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PREFACE

N the past few years it has frequently been brought to the

authors’ notice that an up-to-date, reasonably small and

compact volume dealing with direct current electric traction

work was not available. As there seems to be a considerable
demand for information on this subject, this book has been
written for students of electric traction, for those employed in
the manufacture of such equipment, for railway personnel, and
for enginecrs and others interested. For the benefit of those not
familiar with electrical subjects, several of the main ideas involved
have begn developed from first principles. In addition certain
new ideas and schemes introduced in recent years have been
included.

In the preparation of the manuscript the authors have received
considerable assistance in the way of information and photo-
graphs from several companies. They therefore wish to acknow-
ledge this assistance, and also the loan of photographs for repro-
duction in the text. The companies concerned are: The Metro-
politan-Vickers Electrical Co. Ltd., The British Thomson-
Houston Co. Ltd., The English Electric Co. Ltd., The Rheostatic
Co. Ltd., The Consolidated Brake and Engineering Co. Ltd.,
The Vacuum Brake Co. Ltd., The Westinghouse Brake & Signal
Co. Ltd., Bastian and Allen Ltd., Nife Batteries Ltd., Hadfields
Ltd., British Insulated Cables Ltd., Sulzer Brothers (London)
Ltd., The London and North Eastern Railway Co. Ltd., The
Chief Mechanical and Electrical Engineer of the London
Midland and Scottish Railway Co. Ltd., The London Passenger
Transport Board, The Railway Gazette, The Institution of
Electrical Engineers, The Associated Equipment Co. Ltd.,
Rotherham Corporation Transport, South Shields Corporation
Transport, The Anti-Attrition Metal Co. Ltd. and The Swiss
Locomotive and Machine Works.

In particular, acknowledgment is due to the Metropolitan-
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Vickers Gazette for permission to-reproduce information regard-
ing the metadyne-controlled stock supplied to the London
Passenger Transport Board.

The authors also wish to acknowledge the considerable assist-
ance rendered by their respective wives, without which the
publication of this book would have been seriously delayed.

DoucrLas W. HiNDE
HerBerT E. INGHAM
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PRINCIPLES OF DIRECT CURRENT
ELECTRIC TRACTION

Chapter 1

INTRODUCTION

N electric traction work several different applications of the
fundamental principles exist; e.g., the tramcar and the
trolley-bus both using the public highway, the former being
railbound, and the latter steering controlled ; and the electric
train or locomotive which opcrates on a private track in common
with normal railway practice.
The methods of supplying power to these various types of
electric vehicle differ considerably.

THE TRAMCAR

The tramcar is supplied from either an overhead conductor
consisting of a wire suspended above the track at intervals by
brackets or wirc stays carried on posts crected at the side or in the
centre of the road. Current is collected by a trolley or bow col-
lector, the return being made through the whecels and running
rails; or from two insulated electrical conductors in the form of
steel T rails, mounted thus —{ =, laid below the surface of the
road in the centre of each track, access being through a slot in the
roadway, and current being collected by a “plough’® attached to
the underframe of the car. This is known as the “conduit”
system.

THE TROLLEY VEHICLE

The trolley vehicle obtains its supply from two insulated over-
head conductors along which run two independent trolleys
mounted side by side on the roof of the vehicle, these trolleys
being long enough to allow it to draw in to the kerb or cross over
to the off-side of the road.

9



10 Principles of Direct Current Electric Traction

RAILWAY TRANSPORT

In railway transport, the method of supply depends on the
operating voltage to be used. For low voltage systems (i.e. below
1000 volts), the conductor rail is used. This consists of a rail
mounted adjacent to the running rails, power being collected by
means of collector shoes mounted on the train, these being dupli-
cated at each side of the train to allow for changes in the position
of the conductor rail. Current return is usually made through the
running rails, but in certain cases use is made of an insulated
return rail mounted centrally on each track at the same height as
the normal conductor rail. For higher voltages overhead wires
are used, but due to the high speed of railway traffic and the
heavy currents involved, special wire supporting arrangements
have to be made, and a different form of collector gear employed,
to ensure that there is no interruption in the supply due to the
collector breaking contact with the wire. These are described in
the chapter dealing with supply and collection.

SYSTEMS OF RAILWAY ELECTRIFICATION
Three distinct systems of electrification are in use at present:

(a) Direct current, the system dealt with in this book, and with
one exception the only system in use in this country.

(b) Alternating current, both single and polyphase, used by many
railways on the continent and in the U.S.A.

(¢) Composite systems, in which motor generator sets on the
locomotive or motor coach are supplied with alternating
current. These sets generate direct current for the traction
motors which are of the type described later in this book.
Alternatively, the supply to the locomotive may be three-
phase alternating current, and the traction motors single-
phase, or vice versa.

Engineers differ in their opinions as to the best system, in this
country direct current being now accepted as standard with a
maximum pressure of 1500 volts, the two standard voltages being
1400 to 1500 with overhead collection and 600 to 650 with ““third
rail” collection. The possibility of employing a 3000 volt over-
head system, however, has not been entirely ruled out.

OPERATING VOLTAGES

On direct current systems, operating voltages up to 3000 volts
are in use in many parts of the world. Standard practice is to use
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third rail current collection on low voltage systems where the
pressure is 600 volts, and overhead wires for higher voltages, the
values of these being from 1,500 to 3,000 volts. Examples occur
in practice which differ from this, e.g. the Manchester—Bury line
of the L.M.S. is 1,200 volts third rail, and the new Southern
Railway locomotive is fitted with a pantagraph for overhead
collection at 600 volts for use when working in goods yards or at
the dock side. ’

GENERATION AND DISTRIBUTION

Power supply is obtained in most cases by conversion from a
high-tension alternating current supply at sub-stations spaced
at intervals along the track, the spacing of these being economic-
ally governed by the line operating voltage and the type and
density of the traffic on each section.

TECHNICAL ASPECTS

The merits of the modern tramcar are well known, viz. a large
passenger carrying capacity, rapid acceleration and braking
suitable for frequent stopping, and the feature of a track-bound
vehicle being much easier to control under bad road and weather
conditions.

The trolley-bus has the same passenger carrying and frequent
stopping characteristics as the tramcar, but differs in that it
requires no track of its own, can be brought up to the curb at
stops, and steered around obstructions in its path.

These two arguments are advanced to demonstrate the advan-
tages of the tramcar and the trolley-bus over the internal com-
bustion-engined ominibus, but it is generally accepted that all
three methods have their place in a large transport undertaking.

It is very rare for a new section of railway to be constructed
as an electrified system and consequently most electrification
schemes consist of the conversion of some or all of the traffic on
an existing route to electric haulage.

The types of traffic which may be converted are as follows:

(a) Urban and suburban passenger traffic.

(b) Freight traffic only, this especially in difficult country.

(¢) All classes of traffic, viz. express and suburban passenger

and goods.

Before any system of electrification is decided upon, the traffic
is reviewed to decide what proportion of electric haulage is to be
used. On trunk lines where the whole of the traffic is to be con-



12 Principles of Direct Current Electric Traction

verted, the initial cost of the apparatus may be considerable
compared with that for stcam haulage, however this is amply
repaid by the incrcased availability in traffic and the higher
climbing speed of the electric locomotive, together with the fact
that if lengthy tunnels occur on the system, the loading or rate
of passage of trains through such tunnels may be increascd, as
ventilation troubles incurred in removing smoke and fumes do

116 1 —THRIT-CAR TRAIN 411

(BT.H)

not occur. This also applies with freight traffic, together with the
fact that if the locomotives are arranged on the unit construction
principle, several of these units may be operated together under
the control of one driver, and hence the locomotive power
supplied for any given train may be easily adjusted to that most
suitable for the load to be hauled. The main argument against
conversion to electric traction is that the modern steam locomotive,
while not quite up to these standards, is already in existence,
and in many cases the cost of conversion would consequently
prove to be an uneconomical proposition. In countries where
hydro-electric schemes may be employed to supply the power,
and fuel supplies for steam traction have to be imported, con-
version to electric traction frequently results in a large reduction
of the operating costs.
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The electrification of urban and suburban lines is a means of
providing a faster service schedule over any given route, together
with an increase in the possible traffic density due to the more
rapid clearance of each section. An electric train of eight coaches,
containing three or four motor-coaches, has a much higher rate
of acceleration than the corresponding steam train, and con-
sequently over short distances of approximately one mile between
stations, the electric train reduces the time required by 25 per
cent or more. For example, on a route of 11 miles with 7 inter-
mediate'stops the previous steam train took 34 minutes including
stops, while the electric train which replaced it reduced this time
to 27 minutes. This increased speed of operation cnables a given
frequency of trains to be maintained with less equipment.
Another advantage is the ease with which the train size may be
altered ; an eight coach train can be made up from two four coach
units and during quiet parts of the day, one of these units may be
detached and left where it is readily accessible when the busy
period again commences. As an alternative, three car units may
be used, comprising a motor coach and two trailers, the rear
trailer being fitted for driving when the train is travelling in such
a direction as to cause this coach to be leading. These three-car
sets may be used to build up trains of six, ninc, and twelve
coaches at pcak traffic periods.

The following chapters outline the principles and constructional
details of the various items of equipment used in direct current
electric traction.



Chapter 2

TRACTION MOTORS

HE traction motor is essentially a means of converting

electrical energy into rotational mechanical torque, the

essential requirements being a magnetic field and an

electrical conductor capable of motion in that flux or
magnetic field.

GENERAL PRINCIPLES
OF THE DIRECT CURRENT MOTOR

On passing a current along a conductor, concentric lines of
magnetic flux are set up along its length, the direction of this flux
being dependent on the direction of current flow, Fig. 2.

Considering this condition taking place in a steady magnetic
field, the concentric lines of force are seen to act in the same
direction as the main magnetic field on the right hand side, and
in opposition on the left hand side, thus bending or distorting
the magnetic lines of force round the conductor. Magnetic lines
of force, being always in a state of tension, set up a mechanical
force on the conductor, the direction of this force and its resultant
motion being determined by the relative flow of conductor
current and main magnetic lines of force. This function is
illustrated in Fig. 3.

Taking a similar condition where no current flows in the con-
ductor, but the conductor is moved in the magnetic field so as to
cut the lines of force, an ‘‘electro-motive force’ (e.m.f.) is set
up between the ends of the conductor, and will cause a current to
flow when connected to an external circuit. Assuming the same
direction of conductor motion and main magnetic flux as that
shown in Fig. 3, the current will flow in the opposite direction.
In the first case electrical energy is converted into mechanical
work, and in the second, work is converted into electrical energy,
the displaced lines of force in the latter case due to generated
conductor current, set up a retarding force in opposition to the
applied force.

14



Traction Motors I5

The preceding paragraphs briefly describe the principles
involved when considering a ‘“‘motoring” and ‘“‘generating”
direct current machine respectively. In practice, the main mag-
netic circuit consists of a steel yoke with inwardly projecting poles,
the polarities of which are alternatively “North” (N) and
“South” (S). A diagrammatic four-pole frame is shown in Fig. 4,
the dotted lines indicating the paths of the main magnetic fluxes.

CONDUCTORS
”~
/ -
[ /
\n current Y\ ,

CURRENT

F
AN P
NN~ rrow INWARDS \\\~ ~ FLOW OUTWARDS

-~

~—

DIRECTION OF FLUX DIRECTION OF FLUX
CLOCAKW/ISE ANT/-CLOCKWISE

FIG. 2.—LINES OF FORCE AROUND A CONDUCTOR

The moving conductors are arranged in slots on the periphery
of a cylindrical laminated steel core, and connected to a com-
mutator which makes sliding contact with fixed brushes. Hence
current is passed along the conductors in the appropriate direc-
tion as they enter the flux of the main poles. The whole rotating
assembly is known as the “armature”.

BACK E.M.F.

When motoring, as the armature rotates, the conductors cut
the lines of force of the main field and hence have e.m.fs. produced
in them which are in opposition to the supply current and to the
applied voltage. It follows that the speed of the armature will
adjust itself until the back e.m.f. is such that the resultant
voltage between the applied and back e.m.f. is sufficient to pass
the current necessary to meet the mechanical load and the
efficiency losses in the motor itself.

ARMATURE REACTION

Armature Reaction is the effect on the flux distribution in the
air gap between the poles and the armature, of the magnetic
field produced by the current flowing in the armature conductors.
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Consider the case of a
two-pole machine with its
armature rotating in a
clockwise direction, and
with brushes placed so as
to pass current to the con-
ductors which lie in the
mechanical or “geometric
neutral axis” (G.N.A.),
Fig. 5. All the conductors
under the north pole carry \
currents whose directions r // s / e ////

are outwards, whilst cur- N

rents in conductors under

the south pole are inwards. FIG. 3.—FORCE ACTING ON A CURRENT-CARRY-
This sequence of armature ING CONDUCTOR PLACED IN A MAGNETIC FIELD
currents sets up a magnetic

field whose axis coincides with that of the gcomctric neutral
from left to right. Representing the two magnetic fields vectorially,
OA. and OM. in Fig. 5, are main and armature fields respec-
tively, and therefore OR. represents the resultant magneto-
motive force, with the magnetic neutral axis perpendicular to it
and denoted M.N.A. On no-load when the armature current is
very small and armature flux negligible, the magnetic neutral
and geometric neutral axes are approximately coincident. The
cflfect of armature rcaction is to move the magnetic neutral axis
round in a direction opposite to the armature rotation, and
obviously the angle of move-
ment is dependent on the
value of armature current or
load. In eflect, this action
ultimately causcs a strength-
ening of the flux on the
leading pole tips, and a
weakening effect on the trail-
ing pole tips. Fig. 6 shows
flux distribution in the air
gap under the poles on no-
load and full-load, with the
distortion due to the arma-
ture field on full-load.

FIG. 4.—FOUR-POLL MAGNET FRAME It will be apprcciatcd that
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N armature reaction has

an effect on the charac-

teristics of a direct-cur-

rent machine, unless

steps are taken in the

G.N.A. design to counter its

g effect. This may be

\ ) done by using specially

: shaped pole shoes, or by

ML-S arranging for compen-

sating windings to be

S fitted in the pole shoes

and connected in series

FIG. 5._DMGI:ARL»:;::RU;T$Z;O]:*E EFFECT OF With th e armature.

These steps, of course,

are not essential unless these particular characteristics of the
motor are undesirable.

M.N-A'

BRUSH POSITION

The position of the armature field is directly linked with that
of the brushes. Where machines necessarily have to operate
with a similar speed characteristic in either clockwise or counter-
clockwise rotation, it is usual to set the brush position on the
geometric neutral axis, but with a uni-directional machine, the

< <
T =
¥l o
FULL LOAD
0 LOAD S
T POLE
X
?: S
| N

POLE

FIG. 6.—DISTORTION OF MAIN FIELD FLUX DUE TO ARMATURE REACTION
2



18 Principles of Direct Current Electric Traction

brush position may be adjusted to lessen the distorting effect of
the armature reaction.

COMMUTATION AND COMMUTATING POLES

When a brush spans two adjacent commutator segments, the
section of the armature winding connected between them becomes
short circuited, the term “commutation” denoting the changes
that occur to the current during this short-circuit period. The
commutating cycle is demonstrated in Fig. 7.

(@) Coil “2” is about to be short circuited by the brush and is
carrying half the current passing between the armature
and the brush in a direction as indicated by the arrows.

COIL N ) (cow we). .
=

/

17 1 _21 —>
/4.
» 20
. L —>

Y

72 3 I —>

FIG. 7.—THE COMMUTATING GYCLE
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(b) At this instant during the rotation the coil is under short
circuit and does not carry any of the brush current.

(¢) The coil “2” is now clear of the short circyit and is again
carrying half of the brush current, but current now flows
in the opposite direction, hence a complete reversal of
current has occurred in that coil.

From this it is obviously desirable that the current should be
reduced to zero and brought up to its previous value, but in the
reverse sense, during the momentary short-circuit period. Any
difference in the current flowing in coils “2” and ‘3> must
travel from commutator segment “2”° to the brush in the form
of an arc, ultimately causing severe burning of the commutator
and the brushes, whilst increasing the risk of complete arcing
between brushes of opposite potential.

Since a very high rate of change of current is necessary to
complete the commutating cycle, a back e.m.f. is set up in the
coil by self-induction which opposes the reversal of current.
This back e.m.f. is generally spoken of as the “Reactance Vol-
tage’’.

In modern machines this voltage is effectively suppressed by
the use of auxiliary poles producing a commutating field. These
poles are fitted in the magnetic yoke, or frame as it is most often
termed, midway between the main poles, and hence have more
generally been termed “interpoles’. The interpole polarity in
the case of a motor must be the same as the main pole behind it
in the direction of rotation. Since the commutating field required
must be proportional to the armature current, the interpoles
are connected in series with it, and therefore the field strength is
automatically adjusted to the value necessary at any instant.

CHARACTERISTICS OF DIRECT-CURRENT MOTORS

There are three methods of producing the main field excitation
of a direct-current motor, viz. shunt, series and compound
methods, the characteristics of the machine being determined by
the method adopted.

SHUNT MOTOR

Excitation is provided by means of field coils with a relatively
large number of turns and a high resistance, wound on each main
pole and “shunted” or connected across the supply terminals.
The flux per pole produced depends on the coil current and the
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magnetisation characteristic of the iron used for the frame and
pole pieces. A typical magnetisation curve of material suitable
for motor frames is shown in Fig. 8, and it will be seen that the
flux is approximately proportional to the excitation at the lower
values, but the increase of flux per ampere-turn decreases as the
saturation of the magnetic circuit is approached, this point
occurring where no change of flux is obtained with further
increase of excitation. In order to maintain rcasonable running
stability it is usual to work at a point slightly over the bend of the
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FIG. 8.—MAGNETISATION CURVE OF FIG. 9.—SPEED-LOAD CURVE OF SHUNT
SHUNT MOTOR MOTOR

magnetisation curve, where armature reaction and small varia-
tions in excitation do not appreciably affect the value of the main
flux.

Fig. 9 shows a typical speed-load characteristic curve of a
shunt excited motor. The slight droop of the curve from no-load
to full-load is mainly due to the increasing armature resistance
drop, determined by the product of armature current and
resistance. Subtraction of the armature resistance drop at full-
load and no-load from the applied voltage, shows the back
e.m.f. to be generated in the armature at the full-load point to be
less than that at no-load, and therefore a corresponding fall in
speed will occur to counteract this difference. As this speed
reduction of a shunt motor is in the order of 5 per cent, the
machine is generally considered to be a constant speed motor.

The speed of a shunt motor may be varied however, if desired,
by weakening or strengthening the main field flux. This is most
easily accomplished by inserting a variable resistance in series
with the shunt field. When the field flux is reduced the armature
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back e.m.f. is likewise reduced and the armature current increases
correspondingly, which in turn increases the armature speed to a
point where the total of back e.m.f. and armature resistance drop
again reaches a value equal to the line voltage. Similarly, a
speed reduction is obtained with an increased field strength.

SERIES MOTOR

The term “series motor” is derived from the fact that the field
coils are in series with the armature, and carry the armature
current; they are wound with a relatively small number of turns
of heavy section copper wire or copper strip. The field flux
varies with the motor current, and since the speed is inversely
proportional to the flux, the series
motor is essentially a variable
speed machine, the speed being
low on heavy load and very high
on light loads. A typical specd-
load characteristic curve of a
series motor is shown in Fig. 10.
From the current-flux curve it
will be seen that the working
range of flux is well below the ARMATURL LORD  SHIRENT
saturat19n valu_ef an.d providing FIG., 10.—SPEED-LOAD AND FLUX
that this condition is observed, CURVES OF SERIES MOTOR
the torque exerted by the armature
is proportional to the square of the current, consequently the
starting torque is very high.

The series motor is obviously the ideal type of machine for
traction purposes, where heavy masses have to be accelerated
from rest and operated at relatively high speeds. As a very light
load condition does not exist in traction applications on account
of the increasing train resistance as the speed rises, it is often
necessary to modify the field windings if both the high starting
torque feature and a fast running speed be required. The method
adopted is that of providing additional series field turns and
bringing out tappings, so that one or more sections may be cut
out whilst running, to obtain the higher speeds. Connections for
such a motor and corresponding speed-load characteristic curves
are shown in Figs. 11a and 115.

Before passing on to the principles required in traction working,
it would be well to note the third type of machine known as the
compound motor,

SPEED-R PM
FLUX DENSITY
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COMPOUND MOTOR

This motor has its field poles wound with both shunt and series
coils, and by suitable design almost any shape of speed charac-
teristic may be obtained to suit the application. Usually the two
field windings are connected so as to give accumulative com-

pounding, i.e. so that the ampere turns of each winding produce
flux in the same direc-

tion. This method has
several advantages, in-
cluding load stability

INTERPOLE
FIELD

Q o .

3 and protection against
Lm0 i

- FIELD overload, in that as the
g+ load on the motor in-
)

$1® creases, the correspond-

ing increase of current
in the series’ field coils
produces more main
FIG. 1la.—TAPPED FIELD SERIES MOTOR field flux. This auto-

CONNECTIONS . *
matically reduces the

armature speed, hence

the ultimate output be-

comes limited. In the

@ WEAK FIELD case of a compound
TAPPING traction motor, the high

@ M/{_/’f‘-?;";ﬁgﬁg starting torque of the

SPEED

FULL FIELD series motor together
with limited maximum
speed characteristics are

LOAD CURRENT obtained.
The compound motor
FIG. 11b.~——TAPPED FIELD SERIES MOTOR N
CHARACTERISTICS also runs quite stably

as a generator, in which
case it automatically becomes a decompounding generator with
the reversal of armature and series field current. This feature is
useful when applied to traction work for the purpose of regener-
ative and rheostatic braking.

EXCITATION OF DIRECT-CURRENT GENERATORS

Since “motoring” and ‘‘generating” of a direct-current
machine are merely a reversal of function, the same three excita-
tion methods apply as described for motors.
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Strictly speaking a generator is a source of electrical energy,
and must, therefore, provide its own excitation current, otherwise
it must be separately excited from some external supply.

SELF-EXCITED SHUNT GENERATOR

Steel, as used for direct-current machine construction, has the
property of retaining a small amount of magnetic flux when
excitation has once been applied; this property is termed
“hysteresis” and makes spontaneous self excitation possible.
When the generator armature is rotated in its field system, a
small e.m.f. is produced by this residual magnetism of the main
poles, which, when applied to the shunt field coils, produces a
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FIG. 12.—MAGNETISATION CURVE OF FIG. 13.—LOAD CHARACTERISTIC OF

SHUNT-EXCITED GENERATOR SELF-EXCITED SHUNT GENERATOR

(Note rapid decrease in stability beyond
. arrow head)

small excitation current. Providing that the shunt field coils are
connected to the armature in the correct relative sense, a
building up process will commence and continue to a point
determined by the frame magnetisation characteristic and the
shunt field resistance. A field magnetisation curve of a direct-
current machine is shown in Fig. 12, on which is also plotted the
shunt field resistance line, the latter being obtained from “Ohm’s
Law”.

