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PREFACE

FTYHE progress which has been made in various branches

of electrical engineering during the past fifty years is

henomenal. It is doubtful that any equivalent progress has
en made in any other branch of applied science.

The reason why progress has been so rapid is because at a
very early stage in electrical development accurate measuring
instruments were devised by which it was possible to tell
exactly what was happening in electrical circuits in any com-

“ bination of circumstances. Accurate measurement in any
science is the first step towards rapid progress. The science
of measuring electrical quantities has been developed to an
extraordinary degree of accuracy.

Instruments are readily obtainable which will give the visual
indreation to within one millionth of a volt, or one millionth
of an ampere. These, of course, are laboratory instruments

~‘and therefore do not form the subject of the present work,
which, as its title indicates, deals with the commercial instru-
ments likely to be met with by an electrical engineer in a
power station or in an electrically-driven works or factory.

The high degree of accuracy in the electrical laboratory is,
however, reflected in the extremely high standards of perform-
ance which are expected of modern switchboard instruments.

The first chapter deals with voltmeters and ammeters, which
are obviously of the widest interest. Both moving coil and
moving iron types are dealt with, and some space has also
been devoted to the thermal or hot wire type. Although the
latter type is to-day chiefly used in laboratory work, it still has
certain industrial applications, particularly in the field of
radio research and development.

Another type of instrument which, though largely favoured
for laboratory use, has important commercial applications, is
the dynamometer type, which, being capable of great accuracy,
is largely used for sub-standard instruments in the meter
testing department of electricity supply undertakings.

The rectifier type ammeter and the electrostatic voltmeter
are also described in this chapter. -

The second chapter deals with the measurement of power in
electrical circuits. The watt meter is an instrument which

~ shows at a glance the actual electrical horse-power which is

v



vi PREFACE

being consumed in the circuit to which it is connected. It
will be appreciated: that such instruments are of primary
importance on the switchboard of a generating station, and to
a lesser extent on the factory switchboard, where the plant
engineer may be responsible for keeping the maximum demand
below a certgin specified figure.

Electricity meters form the subject of Chapter III. Al the
commercial types are dealt with. In addition, the special
instruments used for recording maximum demand and reactive
kVA are also dealt with.

Closely allied to the question of maximum demand is that
of power factor. Instruments designed to measure power
factor and frequency form the subject of Chapter IV.

Up-to-date methods of synchronising alternators for parallel
running together with a description of the instruments avail-
able for this purpose form the subject of a special chapter.

The concluding section deals respectively with instrument
transformers and protective relays. In each case notes are
given on installation, connexion and maintenance.

We have pleasure in recording our indebtedness to the
firms who have so generously assisted us in the compilation of
this work by supplying details of their latest types of instru-
ments.

In particular, we would thank:
ELrcTrICAL APPARATUS Co., LTD.
GENERAL ELEcTrIC CoO., LTD.
MEASUREMENT, LTD.

FERRANTI, LTD.

METROPOLITAN-VICKERS ELEcTRICAL Co., LTD.
CHAMBERLAIN & HooxknAM, LrD.

Lanpis & GYRr, L1D.

AroN ErecrtrICITY METER, LTD.

ReasoN MaNvuracruring Co., Lin,

EvererT, EpccumBe & Co., Litb.

It is largely owing to the wholchearted co-operation of the
above that we arc able to present this up-to-date survey of
British practice, 4s applied to electrical switchboard instru-
ments.

It is hoped that switchboard attendants, plant engineers,
meter testing engineers, and others who have occasion to use
any types of commercial measuring instruments will find this
work an unfailing source of assistance in the solution of any
practical problems which they may encounter.

ProTON
E. M.
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CHAPTER I

THE MEASUREMENT OF VOLTAGE AND
CURRENT

UNDAMENTALLY all measuring instruments

consist. of a moving element which is generally
suspended on jewelled bearings in order to reduce
friction to a minimum. This moving portion which
carries the pointer in the case of indicating instruments
or the pen in the case of graphic instruments is subject
to two separate torques, a driving torque which is a
function of the quantity to be measured and a retarding
or braking torque which is generally provided by
gravity or by means of a control spring.

These two torques are equal when the instrument is
in a state of equilibrium., At the same time, some
form of damping is
generally fitted to the
moving part so that it
comes to rest quickly
after a Change has SHAFT CARRYING
occurred in the quantity “°¢ ftewenr
to be measured. This
may take the form of
either pneumatic or elec-
tro-magnetic damping.

€——POINTER

PISTON

Pneumatic Damping.

In the case of pneu- Fic. 1.—PnxEUMATIC DamriNG.
1



2 SWITCHBOARD INSTRUMENTS

matic damping a piston, coupled to the moving part
of the meter, is allowed to move in a cylinder, hence
any movement of the piston is restrained by the
enclosed column of air (Fig. 1).

Electro-magnetic Damping.

Electro-magnetic damping in its simplest form con-
sists of a disc of conducting material which is allowed
to rotate or oscillate in the air gap of a permanent
magnet. The movement of this disc is restrained by
the presence of eddy currents in the disc which are

generated when the disc
painTER cuts the magnetic flux

£opec™  of the permanent magnet
PERMANENT (Flg' 2)'
{HA‘N[Y

:: : The Choice of an

. Instrument.

The choice of an in-
swarr cammvwe  Strument  is dependent
MOVING ELEMENT
upon two factors, the
F16. 2.—ELECTRO-MAGNETIC quantity which is to be
DamrING.
measured and the ac-
.curacy which is required. This latter consideration
does not always receive the attention which it merits,
so that special emphasis on this point is justified.
Where the measurement is used as a basis for making
a charge and the values under consideration are large,
great care should be taken with regard to accuracy.
The finest equipment should always be used for
such a purpose, bearing in mind that whilst the initial
cost may be greater than a less accurate equipment, it
is actually small when compared with the values of the
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quantities being measured. On the other hand, where
the measurement is required simply as an indication
of the circuit conditions, accuracy is not of paramount
importance so that it may be sacrificed to some extent
in favour of initial cost and general robustness of the
design.

The Decision Regarding the Mounting.

Having established the type of instrument required
for a particular measurement there remains the
decision regarding the
class of mounting. This
is largely governed by
the location, the indi-
vidual taste of the engi-
neer, and the gencral
layout of the existing
plant.

Five Types of Cases.

Generally spcaking e
there are six types of Fi. 3.— Rouxp Projecting

: : . TyPE SWITCHBOARD MOUNTING
cases in cgmmermal use: INSTROMBNT.
—Projecting type, flush (Electrical Apparatus Co., Ltd.)

‘mounting type, sector

pattern, pedestal type, edgewise pattern and port-
able pattern, all of which are obtainable with different
scalings.  Of these the first four are generally
used for switchboard mounting, the sector pattern
being particularly useful where illuminated dials are
required. The last-named type, that is, the portable
pattern, is generally used for routine test purposes and
general laboratory work.
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F16. §.—FrusH TYPE INSTRUMENT.
(General Electric Co., Ltd)

Ammeters and Voltmeters Compared.

The apparatus for the measurement of volts and
amperes is fundamentally the same, and only differs
in the fact that the voltmeter is fitted with a coil
having a large number of turns, whercas the ammeter
is fitted with a coil having a comparatively small
number of turns. The recason for this difference
becomes apparent when the method of connecting
these two instruments into a circuit is known. The
voltmeter must be connected across the mains, and
hence has to withstand the full pressure of the circuit.

m,nmuu
J Fic. 5.—THE CONNECTIONS
FOR VOLTMETERS AND

040 AMMETERS.

LR ENY 3

VOLTMETEN
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Thus it is obvious that the instrument must possess a
high resistance value if the flow of current is to be
limited to the requisite milliamperes generally required
to operate a voltmeter. On the other hand, an
ammeter is connected in series with the load, and must
possess a small resistance value, if the losses are to be
kept low. ‘

Types of Instruments Used.

The list given below shows the most important types
of instruments now available, together with the circuits
for which they are suitable.

TABLE I.—TYPES OF INSTRUMENTS USED FOR VOLTAGE AND
CURRENT MEASUREMENT,

Measurement. D.C. Circuits. A.C. Circuits.

Voltage . | Moving coil type, | Thermal type, moving
thermal type, mov- iron type, dyna-
ing iron type, dyna- mometer type, in-

mometer type, elec- duction type, rec-
trostatic type. tifier type, electro-
static type.
Current .. | Moving coil type, | Thermal type, moving
thermal type, mov- iron type, dyna-
ing iron type, dyna- mometer type, in-
mometer type. duction type," rec-
tifier type.

Moving Coil Type of Instrument.

This type is sometimes known as the D’Arsonval
type, named after the originator, and is illustrated
schematically in Fig. 6. It consists of a coil of wire (a)
mounted on a copper or aluminium former (b), sus-
pended by steel pivots between jewelled bearings (c).



MANENT

POINTER]

=+

7N

FiG. 6.—DIAGRAM SHOWING
EsseNTIAL CONSTRUCTION OF
Moving CoiL AMMETER OR
VOLTMETER.

a, coil of wire; b, former;
¢, jewelled bearings; d, soft
iron core; ¢, permanent magnet.

SWITCHBOARD INSTRUMENTS

Pointer

FiG. 7.—DEeTAILS @F MoVING
CoiL INSTRUMENT.
Note the two control springs
which supply the control tor-
que and the paths for the
current into and out of the
moving coil

The whole movement is mounted in the annular space
between a soft iron core (d) and the pole-pieces attached
to a permanent magnet (¢). The current is led into
and out of the coil by the two spiral springs, which
also serve to provide the necessary control torque.
The pointer is mounted rigidly on the moving coil
itself.

The driving torque is produced by the interaction of
the fluxes due to the permanent magnet and the current
circulating round the moving coil.

The control torque is provided by the two control
springs which are made of a material which is prac-
tically independent of temperature variation.

The damping is electro-magnetic and is provided by
the generation of eddy currents in the metallic former
of the moving coil.
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Fig. 8.—TvpicaL MovING ColL INSTRUMENT WITH SCALE
AND COVER REMOVED.

The horseshoe permanent magnet A produces a strong magnetic
field in the narrow gap between the pole pieces BB and the cylin-
drical core C, all of which are of soft iron. In this gap swings the
rectangular coil W, which carrics the current to be measured, and
which is urged to turn round the pivot D with a force proportional
to the strength of the current. This twisting force is opposed by
that of the spiral spring E, so that the deflection of the pointer P
over the scale depends upon the current flowing through the coil W,

(Everett, Edgiumbe & Co., Ltd.)

The Characteristics of the Moving Coil Type of
Instrument.

Such an instrument is only capable of measuring
direct currént and provides a linear scalc which is a big
advantage from the point of view of clarity of reading.
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The instrument is essentially a milliammeter and
hence is quite suitable for voltage measurement.
When, however, it is required to measure a current
exceeding about half ampere, the instrument is used in
conjunction with a shunt (Fig. ¢). This shunt is in
effect a resistance capable of carrying heavy current
without excessive heat being generated. When cur-
rent passes through the shunt, a potential drop occurs
across it which is measured by the moving coil instru-
ment and hence serves as a measure of the current

passing through the main cir-
vl cuit. For currents exceeding
thirty amperes or thereabouts
! such shunts are usually placed

MOVING COIL externally to the instrument
and great care must then be

’_l taken either to use the shunt

SHUNT leads supplied by the maker or

&"LEADS
E!J:"E— leads of very nearly the same

SHUNT resistance. If this precaution

Fie. 9. — Connecrion 1S Mot taken the correct pro-

DiagraM oF Movinag portion of the total current

Com SHUNTED AM- Wil not be shunted and the

- readings will be unreliable.

When the instrument is used to measure voltage, it
is usual to insert resistance in series with the moving
coil. This resistance may be mounted inside the
instrument for voltages up to 600 volts or external to
the instrument for higher voltages.

This class of instrument, although it is limited to
D.C. measurement (except by special arrangement
described later), has a very extensive field of use
and is capable of great accuracy and yet at
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the same time retains a considerable amount of
robustness.

Thermal Type of Instrument.

Although this class is largely confined to the labora-
tory, it is of interest and is illustrated schematically
in Fig. 10. It depends for its operation upon the ex-
pansion of a wire usually made of platinum iridium
alloy (@), which is heated due to the passage of current
through it. The movement is magnified by a system

F1G. 10.—DETAILS OF THE
THERMAL INSTRUMENT.

This operates on the principle
of the expansion in a wire when
heated by passing a current
through it. The parts of the
instrument are: a, the heating
wire; b, phosphor bronze wire;
¢, fine silk ligament; 4, pulley;
3,. spring; g, pointer; h, metallic

isc.

of levers and transmitted to the pointer (g) by a silk
strand (c), which is passed round a pulley (d) coupled
to the pointer and fastened to a spring (¢). The
moving system consisting of the pulley and the pointer
is completed by a metallic disc (k) and is suspended
in jewelled bearings.

The driving torque is produced by the spring (e)
which deflects the pointer as the wire (@) expands due
to the passage of current through it.

The control torque is provided by a spiral spring
coupled to the moving element.

The damping takes the electro-magnetic form, and is

]
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provided by the disc () operating in the air gap of the
permanent magnet.

The Characteristics of the Thermal Type of
Instrument.

Whilst the instrument is relatively simple and cheap
to manufacture, it is not extensively used commercially
for the following reasons:—

(r) The driving torque being dependent on the heat
produced in the wire is proportional to the square of
the current, hence the scale is non-linear.

(2) Since the instrument depends upon heat, it is
subject to errors due to changes in the ambient air
temperatures. A special tension screw (f), Fig. 10, is
provided to adjust for these changes.

(3) The instrument is sluggish in operation since the
wire does not take up its final temperature until a
short period of time has elapsed.

(4) The instrument is easily damaged by accidental
overloads.

(5) Electrical losses in the thermal instrument are
usually heavier than in other classes of instrument.

The most useful field for this instrument is in high
frequency circuits such as those used in radio work,

because the forces operating it are practically indepen-
dent of frequency.

Moving Iron Type of Instrument.

This class of instrument is one of the most popular
in commercial use since it can be used for both A.C.
and D.C. measurement. Fig. 1r illustrates such an
instrument schematically. It consists fundamentally
of two pieces of specially shaped iron embraced by a
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F1G6. 11.—ESSENTIAL DETAILS
OF THE MoVING IrRON AM-
METER OR VOLTMETER.

a, coil; b, fixed iron;

¢, moving iron; d, pointer;
., pneumatic damping vane;
f, cylinder; w, weight.

coil (@). One iron (b) known as the fixed iron is located
in a fixed position in the coil, while.the other, known as
the moving iron (c), is suspended in jewelled bearings
and is rigidly attached to the pointer (d) and-the pneu-
matic damping vane (e).

The driving torque is produced by the magnetic
force between the two irons, and may take either the
form of repulsion or attraction depending upon the
particular design.

The control torque can be provided either by means
of gravity (Fig. 11 shows this form of control provided
by the weight (w) attached to the moving element), or
by the usual form of spiral control spring.

The damping is pneumatic and is provided by the
piston (¢) moving in the cylinder (f).

A Typical Moving Iron Ammeter.

Fig. 12 shows the working parts of a typical 100-
ampere moving iron ammeter. The iron vane (A)
attached to the spindle, is, when in position inside the
coil, opposite a small fixed vane. The current flowing
in the winding (of heavy copper strip) magnetises these
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F1G. 12.—A 100-AMP. AMMETER WITH MOVING IRON WITHDRAWN.
A, iron vane; D, flat spiral spring; F, air tight-box.
(Everett, Edgcumbe & Co., Ltd.)

two pieces of iron in such a way that they repel one
another with a force which increases rapidly with the
strength of the current. This repulsion causes the
spindle to rotate against an opposing force exerted
either by weight (gravity control) or by a flat spiral
spring (as shown at D, Fig. 12). The reading therefore
depends upon the value of the current, and the scale is
marked off in amperes.

Moving Iron Voltmeter

The construction of a voltmeter is similar, except
that in place of a winding consisting of a few turns of
comparatively large cross-section (Fig. 12) it has a very
large number of turns of fine wire, so that the same
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deflecting force is obtained with a current of perhaps
1/20 ampere (50 milliamperes). An idle resistance is
connected in series with the coil (Fig. 13) so that if the
current flowing is 50 milliamperes at full scale, the
total resistance of a 250 volt voltmeter would be
20 X 250 = 5,000 ohms. The idle resistance (or
“swamp”) should have a resistance many times that
of the copper coil, since otherwise the total resistance
of the voltmeter will vary with temperature, and its
accuracy will be impaired. In the voltmeter shown

SWAMP OF HIGH
RESISTANCE ALLOY =

4500" 2

AN

VOLTMETER COIL
OF COPPER

F1G. 13.—CONNECTION DIAGRAM OF MOVING IRON VOLTMETER.

in Fig. 13 the idle series resistance represents 9o per
cent of the total, which is a very satisfactory pro-
portion.

The Characteristics of the Moving Iron Type of
Instrument.

The main advantages of these instruments are the
low initial cost and general robustness of the design.
The disadvantage is that they have non-linear scales
like the thermal instruments and, furthermore, errors
may arise due to wave form, frequency variation and
hysteresis. All these errors can, however, be reduced
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to small limits by careful design and the non-linearity
of the scale can be corrected to some extent by the
careful shaping and positioning of the irons with
relation to the operating coil.

Dynamometer Type of Instrument.

This class is capable of great accuracy and as a
result is largely favoured for laboratory use. It finds
little favour as a switchboard instrument, due to the
fact that the general construction is rather costly and
less robust as compared with other types.

Fundamentally (Fig. 14), the instrument consists of
a set of fixed coils (4) which surrounds a set of moving
coils (8). These moving coils are coupled to the pointer
(c) and the damping vane (¢), the wholc of the moving
portion being suspended in jewelled bearings. The
instrument is shielded from external fields by enclosing
the complete movement in a soft-iron case, which is
sometimes laminated.

This connection made
through spring at
rear of instrument

a—

o

VIS VANE 1S
USUALLY FITTED
ON 4 LOWER

PLANE THAN THE
COILS 18, BENEATN
THEM

- | O

Fic. 14.—THE ESSENTIALS OF THE DYNAMOMETER INSTRUMENT.
Operation depends on the attraction between two sets of coils
carrying current. g, set of fixed coils; b, moving coils; ¢, pointer;
d, two control springs; ¢, pneumatic damping arrangement.
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The driving torque depends upon the interaction of
the fluxes caused by the current flowing in the two sets
of coils.

The control torque is generally provided by spiral
springs which also serve to carry the current into and
out .of the moving coil.

The damping is generally .of the pneumatic form
similar to that used in the moving iron type.

The Characteristics of the Dynamometer Type of
Instrument.

As already mentioned, this class is capable of great
accuracy being practically independent of wave form
and frequency variation; although the instrument reads
the R.M.S. value of current, and hence has a non-
linear or cramped scale, it is largely used for sub-
standards.

Induction Type of Instrument.

This class operates on the principle first outlined by
Ferraris. The passage of alternating current through
suitably located coils will produce a rotating magnetic
field which will interact with a metallic disc suspended
near to the coils and causes the disc to rotate. The
instraement (Fig. 15) consists of a specially shaped
metallic disc (generally made of aluminium or suitable

Fic. 15
DETAILS OF A MODERN
INDUCTION INSTRUMENT.

a, metallic disc; b, pointer;
¢, air gap of electromagnet
d, electromagnet;

e, permanent magnet;

f, shading coil.
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alloy) (a) coupled to a pointer (b) and suspended in
jewelled bearings, this disc passes through two air gaps,
the first (¢) located in an electro-magnet (d) and the
second in a permanent magnet (¢). The laminations of
the electro-magnet are partially embraced by a thick
copper loop (f) known as a shading coil. This instru-
ment produces the necgssary rotating magnetic field
required for.this type of operation by means of one
coil.

The driving torque is produced by the interaction of
the eddy currents in the disc with the fluxes emanating
from the electro-magnet.

The control torque is obtained from a spiral spring
attached to the moving part.

The damping is electro-magnetic, and is provided by
interaction between eddy currents in the disc and the
flux of the permanent magnet.

The Characteristics of the Induction Type of
Instrument.

This instrument is particularly simple and robust,
overloads having little permanent effect upon the
performance of the instrument. The instrument, like
the dynamometer type, reads the R.M.S. value with
the same cramped scale. The most serious dis-
advantages possessed by this class of instrument are
the comparatively large errors due to temperature,
frequency and wave form variations. These are, how-
ever, reduced in modern designs by the use of special
alloys and a design of special shunt circuits. At the
same time the cramped scale characteristics are
improved by a careful shaping of the moving disc.

In general this type of instrument is used extensively
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for commercial measurement, partiéularly for the
measurement of watts and watthours (see Chapters I1
and III).

Rectifier Type of Instrument.

This type is a comparatively recent innovation and
provides an instrument capable of measuring alter-
nating currents with a linear scale. In effect it is
simply a moving coil instrument with the addition of a
rectifier which rectifies the alternating current and
produces a form of direct current which is capable of

Moving cor/
/nStrument

F1G. 16.—A Di1aAGrRAM oF CONNEC-
TIONS SHOWING HOW THE
RECTIFIERS ARE CONNECTED
TO A MoviNG CoIL INSTRU-
MENT TO ENABLE IT TO READ
ON AN A.C. CIrcuIT.

\\‘_1\

being measured by the moving coil instrument.  Fig.
16 shows the connections for such an instrument in
which the rectifier is connected to give full wave
rectification, that is, both positive and negative
portions of the wave are utilised for measurement.

The Characteristics of the Rectifier Type.

