, the number of units per impulse is graded in proportion
to the rated full load of the individial circuit. The disadvantage of the
former system is that the rate of impulsing will vary with the rated
load of each individual circuit. This will lead to unequal wear of the
contacts and, in the case of the smaller circuits, impulses will tend to be
included in the wrong period, thereby increasing the errors in the deter-
mination of the maximum demand. Graded impulsing, on the other hand,
tends to uniform accuracy, wear, and reliability of the entire equipment.

15.13. Impulse Receiving Elements. There are three general
types of impulse receiving elements in use. These are:

(@) Double-coil rotary armature

(6) Double-coil oscillating armature

(c) Single-coil attracted armature.

15.14. Double-coil Rotary Armature Impulse Receiving
Element. In type (a), the rotary armature is connected through a

Fic. 155 —Impulse Receiv-
ing Element—Double Coil
Rotating Armature,

ratchet device to the receiving element driving spindle (Fig. 155). One
end of this spindle is geared to a differential shaft, and the other end to
the counting train mechanism. The receiving elements are differentially
connected together in pairs, in order that their advances might be
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summated and, in turn, these pairs are coupled in pairs as illustrated
diagrammatically in Fig. 156. Theoretically, this method may be

To Printometer and
Demand Indicator

Nmpuise unit”

i rImpulse yrit A~

D

Y impulse unil

F1c. 156.—10-Element
Summator.

extended indefinitely, but in practice it is limited to about fourteen
elements, on account of the weight and size of the assembled unit.
The Grid Authorities have satisfactorily employed up to twelve-element
summators in this manner.

15.15. Oscillating Armature Impulse Receiving Element. A

F1e. 157.—Impulse Receiving Element—
Oscillating Armature.

diagrammatic arrangement of the oscillating armature of type (b) is
given in Fig. 157. Impulses are received by the armature and are
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transmitted via the two ratchets, one rotating the ratchet wheel in a
positive direction for movement of the armature in one direction, and
the other continuing the rotation in the same direction when the
armature is reversed by the next impulse.

The summation is carried out in a similar manner to that already
described.

15.16. Single-coil Attracted Armature Impulse Receiving
Element. The principle of type (¢) is illustrated in Fig. 158. Operation

Spring Relay

Armature

T
110y From potential
trans',garmerla g‘,,i%’;u Reloy )
C .
j i Q; Resetting Cam

with constant
tran , rototion
dpring o

Summating Meter Summoator

F16. 158.—Impulse Receiving Element. Single-coil Attracted
Armature.

of the armature releases an arm connected to a ratchet wheel, the arm

being reset against a spring by a cam-shaft continuously rotated by

means of a shaded-pole motor. During the resetting period, the impulse
+is transmitted to the summator.

In this type of summator, the ratchet wheels on the receiving
elements are all directly connected to the same shaft. It is therefore
essential that no two impulses occur simultaneously. Consequently,
only four solenoids work on one shaft, these being 9o°® apart. This
number may be increased to eight by arranging another band of four to
be operated by the same cams, on the opposite side of the cam-shaft.

15.17. Electrical Impulse System. Another interesting type of
summator is one which entirely impulses electrically from meter to
demand indicator, and this is also to be found in service in the grid
metering scheme. It possesses a double-coil relay with a vertical
oscillating armature, and its diagram of electrical connections is given
in Fig. 159. When an impulse is received, the armature is deflected,
thereby releasing the armature of the restoring relay. When this drops,
an electrical circuit connected to a rotary contact-maker is completed;
the contact-maker controlling the transmission of all impulses between
the integrating meters and the summator. A series of contacts are
provided in the rotary contact-maker and these are each connected to
restoring relays. Contact of the switch creates an impulse which is
transmitted through three notching coils, which respectively operate
a totalisor, a repeater counter, and a demand indicator. The action
of the rotary switch is similar to that of the cam-shaft described in
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section 15.16. In the latter case, however, the impulses are mechani-
cally controlled whereas, in this‘ type, they are electrically controlled
by the rotary switch.

Care must be taken to ensure that the speed of the rotary switch
and rate of transmission of impulses is such that only one impulse
arrives for every contact on the rotary switch. Should it not be
arranged in this manner, the arrival of two impulses between two

on I'elacy;l Restoring coils
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F1G. 159.—Diagrammatic Arrangement of Electrical Impulse
System.

contacts on the same transmission circuit would only be recorded as
one impulse, thereby introducing an error in summation.

15.18. Maximum Demand Indicators. The maximum demand
indicators used in conjunction with the above systems are of the Merz
type, and differ from the commercial type of indicator by virtue of the
provision of a long-scale arrangement, together with a large dial for
accurate reading.

One type of m.d.i. is fitted with two pointers which are geared in
the same manner as the hands of a clock, the arrangement being such
that ten revolutions of the one pointer occur during one revolution of
the other.

15.19. Printometers and Maxigraphs. In certgin of the Grid
summators, the demand recorders are of the printometer type, whilst
the remainder are fitted with maxigraphs.

An interesting feature of the maxigraph is that no ink is required
for the purpose of making a record, as this is effected by means of a
silver marking-wheel which rolls over specially prepared paper during
the brief resetting interval. At other times the wheel is clear of the
paper.

15.20. Monthly Records. Each monthly accounting period, the
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XV:15.20 ELECTRICITY SUPPLY METERS

following records are required from the British Grid metering equip-
ment, these are:

(@) kWh of energy

() kW of maximum demand during any consecutive thirty minutes
(either thirty minutes from the commencement or thirty minutes from
the middle of any hour of the twenty-four hours of any day).

() Power factor at the time of maximum demand (wherever involved
in the Board’s agreements).

The determination of (c) is made by reference to kVArh meters and
their maximum demand indicators, and this practically involves a
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F16. 160.—Circuit Arrangement—Grid Metering Scheme.

duplication of the kW summating equipment. The diagram of con-
nections of the kWh and kVArh meters, in one circuit, to their respective
summators is given in Fig. 160. The maximum average demand is
obtained upon the indicator, and the time of this demand from the
kW record chart. The corresponding kVAr demand at this time is
then determined from thé kVAr chart, and from these two demands the
power factor can be calculated. .

For further particulars of the metering arrangements of the grid
system, the interested reader is recommended to read the article
entitled “Grid Metering,” by Henderson (Jour. I.E.E., pp. 185-99,
Vol. 75, August 1934).