The point of intersection of the two curves “P’’ represents the
maximum value to which the field current will build up, due to
the fact that any higher field current than that corresponding to
this point requires a greater voltage than is produced by the
corresponding flux. The maximum shunt field resistance with
which a generator will tend to build up on no-load is often termed
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the “critical resistance”, and therefore a self-excited generator
will self excite only when the field resistance is less than the critical
value.
A separately excited machine, of course, is independent of the
field winding resistance, maximum generated voltage being
limited by flux saturation
only.

Figs. 13 and 14 show
volts-current characteris-
tics of self and separately
excited shunt generators.

Individual characteris-
tics may be varied to suit
the application, the actual
shape being determined

"™ by the degree of flux
saturation at the normal
working voltage.

ARMATURE VOLTS

LOAD CURRENT

14.—LOAD CHARACTERISTIC—SEPARATELY
EXCITED SHUNT GENERATOR

E.

5

SERIES GENERATOR

¢ P As the term suggests,

the field winding and
armature of this type of
machine are in series car-
rying the same current
and this fact determines
the nature of the charac-
teristic, as shown in Fig.
15. With the correct re-
lative connection betwcen
field and armature, due
o LOAD CURRENT to the residual magnetism
FIG. 15.—LOAD CHARACTERISTIC OF SERIES the machine builds up on
GENERATOR being connected to an ex-
ternal load resistance.
The line “OP.” in Fig. 15 represents the resistance of the
external circuit. A line “OC.” drawn tangentially to the charac-
teristic curve represents the critical external resistance since it is
the maximum value with which the generator will tend to build
up.
Now suppose an externally driven series motor is short cir-
cuited through a resistance, the residual magnetism left by the

TERMINAL VvoOLTS
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previous motoring current will produce a small armature
voltage and likewise a current in opposition to the normal flow of
current, which when passed through the series field, will produce
ampere-turns destroying the residual magnetism. Therefore,
the conditions for a series motor to operate as a generator only
occur when either the field connections or the armature rotation
have been reversed. This fact is taken into consideration when
using series motors for rheostatic braking on traction equipment.

COMPOUND GENERATOR

This is normally a shunt excited machine with series turns
carrying the armature current so as to produce excitation ampere-
turns de-compounding
those of the shunt wind-
ing. Such a machine
may be designed to give
almost any type of
characteristic, the
actual slope of the
characteristic curve be-
ing governcd by the
ratio of the shunt am-
pere-turns to the series
ampere-turns.

Where a shunt or
compound gencrator is

working in parallel with -

a fixed supply source, N

the armature and shunt FIG. 162.—RAILWAY MOTOR FRAME

field voltage is stabi- (Metro-Vickers)

lised, and the value of the current generated may be varied by
field regulation or by armature speed.

THE DIRECT CURRENT TRACTION MOTOR

The direct current traction motor is essentially some form of
series motor, due to its high starting torque and variable speed
characteristic. It differs in construction from the normal com-
mercial type machine in that it must be very robust, capable of
withstanding severe mechanical shock and vibration, and must
have a high overload capacity. The ventilation system requires
careful design, in order to avoid surfaces which will accumulate
dirt and grit picked up from the track or road.
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FIG. 16b.—TRAMWAY MOTOR END-HOUSINGS AND BEARINGS
(Metro-Vichers)

CONSTRUCTIONAL DETAILS

In order to explain fully the construction of the Direct Current
Traction Motor, the various component parts are described in
detail, commencing with the field frame.

THE FIELD FRAME

This is of cast steel and is usually of the box cast type, with an
opening at each end bored and recessed to accommodate the
armature bearing housings, which are secured into the frame by
steel bolts screwed into it. Suitably machined seatings are
provided for the main and inter-poles. Openings as large as
possible are also provided at one end of the frame for easy inspec-
tion of the commutator and brushgear, these openings being
fitted with detachable steel covers, fabricated from sheet metal.
Fig. 16 shows a typical railway traction motor frame and a pair
of roller bearing end-housings for tramway motors. In cases
where brushgear is only fitted on the upper surface of the com-
mutator, one inspection cover only suffices, the lower section of
the frame being cast solid.

The method of motor suspension or mounting varies of course
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with the class of equipment. Tramway motors are almost
universally axle mounted whether for single or double bogie
type vehicles. The axleway is cast with the frame body and
fitted with split sleeve bearings with detachable axle-caps. Fig.
17 shows a tramway motor complete with its axle bearing
details.

Railway type motors for motor-coach stock are usually nose
suspended and axle mounted as with the tramway equipments.
Locomotive motors may be either axle mounted, as for motor-
coach stock, or where larger machines of over 400 horse-power
are employed, they are carried on the locomotive frames, in which
case a special method of drive becomes necessary. The limiting
factors governing the choice of mounting are gauge of track,
maximum speed, and rated motor output required. |

Trolley-bus motor frames have a somewhat different physique,
being chassis mounted and cast with lugs at each side for this
purpose. On modern machines where weight is a controlling
factor, the tendency is to use bearing end-housings of cast light
alloy. The trolley-bus motor frame has a symmetrical cross-
section and the thickness of metal is cut down to a minimum
where possible, but thickened up in the parts carrying the maxi-
mum flux density. Fig. 18 gives a diagrammatic illustration of a

FIG. 17.—COMPLETE TRAMWAY MOTOR

(B.T.H.)
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trolley-bus frame, with sections thickened up to carry both main
and interpole fluxes, the flux paths being indicated by dotted-lines.

THE ARMATURE CORE

The armature core is built up of thin steel laminations, each
lamination being thinly coated with insulating material to cut
down eddy current losses to a minimum. Axial core ducts are
provided to allow a free passage of air through the core for cooling
purposes. The core is carried on and keyed to a steel spider
being held in position by a steel end-plate and locking nut. From
experience it has been found that moisture and dust tend to
penetrate into the overhanging sections of the armature windings,

DOTTED LINES
SHOWING PATH
OF MAGNETIC
FLUX

MAIN POLE

INTERPOLE

FIG. 18.—LIGHTWEIGHT MOTOR FRAME SECTION

(Note increased thickness where it is required to carry both main and interpole
fluxes) .

and special scaling plates are fitted at each cnd of the core to
avoid this action. The spider, which is pressed on to the shaft,
supports the winding overhang at the back-end and also extends
through the commutator hub, thus cnabling the shaft to be
removed or replaced without disturbing the armature winding
or the commutator. Figs. 19 and 20 show longitudinal section of
armature and unwound armature with commutator fitted
respectively.

THE COMMUTATOR

The commutator is built on a separate steel hub carried on
and keyed to the extension of the armature spider, being locked
in position by a ring-nut. The commutator bars of hard drawn
copper are insulated from each other with pure mica. Three
methods are employed for holding the commutator bar assembly
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FIG 19 —SECTION THROUGH ARMATURE CORL
(Metro Vickers)

T T e T o .
-yt A . . .
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ric 20 — UNWOUND ARMATURE WITH COMMUTATOR
(Maetro-Vickers)
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in a cylindrical form, against distortion from stresses set up by
centrifugal action and temperature changes. These methods are
as follows:—

(a) The Wedgebound Method. The copper bars are machined to
the shape as shown in Fig. 21, and the whole copper-bar and mica
assembly is secured in position by steel end-flanges fitting deeply

into the ‘“vee” notches.

These end-flanges are insu- MMUTATO

lated from the copper bars SEGMENT ]
by moulded micanite end- STEEL END 3
rings and the whole FLANGE
clamped together by steel MICA_ INSULATION

bolts. F1G. 2]1.—WEDGEBOUND COMMUTATOR

The name * Wedge- ° .
bound” is derived from the fact that the commutator bars are
held radially by the pressure on the wedge faces of the bars and
end-rings. '

(b) Archbound Method. This construction is very similar to that
of the previous method but in this case the angle on the upper
face of the vee-ring is a few degrees less than that of the vee-notch
in the copper segments. The retaining pressure consequently
becomes radial and between the commutator bars, thereby rigidly
holding the whole assembly (Fig. 22).

(¢) The ““Shrink-ring™ method is applied in cases where excep-

tionally high peri-
COMMUTATOR SEGMENT pheral speeds are re-
- yore ciesmmce serweey  quired, and is rarely
;,Jc.— STEEL END FLANGE used for traction
‘ MICA INSULATION machinery. The com-
mutator is built up
) in the normal way
with vee end-rings, but in addition has rings of high tensile
steel shrunk on to it externally, layers of pure mica having been
built up solidly as insulation between the shrink-rings and the
commutator surface. The amount of shrinkage of the rings is so
designed that the rings are pre-stressed to a value above that
produced by the maximum centrifugal force, thereby ensuring
absolute rigidity.

FIG. 22.—ARCHBOUND COMMUTATOR

ARMATURE WINDINGS

In modern direct current machinery, all armature windings
are of the “Lap”’ or ““Wave” types or some modifications of these.
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Wave Windings. For standard series traction motors the simple
wave winding is normally adopted. Fig. 23 shows the developed
diagram of a simplified single turn wave winding. Single turn
coils are always used where possible, but as the working voltages
involved are normally high (e.g. 500 to 1,500 volts), more than
two conductors per slot are necessary to avoid making the number
of slots so great as to be impracticable. Armature windings are
arranged in two layers, each slot carrying two coil sides, one in
the lower and one in the upper portion of the slot. Up to sixteen
conductors may be placed in a slot, i.e. eight in each of the upper
and lower layers, these being taped separately as composite coils.
As each of the conductors is insulated independently, the coils
still remain single turn.

/
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FIG. 23.—DEVELOPED DIAGRAM—SIMPLE WAVE WINDING

For simplicity the circuit in Fig. 23 has only one conductor
per coil, each of which may be regarded as a winding element,
the whole winding consisting of a series of these elements con-
nected between consecutive commutator segments. Suitable coil
pitches are used to include all the conductors in the winding, the
sequence of end connections being either progressive or retro-
spective. The coil or slot pitches, referring to the back and front
spans may be denoted as Sf and Sb and are approximately equal
to the pitch of a pair of adjacent poles. After passing through the
number of winding elements equal to the number of pairs of
poles, the winding should return to a point, either two conductors
in front or two conductors behind the starting point, according
to whether the winding is to be progressive or retrospective.



32 Principles of Direct Current Electric Traction

For this reason, the mean of the front and back slot pitches (Sm)
is equal to the total number of conductors (N) plus or minus two,
all divided by twice the number of pole pairs (p), i.e.
Sm__Sf:tSb _N+2
2 2p

Any even number of conductors cannot necessarily be adopted,
as the mean pitch must be a whole number. For example,
assuming 36 conductors the mean pitch would be 8% or 94, which
is unsuitable. In the case of 34 conductors the mean pitch would
be 8 or 9 and taking eight as a suitable figure the winding data
would then be:

Number of conductors 34  Front slot pitch 9

Pole pitch 81 Back slot pitch 7
assuming one conductor per slot.

As there are only two parallel circuits through a wave winding,
one pair of brush arms is sufficient, these being placed in the most
accessible position for carrying out inspection and maintenance.
Because all the armature coils in the two circuits arc in series
between the brushes, the effect of unbalanced field flux distribu-
tion is minimised, so that the magnetic section of the motor
frame may be reduced to a somewhat unsymmetrical form in
order to accommodatc the main driving axleway, a form of
frame which is quite common on the small types of traction
motor. It is found necessary in designing some machines to keep
the axial length of the commutator as short as possible where
space is limited, and therefore more than a single pair of brush
arms must be uscd in order to carry the armature current without
exceeding the normal brush current density. In such a case
brushes of like polarity are looped togcther, the effect being that
of short circuiting one loop of the winding between the two
brushes, and therefore, whether two or more brush arms are
used, the number of parallel circuits in the winding remains two.

Lap Windings. Fig. 24 shows the different method of connections
required for a lap winding. Again taking the case of a four-pole
machine, suppose the total number of conductors is 32. This
gives the following winding data:

Number of conductors 32  Front slot pitch 9

Pole pitch 8 Backslot pitch 7
With the lap type of winding the number of parallel circuits
is the same as the number of poles so that for a machine with
four poles the armature coil current in a lap winding is half that
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EQUALISING
RINGS

FIG. 25.—DEVELOPED DIAGRAM OF SIMPLE LAP WINDING WITH EQUALISING
CONNECTIONS

in the equivalent wave winding. This fact assists in the commuta-
tion, since the rate of reversal of current, and consequently the
reactance voltage produced, is proportional to the current in the
coil. In high speed heavy current motors therefore, the lap type
of winding is most desirable. The main disadvantage of a lap
winding is the necessity for equaliser connections which are made
with equalising rings situated at the back end of the armature
winding. These consequently increase the overall length of the
armature and, in comparison with the wave wound type, this
results in additional size and cost for an equivalent horse-power
output. Another disadvantage is that the number of brush arms
required is equal to the number of poles, which may present
difficulties in accommodation and accessibility if space is limited.

In a lap winding, the parallel circuits consist of conductors
under the action of two adjacent poles only. Since it is not prac-
ticable to obtain identical field strengths from each pole, induced
e.m.fs. in the various coils arc not equal. Such out of balance will
cause heavy circulating currents to flow through closed sections
of the winding even for light loads, which, when imposed on the
load current, would cause excess heating of the armaturc and also
interfere with commutation. For this reason, points in the winding
which, at any instant during rotation, arc in the same position
relative to their respective poles, arc connected to short-circuiting
rings which carry any out of balance current that arises. Fig. 25
shows a lap winding circuit with cqualiser connections.
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ARMATURE COILS

Armature coils arc of formed copper strip, the cross-scctional
area depending on the coil current of the armature. After
annealing and being formed to the correct shape to suit the
armature core and commutator pitches, each conductor is in-
sulated over its entire length with mica tape. The appropriate
number of conductors comprising one coil are grouped together
and preliminarily bakelised, again wrapped with mica tape over
the slot portion, and finally the composite coil is insulated with
asbestos tape, bakelised, and hot pressed over the slot portion so
as to form a shape fitting exactly to the dimensions of the core
slot. This method is in accordance with the B.E.S.A. insulation
specification class “B”’.

With the development of glass fabric as an insulating material
in recent years, glass tape has come to be adopted for traction
work in place of asbestos and cotton tapes, as it is more robust,
non-hygroscopic and heat resisting.

Fig. 26 shows a formed armature coil insulated ready for use.

The operation of fitting the formed coils into the core slots
and connecting the conductor ends to their respective commutator
“riser” lugs is referred to generally as armature winding. Each
slot carries two coil limbs, the winding pitch being either pro-
gressive or retrospective, so that each coil has one side in the lower
half of a slot, and the other side in the upper half of a slot, the
position of which is determined by the winding pitch. After all
coils are fitted into position the core slots are sealed over with
insulating packing strips. The coil sections which overhang the
ends of the armature core are supported by and insulated from
the armature spider at the back-end, insulated on the upper side
at both ends with mica and protected by a layer of glass fabric
or suitable webbing. The complet¢ly wound armature is held
solidly by a series of steel wire bands, placed at points along the
whole length of the armature. This banding wire is of special
high tensile steel, each band consisting of several turns of wire,
held and soldered in position by small clips lying under the wire
bands, the projecting ends of which are bent over the upper
surface of the bands before soldering. The main object of these
bands is to ensure absolute rigidity of the armature winding when
under the action of centrifugal and temperature stresses. The
final process comprises the pouring over of the armature with
insulating varnish and then thoroughly baking it until a hard
non-hygroscopic surface is obtained.
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FIG. 26.—10RMID ARMATURI COIIS
(Metro-Vickers)

The projecting lugs at the back end of thc commutator bars
are known as the “riser”” lugs, these being cut out to form a narrow
slot into which the ends of the coil conductors are carefully fitted
and flood-soldered to ensure full surface contact. Fig. 27 shows
armatures partly and completely wound.

FIELD POLES

Main-poles and interpoles are built up of laminated steel
sheets, riveted together between steel endplates, and secured by
bolts to the machined seatings on the frame. Fig. 28 shows a
dismantled field pole with coil and washers, etc.

FIELD COILS

Main series field and interpole coils are made of strip copper
conductor, machine wound on formers and insulated between
turns with mica. Terminals may be riveted or brazed to the ends
of the strip. The coils are then bakelised and pressed to size,
after which they are wrapped with mica tape and given a final
covering of webbing or glass fabric for mechanical protection.
To produce a coil free from any possibility of shrinkage and at
the same time render it moisture proof, the practice is to dip the
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whole into insulating varnish after which it is baked at 120
degrees centigrade.

In the case of compound field coils, the shunt coil is first wound
using insulated copper wire and completed in itself with suitable

FIG 27a.—PARTLY WOUND ARMATURL
(Metro-Vickers)

.

FIG. 27b.—ARMATURE WITH WINDING COMPLETED
(Matro-Vickers)
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ric. 28.— 11IELD COIL AND POIF DISMAN1LED
(Metro-Vickers

outer insulation. After this the series turns are formed radially
over the shunt section and the composite coil finally wrapped,
varnished and baked.

Tapped series ficld coils are usually built up in sections but with
the layers arranged side by side instead of concentric as is the case
with compound coils. This is done owing to the difficulty of
bringing out the tapping connections when built up by the con-

centric method. Fig. 29 shows sections through various ficld
coils.

ARMATURE BEARINGS
The armature bearings may be either of the sleeve or roller

types.

Bearings of the former type consist of brass or bronze bushes
lined with white metal, in which are machined grooves to dis-
tribute the oil over the journal surface, the bushes being fitted and
located in the motor end-housings.

Roller bearings are fitted and located in the end-housings and
hold several advantages over the older slecve types, as follows:

(a) Considerably higher load capacities are possible with a
certain size of journal.

(8) A considerable reduction in friction losses is obtained over
that of the sleeve type. This is of the order of 5 to 10 per
cent.
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(¢) Grease lubrication can be employed with seals to retain
the grease, enabling the bearings to be run over long
periods of three to six months without attention under
normal conditions.

(d) Radial wear is reduced to very minute proportions,
resulting in much less relative movement between armature
and poles. This enablés smaller air gaps to be used, a
fact which reduces magnetic leakage, reduces the number
of coil turns for a certain flux density and also assists in
maintaining a more uniform flux distribution. In addition
the effects of such relative movement on commutation
are eliminated.

Axle bearings necessarily consist of the sleeve type with split

bushes located in machined surfaces on the frame by means of
steel axle-caps.

LUBRICATION

Sleeve armature and axle bearings are lubricated with oil
contained in a substantial reservoir which forms part of the motor
end-housings or axle-caps respectively. Oil is syphoned by means
of wool or cotton waste to rectangular windows cut in the bearing
bush.

Fig. 30 illustrates this type of lubrication. The oil capacity
of the reservoirs is sufficient for two to three weeks running.

VENTILATION OF TRAGCTION MOTORS

In electrical machinery all efficiency losses, i.c. eddy current,
resistance drop and bearing and brush friction, etc., are converted
into heat. These losses absorb some ten to fifteen per cent of the
total power input, depending on the working efficicncy of the
particular machine. For this reason, all rotating machines must
have somc form of ventilation to ensure that the ultimate rate of
heat dissipation is equal to the heat produced, otherwise damage
will be caused by excess temperaturc. There are three main
methods of motor ventilation, viz. totally enclosed, self ventilated
and forced ventilated.

In the first case, as the name suggests, the motor is completely
sealed off internally from the outside air. This method would
appear to be ideal, since no dirt or moisture is admitted into the
machine, but such a machine must be relatively large to allow
free internal circulation of air, and have a large external surface
arca to assist heat radiation. The armature is fitted with a fan,
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usually at the back-end, to ensure that an even temperature of
the various parts is maintained. Quite a large number of totally
enclosed motors are in operation on railways in this country.
Cooling on bogie mounted motors is assisted by the stream of air
over the motor frame surfaces, caused by motion of the train.
Fig. 31 shows a totally enclosed motor as used on a main line
express passenger service, which has its frame cast with ribs in
order to increase the surface area. The motor in Fig. 32 is em-
ployed on a suburban service.

OUTER LAYER OF
PROTECTIVE FABRIC

WINOING OF INSULATED
COPPER WIRE

LAYER OF MIGANITE
OR MICA TYPE

ASBESTOS PACKING

SEPARATE LAYERS OF
SERIES TURNS WITH M/CA
INSULATION BETWEEN TURNS

SHUNT WINDING OF

INSULATED COPPER WIRE

orer Lres o

ASBESTOS PACI?%% 70

OBTAIN THE DESIRED PROFILE

SERIES TURNS~STRIP COPPER
INSULATED BETWEEN TURNS WITH MICA

COMPOUND FIELD COIL - S8Y5h OF MICAMTE

FIG. 29.—DIAGRAMMATIC SECTIONS THROUGH TYPICAL FIELD COILS

Self-ventilated motors are those in which cooling is effected by a
flow of free air, entering at one end and being exhausted at the
other by a fan mounted on the armature shaft. It is usual to
admit cool air through ducts at the commutator end, and exhaust
hot air at the fan end through openings which are protected by
expanded metal guards against damage to the fan by the entry
of foreign bodies. Standard practice is to draw air in through
louvres in the coach sides, and after cleaning by passing through
a filter or some form of dust trap, it is conveyed by ducts to the
motors. Fig. 33 shows a typical self ventilated motor with a
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single inlet duct at the commutator end, suitable for connecting
up to coach air ducts. An illustration of the armature and fan
of a similar machine is shown in Fig. 34.

Forced ventilation of traction motors is used essentially in applica-
tions where the motor must be capable of high overloads for
periods, without any appreciable amount of coasting or light
load running, in which case little effective cooling would take
place with self ventilation, e.g. as in shunting work. It is also
employed where a specified output is required from a motor
whose size limitations make self ventilation insufficient for
adequate cooling. The cooling air is obtained from a separate

FILLER CcAP

) B+ COTTON WASTE|
1 ,0/L RESERVOIR
2y, /. INSPECTION CAP

ARING ARMATURE BEARING
ROAD AXLE BE (/N ENDPLATE)

FIG. 30.—METHOD OF SLEEVE BEARING LUBRICATION

blower unit, generally driven by a separate motor, and conveyed
to the main traction motors by means of ducts. The armature
shaft may or may not be fitted with a fan, which, if fitted, only
produces a small proportion of the total air volume involved.