Apart from the linear scale possessed by this in-
strument another advantage is the fact that it provides
an easy means of obtaining an A.C. milliammeter with
a low impedance. Prior to this type of instrument the
only low impedance A.C. milliammeter available was
the thermo-couple type with its consequent troubles
due to overloads.
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The principal disadvantage of this class is the error
introduced by variation in wave form since the instru-
ment measures the mean value of current, although
it is scaled in the R.M.S. value. Such a disadvan-
tage, however, is not serious on most modern supplies
since the wave form generally approximates to the
sinusoidal.

Electrostatic Type of Instruments.

This class is now generally limited to the laboratory
or to some special form of fault indicator. The
operation depends upon the electrostatic attraction
existing between two plates charged at different
potentials; one plate is fixed, while the other, which is
coupled to the pointer, is free to rotate on jewelled
bearings.

The driving torque is due to the electrostatic force
existing between two systems at different potentials.

The control torque’is generally provided by a spiral
spring or by gravity.

The damping is generally of the pneumatic type.

The Characteristics of the Electrostatic Type of
Instrument.

The chief advantage of this type is the small power
consumed and hence measurement can be made without
upsetting the current distribution of the system. It is
interesting to note that in some of the laboratory
electrostatic instruments the jewelled bearings are
dispensed with and some form of strip suspension to
support the moving vanes is used.

Apart from the cramped scale, the chief disadvantage
of this class of instrument is the comparatively high
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voltage which must be impressed upon the vanes with
the consequent source of danger due to breakdown of
the instrument. Furthermore, since the operating
torque is small, frictional errors sometimes occur.
Variations may also be caused by leakage currents.

Apparatus for Measuring High Voltages or Heavy
Currents.

It has already been shown that shunts and series
resistances are used on D.C. circuits where the values
JAre comparatively high; the equivalent apparatus which
is used on A.C, circuits is the transformer (voltage or-
current), both of which prov1de a small value of either
voltage or current which is proportional to the main
value being measured,

Single-phase Connections.

The simple connections for an ammeter and a volt-
meter are shown in Fig. 17, which represents a D.C. or

F16. 17.—How AN AMMETER
(A) AND VOLTMETER (V) ARE
ConNECTED oON D.C.

SINGLE-PHASE A.C. SUPPLY Supp/y

single-phase A.C. supply. It should be noticed that
the current is actually taken through the meter for the
ammeter, but in the case of the volmeter the meter is
connected across the mains. This is of course very
simple, but there have been cases where an ammeter
has been connected across the mains with disastrous
results. '
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Three-phase Connections.

If the load is entirely a three-phase balanced one, it
is only necessary to measure the current in one line and
the pressure or voltage across any two of the lines.
This is shown in Fig. 18 in which the current is measured
in line L, and the pressure across lines L, and L,. It
does not matter however which of the lines are taken
for these connections.

With separate single-phase loads, one ammeter

< L105d
@ Vv 2882 Fic. 18.—DIAGRAM SHOWING
L J CONNECTIONS OF AMMETER
§tb
'la

AND VOLTMETER ON THREE-
PHASE.

should be provided per phase; if voltage is to be
measured, one voltmeter would be required, but
provided with a change-over switch to check the
voltage across each phase.

Connecting the Voltmeter.

As an actual example, the connections for an am-
meter and a voltmeter for a 400-volt three-phase
motor are given in Fig. 19. It is assumed that a main
control switch will be used and this is shown as a three-
pole switch and fuse. The connections for the volt-
meter are taken from the delivery terminals of this
switch-fuse, and it should be noted that in the con-
nection to the voltmeter there is a small fuse. The
reason for this is that the wiring to the voltmeter will
be of small section cable as the meter will only take a
fraction of an ampere. The fuses in the switch-fuse
will however carry a comparatively large current
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without “blowing,” and 4Pl
thus the wiring to the .
voltmeter might be Maw
dangerously overloaded in Switch
the event of any kind of | £ ,{ {

short-circuit in the volt- LMF iii

meter circuit. The volt-

meter fuse (V.M.F.) pre- Mt -

vents the current rising “MP=Voltmeter Fuse
above a very low figure L————— To Starter
according to the size of

. F1G6. 19.—ActuaL CONNECTIONS

the voltmeter. FOR VOLTMETER AND AM-

METER ON A 400-VOLT, THREE-
PHASE MOTOR.

Ammeter Connections.

For the ammeter, a lead is taken direct from one of
the switch terminals to the meter and then the lead to
the motor is taken from the other terminal of the meter.
These connections will however be quite clear from the
diagram. If it is necessary to install an ammeter in
an existing circuit this can be done quite easily by
removing one of the leads from the main switch and
connecting this up again through the meter, as in Fig.
19. This is sometimes done temporarily in order to
check the current taken by a motor and, as will be
seen, does not involve any complicated wiring. Many
of the troubles experienced with motors would be
avoided if an ammeter had been in the circuit, as it
will, in most cases, give an indication that everything
is not in order. Any sudden increase in current should
be looked into unless there is some definite reason for it.

As stated, the connections shown so far are for
ordinary voltages of 400 volts or thereabouts and for
currents which can safely be taken through an ammeter.
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For larger values we have to use (in the case of an
ammeter) a shunt or (in the case of a voltmeter) a series
resistance. By using these only a fraction of the current
or the voltage is actually put into the meter. In the
smaller sizes these resistances are placed inside the
meter case and we do not have to take them into
account. As we get to the larger range instruments
these resistances have to be placed outside the meters
on account of size and heat generated.

Connections when Instrument Transformers are
Used.

For very high voltages and currents it will be under-
stood that it would be impossible to take direct con-
nections to the meters themselves as they are not
designed to withstand voltages of say 6,000 or 11,000
volts. In all cases on E.H.T. systems instrument
transformers are used to convert the large currents or
pressures to values which can be taken direct to the .
meters.

¢¢ Straight Through ” or Transformer Connected
Ammeters.

‘“Straight through” pattern moving iron ammeters,
that is, instruments constructed to carry the total
current to be measured, can be obtained up to 600
amps. In spite of this, standard instruments, requiring
0.5, 1 or 5 amps for full scale deflection, are often
employed instead of “straight through” instruments.
The slight additional cost of the transformer type
ammeter is often well worth the saving in trouble of
having to lead the heavy current cables up through
the meters at the back of the switchboard; the con-
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necting cables between the meter and the transformer
are of course only of a light guage.

Use of Current Transformer.

The general principles will be seen from Fig. 20 (a),
which gives the usual theoretical diagram of a current
transformer, but the operation will be better under-
stood from Fig. 20 (B). This sketch shows how the
actual line current is taken round the primary winding
of the transformer. The secondary winding is con-
nected direct to the ammeter and there is thus no
direct electrical connection between the line and the

F1G. 20.—How A CURRENT
TRANSFORMER 1S CoON-
NECTED.

% is the current in the

condary

meter, where #» = ratio of Winding
.

transformer.

ammeter. The transformer will be wound so that the
current in the secondary winding is some definite
fraction of that in the primary winding, as indicated
in the diagrams. By this means, using a 100 to 1
transformer, a meter carrying 5 amps. to give full
scale reading can be used to measure currents up to
100 X 5 = 500 amps.

If, then, a current transformer is used, the actual
line connections are taken to the primary winding of
the transformer. The terminals of the primary winding
will, on account of the heavy current they carry, be
very large, while the secondary terminals which have
only to carry a few amperes will be very small. For a
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current transformer the primary winding consists of a
few turns of heavy section, while the secondary will
have a larger number of turns of finer wire. The
reason for this is that in any transformer the ratio of
the currents is the inverse to the ratio of the number
of turns on the primary and secondary. For very
heavy currents such as those which have to be measured
in a large power station the current transformers are
merely a number of turns of wire wound round one of .
the actual busbar connections. They are of course
suitably insulated.

Use of the Potential Transformer.

A similar arrangement is used for the voltmeter
circuit which employs a potential transformer. The
diagram for this transformer is shown in Fig. 21 and

F1G6. 21.—How A POTENTIAL TRANSFORMER IS
UseD To CONNECT A VOLTMETER ON AN
E.H.T. SYSTEM.

#n = ratio of transformer.

the connections should be compared with those of a
current transformer as shown in Fig. 20 (A). Fora
voltmeter the transformer reduces the voltage from
that of the line to a value which can be taken direct
to the meter. Thus on a 6,600-volt system the pressure
would be transformed to 110 volts, which means that
the ratio of transformation must be 6,600 to 110 Or
60 to I.

The primary of a potential transformer is connected
across two of the lines, as shown in Fig. 21, while the
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secondary is taken direct to the meter. The primary
winding will consist of a large number of turns of fine
wire, while the secondary winding will have only a few
turns, since the voltage is directly proportional to the
number of turns.

It will be understood that the actual construction of
a potential transformer is entirely different from that
of a current transformer and that they cannot be
interchanged.

The actual connections for a three-phase circuit
employing both transformers are drawn out in Fig. 22.

Fi1c. 22. — CONNECTIONS ON 6 @
TIREE-PHASE FOR METERS 2 9 'K
UsiNG INSTRUMENT TRANS- miim oy
FORMERS. ‘C'T — —— g
CT = current transformer; \%

PT = potential transformer. P

oL . }Lnd

This shows how the meters are connected with reference
to the three lines and will be self-explanatory.

Instrument Terminals.

Whether a switchboard instrument is to have back
or front terminals is a small but important point
concerning all types. If, say, a voltmeter were speci-
fied having terminals to project from its back, quite
obviously one must be sure that space exists behind
the board on which it is to be mounted for the neces-
sary connections to be made.

With the moving-iron gravity-controlled back-
connected type of instrumient with single-bolt back
fixing, it must also be possible—failing exactness—to
provide ample clearance holes in the board for the

c
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projecting terminal stems, in order that the fitter
may swivel the instrument at will, until the pointer is
seen to be exactly in the zero position. Otherwise, the
pointer may be pressing hard over against its spring
buffer (denoting faulty mounting) and it would not be
a very easy state of affairs to remedy.

As an alternative to back-projecting terminals, front
terminals and front fixing should be ordered for
instruments not permitting of the conditions just
outlined, and, for instance, for mounting flat against
a wall.

Range.

Range is an all-important aspect—and most especi-
ally so to the man who will use the instrument. “One
voltmeter for 500 volts” may be a very concise descrip-
tion, but apart from other points which require
clarifying, is one to reckon that the range required is
0-500 volts or that 500 volts is the particular voltage
the user desires to measure? Most probably the in-
‘tention is that a maximum limit of 500 volts should
be provided; for in a great many instances the line
voltage varying between 400 to 450 is the crucial
figure.

Similarly, a 250-volt instrument is generally intended
for the nominal phase or line to neutral pressure.
However, it is most helpful to define the scale limits
desired, especially if some unusual facility is hoped for
since there is frequently a certain amount of flexibility
in a standard design, an advantage which goes far to
reaching the customer’s ideal.

So far as switchboard voltmeters are coneerned, one
is generally interested only in indications within the
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bounds of say plus or minus 10 per cent. of nominal
value, and, thus, the lower part of the scale calibration
which is unavoidably cramped, is no serious dis-
advantage. On the other hand, this is frequently not
so, in the case of the moving-iron ammeter where a
double or multi-range has sometimes to be considered.

For example, a higher range of 0-10-100 amperes
might be inadequate for the small currents, in which
case an additional lower range of o0-1-10 would be
justified. Nevertheless, in specifying a double-range
switchboard moving-iron ammeter, it is wise to give
attention to the alternative method of employing a
single-range instrument in conjunction with a trans-
former, an arrangement which is sometimes cheaper
and at times more convenient.

In any event, whatever the specific requirements
happen to be, there is no better plan than to get the
prospective suppliers, expert as they naturally are, to
advocate the most economical method of all to adopt.

When Purchasing Instrument.

The following is a summary of the various points
which can with advantage be conveyed to the
manufacturer when an engineer has to purchase an
instrument.

I. Type.—Switchboard or portable? If switch-
board, state shape, such as round flush, projecting, or
sector, edgewise, horizontal or vertical pattern, etc.

2. Terminals.—Say whether connections can be
taken in at the back or not, ie., front or back
terminals.

3. Fixing.—Would the instrument be mounted on
a wall or bolted to a board?
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4. AC. or D.C. or A.C. and D.C.? State voltage of
circuit. If A.C.—frequency?

5. Range.—If possible state upper and lower limits
of expected scale, and any special points which are
important.

6. Scale length and accuracy desired.

7. Mention type of circuit in which the instrument
will be used.



CHAPTER 11

THE MEASUREMENT OF POWER

HE instantaneous power of a circuit is the

product of the instantaneous voltage (V) across

the circuit and the instantaneous value of the current

(1) flowing and may be represented by the formula:—
P =V x I watts.

In D.C. circuits, this instantaneous value is the same

as the steady value under normal stable conditions,

but ‘in A.C. circuits the instantaneous values are
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F1G. 1. — POWER
iIN A NoN-INDUC-
TIVE A.C. CIRCUIT.

always changing. For example, referring to Fig. 1,
which represents the voltage and current waves in an
A.C. circuit, the instantaneous power is zero at the
instant A, a maximum at the point B, zero at C, and
again a maximum at D. It is interesting to note that
at the point D the power is still positive, since both
the current and voltage are negative and the product
will, therefore, be positive. Hence, the power may
be represented by the top curve in thigdiagram.
29
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In this example, the voltage and current waves are
super-imposed one on the other and the circuit is said
to be at unity power factor. If, however, the current
wave is displaced from the voltage, as in the case of a
circuit which is inductive or capacitive, then the con-
ditions may be represented by Fig. 2. In this case the
top curve represents the power, which it will be seen
differs from the power represented in Fig. 1. Actually,

Fic. 2.—Powgr IN
AN INDUCTIVE A C.
CIRCUIT.
z

it will now be found that the power is represented by
the formuia:—

P = VI cos ¢,
where ¢ is the angular displacement between voltage
and current (see vector diagram).

The Measurement of D.C. and A.C. Power.

Thus, it will be seen that D.C. power can be measured
by a voltmeter and an ammeter, but the measurement
of A.C. power necessitates a voltmeter, an ammeter
and an instrument which reads the phase displacement
between the voltage and current.

It is usual, however, in practice to combine all these
instruments in a common one, which measures power
direct. .
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Wattmeters.

Fundamentally, a wattmeter has two separate
circuits, the one connected across the potential and
hence is similar to a voltmeter winding (comparatively
high resistance), the other connected in series with
the load, and thus is similar to an ammeter winding
(comparatively low resistance). Hence the diagram
of connections of a wattmeter can be illustrated by
Fig. 3.

Two forms of wattmeter are in general use to-day.

Fic. 3.—How A Warr- :
METER 1s CONNECTED IN !
)

A Crrcuir. 000 )

Showing the two separate tommetesd
connections, one across the T
potential and the other in e

series with the load. Supply i( : Load

(@) The dynamometer type, which is suitable for
A.C. or D.C. circuits.

(6) The induction type, which is suitable for A.C.
circuits only.

Although other types, such as electrostatic, thermal,
and moving iron type are occasionally used, their use
is so limited that it is not proposed to describe them,

Dynamometer Type Wattmeters

This type of wattmeter is similar in construction to the
dynamometer type of ammeter or voltmeter described
on page I4 except that the fixed coils are made of a
comparatively few turns of heavy section copper to
carry the main current of the circuit, whilst the moving
coils are made of a comparatively large number of
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turns of fine wire having a high resistance similar to a
voltmeter winding.

The driving torque depends upon the interaction of
the fluxes caused by the currents flowing in the two
sets of coils.

The control torque is usually provided by spiral
springs which also serve to carry current (proportionate
to the voltage across the circuit), into and out of the
moving coil.

The damping is generally pneumatic in form, similar
to that used on voltmeters and ammeters.

The dynamometer type of instrument is rarely used

F1G. 4.—SHOWING DYNAMOMETER WATTMETER MOVEMENT.
One of the two fixed coils, which carry the current, has becen
removed and lies on the banch. A spare moving volt coil assembly,
with pointer, can also be seen on the bench. The cover of the
damping box has been removed. (Everett, Edgcumbe & Co., Ltd.)
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on switchboards, on account of the comparative

- costliness and fragility of it when compared with the
induction type. It is, however, largely used in the
laboratory and test room, where it is used as a standard,
both for the measurement of A.C and D.C. power, and
also as a transfer standard from one source of energy
to the other.

Two forms of this instrument are used, the deflec-
tional and the zero deflection types. The deflectional
type is fitted with the usual scale and pointer and
the power is read off directly from the pointer and
scale. The zero deflectional type is fitted with a
torsion head, and a pointer and scale with only a zero
mark, and is used where extreme accuracy is necessary.
The pointer always being reset to the zero position by
means of the torsion head and the power being read
as a function of the angle of the torsion head.

Induction Type Wattmeter

This class of instrument differs from the induction
voltmeter or ammeter, in so far that two coils are used
to produce the rotating magnetic field in place of the
one coil with a shading loop. One coil is energised by
a current which is proportional to the voltage across
the circuit or its equivalent. This coil is made highly
inductive so that the current and hence the flux lags
90° behind the voltage. 2

The second coil is energised by the load current or its
equivalent and this coil is made non-inductive so that
the current and voltage are in phase. Hence, the two
fluxes displaced one from the other by go°, interact
upon the metallic disc or drum suspended near them
and cause it to rotate Schematically, the instrument
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v
cale
)
Fic. 5. — THE
LAvy-oUT OF AN
) ot INDUCTION
a- WATTMETER.
q The main parts
) are (a) the poten-
4 tia@ coil,‘ (b) the
Shunt Sh series coil, (¢) a
Compensator unt drum of special
Coil ?Q Coé";ﬁ"""“" alloy coupled to
— ] pointer (d), and
A () control spring.
b’l: z

50’ t Tron Kg uadrature
Core ompensatm-
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may be represented by Fig. 5, where ¢ represents a
metallic drum suspended on jewel bearings in an
annular space formed by a soft iron core, and the pole
pieces of the combined electro-magnet. The voltage
winding is represented by a and the current winding
by b. The drum is to be solidly coupled to a pointer
d and the requisite control spring e. Two additional
adjustments are provided in this class of instrument,
one termed a shunt compensator and the other a
quadrature adjuster. The shunt compensator provides
a means of ensuring that the instrument will not
indicate with only the voltage coil energised, whilst
the quadrature adjuster is added to make sure that a
9o° displaccment can be obtained between the voltage
and current fluxes.

The driving torque is produced by the interaction of
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the eddy currents in the drum with the voltage and
current fluxes in the electro-magnet.

The control torque is obtained from the spiral spring
attached to the movmg drum.

The damping is usually electro-magnetic and is pro-
vided by a metallic disc coupled to the rotor shaft, and
arranged to move in the air gap of a permanent magnet.

The Characteristics of the Induction Type of Watt-
meter. B

Like the induction voltmeter and ammeter, the
instrument is robust and has a large field of application
on switchboard instruments.

The most serious disadvantages are a cramped scale,
and susceptibility to errors due to temperature,
frequency and wave form variations.

When measurements are required on polyphase
circuits, it is usual to couple a number of single watt-
meter elements to a common rotor system.

Methods of Measuring Power in Polyphase Circuits.

So far only instruments capable of measuring the
~power in D.C. or single-phase A.C. circuits have been
discussed. When polyphase circuits are encountered,
different conditions hold, and it is necessary to modify
these instruments to obtain true measurements. A
knowledge of Blondel’s theory is essential before poly-
phase power measurement can be understood. This
theory, without going into the mathematical proof, can
be stated as follows:
“If energy is supplied to any system through N wires,
the total power in the system is given by the algebraic
sum of the readings of N-1 wattmeters.”
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The theory can easily be understood by referring to
Fig. 6, which shows the methods generally used for
the more general polyphase circuits encountered in
practice, and it might be added that it is usual to
couple all these elements together to operate a common

.smssLst -PHASE """ %— Watt meter
™o w/“ H ™1 (I-Element)
Ii. ..... Jl
Supply Load
Tbrsg‘;';_’gt'st' oo ‘A—-Wat[tmetef
THREE-WIRE 1 H (2-Liement)
, tan
. "
Supply - ;Load
Tﬂgig;_g-l'ﬂst' gatt'_t/meter
THREE- WIRE [ ement}
| I}
: k--.-.d] .e -
Supply Y Load
e —— ]
TﬁRE[‘PMS[ _;;J&?;‘;T—gaftmter)
i -£lement).
FOUR-WIRE. o
— [ p
Supply % Load

F1G. 6.—METHODS USED TO MEASURE THE POWER
IN DIFFERENT KINDS OF CIRCUITS.
indicating device so that the algcbraic sum of the ele-
ments is obtained automatically.

All the connections illustrated in Fig. 6 provide
accurate metering under all conditions of loading;
that is, if the currents in the various phases are balanced
or unbalanced.
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Balanced Load Wattmeters.

There are, however, a number of cases where the
phases are balanced and it becomes possible to measure
the polyphase power with a number of elements which
is less than that stipulated by Blondel’s theorem.

It must be understood, however, that these balanced
load wattmeters, as they are termed, are only accurate
under balanced load conditions; thus, whilst they may
be perfectly satisfactory for providing indications of
the circuit, they must be judiciously used if the readings
are intended for payment purposes.

Under balanced load conditions it is possible to
measure the power in a three-phase three-wire circuit
with a single clement wattmeter in place of the usual
two, and the power in a threc-phase, four-wire circuit
with a single clement in place of the usual three
elements.

The Connections for Measuring a Three-phase,
Three-wire Balanced Load.

Fig. # illustrates the connections for measuring a
three-phase, three-wire balanced load. It will be seen
that two currents are used, the red current and the

Fi1G. 7.—THE
MEASUREMENT OF
"POWER IN A THREE-
PHASE THREE-WIRE
BALANCED-LOAD 4
CIRCUIT.

v
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yellow current reversed, in connection with one voltage,
namely, the red to yellow volts. .