A summator, manufactured by Metropolitan-Vickers Ltd., is illus-
trated in Fig. 161. This is arranged for the summating of six circuits
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Fic. 161.—Summator for summating Six Circuits, Recording

simultaneous Maximum Demand axd providing a Printed Record

of the Average Demand during Successive Half-hour Periods
(Metropolitan-Vickers.) . !

and records the simultaneous maximum demand, as well as providing
a printed record of the average demand during successive half-hour
periods. The summation of the total energy is registered upon the
top left-hand dial, while the remaining six dials register the energy
supplied by the respective individual feeders.
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CHAPTER XVI

Special Meters

16.1. Two-rate Meters. This type of meter is employed in
connection with the double-tariff method of charging for electrical
energy, which differs from the maximum demand system and the two-
part tariff system, inasmuch as there are two different rates of charge
per unit of energy, depending upon the period of the day at which the
energy is supplied (section 12.4). The meter is of the normal quarterly
type, but has two separate registering trains. An arrangement is
embodied in the meter by means of which they are alternately brought
into gear with the meter spindle, at pre-determined times of the day;
the arrangement being controlled by a time-switch. The latter alter-
nately opens and closes a solenoid circuit. When the solenoid is
energised, an armature is operated and this moves a rocking device,
thereby displacing a driving wheel from one registration train to the
other. Generally, the time-switch is adjusted to operate in such a
manner that the registration of energy occurs upon the “high rate”
dial during the hours of peak demand upon the station, and upon the
“low rate” register for the remainder of the day. The consumption
of energy measured upon the ‘low rate” register is charged for at a
preferential rate.

16.2. Ferranti Type FLDI Two-rate Meter. One such two-rate
meter is illustrated in Fig. 162. It will be noted that this meter incor-
porates the time-switch and change-over mechanism. This consists of
a synchronous motor and gearing, forming a twenty-four-hour clock,
which drives the operating arms, each of which rotates once every
twenty-four hours. The position of the operating arms on the twenty-
four-hour dial determines the periods of operation of the relative rates.

An alternative and, in some ways, better method of metering for
such a tariff is the employment of two normal quarterly meters in
conjunction with a time-switch. The meters are connected in series
with the load and for pre-determined periods of the day the time-switch
connects the potential circuit of the one meter to the main supply
voltage and opens the potential circuit of the other meter. During the
remainder of the day, when the other tariff is in operation, the latter
potential circuit is energised whilst the other potential circuit is opened
by the time-switch.

16.3. Battery Meters. These are usually of the normal ampére-
hour mercury motor type and are employed in battery circuits for the
purpose of giving information as to the state of charge, etc., of the
battery. When one such meter is connected in the battery circuit, it
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will run 1n either direction, according to whether the battery is being
charged or discharged. It 1s therefore essential, for accurate operation
of the meter, that no fluid-friction compensation is provided. Other-
wise, in the one direction, the compensation would be negative and
detract from the accuracy of the meter.

¢ L ) - ¢

Fic 162 —Ferrant1 type FLDI Two-rate Meter

Two such meters are frequently employed in series in the battery
circuit, each being fitted with a ratchet and pawl in order only to
permit of forward registration of the disc. In such circumstances, the
connections of the respective meters are such that the one measures
the quantity of electricity supplied during the char,ing of the battery,
whilst the other measures the quantity of electricity supplied by the
battery during discharge. It will be appreciated that, for forward
registration of both discs, the one meter must have its connections
reversed from those normally employed for the ampére-hour meter.

16.4. Load-rate Prepayment Meter. An interesting type of
meter, developed by Fawsett and Parnall, is the load-rate prepayment
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XVi:164 ELECTRICITY SUPPLY METERS

meter manufactured by the Metropolitan-Vickers Co. Ltd. The purpose
of this meter is to encourage small consumers to install, and use, more
apparatus suitable for connection to their normal lighting circuits. The
meter is capable of operation at two different prices per unit of energy
delivered, one tariff being in operation when the consumer’s demand
is below a certain value (say, 0-5 kW) and the other for any demand
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Fig. 163.—Load-Rate and Two-part Tariff Meters. Comparison Curves.

exceeding this value. Usually, the price per unit at the higher demand
is about one-quarter that of the other tariff.

The prepayment mechanism is operated by the consumer in the
normal manner, and the instrument is similar to the standard prepay-
ment meter manufactured by the Company, except that a special
automatic gear-changing device is incorporated for the selection of the
appropriate price per unit. This gear-changing device consists of an
electro-magnet controlling a lever which introduces or withdraws a set
of gears in the train, between the energy registering mechanism and
the main differential of the prepayment device. A pointer is provided
upon the instrument to indicate the tariff at which the meter is
operating.

The demand at which the tariff changes is determined with reference
to the maximum lighting load of the consumer, and is so arranged that
the revenue obtained at the threshold demand for operation of the
price-reducing gear shall not be lower than that received for the
maximum lighting load alone. It is claimed that the revenue curve of
such a meter closely follows the cost curve and Fig. 163, which gives

- comparative curves of average prices received from load-rate meters
and ordinary two-part tariff meters, illustrates how closely the results
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obtained with a suitable load-rate meter compare with those from :
rateable value tariff.

16.5. Light and Power Prepayment Meters. This type of mete
is similar to the ordinary prepayment meter, except that two interlace
series windings are provided in the meter element. The one winding i
connected in the consumer’s lighting circuit, whilst the other, whicl
consists of less turns, is connected in the power circuit.

If » is the ratio of the lighting circuit winding turns to the powe:
circuit turns, it follows that the speed of the disc per kW of lighting
demand will be » times the speed per kW of power demand. Thus, by
designing the meter to 1egister cuniectly tor ihe lighting load, the
registration for the power load wilt nuly be 1/nth of its correct value
An obvious disadvantage of sucly a meter 1s that its registration give:
no real indication a< to the units consumed, and for this reason it ha
not been approy ed by the lectricity Commissioners.

16.6. Arno Meter. It was first suggested by Professor Arno tha
the charge for elect-icity should be made on a “‘complex load” tim
basis, defining ‘‘complex load”” as §E1 cos 8+4-4EI. Such a tariff wouls
obviously provide an order of compensation to the supply authorit
for the extra cost involved in the supply of electrical energy when th
power factor departed from unity (section 12.5). The only modificatio
involved in making the normal meter suitable for measuring the abov
quantity is the adjustment of the quadrature loop so that the pressurl
flux lags the applied voltage by an angle slightly greater than go°, sa
(9o+38). On a lagging power factor of cos 6, the modified meter w1]
register proportional to

EI cos (0—8)

which will be greater than that for energy measurement by the factor o
cos (8—38)
Tcos 6
cos 6 cos 8-sin 0 sin §
cos 6 T
cos 8-4-tan 0 sin 8
which, where 3 is small, will approximate to
1-+tan 6 sin 8§
Now, for 14-tan € sin 8 to be equal to (§£1 cos 6+4EJI)/EI cos 6

)
3 3 cos 6,
tan 6
i1
‘3(57.;79 -1)

tan 6
333
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:_-—_I.(,_I_ —cot 6)
3\smn 6

At 0-866 P.F., 6=30°, and
sin 8=% (2—1-73)
=009
. 8—=51°
Over a considerable range, by choosing a suitable value for the

F16. 164.—Outdoor Unit (Chamberlain & Hookham Ltd.)

angle 8, the meter will register a quantity dependent upon the value of
$EI cos 6+3EI. Although the speed of the disc will not always be
proportional to this quantity, it will always give a greater registration
than that for energy measurement, and this value will increase the
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lower the power factor; the increase being proportional to tan 6, since
sin § is constant. Where the supply is likely to have a power factor
between the limits of unity and o-8 lagging, it has been suggested that
8 should be given a value of 5° and, for power factors varying between
o0-9 and 0-5 lagging, 8 should be given a value of 14°.