METHODS OF MECHANICAL TRANSMISSION

The type of transmission used for traction purposes is governed
to a large extent by the application.

Tramcars are driven almost universally by single reduction
gearing, with single or double bogie driving -units, the motors
being axle mounted and bolted rigidly to a spring-supported
beam. The pinion is carried on the motor armature shaft, and
the gear wheel on the main axle, hoth being enclosed in a stecl
gear case for lubrication purposes.

Trolley-bus. A chassis mounted motor is used with a univeféa
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FIG. 31.—TOTAT1Y ENCLOSI D RAIl WAY MOTOR WITH RIBBED FRAMT TO
ASSIST COOLING
MMetro-Vickers)

(English Blectric)

FIG. 32,—1O0TALLY ENCLOSED RAILWAY MOTOR
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FIG 33.—SEFIF-VFNIILATFD MOTOR

(English Electric

jointed direct drive through a torque shaft to a differential gear
unit on the back-axle, both four- and six-wheeled chassis being
employed.

Railway Motors. With motor-coach stock the axle-mounted
and nose-suspended motor is employed almost without exception.
Single reduction gearing is used, generally of the spur type to
avoid end thrust, the gears being enclosed in a steel gear-case as
for tramway motors.

With locomotives a similar type of motor and suspension has
been used on most four or six axle double bogie types, a com-
bination which is still very popular. As the size of such a loco-
motive is limited by the permissible axle load, larger locomotives
are usually fitted with frame mounted motors, employing either
a combined drive of the side-rod type, or an individual axle drive,
modern design tending to use the latter. The reason for using
these latter types is to reduce the dead weight on the driving
axles by the maximum possible amount.

SIDE-ROD DRIVES

The types of side-rod drive in common use are:

(a) The “ Jackshaft’> drive in which one or more motors drive
a common framec mounted shaft, on the ends of which are
two balanced cranks. The driving wheels are coupled
together in the same way as for normal steam locomotive
practice, and a connecting rod is employed to transmit
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the torque from the jackshaft cranks to the coupled wheels.
A drive of this typc is shown fitted to the locomotives in
Figs. 128 and 155.

(b) The “Scotch Yoke” is a variation of the jackshaft method, in
which the coupled wheels are driven through a triangular
framework, with its apex on the crank-pin of the centre
coupled axle, and the other two extremities driven by
cranks fastened either directly on the two motor shafts
or gear-driven from them.

FIG. 34.—ARMATURE AND FAN OF SELF-VENTILATED MOTOR

(BT.H.)

AXLE DRIVES

Among individual axle drives the following are the more

popular in locomotive designs:

(a) The ““Buchli Link” drive (Fig. 36) in which the motor is
mounted above and parallel to the axle, the drive being
taken by means of a spring pinion and a gearwheel to a
link system on the outside of the driving wheels.

(b) The “Quill and Cup® drive, illustrated in Fig. 37, in which
the motor drives a hollow quill shaft through reduction
gearing, the torquc being then transmitted by means of
spring cups to the spokes of the driving wheels.

(¢) The “Winterthur Universal” drive, utilising two motors per
driving axle, mounted in line, parallel to and vertically
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above it. The drive is taken through an intermediate
shaft to a gear whecl on a- short slceve running on the driv-
ing axle and flexibly coupled to it by a loose member
attached to sliding blocks on the sleeve and the axle. A
drive of this type-is illustrated in Fig. 38.

TRACTIVE EFFORT AND SPEED-TIME
CONSIDERATIONS

Tractive power is considered in terms of power output at the
wheel tread, whether on railway or road transport equipment,
and consists of two components, namely, the “tractive effort” in
pounds and the speed in miles-per-hour. These in turn determine
the capacity and characteristic of the motor required.

TRACTIVE EFFORT

In train or vehicle motion the tractive effort must be sufficient

to provide for:

(a) The required acceleration to meet schedule demands.

(b) Overcoming the normal train resistance, this comprising
air pressure and friction, axle bearing and rolling friction
of the wheels on the track or road.

(¢) Negotiation of the steepest gradients and curves on the
route.

SPEED AND TRAIN MOTION

Speed is considered from two points of view, that of schedule
speed, which is distance between stops considered with respect to
the total time taken including stopping time. Secondly average
speed, which is the distance between stops considered with respect
to the running time only.

JACKSHAFTS GEAR-DRIVEN
FROM MOTOR ARMATURES

—— T
@@
NG ~/

FIG. 35.—THE ‘‘SCOTCH YOKE’ DRIVE

.
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SPEED-TIME CURVES

The schedule time between any two stops, may be split up into
five intervals of time.

r16. 36a.—BUCHLI LINK DRIVE, GLNFRAl VIFW
SHOWING WHEFFLS AND AXLE
(Institution of I lectracal Engineers)

(a)

(6)

The initial accel-
erating time, from
rest up to a point
where all the motor
starting resistance
steps have been cut
out, the tractive
effort during this
period being ap-
proximately  con-
stant.

The speed curve
accelerating time,
during which nor-
mal voltage is ap-
plied to the motors,
the tractive effort
and rate of accel-
eration steadily de-

creasing with increasing speed. This period may also in-
clude an amount of running at constant spced and tractive
effort when the distance between stops is considerable.

(¢) The coasting period, which takes place after the maximum

desired speed has been
attained and thepower
cut off.

(d) The braking period,
being the time during
which any form of
braking is being used
and continuing until
the vehicle is at a
standstill.

(e) The stationary period.

For any service, informa-

tion regarding the proposed
speed-time curves, together
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with the type of rolling stock, r16. 36b.—BUGHLI LINK DRIVE, CLOSE UP OF
loading and route contours, DRIVING GLAR, WHLEL AND LINKS

(Inststution of I lectrical Lingineers)
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supplies the traction engineer with sufficient data to enable him to
work out the capacity, rating, and characteristics of a motor suit-
able for that service.

The physical size of a traction motor determines the maximum
torque obtainable, in that the torque is proportional to the dia-
meter and length of the armature. The size of motor which can
be accommodated in the case of axle mounted machines, is
limited by the track gauge and ground clearance, the latter
limitation being illustrated in Fig. 40.

FIG. 37.—QUILL AND CUP DRIVE
(English Electri)

On all types of cquipment however, the maximum tractive
effort is dcfinitely limited by the axle loading and the whecl
adhesion factor.

RATING OF TRACTION MOTORS

Having studied the various factors limiting traction motor
outline, coupled with the required output, the question of rating
arises, rating being defined as power output with respect to time.

As seen from the speed-time curves in Fig. 39, the “power on”’
period is only part of the total running time, heavy load occurring
mostly during initial acceleration, so that the motors are able to
cool during light load running and coasting with “power off”.
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Rogc dle Ae@ Aol Final
Axleboxes and Springs Drive Gear

FIG. 38a.—CROSS-SECTION THROUGH WINTERTHUF UNIVERSAL DRIVE, SHOWING DETAILS
OF DRIVE AND SPIDER ON MAIN AXLE. FOR ASSEMBLY OF FLEXIBLE DRIVE, SEE FIG. 38b
BELOW

r1G. 38b.—FLFXIBLE DRIVE ASSEMBLY WI1IH ONE HALF OTF GEAR WHEEL AND ENCLOSING
COVER REMOVLD (Swiss Locomotive and Machine Works, Winterthur, Switzerland
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(¢) Standing Period

TIME IN MINUTES
EXPRESS RAILWAY SERVICE
e

; (d) Braking Period;

i

FIG. 39.—TYPICAL SPEED-TIME GURVES
(a) Initial Accelerating Period; (5) Speed-Curve Accelerating Period;

(¢) Coasting Period

(c)
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ROAD WHEEL

‘ GEAR CASE
GEAR WHEEL

- ___L
__MINIMUM CLEARANCE

FIG. 40.—MINIMUM GROUND CLEARANCL

For this reason it is usual to rate traction machines on the short
time basis of one hour, the actual continuous rating being in the
order of 60 to 80 per cent of the one hour rating for ventilated,
and up to 45 per cent for totally enclosed machines. The defini-
tion of the one hour rating is, ‘“the load at which the motor can
operate continuously for onc hour, under test stand conditions,
at full nominal line voltage without excceding the maximum
temperature rise in any part of the machine”. The B.E.S.A.
temperature specification for traction equipment is given in
chapter nine.

Fig. 41 shows a speed-time curve for a suburban type servicc,
with the corresponding current curve. The traction motor con-
tinuous rating should not be less than the “root mean square”
current value for the service.

Fig. 42 shows the characteristic curves of a 235 horse-power
tapped field traction motor, rated for onc hour at 580 volts, 340
amperes, and with a continuous rating of 184 horse-power at
580 volts, 235 amperes. It is used on motor-coach stock and is

~
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T
W
&85
Q
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$ O CURVE

TIME - (secownos)
FIG. 4]1.—CORRESPONDING SPEED-TIME AND CURRENT-TIME CURVES
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of the self-ventilated type, the series field coils being arranged for
tappings giving full and weak field strengths. The normal
accelerating tractive effort 15 4,000 to 5,000 pounds at the wheel
tread. This machine 15 of the four-pole type with a lap wound
armature and four-arm brush gear.

FEATURES O THE MODERN TROLLLEY-BUS MOTOR

In recent years the modern trolley-bus has come more 1nto the
foreground as a successful means of strect electric traction, mostly
due to the development of the compound motor so as to have a
wide speed range, coupled with high accelerating and limited
braking torques. Previously it had been the practice to use a
system very similar to that for tramways, employing seres-
parallel control of a motor unit with two armatures on the same
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FIG. 43.—TWIN ARMATURE TROLLEY-BUS MOTOR

(English Electric)

shaft (Fig. 43). The motor was of the plain series type and con-
sequently only rheostatic braking could be incorporated in the
electrical equipment. .

The modern tendency is to use single motor equipments with
field regulation so used as to give a minimum speed of 10 to 12
miles-per-hour with full line voltage applied to the motor, and a
maximum speed of 35 miles-per-hour on weak field. Such per-
formance is most satisfactorily obtained by using shunt field
variation and diverting or tapping the series field. The motor is
run as a series machine for maximum speeds, and as a compound
motor for starting and low speed running. The practice of
utilising the reverse torque as a generator for retarding the
vehicle has been developed, and is used on all types of trolley-
buses. Regeneration to the supply is obtained at the higher
speeds, and rheostatic braking on the starting resistances down to
four miles-per-hour. Purely regenerative braking has limited
advantages, owing to the incapability of many power supply
stations to absorb the regenerated energy in the event of no other
load being in a receptive condition. This results in voltage surges
damaging to the equipment. For this reason circumstances have
forced the development of rheostatic braking systems. Fig. 44
shows typical characteristic curves of a 80 horse-power trolley-
bus motor designed for full regenerative braking. Fig. 45 shows
those of a similar motor arranged for rheostatic brake with
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(Limited Regeneration down to 20 m.p.h. only is possible—see portion of
curve 4 to left of centre line)
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regeneration down to 20 miles-per-hour. Fig. 46 shows typical

trolley-bus motors.



Chapter 3

THE CONTROL OF TRAMWAY AND
TROLLEY-BUS MOTORS

N order to control the starting and stopping of the motors

on a tramcar or trolley vehicle, it is necessary to have some

form of control over the application of the voltage from the

trolley-collector to the traction motors. In its simplest form
this would consist of a switch of some kind which when closed
would apply full line voltage to the motors. This, however, is
not practicable, as thc maximum current which can be handled
by any traction motor is limited by its commutating capacity and
by mechanical considerations. With a normal speed-torque
characteristic, the initial starting current of the motor if switched
direct on to the line would be sufficient to cause severe damage to
the brushgear, commutator and windings. Also, the torque
exerted would be so high and of such violence as to damage the
drive to the road axle by breaking gear teeth, etc.

Even if a motor could be so designed that mechanically it
could withstand all thesc stresscs, another limiting factor comes
into play. The maximum torque which can be exerted without
wheel-slip is limited by the weight on the road axle and the
friction betwcen the driving wheels and the road. For a given
weight on the axle, it is possible to cxert a considerably larger
tractive cffort on a trolley-bus with rubber-tyred wheels, than on
a tramcar with steel wheels and track, hence it is possible to use
a higher rate of acceleration with a trolley-bus than with a ‘tram-
car.

The ideal starting arrangement is thus to keep the torque
during the accelerating period below that corresponding to the
maximum tractive effort, but reasonably near to it. This can be
done by having scveral starting positions in sequence operated
by a controller handle. Torque being proportional to current,
the obvious way of obtaining this control is to insert a resistance
of several steps in scries with the motor, these steps being cut
out in a predctcrmined order, pausing on each step to allow the

55
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motor to accelerate. Rapid acceleration is thus obtained to a pqint
corresponding to full line voltage on the motor without exceeding
the current value corresponding to maximum tractive effort.

DUTY-CYCLE

On a tramway system the distance between stopping places is
relatively short, and it is necessary to accelerate from rest at very

SERIES
N

"FULL” SERIES _

1 — WL L
2 —'\/\/{/\/\—L@—fm\—l’l—@m—r—l'
s A LD L

"FULL" PARALLEL

FIG. 47.—SERIES-PARALLEL CONTROL FOR TWO MOTORS

PARALLEL

frequent intervals. Obviously, under such conditions, the
starting resistance is in circuit for a considerable part of the time
during which power is applied to the motors. As two motors are
always employed, it is possible by using ‘‘series-parallel control”’
to effect a considerable saving in the power which would other-
wise be wasted in the starting resistance, and in addition, to
obtain widely differing continuous running speeds, a condition
very desirable for traffic negotiation.

SERIES-PARALLEL CONTROL

This control is applied to a tramcar by connecting both
motors in series for the first portion of the starting cycle. On
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moving the controller handle to notch 1, the starting resistance is
connected in series with the two motors and line volts applied to
the combined circuit. This resistance is thén cut out step by step
until the motors are connected direct to the line, a position known
as ““full series”’, at which each motor will have one half of the line
voltage applied to it. Continuing, passing through the stage
known as ‘““transition”, the two motors are now connected in
parallel and the starting resistance reinserted in series with them,
a position known as ‘““first parallel”. ‘To accelerate further, the
resistance is again cut out step by step until finally each motor is
connected directly to the line, the ““full parallel” notch. Fig. 47
shows a diagrammatic representation of the circuits on certain
of these accelerating positions.

The two running speeds are obtained in the ‘“full series’’ and
““full parallel” positions where none of the starting-resistance is
in circuit.

Saving in energy consumption is obtained in the series positions
where only one resistance is necessary to feed both motors. Con-
sequently it will only be required to absorb a smaller proportion
of the line voltage than would be the case if both motors were
permanently connected in parallel. This type of control is almost
universal where two or more traction motors are used.

~

TRANSITION

The change-over from ““full series” to ‘““first parallel” notches
is known as transition, three different methods being available
for carrying out this re-grouping and connecting of the motors.

(a) “Open-~circuit transition” in which the series connection
between the two motors is first broken, the starting resist-
ance is then reinserted, and the motors reconnected in
parallel. (Fig. 48a.)

(b) ““Shunt transition”. In this method the starting resistance
is first reinserted. The interconnecting point between the
two motors is then earthed and finally No. 2 motor dis-
connected from this point and reconnected in parallel
with No. 1 motor. (Fig. 48b.)

(¢) *‘Bridge transition” may only be ecmployed in connection
with a starting resistance split up into two equal halves
which in the series positions are connected between the
motors. On the final series notch the two motors are con-
nected together by a link, while the other ends of the
starting resistances are open-circuited. Transition is
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cffected by connecting each starting resistance to the remote
line terminal of the opposite motor, and then opening the
series link between the motors. (Fig. 48c.)

Open-circuit transition is very rarely used. Shunt transition
is used on all tramway work, most industrial locomotives and
also on main-line locomotives when the opcrating voltage is
above 600 volts. Its chief disadvantage lies in the fact that the
tractive cffort of No. 2 motor disappears during the transition
period.

Bridge transition is used on suburban motor-coach stock as
the tractive effort of both motors is maintained throughout the
process, thereby climinating any possibility of a snatch which
may cause breaking of couplings, etc. On voltages above 600,
however, heavy arcing results on opening the series link due to the
higher inductances of the motors, and two pairs of contacts in
series arc necessary to reduce the burning.

CONTROLLERS

To obtain the various combinations of motors and resistances
in the correct order through series transition and parallel notches,
a controller of the drum type is usually employed. The handle
of this controller rotates a drum or cylinder which carries a num-
ber of copper segments grouped in sections where necessary,
these sections being insulated from the drum shaft and from each
other. The various segments make contact with fixed contacts
or fingers at different angular positions of the controller drum.
These fingers are mounted on an insulating bar and to them are
connected the supply, the motors, and the starting resistance.

Fig. 49 shows a typical non-reversing controller cylinder lay-
out, the notches being indicated as dotted lines, and the circuits
and connections being tabulated separately. Shunt transition is
employed. The black dots represent the fingers, and the horizontal
blocks the segments linked where shown.

As it is always necessary to be able to reverse a tramcar equip-
ment even though a controller may be provided at each end of
the vehicle, arrangements must be made so that the motors may
be run in cither direction from either end of the car. Standard
practice is to incorporate the necessary reversers in the way of an
additional cylinder in the controller frame, this cylinder being
smaller than the main speed regulating one, and making contact
with a scparate set of fingers. From the “off”” position, rotation
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of the reverse cylinder through an angle of about 60 degrees in
one direction brings the segments and fingers into the *““forward”
or “ahead” connection, and rotation in the opposite direction a
similar amount gives “reverse”” connections. Reversal is actually
obtained by changing over the armature connections without
disturbing those of the field. Fig. 50 shows the controller circuit
dealt with earlier modified to include a reversing cylinder.
Mechanical interlocking is always provided so that the main
controller handle can only be moved when the reversing cylinder
is in the forward or reversc position. Also, once the main control
cylinder has been moved from the “off” position, the reversing
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F1G. 50.-—SERIES-PARALLEL CONTROLLER WITH REVERSE CYLINDER

cylinder is locked. This latter is operated by a key which is de-
tachable in the ‘“off” position, so that by allocating only one
such reverser key to each car, only one controller can be made
operative at a time, so avoiding circumstances which might
have disastrous results on the equipment.

TAPPED FIELD CONTROL

Tapped field control is employed where it is desirable to have
more than the two running notches provided by ordinary series
parallel control. If one tapping is provided on each motor field,
then two speeds are obtainable in series and two in parallel,
giving four in all. Similarly six speeds may be obtained by using
two tappings on each field. An alternative method giving the
same result as the single tapping system, is obtained by shunting
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each field with a resistance so as to divert some of the current
away from the field coil. In actual practice the most popular
system employed when more than two running notches are
required is that of having a tapped field motor, but only using the
tappings in thc parallel running position, this giving one specd at
“full series”” and two or more at ““full parallel”. Fig. 51 shows the
controller circuits now including ficld tapping on this principle.

MAGNETIC BLOWOUT

In order to avoid excessive burning of the fingers and contacts
when the circuits are interrupted, provision must be made to
extinguish the arc which forms as the contacts open. This is
accomplished by fitting a magnetic blowout. To understand
this a return is made to the fundamental principle that a wire
carrying a current in a magnetic field is acted on by a force
tending to move it at right angles to the field and to its own axis.
Now, if the wire be replaced by an arc between two contacts,
the arc may be regarded as the wire carrying the current and
will be acted on by a force tending to move it away from the
contacts, the direction being according to the polarity of the
imposed magnetic field.

By using a coil which carries the contact current to form an
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electro-magnet, and transferring the flux from the latter to the
contact area by means of pole pieces, correct polarity of the
magnetic field for ejection of the arc is ensured. Fig. 52 represents
this diagrammatically, and it will be seen that following the
fundamental principle with the coil wound as shown and current
passing in the direction indicated, the arc will be ejected as
shown by the arrow and rapidly extinguished. The pole pieces
are protected from the arc by the use of an ““arc chute’, a box
made of arc-resisting material which encloses the arc in the con-
tact area. The blowout coils are usually placed in the leads to
the fixed contacts and often form part of the fixed contact unit
itself.

Another typc of blowout unit is obtained by passing the current
from the line round several coils, each coil being opposite a finger.
The former on which these coils are wound has pole pieces
between each coil and these form the magnetic fields required,
correct polarities being provided by winding the coils on the
former in the requisite direction The whole assembly is placed in
an insulating tube and fitted in an arc chute assembly which con-
tains all the arc chutes necessary. This type of unit is very con-
venient for usc in controllers, as the whole blowout unit is
removable in one picce, and when removed interrupts the con-
troller feed so preventing operation when the unit is not in its
place. The controller illustrated in Fig. 55a has a blowout of this
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FIG. 52.—DIAGRAMMATIC ARRANGEMENT OF MAGNETIC BLOWOUT FOR ARC
RUPTURING
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type fitted, its position in the circuit being in the lead from the
second finger on the power terminal bar to the starting resistance.

TRAMWAY CONTROLLERS

Tramway regulations require the provision of an electric
brake to assist in bringing the car to rest rapidly if necessary.
Certain controllers for use in hilly districts also have a run-back
preventer, which brakes the car automatically if it tends to move
in the opposite direction to that to which the reverse cylinder is
set. The methods adopted to obtain these special functions are
outlined in the following paragraphs.

ELECTRIC BRAKES

To obtain a braking effort from a pair of traction motors, it is
necessary to re-connect their fields and armatures in such a way
that they will function as self-excited series generators. A resist-
ance is then connected across the terminals of these machines and
obviously the energy dissipated in this resistance must come from
the kinetic energy of the tramcar. Hence a retarding effort will
be exerted on the vehicle proportional fo the energy dissipated
in the resistance so that control of the braking may be effected
by variation of this load resistance.

In order to obtain re-generation as series generators from any
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pair of traction motors, the following conditions must be observed :

(a) The armatures and fields must be reversed relative to each
other, and it is more usual in practice to reverse the fields.

(b) The two motors must be connected in parallel otherwise
excessively high voltages may result.

(¢) The maximum value of the load resistance must be lower
than the critical value which will prevent the machines
from building up as self-excited generators.