The Connections for Measuring a Three-phase
Four-wire Balanced Load.

Similiarly, Fig. 8 illustrates the connections for a
single wattmeter element measuring the power in a
three-phase, four-wire circuit under balanced load
conditions. In this case, the element is made to

LRER111) Y
Yar1xs Fic. 8. —THE
‘J- | " MEASUREMENT  OF
Z PowER IN A THREE-
A s puase Four-WIRE

BALANCED-LOAD
CIRCUIT.

A e——

L

measure the power in one phase and the reading is
multiplied by three to represent the power flowing in
all three phases.

SUMMATION OF TOTAL LOAD

Large consumers of electricity are of course,
interested in the value of their total load. Sometimes
this can be measured quite easily by the usual methods
as in the case where one feeder carries the whole supply.
In some cases, however, where more than one feeder is
used, it is not so simple.

Fig. 9 is a diagram showing a possible arrangement
of feeders in a sub-station belonging to a large con-
sumer. There are two incoming and three outgoing
feeders, and the arrangement is such that there is no
point in the busbars through which the total load
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INCOMING  PECOCRS
-

F16. 9. — TvyPICAL ,
ARRANGEMENT OF
FEXDERS IN A SUB-
STATION BELONG-
ING TO A LARGE
CONSUMER.

8us BARS

g d
QUYGOING  FEEDERS

current flows. It is then necessary to sum up the loads
on the two incoming feeders, and to give an mdlcatmn
of the total load on one instrument, either indicating or,
recording.

A similar case sometimes arises in a generatmg
station, where several machines are feeding into the,
busbars, and there are a number of feeders connected.
to these busbars, and the arrangement is again such
that there is no point in the busbars through which
the total current flows.

There are several methods which can be used for
summation of the loads on several circuits. One
method is to use a multi-element instrument and
another is to connect the secondaries of suitable current
transformers in parallel, and so obtain a current
proportional to the total load current.

S}lmmation of Multi-element Instruments.

A simple application of the use of a multi-element
instrument is illustrated in Fig. 10, which shows the
method of summing the total load in two single-phase
feeders. To measure the power in a single-phase
circuit, a single-element wattmeter with one current
and one voltage coil is required. For two such circuits,
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therefore, a double-element wattmeter can be used
each element measuring the power in one of the circuits.

The current coils are shown connected to the circuits
through current transformers, and the voltage coils are
shown connected directly to the common busbars. If
the range of current is suitable, the current coils can be
connected directly in the circuits, and if a high voltage
circuit is concerned, the voltage coils can be connected
through a voltage transformer.

The two elements of the wattmeter are, of course,

Bus BakS

..... F16. 10.—SUMMATION
,Ja ) oF Two SINGLE-
) ; : PHASE FEEDERS BY
oF - ! DOUBLE - ELEMENT
| WATTMETER.
o Lo d
S g DousLE
Feeote FLIDER ELLmOnY

N ~t2 warimETee

»
coupled together, and the instrument gives an in-
dication of the total load. Double element wattmeters
are standard instruments, and consequently for this
simple case, nothing special in the way of instruments
is required. If the number of feeders is three, then a
three-element instrument is required, and for any
number of feeders, the number of elements is the same
as the number of feeders. Instruments having more
than two elements, although they are made, are more

expensive than the usual single and double element
wattmeters.

To Obtain Total Load on this Three-phase Feeder.

If the total load on two three-phase feeders is re-
quired, this can also be obtained by the use of a double-



THE MEASUREMENT OF POWER 41

element wattmeter, in which the current coil of each
element is wound in two sections. The connections for
this arrangement are given in Fig. 11.

The two windings of the current coil in one element
are energised from the secondaries of current trans-
formers connected in corresponding lines of the two
feeders. This gives the equivalent effect of one
current coil carrying a current proportional to the total
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F1G6. 11.—SUMMATION OF Two THREE-PHASE FEEDERS BY
DOUBLE-ELEMENT WATTMETER WITH DOUBLE-WOUND
CurreNT CoiLs.

load current. The remaining connections are similar
to those of the double-element wattmeter used for
three-phase unbalanced load power measurements.

Here again, for more than two feeders, the instrument
becomes very complicated and expensive, as the current
coils have to be wound in the same number of sections
as there are feeders.

The Use of a Four-element Wattmeter. ‘

An alternative method is shown in Fig. 12, in which a
four-element wattmeter is used. There are, in effect, two
two-clement wattmeters, each measuring the total load
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paralleled, different deflections would be obtained on
the instrument for the same load in kilowatts, de-
pending on whether this load current were flowing
through the 600/5 or the 400/5 amps. transformer.

Current Transformers must have same Ratio.

The current transformers then must have the same
ratio. This does not mean necessarily the same
primary and secondary currents. Besides being able
to parallel two transformers of 600/5 amps., say, a
transformer 600/5 amps. could be paralleled with one

A
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F16. 14.—SuMMATION OF THREE THREE-PHASE FEEDERS BY
PARALLELED CURRENT TRANSFORMERS AND DOUBLE-
ELEMENT WATTMETER.

300/2.5 amps. or with one 120/t amps. The same
ratio is the important point. '

This method can be extended to a number of feeders,
but care must be taken if the number is large, as there
is a possible source of error. If some of the feeders
are not carrying a load at some time, then a magnetising
current for their current transformers will be drawn
from the total secondary current, and this will cause
errors in the instrument readings. ‘

For some four or five feeders, and an indicating or
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recording instrument, this error will not be serious, but
for integrating instruments where the errors are
accumulative, they may be serious, and the method
cannot be used. '

The connections for this method applied to three
three-phase feeders are shown in Fig. 14. An ordinary
double-element wattmeter is used, and the current
transformers in corresponding lines are connected in
parallel and to the current coils of the wattmeter.
The connections to the voltage circuits are made in
the usual manner for an unbalanced load three-phase
wattmeter.

Summation of Separate Supplies.

All the above methods are applicable only to those
cases where the circuits in question are connected to a
common supply, and therefore have a common voltage
or common voltages. It sometimes happens that it is
desired to summate the total loads, on circuits which
are quite independent of one another, and may be at
different voltages, and if alternating current, of
different frequencies and numbers of phases. Again
reactors are often placed between two sets of busbars
in the same station, so that a common voltage supply
is not available.

In such cases summation can sometimes be effected
by the use of multi-element instruments, but extreme
care has to be exercised in such cases, to see that the
insulation between elements is high.

Remote Transmission System.

A better method is to use a system of remote trans-
mission, by means of which each load is represented
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by some other quantites, such as a number of impulses,
or-a direct current, the system being such as to lend
itself to summation. One such system is the Evershed-
Midworth Distant repeater. The transmitter of this
system delivers to the repeater circuit, under all
conditions, a direct current which is proportional to
the original quantity. By connecting the repeater
circuits in parallel, a summation can be obtained.

A diagram of connections for the summation of the
total load on threc separate three-phase circuits is

LircuIy CrRCulT CIRCUIT
ey N2 NY 3,
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F1G6. 15.—SuMMATION OF THREE INDEPENDENT CIRCUITS BY
EVERSHED-MIDWORTH DISTANT REPEATER EQUIPMENT.

given in Fig. 15. Each circuit is provided with a trans-
mitter in which the originating movement is a double-
element wattmeter.

The repeater circuits from these transmitters are
connected in parallel. In Fig. 15, the Receivers R;, R,
R; indicate the loads on the individual circuits, and
the receiver Rz gives the total summated load.



CHAPTER III

THE MEASUREMENT OF ENERGY",

O far, we have discussed the various instruments

whereby the engineer can ascertain the state of his
network, but none of these instrirments are used com-
mercially to levy the actual tariff whereby remunera-
tion is obtained from the community for services
rendered.

All tariffs use what is known as the Board of Trade
Unit (1,000 watt-hours) as their fundamental basis,
and it is the introduction of this time element which has
been responsible for the Integrating Meter.

The essential difference between an integrating meter
and the indicating type already described is the fact
that the former is fitted with some type of register,
whereby all instantaneous readings are summed over a
definite period of time, whereas the latter indicates the
value at the particular instant when it is read.

All commercial integrating meters measure either
ampere-hours or watt-hours and it is proposed to
divide these into two sections, those used on D.C.
supplics and those used on A.C. supplies.

Types of Electricity Meters
The simplest type of meter is that solely intended
for D.C. work, measuring only the quantity of current,
or ampere-hours. Even this type of meter usually
has dials geared to read in kilowatt-hours, on the
47
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assumption that the voltage of supply is approxi-
mately constant.

Meters of this type, or energy or watt-hour meters
intended solely for D.C. use, are of three main types,
which are as follows:

(1) Electrolytic meters, in which the measurement
of the current is carried out by the electrolysis of a
selected medium in a closed tube.

(2) Clock-type meters, in which one of two similar
pendulums swinging side by side is accelerated according
to the current consumed while the other is retarded,
and a comparison made between their movements.

(3) Motor meters, depending upon the movement of
an inductive disc between the pole-pieces of electro-
magnets.

A.C. meters are usually of the motor type, but A.C.
can be measured by types of meter designed solely for
D.C. provided that a suitable rectifier is incorporated
in the circuit.

A.C. meters can be arranged for single-phase supply,
in which case they would also measure three-phase
supply if the load were exactly balanced; but as this
is an unusual state of affairs, the majority of three-
phase meters embody in a single case measuring units
for each phase

It may be necessary for A.C. meters, whether single-
or three-phase, to be connected to current and voltage
transformers, but the mechanism and internal con-
nections are in general the same whether they are
intended for supply voltages or use through trans-
formers on high-tension lines.
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Electrolytic Meters

The best-known electrolytic
meter is illustrated in Fig. 1.
It registers the number of units
passing through it by the col-
lection in a graduated tube of
the particles transferred by the
carrent from a mercury anode
through an electrolyte to a
specially ‘prepared cathode.
Since any electrical current
passing through the meter must
transfer a quantity of mercury,
exactly proportional to the
amount of current, from the
anode to the cathode, any cur-
rent however small must be
duly registered. = With any
motor type of meter there is Fic. 1.—SincLe-TUBE
always the possibility that a  ErECIRoLvmc Meter
very small load may net over-  Cover.
come the “stiction” of the (Reason Manuacturing
motor, so that the meter
will not register; but non-starting losses such as
these are quite impossible in the electrolytic type
of meter.

Other advantages of this type are that it has no
moving parts to wear out, no maintenance costs, and
no possibility of deterioration through age. When
the registering tube of the meter has been filled
with deposited mercury, the meter can be reset,
which is effected by simply tilting the tube as
illustrated in Fig. 2. This returns the mercury to
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F16., 2.—METHOD OF RESETTING ELECTROLYTIC METER
WITHIN ITS OWN LENGTH.

(Reason Manufacturing Co., Lid.)

the main tube; a longer interval between resetting
can be obtained by the provision of a separate
siphon tube, and larger sizes of this type of meter
can be scaled up to 500,000 units at one setting.

Fig. 3 shows the diagrammatic arrangement of the
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electrical circuit.
The electrolytic volt-
age is obtained by
the connection of
this part of the
circuit across a shunt
K, the positive and
negative terminals of
the instrument being
marked E and D
respectively. The
current flows through
a compensating re-
sistance H in series
with the electrolytic
tube; this resistance
is so designed that
no changes of tem-
perature afiect the
accuracy of the
meter, an advantage
where instruments
are required for
service in . tropical
climates. After the
compensating resist-
ance the current
passes to the anode
mercury- at right.
A glass fence separ-
ates this from the

Fic. 3.—Dr1aGraM OF
CONNECTIONS ON
ELECTROLYTIC
METER.

A is the anode
mercury; B a glass
fence; C, D, and E the
cathode, negative
terminal, and positive
terminal; K is the
shunt, and A a com-
pensating resistance in
series with tube.

(Reason Manufacturing

Co., Ltd.)

cathode C, although both are

connected by the electrolyte. The height of the fence
is such that there is no risk of the mercury at 4
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being thrown into the. registering tube (not shown in
this diagram) by vibration or blows. The registering
tube is more clearly seen in Fig. 1.

The small globules of mercury dissociated from the
solution by the action of the ‘current are deposited on
the cathode, and fall off by gravity into the long narrow
tube shown in Fig. 1. This has a scale calibrated in
Board of Trade units at the supply voltage on which
the meter is to be used.

Fig. 1 shows at the left the-shunt or resistance, and
at the right the registering tube, with the electrolytic
element at the top. Additional anode mercury is seen
at the top of Fig. 3; and it will be seen from Fig. 2
that the operation of resetting tilts the mercury from
the registering tube back into the position shown at 4.

Clock-type Electricity Meters.

The Aron clock-type meter records watt-hours, as
distinct from electrolytic meters, which measure only
ampere-hours. The most prominent feature of the
construction of this type of meter is the pair of
pendulums with their current coils below them.

The meter depends for its action on the difference in
speed of these two pendulums recorded on a set of
dials. In the older patterns one pendulum was
accelerated by the action of the current, whilst the
other oscillated at normal speed under the influence of
gravity alone. In the present type greater sensitive-
ness is obtained by accelerating one pendulum and
retarding the other, the change of speed in each case
being produced by the magnetic effect of coils carrying
the main current on other coils attached to the pen-
dulums and energised by the voltage. The difference
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F1G6. 4.—Disc AND SPINDLE OF MERCURY
MOTOR AMPERE-HOUR METER.
(Ferranti, Ltd.)

in spced thus produced is proportional to the watts,
and is integrated through the medium of one of the
two differential gears contained in the clockwork
mechanism.

The Ampere-hour Mercury Motor type Meter.

The mercury motor type meter is used for I.C.
circuits. In its simplest form this type of energy
meter is generally used as an ampere-hour meter, that
is, the instrument actually measures ampere-hours,
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TOP PLATE.

BOTTOM PLATE

Fi1G. 4A.—DISMANTLED PARTS OF MERCURY MOTOR
AMPERE-HOUR METER.
(Ferranti, Ltd.)

although it may be scaled in kilowatt-hours. (It will
be realised that the accuracy of this kW.h. reading is
based upon the assumption that the voltage of the
system remains constant.)

The instrument may be represented schematically
by Fig. 6, where (a) is a bath of mercury complete
with two leads, fitted at two points on the circumference
of the bath. One of these leads, the positive one (b),
is used for the current entry and the second, the nega-
tive one (c), is used for the current exit. In the bathis
a metallic disc (d) (usually made of copper), which is
coupled to register (¢). This disc is suspended on a
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F16. 6.—DIAGRAM OF A MERCURY MOTOR AMPERE-HOUR METER.

(@), mercury bath; (b), positive lead; (c), negative lead; (d),
metallic disc; (e), register; (f), permanent magnet.

jewel bearing so that it will rotate horizontally through
the air gaps of a set of powerful permanent magnets (f).

The driving torque is produced by the interaction
of the current passing through the mercury bath and
disc and the field of the permanent magnet or magnets.
This torque, which is directly proportional to the
current flowing, causes the disc to rotate.

The control or braking torque is produced by the
generation of eddy currents in the disc, and is propor-
tional to the speed of the disc, hence under stable
conditions the control torque will exactly counter-
balance the driving torque, so that a constant speed is
maintained, for a constant current and the meter, when
fitted with a counter, will measure ampere hours.

Constructional Details.

The parts of a typical meter are shown in Fig. 7.
They consist of the two permanent magnets, the
disc (C) and spindle shown inside the ring which forms
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the wall of the mercury chamber, and the top and
bottom plates which seal off this chamber, the upper
one being provided with a mercury filling cap.

The rotating disc is of copper and is submerged in
the mercury, its buoyancy being adjusted by a cylin-
drical weight on the spindle. The pressure on the

IF16. 7.—SkcTiOoNAL
VIEW OF THE
FERRANTI TVYPE
F.H. MERCURY
AMPERE-HOUR
METER.

A and B are the
compensating coils, C
is the disc and Z the
positive terminal.

]ewelled bearing is thus reduced to the least p0551ble
amount, and the mercury also acts as a cushion in
preventing damage to the jewels from sudden shocks.
The two metal plates at the top and bottom of the
mercury bath are insulated on their inner sides, and
the wall of the bath is also of insulating material. The
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F1c. 8.—A Compact TyPe OF MERCURY MOTOR METER.
The coil shown beneath the mercury bath is the shunt.

(Measurement Ltd.)
terminal (Z) by which the current enters can be seen
at the right-hand side of the insulating ring.
There are two compensating coils A and B. One is
shown in Fig. 7, wound round the steel bar coupling
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the lower pair of pole-pieces. It overcomes the effect
of mercury friction, which increases with the speed.
It increases the driving flux. It also increases the
retarding flux in one magnet but decreases it in the
other by a corresponding amount, and thus the total
retarding torque remains the same. This compen-
sating coil is so adjusted that the driving torque is
increased by an amount corresponding to the increased
friction. The other compensating coil is also visible,
wound round the right-hand pole-piece of the lower
pair. It counteracts the effect on the magnets of
external short-circuits.

Another type of mercury meter is shown in Fig. 8.
In this meter a cobalt-steel magnet has been used, so
small as to be located entirely within a shallow copper
bell instead of a disc, which is used as a rotor. The
magnetic circuit is completed by a steel ring.

The steel ring surrounds the bell and forms the wall
of the mercury chamber, and is insulated by means of
a special glass-smooth varnish. The ring is closed at
the top and bottom by means of heavily nickelled brass
plates, the lower one of which carries the magnet and
also two insulated contacts diametrically disposed along
the axis of the magnet.

The current path is from one of the two contacts
vertically upwards through the rim of the bell, across
the top plate, and vertically downward through the
bell again, passing out through the second contact.. It
will be seen, therefore, that the current has to traverse
the magnetic flux twice, that is, on its upward and
downward paths through the bell.



60 S\WWITCHBOARD INSTRUMENTS

] Shunts for
i Measuring
Heavy
Currents.
The coil
shown beneath
the mercury
motor is the
shunt for small
currents;  for
larger currents
up to 1,000
amps. the shunt
is supplied
scparately or in
an extended
compartment of
" the meter
} casing. Above
1,000 amps. the
g shunt is quite
separate, and a
large shunt of
this type is
illustrated  in
i Fig. g.

Characteristics
of the Mer-
cury Motor

. Ampere-

e eeeniain? e Ry hour Meter.

Iic 9.—D.C. AMPERE-HOUR METER WITH The most

EXTERNAL 1,000-AMP. SHUNT. .
(Moassremens Lid) - serious errors of
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this type of meter are due to friction and temperature.
These frictional errors occur both at heavy and light
loads. At heavy loads the error is mainly due to
fluid friction between the disc and the mercury, but
this is reduced in practice by keeping the full-load
speed of the motor low, at the same time using a high
driving torque and braking torque.

The friction at low loads, due to bearing fric-
tion and skin friction between the disc shaft and the
mercury, . is minimised in practice by the use
of carefully de-
,signed jewel bear-
ings and a small
diameter rotor
shaft.

The tempera-
ture errors can be
reduced to small
limits by the use
of a special alloy,
which is placed
near the poles of
the permanent
magnets. This (]
alloy has a per-
meability  which
varies with tem-
perature and pro-
vides compen-

sation f'or the @

change in disc
resistance due to FIG. 10.—Cross-secTioN oF CHAMBERLAIN

AND HookHAM SINGLE MAGNET TYPE
temperature. AMPERE-HOUR MERCURY MOTOR METER.
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Registering Mechanism.

Whether a meter registers ampere-hours or watt-
hours, all dials are marked: in kilowatt-hours; the
registering mechanism may be of the pointer type, or
of the jumping-figure cyclometer type. The spindle of
the motor is connected to the registering train of
wheels by a worm on the spindle; the whole of the
registering mechanism can be withdrawn merely by
removing two screws, the mechanism being as easily
replaced.

Cyclometer-reading dials may be of the roller type,
or the disc type.

D.C. Watt-hour Mercury Meters.

Since the ampere-hour meter will only measure
kilowatt-hours accurately under constant voltage
conditions, it must be modified by the introduction of
a voltage element before it can be used on a circuit
where the voltage
fluctuates.

Such an instrument
is represented schema-
tically in Fig. 11,
where (a) is the mer-
cury bath complete
with the two current
leads (b) and (¢) moun-
ted in the circumference
of the bath, (4) is the
driving disc coupled
- voLrs . solidly to a second disc

& -
F16. 11.—DIAGRAM OF MERCURY (g) external to the
MoTor WATT-HOUR METER. mercury bath, and a

+
e CURRE N T e
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counter (¢). The permanent magnets mentioned in
the description of the ampere-hour meter are now
replaced by an electro-magnet (5) which is energised by
the voltage across the circuit.

The driving torque is due to the interaction of the
current passing through the disc (d) and the field from
the electro-magnet (5) and is proportional to the power
of the circuit (product of current and voltage)..

The braking torque is provided by the eddy currents
generated in the disc (g) by the permanent magnet (h).

F1G. 12.—Di1aGraM oF CoON-
NECTIONS OoF D.C. WarT-
HOUR METER.

The current passes by
means of the heavy conduc-
tors through the mercury
bath; the voltage coils are
shown at Sz and S1 on the
electro-magnet; the upper
electro-magnet acts as a
brake on the disc on the

same spindle as that enclosed P :
in the mercury bath, e §E§ 23
(Ferranti Lid.) | ‘Eg E:g""s|
Plla—5
=

A diagram of connections of such a watt-hour meter
is shown in Fig. 12. The driving disc D, completely
immersed in mercury, is mounted above a strong elctro-
magnet, excited by the shunt coils S; and S, connected
across the mains, The brake disc D,is mounted on the
same spindle and rotates in the gap of the permanent
magnets.
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The main current passes from terminal M1 through
the mercury and disc to the terminal L1; the shunt
current passes from M1 through the shunt coils and a
resistance R to the terminals M2, L2.