Such a system of metering has much to commend it, since it has the
advantage of being simple and inexpensive.

16.7. Outdoor Units. It is sometimes the case that a meter is
required for outdoor operation. Weatherproof metei-boxes have
accordingly been manufactured, and one, 1s supplied by Chamberlain
and Hookham Litd., is iilustrated in Fig. 164. 1t consists of a welded
steel chamnber with a hinged tror: panel, prevision being made for
locking and seaiing the box and its contents. The entry of moisture is
preventcd by means nf a cork g.sket fitted inside the front panel,
together with a rain shed. The illustration is of such a box housing
a combined kWh and kVAh meter with their corresponding maximum
demand indicators.

16.8. Showroom Demonstration Meters. These are of the
normal typ? of quarterly meter, except that the usual kWh counting
train and dial are replaced by gearing with a large single pointer and
circular dial; the latter usually being graduated in units or pence. The
meters are utilised in the showrooms of supply undertakings, when
cookery demonstrations are in progress, to give the consumer a simple
illustration of the cost involved when an electric cooker is in operation.
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Testing Equipment—Test-room Lay-out

17.1. Approved Apparatus. The test-room equipment of Supply
Authorities has, in general, improved tremendously within the past
few years, and this is in no small measure due to the Electricity
Commissioners. The latter have laid down that the apparatus provided
in any testing station, in which supply meters are tested before being
submitted for certification, must include the following:

(a) Standard Apparatus. Direct current potentiometer, standard
cells, standard resistances for current measurement, voltage dividers.

(b) Substandard Apparatus. Indicating wattmeters, ammeters, and
voltmeters. Rotating integrating meters. Electrolytic meters (where
electrolytic meters have to be tested).

(c) Stop-watches or any other suitable timing devices.

(d) Apparatus for the control of current, voltage and, in the case
of alternating current meters, phase.

This apparatus must in all respects conform to the specifications
laid down by the Electricity Commissioners in their supplementary
publications to the Electricity Supply (Meters) Act, 1936. The reader
is therefore recommended to consult the entire publications, which can
be purchased from H.M. Stationery Office at the cost of a few pence.
We will only consider the main requirements laid down therein.

17.2. D.C. Potentiometer. This must have a range of at least
o to 15 volts and a range-checking device for a 10: 1 ratio must be
provided. The minimum reading on the normal range must not be
greater than 0-0002 volt. In the vernier type of instrument (section
2.15) 0-0002 volt must correspond to at least one step on the last dial
on the normal range, whilst in the slide-wire type it must represent at
least 1 mm. length of the slide-wire. The resistance of the potentio-
meter circuit must not be greater than 200 ohms, nor less than 100 ohms
per volt. The error due to departure from nominal resistance of any
coil of the potentiometer circuit must not exceed 00002 volt on the
normal range. When the instrument is used on the lower range, this
error must not be altered by an amount greater than o-2 per cent. If
the potentiometer includes an independent system for balancing against
the standard cell, this section must be capable of adjustment to com-
pensate for the change of e.m.f. of the cell with change in ambient
temperature. This provision must be made for a range of e.m.f. of at
least 1-0197 to 10187 volts, and if it is not continuous at least six
positions must be included. Finally, any exposed insulating material
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must be of such a type as is unaffected by light. Ordinary black
ebonite is unsuitable.

For the best operation of the instrument, the accumulator should
be of such a rating that it is well able to supply the potentiometer
current at a constant value. It is also important that the accumulator
be kept in a good condition.

17.3. Voltage Standardisers. Direct current potentiometers
which do not conform to the above requirements may be employed in
the capacity of voltage standardisers (section 2.26). Under these
conditions, the range of the instrument must be at least o to 1-5 volts,
and not less than 0+75 volt mnust be apphed tn the potentiometer for
voltage standardisation purposes. Tt »f the slide-wire type, one division
of the slide-wire must correspond to not more than o-oox volt, and shall
have a length of not less than 2 muin. In other types of potentiometer
one division of the lowesi readirg dial must not be greater than
0-0005 volt.

If any exposed insulating material is of a type which is adversely
affected by light, a plate must be fitted to the potentiometer stipulating
that the insirument is to be protected from light when not in actual use.

17.4. Standard Cells. These are to be of the Weston or mercury
cadmium type (section 1.11). At least two must be provided for the
purpose of mutual comparison.

17.5. Voltage Divider. Voltage dividers must be of the constant
current type and the value of the resistance must be 50 to 100 ohms
per volt. Furthermore, the error in voltage division must not exceed
0°02 per cent.

17.6. Standard Resistances for Current Measurement. The
resistances are to be designed for a voltage drop of 1-0 or 15 volts
when the rated current flows through them. Thus, the power wasted
is much greater than in ammeter and supply meter shunts, and the
dissipation of heat in the larger standard resistances is made as large
as possible by enclosing them in oil-baths. The resistance elements
must be constructed of manganin, or a material with similar properties,
hard soldered to the end blocks or copper pieces. The latter may be
soft soldered to the terminal blocks.

The thermal e.m.f.s (section 6.1) of a resistance standard must not
exceed 0-01 per cent of the voltage drop at rated current, when the
shunt has been passing this current for half an hour. FThe value of this
thermal e.m.f. can be estimated by observing tue deflection of the
galvanometer immediately after the rated current has been interrupted
{the potentiometer being set to zero by short-circuiting the leads from
its tappings) and comparing it with the deflection produced when the
potentiometer is set at its minimum reading.

For current ratings up to 100 ampéres, the resistance error must not
exceed 0-03 per cent, and for current ratings over 100 ampéres the
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maximum allowable error is 0-05 per cent for any current up to the
rated value.

17.7. Voltage Standardisers. These may be of either the constant
current or constant resistance type. In the former type the resistance
must not be less than 50 ohms, nor more than 100 ohms, per volt. In
the constant resistance type of instrument, the current taken from the
line, on any range, shall not be less than 1 milliampére nor more than
20 milliampéres. The error in the ratio of voltage division shall not
exceed 0°02 per cent on any range and, if no adjustment is provided to
give compensation for variation in temperature of the standard cell,
the em.f. of the standard cell will be assumed to have a value of
1-01825 volts. The same remarks which applied to the d.c. potentio-
meter, concerning exposed insulating material, also apply to the voltage
standardiser.