When the machines are operating as generators in parallel,
some form of stabilisation between them is necessary in order to
equalise the loading and consequently the brake effort on each
axle. Two methods of stabilising are used, the connections being
shown in Fig. 53. In Fig. 53a a stabilising connection is placed
between the two motor circuits to equalise the field currents,
while in Fig. 53b stability is obtained by exciting cach field from
the alternate machine. Each system has its advantages and
disadvantages. In the former case braking is only possible when
the car is moving in the direction to which the reverse cylinder is
set, and in the event of the car moving in the other direction, e.g.
running backward, the brake is not operative until the reverse
cylinder has been moved to the corresponding position. However,
in the event of the failure of one motor, cffective braking still
continues on the other onc. With the latter (cross-connected)
system an emergency brake is provided against running backward,
as, on a reversal of direction, the motors become a pair of short-
circuited series generators with powerful braking results, but in
the event of a defective machine, the braking power of this sys-
tem may be considerably reduced.

The modifications necessary to the main power cylinder to
enable braking to be used consist of fitting several extra segments
and fingers for reversing the motor fields, togcther with arrange-
ments for connecting the machines in parallel, stabilising them,
and loading them across a variable resistance. The circuit dia-
gram and cylinder development of a complete tramway controller
is shown in Fig. 54, the extra segments for obtaining braking being
at the lower end of the power cylinder. The fingers which con-
tact these segments arc not fitted with arc-suppressing arrange-
ments as the segments are so placed that on no occasion is any
current ruptured on them. Braking connections are of the type
shown in Fig. 53a, the variation in loading resistance being ob-
tained by means of extra segments on the power cylinder brought
into action by moving the controller handle from the “off”

L]
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position in the opposite direction to that for “power”’. The normal
starting resistance is, of course, used for braking, and, if the
electric brake is to be used for service stops, this resistance must
be suitably rated to carry the starting and braking currents.
When it is desired to have an automatic run-back brake with
this type of controller, extra segments are fitted which short-
circuit one traction motor in the “off” position. Obviously with
this connection there will be no effect when the motor is rotating
in the normal dircction, but should it attempt to move in the
reverse direction, it will immiediately build up as a short-circuited
series generator and so reduce the speed of the car to a crawl.

MOTOR CUT-0OUT

Several methods of arranging to disconnect one motor in the
event of its failure are in usc. In brief they are the following:

(a) A reversing drum so designed that it may be raised and
lowered relative to the fingers, i.e. along its own axis, in
order to disconnect the segments from the fingers corres-
ponding to the appropriate motor. To ensure that this
is not done when power is being supplied, it is customary
to use the reverser key as a detachable handle for raising
and lowering the cylinder.

(6) A small motor cut-out drum, in addition to the power and
reverse cylinders, operated by the reverse key, and with
segments and corresponding fingers to enable one or other
of the motors to be disconnected.

(¢) A reverse cylinder with extra positions and segments.
(d) Double throw switches mounted inside the controller.

(e) Special fingers fitted with cams or levers to enable them to
be raised from contact with the reverse drum, and there
locked in position.

With the first four methods it is usual to short-circuit the defec-
tive motor and, by means of a mechanical stop, prevent the main
power cylinder from going beyond the ‘““full series” position.
With the last method, however, power is only obtained in the
parallel positions.

It is customary to fit a notched wheel on the power cylinder
and a notched quadrant on the reverse cylinder, these engaging
with spring catches on the controller frame. The notches are so
placed as to give the correct positions to the cylinders at each
starting notch, thus enabling the operator to locate each one
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easily. Certain types of controller also have a “notching
regulator”, a device which, operating on the ratchet principle,
makes it necessary to make a definitc pause on each notch. This
has the advantagc of preventing the driver from cutting out two
steps of resistance at the same time with consequent overloading
of the motors.

8/Ci

FIG. 55a.—IRAMWAY CONTROLLER
(English Electric)

The controller diagrammatically shown in Fig. 54 has most of
the features discussed in this chapter including a motor cut-out
operated by raising and lowering the reverse cylinder, and many
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tramcars now operating in this country have these identical
circuits for control of their motors.

TYPICAL CONTROLLERS

Fig. 55 shows four modern tramway controllers.

——— - —
A
e e gl
< - ‘_,—,‘_:"‘
. \\ ny
ﬁh .““ . W_-Ta
A, i I —
(&’; CYRW | ' "
"&m [ ] ‘ _
R Ly,
AR -
M
\ Gﬁ. PRI -
i) .
} ol .y i, wmm )
, e SR
ae ! .
Y ax= ! ..
Hyy am e
a20m -
T ”e
! dam ' o ‘
oY ..
Liv . "' -~

FIG. 55b.—1RAMWAY (ONTROLLLR
(English Electric)
(a) This is a two motor controller with removable blowout
as described on page 63, and a motor cut-out switch
operated by raising and lowering the reverse cylinder.
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(Metro-Vickers)
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It has either four or five series, four parallel and seven
brake notches, braking connections being obtained on the
smaller segments at the lower end of the main controller
cylinder. It is capable of series-parallel control on two
motors of up to 50 horse-power each, operating on 600
volts.
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FIG. 55d.—TRAMWAY CONTROLLER
(B.IT.H.)

(b) This is a development from the previous type. The lay-
out is similar, but each set of contacts has its own blow-
out assembly, all the arc chutes being on a detachable
frame. All fingers and drum segments are replaced by
fixed and moving contacts respectively, the circuits being
operated by closing these contacts by means of cams
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mounted on the main controller shaft. Brake-power change-
over and motor cut-out arc as for type (a) and two
motors up to 80 horse-power each can be controlled satis-
factorily.

(¢) This is also a cam-operated controller, but has a horizontal
camshaft instcad of a vertical one (sce Fig. 55e). Motor
cut-out is obtained by extra positions on the reverse drum,
which consequently is larger in size, 15 mounted loosely on
the main spindle and operated by linkage. Power-brake
changeover is carsied out by a special drum mounted
below the camshaft and automatically set to its correct
position.

(d) This typc is similar to that described first, except that the
motor cut-out switch is an entirely separate drum with its
own contact fingers. It is operated by means of the reverser
key which fits on to a spindle projecting through the top-
cap of the controller.

Types (b) and (¢) are sometimes used for the control of tram-

cars equipped with four traction motors, usually of the 300 volt
type. Each two motors are connected permanently in series,
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their connections to the controller being the same as if each pair
were one motor only.

There are many types of tramway controller, but all types will
be easily understood by referring their various components to
those described earlier in this chapter.

CIRCUIT BREAKERS

In addition to the arrangements made for interrupting the
flow of current in the controller, it is necessary to have some
protection against overload caused by accelerating the car too
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FIG. 56a.—CIRCUIT BRFAKFR
(F nglish Llectne

rapidly, or by a fault developing on the cquipment. To do this
it is standard practice to fit two circuit breakers, one at each
driving position, these being connccted in series between the
trolley and thc line terminal of the controller. Typical circuit
breakers are illustrated in Fig. 56. The main power contacts are
located in an arc chute and arc rupture is assisted by means of a
blowout coil, which is also used to actuate the overload tripping
mechanism. A fixed handle is fitted which returns to the normal
“off”” position whether opcned by hand or tripped duc to over-
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load. A calibration plate is fitted giving a wide range of tripping
values to suit various working conditions, means of easy adjust-
ment being provided.

STARTING RESISTANCES

A wide variety of these are available, examples being illustrated
in Fig. 57. The resistance may be built up from either cast iron

FIG. 56b.—CIRCUIT BREAKER

(B1.H)

grids, pressed splayed grids, expanded metal grids or bent strip
grids, the three latter types being unbreakable. The grids are
mounted on rods or bars insulated with mica and spaced by
alternate mica and metal washers, these rods are then insulator
mounted on to pressed steel end-frames which are supported
from the car framework.
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FIG. 57a.—STRIP-WOUND RESISTANCE UNIT

(B.T.H.)
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TROLLEY-BUS MOTOR CONTROL

In the section on tramway controllers it has been assumed that
the controller is hand-operated. However, with a trolley-bus
the driver’s hands are occupied in steering the vehicle, and control
of movement is carried out by pedals as in a petrol or oil-engined
omnibus. Two pedals only are used, an accelerating pedal which
applies power to the motors, and a braking pedal which operates
both electric and pncumatic brakes.

DIRECT CONTROL

There are quite a number of trolley-buses still in operation in
the country in which direct control is employed. It is therefore
proposed to deal briefly with this type of control before procceding
with modern methods.

The direct controller consists of a modified tramway controller
of the cam-operated contact type, mounted horizontally and
arranged for opcration by pedal. When starting from the “ off™
position, the accelerating (or power) pedal is depressed to its
full extent, this giving the first notch. By 1eturning the pedal
halfway and again depressing it, the second notch is obtained.
This process is continued up to the full power position, but the
controller may be returned to the off position from any notch by

FIG. 57b.—RESISTANCE UNIf (PRLSSED SPLAYED GRID)
(The Rheostatrc Co.)
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INDIRECT CONTROL

All modery trolley-byqe, are remote controlled by means of
Contactors, elcctncaHy Operated from , master controlle, situated
in the driver’s cap, Peration of this Master contro]er closes the
Contactors jp, , Pre-determinegq S€quence and g accelerates the
vehicle, Before dealing with Systems of control, 5 description of
Certain of the Component partg will enabje the reader ¢, follow

€ schemes more casily,
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MASTER CONTROLLER

This consists of a metal frame carrying control and reverse
cylinders. The control cylinder has a number of segments, con-
nected together in groups, which make contact with light fingers
mounted on an insulating block, current being supplied to the
operating coils of the power and field contactors through these
segments and fingers. This system functions in such a manner as
to give an effect similar to that of a direct controller, the con-
tactors taking the place of the power segments and fingers. The
reverse cylinder is direct in action, carrying the motor current on
its segments and their corresponding fingers.

A typical master controller is illustrated in Fig. 59. Its control
cylinder rotates through approximately 150 degrees and carries
two sets of segments diamctrically opposite each other, corres-
ponding rows of fingers being mounted above and below the
cylinder itself. This cylinder is rotated by means of a rack

FIG. 59.—TROLLEY-BUS MASTER CONTROLLER

(English Electric)
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quadrant and pinion, the quadrant being mechanically linked to
the accelerating pedal, and the whole system spring-loaded to
return to the “off” position. Full depression of the accelerating
pedal in this case moves the cylinder through its full amount of
travel, no notching being necessary. Situated below the control
cylinder is the reversing drum, which is hand-operated by
means of the reverse handle mounted at the top of the controller

11¢. 60a.—E.M. TROLLEY-BUS CONTAGTOR
(Englsh Llectric)

frame, the usual mechanical interlocking between power and
reverse operation being provided. i

At the opposite end of the frame to the reverse handle and
quadrant is mounted the brake-switch, this consisting of a spindle
carrying a series of spring-loaded and separately insulated discs,
which make contact in a pre-determined sequence with a number
of contacts mounted on the brake-switch panel. This spindle is
connected to the brake-pedal and is spring-loaded in the up (or
“off””) position. In this position, power is supplied to the control
cylinder through the uppermost disc and contacts. Pressure on
the brake pedal lowers the spindle, first opening the supply to the
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control cylinder, and then making the brake contactor circuits on
the lower three discs.

At the back of the controller frame a panel is mounted, on
which are a pair of radio interference suppression coils, one
connected in the positive and one in the negative control

F1G. 60b  1.P. IROLILY-BUS CONTACIOR
(Metro-Vickers)
supply. This modern type of suppression unit, while effective
in keeping down interference to a minimum, is small and light
in weight. It can be clearly seen on the rear of the controller in

Fig. 68b.
CONTACTORS

Power contactors for trolley-bus work are of two types, electro-
magnetic and electro-pneumatic; cxamples of these are illustrated
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FIG. 6]1.—DIAGRAMMATIC VIEW OF ELECTRO-MAGNETIC (CLAPPER TYPE)
CONTACTOR

in Fig. 60. The diagrammatic view of the former will enable
the reader to follow its operation more easily.

The magnet yoke has fastened to it a cylindrical core on which
is placed an operating coil wound with several thousand turns of
fine gauge insulated wire, and so designed that, when cnergised
continuously on its normal operating voltage, the temperature
rise will not excced 70 to 80° C. Hinged at the lower end of the
magnet yoke is a clapper (or armature), which will bed up to the
bottom of the core. On cnergising the operating coil, lines of
magnetic force are set up which will pull the clapper up to the

6
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116. 62.—SHUNT FIELD CONTACTOR
- : (English Electric)
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core. Fastened to this clapper is the moving power contact,
which is so placed that it will just touch the fixed contact when
the air-gap between the clapper and the core is § in. to - in.
When the clapper closes up to the core the moving contact arm
is pressed back against a spring, and hence the necessary contact
pressure is obtained. A magnetic blowout coil is fitted in the
fixed contact assembly and the contacts themselves enclosed in a
arc-chute which carries the blowout pole pieces externally.
With an electro-pneumatic contactor the moving contact is
insulator mounted on a piston working in a cylinder, the piston
being spring-loaded to keep the contacts in the open position.
Compressed air for operating the contactor is admitted into the
cylinder on the lower side of the piston under the control of an
electro-magnetic valve, which when energised, allows air to pass
into the cylinder, thereby raising the piston and closing the main
power contacts. On de-energising the valve, the air is cut off
and the cylinder exhausted to atmosphere, allowing the piston to

FIG. 64 —OVERLOAD REIAY

( Metro-Vickers)
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F1G. 65.—SHUNT FIELD RESISTANCT UNIT

(Metro-Vickers)

return under its spring-loading and so opening the main contacts.
The fixed contact and blowout assembly is similar to that for an
electro-magnctic contactor.

Shunt field contactors are constructed on similar lines to an
electro-magnetic power contactor but are smaller in size. The
contactor shown in Fig. 62 is capable of rupturing highly in-
ductive field currents, and embodies a unique feature in the
inclusion of the whole blowout coil and fixed contact assembly in
the arc-chute.

TROLLEY-BATTERY SWITCH

To obtain emergency manccuvring of the vehicle round road
obstructions ctc., power may be obtained from the lighting
battery by the fitting of a trolley-battery changeover switch.
This consists of a two-position switch incorporating a foot
controlled electromagnetic contactor. The changeover switch,
which is of the drum type with fixed fingers, has two functions;
the first is to put the two halves of the battery in series in order to
get a reasonable voltage for battery manceuvring, at the same time
disconnecting the trolleys from the equipment. Secondly, to
arrange the two halves of the battery in parallel for charging and
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normal purposes. This changeover switch, illustrated in Fig. 63,
is operated by the reverse handle to provide interlocking with the
controller. The contactor, which is remote controlled from the
battery by means of a foot pedal switch, is used to apply battery
volts to the traction motor.

OVERLOAD RELAY

This relay consists of a coil of several turns inserted in the
main power circuit which, on the line current reaching a certain
value, attracts an armature carrying contact fingers. These
fingers on breaking contact cause the main power contactors to
open and, by means of a “hold” coil, prevent them from being
closed again until the master controller has been returned to the
“off”” position. A typical overload relay is shown in Fig. 64.

SHUNT FIELD RESISTANCE

A shunt field resistance is used in the shunt field circuit of the
main motor. It has tappings for obtaining various values of
field current, and includes a discharge resistance, connected
across the motor shunt field, to reduce the arcing at the shunt
field contactors.

RHEOSTATIC BRAKING

Rheostatic braking is obtained by loading the motor armature
across a portion of the starting resistance, the shunt ficld being
excited with a variable field current to control the braking torque.

REGENERATIVE BRAKING

Regenerative braking can only be employed when the motor is
running on a weak field notch, and is obtained by the application of
shunt field excitation thercby causing the back e.m.f. of the motor
to rise above the line voltage and so return energy to the line.

OVER-VOLTAGE RELAY

When regenerative braking is to be used, an over-voltage relay
is usually fitted. This is a relay which, on the line voltage
rising approximately 20 per cent, isolates the motor from the
overhead line and then closes the rheostatic brake contactors.

RUNBACK AND COASTING BRAKES

Two special features which are often incorporated in trolley-
bus control schemes when the bus is for use in a hilly district are
the runback and coasting brakes. The former consists of a nor-



&

Control of Tramway and Trolley-Bus Motors

(w257 ysyduz)

ATNO 3FOVL70A-43N0 NO
$ILVYIJO YOLOVINOD €S - FLON

o[e]e]® 2
2 IH¢
NOED 7l i
CINSARNRRRRNRE
" all_rEZldNtUkO?
X SHYO0LIOVINOD
ole® o[e[c[X[ |
D Dok
” ~
N o] |eo ele[|S
SNEOOROOROODONK
m n
NEDO DOD0ODENN
REDD ole] [ejo[7|~|T
o[ [ole olejele]s|n
m 00 ejeejz|T
[N [ JL) 0 e/
™ 450
Oluinip|o (D~
®In
SR N [R vosow
SYOLOVINOD

FRAHOS TOYINOO DINVNAQ-SHI¥AS—'/Q °*Oil

N340 Y000 G3ISOTI MS

YITI0YINOD YILSYW

~ S xLN 9007 o .
[ kI 20 § o
T
E 3
||||| L M
i |
e g i
G\~ 12ve '1g ““
1
o o) ]
el @
um Feore i i e
1
_
HOLMS 0/, m w 1 °FF N
tv.n\hdq& an@l s doos ua_ id gr 2d ¢ J_T
— tze#59286
|
Tedg mum _LS._.S..AH.J%lo}M
L% __° .
£3L3 %,5_5%
EEER 77 W3 o N |
™
XXX vy 27y g J7
xS 12 14984 W
5 U A £
S8 lemaniom —r o 8
~ M
en S YOLVIIANI AFT70¥1 &
NS 77 2/
e by SNy e
3 110242}y,
N yossHawo> . 5A09 LAAQ =
yy 705 OlGvd< L

\
> 7/00 O/avY Y3ILSIHYY
- ONINLHOI?

Jn+




88 Principles of Direct Curtent Electric Tractipn

~

by - : iy :
m“] ?.x S kd —=
-

sHMNaly D &

Lnglish Llectrie)

(Fnghsh F| lectrc)

mally closed contactor which sho; t-circuits the motor n the off
position as in tramway runback brakes. The latter is obtained
by an extra Position on the reverse drum which connects the
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as a generator. This is then loaded with a portion of the starting
resistance, and hence will limit the speed of the vehicle.

OPERATION SCHEMES

A schematic diagram of connections for a trolley-bus fitted
with regenerative control, trolley-battery changeover switch,
overload and overvoltage relays and a motor-generator lighting
set is shown in Fig. 66. The development of the master controller
cylinder with the dotted indication of the notch positions, to-
gether with the power chart of the contactors, will assist the
rcader to follow out the sequence for power. For regenerative
braking the power chart is reversed back from notch 12 to notch

FIG. 69.—E.P. CONTACTOR PANEL WITH RUN-BACK CONTACTOR

(Metro-Vickers)
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9, this giving full regen-
erative brake. For rheo-
static braking a separate
smaller power chart is
included, the two brake
notches being obtained
by slowly lowering the
brake switch spindle.

Another type of con-
nection scheme is shown
in Fig. 67. In this, the
motor has a tapped
series field and a much
weaker shunt field. No
overload relay is pro-
vided, the main circuit

= 4 breakers being relied

T upon for protection.

Overvoltage protection

FIG. 70.—TRAMWAY MASIFR CONTROLL(EBRI ) is obtained by means of
o a shunt field contactor,

which opens circuit when its coil is energised at more than 20 per

cent above line voltage, and by doing so, inserts a resistance in

the motor shunt field circuit with a consequent reduction in the re-

generated voltage. Development and power charts are given and it

will be noted that only nine power notches are used against twelve

notches in the previous scheme. Low tension lighting in this case is
provided by means of a generator driven from the main motor.

Contactor groups may be made up in two ways. All the
contactors and relays may be mounted on a panel which fits into
the driver’s cab alongside the master controller (Fig. 68).

Alternatively they may be placed in two chassis-mounting
cases, one containing the power contactors and the other the shunt
field contactors and relays together with the shunt field resistance.
Examples of the mounting of these types of equipment are given
in the chapter on Rolling Stock.

Contactor control, indirectly operated has been applied in
recent years to tramways. The master controller is hand-
operated, the actual control scheme being similar to that for an
indirectly controlled non-multiple unit motor coach without
automatic acceleration, for details of which the reader is referred
to the following chapter.




Chapter 4

THE CONTROL OF RAILWAY MOTORS

HE control of railway motors may be treated in two
separate sections, viz., Motor coach applications where
the equipment is for urban and suburban work; and
Locomotives, these being independent power units which
may be used to haul any type of train within their capacity.

MOTOR COACHES

Motor coaches may be controlled by two methods: direct
control as in a tramcar, and indirect control in which are in-
cluded all systems where the actual control of the motors is remote
from the driving position.

DIRECT CONTROL

This system is now almost obsolete. It was used in the early
days of the electric train and consisted of a series-parallel con-
troller of the drum type, as outlined in the previous chapter,
built on a larger scale. This method had the disadvantage that
only the motors actually fitted to the motor-coach in which the-
controller was situated could be controlled, and as a result,
several schemes were introduced for operating an additional motor
coach at the rcar of the train. This was accomplished by dupli-
cation of all starting resistances at each end of the train, fitting
extra segments and fingers on the controller to control the distant
motors, and employing a remote-controlled reverser. As many
difficulties were encountered with this type of control, it was soon
superceded by the various methods of indirect control with
multiple-unit operation.

INDIRECT CONTROL WITH MULTIPLE-UNIT OPERATION

There are three different systems of indirect control, viz.
elcctro-magnctlc, electro-pneumatic, and camshaft controller.
Many of the components employed are exactly the same for all
systems, e.g. the master controller, overload relays, no-current

91
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relays, cut-out and isolating switches and fuscgear. Others such
as the reverser and contactors, while having a similar function,
differ in their construction and mcthod of operation. It is
therefore proposed to deal with each system in rotation, and give
details where necessary of the various components.

ELECTRO-MAGNETIC CONTROL

For this type of control the equipment required for one motor-
coach is as follows; master controller, main starting resistance
boxes, contactors including line-breakers, reverser, overload and
no-current relays, isolating switch, cut-out switches and fuses. In
addition, a field tapping switch, additional circuit-breakers, and
a current limit relay may be fitted. A power train-line runs
throughout thelength of
the train in order that
power may be supplied
to the motor coach in
the event of its own col-
lector shoes being in an
isolated or ‘ dead”
section. The use of a
multiple-way  control
train-line enables one
master controller to
operate all motor-coach
units throughout the
train.

THE MASTER CON-
TROLLER

The master controller
has two cylinders; a
reverse cylinder, master
key operated, which
controls all the reversers
on the train, and a con-
trol cylinder operated
by a handle in a similar
manner to the tramway
controller power cylin-

7 der. The segments and
TI1G. a.— -RAILWAY MASTFR CONIROLLLR
(Meoovickersy  fingers are small as they
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only have to transmit and rupture the control circuit currents
which are about one to two amperes. Blowout arrangements
are sometimes fitted when the control voltage is of the order
of 500 volts, this however is now the exception, as low-voltage
control at 50 to 150 volts is becoming increasingly popular.