The current through the disc D, is the load current
to be measured, and the current through the shunt
coils S, and S; is proportional to the voltage of the
supply. The interaction between the load current
through the disc and the flux from the electro-magnet
exerts a driving torque on the disc D, causing it to
rotate.

The driving torque in this type of meter will be
proportional not only to the current passing through
the meter, but to the voltage of the supply; that is,
to the watts passing through the meter. Eddy currents
in the disc D, are reduced to a suitable minimum by a
number of radial slots.

Construction of D.C. Watt-hour Meter.

Fig. 13 provides a section of a similar type of meter
motor. The copper disc is shown at 4 in its mercury
bath. The magnetic field is set up by the two shunt
coils on the electro-magnet K located immediately
beneath the armature; the flux cuts twice through the
armature A, the magnetic circuit being completed
through an iron ring Q placed immediately above the
armature. A ring of insulating material W is placed
between the upper and lower portions of the mercury
chamber and carries the two terminals X, X, by means
of which the current is conveyed to and from the
armature. The mercury in which the armature is
immersed forms the connection between the terminals
X, X, and the periphery of the armature. If the meter
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F1c. 13.—SEecTioN oF D.C. WATT-HOUR METER.

The terminals to the mercury bath are shown at XX; K is the
electro-magnet, and G the shunt windings; O is the brake disc.
(Chamberlain & Hookham Ltd.)

is inverted or laid on its back no mercury can escape, as
the mercury chamber is constructed on the well-known
principle of the unspillable inkwell. It is possible,
however, if the meter is violently shaken, for mercury
to be ejected, and to guard against this contingency
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during transit a flat forked spring is pushed under
the brake disc O, lifting the valve J into contact with
a leather washer fixed to the under side of the brake
disc. This spring may be removed after the meter
reaches its destination. The armature and brake disc
are fixed on a vertical spindle B, the lower end of which
rests on a jewelled bearing set in the screw F, and the
upper end carries the driving pinion N. The speed of
rotation of the armature is proportional to the current
passing through it and to the strength of the field in
which it rotates. The speed is adjusted by means of
a brake magnet acting on the aluminium brake disc O.

Single-phase A.C. Induction Meter.

The induction watt-hour meter is practically
universal for measuring energy in A.C. circuits. The

3"

F1G. 14.—DIAGRAM SHOWING

EsSENTIAL PARTS OF

d INDUCTION WATT-HOUR
METER.

L [ The essential Earts are:
(@) metallic disc; (b) counter;
(¢) braking permanent. Volt-

> -a/: "ﬁ o age winding (d) and current
I | winding (e) of electro-magnet.

meter may be represented in the simplest single-
phase form by Fig. 14. It consists of a metallic
disc (a) supported by a jewel bearing at the bottom
end and restrained by a spring journal bearing at the
top end. It is interesting to note that the axis of
rotation for both D.C. and A.C. energy meters is

[ 2}
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vertical, whereas most of the indicating instruments,
already described, for switchboard work possess a
horizontal axis of rotation. The jewel bearing of the
energy meter has therefore a cup shape, as compared
with the V shape generally used for indicating instru-
ments. The disc (), which is coupled to a counter
(b), rotates in two air gaps, one belonging to a braking
permanent magnet () and the second belonging to the
combined electro-magnet, which carries the voltage
winding (d) and the current winding (e).

Apart from these fundamentals, it is usual to fit the

Fi1G. 15.
SINGLE-PHASE
INDUCTION
METER.

The voltage coil
is visible at the
back above the
driving disc, which
is also the brake
disc. Current coils
are shown below;
the two large mag-
nets in front of
the right - hand
illustration are the

brake magnets.

(Metropolitan- Vickers
Electrical Co. Lid.)

[PPSR S
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F1G. 16.—ANOTHER
VIEW OF SINGLE-
PHASE INDUCTION
METER.

e . e e e © b ciend

meter with a number of compensating devices which
are enumerated below.

Adjustment of Induction Meters.

Figs. 15 and 16 provide two views of a single-phase
induction meter, from which most of the working parts
can be clearly seen.

Speed is adjusted by a magnetic shunt applied to
the magnets, illustrated in Fig. 17. The shunt can be
raised or lowered respectively to increase or decrease
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"

F1G. 17.—BRAKE-MAGNET SYSTEM.
The magnetic shunt 4 is operated by means of shank S.
(Metropolitan- Vickers Electrical Co., Ltd.)

the speed, and can be locked in position by means of a
small central screw. Further adjustment may be made
by moving the entire magnetic system, inwards to
increase or outwards to decrease the speed. Two
tension and four compression screws are prov1ded for
this purpose.

Low-load adjustments may be made by moving a
metal loop across the face of the voltage magnet pole
by means of a rack and pinion operated by a screw-
driver. Clockwise rotation of the screw decreases the
low-load speed. This adjustment is necessary on
account of the increased effect of friction at very light
loads.

Adjustment of the meter on inductive'load is effected
by moving a clamp along a resistance loop; movement
to the left increases the speed on inductive load. The
clamping should be tightened after adjustment by
means of the screw.

Arnother type of single-phase A.C. meter element is
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FiG. 18.—A.C. MoToR METER ELEMENT—FRONT VIEW.
(Metropolitan- Vickers Electrical Co., Ltd’)

illustrated in a compact form in Fig. 18, which shows
a front view of the element, with the voltage coil above
and the current coil below, as previously described.
Speed adjustment of this type of meter is made by a
prominently placed thumb-nut which gives micrometer
adjustment of the brake magnet; this is shown at the
foot on the right of Fig. 18.

Light-load adjustment is’ obtained by two metal
loops placed on either side of the centre limb of the
voltage electro-magnet. The loops are pivoted at
front and back to move freely in the gaps and are
secured by clamp screws. A metal loop is fitted round
the centre limb to correct for power-factor adjustment
on inductive loads; raising this loop increases registra-
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Fic. 19.—INTERIOR OF SAME METER As IN F1G. 18.

This illustration shows the central loops for power-factor adjust-
ment, and the two side loops for light-load adjustment.

(Meropolitan- Vickers Electrical Co., Ltd.)

tion on lagging power factor. The power-factor loop
and the two side loops for light-load adjustment are
shown in Fig. 19.
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F1G6. 20.—POLYPHASE METER.

The brake magnets are seen in front, and above each of them,
the ends of the voltage coils.

(Ferrants Ltd}

POLYPHASE kWh. METERS

Blondel’s theorem (referred to on page 35) applies to
the measurement of energy in a similar manner to the
measurement of power, hence N—1 watt-hour meter
elements will always measure the energy supplied
through N wires. The polyphase meter simply consists
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of a number of elements operating on a common rotor
system, coupled to a single counting mechanism.

Single-Disc Instrument.

One of the simplest three-phase instruments is shown
in Fig. 20, In the front are seen the brake magnets,
and immediately behind them the ends of two coils, in
the arrangement -

. AQROWS DENOTE FRONT OF METER
re [ l
quired for a —
three-phase,three- =

wire system. :\ —]

Neglecting the

possible insertion

in the circuit of r l U
current and volt-
age transformers,
the arrangement
of these coils "
would be as
shown in the dia-
gram of connec- (

tions in Fig. 2rI.

Fig. 22 shows a Fic. 21.—Diacram oF CONNECTIONS FOR
g . THREE-PHASE THREE-WIRE A.C. METER.
corresponding

(Ferranti Ltd.)

diagram for three-
phase, four-wire supply. It will be seen from these
two diagrams that in one case two meter movements
and in the other three meter movements, are necessary.

Arrangements of two coils is indicated in Fig. 20,
and the current coils can be seen beneath the disc and
in the space enclosed by the magnets. If, however, a
third set of coils' were necessary, it would have to be
placed at the back of the meter case, opposite to the
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ARROWS DENGTE FRONT OF METER

B
ihis)

F1G. 22.—DI1AGRAM OF CONNECTIONS FOR THREE-PHASE
Four-wire A.C. METER.

(Fervants Ltd.)

position occupied by the magnets. The two coils, or
in a four-wire system the three coils, are all driving a
single disc.

Two or Three Disc Instruments.

While the same diagram of connections would apply,
since all polyphase meters have two or three move-
ments, the coils are frequently arranged to operate
upon two discs or three discs mounted upon the same
shaft. An example of this type of meter is shown in
Fig. 23; while this meter is much larger in size than
that previously described, it is claimed that with the
three-disc arrangement there is less risk of interaction
between the driving elements.
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F16. 23. — CoiLs oF
THREE-PHASE FOUR-
WIRE METER WITH
THREE DRrIVING Discs
ON ONE SPINDLE.

(Chamberlain & Hookham Lid.)

Adjustments of Polyphase Meters.

Shunt running, or the driving of the disc when no
current is flowing by means of the voltage coil alone, is
prevented on these and other meters by means of two
holes punched in diametrically opposite points of the
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discs. When either of the holes comes underneath the
shunt electro-magnet a slight locking effect is produced,
sufficient to prevent more than half a revolution on the
shunt alone.

The starting current of meters such as these is less,
than 0.5 per cent of the full-load current; by careful
adjustment it can be reduced to a lower value still
without introducing any tendency to run on the shunt
alone.

Full-load Adjustment.

Full-load adjustment is effected by loosening, by
means of a screwdriver, the large Jocking-nuts on the
magnet brackets seen above and below the magnets
in Fig. 24. The micrometer screw is then operated so
that the magnets move inwards to make the meter run
faster or outwards to slow down the speed. The
locking-nuts should then be carefully tightened; either
or both magnets may be adjusted as required.

Low-load Adjustment.

Low-load adjustment is provided on the centre
phase, as will be seen marked on the screw immediately
above the disc in Fig. 24. The screw engages with
metal screens located immediately beneath the pressure
electro-magnets, and arrows indicate the direction in
which the screws should be moved for increase or
decrease of speed.

Inductive-load effects are controlled by the move-
ment of three screens placed on the centre limbs of the
three pressure electro-magnets. The movement of
these screens is controlled by a similar screw marked
IND roap PHz; slackening the screws clamping the
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Fic. 24.-—MEeaANs
OF ADJUSTMENT
OF THREE-PHASE
FOUR-WIRE
METER.

(Chamberlain &Hookham
Lid)

scaled plates on the top and bottom elements enables
the adjustment to be readily made from this screw.
It is operated by rack and pinion.
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Torque Balancing Arrangement.

Balance of the elements is effected from the front
of the cover by means of clearly marked screws; the
middle element is regarded as standard and the top
and bottom elements are matched to it one at
a time.

In effect this polyphase meter consists of three
single-phase meters, and the adjustment for any one
unit will therefore correspond to those for an A.C.
meter previously described. Another advantage of
this type of meter is that no special stocks of spares
need be kept, as the parts which may require replacing
are those which are standard for single-phase meters.

Two-rate Meters.

Whether a meter is intended for use on continuous
current or A.C. circuits, it may be necessary for current
to be charged at different rates in the daytime as
compared to that at night. If advantage is taken of
the lower rate in the evening, by the use of the heavier
load at a time when the price is less, there will be a
tendency to even out the load on the power station
and thus use the plant more economically. One of the
most important uses of the two-rate system is in
storage-water heating, where the heater, working on
the low-price rate, heats up water in a heavily laged
cylinder, for use later on.

There is no change whatever in the construction and
working of the meter to which this mechanism is
applied. The two-rate device is operated by an
external time switch which throws over the connection
between spindle and dial from one train of wheels to
another. Two-rate meters therefore have two series of
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F1G. 25.—INTERIOR
VIEW OF 100 AMP.
CHAMBERLAIN AND
HooxHAM ‘‘ TRANS-
FORMETER’’ FOR
Use oON THREE-
PHASE FOUR-WIRE
SYSTEM.

Showing meter
and current trans-
former box. The
transformer  unit
can be located on
either side or bot-
tom of the meter.

(General Electric Co.,
Ld.)

dials, labelled high scale and low scale, with a pointer
showing which scale is in use at any moment.

Time Switches.

The change-over mechanism is operated by a time
switch, consisting in effect of an electric clock with two
contacts, which operate the change-over at specified
hours according to the setting.

A time switch can be operated by a synchronous-
motor clock, with a mechanism similar to that of
electric clocks, or by a clock driven by a spring, the
spring being wound up by a synchronous motor. If
the electricity supply should fail, the spring will keep
the clock going for 36 hours.
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The simplest form of time switch does not, however,
embody a spring mechanism; and in this case it will
consist of a synchronous motor used as a clock
driving the train of wheels which changes the rate.
This is illustrated in Fig. 26.

The connections to the driving motor and gears are

Fic. 26. — TiME
SWITCH WITH
SYNCHRONOUS
MoTOR.

(Metropolitan- Vickers
Elecirical Co., Ltd.)

clearly seen from this figure. The speed of the motor
is 200 R.P.M; it consists of a laminated electro-magnet
having shaded poles and a plain cylindrical copper bell
rotor, an iron core being fixed between the poles.
Adjustment of the driving torque can be made easily
by lowering the rotor bell on this shaft to increase the
torque, or vice versa.
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THE MEASUREMENT OF MAXIMUM DEMAND,
KILOVOLTAMPERE-HOURS, AND REACTIVE
« kVAh

For small consumers, such as domeéstic premises,
two forms of tariff are usually employed. The simplest
is that in which a charge is made per unit (kilowatt
hour) supplied, while the other is known as a two-part
tariff. In this a fixed charge is made per annum plus
a charge per unit supplied. This fixed charge may be
based on the rateable value of the premises or the
floor area, and is intended to cover the cost of providing
the supply, while the charge per unit covers the cost of
the actual cnergy supplied.

Strictly speaking, the fixed charge per annum should
be based on the maximum load which the consumer
imposes on the supply, but with small consumers the
measurement of this maximum demand would be
rather troublesome, and it would be difficult to explain
to non-technical consumers the reasons for such a
charge and the method by which it is measured.

For both kinds of domestic tariff then it is only
necessary to meter the actual units supplied and for
this purpose standard kilowatt-hour meters are em-
ployed. '

Importance of Maximum Demand with Large
Consumers.

When dealing with large consumers, such as factories,
the question of the maximum load which may be taken
is of considerable importance, since the supply company
must have machines and cables capable of dealing with
this maximum load.
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The matter is not, however, quite so simple as a
determination simply of the maximum load or demand.
It is clear that a demand, say, of 1,000 kW. for a
period of two seconds would not cause the supply
company any concern, whereas a demand of 500 kW.
for 15 minutes would have to be taken into account in
connection with the supply.

The Duration of Maximum Demand is also
important.

The time for which the demand lasts is, therefore, as
important as the value of the demand, and this time
must accordingly enter into any true determination of
the maximum demand.

For this reason it is usual to average the demand
over a predetermined interval of time, such as half an

<040
o~
|casavss atcisTENRES
ar 0. METER 1 — Fi1c. 27.—SHOWING METHOD OF
OBTAINING MaxmmMum DeMaND
oM coAD READING.

This diagram represents a par-
ticular load divided into equal time
periods. Period III is the period
[ ” of maximum demand.

PEAOD PERIOD PERIOD
’ a =

hour, and to take the maximum of these average
values as the true maximum.

A Typical Example.

Suppose, for example, the time period chosen is 30
minutes, and that the load during the first 5 minutes is
1,000 kW., during the next 15 minutes is 200 kW. and
during the last 10 minutes is 300 kW. Then the



THE MEASUREMENT OF ENERGY 83

average demand over the period of 30 minutes is:—
(53 X 1,000) 4+ (15 X 200) + (10 X 300)

30
5,000 + 3,000 + 3,000
= %
11,000
=% = 367 kW.

If this were the maximum of these average values over
the period, say of three months, which may be the time
for which a bill is presented for the energy supplied,
the total charge would be 367 X the charge per kW. of
maximum demand plus a charge of so much per unit.

Power Factor and its Bearing on kVA. of Maximum
Demand.

It has been assumed in the above that the charge is
based on the maximum demand in kilowatts, but this
is not always the case. If the power factor of the load
in question is low, the current which must be supplied
is considerably in excess of that represented by the
power in kilowatts supplied, and the supply company
must have cables, etc., capable of dealing with this
increased current. So that cost of providing the supply
is increased. It is for this reason that in many cases
the charge is based on kilo-voltamperes of maximum
demand, averaged over a definite time interval as
explained above.

Either Power Factor or Reactive kVA. should
be Medsured.
It is advisable, therefore, in such cases, for the con-
sumer to keep his maximum demand under observation
and also his power factor. As an alternative to
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measuring the power factor, the reactive kVA. or
reactive kVA.-hours can be measured. '

How the Essential Quantities may be Measured.

If now a consumer wishes to keep his load and his
maximum demand under observation, he must have
means of measuring the requisite quantities, and the
following indicates how this can be done.

v

Power in Kilowatts.

In many cases it is very useful to know the value of
the total load from instant to instant, and for this
purpose it is necessary to use a wattmeter, either
indicating or recording, connected to the supply at the
point where it enters. An indicating instrument
enables the total load, taken at any moment, to be read
at a glance and can be useful, if attendants are always
available, in ensuring that the load does not pass any
pre-determined value. On the other hand, it does not
give any information as to the manner in which the
load is varying unless the readings are logged at short
intervals.

Using a Recording Wattmeter.

A continuously recording instrument however, which
draws a continuous record of the load on a chart, does
give this information and an inspection of the record
shows how the load is varying and if it is found to be
increasing unduly, steps can be taken to reduce it. By
integrating the curve over a definite time interval, say,
half an hour, it is possible to determine the average
demand in kilowatts over this period.

These continuously recording instruments can be
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used for another purpose. Suppose it is discovered
that the maximum demand in kilowatts is too high,
then it is possible with one of these recording instru-
ments, which will preferably be of the portable type,
to determine which particular machine or consuming
device is responsible. To do this, the recording
wattmeter would be connected to each section of the
load in turn, and a record obtained showing how the
total load varies over a period of, say, one week. An
inspection of the records so obtained will enable the
source of the increased load to be detected.

How Reactive kVA. and kVA. are Measured.

Occasionally it is required to obtain a direct indica-
tion or record of one or both of these quantities.
Reactive kVA. can be measured by the aid of a watt-
meter, either indicating ‘or recording, this being con-
nected to the circuit in a special way.

For the measurement of kVA., instruments specially
designed for the purpose must be used, and these are
available in either the indicating or continuously
recording type.

For Kilowatt-hours, obviously a Kilowatt-hour
Meter.
The measurement of the energy supplied in kilowatt-

hours, is done by integrating meters, as previously
described.

How Maximum Demand in Kilowatts is Registered.

Where the charge for energy is based partly on the
kW.-hours supplied and partly on the maximum
demand in kW., a meter, fitted with a maximum
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F16. 28.—WATT-HOUR METER FOR THREE-PHASE, FOUR-WIRE
Circuit, FITTED WITH MAXIMUM DEMAND INDICATOR.
(Metropolitan- Vickers Electrical Co., Ltd.)

demand indicator, is used. Such a meter is illustrated
in Fig. 28.

A meter of this type is fitted with a dial marked in
kilowatts in addition to the dials indicating the kW.-’
hours supplied. The kW. dial gives the maximum
demand in kW. in the following manner.

There are two pointers fitted to the dial, one being
driven round by the meter. The other is free, but can
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be pushed round by the first pointer. At the end of
the period during which the demand is averaged the
first pointer is returned to the zero position, either by a
timing gear contained in the meter or by an external
time switch.

Suppose during one period the free pointer is pushed
round to a reading of say, 100 kW. It will stay there
when the moving pointer is returned to zero. If during
the next period the maximum demand averaged over
this period does not exceed 100 kW., then the moving
pointer will not reach the free pointer, and the latter
will be unaffected. If, however, the average demand
exceeds 100 kW., the free pointer will be pushed on
further, to a value corresponding to this new maximum.
In this way the free pointer indicates the maximum
value which the demand, averaged over the given
period, has attained. After the reading of the
maximum demand has been taken, the free pointer
can be returned to zero by hand, in readiness for the
next reading.

The Construction of the Maximum Demand
Meter.

The maximum demand meter consists of a special
clock coupled to a standard form'of polyphase meter.
This clock may be represented schematically by Fig.
29, where the meter rotor drives through a series of
gears I, 2, 3, 4, 7, 8 and 9, to the maximum demand
driving pointer. It will be noted that gears 4 and 7
are capable of being de-meshed, since (4) can be taken
out of gear by a lever system (5), which is coupled to
an electro-magnet (6). During the period, all these
gears are in mesh and the maximum demand driving
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pointer is driven forward, carrying the demand pointer
with it; at the end of the period the electro-magnet (6)
is energised by a time-switch, and the maximum
demand driving pointer is reset to zero by means of the
spiral spring (10); after becoming detached from the
actual maximum demand pointer.

At the commencement of the succeeding period, all
gears are meshed again, and the maximum demand

Fig. 29. — MaxiMun
DeEMAND INDICATOR
MOVEMENT IN PER-
SPECTIVE.

1 to 4 and 7 to 9,
gear wheels; 5, system
of levers; 6. electro-
magnet; 10, spird
spring.

driving pointer proceeds to drive until the reset period
when the operation of resetting is carried out. It will
be seen that the maximum demand pointer itself will
not be driven forward in succeeding periods unless the
units consumed are greater than in the first period,
hence the maximum demand pointer itself will estab-
lish a reading equivalent to the maximum number of
units consumed in any particular period.
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Fig. 28 illustrates an example of a combined meter
and maximum demand indicator.

The Two Types of Demand Mechanism
Compared.