17.8. Standard Clocks. Ships’ chronometers, or pendulum clocks,
may be employed for the checking of stop-watches. The former shall
be provided with a seconds hand, the tip of which shall move in steps
of not less than 0-5 mm. Unless the pendulum of the pendulum clock is
visible, it must also comply with the above requirement. The chrono-
meter or clock must be adjusted so that its error does not exceed thirty
seconds in twenty-four hours at any temperature between 10°C. and
30°C.

17.9. Substandard Stop-watches. These must have dials read-
able to 0-05 seconds, although dials having divisions of 0-1 seconds will
be acceptable providing the length of a division is not less than 1 mm.
and a suitably thin pointer is employed. The error developed by
watches shall not exceed o0-15 per cent of the interval measured, at
any temperature between 10°C. and 30°C.; an extra combined error of
0-05 seconds being allowed for the starting and stopping of the watch.

Suitable timing devices, other than stop-watches or chronograph
watches, may be submitted to the Electricity Commissioners for
approval as time substandards, but mains-driven synchronous stop-
clocks or stop-watches must not be employed as time standards or
substandards.

17.10. Substandard Wattmeters. The Electricity Commissioners
have specified electro-dynamometer instruments which, unless of the
torsion-head (section 4.12), shall have scales not less than 5 inches
long, with knife-edged pointers and anti-parallax mirrors.

When such an instrument is to be used for alternating current
measurements, the corrections at the declared frequency and unity
power factor must be identical with those on direct current, within
the accuracy of reading the instrument; the indication on direct
current being taken as the mean of the two values obtained with
opposite polarities.

We have already considered the factors which determine the accuracy
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of d.c.fa.c. transfer of an electro-dynamometer wattmeter, and a
method of testing it on direct current (section 2.25) by means of a d.c.
potentiometer.

For other requirements of the Electricity Commissioners, the reader
is advised to consult the publications already mentioned.

17.11. Substandard Rotating Meters. The specifications con-
cerning substandard integrating meters are that they shall comply in
all respects with the requirement+ of the British Specification No. 37,
1930, for substandard meters, as tar as they are applicable, except that
meters intended for long-period dial tests may b» fitted with modified
registering mechanisms. Insucb a rr~ “anism tlie three dials of highest
denomination nmicy be emitted. ¥«: other particulais concerning the
specification of substandard integrating meters, the reader is advised
to consult the publications nf (he Electricity Commissioners.

17.12. Sources of Energy. In addition to the standard and sub-
standard instruments already mentioned, the equipment of a testing
station must include suitable and sufticient sources of energy. There
must also be means to facilitate the regulation of the voltage and
current as well as, in the case ot alternating current, means of altering
the phase of the load current relative to the supply voltage, or vice
versa. As we have already seen (section g.17), it is usual to apply a
phantom load to the meters, i.e. separate sources of voltage and current
to the potential and series coil circuits.

17.13. Voltage Supply. The voltage requirements are very
modest, all that is needed being supplies (a.c., d.c., or both) at the
rated voltages of the meters to be tested, with provision for varying
the voltages -+ 10 per cent of the declared value. The current require-
ments are more exacting, and sources of current must be provided with
means of continuously varying the magnitude from a value equivalent
to the starting current of the smallest capacity meter to the full load
current of the meters of highest rating.

17.14. Testing of Meters with Potential Transformers. In

the case of meters employing potential transformers, it is common
practice to test them as 110-volt instruments, and to make allowance
for the errors of the transformers (section 6.17). These errors may be
obtained from an actual test upon the transformer, or estimated from
a knowledge of the characteristics of other transformers of the same
type. ‘
17.15. Power Factor. Provision must be made for the adjustment
of the artificial power factor of the phantom load. This may be by
means of a phase-shifting transformer (section 2.19) or any other device
whereby the phase of the testing voltage can be varied independently
of that of the current, or vice versa.

17.16. Current Supply for D.C, Meter Testing. In testing
stations handling d.c. meters, the capacity of the battery employed
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for the supply of current to the test circuits will depend upon the
maximum current rating of the d.c. meters likely to pass through the
station. It must be sufficiently in excess of this to enable the normal
d.c. routine testing of the establishment to continue while the large
capacity meters are under test. Alternatively, two separate sources of
supply might be provided.

In testing stations only concerned with a.c. meters, the battery
requirements will be more modest; the capacity need only be sufficient
for the d.c. testing of transfer instruments.

The voltage of batteries for direct current supply should be suffi-
ciently high to permit of the major portion being absorbed in loading
resistances of negligible temperature coefficient, such as manganin.
This will minimise the variation in the value of the testing current,
due to changes in temperature, when the copper portion heats up on
load. In general, the battery voltage should be between 12 and 20 volts,
and preferably of the order of the higher figure. Suitable charging
plant must also be provided and great care should be taken in the
charging and maintenance of the batteries. This duty should only be
given to a capable person and, since it will thereby ensure a steady
and reliable source of testing current, it will more than repay for the
trouble taken.

17.17. Voltage Supply for D.C. Meter Testing. A battery must
be provided capable of supplying at least 10 per cent in excess of the
maximum declared voltage of any d.c. energy meter to be tested at
the station. The capacity of the battery need only be small, since in
general such meters are only tested in small quantities When an a.c.
supply is available, the battery could be kept in a charged condmon
by means of a trickle charger.

It is essential that the batteries and framework of an H.T. ba.ttery
system be kept in an exceedingly clean condition. Otherwise, a leakage
of charge is likely to occur.

17.18. Current and Voltage Regulation for D.C. Meter Testing.
The regulation of the current for d.c. meter testing should be con-
tinuously variable over the whole range of the battery. Since the
majority of d.c. ampére-hour meters are of no greater capacity than
20 amperes, it is advantageous to make certain benches suitable for
the testing of meters of these sizes only. The circuit diagram of a
convenient current control panel for such a bench is illustrated in
Fig. 165. For the testing of larger meters, up to 200 ampéres capacity,
a suitable control panel is illustrated in Fig. 166. In both cases the
control is such that a continuously variable output from zero to the
maximum current rating is provided. An advantage of fitting sockets
for test bench plugs is that parallel battery supplies can be given to
any test bench. This is particularly advantageous when it is required
to test heavy current meters. The function of the ammeter is merely
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to give an approximate indication of the load, and a system of shunts
is therefore unnecessary if the instrument is scaled with sufficient
divisions.

17.19. Voltage Control Panel. A circuit diagram for a control
panel for the voltage supply to the potential circuits of energy meters
is given in Fig. 167. This provides continuously variable adjustments
around each of the d.c. declared voltages of the undertaking, with
allowance for a 4-10 per cent departure from these declared values.