To ensure that the driver is actually in control of the train, a
““dead man’s handle” is incorporated in the main control handle,
and it is necessary for a pressure to be maintained on it which may
be anything from one to seven pounds. Should this pressure be
rcleased, one of the following sequences is arranged to occur.

(a) A spring-loaded section of the main control cylinder is
released and breaks contact with its fingers, so opening the
control circuit supply.

(b) An air pressure switch is employed, through which the
control circuits
are supplied.

Release of the

dead man’s

handle allows 4
air to cscape
and in conse-
quence the
pressure switch
opens, this
system  being
easily arranged
to give a brief
time delay if
necessary.

In addition, the
dead man’s handle 1s
also coupled to the
train braking system,
so that besides cut-
ting off the power
supply, the brakes of
the train are applied
to bring it to rest.

Typical examples
of master controllers

arc shown in Fig.
FIG. 71b.—RAILWAY MASTER CONTROLLER
7 1 . (English Electric)

) LA
i .
1
ﬁ;

il

]

(ﬁ i
i
H

[
1



94 Principles of Direct Current Electric Traction

First comes a con-
troller for low-voltage
control with a hinged
dead man’s handle, and
incorporating only four
running notches. The
reverser cylinder is
mounted loosely on the
main shaft and operated
by linkage. Two fingers
and segments are
mounted in the centre
of the shaft, these are
the dead man’s handle
contacts and are of the
spring-loaded type.

Secondly comes a low

FIG. 72a.— -ELECTRO-MAGNFTIC CONTACTOR VOItagC controller with

(Fnghsh Elin) 3 plunger-type handle

which is interlinked with a pedal so that pressure on either

indicates that the driver is in control of the train. Note the
hinged spark barrier which encloses the contact fingers.

CONTACTORS

An electro-magnetic contactor for railway work is similar in
general outline to the one used in trolley-bus work but larger and
more robust. Two such contactors are shown in Fig. 72, the
latter having its moving contact carried on a plunger instead of a
clapper. When it is desired to close the power contacts, thc
iron-cored operating coil is energised from the master controller
and pulls up the moving armature. The fixed contact assembly
has a blowout coil built into it, and the contacts themsclves are
enclosed in the usual arc-chute. In order to keep the burning of
the contacts by the arc from causing high contact resistance
between them with consequent overheating, they are arranged to
make and break the current at the tips of the contacts, and then
as the clapper or plunger moves fully up to the core the moving
contact “wipes”” or rolls its point of contact over to the rear or
“heel’—see Fig. 73.

For control purposes it is frequently necessary to fit interlocks
or auxiliary contacts on the contactors, reverser, cut-out switches,
etc. These consist of small contacts or fingers which may be
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FIG. 72b.— LLECIRO-MAGNLTIIC CONIACFOR

(Metro-1tckers)

open or closed when the main power contacts arc closed, and are
adjusted and timed to operate at some instant in the travel of the
contactor clapper.

MAIN STARTING RESISTANCE

Two types of starting resistances arc used in motor-coach
cquipments, viz.: cast-iron grid and unbreakable pressed-splayed
grid. Due, however, to the heavier currents used, much higher
ratings are required, and in order to keep the resistance units
to a reasonable size for mounting and handling, it is usual to
divide the resistance into several separate boxes, two such boxes
being shown in Fig. 74.

REVERSER

As a reverser is never operated when current is passing through
the traction motors, it is unnecessary to fit its contacts with arc-
rupturing arrangements. The reverser consists of a reverse
cylinder and fingers similar to those in a direct controller, and
is moved from forward to reverse positions and vice versa by two
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plunger-type electro-magnets energised from the reverse cylinder
of the master controller. Interlocks are fitted to the reverser
cylinder to ensure that it is in its correct position before any of
the power contactors can be operated.

OVERLOAD RELAYS

The essential requircment of an overload relay is that at some
pre-dctermined current it should operate, and by means of its
auxiliary contacts causc the main line breakers to open, after-
wards locking in the tripped position until reset by a small relay
remote-controlled from the driving cab. It consists of an L-
shaped magnet yoke carrying an iron corc around which are

“TOE"oR"TIP"

"HEEL"
TOUCHING FULLY CLOSED

FlG. 73.- WIPING ACTION OF CONIACIS

wound several turns of hcavy section copper, capable of carrying
normal full load current without overheating. Pivoted at one
end of the yoke is an armature, so arranged that it 15 attracted
to the core when the field strength between them rcaches a pre-
determined value. To this armature is attached a spring which
pulls in the opposite dircction to the magnetic ficld and it is by
adjustment of this spring that the tripping value of the relay may
be altered. When the armature moves up to the core the
auxiliary contacts which it carries interrupt the control supply to
the line breakers which consequently cut off the overload current.
Typical overload relays are shown in Fig. 75.

ISOLATING SWITCH

This switch is used to isolate the whole equipment from the
line and consists of a knife switch or some other device for opening
the circuit.
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FIG. 74.—‘CASI‘-IRON GRID TYPE RESISTANCE BOXES

(Enghsh Electric)

CUTOUT SWITCHES

Cutout switches are used to isolate defective motors so that the
train may continue to operate. Frequently an assembly similar
to a reverser is used but with two drums, one for each motor;
hand-operation is employed and interlocks are fitted to make the
various adjustments necessary to the control circuit due to the
cutting out of one or more motors. The reverser key is used for
operating both isolating and cutout switches to ensure that the
system is carrying no current when the operation is carried
out.

NO-CURRENT RELAY

This relay is similarly constructed to an overload relay, but has
more turns on its coil in order that it may operate at very small
current values. It is fitted with auxiliary contacts which are
clased when the relay picks up, and is used to open the control
circuits, and hence the power circuits, in the event of current
ceasing to flow due to failure of line volts or to an open-circuit
developing in the equipment.

ELECTRO-PNEUMATIC CONTROL

The items of apparatus required for a motor-coach with this type
of control are exactly the same as for electro-magnetic control,
7
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with the exception
that the contactors
and reverser are
operated by com-
pressed air, admit-
ted and exhausted
by means of electro-
magnetic valves. A
diagram of such a
valve is shown in
Fig. 78.

It will be seen
that on energising
the operating coil,
the moving arma-
ture’ is  attracted
to the core so de-
pressing the valve
spindle, closing the
exhaust port and

FIG. 754.—OVFRLOAD RELAY

(Enghsh Elcctric)

admitting compressed air to the cylinder of the contactor or
reverser. This state of affairs then continues as long as the coil
remains energised. When the current is switched off, the spring
in the valve base pushes the spindle and armature up, so sealing
off the air supply and releasing thc air from the cylinder to
atmosphere. The cylinder remains connected to atmosphere while
the valve is in this position, so avoiding the possibility of pressure

FIG. 75b.—OVERLOAD RELAY

(English Electric)

building up in the

cylinder due to leak-
age through the
supply valve.

In the casc of an
electro - pneumatic
contactor the mov-
ing contact is car-
ried on a piston
working in a cylin-
der; this is spring
loaded with the
piston in the down
position and raised

by applying air
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HG. 76.-~MOTOR CUL-OUT SWITCH
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(Luglsh Electric)

pressurc under the piston. A split contactor is shown in Fig. 79a

and a light-weight con-
tactor in Fig. 79b.

The reverser consists
of a double-acting
piston connected to a
crank mounted on the
reverser cylinder shaft,
two valves being fitted,
one for each side of the
piston to give forward
and reverse positions.
To obtain either posi-
tion the appropriate
valve is energised, this
applies air pressurc on
the required side of the
piston and the reverser
moves over. Fig. 80
shows typical reversers
of this type. Reversers
are also used in which

FIG. 77.—NO-CURRENT RELAY

(English Electric)
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cam-operated contacts are employed instead of the segments and
fingers, in which case the camshaft is moved by means of the air-
piston.

FIELD TAPPING

Two methods are used for changing from one tapping to another
while power is on the motors. A cam-operated change-over

FIG. 79a.—SPLIT E.P. CONTACTOR

(Metro-Vickers)

switch may be employed, this being similar to the cam-operated
reverser described in the previous paragraph, with the addition of
blowout arrangements and arc-chutes for all contacts. The cams
are timed so that the sets of contacts overlap each other thereby
ensuring that the motor circuits are not broken during tap-
changing. The alternative method is by using separate contactors,
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in which case auxiliary contacts are used as interlocks to ensure
the necessary overlap.

NON-AUTOMATIC CONTROL

A simplified typical non-automatic control and power scheme
is shown in Fig. 82. Bridge transition is employed, and arrange-
ments are included for cutting out a defective motor. The
contactors are operated by energising their operating coils from

FIG. 79b.—LIGHTWLIGHT E.P. CONTACTOR
(Englsh Flectric)

the master controller through its scgments and fingers. To
prevent faulty operation, a number of interlocks are provided to
ensure that:

(a) When a motor is cut-out, the sequence cannot proceed
beyond normal full series in which position the motor
in use has full line volts applicd to it.

() Contactors LS1 and G cannot close until ¥R is opened.

(¢) Contactor JR cannot closc unless G is open.

(d) The overload relay trips out the line-breakers LBl and
LS1.

(¢) Note also that no contactors can be operated until the
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reverser has thrown to either of its positions, the auxiliary
contacts not making circuit until the reverser main contacts
are fully closed.

(f) The overload relay can only be reset in the “off” posi-
tion.

With the assistance of the power chart, the reader should have
no difficulty in following the sequence which is as follows. The
control switch is first moved to the ‘“reset’ position in order to
restore to normal any overload relays which may be in the
tripped position. It is then set to ‘“‘control”, the reverser key
fitted in its appropriate position on the controller and moved to
the direction required, this throwing the reverser to its correct
position. Proceeding notch by notch through the sequence
starting from the ““off ” position, notch 1 brings in LB1 and JR con-
tactors only. Notches
2 to 7 close the six
resistance contactors
one by one. Notch 8
puts the motors in direct
series by closing con-
tactor 7, at the same
time opening fR and
the six resistance con-
tactors and so preparing
the circuit for transition
by the bridge method.
On moving to the next
notch (i.e. 1st parallel)
contactors LSl and G
close, then ¥ opens, the
arcing on its contacts
being reduced by suit-
able presetting of the
starting resistance to
such a valuc that the
current passing through
contactor J is very
small. Continuing, the
resistance is again cut
out step by step until
the full parallel position

is reached. FIG. 80a.—ELECTRO-PNEUMATIC REVERSER
(Metro-Vickers)
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MULTIPLE-UNIT OPERATION

When used for multiple-unit operation, all the leads passing
from the master controller into the train-line are connected to the
various equipments in the train, so that they run through the
sequence concurrently. One point about the connecting of
reverser control wires is very important. Controllers which have

g

FI1G. 80b.—1IGHTWEIGHT E.P. CYLINDER TYPL REVERSER
(English Electric)

forward and reverse positions in the opposite sense, due to being
at the rear of the train, must have the connections to the forward
and reverse fingers crossed, or alternatively they must be crossed
in the train-line itself. This is because forward to the leading
controller on the train is reverse to the trailing end controller.

AUTOMATIC CONTROL

With this type of control the actual notching up is controlled
by an accelerating or ““current limit relay”, the master controller
drum having only first series, full series and full parallel notches
together with field-tap notches if fitted. The controller handle is
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moved to whichever of these positions is required, and the re-
sistance is then cut out step by step automatically, transition
follows and the process repeats itself.

CURRENT LIMIT RELAY

The current limit relay consists of a magnet yoke and core, the
main power current being carried round a copper coil of several
turns mounted on the core. The pivoted armature or plunger is
spring-loaded in the out position; when the current reaches a
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riG. 8lc - RLVERSER CASE FOR UNDFRFRAME MOUNTING
(Lnghsh Eledtric)

pre-determined value, this armature moves a certain distance
towards the core, its travel being limited by a stop, and on the
current falling to another set value, the armature drops back
again. Adjustment of these “pick up’’ and ‘““drop-off” values is
obtained by varying the spring-tension and the gap between
armature and core, and by this means it is possible to get the pick
up and drop off values within 10 per cent of each other. Mounted
on the armature or plunger are a pair of auxiliary contacts which
break contact when the rising current draws the armature towards
the core. Typical current limit relays of the pivoted armature
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FIG. 83a.—PIVOTED ARMA-

TURF TYPE CURRENT LIMIT
RELAY

(Lnghsh Llectric)

116. 83b.—~PLUNGER TYPE
CURRIN{ IIMIT RELAY
(English Liectric)
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and plunger types are shown in Fig. 83, and it will be noted that
the former has a shunt coil electro-magnetic unit fitted under-
neath, energising of which increases the spring tension on the
main armature, thereby raising the pick up and drop off values.

AUTOMATIC ACCELERATION

In order to enable the reader to follow the principle of auto-
matic acceleration, a simple scheme for the acceleration of a single
motor with four resistance contactors and a current limit relay is

CLR

=

"

FIG, 84.—SIMPLE AUTOMATIC ACCELERATION SCHEME FOR ONE MOTOR

shown in Fig. 84. On referring to the diagram, it will be noted
that each contactor operating coil is energised first through a
“pick up” or “actuating” wire, and then by means of its inter-
locks transfers this feed to a retaining wire. To start the motor,
switch § is closed, this picks up contactor 4. On this contactor
is an interlock which closes after the main power contacts have
closed, this interlock connects the pick up wire, of contactor B
to the supply through the current limit relay auxiliary contacts.
However the peak current caused by contactor 4 closing will have
picked up the current limit relay, and hence the actuating circuit
of contactor B is interrupted at the relay auxiliary contacts.
When the current has fallen to the set value, the current limit
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relay will drop out, the actuating circuit of contactor B will be
made, B will close transferring its operating coil fced to the re-
taining wire, and by short-circuiting some of the resistance will
further accelerate the motor. The same sequence is again
repeated using the interlocks on contactors B and C to close C
when the main current has again fallen to the set value of the
current limit relay, and similarly with contactor D. This illus-
trates the simple principle of automatic acceleration, and its
application to the control circuit of the two-motor equipment of
Fig. 82 is shown in Fig. 85.

It will be noted that the controller is considerably simplified by
the reduction of the number of riotches frbm 15 to 3. The inter-
locks are shown by the system in which the wording (e.g. R1 in)
refers to the position of the contactor when the auxiliary contacts
are closed. Sevcral additional interlocks are fitted in order to
obtain transition together with series-parallel sequence.

The reverser operates as previously on movement of the re-
verse key, and has auxiliary contacts in the supply circuit to the
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master controller control cylinder to ensure that the reverser is in
its correct position before current can be supplied to the traction
motors. On moving the controller to the “first series’’ notch,
contactors LB1, FR close, and connect the motors and starting
resistances all in series. Movement to the second or “series” notch
energises the current limit relay circuit through wire 2 and
“JFR in” interlock, and the sequence proceeds up to full series
under control of the relay. The last step in this sequence closes
contactor J and drops out all the resistance contactors together
with 7R, so preparing the circuit for transition. Due to the open-

11 86 POSIIION RFIAY
(English Flectric)

ing of JR, the fced fiom wire 2 to the current limit relay is in-
terrupted, and the system will stay in this position until the master
controller is moved to the third or ““parallel” notch, which again
energises the current limit relay from wire 3 through “7 in”,
“JFR out” and “MCO” interlocks, so closing contactors LS1 and
G. The closing of LS1 drops out f by means of the ““ LS1 out”
interlock and so completes transition. The sequence then pro-
ceeds to full parallel, the actuating circuits being again fed from
wirc 2 through the “LS1 in”’ interlock.

CAMSHAFT CONTROL EQUIPMENT

Hand operated camshaft controllers of the type described in
Chapter 3, are sometimes uscd on light motor-coach work where
multiple-unit working is not required. As however, modern
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tendency is towards standardisation of multiple-unit equipment,
two types of camshaft controller have been developed suitable for
both automatic and non-automatic control. The equipment re-
quired with these systems is identical with that for electro-magnetic

FIG. 87a.—FRONT VIEW: MOTOR OPERATED CAMSHAFT i
(English Electric)

FIG. 87b.—REAR VIEW! MOTOR OPERATED CAMSHAFT

(English Elecinc)

and electro-pneumatic contactor control, with the exception that all
the contactors, extept in some cases the line-breakers, are cam-
operated and form a part of the main camshaft controller assembly.

ALL-ELECTRIC CAMSHAFT CONTROL

With this system the contactors with the exception of the linc-
breakers are cam-operated, the camshaft itself being worm
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driven by a small shunt motor of about one-half horse-power. By
a series of interlocks on the line-breakers which form the re-
versing contacts for this motor, the cam-shaft can only be advanced
when the line-breaker is closed and returned after the line-
breaker has opened. By this means all the arc rupturing is con-
fined to the line-breakers, with the exception of that on certain
contactors during transition, and consequently the fitting of
magnetic blowouts and arc chutes is avoided on most of the con-
tactors. The actual movement of the camshaft motor armature is
controlled by the camshaft motor relay, which when energised
supplies power to the motor, and when de-energised short-
circuits the motor armature to stop it quickly. The operation of
this cam-motor relay is controlled by the position regulator on the
camshaft and by the position relays, these being simple relays
whose operating coils are energised as required from the control
cylinder of the master controller. Figures 86, 87 show a position
relay and a complete camshaft controller respectively.

Typical camshaft operated motor-coach power and control
circuits are shown in Fig. 88. The arrangement is for a 1500 volt
system employing four motors, each pair of which are connected
in permanent series. Shunt transition is cmployed, and the
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equipment is arranged for multiple-unit working, notching up
being controlled either by hand or automatically. The auxiliary
contacts on the current limit relay are arranged to break the
cam-motor relay circuit and so arrest the progress of the camshatft.
In order to prevent this happening between notches, the current
limit relay has a shunt coil which is energised when the camshaft
is between notches to prevent the relay from picking up until the
notch is reached.

Referring to the diagram; on closing the control switch and
moving the reverse cylinder to a running position, the supply
relay is closed by the energising of wire SR. When the controller
handle is moved to notch one, either wire F or wire R is energised
according to the position of the reverse cylinder. This throws
the reverser to its correct position, and then by means of the
reverser auxiliary contacts, which check the position of the re-
verser, LR contactor will close providing that the overload relay
is set and the camshaft is in the “off” position. When LR has
closed, a supply is connected from the supply relay to the line
breaker operating coils by means of “LR in” interlock, and

riG. 89.—LIGHT\\'E]GHT E.P. CAMSHAFI CONTROLLER T
(B.T.H.
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FIG. 90.—MULTI-NOTCH E.P. CAMSHAFT POWER CIRCUIT AND CHART

LB1, LB2 close. As cam-contactors 8 and 10 are closed at the
“off” position of the camshaft, the power circuit is completed
with all the four motors and their starting resistances connected
in series. Current is now flowing in this circuit so that the no-
current relay NCR will be closed, and as LB1, LB2 are closed,
LR contactor is retained through the LB1, LB2 and NCR *“in”
interlocks.

The master controller is then moved to notch 2, and conse-
quently closes PRl one of the position relays, which in turn
closes the cam-motor relay through the segments in the position
regulator. This applies voltage through the ‘“buffer” resistance
and LB2 auxiliary contacts to the camshaft motor armature and
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the camshaft moves forward. The circuit through PR1 is broken
on leaving notch 1, but the cam-motor relay is retained by the
notched segment which connects terminal CM direct to earth
until notch 2 is reached, at which position the relay drops out
and the camshaft stops. Proceeding in the same manner, notches
3, 4 and 5 are obtained by the closing of PR2, PR3, PR4 res-
pectively, notch 6 by closing PR1, PR4 together, notch 7 by
PR2, PR4 together, and notch 8 by PR3 and PR4 together.

When the controller is returned to the “off” position, the feed
through wires F or R to contactor LR is broken, consequently LR
opens and is followed by LB1 and LB2, due to the breaking of
their control supply at the “ LR in” interlock. It will be noted
that this sequence first inserts a resistance in thé power circuit and
then ruptures the line current, the same sequence being pro-
duced by the tripping of the overload relay. On LB2 opening, its
interlocks reverse the camsha{t motor armature and, on LBl
opening, the cam-motor relay is closed through the “LBIl out”
interlock and the notched segment, hence the camshaft is returned
to the ““off”’ position. :

So much for non-automatic operation of the camshaft. Now if
the controller is moved to the first notch and immediately up to
some higher notch in the sequence, the camshaft is arrested at
each notch by the interruption of the cam-motor relay circuit by
the current limit relay auxiliary contacts, and is only allowed to
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proceed after the main circuit current has fallen to the set value
of the current limit relay.

ELECTRO-PNEUMATIC CAMSHAFT EQUIPMENT

Modern equipment of this type is tending towards a multi-
notch sequence with nine or more steps in each of the series and
parallel positions. The camshaft controller illustrated in Fig. 89
is of rather a novel type, in that the camshaft makes almost a
complete revolution from the “off”” up to the full series position.
At this point the motor connections are changed from series to
parallel using bridge transition by means of a separate pneumatic
switch. The camshaft is then reversed, returns to its initial
position and in so doing brings the motors up to the full parallel
running position. On reaching this point it is only necessary to
open the line breakers, throw the pneumatic switch back to the
series connection, and the equ:pment is ready for starting again.
The power circuits and .contactor chart are shown in Fig. 90.

The controller itself consist of a number of cam-operated
contactors, the camshaft being rotated by a rack and pinion air
engine shown diagrammatically in Fig. 91. From this it will be
seen that the energising of the magnet valve U admits air to the
oil reservoir R and exhausts the air cylinder C, and consequently
the piston K moves to the left at a speed determined by the
adjustable orifice N through which the oil must flow. This
movement operates the contactors in the sequence required for
acceleration in series, the limit of travel representing the full series
position. At this point the motor connections are changed from
series to parallel on the separate pneumatic switch, and at the
same time the magnet valve U is de-energised, hence air is ad-
mitted to cylinder ¢ and exhausted from reservoir R, thereby
causing the piston to return to its initial position and in so doing
operate the contactors in the sequence for parallel acceleration.
Notches are definitely located by means of a star wheel mounted
on the cam shaft, which engages a pawl operated by a solenoid,
so that when energised, the pawl is depressed and locks the cam-
shaft on any notch. Automatic acceleration is carried out by a
relay operating on the current limit principle, whose contacts
control the energising circuit of the solenoid, so locking the
camshaft at each notch until the main current has fallen to a set
value, regardless of the fact that air pressure is applied contin-
uously to one cylinder of the air engine.