The particular demand mechanism described above
is known as the “Held-Off” type, that is to say, the
gears are held in mesh by gravity and are demeshed by
electrical means. Another type of indicator employs
what is known as the ‘“Held-On” type of gear,
where the reverse holds. The gears are held in
mesh electrically, and are reset by gravity. Both
methods have their particular adherents and are
widely used.

The main advantage of the “Held-Off” type is the
fact that the electro-magnet is intermittently rated,
hence losses and consequent wear are reduced to a
minimum, but the timing mechanism used in con-
junction with this type of maximum demand indicator
must be such that in the event of a failure of supply it
stops immediately, so that there is no possibility of a
double reading being registered on the demand in-
dicator.

The “Held-On” type of indicator does not suffer
from this particular disadvantage, but having a con-
stantly energised coil, care has to be taken in the
design to reduce losses and wear to a minimum.

The Arrangement of the Time-Switch.

The timing mechanism or time-switch as it is
generally termed, which is used with these indicators,
generally takes the form of some timing mechanism
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coupled to a small contactor, and so arranged that the
contacts change over at definite periods of time. The
timing arrangement itself may consist of an ordinary
clockwork motor, driving the contacts through the
usual form of escapement or else the switch may be
electrically wound again, either using an escapement
or a synchronous motor for the timing element itself.

Fi1g. 32. — SanGgamo
TyrPE AD THERMAL
DeEMAND METER.

The meter is suitable
for use on either alter-
nating or direct-cur-
rent circuits, and in-
dicates the maximum
demand occurring be-
tween times of re-
setting. Note re-
setting knob.

Where the voltage of
the supply may be
assumed tobeconstant
at the declared pres-
sure the meter may
also be used as demand
kVA. or demand watt-
meter and in such in-
stances the dial is
scaled, according to
requirements.

Another pattern of maximum demand meter is
illustrated in Fig. 30. In this type the maximum
demand needle is geared to the spindle of the meter
rotor through a ratchet mechanism, the ratchet of which
is lifted at the end of every 30-min. period. A hair-
spring on the spindle returns the ratchet shaft to zero
every 30 min., and it will be seen that unless the meter
makes a greater number of revolutions during some
30-min. period, the ratchet wheel and pointer will
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remain at the point previously reached, which corres-
ponds to the maximum demand.

Thermal Type Maximum Demand Meter.

Figs. 33 and 34 show a separate maximum demand
thermal type indicator and its interior. This instru-
ment consists of a thermal element with two pointers
moving over a graduated scale. Passage of current
through the instrument causes one pointer (the demand
pointer) to be moved up the scale carrying with it the
second or maximum demand pointer. When the
current is reduced, the maximum demand pointer is
left at the farthest point of its travel, and it remains

o

s . I1G. 33.—SEPARATE
MaxiMuM DEMAND
INDICATOR.

5 (Metropolitan- Vickers
| Electrical Co., Ltd).
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F16. 34.—INTERIOR OF
MaxiMuM DEMAND
INDICATOR.

The two bi-metal
strips are seen at each
side, that on the left
being provided with a,
slipping coil. The
lower ends are con-
nected to a linkage
gearing up to the
pointer.

(Metropolitan- Viciers
Electrical Co., Ltd.)

there until a greater current at some subsequent time
causes it to be farther advanced. It can be returned
to the zero position only by means of the resetting
knob on the cover which is normally sealed up by the
supply authority.

The inside of the instrument is shown in Fig. 34.
At each side of the case is a bi-metal strip, that on the
left being worked by a heater grid through which the
current supply passes. When current is passed through
this heater it warms the strip on that side and causes
it to curl; the movement of the lower end is trans-
mitted through two Jinks shown to the demand pointer
of the indicator. Due to the multiplying action of a
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quadrant at the top, a very small amount of curl
causes the pointer to travel the full length of the scale.
The purpose of the other bi-metal strip without a
heater is to provide compensation for local air tem-
peratures.

Refinements to the Maximum Demand Indicator.
Contacts can be fitted to the maximum demand

r

F1G. 35.—COMPLETE AMaxicraPH WITH COVER REMOVED.

It consists of an electricity meter and a maximum demand
recorder housed in a single case.
(Landis & Gyr, Lid.)

pointer so that an alarm can be given if the maximum
demand reaches a predetermined value, and steps can
be taken to reduce the demand. This is important in
some cases where an economic limit can be placed on
the highest value of the maximym demand, and it
becomes necessary to sound an alarm when the demand
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is approaching this limit. This is further complicated
by the time taken to reach the limit:

If, for instance, the period over which the demand is
averaged is half an hour, then the alarm sounding at
the end of the half-hour period indicates that the limit-
ing value has just been reached, and steps must be
taken to see that this value is not exceeded in any
subsequent half-hours.

On the other hand, if the alarm sounds within the
first ten minutes, say, it will obviously be necessary to
reduce the load immediately, as otherwise the maxi-
mum value which is permissible may be considerably
exceeded, with a correspondingly increased charge for
maximum demand.

Arrangements can be made so that a series of alarms
can be given depending on the time at which the
demand reaches the predetermined value.

Recording the Maximum Demand in Kilowatts.

While meters fitted with maximum demand in-
dicators are quite satisfactory from the point of view
of the supply company since they give the maximum
demand in kW., and also the units supplied, they are
not so satisfactory for the consumer, as it would be
very useful for him to know just when this maximum
demand occurred and also how it compared with the
demand during other periods. It might well be that
his load is divided into several sections, as in a large
factory, and that each section has its own possible
maximum demand. If these maxima all occur at the
same time, the resulting maximum demand on the
supply will be greater than if they occur at different
times. Thus information as to the time the maximum
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demand occurred and a
comparison with other
periods can be very useful.
Such information can be
obtained by a maximum
demand recorder. In this
instrument a pen arm is
attached to the driving
pointer of the maximum
demand indicator and
A : moves a pen across a chart,
F16. 36.—RECORDING ST;'I-.-US giving a record of the type
FOR MaxiMum DEMAND shown in Fig. 37. As the
INDICATOR. driving pointer moves

(Landis & Gyr Ltd.) . .

round the dial, the pen is

driven across the
chart, and is re-
turned to zero with
the driving pointer.
The maximum
value which the
pen reaches thus
gives the average
demand during
this period. By this
means, a record .is
obtained of the
average  demand
during  successive
periods, and an

. inspection of this
'1G. 37.—REDUCED FacsIMILE oF 3 .
PORTION OF MAXIGRAPH CHART. record gives the de

(Landis & Gyr Lid) sired information.
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Summation M.D. Metering.

If a works is fed by a number of feeders, it is an easy
matter to obtain the total units consumed, by adding
up the individual readings on each meter. When,
however, the tariff includes a maximum demand
charge, this total maximum demand cannot be obtained
by addmg individual feeder max1mum demand indica-
tions since there may
be a diversity factor  fpfm 11 T LI TTTTI

between feeders roue rotac|

whereby the maxi-

mum demands do 2

not occur during the ‘ﬁ??ﬁ:

same period. Fig. 38 w:m,i';

illustrates the error « Eel

which may arise due ; »

to this diversity gL

factor. [ :
It becomes neces- "WH’!T!SH.J H_

sary, therefore, to

summate all the FEEOENT

various feeders on a “"‘T 1008, 24—

Lol

common meter, driv-
ing one maximum

demand indicator F1G. 38.—THE CORRECT METHOD OF
. . . OBTAINING THE TRUE ToraL Maximum
which will provide Dgmanp oF A NUMBER OF FEEDERS.

the true simultan-

eous maximum demand. There are two general
methods of obtaining this summation, one employing
electrical means and the other mechanical means.

PERIOD  PERIOD  PERIOD  PERIOD
1 b:4 m =

Electrical Summation.
When the number of feeders to be summated 1s
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small, three electrical methods provide easy means of
summation—(a) the paralleling of the current trans-
formers on the meter (Fig. 39), (b) the use of summation
current transformers (Fig. 40), (c) the use of multi-
element meters. Each method has its own particular
advantages, and hence the actual method adopted for

I
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F16. 30.—D1aGraM oF Con- F1G. 40.—D1AGRAM OF CoON-
NECTIONS FOR ELECTRICAL NECTIONS FOR ELECTRICAL
SUMMATION WITH PARALLELED SUMMATION WITH SUMMATION
CURRENT TRANSFORMERS. CURRENT TRANSFORMERS.

summating a particular set of feeders must depend
upon the local conditions.

Mechanical Summation.

This method, whilst being generally more compli-
cated than the electrical method, can be applied
universally, and therefore can be used for any particular
summation equipment. Briefly speaking, it consists
of installing meters on each feeder, these meters being
arranged to transmit electrical impulses (the number
being proportional to the energy registered by the
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meter) to a mechanical summation meter. This meter
converts the electrical impulses into mechanical
motion and, by means of differential gearing, adds up
all the individual motions to drive a common sum-
mation clock together with a maximum demand
indicator and, if required, a printer mechanism.

An illustration of the transmitting circuit between
feeder meters and a mechanical summator is given in

Loca/ kt!e supp:
43 operate e
J'wmmlor [/M:enu

F1G.41.—THE FUNDAMENTAL A1}
CIRCUIT FOR TRANSMIT-
TING IMPULSES, USING THE
CORRIDOR SWITCHING AR-

[ SEE—"Y
RANGEMENT. w/ro/mt Disgram of Equivalent M‘l?kdm
¢l
zt:‘edo{n rra;nnmln' on mtd""sleacnc
er (single-,
o way swi ey ey

Fig. 41. It will be noted that this circuit employs the
well-known corridor switching arrangement, which has
two big advantages, namely, the circuit can always be
made at the transmitter end and broken at the re-
ceiving end, and secondly, it obviates incorrect trans-
mission due to extraneous vibration.

Measurement of Reactive kVA.

The meters described for the
measurement of energy can, with
small modifications, be used for
other measurements — to wit,
reactive kilovolt ampere-hours

Fie. 42—DucraMm  (RkVAh.), or within certain
RTINS vAh,  limits of accuracy kVAh. (see
AND THEIR SIGNIFI- diagram Fig. 42)‘

CANCE ONE TO THE

OTHER. If the voltages applied to a
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R kWh. meter can be
v >c0a0  displaced through
*— > 90°, then it be-

3 comes obvious

that such a meter
will read RkVAh.

There are several
methods of ob-
taining this dis-
placement, one of
the more common
types being by
the use of what
is known as a
reactivator. This

reactivator is, in
F1G. 43.—D1aGrRAM OF CONNECTIONS FOR -
RkVAh METER, USING A REACTIVATOR. effect, a three

phase network
with tappings which allows voltages to be taken from it
which are displaced from the incoming voltages by the
90°. Fig. 43 illustrates the connections both for the
reactivator and the meter whereby the total equipment
will measure RkVAh.

Measurement of kVA. Hours.

The measurement of kVA. hours is not so simple or
straightforward a matter as the measurement of kW.
hours, owing to the fact that while kW. hours have a
definite meaning, being the actual energy supplied in
any given time, kVA. hours have no such physical
meaning. Various special instruments have, however,
been designed to measure this quantity.
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The * Trivector ”’ Instrument.

In some instruments use is made of the relationship
which exists between kVA., kW. and reactive kVA.
The kW. hours and the reactive kVA. hours are
measured and by some special device, usually mechan-
ical in nature, these are combined to give the kVA.
hours.

Such an instrument is that known as the ““ Trivector,”

F1G6. 45.—TRIVECTOR INSTRUMENT FOR MEASURING
Wh, kVAh anp RkVAh.
(Landis & Gyr, Ltd.)

and is shown in Fig. 45. The meter measures kW.
hours, kVA. hours and. reactive kVA. hours. It
comprises a kW. hour meter and a reactive kVA. hour
meter giving their own readings of these two quantities,
and coupled together by a special system of gearing to
give the true kVA. hours, irrespective of the power
factor. The instrument is normally arranged to be
accurate for all lagging power factors from unity to
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zero, and an external relay can be used in conjunction
with it, to cover the range of leading power factors
from unity to zero.

Other instruments are also available using different
forms of coupling between the kW.-hour meter and the
reactive kVA. hour meter to give the kVA. hours.

A Method of Compensating a kWh. Meter, so that it
Registers kVAh.

The measurement of kVAh. normally requires
complicated gear if a high degree of accuracy is re-
quired, and space will not permit of a description of
the various mechanisms available. There is, however,
a simple method of compensating a standard kWh.
meter so that it will read kVAh. within a reasonable
degree of accuracy over a small power factor range.
For example, the standard watt-hour meter régisters
the following product.

Amps. X volts x cos ¢ x hours.

Hence if cos ¢ can be made equal to 1 by com-
pensation, the meter will register kVAh.

A Table Showing Theoretical Errors.

The Table II shows the theoretical errors which can
occur for varying phase displacements, and indicates
that a total phase displacement of 22° will produce an
error of 7.28 per cent, This error can, however, be
reduced by speeding up the whole meter curve, where-
upon the error over a 22° phase displacement may be
plus or minus 3.64 per cent.

If a standard meter is taken, therefore, and the
voltage flux is made to lag the voltage by go° plus 22°,
the meter will read kVAh. within errors of olus or minus
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3.64 per cent (see Table IIT) providing the power of the
system does not vary outside this 44°. This form of
compensation to obtain kVAh. measurements, whilst
not producing accurate results, can be of importance
on certain circuits, and is, therefore, worthy of mention

It should also be noted that a meter can be compen-
sated for other phase displacements, but the overall
theoretical error will always be dependent upon the
range of the phase displacement between the voltage
and the current.

Maximum Demand in kVA.

Where the tariff in force includes a charge per kVA
of maximum demand, this demand must be measured.
This can be done in the same way as for kW., by fitting
similar maximum demand dials to a kVA.-hour meter.
The action of these dials and pointers is exactly the
same as already described in connection with the
maximum demand in kW,

A Simple Method.

There are, however, other ways in which the maxi-
mum demand in kVA. can be indicated. In single-
phase or three-phase balanced circuits, where the
voltage is reasonably constant, an ammeter fitted with
an additional free pointer, similar to those described
in connection with the maximum demand dials, can be
used. This free pointer is pushed round by the
ammeter pointer and indicates the maximum value the
current and therefore the kVA. has reached.

This indication, while useful, may be very misleading,
as such an instrument will inevitably give the maximum

H
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instantaneous value of the current, and this may be
due to a momentary overload, which, as already
explained, has no effect on the maximum demand
which is averaged over some predetermined period.

R AN
7 7% KiLo VLT AMPS
;

F16. 46.—DECLARED VOLTAGE TyPE
oF HiLL-sHOTTER M.D. INDICATOR.

(Aron Electricity Meter Ltd.)

The Hill - Shotter
Maximum Demand
Indicator.

To obtain this
averaged value, it is
necessary to use an
integrating  instru-
ment as described,
or a special kVA.
demand  indicator
such as the “Hill-
Shotter” instrument.

If the circuit volt-
age can be taken as
constant, a measure-
ment of the ampere-
hours will equally be
a measurement of
the kVA. hours.
The circuit voltage
is not usually con-
stant enough for an
ampere-hour meter
to give the kVA.
hours with sufficient
accuracy, but if it
is fitted with a device
which suitably
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corrects the readings for any variations in voltage
from the normal value, it becomes a true kVA.-hour
meter.

And How it Operates.

This is done in the Hill-Shotter instrument which is
fundamentally an induction-type ampere-hour meter
fitted with a device to compensate for changes in the
circuit voltages, usually over a range of 12} per cent
above and below the normal value. The instrument
can be made for single-phase and for polyphase,
balanced or unbalanced load circuits.

The rotating element drives a pointer round a maxi-
mum demand dial in a manner generally similar to that
already described, the driving pointer being returned
to zero after any predetermined period. The instru-
ment thus gives the maximum demand in kVA,
averaged over the period in question.



CHAPTER 1V

THE MEASUREMENT OF POWER FACTOR AND
FREQUENCY

AVING discussed the more important measure-

ments of voltage, current, power and energy
there still remains a number of special instruments
which are frequently used by engineers.

POWER-FACTOR METERS

The phase displacement between voltage and current
in A.C. circuits is dependent upon the characteristics
of the circuit. A circuit having
inductance will cause the current to 4 1
lag behind the voltage, whilst one
having capacitance will cause the
current to lead the wvoltage, the
actual angle being a function of
the amount of inductance, capaci-

FiG. 1.
tance and resistance in the circuit. POWER-FACTOR oF

i Circurr.
The power-factor of the circuit is A Tmeurt

the cosine of this angle of displacement (Fig. 1) and
is useful information to the engineer in that it tells
him what proportion of the current is performing
useful work.

This measurement can be made with wattmeters,

watts
amps. X volts)
but it is generally more convenient to use a special
108

ammeters, and voltmeters (cos ¢ =
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Fi1G. 2.

THE ESSENTIALS OF
A DYNAMOMETER
PHASE METER FOR
SINGLE-PHASE CIR-
CUITS.

109

Scale

(a) the main current
winding; (b) the mov-
ing element; (c) the
pointer; () the damp-
ing arrangement; and
(¢) the split-phase de-
vice connected to* the
moving coil.

Non-inductive

Load

/nductance

Resistance+3

power-factor meter.

These power-factor meters usually

operate on either the dynamometer or the moving iron

principle.

The Dynamometer Type.

Dealing with the single-phase type this may be

F16. 3.—POWER-FACTOR METER,
Rounp FLusH PATTERN.

represented schematically
by Fig. 2. The fixed coils
(@) carry the load current
or its equivalent, whilst
the moving coils (b) dis-
placed one from the other
by 9o° are connected
through a network gener-
ally known as a phase-
splitting device (e), across
the voltage of the supply.
This phase-splitting de-
vice consists of a resist-
ance connected in series
with one of the coils and a



110

condenser or reactor connected in
series with the other coil. The two
currents flowing in the moving coils
will therefore, be displaced one
from the other by approximately go°,
which will, in effect, produce a
rotating magnetic field. The cur-
rents are led into and out of these
coils by means of ligaments which
are so weak that the control torque
they produce is negligible. The

SWITCHBOARD INSTRUMENTS

Fi1G. 4.
VaneEs CONNECTED
TO THE POINTER
SHAFT TO PROVIDE
PNEUMATIC DAMP-
ING.

pointer (c) is connected solidly to these moving coils

and registers on a scale.

The driving torque of such an instrument depends
upon the interaction of the fluxes emanating from both
the fixed and moving coils and is dependent upon the
phase displacement between the current and voltage of

the system.

The damping is effected either pneumatically (Fig. 4
illustrates a set of vanes in place of the usual piston and
cylinder; this form is required because the moving

Pointer

K

F16. 5.—CONNECTIONS OF A THREE-
PHASE DYNAMOMETER POWER-

FACTOR METER.

element must be cap-
able of a 360° move-
ment), or electro-
magnetically by means
of the usual disc and
permanent magnet.

A power-factor indi-

n >R cator for use on a

+ ¥" polyphase circuit is
i B ' s .

generally  similar  in

construction to that
already  described,
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cxcept that the phase-splitting device is omitted and
the angular displacement of the phases themselves is
used to obtain the necessary rotating magnetic field.
Fig. 5 illustrates the connections of a three-phase
power-factor meter for use on unbalanced loads.

Characteristics of the Dynamometer Type.

The single-phase type is liable to errors due to
frequency, and wave-form variations, because of the
phase-splitting network. These errors are, however,
reduced by means of compensation to limits which are
negligible for ordinary commercial measurements.

U
F1G. 6. — SCHEMATIC 4m¢
DiAGRAM OFM A 7 [
SINGLE-PHASE Mov-
ING IRON POWER- ==

FACTOR METER. e/ = s
(a) pointer; (b) 9
moving iron; (c) a1
polarising winding;
(d) and (e) distri- { 2
buted windings. 3 3 7

- <t~

In the case of the polyphase type, the errors can
be entirely eliminated, due to the absence of this
network.

Another point which should be observed in con-
nection with power-factor meters, is the question of the
load current flowing through the meter. Whilst the
instrument is practically independent of voltage and
current variations the current should not be allowed to
drop below 20 per cent. of the rated value of instru-
ment, otherwise errors may be introduced due to
friction,
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The Moving Iron Type.

A single-phase instrument of this type is illustrated
schematically in Fig. 6. The pointer is coupled to the
moving irons, which are specially shaped and dis-
placed 180° one from the other. These irons are
embraced by a polarising winding, which is connected
across the voltage. Two other coils, each consist-
ing of distributed windings, are arranged to surround

100
\95/-1\95/
920 G )LE Te)
[N
STATOR COLS v XY

DISPLACED ~

90’ ONE

FROM OTHER vov:.ég“ FiG. 7.
SINGLE-PHASE,

MovING IRON
POWER-FACTOR
METER SHOWN
SCHEMATICALLY,
OPERATED THROUGH_
CURRENT AND
VOLTAGE

; TRANSFORMERS
VT,
LN re—

cT LOAD

(POLARISING
WINDING

the moving irons and polarising winding and to be
displaced one from the other by go°. The coils are
connected to a phase-splitting network and carry the
main current or its equivalent.

The principle of operation is similar to that of the
dynamometer type, the torque being proportional to
the phase displacement between the voltage and cur-
rent of the system.

The damping arrangements are similar to those used
on the dynamometer type.
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Connections of Polyphase P.F. Meters.

The polyphase form has three distributed coils in
place of the two already described in the single-phase
type, and here again the phase-splitting device is
obviated, since the requisite rotating field is produced
by the angular displacement of the three-phase supply.
Fig. 8 illustrates the connections for a polyphase
instrument and it should be noted that since there
is only one voltage winding, the instrument can
only be truly accurate
under balanced voltage |
conditions. Actually
this limitation is not ‘
serious in practice,
since the indication is F
accurate to within the [‘”‘T L
usual commercial limits , >R
with voltage unbalance ' >Y

up to 10 per cent., - >B

which is rarely ex- ¥1G. 8.—CONNECTIONS OF A MOVING
. . IRON THREE-PHASE POWER-FACTOR
ceeded in practice. METER.