17.20. Supplies for the Testing of A.C. Meters. The most
satisfactory source of supply for the testing of a.c. meters is a motor
generator driven from a battery. Unfortunately, such a scheme is very
costly on account of the necessity of a battery capable of driving the
genezator for long periods, at a pressure of at least 100 volts. A very
fine speed control must also be provided in order that frequencies above
and below the declared frequency can be obtained, and also to permit
of accurate adjustment of the frequency to the required value,
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The motor generator may include a synchronous motor to replace
the batteries. The advantage of the synchronous motor is that it runs
at constant speed irrespective of load. Unfortunately, this speed is not

Rheostat For
Fine agjustment

Fi1G. 167.—Voltage Supply Arrangements for
D.C. Control Panel.

adjustable, being governed directly by the frequency of the supply,
and so the frequency of the alternating current from the generator will
be directly proportional to the frequency of the supply.

The a.c. generator, which must be capable of giving an almost
sinusoidal wave throughout its entire load range (see B.S.S. No. 225)
usually possesses a three-phase winding.

17.21. Motor Generator Set—Synchronous Motor Type. It
is now possible to obtain a motor generator set, of the synchronous
motor type, incorporating automatic voltage regulation of such an
efficiency that the delivered a.c. pressure is balanced and constant to
+40-05 per cent with supply pressure variations of 45 per cent. This
regulation is obtained by means of thermionic valve amplifiers incor-
porated in a voltage control circuit, and they are capable of a speed
of regulation of 0-3 seconds. Such a motor generator consists of a
synchronous motor, a synchronous generator, and a generator for field
excitation of the synchronous machines.

17.22. Double Generator Set. We have already considered the
method of employing a double generator set (section 9.17) for the
supply of a.c. phantom loads. The main advantage of such a method
was that the phase of the applied voltage could be altered relative to
that of the current, or vice versa. This method has given place to that
of the phase-shifting transformer (section 2.19) on account of the ease
of operation of the latter instrument and its lower cost. The double
generator itself was very expensive, apart from the high cost of the gear
for remote control of the relative position of the stators,
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17.23. Step-down Transformers. The supply of current, from
the generator to the meters under test, is best obtained through the
medium of step-down transformers; thereby making it only necessary
for the generator to be of sufficient current rating to supply the primary
currents of these transformers.

There are two fundamental methods of regulating the current to
the meters under test. One is by connecting the primary windings of
the transformers directly across the generator supply, and providing
suitable current limiting resistances in the secondary circuits in series

tep - . -
Step-down Wy Test

Transformer 3 w4 LSl .
S, pply AW
From MG YW

(a)
Test
' 0 Circort
Supply '::: 1 - g
Ffrom M.G. VW= g
(6)
FiG. 168.—Methods for Regulation of Step-down
Transformer.

with the meter current coils. Such a method is illustrated in Fig.
168 (a). The alternative, illnstrated in Fig. 168 (b), is to connect the
instrument current coils directly across the secondary terminals of
the step-down transformer, and to provide suitable current limiting
resistances in series with the primary winding of the transformer across
the supply terminals of the generator.

In both cases the current in the test circuit is controlled by variation
of the resistance, the value of which should be continuously variable
between the limits.

In the latter arrangement the transformer is virtually operating as
a current step-down transformer. It will be delivering its current
through a low impedance load. Under these condition: the primary
current will have a sinusoidal wave-form providing, of course, that the
applied voltage is also sinusoidal. The wave-form of the secondary
current, however, will not be quite so good as that of the primary side.
This is due to the fact that the latter comprises two components, i.e.
the excitation current which is distorted, and the current which is
transformed. This distortion of the excitation current will cause the
secondary current to be distorted, the extent of which will depend upon
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the magnitude of the excitation current relative to that which is trans-
formed. Fortunately, the excitation current will be comparatively
small and, as a result, the wave-form of the secondary current will only
be slightly affected and will closely resemble that of the primary side.

If the above conditions are satisfied, by employing a suitable trans-
former, this method of current regulation is quite effective. No
transformer should be used for this purpose, however, if its rated
voltage is appreciably less than the supply voltage since, when the
resistance in the primary circuit is small, the p.d. at the primary
winding terminals is liable to be greater than the rated value. This
would create magnetic saturation of the core and a relatively large
excitation component of the primary current, tending to distort the
wave-form of the secondary voltage.

In the case where adjustment of the meter current is made by
alteration of the resistance in the secondary circuit of the transformer,
the arrangement provides constant voltage step-down transformation.
Under these conditions, provided the supply voltage is sinusoidal, the
secondary voltage and current will have a sinusoidal wave-form over
the whole current range.

17.24. Heavy-current Control Panel. An advantage of providing
the constant current controlling resistance on the primary side of the

Step-DOown
lraonsformer
230///-5v
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~w-g20mp,
~W\¢/amp Jo
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Q)

b 4
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F1G. 169.—A.C. Control Panel Arrangement
for Heavy Current Single-phase Meters.

transformer is that the current rating of the resistance is kept small,
This is particularly advantageous for heavy-current test circuits. This
can be seen by reference to Fig. 169, which illustrates a suitable circuit
for providing variable current control up to 100 ampéres. The fixed
resistances give nominal primary current values of 2, 2, I, and 05
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ampéres respectively, and these are virtually increased to twenty times
this value by the transformer. Two continuously variable resistances
are also provided to permit of fine adjustment to any intermediate
value not catered for by the fixed resistances. For the testing of
5-ampére meters, suitable switching arrangements can be provided
so that the transformer is isolated and the current taken directly
from the supply. Alternatively, the primary winding of the transformer
could be short-circuited, and the iesting current passed through the
secondary of the transformer, is iliustrated in Fig. 109 (b). There
would then be little impedar.ce offercd by the sccondary winding.

17.25. Three-phase Current $v., ply. In -~ctions 11.16 and 11.21
it was stated that the Electricity Commissioners stipulate that three-
phase meters should normally be teeted in a circuit for which they have
been designed. Asaresult it 1, standard practice to employ three-phase
balanced currents and voliages ior the purpose of calibrating such
meters In consequence, the control rircuit for the test load must be
designed to provide currents of any required value within the rating
of the equipment. It should also Lie capable of delivering currents
which are b:lanced in magnitude and phase.

Three such circuits as that illustrated in Fig. 169 would supply the
necessary current regulation for the testing of such meters, providing
the lines to the controlling resistances were taken to the line terminals
of the supply, and the returns commoned. For a four-wire circuit, the
commoned returns would be connected to the neutral of the supply.