The line-breakers are electro-pneumatic contactors separate
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from the camshaft itself, controlled in the usual way. Field
shunting for further speed is carried out when required on a
separate pneumatic switch, which operates only’ when the motors
are connected in the full parallel running position.

CONTROL GEAR FOR ELECTRIC LOCOMOTIVES

As the load which any particular electric locomotive is re-
quired to haul varies considerably in both weight and character,
it is not normal practice to make any attempt to equip locomo-
tives with automatic acceleration control. The frequency at
which restarts occur is much smaller, and the rates of acceleration
much lower than those encountered with motor-coach stock. In
order to provide for smooth acceleration, more resistance steps
are necessary and where the number of motors is four or more and
conditions permit, three combinations of motor connection are
used, viz: All in series, two pairs in series-parallel and all in
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parallel. By this latter method it is possible to obtain some
twenty-five to thirty notches with three economical running
speeds at wide intervals of the speed range.

TYPES OF CONTROL

The types of control used are the same as for motor-coach
stock, i.e. electromagnetic contactor; electro-pneumatic contac-
tor; all-clectric camshaft; electro-pneumatic camshaft. Loco-
motives are often equipped with control train-line couplings to
enable two or more to be operated simultaneously in multiple-
unit by one driver.

Two typical schemes are shown in Figs. 92 and 93. The
former is a double-series-parallel control scheme (simplified) for
a four-motor equipment locomotive supplied at 600 to 1,500 volts,
with each traction motor designed to operate on the full line
voltage. It will be noted that the motors and their starting re-
sistances are so arranged that shunt transition is employed from
series to series-parallel connection, and bridge transition from
series-parallel into parallel. Note also the two contactors K, L,
which make equalising connections between corresponding
sections of the circuit at certain stages in the sequence, in order to
balance the currents flowing in each traction motor and so ensure
a fairly even distribution of the load between the four motors.
The control scheme is not shown, but is merely an elaboration of
that for non-automatic control of two motors (Fig. 82), but with
additional interlocking circuits to protect the system from damage
if one contactor develops a fault. The power chart provided
shows the sequence of closing of the contactors.

Fig. 93a shows the power scheme of a 3,000-volt 1,200-h.p.
locomotive equipped with four motors operated in two pairs
coupled in permanent series, each motor being designed to run
on half the full line voltage. For control purposes the four
motors are thus equivalent to two, and are controlled on the
series-parallel system.

A fairly wide range of running speeds is provided by having a
field tapping on each motor to give two speeds-in each of the
series and parallel positions. Referring to the diagram; in the
series accelerating positions contactors LS1, LS2, S1, §2, C1 are
closed, thirteen steps being provided. Transition is effected using
the shunt method by closing contactor P2, then opening §2 and
closing LS4, LS5, C2. To avoid having thirteen series and
thirteen parallel steps on the controller, transition is accomplished
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with the aid of a scparate drum-type pneumatic change-over
switch, so interlocked with the controller that the latter must be
returned to notch 1 before transition can be carried out. The
reverse handle operates this change-over switch and has extra
positions corresponding to the series and parallel combinations, a
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FIG. 942a—LOCOMOTIVE CONTROLLER
(Metro-Vickers)

method frequently adopted on locomotive controllers. Reversal
is carried out by a normal electro-pneumatic cylinder-type reverser
with segments and fingers.

The locomotive is equipped for regenerative braking and carries
an exciter “E” for this purpose. Power-brake changeover is
effected by a further drum-type electro-pneumatic switch which
throws over when the brake handle is moved to the first notch.
The control scheme is shown in Fig. 93b,
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The master controller is illustrated in Fig. 94a, the three
drums being main control, brake control and reverse and motor
combination control, interlocking being provided so that only
the power or brake may be moved from the “off” position at any
particular instant. A similar controller for double-series parallel
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FIG. 94b.—LOCOMOTIVE CONTROLLER
(Metro-Vickers)

control is also shown, in which the motor combination drum is
separate from that for reversal.

The complete locomotive is illustrated in Fig. 132. It was
designed by the Mertropolitan-Vickers Electrical Co. for the
South African Government Railways, and over one hundred and
sixty of its class have been constructed.

Camshaft control could be utilised with either of the above
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schemes, in which case many of the sequence interlocks would be
unnecessary, and the control circuit would be an elaboration of
that shown in Fig. 88, morc notches being included.

REGENERATIVE BRAKING

Where the locomotive is used to work heavy trains over steep
gradients, it is often desirable to employ regenerative braking
when descending these with heavy trains. Besides giving good
control of the train and avoiding excessive wear on the brake
shoes of the locomotive, the power fed back into the overhead line

r1G. 95.—CAM-OPLRATLD CHANGL-OVER SWITCH
(Lnglhish £ lectnic)

is considerable, and providing that the sub-station equipment is
constructed so as to be receptive to power returncd in this manner,
the total energy consumption will be substantially reduced. The
method employed is to have a low voltage booster sct on the loco-
motive, which is used to separately excite the traction motor
fields, the degree of braking being controlled by variation of these
field currents under the control of a special braking handle
operating a cylinder and normally combined into the master
controller. When it is desired to apply the brake, the master
controller is returned to the “off > position and the regenecrative
brake handle moved to its first notch or “brake” position, an
action which causes the power-brake change-over switch (Fig.
95) to operate, and so disconnect the motor fields from the power-
circuit and connect them to the exciter. The brake is then applied
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by moving the appropriate control handle to supply field current
to the motors, and increasing this until the generated voltage of
the motors rises above that in the line and consequently begins to
return power thereto. The brake now becomes effective, being
proportional to the power returned, and controlled in intensity by
variation of the field current.

RHEOSTATIC BRAKING

When the sub-station equipment is not receptive to regenerated
power, and a controlled electric braking system is required, rheo-
static braking is employed. The system used is somewhat similar
to that for regenerative braking, but the generated energy is
dissipated in the starting resistances of the locomotive instead of
being returned to the line. It is therefore necessary to design
these resistances to cope with this energy dissipation over a lengthy
period if long descending gradicnts are likely to be encountered.
Furthermore as the braking eflort may be adjusted by varying the
valuc of resistancc loaded across the armatures, self-excitation
may be cmployed as outlined in chapter 3 for tramway motor
control.



Chapter 5
BRAKING AND AUXILIARIES

LL railway locomotives and motor-coaches require some
form of power brake and in consequence are fitted with
either exhausters, compressors, or both, in order to have
available the necessary braking medium.

EXHAUSTERS

1+ The conditions which must be fulfilled by an exhauster are,

(a) Its capacity should be sufficient to enable the brakes to be
released rapidly, and (4) economical continuous operation
should be available for maintaining the vacuum when the
train is in motion.

These requirements are satisfied by the two-speed exhauster,
usually of the rotary type on account of its high efficiency. Fig.
96a shows an exhauster of this type built on the crescent principle.
Inside the casing of the machine is an accurately machined and
ground cylinder, which is perforated round its circumference by
a number of holes, and runs on roller bearings in the fixed end
covers of the casing. It is quite free to rotate therein, a suitable
clearance being provided by grinding the interior of the case
itself.

Inside the rolling drum and running eccentrically to it, is an
accurately machined rotor, fitted with sliding radial blades so
that when the rotor revolves, centrifugal force causes these
blades to press against the inner surface of the rolling drum and
this latter, being free to rotate, is carried round by the blades.
As air can pass freely through the perforations in the drum, the
machine aspires a definite volume of air per revolution due to the
blades sweeping the crescent-shaped space. A partially assembled
exhauster is shown in Fig. 96b, the various parts described being
clearly visible.

This exhauster is always driven by an independent motor
frequently of the series type. For rapid releasing of the brakes,
this motor’s speed is increased by either shunting or tapping its
field, or by cutting out of the armature circuit a resistance, whith -
reduces the applied volts to about one-half at normal speed.

728
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Exhauster speed
control is from the
driver’s brake valve,
“ release > setting
giving the high
speed, and ‘“‘run-
ning ”’, “lap ” or
“on” settings the
lower normal one.

COMPRESSORS

Traction equip- FIG. 962.—MOIOR LXHAUSTIR ST

. (Consolidated Brake)
ments which use
compressed air for either operation of the control gear, braking,
or both, require a compressor capable of delivering air at 100
pounds per sq. in. pressurc in sufficient quantities to meet normal
demands, allowing for a reasonable amount of leakage which
may occur when the equipment is due for overhaul.

A small compressor suitable for trolley-bus and tramway work
is shown in Fig. 97a. This compressor is a two-cylinder single-
acting machine of unit construction, the armature being carried
on an extension of the crankshaft, and the compressor bolted
direct to the motor casing. The motor frame and cylinders are
provided with ample cooling fins, the cylinders being cast integral
with the crank case. The whole unit is supported on insulating
bushes from a mounting bracket bolted to the side of the chassis,
this being shown in Figs. 120, 121 in the chapter on Rolling
Stock.

For railway applications a larger compressor is necessary, and
Fig. 97b <hows a single-acting horizontal duplex type driven
through a double helical re-
duction gear by a series motor.
The view shown is looking from
above, the crankcase cover be-
ing removed in order to show
details of the drive and crank-
shaft.

In certain cases, such as on
diesel-electric locomotives, the
compressor is belt-driven from

the engine, in which case no
FIG. 96b.—PARTLY ASSE N Cnohdatnd By driving motor is  required.

9
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Provision is made to exhaust any output not required when the
pressure is normal in the main reservoir.

Most compressors operate intermittently and are started and
stopped by means of a “control governor”. This is a pressure-
operated switch which open-circuits the driving motor when a
pre-determined pressure is reached in the main reservoir, and
then restarts it when the pressure has fallen a certain amount.
This governor is of the safety valve type, and has two valves set
to control a piston which carries the switch contacts. These
contacts form the connection betwcen the contact fingers when
the governor cuts in and starts the motor. The design of the
mechanism provides a pncumatic blowout of such efficiency that
no magnetic blowout is necessary on the clectrical contacts.

BRAKES

The type of brake employed on tramcars, trolley-buses, or
railway equipment is, of course, designed to suit the particular
vehicle that it has to control.

It is possible, however, for certain rolling stock to employ more
than onec system of braking: the tramcar for instance may
employ several types of brakes, as enumerated below.

TRAMCAR BRAKING

The modern tramcar may have up to five types of brake fitted, viz.

(@) A compressed air brake working on the direct system
described later in the chapter.

(b) The electric rheo-

static brake de-

e scribed in chapter

- er
o a—— 3, and operated

2T SRR from the controller.

L ‘X\\&&\\\\ ' (¢) 'Themagnetic track
< N ‘ brake, which con-
sists of electro-
magnets suspended
close to the run-
ning rails and ener-
gised by the motor
current when rheo-

o7 static braking is be-
FIG. a.—SMALL 1RAMWAY COMPRESSOR M
(Westinghouse Brake) ng USCd.
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(d) The slipper brake—shoes at each side of the car situated
between the driving wheels. These shoes are pressed against
the track by rotation of a handwheel mounted beside the
controller in the driving position.

(¢) The wheel brakes—shoes which press on the rims of the
wheels, and are mechanically controlled by handles
mounted over the slipper brake wheels at each end of the
car.

The last two types are equipped with foot-operated ratchets so
that the driver, having applied the brake, can lock it in position
until he wishes to release it.

The older tramway systems used the wheel and slipper brakes
for normal service stops, and the rheostatic brake for emergencies
or to control the speed when descending steep gradients. Due
however, to competition with motor omnibuses running on the
same routes, it was necessary tv obtain more efficient braking so
that operation at higher scheduled speeds would be possible in
safety. This has been done by fitting compressed-air brakes for
normal service stops, and magnetic brakes to assist the rheostatic
ones for emergency stopping. The old systems are still retained,
but arc used only in the event of failure of the normal equipment.

TROLLEY-BUS BRAKING

In addition to the regencrative and rheostatic braking arrange-
ments outlined in chapter 3, trolley buses arc fitted with direct
compressed-air brakes operated from the brake pedal. On
depressing this
pedal, weak rheo-
static braking 1is
first obtained, fur-
ther depression
gives full rheostatic,
and pressure be-
yond this point ap~
plies the air brake
in addition. Air
supply is obtained
from a small motor-
compressor sct
mounted on the
bus chassis, which

. FIG. 97b.—RILAWAY COMPRESSOR
keeps the reservoir (Wastinghouse Brak:)
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charged with a sufficient quantity of air to enable the brakes to
remain operative for a time if the trolleys leave the overhead
wire. A handbrake lever is also fitted for holding the bus when
stationary.

RAILWAY BRAKING

Owing to the high speed of opcration and the weight of railway
traffic, hand braking arrangements for stopping are entirely
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FIG. 984.—ELLCTRICAL CONNLCTIONS AND PIPING SCHEME FOR VACUUM BRAKE

inadequate, and such brakes are only used to hold the train when
it is at rest. Two types of scrvice brake are used--the compressed-
air brake and the vacuum brake.

THE VACUUM BRAKE

Fig. 98a shows a simplified braking scheme operating on this
principle togcther with the electrical circuits for its control.

The brake cylinder consists of a chamber mounted vertically
with a piston inside, this piston being connected to the brake
rodding by a piston rod passing through an air-tight gland at the
bottom of the cylinder. A vacuum is always maintained on the
upper side of the piston, this portion of the cylinder being con-
nected to a vacuum chamber which may be separate, or combined
with the brake cylinder in the form of a jacket (Fig. 98b).
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To release the brakes, air is drawn from the lower side of the
piston until the piston falls to the bottom of the cylinder. When
this state has been reached, a higher vacuum exists below the
piston than above it, with the result that air is drawn through the
non-return ‘valve in the piston, so further evacuating the upper
portion of the cylinder and the vacuum chamber. To apply the
brake, air is gradually admitted beneath the piston, which moves
up the cylinder and hence applies the brakes.

.

=<

NN\

FIG. 98b.—VACUUM BRAKE CYLINDER
Consolidated Brake)

The apparatus is at rest with no vacuum storage before the
train is brought into service. To bring the brake into action, the
brake valve handle, which is detachable in the “neutral” posi-
tion, is inserted and moved to “on’ or “lap”; this starts the
exhauster on half-speed. To release the brakes, thc handle is
moved to the ““‘release’ position, which accelerates the exhauster
to full speed and opens the electrical stop valve. This evacuates
the whole train system and is continued until about 20 inches of
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mercury vacuum is obtained. The handle is then returned to
the “runmng position, thereby reducing the exhauster speed to
half its maximum valué, amply sufficient to maintain the vacuum
whilst the train is in motion.

To apply the brakes the handle is moved to “on”, this closes
the exhauster stop valve and admits air to the train plpe and brake
cylinders, the amount of air admitted being controlled by moving
the handle between the “on” and ‘“‘lap” positions, the latter
being a point where air is neither admitted nor exhausted from
the system.

BRAKING ON LONG TRAINS

To facilitate braking on long trains a direct admission valve is
fitted on each coach. When the vacuum in the train pipe is
reduced, these valves admit sufficient air direct from the atmos-
phere to the brake cylinders, to make the vacuum in these
cylinders equal to that in the train pipe. This has the advantage
that the driver’s brake valve has only to admit air to the train
pipe and not to the brake cylinders in addition. Conscquently,
in an emergency, the brakes may be applied much more rapidly
than with the ordinary system.

The release valve to the vacuum chamber is provided so that
the vacuum in the upper portion of the brake cylinder may be
destroyed, in order to release the brakes when it is necessary for
shunting movements.

The dead man’s emergency valve admits air to the train pipe
in the event of the handle or pedal being released, and is effective
in applying the brakes irrespective of the position of the driver’s
valve. It is usually incorporated inside the master controller.

In multiple-unit stock, the exhauster control, the control
supply and the electrical stop valve wires are run through the
train line, so that all motor-coaches and exhausters may be
controlled from the one driver’s brake valve.

THE WESTINGHOUSE AIR BRAKE

The principle of the compressed air brake is that of applying
the brakes by means of air pressure on onc side of a spring-loaded
piston, and releasing them by exhausting the air, so allowing the
spring to return the piston to its original position. Two different
methods of arrangement are possible, the first being suitable for
single independent units such as tramcars, trolley-buses and loco-
motives not fitted for continuous train braking, and the second



Braking and Auxiliaries 135

DEAD MANS VALVE

REDUCING
VALVE /
- C_J~——0rvErRs
/] MAIN . ‘ BRARE
1 RreservomR VALVE
CHECK
[ﬂ S VALVE
7.
CONTROL 5 i
GOVERNOR COMPRESSOR ]
TRAIN PIPE TR
MAIN RESERVOIR PIPEA|| %

— ‘
AUXILIARY - |
RE SERVOIR L P
‘\ BRAKE CYLINDER

TRIPLE VALVE
FIG. Y9.—THE CONTINUOUS AIR BRAKE

suitable for usc on locomotive-hauled or multiple-unit trains where
a continuous brake is necessary.

Self-contained units such as trolley vehicles and shunting loco-
motives use a straight air brake, in which compressed air from
the main reservoir is admitted directly to the brake cylinders by
means of a driver’s brake valve of the self-lapping type, i.e. one in
which the strength of the brake application corresponds to the
relative position of the handle (or pedal) between the brake “on>
and “release” settings. Trolley vchicles have a separate brake
cylinder for each wheel in order to equalise the braking torques,
but locomotives use only one or two cylinders, the various brake
shoes being connected together by rodding.

Fig. 99 shows a simplified scheme for a continuous brake on a
complete train, using “triple-valves” to obtain rapid operation
of all the brakes on the train. The equipment shown is for a
motor-coach, a driving trailer is the same except that no compres-
sor and main reservoir are fitted, while a plain trailer also has no
brake valve, gauge or controller. The system operates as follows.

The main reservoir is maintained at a certain pressure by the
compressor which runs intermittently under governor control.
To release the brakes, the driver moves his brake valve to the
“releasce” position, and so connects the main reservoir pipe to the
train pipe. This charges the whole system, including the auxiliary
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reservoirs, to a pressure of approximately 70 lbs. per sq. in., and
this is maintained whilst the train is running under power or
coasting. To apply the brakes, the driver moves his handle to
the “on” position for a period sufficient to lower the train pipe
pressure an amount varying from 5 to 101b. per sq. in., and having
done this, he returns the handle to the “lap” position. When
the handle is in the ““on” position, air is released from the train
pipe causing a difference in pressure to be set up between this
pipe and the auxiliary reservoir at the “triple valve”. This
pressure difference causes the pistons of the triple valve to operate,
and a certain quantity of air is allowed to pass from the auxiliary
reservoir to the brake cylinder. When the cylinder pressurc has
risen an amount proportional to the drop in train pipe pressure,
the air supply is cut off. Further decreases in train pipe pressure
result in increascs in the brake power exerted. This system is
known as the “direct application continuous brake”.

When a multiple-unit train-set is in operation all driver’s brake
valves not in use must be isolated by closing the cock A, this
ensuring that only the cab where the driver is actually situated
has an effective brake valve. Should the driver release the dead
man’s handle, air is allowed to escape from the train pipe, so
causing the brake to be applied independent of the position of the
driver’s brake valve.

ELECTRO-PNEUMATIC BRAKE

A rccent development in braking is the Westinghousce clectro-
pneumatic brake, which is fitted in addition to the normal direct
application continuous air brake. This uses a brake valve
situated on each coach, electrically controlled from the driver’s
brake valve through the control train-line, applications or
reductions in brake pressure being made by cenergising the appro-
priate operating coils on the electro-pneumatic brake valve. The
equipment is self-lapping, in that the pressure exerted corresponds
to the relative position of the driver’s valve handle between the
“release” and “on” positions, and hence minute increases and
reductions of the braking force may be made. The normal
direct application brake is only used in the event of the failure of
the clectro-pncumatic system.

COMBINED SCHEMES

In cases where a locomotive fitted with compressed air braking
is required to opcrate in conjunction with vacuum braked rolling
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stock, a dual system is employed. Both compressors and ex-
hausters are maunted on the locomotive, the latter only operating
when required. In most cases one driver’s brake valve is used to
control the locomotive’s brakes on the straight air brake principle.
In the supply piping to the brake cylinders is fitted a proportional
valve, which makes a corresponding vacuum brake application
on the train for each normal application on the locomotive.

BLOWERS

The use of forced ventilation for the cooling of main traction
motors has already been mentioned in chapter 2. The blower
fan may be driven by a separate motor, coupled dircct to the
engine as in diesel-electric locomotives, or built-in unit with some
continuously running auxiliary plant such as a motor-generator
‘set. This ventilation method is confined to locomotive use only,
in cases where slow speed or heavily rated motors arc em-
ployed.

The most convenient system is to arrange for one or two blowers
with a total air capacity sufficieut for the whole locomotive, the
air supply being split up and directed to the motors independently
by means of ducting. This ducting of course, is carefully de-
signed with a view to ensuring that the air volume is distributed
uniformly between the motors.

On a typical blower, the fan housing is of pressed stcel and the
cxhaust port is shaped to facilitate flange jointing to rectangular
steel ducting. The fan rotor is usually of the centrifugal type,
with the blades fixed between the main driving body and dn outer
steel ring. An avcrage figurc of power absorbed by this type of
blower is 2 h.p. per 1,000 cu.ft. per minute of air delivered at a
normal pressure.

BLOWER DRIVING MOTORS

The blower driving motors are generally run dircct from the
main high-tension supply, even with voltages as high as 3000 volts
D.C. Such a motor as the latter of course is relatively large in
size for its output, heavily insulated windings and a high number
of armature slots being necessary to accommodate the conductors
together with a correspondingly large commutator. A series-
wound motor is used, as it is permanently loaded on the blower,
and allows the introduction of direct-on starting with a series-
connected buffer-resistance, in order to limit the peak starting
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current and also damp down the peaks due to supply interrup-
tions, such as cncountered when passing over section-isolators
with overhead wires, or at junctions and crossings on third-rail
systems.

LOW-TENSION GENERATORS AND MOTOR-
GENERATOR SETS

The use of low-tension power for auxiliary and main remote
control circuits is general on high-tension electric traction systems,
in that lighter insulation of control-gear holds a large saving in

i 101 —MO10R-GENFRAIOR SFT

(2 nglish ¥ lectric)

space, and also the question of arc suppression at master control-
ler contacts, interlocks etc., is much more easily dealt with.
Voltages in use vary from 70 to 150 volts.