Characteristics of the Moving Iron Type.

The single-phase instrument has similar errors to
those already mentioned in connection with the
dynamometer type and even in the case of the poly-
phase instrument it is not possible to eliminate the
errors entirely.

In spite of these errors, however, the type is capable
of producing a high degree of accuracy for ordinary
commercial purposes. Furthermore, the absence of
ligaments and the like ensures a very robust instru-
ment which is very suitable for switchboard work.
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SYNCHROSCOPES

A modified form of power-factor meter can be used
to establish synchronism between two machines or a
machine and the busbars. This consists of a single-
phase power-factor meter with both sets of windings
arranged for connection across voltage supplies, one
supply being the busbars and the second being the
machine which is being regulated prior to being
synchronised.

The common forms of connections, used for a
complete  synchronising  equipment, comprising
lamps, voltmeters and synchroscope are dealt with in
Chapter V.

PHASE ROTATION INDICATORS

During the connection of electrical apparatus to
polyphase systems, it is often necessary to establish
the correct phase rotation of the system. This
phase rotatiop can, if necessary, be checked by

= means of choke coils,
; lamps and resistances

or polyphase watt-
meters, but the sim-
plest method is to use
a phase rotation indi-
cator.

) This indicator is re-
toad presented schematically

8 . . .
F1G. 9.—PRINCIPLE OF THE PHASE n Flg' 9 and consists

ROTATION INDICATOR. of three small electro-
When the phases of the supply

are connected to the colour termi- magnets, and an alu-
nals of the instrument, the phase minium disc suspended
sequence of the supply is indicated . . h

by the rotation of the disc, in jewelled bearings.

b~y
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When the three coils are energised from a polyphase
supply, a rotating magnetic field is generated, the
rotation of which is dependent upon the phase rotation
of the system. The disc rotates either clockwise or
counter clockwise and thus indicates the phase rotation
of the system.

FREQUENCY METERS
A knowledge of the frequency of the system, that is,
the number of complete cycles of oscillation per second
(Fig. 11) is necessary if the system is to work in
synchronism with other supplies.
Three types of instru-

gl/\l"“””"’”“'/"’ﬂ ments are in general use to
= rme Make this measurement:—
/l I\/ N (1) Induction type;

FiG. 11.—ILLUSTRATION OF (2) Dynamometer type;

FREQUENCY. (3) Vibrating reed type.

The Induction Type.

In its simplest form this type can be represented
schematically by Fig. 12 and consists of two electro-
magnets (a) each complete with a shading loop (similar
to that used in induction ammeters and voltmeters)
which are connected across the voltage of the system.
A specially shaped disc (b) suspended on jewelled
bearings is arranged to swing in the air gaps of
these two electro-magnets. The coil (44), is connected
in series with a reactor and the coil (41) connected in
series with a resistance. It will be seen that the current
flowing through the coil (a.) is practically independent
of frequency whilst that flowing through the coil (as) is
dependent upon the frequency, hence the torque of the
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@upp’y
Fic. 121—’1‘1-13 INpucTiON TYPE OF FREQUENCY METER.
Key to lettering: (a) two electro-magnets; (b) specially shaped
disc; ic) pointer; (d) split-phase device.
instrument which is a differential of the two torques
will be a function of the frequency of the supply.
The control torque of this type of instrument is
provided by means of gravity.

Characteristics of the Induction Type,

In common with induction ammeters and voltmeters
the instrument is subject to errors due to voltage,
temperature and wave-form variations and also suffers
from a cramped scale. In spite of these disadvantages,
however, the instrument is largely used commercially,
since with suitable design, the type can be made into
a very robust form of instrument, which is capable of
a high degree of accuracy.

A modification of this type, incorporating both
reactors and condensers, provides what is known as the
resonance type of induction frequency meter, whereby
a long scale reading is obtained for a small frequency
change.
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The Dynamometer d
Type. : / a\
Fig. 13 illustrates # M N /c
schematically the / -

dynamometer type b
of frequency meter. F1G. 13 —ScHEMATIC DIAGRAM OF
It consists of a  DYNAMOMETER-TYPE FREQUENCY

. X METER.
moving coil (2) and

polarising iron (b) coupled to a pointer (c). This
moving system is mounted on jewelled bearings inside
the fixed coils (d). The whole is connected in bridge
fashion with suitable resistances and reactors across
the voltage of the supply (Fig. 14).

The driving torque is due to interaction of the two
coils, the polarising iron being used for location purposes
when no current is flowing through the moving coil

The control torque is provided by gravity.

The instrument suffers from the same errors which
are inherent in the induction type, but notwithstanding
these, it is capable of a high degree of accuracy.

The main advantage of this type over the induction
pattern is the fact that it can be assembled in a smaller
compass than the former.

The Vibrating Reed Type.

This type was originally
suggested by Professor Ayrton,
who demonstrated that if a
number of magnetic reeds of
different lengths were located
Fic. 14.—Diacram or  D€ar an electro-magnet, and
Connvecrions  FOR  energised from a source of

DYNAMOMETER-TYPE .
FREQUENCY METER. alternating current, then only
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Magnetic reeds (each with
different frequency of vibration)

sScale
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FiG. 15~—~THE
RESONANT REED TYPE
OF FREQUENCY METER.

This consists of an
electro-magnet and a
number of vibrant
reeds. When the
instrument is energised

Coil only these reeds with

a corresponding fre-
quency will vibrate

loadand so furnish the

» required indication.

those whose free natural period of vibration was half
the frequency of the supply, would vibrate, leaving
the remaining ones stationary.

Fig. 15 illustrates schematically such an instrument,
showing the electro-magnet, which is energised from a
source, the frequency of which is to be measured, and

o

REED TYPE.

LR

F16. 16 —FREQUENCY METER OF THE RESONANT
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the various reeds, the natural frequency of vibration of
each, differing slightly from that of its neighbour.

Characteristics of the Vibrating Reed Type.

This type is rather more difficult to manufacture and
calibrate than those already described, since each reed
needs careful adjustment to obtain the correct fre-
quency of vibration. Once, however, the adjustment
has been carried out, the result is an instrument which
is robust and capable of a good degree of accuracy over
a considerable voltage range.

The limitation of the type is the question of selecting
reeds with sufficiently small intervals between them so
that accurate readings are obtainable.

In practice it is usual to limit this interval to 1/4
cycles, hence the accuracy of scale reading is not so
great as with the types already described.

Reading a Vibrating Reed Frequency Meter.

Vibrating reed instruments are not altogether easy
to read, since the frequency may lie between the values
to which two neighbouring reeds are tuned. Fig. 17

49 50 ] F1G. 17.—PART OF THE SCALE OF A
VIBRATING REED FREQUENCY METER.

The value of the frequency may be
estimated from the relative amplitude
of the swing of the reeds as 50.1 cycles
per second.

shows such a case. ~"The reeds are tuned to a quarter
cycle apart, and it will be observed that the one next
above 50 cycles is vibrating slightly more than that
below 50 cycles, so that the frequency may be read as
about 50.1 cycles per second.
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Speed Indicators.

Another type of instrument which is sometimes used
as a measure of frequency is the speed indicator.

Knowing the number of poles of the alternator the
frequency can be obtained from the formula:

Frequency = np.

where # = revs. per sec. of alternator.

p = pairs of poles.

Hence an indicator arranged to measure the speed of
the alternator can if required be scaled to register
frequency.

One type sometimes used for this purpose consists of
a small D.C. permanent magnet generator coupled to
the alternator. The voltage obtained from this
generator (being proportional to the speed) is measured
by a moving coil instrument which can, therefore, be
scaled either in revolutions per minute or in frequency.



CHAPTER V

SYNCHRONISING INSTRUMENTS

HE fundamental principles of synchronising

have changed very little since the early days
when attempts were first made to run alternators in
parallel. The methods of applying these principles
have, however, changed out of all recognition, and, as
switching schemes have grown both in size and com-
plexity, more elaborate apparatus and connections
have been found necessary in order that the actual
synchronising operations might be rendered as simple
as possible and to reduce to a minimum the possibility
of human error. Many systems have been evolved
with this end in view, and it is proposed to discuss a
few typical examples to illustrate the factors to be
considered in the choice of a suitable scheme.

Synchronising Lamps.

Whenever two sources of supply are to be connected
together three conditions must be fulfilled as follows:—

(1) The speed of the incoming machine must be
adjusted until its frequency is equal to that of the
supply to which it is to be connected.

(2) The voltage of the incoming machine must
correspond with that of the supply to which it is to be
connected.

(3) The incoming machine must be switched in
when the two supplies are in phase.

122
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In the early days the
types of machine in use
were such that very great
accuracy in judging the
moment for synchronising
was of little importance and
a “bad shot” did not have a
very serious effect on the
system.  Consequently, it
was found that sufficiently
accurate indication  was
obtained by the simple
expedient of connecting
ordinary lamps across the
terminals of the paralleling
switch. Even to-day syn-
chronising lamps are incor-
porated in most synchronis-
ing equipments, although  Fic. 1.—Syncuronising
their purpose is now limited Brackat MOUNTED oy
to providing a rough indi-
cation for preliminary adjustments until the difference
in the speeds of the two machines is brought to a value
which is readable on the more sensitive synchroscope.

It will be of interest to trace the development of the
original lamp schemes, as these form the basis of all
subsequent schemes, the principles of which may be
followed more readily by considering these simple
methods.

Indication of Synchronism. ‘‘Lamps Bright” p.
‘ Lamps Dark". '

The lamps may be connected in either of two ways,
according to whether they are to attain maximum
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brilliance at the moment of synchronism or whether
synchronism is indicated when the lamps cease to be
illuminated. There is something to be said for both
schemes, but the arguments are strongly in favour of
“lamps bright” at synchronism as against ‘“lamps
dark,” and the former is now almost universal practice.
The “lamps dark’ method is sometimes employed in
order to avoid the cost of a reversing transformer, but
this is false economy, as it suffers from two serious
drawbacks. In the first place, it is extremely difficult
to judge the exact moment of synchronism, as there is
a wide range of voltage over which no illumination can
be observed, and the lamp appears to be quite dark.
This condition may occur at about 30 per cent. of
normal voltage, at which value the difference in phase
angle between the two machines would be considerable.
The second objection is that a burnt out lamp would
give the operator a false indication of synchronism.

Application of Lamps to Low Voltage Systems.
Various methods of applying direct connected lamps
to low voltage systems are shown in Figs. 2 (a—¢), and
when the principles of these are understood, the
application to high voltage systems, employing voltage
transformers, can be developed quite simply.

Isolated Neutrals. Lamps Dark.

When the two supplies are insulated from one
another, as in Fig. 2a, two sets of lamps are required in
order to provide a complete circuit through two phases
of both machines. It will be obvious that one set of
lamps alone would not provide a complete circuit.

Each lamp is connected between similar phases, so
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that when the two machines are generating equal
voltages and are in phase with one another there is no
voltage across the lamp

The variations in the lamp voltages will be clear
from the vector diagrams, which show the conditions
as synchronism is approached and also when approach-
ing 180° out of phase.

For convenience, it is assumed that the system,
RYBN, is stationary, and that the system, rybn, is
rotating relative to the first in an anti-clockwise
direction. As the only connection between the two
systems is that formed by the lamp circuit, the equi-
potential point of this circuit must lie mid-way between
the lamp voltage vectors, Vi, and Vi, and the whole
system rotates round an artificial neutral point, X.

It will be seen that the lamp voltages Vi, and Vis
vary from zero at synchronism, to a maximum value
equal to the phase to phase voltage when the machines
are 180° out of phase.

Interconnected Neutrals. Lamps Dark.

The moving system in this case (Fig. 2b) rotates
round the fixed neutral point N, and the lamp voltage
varies from zero at synchronsim, to a maximum value
equal to twice the phase to neutral voltage when the
two machines are 180° out of phase.

Isolated Neutrals. Lamps Bright.

Two sets of lamps are required in this case (Fig. 2c¢),
each connected across opposite phases, and the lamp
voltages vary from a maximum value equal to the
phase to phase voltage at synchronism to zero when
the machines are 180° out of phase.
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Interconnected Neutrals.
Lamps Bright.

For these conditions it is
introduce a
phase reversing transformer
having a ratio of 1/1 (Fig. 2d).
The transformer
and lamp voltage vectors,
To T,, Vi and Vi, rotate
round the equipotential point
X, and it will be seen that
the lamp voltages are equal
to one another and vary from
a maximum value equal to
phase to phase voltage at
synchronism to zero when
the machines are 180° out

Reason for Phase Reversing
Transformers.

The reason for introduc-
ing the reversing transformer
for the conditions under (d)
will be appreciated after a
study of Fig ze,
{ shows a scheme in which
the lamps are direct con-
nected between
phases of the two machines.

The lamp voltage Vi, at
synchronism is equal to the
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phase to phase voltage, but this is not the maximum
voltage which occurs when the machines are 60° out of
phase, and is equal to twice the phase to neutral
voltage. Zero voltage on the lamp occurs when the
machines are only 120° out of phase, whilst at 180° out
of phase there is a voltage across the lamp equal to
phase to neutral voltage.

The voltage variations are equally bright only at
synchronism, but they are not then at maximum
brilliance.

The direct connected lamps bright is,.-therefore,
unsuitable for systems in which the neutrals are inter-
connected. For these conditions it is necessary to
isolate the synchronising connections by means of a
reversing transformer or by employing ordinary voltage
transformers for each supply.

Voltage Transformers.

When using voltage transformers, it is necessary to
cross-connect them in order to obtain maximum voltage
at synchronism. If, however, all the transformers
have the same phase earthed, a phase-reversing trans-
former is required.

Voltage transformers are necessary on all systems
exceeding 650 volts between phases, but even on lower.
voltage systems they are desirable in order to limit the
voltage which may appear across the synchronising
instruments and also on account of the simplification
of instrument wiring and the reduction in the number
of plugs and sockets which follow.

Synchroscopes.
Various forms of synchroscopes are available, but
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Fi1G. 3.—INSTRUMENT PEDESTAL
EQUIPPED WITH SYNCHROSCOPE,
VOLTMETERS AND FREQUENCY
INDICATOR.
(Ferguson, Pailin, Lid)
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they all have one common
feature in that the moving

system is coupled to a

rotating pointer, the speed
of which is a function of
the difference between the
speeds of the two machines
and the direction of rota-
tion indicates whether the
incoming machine is fast or
slow, relative to the run-
ning machine. The posit-
ion of the pointer at any
instant is also a measure
of the phase difference at
that instant, the twelve
o’clock position represent-
ing synchronism between
the two- machines,

Voltmeters.

In addition to the syn-
chroscope two voltmeters
are required, one for the
incoming and one for the
running supplies. They
should be provided with

large scales so as to be easily read from a distance,

and, for the same reason

l‘set up!l

scales are desirable

in order to allow closer regulation of the voltage.

Frequency Meters.

Whilst not so essential for synchronising purposes,
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frequency indicators are of value in furnishing an
indication of the actual speeds of the machines, wheteas
the synchroscope simply provides an indication of the
difference in speeds. They may be of the vibrating
reed or of the pointer type (see Chapter IV).

Choice of Synchronising Schemes.

Having discussed the broad principles of synchron-
ising, we will now consider their application to typical
schemes.

Many systems have been evolved of varying com-
plexity, according to the system and operating con-
ditions to be met, and the main considerations affecting
the choice are summarised below.

Lay-out of Switching Scheme.

In most synchronising schemes the synchronising
connections are arranged to mimic the main conductors,
and the schemes are, therefore, intimately bound up
with the system lay-out and method of control as
follows :— . :

(a) Number and type of circuits, e.g., generators,
incoming feeders, busbar couplers, bus section switches,
reactor switches, etc.

(0) Type of busbar system, e.g., whether single bus,
duplicate bus or ring busbars.

(c) Method of busbar selection, e.g., whether by
means of selector switches, transfer breakers, or
duplicate oil circuit-breakers.

(d) Method of control, e.g., whether by hand or
electrical means.
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Safeguards Against Errors.

The scheme to be adopted will also depend on the
extent to which the operator is to be prevented from
"making mistakes, such as synchronising against one
point of the system whilst the paralleling connection
is made at another point, or switching in an incoming
supply without carrying out the necessary synchron-
ising operations. According to the complexity of the
system and the degree of skill possessed by the operat-
ing staff, the scheme may be:—

(¢) Hand operated non-interlocked.

(b) Hand operated interlocked.

(¢) Semi-automatic.

(@) Fully automatic. -

In large undertakings, mistakes in synchronising
may have very disastrous consequences, and, in an
endeavour to reduce the possibility of such mistakes to
a minimum, more and more safeguards are being called
for in synchronising schemes. On the other hand, it
must not be overlooked that additional connections
and apparatus introduce more potential sources of
trouble, and if defects should arise on such schemes,
difficulty may be experienced in getting a large machine
on load at a time when delay might be a serious matter.

The methods of interlocking should, therefore, be
kept as simple as possible, reliance being placed on
operators having the requisite degree of skill and the
interlocks regarded simply as additional safeguards
against occasional lapses which might occur under
emergency conditions.

Single Busbar Low-voltage System.
Fig. 4 shows a simple, straightforward scheme
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incorporating one set of synchronising wires extending
over all machine or incoming feeder panels, and which
may be energised from any of the incoming supplies by
inserting the portable plug in the appropriate sockets.
When an incoming supply is to be synchronised, the
plug is inserted in the sockets connected to that supply.
The running and incoming operating windings of the
synchroscope are then connected to the busbars and
incoming supply wires respectively by means of the
double-pole switch. A reversing transformer is in-
cluded in this scheme in order to obtain lamps bright
at synchronism, the total rating of the lamps being
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equal to twice the phase to phase voltage of the
system.

The voltmeters may be left permanently connected
as shown, in which case the incoming voltmeter will
read the voltage of any of the incoming supplies
according to the position of the plug.

Double Busbar Low-voltage System,
The previous scheme is extended in Fig. 5 to a double

REVERSING
LAMPS [ VOLTAGE
| TRANSFORMER
INCOMING) BUSBAR
VOLTS v
H
I~ SYNCHROSQOPE,
POTENTIAL $ RUNNING
BUS WIRES R
INCOMING
- &4 ll SYNCHRONISING Y
SYNCH. PLUG T SOCKET:
MAIN °
BUS BAR
AUXILIARY
BUS BAR
s
SiTenes
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P1g. 5.—CONNECTIONS FOR SYNCHRONISING WITH
“LAMPS BRIGHT” oN DUPLICATE Bus Bar Low-
VOLTAGE SWITCHGEAR. '



SYNCHRONISING INSTRUMENTS 135

busbar system employing selector switches, but,
despite its simplicity, it is an interlocked scheme in
that it is not possible for an operator to .synchronise
against the wrong set of busbars.

Two sets of bus wires are necessary, one set of which
is connected to the busbar side and one set to the
supply side of any breaker by the insertion of one plug
only in the appropriate sockets.

Unfortunately such a simple scheme is impracticable
on high voltage systems, firstly on account of the large
number of voltage transformers which would be re-
quired, and secondly on account of objections to voltage
transformers connected to the busbar side of switching
equipments.

Single Busbar Scheme with Busbar P.T.

This is the most simple scheme for high voltage
systems where potential transformers must be em-
ployed; one synchronising plug only i3 required,
which is inserted in the sockets on the panel controlling
the machine which is to be synchronised (Fig. 6).

This energises the incoming bus wire, and also the
corresponding winding of the synchroscope, from the
machine potential transformer. At the same time
it also connects the busbar winding of the synchroscope
to the running bus wire, which is permanently con-
nected to the busbar potential transformer.

The synchroscope can be completely isolated by
means of the plug, and a separate disconnecting switch
is, therefore, unnecessary.

» The phase terminal of the busbar potential trans-
former which is chosen for connecting to the common
earth wire is of opposite polarity to that which is
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earthed on the machine potential transformers. In
this way lamps bright at synchronism may be obtained
without introducing a phase reversing transformer.

In order to simplify the connection diagrams where
voltage transformers are incorporated, individual
“earths” have been shown at various points, but it is
important to note that each of these individual points
must be connected to a common earth wire (not shown
in the diagrams). It is not sufficient to rely upon the
conductivity of the metal supporting structure.
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Single Busbar Scheme. Machine P.T.'s only.

On important installations it is not considered good
practice to employ potential transformers connected to
the busbars, as a potential transformer failure which
is not properly cleared by its protecting fuses may
lead to a total shut down of the section to which it is
connected.

In Fig. 4, therefore, we have shown the more usual
arrangement utilising voltage transformers connected
to the incoming sides of the breakers for energising
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FIG. 7.—CONNECTIONS FOR SYNCHRONISING WITH *‘ LAMP BrigHT"”
ON SINGLE Bus BaAR HIGH-VOLTAGE SWITCHGEAR.
X
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both the running and incoming windings of the syn-
chroscope. Such transformers are usually connected
within the protected zone of the feeder or machine
protective gear so that a major fault is limited in its
effect to that particular circuit only.

Two synchronising plugs are required with this
scheme. The one labelled “running” is inserted in the
sockets of a panel controlling a running machine and
energises the running bus wire. The one labelled
“incoming” is inserted in the sockets of the panel
controlling the incoming machine. This latter plug
energises the incoming bus wire from the voltage
transformer on that panel and at the same time the
synchroscope bus wire is made alive from the running
bus wire. The synchroscope is permanently connected
to the incoming and synchroscope bus wires, as com-
plete isolation is effected by removal of the incoming
plug.