17.26. Control Panel for Small Capacity Three-phase Meters.
For the testing of small capacity meters, such a control circuit as that
illustrated in Fig. 170 would be satisfactory. The diagram and circuit
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F16. 170.—A.C. Control Panel Arrangement for Light
Current Three-phase Meters.

require little explanation. The resistances are adjusted until the
currents in the three lines are equal and of the required value. The
neutral switch would be open for the testing of three-wire meters and
closed for four-wire meters. When a two-element wattmeter (or two
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single-phase wattmeters) is employed for the testing of the meters, it
is essential to ensure that there is no current flowing in the neutral wire.
This condition can be attained by disconnecting the neutral wire from
the supply terminal after the load has been balanced. The above
remarks also apply when four-wire meters are tested against a three-
wire substandard integrating meter.

17.27. Voltage Supply. The supply of voltages for testing pur-
poses will, in general, be a more simple proposition than is the case
for the supply of current, since comparatively few values of the former
are required. Usually, only 110, 230, and 400 volts will be necessary,
together with means for varying the voltages by 4-10 per cent from
these values. A variable ratio transformer is suitable for this purpose,
when supplied from a constant voltage source. In the case of a three-
phase supply, a double-wound transformer, delta-star connected, is
suitable since it ensures that the phase voltages employed for the
testing of two-element four-wire meters correspond in wave-form to the
line voltages of the supply, and are also free from residnal voltages.
As a phase-shifting transformer is generally employed in the potential
circuit, the phase displacement due to this method of connection can
easily be rectified.

17.28. Testing of Large Quantities of Meters——Single-phase.
When it is required to test large quantities of single-phase meters of
the same rating, it is convenient to employ special test benches which
are simple to operate and yet provide all the essential facilities of a
more complicated test bench. Furthermore, since the Electricity
Commissioners permit a tolerance of 410 per cent in power factor for
the nominal value of o0-5 lagging (i.e. a phase tolerance of 3°), no
elaborate methods are necessary for the attainment of this power
factor. Therefore a simple switching arrangement may be provided to
give the required power factor, by variation of the connections of the
circuit.

17.29. Cross-phasing. Where a three-phase supply is available,
the power factor is usually obtained by what is termed “‘cross-phasing”’.
In this method the series coils of the meters are fed with the current
of one line, and the potential coils are connected across any phase or
line voltages of the supply which give the required phase angle of the
current relative to the potential coil voltage. For example, if 0-5 power
factor is required, it is only necessary to supply the voltage with a 60°
lead in phase, relative to the current in the meter series coils. Thus,
with standard phase rotation, if the meter current coils are in a non-
inductive circuit carrying the red line current, the potential coil would
require to be energised by the reversed yellow phase voltage, in order
to get the necessary phase displacement.

17.30. Artificial Power Factor—Single-phase Supply. Metro-
politan-Vickers Ltd. have developed a method whereby an artificial
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power factor of 0-5 lagging can be obtained from a single-phase supply.
In fact, it permits of the variation of the current through the whole
range of 9o} the circuit being as given in Fig. 171. The instrument
current coils carry the current I, of the adjustable reactance, and the
reversed current Iz of the non-inductive resistance R; the reversal of
Ir being obtained by means of a transformer of 1 : 1 rario. The current
Inm, passing through the meters, i therefore the vector sum of —J R
and [, and, by suitable adjustment of the \ alue of these components,
the phase of Ix can be made to lag /i by ai,y angle between 0° and 90°.
This can be seen from thu vector dia; ram of i 171 (). The obvious
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Fia. 171.—Artificial Power Factor from
Single-phase Supply (Metropolitan-Vickers.)

disadvantage of such a scheme is that variation of either current com-
ponent affects both the magnitude and phase of In. It is, however,
useful when the supply is single-phase and other methods of power
factor control are not available.

17.31. Compensation for Secondary Current Lag—Cross-
phasing. When a step-down transformer is employed to supply the
current to meters of large rating, and the currert controlling resistance
is connected in series with the primary winding of the transformer, the
equivalent impedance of the transformer and its load may be sufficient
to cause the secondary current to lag the supply pressure by an angle
of more than 3°. The phase displacement between the secondary
current and its associated voltage, for an artificial power factor of o-5,
will then exceed 60° by an amount greater than the tolerance permitted
by the Electricity Commissioners. Compensation can be provided for
this by suitably lagging the voltage applied to the potential coil, in the
manner illustrated in Fig. 172. The secondary voltage of a step-down
transformer, the primary of which is across the red and blue lines, is
combined with the reversed yellow to neutral voltage applied to the
potential coils. This compensating voltage will be in quadrature with
the yellow to neutral voltage, and as it will only require to be small it
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will not sensibly affect the magnitude of the resultant. This can be
seen from the vector diagram of Fig. 172 (b). Suitable switching
arrangements are made for the change-over from the normal to “cross-
phase’ connections, and provision is also made for the 4-10 per cent
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Fra 172 —Aitihcial o 5 Power T actor—Compen-
sations for Secondary Current I.ag

variation of the applied voltage by means of tappings on the star
connected winding of the supply transformer, or generator.

The slight lag of the secondary current relative to its phase volt-
age will have little effect upon the errors at nominal unity power
factor.

17.32. Power Factor Control. We have already considered the
application of a phase-shifting transformer (section 2.19). In general,
such an instrument will be employed for the control of the power factor
of three-phase phantom loads. It is also convenient for the control of
the power factor of single-phase loads, providing a phase-splitting
device (section 2.19) is employed.

The phase-shifter will be connected in the circuit supplying the
potential coils of the meters; a diagram of connections of the control
circuit being as given in Fig. 173. The phase-shifting transformer
supplies a nominal phase voltage of 63 volts, at the star-connected
secondary, to the three star-connected auto-transformers. From the
latter can be obtained 63/110 or 230/400 volts, for supply to the
potential coils of the meters. When the four-pole, double-throw, switch
is to the left, the former voltages are available and, in the opposite
position, 230/400 volts are applied to the meters. The variation of the
voltage by 410 per cent is obtained by means of the voltage regulator
included in the circuit.
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17.33. Determination of the Wave-form of the Supply Voltage.
When the testing engineer has designed and built his own equipment
for load control, he will be particularly anxious to determine the
voltage and current output wave-forms for various conditions of
loading. Obviously, the most suitable instrument for this purpose is
the cathode ray oscillograph, with a camera attachment. For photo-
graphic purposes, the vertical trace is made by the p.d. whose charac-
teristics are about to be investigated, and the camera film provides
the horizontal time-base. Even the most inexpensive model of modern
commercial oscilloscope is quite satisfactory for this purpose, and can
be relied upon to give satisfactory service at normal supply frequencies.
The standard type of camera for such work takes a 35-mm. film from
which, of course, enlargements can be taken.

The larger and more prosperous undertakings would, no doubt,
prefer the double beam oscilloscope, which is a little mere expensive
but has the advantage of also providing a trace of the wave-form of
the supply voltage, for the purpose of reference.