Standard practice is to use a battery in parallel with the L.T.
generator as a stabiliser and a reserve of power. Many types of
L.T. gencrators are in use, including direct-driven, motor-
driven, and unit constructed motor-generator sets. The former
types are in use on existing steam hauled railway rolling stock,
where the generator is belt-driven from one of the bogie axles,
each coach having an independent unit. On modern diesel-
electric equipment, the L.T. generator is either driven directly
on the main generator shaft, the two generators forming a unit, or
belt-driven from the shaft.
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Unit constructed motor-gencrator sets are in common use¢ on
electric locomotives and motor-coach stock, in the latter case the
M.G. set being underslung from the coach frame. Fig. 101
shows such an M.G. set suitable for underframe mounting, a
special feature of the machine being that it is totally enclosed
but externally ventilated by a fan fitted on the shaft at the gen-
erator end and enclosed by a metal cowl. The air is drawn in at
the fan end, passes along axial frame ducts, and is exhausted
through openings at the motor end of the frame. The motor
operates from the H.T. supply continuously, and is arranged for
direct-on starting with a permanently connected series buffer
resistance, which absorbs approximately 5 per cent of the applied
voltage at the continuous rated load. Main field flux is provided
by a shunt winding, but in order to facilitate direct-on starting a
light series compounding winding is also provided. The L.T. end
has a continuous rated output of 5 K.W. at 75 volts, and main
excitation is by self-excited shunt field coils and series compound-
ing turns carrying the motor line current. This ensures that the
generator builds up immediately on starting, and in the correct
polarity. The set is used in conjunction with an automatic
generator shunt field regulator in order to maintain a constant
output voltage at all loads.

This description covers the essential characteristics of L.T.
supply sets for control operation, battery charging and the various
auxiliary duties in use on railway equipments. The mechanical
arrangements differ considerably of course, and in the case of
locomotive equipment for instance where the motor-generator
set is usually mounted in the locomotive, straightforward self-
ventilation only is necessary.

LIGHTING

With the introduction in recent years of all-metal coach work on
trolley-buses, the provision of low tension lighting is absolutely
essential, where the risk of a fault giving rise to the body becoming
live at the high-tension line volts while insulated from ground on
pneumatic tyres, is a potential danger to passengers. The earlier
practice was that of using a small motor-generator set of either
separatc machines or unit construction, the motor being of the
series type, continuously rated, and suitable for direct-on starting
from the main overhead supply.

The usual voltages used for trolley-bus lighting are from 24 to
30 volts, a generator of 1,000 watts output, working in parallel
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F1G. 102.—TROLLEY-BUS MOTOR WITH OVERHUNG GENERATOR

(B.T.H.)

with a battery through a combined discharge cut-out relay and
automatic generator voltage regulator, being quite satisfactory.

With the more recent developments in trolley-bus equipment,
a more economical type of lighting generator, both in construction
and in running costs has been introduced. This is a 1,000 watt
gencrator mounted on the armature shaft of the main traction
motor and overhung from the non-driving end of the motor, Fig.
102.

A special automatic voltage regulator, of the carbon pile type,
capable of handling a wide range of shunt field current, maintains
constant voltage output at the generator terminals from maximum
motor speed to a minimum corresponding to 4 m.p.h. at which
the battery cut-out relay operates.

BATTERIES

Two types of battery are used for traction purposes; the lead-
acid battery, and the nickel-cadmium accumulator.

THE LEAD-ACID BATTERY

The lead-acid battery has been used to a large extent on trolley-
buses and in railway work, and has given very satisfactory service.
Certain limitations in sizc arc nccessary, e.g. a trolley-bus battery
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must not weigh more than 34 cwts., even if the vehicle is fitted for
battery manceuvring. This moderate-sized battery however,
has been so designed and improved, that it can propel a vehicle
at a speed of 4 to 5 m.p.h. for about 30 minutes.

THE NICKEL-CADMIUM ACCUMULATOR

The nickel-cadmium accumulator, while more expensive in

initial outlay, has several important advantages :—
(1) Its life is much longer. (2) The cell is capable of standing
indefinitely on open circuit without any deterioration whatever.
(3) Heavy currents do not damage the cell. (4) It has great
mechanical strength due to all-steel construction. (5) High
rates of charging or overcharge are withstood without difficulty
providing the solution covers the plates at all times and the
temperature is not allowed to excced 120° F.

A typical battery cell is shown in Fig. 103. It will be seen that
the plates are built up with pockets of finely perforated steel
totally enclosing the active material. This is nickel hydroxide in
the positive plate and a mixture of cadmium and iron in the ne-
gative plate. The electrolyte is a solution of potassium hydrate
which has no action on the plates. The whole is enclosed in a
plated steel container making one cell, the cells being mounted in
hardwood insulating crates for protection and ease of handling.

The average voltage per cell of Nife Nickel-Cadmium Alkaline
accumulators is 1-2 volts when discharged at normal rate and
therefore it is necessary to use more cells per battery for a given
voltage than is the case with accumulators of the lead-acid type.

COACH HEATING

Heating of electrically propelled trains may be divided into two
categories.

(a) Electric trains composed of motor coaches and trailers.

(b) Ordinary trains hauled by an electric locomotive which
may be replaced by steam traction at some stage of the
journey.

Electric multiple-unit stock is always heated by means of heaters
of the element type as used in electric radiators. With compart-
ment stock a maximum of 600 watts is required to kcep a com-
fortable atmosphere, hence the heaters are so designed and
arranged that either 300 watts or 600 watts may be supplied in
each compartment. On trains operating on 600 volts, the heaters
are arranged in two parallel circuits, each circuit consisting of say
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FIG. 103.—NIFE NICKEL-CADMIUM ALKALINE AGCUMULATOR IN SECTION
(Nife Batteries Ltd.)
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ten heaters in series arranged one in each compartment. On
high voltage stock the same system is employed, all the heaters
being specially insulated to provide adequate protection against
danger from faults.

The heater used in any particular stock is standardised, and
where the number of compartments is insufficient to use all the
heaters in the series circuit, those in excess are mounted ecither in
the guard’s compartment or on the underframe. Two types of
coach heater are in normal usc. Typc (a) consists of a stretched
spiral element, wound in a spiral on a porcclain former, the whole
being mounted in a perforated metal case, no glow being visible
due to the working temperature of the element being below red

FIG. 104.—400-WATT COACH MEAILR

(Lnghsh Electr:)

heat. Typc (b) consists of a tubular element mounted concen-
trically in a stcel protecting tubc. In both cases the insulation
provided must be sufficient to withstand the total voltage on the
circuit.

With an electric locomotive which is used to haul ordinary
stock, it usually happens that the coaching stock is fitted for
steam hecating. As it is undesirable to convert the whole of the
coaching stock which may be used with clectric haulage to dual
heating by steam or clectricity, a boiler is carried on the locomo-
tive to provide low pressure steam for heating. T'wo types of
boiler are normally employed, oil fired or clectrically heated. In
both cases pressure control may be arranged, so that when the
steam rcaches the required pressure, the fuel or electricity being
supplicd to the boiler is cither cut ofl' entirely or reduced to a very
small amount sufficicnt only to maintain the pressure with no
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load on the boiler. Safety valves are fitted to the boiler and set
to operate when the pressure slightly exceeds that at which the
heating is reduced. An electrically-hcated locomotive boiler is
shown in Fig. 105, the loading being 300 K.W. at 600 V.

COACH LIGHTING

On electric locomotive hauled coaching stock the existing
lighting from small gencrators belt-driven from the coach bogies
is almost always rctained. With electric trains working on the

¥1G. 105.—ELECTRICALLY HEATED LOCOMOTIVE BOILLR
(Bastian and Allen)

multiple-unit system however, coach lighting is supplied from the
low-tension generator or from the high-tension supply, if this is of
the order of 600 volts, in which case several lamps are connected
in series in order to avoid excessively high-voltage lamps. The
control of lighting is usually by means of a trip and set relay or
contactor, which is operated by the guard or driver. To switch
on the lights, the sctting coil is momentarily energised from a
push-button, the reclay or contactor closes and rcmains closed
until tripped by energising the trip coil from a further push-button.

Such a relay or contactor is mounted in each coach, and
controlled through the lighting train-line.

10



Chapter 6

POWER SUPPLY AND COLLECTION

HE main power source for any direct current traction

scheme is usually one large central power station owned

by the operating company. Power is generated as al-

ternating current at a high voltage, and transmitted to
sub-stations spaced at intervals throughout the length of the
system. The only exceptions to this rule are the local tramway
and trolley-bus companies, who obtain their power from the
municipal power station, convert it immediately to 600-650
volts direct current and feed the various sections of their system
through feeders and isolating switches.

CHOICE OF VOLTAGE

The choice of the transmitting voltage from power station to
sub-stations is governed by secvcral factors, some of which are
outlined in the following.

(a) The largest distance over which the power has to be
transmitted; on lengthy systems a higher voltage is more
suitable as less losses are incurred.

(6) The total amount of traffic being opcrated over the whole
system.

(¢) The initial cost, which is greater for higher voltage appara-
tus due to the heavier insulation involved.

(d) Existing power supply networks, where these are likely to
be used.

SUB-STATIONS

On receipt at the sub-stations the high voltage A.C. is converted
to direct current at the operating voltage of thie system by either
transformers and rectifiers, or by rotary convertors. The modern
tendency is to use mercury-arc rectifiers, and a brief description
of the plant at a typical s»b-station using such rectifiers now
follows.

The incoming three-phase high voltage feeder terminates in a
hand-operated oil circuit breaker. Each rectifier transformer is
fed from this through a motor-operated oil circuit breaker, con-
trolled from the sub-station switchboard. These rectifier trans-

146
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formers drop the A.C. voltage to that which, after rectification,
will give the correct line operating voltage, the output to the rec-
tifiers being six-phase. The rectifiers themselves are of the steel
tank water-cooled continuously pumped type, the whole equip-
ment being insulator mounted to minimise losses and electrolytic
action (Fig. 106). The number of rectifiers in use will depend on
the number of sections of track fed, and the load on the sub-

r1G. 106.—RECTIFIER
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station. On its direct current side each rectifier is protected by a
reverse current and a normal current overload-tripping high-
speed circuit breaker. In Fig. 107, these are shown mounted on a
raised platform below which are the D.C. bus-bars and switches.
The whole equipment is controlled from the sub-station control
panel, and this itself is very often arranged for remote control
from the central power station, so that apart from maintenance
work, the sub-station is unattended.

Dynamic sub-stations, i.c. those containing rotating machinery
are still encountered frequently. With these the incoming feeder,
after passing through the usual circuit breakers, supplies the dri-
ving end of the convertor sets. The D.C. output from these then
supplies the various sections of track through the usual circuit
breakers and isolating switches. The only advantage possessed by
equipment of this type over the rectifier sub-station is that, when
regenerative braking is used, it is possible to return power to the
main high-tension feeder system. Consequently sub-stations of
this type are often installed where the gradicnts are steep, and
locomotives equipped for regencrative braking are to be used;
however, duc to the recent improvements in the ‘““‘invertor”,

FIG. 107.—HIGH-SPEED CIRCUIT BREAKERS
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which is a rectifier working in reverse, it is now becoming possible
to have static sub-stations for this type of work.

TRAMWAY SYSTEMS OF COLLECTION

Tramways are usually supplied from an overhead conductor
wire suspended above the track at a minimum height of 17 ft., and
supported at intervals of not more than 120 ft. The total length
of wire on any route must be divided into sections not more
than half-a-mile in length, each section being isolated from its
neighbours.

The material used for the conductor wire is either hard drawn
copper, cadmium copper or bronze. Of these, the modern ten-
dency is to use cadmium copper in view of the fact that, compared
with hard drawn copper, its tensile strength is 18 per cent higher
for a decrease of only 8 per cent in conductivity. In addition its
resistance to wear is much superior, in some instances cadmium
copper having a life of three to four times that of hard drawn
copper. The cross-section of the wire may be one of two types;
round, or round with two grooves spaced 120 degrees apart on the
upper half of its circumference.

The wire is clamped in “ears”, these being suspended from a
bolt carried in an insulated mounting known as a ‘““hanger”.
These hangers are attached to either wires slung between posts
crected at each side of the road, or bracket arms carried on posts
fixed at one side of the road only. The position of the wire,
relative to central above the track, is governed by the type of
current collector to be used. With a bow collector, the wire must
always be suspended centrally above the track, hence suspension
with posts at each side of the road is almost universal. If a swivel
head trolley is to be used, satisfactory operation may be obtained
with the wire displaced up to 6 ft. from the centre of the track,
in which case, providing the roadway is sufficiently narrow,
bracket arm suspension from one side of the road may be em-
ployed to carry the trolley wires for both directions of running.

At points and crossings in the track, arrangements have to be
made in the overhead wires to ensure that the trolley takes the
correct route. With points, a mechanical ““frog” is used in the
facing direction; this is really a miniature point in the wires,
operated by a lever mounted above it, which is moved by means
of a wire attached to a handle at the roadside.

Fig. 108 shows some typical overhead wire fittings.



150 Principles of Direct Current Electric Traction

(5) Cross-ovar for Trolley-bus hines

T

At e — . 2,

() Dumb-bell typc section msulator

el _ -

(d) 1win hangcr for Liolley bus Iines

() Chinch ear for grooved wire

116, 108 SOMF OVERHEAD WIRE IITTINGS
(B Cables)



Power Supply and Collection 151

TRAMWAY TROLLEYS

Two types of collector are used on tramway systems.

(a) This consists of a long boom, swivel-mountéd at one end,
this end being attached to the roof of the tramcar, and
carrying at its outer end a wheel or shoe with which to
make contact with the overhead wire. The boom is spring
loaded in the upward direction to give a contact pressure
on the trolley wire. To allow for the tramcar being operated
in either direction, for cornering and for variations in the
trolley wire position, the whole boom assembly can be
rotated about the point on the roof to which it is attached,
and in addition the trolley head, which contains the wheel
or shoe, can swivel about a vertical axis. Typical trolley
heads, wheel and shoe are shown in Fig. 109. In the shoe
type current is actually collected by a carbon brush at the
bottom of the groove which slides along the trolley wire.

(b) Considerable simplification of wire fittings, together with
complete elimination of trouble due to dewirement of the
trolley, is obtained by fitting a bow collector. The bow is
hinged laterally at its basc to allow it to trail in either
direction, being thrown over by the driver at each ter-
minus. Actual contact with the wire is made by a swivelling
pan carrying a strip of copper which is renewable when
worn.

On light industrial locomotives where bow collectors are used, it is
impracticable to throw the bow over each time the locomotive is
reversed, and hence a rcversible bow collector is employed. In
this the main frame remains in the onc position and the small
bow at the top automatically scts itself to trail whatever the
direction of motion. (Fig. 110.)

CONDUIT TRAMWAYS
The first conduit tramway was installed in this country in 1884,
but the only system of this type now surviving is that operated by
the London Passenger Transport Board. Conduit track is of
necessity much more complicated in construction than that for
overhead wire systems, and this fact doubtless influenced the
majority of local authorities in their choice of the latter.

As outlined previously, current is collected by means of a
“plough” attached to the underframe of the tramcar, this plough
obtaining access to the conductor rails through a slot one inch
wide, set centrally between the two track rails. Beneath this slot
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are carried the two conductor rails, consisting of T section high
conductivity steel rails, ! mounted facing each other (c.g. =),
on insulators hanging from the slot rail supports. One rail is for
supply and one for return, the plough having collectors at cach side
for this purposc. Sections and feeder arrangements are similar
to those for an overhead line.

At junctions, etc., it is necessary to have slot points in addition
to track points, and these complicate the construction consider-
ably. A typical junction is shown in Fig. 111. Certain parts
are made of spccial manganese stecel to withstand the heavy
shocks and hard wear received in service.
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TROLLEY BUS SUPPLY

Power for a trolley-bus is collected by means of two swivel-
headed trolleys mounted side by side on the roof of the vehicle.
These run (or slide) along the conductor wires which are sus-
pended above the roadway in a manner similar to that for
tramways. However, as wires of both polarities are mounted
side by side, insulation between the various points of suspension is
necessary. Standard practice is to mount the return wire on the
near side of the road, in which case the positive supplies for each

¥I1G. 110.—REVERSIBLE BOW COLLECTOR
(Lnghish Electric)

direction comec together. The wires are carried in cars as pre-
viously, these being supported by hangers, thus one insulator is
fitted between each line and the supporting wire; a third insula-
tor is fitted betwecen the hangers so that triple insulation is ob-
tained. At points and crossings in the wires where the various
routes diverge, provision has to be made for the two wires of
opposite polarity to cross cach other; this is done by means of in-
sulated crossings. The method of wire suspension and use of
“pull-offs”, etc. is shown in Fig. 112. Where the roadway is
narrow, all four wires may be carried on bracket arms fixed on
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poles at one side of the road, alternatively where the road is very
wide, each pair of wires may be independently supported on
bracket arms at their respective sides of the road. In all other
cases the wire is suspended in the normal manner by cross wires
and poles. At certain stopping places, by-pass loops are provided
to enable one bus to overtake another travelling in the same
direction without their trolleys fouling each other.

FIG. 111.—CONDUIT TRAMWAY JUNCTION
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FIG. 112,—TYPICAL OVERHEAD WIRE SUSPENSION
(Sunderland Transport)

The trolleys used on this type of vehicle are similar to those on
the tramcar, being swivel-mounted at their bases with rotatable
trolley heads. To avoid undue arcing between the trolley wheel
and the overhead wire when passing over insulated crossings and
section isolators, it is customary to shut off power momentarily.
To indicate to the driver when the voltage between the trolleys
is interrupted on passing these or by dewirement of one or both
trolleys, a dewirement indicator is fitted in the driver’s cab, in-
dication being by the extinguishing of a neon lamp or the sounding
of a buzzer.

RAILWAY COLLECTION

Current for the operation of railway traffic may be collected in
two ways, the actual system employed depending on the operating
voltage. When this is of the order of 600 to 1,000 volts a “con-
ductor rail” is commonly used, while for higher voltages, an over-
head conductor wire is necessary. The choice of operating voltage
is governed by many considerations, amongst which are the type
and density of traffic, the operating voltage of other sections of
the company’s track, the location of sub-stations and main power
plant, and the prevailing ground and climatic conditions.

CONDUCTOR RAIL

Collection by conductor rail entails the mounting of an addi-
tional (or third) rail on insulators alongside each running track.
This third rail is mounted a few inches higher than the running



156 Principles of Direct Current Electric Traction

e

P S e | o " ) e f H:' i i

é&i‘i'{“"c".."'».?’“].hu YR X h>l:1’,,‘ uﬂdifﬂi'{lﬂfﬂﬂm lr l‘
s R
L

= £

FIG. 113a.—INSULATED RETURN, CONDUCTOR RAIL COLLFCTION
(Metro-Vickers)

A ErVRSAD #i% R . E—
F1a. 113b.— RUNNING RATL RETURN, GONDUCTOR RAIL GOLLECTION
(English Electrac)



Power Supply and Collection 157

rails in order to allow the collector shoes to be fixed in such a
position as to avoid any possibility of their fouling other running
tracks at crossings, etc. Steel rails are usually employed for this
duty, and are carried on porcelain insulators so designed as to
give a large creepage distance to ground. The position of this
rail is alternated between the two sides of each running track in
order to obtain cooling and equal wear of the collector shoes, and
for convenience in maintaining a power supply at junctions,
crossings, etc. Current return is made through the wheels and
running rails, except in certain cases where an insulated return

FIG. 114.—COLLECTOR SHOE

(Metro-V ichers)

rail mounted centrally between the running rails, together with
special collector shoes on the train are used. Examples of both
these types of track are shown in Fig. 113.

The collector shoes are made of cast iron, and are suspended
from wooden beams mounted on certain of the bogies. Each
shoe feeds through a fuse into a power train-line, which runs
throughout the length of the train, each motor coach taking its
supply from this train-line through an isolating switch and fuse.

OVERHEAD COLLECTION

In designing an overhead system of collection many points
must be taken into account, e.g. the size of the conductors is
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FIG. 115a.—CATENARY SUSPENSION. OVERHEAD EQUIPMENT. FOUR-TRACK
CONSTRUCTION
(B.I. Cabies) (Indian State Railways)

governed by the current to be collected, the spacing of the sub-
stations and the type of traffic to be dealt with. The spacing of
the structures to support the wire is determined by maximum
wind and other climatic conditions, whilst the actual type of
structure depends on the source of supply of the steel work, and
on what provision has to be made for carrying distribution trans-
mission and other wires.

Owing to the higher operating speeds of electric railway trains
and the heavier currents involved, the trolley wheel collector and
the methods of suspension used in tramway and trolley-bus work
are entirely unsuitable. The bow collector has been used to
some extent, but most present-day railways employ the panta-
graph. As these two types have a much higher inertia than the
trolley, they require a level conductor wire carried centrally over
each running track. In order to obtain this without excessive
wire tension, short spans of approximately ten feet are used, these
being obtained by supporting the actual trolley wire by means of
droppers hanging from a second wire. This latter wire is sus-
pended with considerable sag between supports spaced between
40 and 80 yds. apart, and is generally known as the “catenary”
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FIG. 115b.—COMPOUND CATENARY SUSPENSION

(B I Cables)

It is insulated from the supports but not from the trolley wire
itself, and, as it is often made of the same material as the contact
wire, (i.e. hard-drawn copper), carries a considerable proportion
of the current. The trolley wire is maintained in position by
“pull-offs™ fixed at each support, these being clearly shown in the
illustrations. It is usual to stagger, or “zig-zag’ this wire about
six inches between the structures, to avoid grooving the collector
skates or pans.

Another form of catenary construction is the ‘‘compound
catenary”’, consisting of three wires in the same vertical plane.
Uppermost comes the catenary wire insulated from the supporting
structures ; below it the intermediate wire supported by droppers,
and then the trolley wire suspended from the intermediate wire
by loops, which allow it to move in a direction parallel to the
track. Automatic tensioning gear is fitted at the end of each
section, and as the trolley wire is free to move, it is maintained
at a constant tension under all climatic conditions. Fig. 115 shows
typical examples of structures with single and compound
catenary suspension on both straight and curved track.

At points and crossings on the track it is unnecessary to have
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actual points in the wires. A further set of wires starts at a
structure one or two previous to where the junction occurs, runs
parallel to and at the same height as the main trolley wire, and
then diverges from 1t as the branch line trolley wire when the
junction or crossing 1s reached.
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The same overlapping principle is used at the end of each
section in the trolley wire.

PANTAGRAPH

The complete roof gear of a locomotive is shown in Fig. 116.
Current is collected by means of the pantagraph, and passed to
the locomotive’s control equipment through a fuse, a choke coil,
and a lightning arrester.