The running plug may be left in position in order to
obtain indication at all times on the busbar voltmeter.

Where more than two circuits are involved, the
voltage transformers must of necessity have similar
phases earthed, and a reversing transformer is required
in order to obtain lamps bright at synchronism.

Double Busbar Scheme. Machine P.T.’s only.

Fig. 8 is an extension of the previous scheme, but
applied to a double busbar system and interlocked to
avoid incorrect selection of the running supply.

The running plug should be inserted in the sockets of
a panel controlling a supply connected to the same
busbars as the incoming supply panel. Should a
wrong selection be made, synchronising cannot take
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place, as the potential supply from the running plug is
taken through auxiliary switches on the selector switches
to the main or auxiliary potential bus wires, according
to the position of the selector switches.

The running bus wire can only be made alive from
the main or auxiliary potential bus wires through the
plug on the incoming panel, and then only if the
selector switches on that panel are in the same position
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as those on the panel to which the running plug has
been applied. '

As in the case of Fig. 7, a reversing transformer is
required to give the condition of lamps bright at
synchronism, and the synchroscope may be completely
isolated by removal of the incoming plug.

The running plug may be left in position on any of
the running supply panels, and a change-over switch is
provided to enable the busbar voltmeter to be con-
nected to either main or auxiliary potential bus wires.

Avoiding Parallel Voltage Transformers.

The foregoing scheme has the advantage that the
correct selection of running supply is ensured in a
simple manner without introducing the undesirable
feature of some schemes whereby the secondaries of
voltage transformers are paralleled. This latter
arrangement has two serious objections. In the first
place reliance must be placed on auxiliary switches to
disconnect the secondaries of transformers connected
to circuits which have been disconnected from the bus-
bars, and should the auxiliary switches fail to operate
correctly, the main conductors of such a circuit,
although presumed to be dead, may still be alive
through interconnection with other voltage trans-
formers.

The second objection refers to those equipments on
which the voltage transformers are employed for
important metering purposes. In such cases, in order
to obtain the high degree of accuracy demanded, the
meters are calibrated to suit the characteristics of the
individual transformers to which they are connected.
The accuracy of the metering equipment would,
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therefore, be impaired if the transformers were deprived
of their individuality by connecting their secondaries
in parallel.

Automatic Synchronising.

Several forms of automatic synchronising relays are
on the market. In one of thesg the complete equip-
ment is divided into three sectj,oiﬁ:

(a) Speed matching.

(b) Voltage equalising,

() Phase angle equalisirg.

Each of these operations i
and when the rpgqui nditions have been secured
the oil cir¢uitreakorclosing circuit is completed

}s empe”1s primarily intended for fully auto-
matic operation of unattended sub-stations, but it may
be applied in part to manually controlled stations, in
which case the phase angle equalising relay only is
utilised as a final check on the operator. The contacts
are connected in series with the closing coil circuit to
prevent this being completed until the running and
incoming supplies are in synchropism.

rried out automatically,



CHAPTER VI

INSTRUMENT TRANSFORMERS

LTHOUGH the construction and design of current

and voltage transformers differ fundamentally, yet
from the user’s point of view they are very similar. Each
has a primary and secondary winding, the primary for
connection in the main circuit and the secondary for
connection to the measuring instrument or relay.
Each type of transformer has a magnetic core made up
of thin pieces of highly permeable iron or one of its
alloys.

The primary of a current transformer may consist
of a number of turns if the current is low, or of a single
conductor passing through the core if the current is
fairly high (say 600 amps. or more). If special pre-
cautions are taken, single turn or ‘“bushing current
transformers,” as they are called, can be constructed
for currents as low as 50 or 100 amps.

The Rated Burden.

The satisfactory performance of a voltage or current
transformer depends largely upon the value of the
secondary burden; that is upon the number and
impedance of the measuring instruments (and relays)
connected to it. Care must therefore be taken that
the rated burden shown on the nameplate is not
exceeded.

142
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Importance of Instrument Connections.

If an instrument transformer is used to supply a
wattmeter, a directional relay, or for some scheme of
differential protection, then, in order that the secondary
winding of the transformer may with certainty be
correctly connected to the apparatus it is to supply,
the relative directions of the currents in the two
windings of the transformer must be known. Thus,
for instance, whilst the indication of an ammeter
supplied by a current transformer does not depend
upon how the instrument is connected to the second-
ary terminals, the indication of a wattmeter will
reverse if the leads connecting it to the transformer
are interchanged.

Again, in a simple Merz-Price protective circuit, the
two secondary windings must be joined in series, so
that current passes from the secondary winding of one
transformer into the secondary winding of the other.
The relative directions of the currents in the two
windings of an instrument transformer are indicated
by giving the pairs of primary and secondary windings
similar markings.

Markings of Current Transformers.

Thus, the terminals of a current transformer are

marked M and L on — ML —

the primary side, and T ®m®

M and L (circled), as [ —
in Fig. 1, on the SuPly - Load

secondary side. Mere ==
marking of the terms- -

inals, however, is not Fic. 1.—ILLUSTRATING THE CONVEN-

h: dard TIONAL MARKING OF CURRENT
enough; a standar TRANSFORMER TERMINALS.
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convention must be fixed to assign a meaning to
these markings, The standard British convention
is that the instantaneous direction of current in the
primary winding of a current transformer from M to L
is opposite to the direction of the current in the secon-
dary winding from M to L (circled). This convention
is sometimes called subtractive polarity. If the con-
vention is so fixed that the direction of currents in the
two windings from similarly marked terminals is the
same, this is called additive polarity. This convention
is non-standard in this country, but it seems to be used
to some extent still in America.

Voltage Transformer Markings.

The standard conventional markings for a voltage
transformer are V', and V., on the primary side, and V,
and V, (circled), as in Fig. 3, on the secondaryside. In
this case the direction of the currents in the windings
from similarly marked terminals is opposite.

The meaning of the standard convention for
current transformer terminal markings will be under-
stood by a brief study of Fig. 1, which shows a current
transformer supplying a wattmeter. It is seen
from this diagram that opposition of the direction of
the currents in the two windings means that the
direction of the secondary current in the coil of the
wattmeter is the same as if the transformer were
disconnected and the connecting leads to similarly
marked terminals joined together.

It is easy to see, too, that if the terminals of the watt-
meter are marked to show the relative directions of the
currents in the two windings for a forward deflection,
the instrument can be connected to the current



INSTRUMENT TRANSFORMERS 145

transformer with the assurance that, when the circuit
carries power, the instrument will read correctly,
because the two similarly marked terminals of the
transformer correspond electrically to the same end of
a shunt.

Testing a C.T. for Polarity.

All modern instrument transformers have their
terminals marked according to the convention which
has been described. Sometimes old transformers,
recovered from obsolete gear for use elsewhere, lack
these markings. There are many ways of testing an
instrument transformer to determine the relative
polarities of the two sets of terminals, but few of these
methods are applicable to all circumstances. One of

glMiV’L sy R

AC. m

— 1 u 2] Mg L i
@@

F16. 2.—UNIVERSAL METHOD OF TESTING CURRENT
TRANSFORMERS FOR POLARITY.
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the least known methods of testing is one that is nearly
universally applicable, and this method for a current
transformer is illustrated in Figs. 2A and B.

A s5-ampere wattmeter W is connected in a low-
pressure circuit containing the current transformer T
and a loading resistance adjusted to give about full-
scale " deflection of the wattmeter. The secondary
terminals of T are short-circuited, and with the watt-
meter deflecting forward its current terminals and the
primary terminals of the transformer are marked M
and L in series sequence (Fig. 24). The wattmeter is
then cut out of the main circuit and joined to the
secondary of 7 in such a way that, with current passing,
it still gives a forward deflection. The secondary
terminals of T are then marked to correspond to
the temporary markings of the wattmeter current
terminals (Fig. 2B).

This marking plainly agrees with the standard con-
vention, for the direction of current from M to L in the
primary is the same as the direction of current from M
to L (circled), as in Fig. 2B, in the external circuit of
the secondary. The deflection of the wattmeter with
the Fig. 2B connections will be only a small fraction of the
full-scale value, but even if the ratio of T is as high as
1,000/5 this deflection will be one-half per cent of full
scale, an amount that is quite sufficient for its correct
direction to be detected. Thus, practically any current
transformer can be tested in this way by means of a
5-ampere test circuit.

Testing a V.T. for Polarity.

The corresponding method of testing the winding
polarities of a voltage transformer is shown in Figs. 3a
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and B. In Fig. 3A the wattmeter gives full-scale de-
flection with the current in the loading resistance R,
and the voltage transformer T is connected to the
supply with its secondary circuit open. The primary
terminals 7 and of the voltage terminals of W are
marked V, and Vi, The voltage circuit of W is
then disconnected from the supply and joined to the
secondary terminals of 7" in such a way that forward
deflection is obtained (Fig. 3B).

The secondary terminals of 7" are then marked to
correspond to the temporary markings of the voltage
terminals of W. If the ratio of 7 is 11,000/1T0, the
wattmeter deflection with the Fig. 3B connections will
be one per cent. of full-scale value and will be easily
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detectable for direction, so that this method of testing
is suitable for a wide range of voltage transformers.

Minimum Clearances when Installing Instrument
Transformers.

There are several points to observe when installing
an instrument transformer. For example, all exposed
high-voltage parts of an equipment should have ample
clearance from conducting or semi-conducting material.
Table IV gives the minimum clearances permissible.

TABLE IV.—MINIMUM CLEARANCES

Min. distance Min. distance
Line voltage between live parts of | between live parts
opposite polarity and earth
660 1-5 inches 1-0 inches
3,000 20 20
6,600 35 25 "
11,000 50 ,, 30
22,000 9'5 55
33,000 140 ,, 875 .,

Earthing the Transformer.

It is essential that the secondary connection and
casing of an instrument transformer should be properly
earthed. Care must be taken to ensure that the earthing
does not interfere with the correct operation of an
instrument or relay and it is advisable that the diagram
accompanying the transformer should be studied very
carefully before the earth connection is made.

Never leave C.T. Secondaries Open Circuited.
An important point to note is that the secondary
should never be left open-circuited so long as current
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flows in the primary. This magnetises the core to a
very high density and may temporarily impair the
accuracy; it alse causes a dangerously high voltage to
be induced acrosss the secondary terminals of a large
ratio transformer. If the transformer secondary can
be left open-circuited by removing any current carrying
device such as a meter, a piece of wire should be used
to short-circuit the secondary before any such device is
removed.

Do Not Short V.T.

With a voltage transformer, on the other hand, the
secondary circuit may be broken with impunity, but
must not be short-circuited or it will be burnt out.

Maintenance.

All instrument transformers should be examined
_regularly, but it must be emphasised that before any
inspection is made equipments must be disconnected
from the supply; and, to quote the Memorandum of
Electricty Regulations, “adequate precautions should
be taken to prevent any conductor or apparatus from
being accidentally or inadvertently electrically charged
when persons are working thereon.” In many cases
voltage transformers are provided with rollers and it
is therefore a simple matter to isolate an equipment by
withdrawing it by means of an insulated pole hook,
instead of by the provision of separately mounted
isolators.

Amongst the chief components to which attention
should be given are the insulators, which should be
kept clean and undamaged.- Oil in oil-immersed trans-
formers should be tested at intervals and if necessary
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replaced and brought up to the correct level. All
connections and terminals should be examined to
ensure that they are secure, and earth connections
should be efficiently maintained.

Transformers for Protective Relay Working.

A transformer designed for the operation of meters
or instruments is not necessarily suitable for the
operation of protective relays. Standard current
transformers for metering or instrument purposes
having wound primaries will, in most cases, be suitable
for relay applications, as will single turn or bar-primary
type transformers where the rated current is not less
than say, 500 amperes. For bar-primary type current
transformers with smaller rated currents, the possibility
of inaccuracy is much greater, particularly when the
permissible iron core section is limited by considera-
tions of space available in switchgear, e.g., transformers
mounted in the bushings of E.H.T. oil circuit-breakers.

The requirements for voltage transformers for pro-
tective purposes are not so stringent as for current
transformers and any good standard transformer of
metering accuracy will be found satisfactory.



CHAPTER VII

PROTECTIVE RELAYS

ODERN methods of power supply, involving

the inter-connection of large power stations and
their distribution systems, have made possible the
liberation of very considerable amounts of electrical
energy in the event of a fault. As a result the develop-
ment of automatic protective systems has become
increasingly important, both for safeguarding the gen-
erating plant and transmission lines and for maintaining
continuity of supply.

OVERCURRENT AND EARTH LEAKAGE RELAYS

One of the earliest and simplest means of protecting
almost all classses of electrical apparatus was the
provision of overcurrent and earth leakage protection,
and although in recent years many specialised schemes
have been evolved for dealing with various types of
apparatus, the*overcurrent and earth leakage principle
remains the most universally applied. Its popularity
is due chiefly to its simplicity, reliability, and com-
parative economy. The types of overcurrent and
earth leakage gear employed, range from the direct-
acting coils used in small switchgear to the modern
current-transformer-energised relays operating in con-
junction with the larger circuit-breakers.

151
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Basic Principles of Overcurrent and Earth Leakage
Protection.

The basic principles of overcurrent and earth leakage
are nowadays a matter of common knowledge. Fig. 1
gives an example of a simple overcurrent group con-
sisting of three current transformers and a three-element
relay. Excess current in any phase is reproduced in

GENERATOR, I
*  TRANSFORMER,

FEEDER OR
BUSBARS
B

e}
—c‘T!

'Y
D
s b T
|- sy | e
LBy}
.—L— —!——- -l— T.P. OVERCURRENT
RELAY

TRANSFORMER, l
FEEDER. MOTOR
: OR BUSBARS J

L

F16. 1.—OVERCURRENT PROTECTION FOR
THREE-PHASE THREE-WIRE OR
THREE-PHASE FOUR-WIRE.

(G.E.C.)

——— OV

the secondary of the current transformer and hence in
the relay. At a predetermined current value the relay
operates so as to close its contacts, thereby tripping
the associated circuit-breaker.

A simple earth leakage scheme is illustrated on Fig.
2. Under all conditions, normal and abnormal, no
current will flow in the relay so long as the sum of the
phase currents is zero. However, should an earth
leakage develop, the sum will no longer be zero and an
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F1G6. 2.—FEARTH LEAKAGE PROTECTION FOR THREE-PHASE
THREE-WIRE.

The three current transformers are shown connected in parallel

across the terminals of the current coil of the single pele earth
leakage relay.

When the relay closes the two contacts between the two connec-
tions labelled S and4- the trip coil circuit is closed, its solenoid is
energised and the main switch is opened.

(Nalder Bros. & Thompson, Ltd.)

out-of-balance current will appear in the relay coil,
causing it to operate.

Inductive Type Relay.

The relay now in most common use is the induction
type, with inverse and definite minimum time charac-
teristic (Fig. 3). The operating element takes the form of
-dn eddy current induction-disc motor; this is arranged
to operate in a time that varies inversely as the operat-
ing current, down to a limiting value, when the delay
becomes sensibly constant regardless of further increase

of current. It will be seen that the discriminating
1 3
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Fic. 3,—G.E.C. TripLE PoLE RELAY GIVING FULL OVERCURRENT
AND EARTH LEAKAGE PROTECTION FOR THREE-PHASE THREE-WIRE.

Showing case containing two overcurrent elements and an earth
leakage element in the centre.
(G.E.C))

feature of the relay is embodied in the induction-disc
motor, the timing of which can be varied by altering
the distance through which the disc rotates. The
current setting is made in connection with the operating
coil which is tapped and connected to a plug-setting
board which gives a 4:1 current range in seven tap-
pings. :

With this system of protection, therefore, the
breakers controlling various sub-circuits can be so timed
as to open in predetermined sequence in the event of a
fault. In this way general interruption of the supply,
on account of minor faults or local overloads, is avoided.

Fig. 4 shows graphically the timing characteristics
of the relay. Curve A indicates the characteristics of
a 2 sec. d.m.t. (definite minimum time) setting, while
curves B, C, and D represent settings of 1.5, 1.0, and
0.5 sec. d.m.t. respectively.
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OVERCURRENT RELAY.

Comparing, for example, curves A and C, it will be
seen that, for any value of current, the time ordinate
of C is always half that of A; any other time setting
will give an operating time in proportion. The current
scale is graduated in percentage of plug setting, so that,
for a 200/5 amp. current transformer operating with a
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relay on the 125 per cent. plug setting the primary
current corresponding to the 400 per cent. ordinate is
400 125 d th

100 X Too X200 amps.=I,000 .amps., an the cor-
responding time of operation is 2.5 sec. at the 2-sec.
d.m.t. setting, 1.25 sec. at the 1-sec. d.m.t. setting, and
so on for other settings.

The table at the bottom of Fig. 4 shows, for various
settings, the actual currents in a relay coil fed from a
current transformer designed to give a secondary
current of 5 amps. at full load. ‘

The curves A, B, C, and D may be regarded as the
settings of four different relays protecting four different
pieces of apparatus on the same supply system. For
overloads in excess of approximately 650 per cent. of
full load current—as for example a short circuit—the
curves all run parallel to the base, and the relays will
operate in definite sequence in 0.5, 1.0, 1.6, and 2
seconds respectively. Positive time discrimination is
thus secured, so that the circuit-breaker nearest to the
fault will open before any of the others is affected.

Protective Current Transformers.

Considerable importance attaches to the correct
design of current transformers used in connection with
overcurrent and earth leakage relays, particularly with
the latter. Most standard 15-VA Class C transformers
are suitable, but where bushing or through type trans-
formers having only one primary conductor are used
for currents less than 1,000 amps., care must be taker
to ensure sufficient secondary overload capacity to bring
the overcurrent relay to its definite minimum time.
When such current transformers have to operate
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in conjunction with an earth leakage relay, it
is very desirable that they should be accurately
balanced and have no other secondary burden to upset |
this balance.

The earth leakage arrangement shown in Fig. 2
ensures maximum sensitivity and stability. Similar
precautions are necessary when low ratio wound type
current transformers, designed for maximum fault
currents exceeding approximately 15 times their
normal rating, are used.

Applications of Discriminative Overcurrent and
Earth Leakage Protection.

The main applications of the relays described above
are the protection of (a) generators; (b) busbars; (c)
‘transformers; (d) feeders, both overhead and under-
ground; and (e¢) motors.

The arrangement in Fig. 1 is applicable to all the
five types of apparatus listed. The relay must be set
to operate at a current in excess of the normal full
load of the apparatus protected, and the timing ad-
justed with relation to that of associated gear. In-
struments can be connected in series with the relay,
when average current transformers are used, w1thout
detriment to the protection.

The 3-wire earth leakage arrangement shown in Fig.
2 illustrates an effective means of rapidly isolating an
internal earth fault within a power transformer. A
d.m.t. setting of the order of 0.2 to 0.5 sec. ensures
stability against current transformer errors due to
switching surges and heavy through fault currents. A
relay current of 10 per cent. can generally be used with
complete stability. This class of protection can also
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be employed for earth fault protection on feeders, and
is generally adopted on industrial gear, such as the
sensitive earth leakage protection of cables in mines,
"where settings as low as 5 per cent. of normal full load
can be obtained.

This arrangement can also be applied to the pro-
tection of motors, but the method shown in Fig. 5 is
usually employed. As an alternative to the three-line
current transformers a single core-balance current
transformer embracing all three phases can be used

TRANSFORMER
OR GENERATOR
WINDINGS
3 F1G. 5.—RESTRICTED

¢ - = EARTH LEAKAGE
b gl \TRIPg

; 53 PROTECTION FOR
cT - THREE-PHASE
L RESTRICTED THREE-WIRE.
o Y O (GEO)
V3 WIRE FEEDER 10707 RESISTANCE
I OR BUSBARS 1 g (IF USED)
=

as shown in Fig. 23. With either arrangement the
results obtained are identical.

The arrangement given in Fig. 6 is probably the
most popular form of overcurrent and ecarth leakage
protection. Tt affords full protection with only three
current transformers and a minimum of three relay
elements, which can be housed in one triple-pole case,
and is used successfully for the protection of trans-
formers, feeders, and motors, Given average current
transformers, protection equivalent to that provided by
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F1g. 6.—COMBINED OVERCURRENT AND EARTH LEAKAGE PROTEC-
TION FOR THREE-PHASE THREE-WIRE OR TWO-PHASE THREE-WIRE.

Showing a triple-pole relay—with one earth leakage element
between two overcurrent elements.

(Nalder Bros. & Thompson, Ltd.)

the arrangements shown in Figs. 1 and 2 combined can
in many cases be obtained.

Fig. 5 illustrates one of the best forms of earth fault
protection for a transformer or generator winding,
when either star-connected with earthed neutral or
when delta-connected and using an inter-star earthing
transformer. Protection is restricted to the windings
and the connections thereto, and only in the event of
an earth fault in this zone will the earth leakage relay
operate. Faults outside the protectcd zone, regardless
of the location of the power sources, do not affect the
relay. In the interests of stability it is generally
advisable to use the four associated current trans-
formers for no other purpose than the earth leakage
protection. With average current transformers a relay
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TRANSFORMER o
OR Gmsuron \ |
WINDINGS -+

BUSBAR OR FEEDER
f'“ BACK UP E/L RELAY

= 02 SECS. 10707,
4 3 p |E| \TRIP
cT IS
| RESTRICTED
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i3 WIRE FEEDER —] °'?0§7§§/C5 RESISTANCE
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¥

F1G. 7.—RESTRICTED EARTH LEAKAGE PROTECTION FOR
THREE-PHASE THREE-WIRE WITH BACK-UP PROTECTION.
(G.E.C)

setting of 10 per cent. can be used and a d.m.t. of 0.2
sec. is recommended.