Unfortunately, it is outside the scope of this book to discuss the
cathode ray oscillograph, but intevested readers are advised to read
one of the booklets published by the leading manufacturers of such
apparatus, or The Cathode Ray Tube and its Applications by Parr.

The wave-form of an alternating current can be determined by
passing the current through the primary of a mutual inductance (air-
cored transformer) and applying the secondary e.m.f. to the Y-plates
of the cathode ray tube.
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The Electricity Commissioners specify that the control apparatus of
a.c. test loads must not vary the peak factor of the voltage wave-form
by more than 3 per cent.

17.34. The Lay-out of a Meter Test-room. The cost of meter-
testing and maintenance is to a great extent dependent upon the
general lay-out and facilities of the test-room. The benches should be
well spaced and, for routine testing, of adequate proportions to permit
of the testing of large batches of meters at one time. The test control
panels should be simple to operate, and the arrangements for lighting
should be adequate. The testing department should be divided into
two sections (where size and numbers permit of it), one of which is for
laboratory work and general investigation, and the other for normal
routine testing. Under no circumstances should any repair work be
undertaken in the test-room, as a separate workshop should be kept
for this purpose.

A very important requirement in a meter-testing department is
cleanliness. There should be adequate apparatus and labour for strin-
gent vacuum-cleaning of the department at least once per day, and
under no circumstances should the presence of dust be tolerated. There
should be no nooks suitable for the congregation of dirt and any
apparatus entering the test-room, either from the workshop or the
manufacturer, should be carefully cleaned before being brought into
the test-room.

Where both a.c. and d.c. meters are tested at the same station it is
advisable to have separate sections of the room for each, in order to
keep the aluminium discs, etc., of the a.c. meters free from mercury.

Excellent accommodation should be made for the storage of indi-
cating and integrating substandard instruments, when not in use, and
a card-index system should be employed so that a record might be
kept of the entire history of each substandard, including a copy of
each calibration curve taken throughout its life.
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Lay-out of Meter Test R.om, 17 34
Lehmaun and Du Bois, demagnetising
coefficient, 8 2o
Light and power prepayment meter,
10.5
Lipman typeinduction wattmeter, 4 15
moving 1ron power factor meter, 5.7
Load factor, 12.2
Load-rate prepayment meters, 16.4

MacNETIC EFFECT OF ELECTRIC CUR-
RENT, 1.2
shunt for temperature compensa-
tion, 9.13
definitions, 8.23
Magnets—ageing, 8.22
demagnetising coefficient, 8 20
permanent—safety factor, 8.2:
Maximum demand indicators—Merz
pattern, 14.2
thermal pattern, 14.3, 14 7
Mean power—a.c., 1.21
Measurement of current, 2 3, 2 4, etc
energy—d.c., 8.13
a.c. single-phase, 9.1
a.c. polyphase, 11.1
kVAh, 13.13
kVArh, 13.1
frequency, 5.2
maximum demand, 14.1
torque, 9.25
Megger (Evershed & Vignoles), 5.11
Mercury fluid friction, 8.4
compensation for, 8.5, 8.14
motor ampere-hour meters, 8.4
watt-hour meters, 8.14
switch—Chamberlain & Hookham
Ltd., 104
Ferranti Ltd., 10.6
Merz pattern maximum demand indi-
cator, 14.2
Metal oxide rectifier bridge circuit, 3.10
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Meter constant, 8.10
Meter testing equipment-—Approved
Apparatus, 17.1
Metropolitsan-Vickers kVArh meter,
13.
load-rate prepayment meter, 16.4
maximum demand indicator, 14.5
mercury motor ampére-hour meter,
8.12
v.a't-hou” meter, 8.24
method of obtaining o5 P.F. from
sin~le-phase supply, 17.30
summatoer, 15.20
type DM prepayment meter, 10.5
type NE polyphase meter, 11.9
type NES ac. single-phase meter,
038,016
Miles Walker-—connections for electro-
static wattmeter, 4.19
Motor generator—battery driven,17.20
synchronous motor driven, 17.21
automatic voltage control, 17.21
Moving coil instruments- -permanent
magnet type, 3 12
electro-dynamometer type, 3.14
Moving iron instruments, 3.16
attraction type, 3.17
repulsion type, 3.18
Moving 1ron type power factor meters
(lapman type), 5.7
Multi-coin prepayment device, 10.2
Multiphers—voltage, 6.4
Multi-range test sets, 6.5
Mumetal, 6.15
Mutual inductance, 2 4, 2.21, 3.15, etc.
electro-dynamometer coils, 3.15
method—testing of current trans-
formers, 6.19
NEoN LaMP—STROBOTON (General
Radio Co. Ltd., U.S.A)), 9.27
Nickel-iron alloys, 6.15

OumMm, 1.6

Ohm’s Law, 1.14

One wattmeter method of measuring
three-phase power, 4.8

Outdoor meter units, 16.7

()verda.msping-—indicq'mg instruments
2. '

Peak Loap, 12.2

Peltier effect, 6.1

Pendulum, differential—theory, 8.30
simple—theory, 8.29
type d.c. watt-hour meter, 7.4, 8.28
type a.c. watt-hour meter, 7.4, 9.3

temperature variation, 8.33

type a.c. polyphase meter, 11.12
type d.c. three-wire meter, 8.37
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Permanent magnets—ageing of, 8 22
Permeability, 8 23
Petch-Elliott current transformer test
set, 6 23
Phantom (fictitious) load, 9 17
Phase angle of transformer, 614,
6 22
Phase rotation —errors due to change
of, 11 14
indicators, 11 14
Phase-shifting transformer—Drysdale,
219
Polvphase meters—Aron pendulum
type, 11 12
Chamberlain & Hookham, type
BTIg4, 117
JT 4,118
constructional details, 11 7
Ferrant1 types FLx and FIy
1111
Interaction between elements, 11 13,
1117
Metropolitan-Vickers type NE, 119
Sangamo, 11 10

single-phase  testing of, 1116,
11 17

three-element, three-phase four wire,
115

three-phase testing of, 11 21
two element, three phase four wire,
11 6
three wire, 11 4
Potential transformer—absolute tests,
62
compan“son tests, 6 25
theory, 6 17
Potentiometer,ac, 2 17
dc, 213
Powerac, 119
dc, 118
Power factor, 1 22, 1715
measurement of, 5 1
meters—electro-dynamometer type,

moving 1ron type (Lipman), 57,
instantancous, 4 1
mean, I 2I
measurement, 4 1
measurement 1n three-phase cir-
cuits, 4 3
Preferential tanffs, 12 4
Prepayment mechanisms, 101, 10 2
Prepayment meters—Aron type eP
single-phase, 10 3
hotel service, 10 10
Metropolitan-Vickers, 10 5
testing of, 10 12
two-part tanff, 107
testing of, 10 13