The principle of operation of the arrangement in Fig.

8 is the same as that in Fig. 5, but a fourth wire is

shown, as in the

TRANSFORMER case of a L.T. dis-

R Das®| tribution  system.
Here also the earth
RESTRICTED
e s Y g EJL RELAY leakage relays
" = operate only in the

(2]
-
v
L4
v
N A4

o o= ¢ .
18'.1” ¢4 event of an internal
- fault and are im-
= mune from all other
conditions of un-
r ' balance. Settings
4 WIRE FEEDER s
H o R eBARS similar ) to‘ those
t ‘ shown in Fig. 5 are
F16. 8.—RESTRICTED EARTH LEAKAGE recommended.
PROTECTION FOR THREE-PHASE Back-up earth
FOUR-WIRE. :
(G.E.C) leakage protection
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can be applied to perform one or several of a variety
of functions. As applied in both Figs. 7 and o, it
provides a back-up to the restricted earth leakage
group. The setting must not be below that of the
connected apparatus. A setting from I to 2 sec. is
usual. As applied to Fig. 9 when a neutral earthing
resistance is used the relay can be set with relation
to the thermal rating of the resistance.

o e

TRANSFORMER
OR GENERATOR
WINDINGS
nelsmcrso
E E/L RELAY
i R v 8 rl
— P b b =4 hereri:
g B B Bl
cT. I
— -q
L =& H gl . TRIP
[ 4 WIRE FEEDER ' {: I ¥
: OR BUSBARS ! -
| | BUSBAR OR FEEDER
- - BACK UP E[L RELAY

F16. 9.—RESTRICTED EARTH LEAKAGE PROTECTION FOR
THREE-PHASE FOUR-WIRE WITH BACK-UP PROTECTION.

(G.E.C)

Protection of a Complete System.

Discriminative overcurrent and earth leakage pro-
tection of a complete system, including generator,
busbars, transformers, feeders and motors is shown in
the diagram in Fig. 10. All five types of equipment
are interconnected in a manner typical of modern
practice. The various forms of protection shown in
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Figs. 1, 2, 5, 6, 7, 8, and g are indicated by the numbers

in brackets preceding the time settings, and suitable
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Such a system is fully protected,

Considering the scheme in detail, the protection

.

imings are given.
and a minimun of gear isolated in the event of a fault.

t
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afforded, starting from the power source is set out in

Table V. :

TABLE V.—GIVING DETAILS OF PROTECTION AFFORDED.

Protective Extent of
Apparatus. Group. Protection.
Fug. '
Generator 1 Excess of current.
5 Internal earth faults.
6.6-kV. busbars (current
transformer in genera-
tor neutral, 7 Earth faults.
6.6-kV. motor 6 Excess current.
Internal earth faults.
6.6/33-kV. transformers. 6 L.V, phase faults.
L.V, earth faults.
5 H.V. earth faults.
I L.V, and H.V. excess
currents,
33-kV. transmission line I Excess currents.
7 Earth faults.
Tee off 6 Excess current.
Earth fault.
33-kV. busbars .. . 2 Earth faults.
33-kV./400-V. trans-
formers . . 6 H.V, & L.V. phase fanlts.
H.V, earth faults.
8 L.V, earth faults.
I H.V. or L.V. excess
currents.
400-V. distribution 1 Excess current.
9 Earth fault.
33-kV. feeders .. .o 6 Excess current, phase or

earth faults.

Protective Relays for Duplicate Feeders.

With duplicate feeders, as in a simple radial feeder,
the normal direction of power flow is from the source

outwards,

In such feeders, however, as will be seen

from Fig, 114, a fault may be fed from both ends of the
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faulty feeder; that is, a fault at E will be fed direct from
A, and also via the feeder BD, from C. This feed
back will, of course, only occur if the fault is of such a
magnitude as to reduce the voltage at E to a value
below that at D. This reversal of the normal power
flow is an additional result of abnormal conditions,
and full protection demands the provision of automatic

o
REVERSE POWER PROT
i (B /
E ¢ * t *
4 . L~
Mo {
Cl (D

PROT

) b)

F16. 11.—ILLUSTRATING VARIOUS METHODS OF PROTECTING
FEEDERS AGAINST THE HEAVY CURRENT FLOwING ON
THE OCCURRENCE OF A FauLrt.

(a) Duplicate feeders. (b) Ring main arrangement.

YT £XCESS CURRENT
( ( { ( &/OR LEAKAGE

switches at both ends of feeders running in parallel.
Usually some form of reverse power relay is provided
at the remote ends of the feeders, and excess current
and|or leakage protection at the ends nearest the source.

Ring Main Arrangement.

In the case of a ring main arrangement,‘ the feeders
to the ring operate in exactly the same conditions as
do feeders in parallel, and require the same protection.



PROTECTIVE RELAYS 165

The power flow in any section of the ring itself may
vary in direction, depending on the number and position
of the feeders working. Obviously, the cables in the
ring need some protection, otherwise a fault here will
cause a total shut-down of all the feeders before it is
cleared. This protection usually takes the form of.
excess current and/or leakage protection, and is pro-
vided at all points where the ring is fed, as is shown in
Fig. 11b.

Use of Reverse Power Relays.

The protection given by reverse power relays is
perhaps not ideal, but it involves the least complication
in both control gear and cables, and it is doubtful if
further complication would be introduced into in-
dustrial systems to overcome its shortcomings. Much
depends upon the type of relay used, for some designs
are much too sensitive to voltage fluctuations to be
entirely satisfactory. Probably the most reliable type
is that based on the wattmeter, with suitable modifica-
tions to allow for voltage fluctuations, and the distor-
tion of the voltage triangle in fault conditions. Relays
of this type operate satisfactorily on voltages as low as
ten per cent. normal.

There are, of course, circumstances in which a
reversal of power can take place while a feeder is sound.
For instance synchronous machinery will feed back
momentarily if the voltage at the source is affected
by a fault elsewhere on the system. This tends to
upset the accuracy of the reverse power protection
unless some restraint is placed on the action of the
relays.

Normally the reverse power relays should be adjusted
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F1G. 12.—REVERSE POwER RELAY.

so as to trip before the protective devices at the source
of supply, thus leaving the breakers at this end finally
to clear the fault. This means that some form of
definite time limit relay should be used on the over-
current protection at this end of the feeders.

Usually a reverse power relay is provided in each
phase, but if reverse power protection to prevent an
alternator motoring is required, then a relay in one
phase only is all that is necessary.

This form of protection is equally well applied to
any other form of paralleled supplies, such, as for
instance, transformers which are paralleled on the
secondary side, .
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Differential Systems of Protection.
Mention should be made of differential systems of
protection, operating on differences of currents which
under normal working conditions areequalinmagnitude.
Fig. 13 shows an elementary single-phase differential

protection circuit, where CT
is a current transformer, M
is a motor, transformer, or
other plant item, and R is
the protective relay.

Just so long as there is no
fault in the system, current
will flow equally in both
transformer secondary wind-
ings, and will circulate in
the series circuit but will not
flow through the shunt relay
coil. When a fault occurs
in the transformer primary
circuits, one of the trans-
formers will carry a current
in cxcess of the other and
this difference will be re-
peated in the secondary
windings, causing the differ-
ence of the transformer
currents - to flow in the
relay winding.

Construction of Earth-
leakage and Overcurrent
Relays.

Earth-leakage relays are

=
<
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C.T

C.T
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.PHASE DIFFERENTIAL PROTECTION CIRCUIT UNDER NORMAL
AND FaurLt CONDITIONS.

F1G6. 13.—SINGLE
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similar in construction to those normally used as
overload relays, and their various methods of operation
depend more upon external connections than on any
changes made in the relay itself. '

A single-pole earth-leakage relay is illustrated in
Fig. 14. The construction of one of these relays is

F16. 14.—SINGLE-POLE EARTH-LEAKAGE RELAY.

This shows the time-setting dial, the current-setting
Irzlug, and a portion of the characteristic curve. The
nob marked ‘‘reset’’ is to restore the moving contact
to its normal position after the relay has operated.
(A. Reyrolle & Co., Ltd.)
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illustrated more clearly by Fig. 15, from which it will
be seen that it consists of three essential parts, an
electro-magnet, an aluminium induction disc, and a
gravity-controlled quadrant carrying the moving con-
tacts. It operates on the shaded-pole motor principle,
the motive power being obtained from interaction
between the shaded poles of the electro-magnet and the
aluminium disc, which is arranged to rotate between the
pole-pieces. The shading consists of copper rings
surrounding half the pole faces; and the magnetic flux
reaches its maximum value in the shaded half of the
pole face later than in the unshaded half. Eddy
currents in the disc due to these fluxes interact with
one another and tend to drag the disc away from the
unshaded part of the pole face and between the shaded
portion. Thus a torque is produced on the disc.

Operation.

On the same shaft on which the disc is mounted
there is a pinion, carrying with the gravity-controlled
quadrant a moving contact; rotation of the disc winds
up that quadrant until the moving contact connects
with the fixed contact, and completes a circuit which
will trip the breakers. The speed of rotation of the
disc, and therefore of the lifting of the quadrant, will
be proportional to the magnitude of the current.

Characteristics of Protective Relays.

On a modern relay it is possible to carry out an
adjustment of the rate at which the relay will operate.
This characteristic, styled the time-current constant of
the relay, is controlled by means of a permanent
magnet, shown at the top of Fig. 15, so arranged that

M
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F1G. 15.—RELAY MOVEMENT REMOVED FROM ITs CASING.

The fixed and moving contacts are shown in the operating
position. Normally, the quadrant would be concealed within
the frame and the two contacts nearly 1 in. apart.

(4. Reyrolle & Co., Ltd.)
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the disc moves between its pole faces; interaction
between the magnet flux and the eddy currents in the
disc produces a breaking effect.

It will be seen from Fig. 15 that the greater the dis-
tance which the small gearwheel on the spindle has to
move along the quadrant, the longer will be the mini-
mum time-lag. This minimum time-lag can be
adjusted by altering the travel of the quadrant in
relation to the small gearwheel. In Fig. 16 the time-
setting dial can be clearly seen; it carries a cam on
which the quadrant rests in its normal position, and
hence a movement of the dial causes a corresponding
alteration in the starting position of the quadrant.

The electro-magnet coil, which energises the shaded
pole-pieces, is clearly visible in Fig. 15; and it will also
be seen that this energising coil is tapped by con-
nections brought out to a row of contacts at the foot
of the illustration. By means of a current-setting plug
it is possible to arrange that the value of the operating
current can be altered without opening the current-
transformer circuit. This row of contacts is provided
with a scale varying from To per cent. to 70 per cent.
of the rated current of the transformer; and even if the
plug is inadvertently left out the relay automatically
picks up an earth-leakage setting of 40 per cent. of
normal current, so that this error does not nullify its
protective uses.

Another Type of Relay.

Internal connections of another type of earth-
leakage relay are shown in Fig. 17. The principle of
operation of this non-directional relay, intended to be
used where the direction of fault-current flow need not



173

PROTECTIVE RELAYS

N8

ST
ey e g2
=N

04

Niv

%0

CorT ‘uuvais )

I2uI0d puey-3ySux
9y} 3¢ umoys ale
3mas di1y sy3 ssopd
YoTym S)10'3U0D oy,
'sesodind  Juidwep
10} e1e 300] oYy
32 s)euSewr jusuewr
-12d o8rer om3 sy
CAVIEY LINVHHEJ
40 ININAONVIAIY
IVNYIIN[—'LI DI



174 SWITCHBOARD INSTRUMENTS

enter into consideration, is similar to that of an
induction-type watt-hour meter. The disc is driven
by the two electro-magnets at the left of Fig. 17; one
winding on the top electro-magnet is fed from the
current transformer with which the relay is used, and
the other on the same magnet acts as a secondary
winding, to energise by transformer action the electro-
magnet core placed below the disc.

These two fluxes displaced in phase result in a driving
force which causes rotation. Damping is once again
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Fic. IS—TIME/CURRENT CURVE FOR IFERRANTI RELAY.

provided by the two permanent magnets, and control
is affected by means of a spring. Compensation for
the increasing torque of the spring as the disc is
rotated is obtained by slots cut in the disc to varying
depths, which interrupt the eddy currents at those
points.

Under normal conditions the spring holds the disc
against a back stop, but when an overload or earth
fault comes on the disc moves forward, carrying a
small contact shaped like a capstan which finally
bridges two contacts after travelling along the dotted
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line marked on the surface of the disc and indicated by
an arrow in Fig. 17. The position of the back stop and
hence the operating time is adjusted through a system
of bevel gears.

The diagram also shows the connections from the
main winding to the tapping board, and the means
by which the plug conveys the current from the selected
tapping to the outside terminal M of the instrument.

Time  settings
are regulated by
means of the knob
marked “Time a )
Constant.”  This
is shown diagram-

matically together 1
with a portion of %
the dial of the * ==

instrument in Fig. E’

17, but the char-

acteristic  curve Fic. 19.—INTERNAL CONNECTIONS OF
and the time- NON-DIRECTIONAL RELAY.

(Ferranti, Ltd.}

constant knob
also appear in Fig. 18. The pointer on this knob
travels over a quadrant graduated from o to 1.0,
representing the constant by which the time taken
from the curve should be multiplied to give the actual
operating time applying to the particular current
setting in wuse. On standard relays the definite
minimum time is 2 sec.; this could be increased in
special cases up to 4 sec. with an increase in the
wattage. The consumption of the standard form of
relay does not exceed 2.0 V.A. at the operating value.

As in relays shown previously, the contacts are self-




I76 SWITCHBOARD INSTRUMENTS

aligning and will deal with 350 V.A. with a maximum
of 3 amps. Above these values it is usual to connect
in parallel auxiliary contacts, operated electrically, of
a type which- would deal with 20 amps. and 660 volts,
A.C.or D.C.

Fig. 19 shows internal connections of a non-directional
rclay.

-

O<

™

Directional Relays.

The general principles of directional protective
relays are almost exactly the same as those just
described; directional
relays are inoperative
when fault current
flows in the predeter-
mined direction, but
on reversal they oper- T
ate with a characteris- ] J
tic similar to that of —JJ
the non-directional re- =
lays dealt with under = :
the previous heading.

It is necessary, there- vs

fore, to provide facili-

ties for discrimination,

in addition to the over-

load protection with a ,
time-element. =1 =

Referring again to
Fig. 17, the gencral
construction of the ?
directional type of re- Fic. 20.—INTERNAL CONNECTIONS
lay requires only the oF DIR;S::Z:‘}_Z}“““

9
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addition of the directional element; it will be on the
same principle as a wattmeter, with current and volt-
age coils operating on a disc, driving it in a direction
dependihg upon the flow of power. The circuit from
the secondary winding on the top core of the magnet
shown in Fig. 17 would be taken through a pair of con-
tacts on the directional element, and these are shown
in Fig. 20, at the righthand end of the wattmeter type

|
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F1c. 21.—DIRECTIONAL EARTH-LEAKAGE PROTEcTION, UsING
DELTA SECONDARY OF VOLTAGE TRANSFORMER.
This shows a single-pole relay on a three-phase, three-wire system.
(Ferranti, Ltd.)

of disc between the poles of the lower pair of electro-
magnets.

Under directional earth-leakage conditions the volt-
age coil of this relay is energised only under fault
conditions. The usual method is to connect the
voltage coil in series with the delta secondary of a
voltage transformer, or alternatively to wind the
directional element coil for current operation, and
connect it to a current transformer in the earthed
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F1G. 22.—DIRECTIONAL EARTH-LEAKAGE PROTECTION, UsING
CURRENT TRANSFORMER IN POWER TRANSFORMER NEUTRAL.

This shows a single-pole relay on three-phase three-wire circuit.
(Fervants, Lid.)

neutral connection of the supply. The connections
in both these cases are shown in Figs. 21 and 22.

Core-balance Leakage Protection.

The fundamental principle of the core-balance
system is that if there is no leakage the algebraic sum
of the current flowing at any moment in the three
conductors of a three-phase system is zero. Under
these conditions there will be no magnetism induced
in the common iron core of the core-balance current
transformer shown in Fig. 23. Directly sufficient
leakage occurs, this balance is disturbed, and there is
an excess of current in one phase over the other two,
or in two phases over the other one; the core becomes
magnetised, and induces a current in the secondary
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F1G. 23.—CONNECTIONS FOR CORE-BALANCE PROTECTION.
(Nalder Bros. & Thompson, Lid.)
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F16. 24.—CONNECTIONS FOR RESIDUAL-VOLTAGE RELAY.
(Nalder Bros. & Thompsom, Lid.)
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winding (LM, LM of Fig. 24); this in turn energises
the relay winding as previously described.

Voltage-operated Relays.

A voltage-operated relay, energised from the second-
ary windings of a star/open-delta voltage transformer,
is shown in Fig. 24. So long as equal voltages exist
between each phase and earth, no voltage will appear
between the two points in the delta winding where the
relay is connected; when one phase is earth-faulted,
the voltage across the points ¥ and V + will operate
the relay.
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Ammeter:
connections, 4, 19
shunted, 8

Ammeters:
dynamometer type, 14
electrostatic, 18
induction type, 15
moving coil, 5
moving iron, 10
rectifier type, 17
thermal type, 9

Ampere-hour mercury motor

meters, 55

Cases, instrument, 3

Clock-type energy meters, 54

Compensating kWh meter to
register kVAh, 103

Current measurement, I

Current transformer, use of, 23

Current transformers, sum-
mation of, 42

Damping:
electro-magnetic, 2
pneumatic, 1

D’ Arsonval instrument, 5

Differential protection, 167

Directional relays, 164, 176

Dynamometer type:
ammeters and voltmeters, 14
frequency meters, 118
power factor meters, 109
wattmeters, 31

Earth leakage relay protection,
152

Electricity supply meters, 47

Electrolytic meters, 49

181

Electrostatic voltmeters and
ammeters, 18
Energy: .
measurement of, 47
meters, 47

Ferraris, 15
Frequency:
measurement of, 116
meters, 116
L]
Hill-Shotter Maximum demand
indicator, 106

Induction:
ammeters and voltmeters, 15
energy meters, 66
frequency meters, 116
wattmeters, 33
Inductive type relays, 153
Instrument terminals, 25
Instrument transformers:
rated burden of, 142
connections of, 143
construction of, 142
installation and maintenance,
148, 149
markings of, 143
testing polarity of, 145
use of, 22

kVA hours, measurement of, 100

Maxigraph, 94

Maximum demand, 81
alarm, 94
measurement of in kVA, 105
measuring in kW, 85
indicator, Hill-Shotter, 106
metering, summation, 97
meters, 85
recording, 95
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Mercury motor meters:
ampere-hour, 55
watt-hour, 62

Meter shunts, 60

Meters (energy):
clock-type, 54
D.C, 48
D.C. ampere-hour, 55
D.C. watt-hour mercury, 62
electrolytic, 49
mercury motqr ampere-hour,

55
lyphase induction, 72
gi(:nglg phase A.C. induction, 66
two-rate, 78
maximum demand, 85
power factor, 108
Mounting instruments, 3
Moving coil ammeter and volt-
meter, 5
Moving iron:
ammeter and voltmeter, 10
power factor meter, 112

Overcurrent protection, 152

Phase rotation indicators, 114
Polarity of instrument trans-
formers, testing, 145
Polyphase circuits:
measuring current and voltage
in, 20
measuring power in, 35
Polyphase energy meters, 72
Potential transformers, use of,
24
Power in circuit, 29
Power factor:
and maximum demand, 83
measurement of, 108
meter connections, 109, IIo,
113
meters, 108
Power, measurement of, 29, 35,

Power, summation of, 38
Protection:
core balance leakage, 178
differential, 167

INDEX

Protection:
for duplicate feeders, 163
for ring main, 164
overcurrent and earth leakage,
152
reverse power, 163, 176
Protective relays, 151

Range of instrument, 26
Reactive kVA, measuring, 85, 99
Rectifier type instruments, 17
Rectifying unit for electrolytic
meter, 52
Relays:
directional, 167
overcurrent and earth leakage,
151, 167
protective, 151
reverse power, 164, 176
transformers for, 150, 156
voltage-operated, 180
Remote transmission, 45
Reverse power relays, 164, 176

Shunts:
ammeter, 8
energy meter, 60
Speed indicator type frequency
meter, 121
Summation, maximum demand
metering, 97
Summation of:
parallel current transformers,
42
separate supplies, 45
total load, 38
Swamp, 8, 13
Synchronising, 122
Synchronising schemes, 131
Synchroscopes, 114
x5

Terminals, instrument, 235
Thermal:
ammeter and voltmeter, 9
maximum demand meter,
91-94
Time switches, 79
Transformer connected am-
meters, 22



BICOLON COVERED WIRE

Among its chief characteristics
are —remarkable mechanical pro-
perties and abrasion resistance—
excellent dielectric properties —

chemical stability and resistance to solvents.

BRITISH INSULATED CALLENDER'S CABLES LIMITED
NORFOLK HOUSE, NORFOLK STREET, LONDON, W.C.2
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Transformer connected volt-
meters, 24

Transformers, instruments (see
Instrument Transformers)

Trivector instrument, 102

Voltage measurement, 1
Vibrating reed frequency meters,
118
Voltmeter connections, 4, 20
Voltmeters:
dynamometer type, 14
electrostatic, 18
induction type, 15
moving coil, 5

INDEX

Voltmeters:
moving iron, 10
rectifier type, 17
thermal, 9

Watt-hour meters, (see Meters).
Wattmeter connections:

D.C. and single phase A.C., 31

three-phase A.C., 35, 37, 38
Wattmeters:

dynamometer type, 31

induction type, 33

recording, 84

types of, 31
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