Price & Belsham Ltd, spht core type
transformer, 6 9
thermal demand indicator, 14 7
Primary (or Ratio) correction factor,
6 26

QUADRANT ELECTROMETER, 3 22

Quadrature adjuster—induction
meters 9 5

Quantity of electricity, 1 5

RaTcHET DEVICE FOR METERS, 15 11

Ratio (or Primary) correction factor,
6 26

Ratio—transformer, 6 17, 6 21

Rayleigh current balance, 2 4

Reactance, 1 21

Reactive kVA demand, 15 20

Reason electrolytic meter, 8 3

Recording instruments, 5 12

Rectifier bridge—instruments, 3 10

Remanence, 8 23

Repulsion type moving iron instru-
ments, 3 18

Resistance—unit of 16

RMS or virtual value of alternating
current 1 16

SAFETY I ACTOR OR PERMANENT MAG-
NETs—Heinrich and Bercovitz,
8 21
Sangamo polyphase meter, 11 10
type D5 mercury motor watt-hour
meter, 8 26
type HMT ac single-phase meter,
913,916
Secondary measuring instruments, 2 2
methods of testing transformers,
6 20, 6 25
Self-heating errors, 8 8, 8 17
Sensitivity of galvanometer, 2 10
Shaded-pole type induction meter,
321
type kVA meter with maximum
demand indicator, 14 12
Showroom demonstration meter, 16 8
Shunted meters, 8 7
Shunts, 6 1, 6 2
Siemens type 21 ac. single-phase
meter, 9 16
Simple pendulum—theory, 8 29
Single element meter for kVArh bal-
ance load measurement, 13.11
Single-phase circuits, 4 2
testing of polyphase meters, 11.16,
1117
Solid friction—mercury, 8 15
Split-core type transformer—Price &
Belsham Ltd , 6.9
Spring control, 3.4
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Standard cells, 1.12, 17.4
clocks, 17.8
resistances for current measure-
ment, 17.6
Standing charges, 12.1
Starting current, 8.38, 9.22
Step-down transformer for a.c. meter
testing supply, 17.23
Storage of standard instruments, 17.34
Stroboscopic testing, 9.27
Strobotac 631-B (General Radio
Co. Ltd., U.S.A)), 9.27
Substandard integrating meters, 17.11
wattmeters, 17.10
stop-watches, 17.9
Suinmation metering, 15.1
with transformers, 15 2
by impulses, 15.6
methods employed in Grid Scheme,
15.7-15.20
Summation transformers, 1_ 2
Summator—Metropolitan-Vickers,
15.20
Susceptibility, 8.2
" Synchronous motor generator, 17.21
time-switches, 14.6

TANGENT GALVANOMETER, 2.3
Temperature—meter variation due to,
8.6, 8.16, 8.33, 9.13
Testing of a.c. single-phase meters,
9.18-9.22, 9.24 :
d.c. ampere-hour meters, 8.38
d.c. watt-hour meters, 8.42
electrolytic meters, 8.41
kVAh meters, 13.23
kVArh meters, 13.20
maximum demand indicators, 14.9
meters with or without their trans-
formers, 11.25
pendulum meters, 8.43
polyphase meters, 11.16, 11.19, I1.20
prepayment mechanisms, 10.12
time-switches, 14.13
throe-swnre' d.c. watt-hour meters,
45
transformers—current, 6.19
potential, 6.24
two-part tariff mechanisms, 10.13
Thermal maximum demand indicators
(Price & Belsham Ltd.), 14.7
(Reason Manfg. Co. Ltd.), 14.8
Thermal e.m.£f.8, 6.1
Thermo-couple, 8.15, 8.24
Three element three-phase four-wire
meters, 11.3
Three-phase testing of polyphase
meters, 11.21
four-wire system, 4.7, 11.5
wire system, 4.6

Three voltmeter method of measuring
power, 4.16

Three wattmeter method of measuring
power in three-phase circuit, 4.6

Three-wire d.c. system, 8.34

d.c. watt-hour meters, 8.35
pendulum type, 8.37

Time-switches, 14.6, 14.10

T.nsley Vernierd.c. potentiometer, 2.15

Tong Test, Crompton Farkinson Ltd.,
6

7
‘ype current t1a 1sformer—G. Shot-
ter, .10
T ue-—aitracted disc electrometer,
3.22
controlng, 3.3

rlectro-dynamometer instrument,
3.15, 4.13

slectrostatic instruments, 3.22, 4.18,
4.19

wnduction instruments, 3.20, 3.2I,
4.14, 9.6

measurement of, 9.25
mercury motor ampére-hour meters,

4
watt-hour meters, 8.13
moving-coil instruments, 3.12, 3.15
moving-iron instruments, 3.17, 3.18
Torsion-head type electro-dynamo-
meter wattmeter, 4.12
Traction meters, 8.24
Transformers—theory of, 6.11
Trivector meter, Landis & Gyr Ltd.,
13.17
Two-element meters, three-phase four-
wire, 11.6
three-wire, 11.4
Two-part tariff, 12.7
prepayment meters, 10.7, 10.8, 10.9
Two-phase three-wire system, 11.2
Two-rate meters, 16.1, 16.2
Two-wattmeter method of measuring
three-phase power, 4.5
Typical faults in a.c. single-phase
meters, 9.23
d.c. ampere-hour meters, 8.38

UNDRER-DAMPED INSTRUMENTS, 2.8

. Unipivot instrument—Cambridge In-
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strument Co. J.td., 13
Units and definitions of electrical
quantities, 1.1

VARIABLE IMPEDANCE FREQUENCY
METER, 5.5

Variation with frequency—induction
meters, 9.I4

Vibrating reed frequency meter, 5.4

Virtual or r.m.s. value of alternating
current, 1.16
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Volt, 1.7 Wattmeters—cont.
Voltage control panel—d.c., 17.19 electro-dynamometer, 4.10
multiplier, 6.4 electrostatic, 4.17
standardiser, 2 26, 17.3, 17.7 mmduction, 4.14
supply for d.c. meter testing, 17.19 (Lipman type), 4.15
vanation—effect upon a.c. watt- polyphase, 4.21
hour meter, 9.10 ‘Watt-seconds per revolution const
Voltmeters, 3.11 8.42
calibration, 2.24 Wave-form of a.c. supply, 17.33
Westinghouse metal oxide rect
WATT, 1.9 3.10
Watt-hour, 1.10 kVAh meter, 13.16
meters, 8 13, 8.14, 8.24, 9.4 kVArh meter, 13.5
Wattmeter connections, 4.2 Weston cell, 1.11
Wattmeters, 4.9 Wright maximum demand indic

calibration, 2.23, 4.20 (Reason Manfg. Co. Ltd.,)