The pantagraph consists of a strong steel base frame, insulated
from the roof of the locomotive, and carrying two rocker shafts,
attached to which are the two lower frames. The two upper
frames are pin jointed to the lower frames, and to light aluminium
castings which carry the collector pans, the whole forming a
collapsible pentagonal frame. To sccure lightness, the frame-
work is built up from special quality stcel tubing, and as a pro-
tective device the aluminium castings are designed to-break if the
pans encounter an obstruction. Rotation of the rocker shafis
tends to raise the pantagraph framework, this being actually
carricd out by admitting compressed air to each of the small
cylinders mounted in the base frame, the pistons of which are
connectced to the rocker shafts.  The two outer springs are arranged
so that while supporting most of the weight of the frame, they just
fail to raise it, and when air pressure has been applied, they com-
bine to give an average pressurc of 25 1b. on the overhcad wire,
a value which varies only 10 per cent over the six fect working
range of the pantagraph height. In order to maintain contact
with the wire under variations of height as obtained in passing
through tunnels, under low bridges and at level crossings, etc.,
rapid acceleration of the pantagraph framework in an upward
direction is necessary, and is obtained by the combination of the
light weight involved and the type of springs employed. Actual
current collection is carried out by rencwable copper or carbon
strips fastened on the upper surface of the pans.



Chapter 7
ROLLING STOCK

N describing the various types of rolling stock, tramways
and trolley-buses have been dealt with, in addition to the
many forms of railway motor-coach and locomotive that
comprise the bulk of vchicles coming under this description.

TRAMWAYS

The tramcar body is carried on a stecl underframe which
extends the full length of the vehicle, this frame being spring-
mounted on either a large single bogie of the four wheel type, or
on two smaller swivel-mounted four-wheel bogies.

With a two-motor equipment, two alternative methods of
motor mounting are available according to the size of the vehicle
and the minimum radius of curvature which the car is required to
negotiate. With the smaller type body, two-axle construction,
each axle carrying a traction motor and gear driven from it, has
been used extensively. For larger capacities “ maximum traction”
trucks, a pair of four-wheel bogies arc cmployed, each bogie having
onc pair of large driving wheels, whose axle carrics the traction
motor, and onc pair of smaller trailing wheels whose duty is solely
to stabilise the bogie. Fig. 117 shows a modern maximum traction
truck with the motor mounted in position on the driving axle.

Four motor equipments are always used in conjunction with
two four-wheel bogies, all eight driving wheels being the same
size and each axlc carrying a traction motor.

A driving position is provided at each end of the car, all controls
being duplicated, the controllers being conveniently mounted,
and, to ensure that both cannot be in operation at the same time,
the car has only one master key. In the case of contactor control
the master controllers are in the driving positions, while the
contactor and reverser groups are mounted in a cabinet located
beneath one of the staircases (Fig. 118).

AUXILIARY EQUIPMENT

Auxiliary equipment, such as compressors, air reservoirs and
brake gear, is usually mounted on the underframe. The position
162
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FIG. 117 —MANIMUM 7 QACIION TYPI BOGIF

(English Electric)

of the starting resistance varies with the different coachwork
builders, it may be under the staircase or on the underframe.
Circuit breakers are within reach of the driver at each end of the
car, the standard position being underslung from the cab roof.

COACHWORK

Earlier practice was to use coachwork constructed almost
entirely of wood, but of recent years all-metal construction
utilising a steel framework covered externally with steel sheeting
has been adopted. Three typical examples of modern tramcar
construction are shown in Fig. 119,

TROLLEY-BUS

The trolley-bus chassis is constructed on similar lincs to that
for normal omnibus practice, with cither single or double back-
axle drive, according to the size and to the seating capacity
required. In this country the maximum body dimensions are
fixed by the Ministry of Transport, and consequently chassis
design has been developed to a few standardised types.

MOUNTING OF EQUIPMENT

The main driving motor is resiliently mounted between the
chassis members (usually nearer to one side in order that the motor
and back-axle assembly will be clear of the central gangway),
transmission being effected through a universally-jointed carden-
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shaft and a differential back-axle to the road wheels, with a
ratio of motor armature speed in revolutions per minute to road
speed in miles per hour of between 85 and 90 to 1. When a double
back-axle is employed, both sets of wheels are driven through
separate differcntial units with a short universally-jointed shaft
between the two axles. In order to ensurc even torque distribu-
tion to all four rear wheels when uneven inflation or wear of the

I11G 118 —MOUNTING OF IRAMCAR CONTACTOR CONTIROL FQUIPMENT
UNDLR STAIRS
. (BTH)

tyres has occurred, a third differential is fitted between the two
axles, and 15 unmt constructed 1n the foremost axle assembly.

The master controller 1s mounted bencath the driver’s seat, a
position which makes for accessibility and simplicity of connection
to the power and brake pedals. There are two alternative methods
of mounting for the control panel containing the power and shunt
field contactors. Where a full cab is provided, this panel is
mounted adjacent to the bulk-head at the side of the driver’s seat
and protected by an asbestos-lined detachable cover. In the case



FIG. 1 19&.-—POITR-WHEEL DOUBLL DECK SINGLE-ENDED TRAMCAR
(Enghish Electric)
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FIG. 119b,—}IGHT-WHEEL DOUBLE DECK TRAMCAR

(English Electric)
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of a half-cab type body, the contactor cases arc mounted on one
side of the chassis, and access to them is obtained by means of
hinged flaps in the skirt of the body which enable the weather-
proof covers to be removed. The main resistances arc invariably
carried on the chassis, and normally located above or adjacent to
the front axle, a position where they obtain the maximum amount
of ventilation. Shunt field resistances may be similarly carried, or,
in the case of frame-mounted equipment, enclosed in the case
housing the shunt field contactors. The combined motor-air
compressor unit, together with the reservoir and governor, is
carried on the outside of one of the chassis members, and hence all
the equipment with the exception of the trolleys and circuit
breakers is fitted on the chassis. The circuit breakers are sus-
pended from the cab roof within casy reach of the driver. The
trolley base is mounted on, but insulated from, a specially designed
framework secured to the body uprights. As the trolley poles
are themselves insulated from the base and heads, triple insulation
is interposed between the tiolley head and the bus body.

The fact that a trolley-bus is insulated from the ground by its
pneumatic tyres, makes first-class insulation a vital nccessity, and
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r1¢ 119¢ FIGHT-WHEEL SINGLT DIFCK TRAMCAR
(Lnghsh Electric)
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constant exposure to weather and road splash accentuates this
point. As regards the motor this does not involve any departure
from normal traction practice, class “B”’ insulation being used
throughout. Where control apparatus connected to the power
circuit is mounted in cases, the cases themselves are supported
from the chassis on insulators in addition to the normal insulation

FIG. 120 —1 OUR-WHEEL TROILEY-BUS CHASSIS
(Enghish Llectric)
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FIG. 12].—SIX-WHEEL TROLLEY-BUS CHASSIS
(Lnglish Llectric)
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FIG. 122b.—FOUR-WHLEL DOUBLT DECK TROLLEY BUS
(Rpoheh Ilectric)
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on the apparatus itself. Fig. 120 shows a four-wheeled chassis
with cab-mounted equipment, the compressor and its auxiliaries
being visible on the outside of one chassis member. Fig. 121
shows a six-wheeled chassis with frame-mounted equipment.

COACHWORK

The majority of trollcy-buses arc constructed with double-
decked bodies. Seating capacities range from 30 in the smaller
single-decked type to 74 in a three axle double-decked type, and
Fig. 122 shows three typical examples of such vehicles. It will be
noted that the larger is fitted with a front exit including a staircase

FIG. 122c.—SIX-WHEEL DOUBLE DECK TROLLEY-BUS

(Fnglish Electric)

for rapid discharge of passengers, an advantage on busy routes.
Modern coachwork construction utilises a steel framework,
covered externally with steel sheeting and internally by fabric
and wood.

MULTIPLE-UNIT RAILWAY STOCK

As outlined ip chapter 1, the electric train set consists of one or
two motor-coaches with plain and driving trailers coupled thereto.
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FIG. 123.—MOTOR-COAGH POWLR BOGIL

(English Llectric)

‘The motor-coach contains the actual tractive apparatus compris-
ing the traction motors, control-gear and auxiliaries, the methods
of mounting these diflering considerably according to the re-
quircments of the operating company.

MOTOR BOGIES

The traction motors are axle-hung and nose-suspended from
the bogie frame in a manner similar to that employed on four-
motor tramcars. When two motors only arc employed, it is
usual to have a power bogie and a trailing bogie, both motors
being installed on the former in preference to having one motor
on each. A typical power bogic is shown in Fig. 123; note the
compact arrangement of all the apparatus. Single reduction
gear drive is almost universal, the actual gear ratios and driving
wheel diameters depending upon the service for which the
apparatus is designed.

The collector shoes arc carried on wooden beams supported by
brackets outside the axle boxes of the bogie at each side. Where
current return is madc through the running rails, brush-gear is
fitted in the axle-ways of the motors in order to conduct the
current direct to the road wheels without damaging the axle
bearings. Insulated return when used is catered for by a central
shoe-beam with its appropriate collector-shoe.

Where the traction motors arc self-ventilated the cooling air
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is drawn through louvres in the coach side, filtcred, then conveyed
through ducts and flexible connections to the motor inlets. This
system is employed in order to protect the’interior of the motors
from dust and weather conditions. Experience has proved that
damage to the motor windings is incurred due to penetration of
water in the casc of dircctly admitted cooling air.

MOUNTING OF CONTROL EQUIPMENT

To obtain maximum passenger accommodation the whole
control equipment, with the exception of the master controller
and auxiliary switches, is mounted on the underframe. The
contactors, overload and current limit relays, reverser, etc. arc
grouped together in weatherproof cases, and the main starting
resistances are slung from the underframe where ample cooling is
obtainable. To reduce the amount of power cabling necessary,
thesc resistances are located as near as possible to the contactors
associated with them. The motor-generator set, the compressor
and other auxiliaries arc also underframe mounted. Fig. 124
shows examples of the mounting of contactor cases, resistance
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r1¢. 124a.—LXAMPLI Or UNDLRTFRAME MOUNTING
(Englhish Electric)
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¥1G6. 124b and c.—FURTHER EXAMPLES OF UNDERFRAME MOUNTING
(English Electric)
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boxes and auxiliary equipment on various motor-coach under-
frames. In the first illustration the motor-coach concerned has
four motors controlled in two entirely separate groups, the con-
tactor cascs for onc group only being shown mounted side by
side.

Where insufficient space is available to allow underframe
mounting, or where climatic conditions are unsuitable, the equip-
ment may be situated in a separate compartment adjoining the
driver’s cab, and accessible from it by a door. Interlocking is
sometimes provided so that all the control gear must be isolated

F1G. 124d.—LXAMPLE OF UNDERFRAME MOUNTING

(Metro-Vickers)
before the door can be opened. The apparatus is frequently
grouped at cach side of a central gangway.

A driving position is provided at the leading end of each
motor-coach, and in addition on certain selected trailer coaches,
known as “driving trailers”. The actual arrangement of the
driver’s cab differs in a driving trailer from that in a motor-coach.
In the latter the master controller and driver’s brake valve are
mounted adjacent to the driving window, whilst the control
switches, compressor and motor-generator contactors, voltage
regulator, fuses, etc. are all enclosed in a cupboard on the rear
bulkhcad of the driving cab. Only the master controller, brake
valve and control switches are installed in a driving trailer
cab.
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FIG. 125.—CAB-MOUNIED CAMSHAFT EQUIPMLNT

(Enghish Electric)

A control train-line runs throughout the length of the train, and
consists of a multi-core cable passed from coach to coach by
means of multi-way plugs, sockets and jumpers, access being
obtained to it by means of connection boxes in the driving and
main equipment positions. Each master controller is connected
to this train-line, and all main equipments are fed from it for
control purposes, hence any controller may be used to operate the
whole train.

COACHWORK

As with other types of passenger transport vehicle, modern
motor-coach stock is of all-stcel construction giving a semi-
strcamlined effect. Interior layout varies considerably with the
class of traffic to be catered for. Where a very dense short-
distance traffic is encountcred, the design of the coachwork must
be such as to allow rapid loading and unloading of passengers in
order to avoid cxcessive station standing time. Two types of
stock fulfil these requirements, one is compartment stock, in
which each coach is divided into from eight to ten separate com-
partments, cach seating twelve passengers and being entered
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through its own door. This type is already in normal use on
many steam-operated suburban services. Alternatively open
saloon type construction with a central gangway and side seating
either longitudinally or transversally may be employed; a system
which, while reducing the seating capacity by thirty per cent,
provides a relatively large standing area. Central doors of the
sliding type give easy access to the intcrior, and are frequently
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FIG. 126.—MOTOR-COACH DRIVING CAB
(English Elecinic)
arranged for automatic operation, using clectro-pneumatic
control from the drivers’ and guards’ compartments. In this
case interlocking is provided between the doors and the master
controller to ensure that the train cannot be started until all
doors are closed. A good example of the usc of the latter type of
stock may be seen on the London Underground services.

On longer distance and express trains the usual standard
vestibule type of coach is used, including both side and central
corridor construction. The motor-coach is usually of the com-
positc type comprising driver’s cab, guard’s and luggage compart-
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F1G. 127.—TYPICAI MOTOR COACH AND DRIVING TRAII LR

(1 nglish [ lectrac)

ment and some four or five passenger compartments. Other
types of coach layout are largely confined to trailer coaches.

Where restaurant and buffet cars are required, clectrical
facilities are usually provided. Power is obtained from the train-
line to drive a motor-generator set mounted on the kitchen car
underframe. The low tension output at 100 to 200 volts then
supplics the various clectrical apparatus.

MAIN-LINE LOCOMOTIVES

In electric locomotive practice, the control gear is always
accommodated in the locomotive body, as no uscful purpose
would be served by underframe mounting cven if sufficient space
were available. In the majority of applications the whole of the
space below the locomotive frame is taken up by cither the trac-
tion motors themselves, where these arc axle-hung, or by the
mechanical transmission system when the motors arc frame
mounted.

Locomotive designs, and the layout of their equipments vary
considerably, consequently descriptions of typical locomotives,
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FIG. 128.—G.1.P. RAILWAY ARTICULATED FREIGHT LOCOMOTIVE
(Metro-Vickers)

designed for various duties and operating on different systems,
will serve to illustrate the general principles involved.

HEAVY FREIGHT LOCOMOTIVE

The locomotive illustrated in Fig. 128 is onc of forty-one such
locomotives supplied to the Great Indian Peninsular Railway for
operation of freight traffic on the steeply graded Bombay-Poona
and Bombay-Igatpuri sections. The maximum speed is 45 m.p.h.
and with a wecight of 120 tons, a tractive effort of 56,000 1b. at
18 m.p.h. is obtainable on the one hour rating of the motors.
The locomotives are articulated in that the two six-wheeled
driving bogies support the body on pivots at each end. Each
driving bogic has six coupled wheels four fect in diameter and
driven from a jackshaft by connecting rods. Mounted side by
side on cach bogie arc two 1,500 volt 650 h.p. traction motors
(Fig. 129), having single-helical pinions at each end of their
armature shafts, these four pinions driving two common gear
wheels mounted on the jackshaft. The motors are forced ven-
tilated, each having its own blower, the two blowers on one bogie
being driven by a single motor. A certain amount of control
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apparatus, used for reversing and field control, is also carried on
the bogie in order to reduce to a minimum the number of cables
passing between the hinged bogic and the body itself. The whole
bogie equipment is surmounted by a large removable hood, in
the sides of which are louvres for the intake of cooling air to the
blowers. This arrangement of motors, ctc., greatly facilitates access
for maintenance purposcs, which can be gained if necessary by
the small door, visible on the left of the illustration (Fig. 130), in
the event of the hood being in position.

The current collecting gear, consisting of two pantagraphs, is
mounted on a false roof; itsclf mounted on insulators attached to
the main roof, although as a rule only one pantagraph is in use at
a time.

Double series-parallel control with field tapping and regenera-
tive braking serves to give six cconomical running speeds and
good control of the train when descending steep gradients. A
driving position is situated at each end of the main body, and the
high tension control gear housed in a chamber which is only
accessible when the 1,500 volt supply is disconnected. A portion

FIG. 129.—650 H.P. LOCOMOTIVE MOTOR

(Metro-Vickers)
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FIG. 130.—DRIVING BOGIE—G.1.P. FRLIGHTI LOCOMOTIVE

(Metro-Vickers)

of this high-tension chamber is shown in Fig. 131, the clectro-
pncumatic contactors and their interlocks being visible at the top
of the illustration on each side, the control terminal bars and
isolating switches at the back with various fuses bencath them,
and the motor combination and motoring-generating cam groups
at the bottom left.

The main starting resistance is located in an annexe to the
high-tension compartment, accessible from it through a sliding
door. This chamber is very well ventilated, having air inlets in
the floor and sides so that a draught is created due to the hot air
rising and passing out through the ventilators in the roof.

Excitation for regencrative braking is obtained from two axle-
driven generators, onc on cach bogie and, as braking can be
carricd out in any of the three motor combinations, cffective
braking is obtained at speeds varying from 8 to 35 m.p.h.

Compressed air brakes on the locomotive and vacuum brakes
on the train are both controlled from one driver’s brake valve,
which operates the vacuum brake directly and the compressed
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air brake by means of a proportional valve. Two exhausters and
two compressors are included in the equipment to give the neces-
sary supplies to the braking apparatus.

MIXED TRAFFIC LOCOMOTIVE

The locomotives illustrated in Fig. 132 are three of the 1,200
h.p. multiple control units built for the Pietermaritzburg-
Glencoe-Durban section of the Natal Railways, South Africa,

riG. 131.-- II.T. COMPARTMENT—G.L.P. 1RLIGHT LOCOMOTIVE
(Metro-Vickers)

whose power and control schematic diagrams are illustrated and
described in chapter 4. Each unit weighs 69 tons and has four
300 h.p. 1500 volt motors working as two pairs connected in
permanent series from a 3000 volt supply. Operating in units of
three, these locomotives maintain an avcrage speed of 21 m.p.h.
with a 1,500-ton train on a gradient of 1 in 65, exerting a tractive
effort of 63,600 Ibs. at this speed, which corresponds to the one
hour rating of the traction motors. As will be seen from the
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FIG. 132.—s.A.R. MULTIPLE UNIT LOCOMOTIVFS
(Metro-Vickers

illustration, the locomotives are of the double bogie type, the
four motors being axle-hung and nose-suspended as with motor-
coach stock. A driving cab (Fig. 133) is provided at each end of
all units, and access between units is by means of a door alongside
the driving position. A side corridor connects the two driving
cabs in cach locomotive together, with two groups of auxiliary
machinery scparated by thc high-tension compartment opening
from it. Fig. 134 shows the interior of this high-tension compart-
ment. The main line-breakers are at the right-hand end of the
upper row of contactors, and the drum-type reversers and change-
over switches at the centre bottom.

DOUBLE BOGIE PASSENGER LOCOMOTIVE

The locomotive illustrated in Fig. 135 is of the 2-6-0 + 0-6-2
wheel arrangement comprising two bogies cach with three
driving axles and a pony-truck. Six 390 h.p. 1,500-volt motors,
operated in series-connected pairs from the 3000 volt line, give a
maximum tractive effort of 44,000 Ib., and make the locomotive
capable of a spced of 60 m.p.h. The motors are axle-hung and
drive through single reduction gearing, forced ventilation being
employed with the two blowers driven from the motor generator
sets. Control gear is mounted in the usual high-tension chamber,
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HIGH SPEED PASSENGER LOCOMOTIVE

This passenger locomotive (Fig. 136), is one of those employed
by the Great Indian Peninsular Railway on the same section as
the freight locomotive described earlicr in this chapter. It
weighs 100 tons, develops 2,160 h.p., is capable of a maximum
tractive effort of 33,600 lIb. and a maximum speed of 85 m.p.h.
The wheel arrangement comprises three pairs of driving wheels
with a pony-truck at onc end and a four-wheeled bogic at the

S

FIG. 133.—DRIVING CAB OF S.A.R. MULTIPLE UNIT TOCOMOILIVE

(Metro-Vickers)
other. Six 750-volt driving motors are mounted in pairs over the
three axles, each pair driving on the Winterthur Universal
principle through an intermediate gear to a hollow gear wheel
surrounding the road axle, but carried in bearings on the loco-
motive frame itself. A floating connection which allows axle
movement relative to the gear wheel is employed to transmit the

drive from the gear to the axlc.

Double series-parallel control, operated clectro-pncumatically,
is used, in which motor combinations are arranged to give six
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TIG. 134 -H.1. COMPARTMLNI OI $.A.R. MULTIPLL UNIT LOCOMOTIVE
(Metro- ackers)

motors in scrics, two circuits of three motors in serics, and three
circuits of two motors in series. As a field tapping can be used
with any of these three combinations, six economical running
speeds are obtainable. Regencrative braking is not required on
these locomotives.
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FIG. 135.—~1—Cy+Cy—1 PASSENGER LOCOMOTIVE

(Metro-Vickers)

The layout of the frame-mounted motors is such that a central
gangway is nccessary, and the control apparatus is consequently
carried on frames at either side, interlocking doors being fitted to
prevent access when the gear is alive. Adjoining one of the driving
cabs is thc auxiliary machine compartment, containing the
compressor, exhauster, blowers, etc., and in a similar position at
the opposite end of the locomotive are the main starting resistance
boxes. '

BRITISH MIXED-TRAFFIC LOCOMOTIVE

Up to the present day the use of electric locomotives in this
country has had a very limited application, only two lines
having employed clectric locomotives to any extent, the Metro-
politan Railway and the former North Eastcrn Railway on its
Newport-Shildon section. In 1938, however, the London and
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North Eastern Railway decided to electrify all the traffic between
Manchester, Sheffield and Wath, a line which carries a very
heavy coal traffic between the South Yorkshire coalfield and
South-East Lancashire and Cheshire. The routé¢ passes through
the Pennines by means of the three-miles-long Woodhead tunnel,
which is approached from both the Manchester and Sheffield
cnds by long and continuous gradients. Some 70 locomotives
were scheduled for construction to operatc both passenger and
freight trains, but up to the present only the first has been com-
pleted.

This locomotive is illustrated in Fig. 137; it is of the double-
bogic type fitted with four axle-hung traction motors. The two
bogies are articulated together and carry the buffers and draw-
gear, so that the actual drawbar pull is exerted through the bogie
frames and not through the main frames. The bogies with the
motors mounted in position are shown in Fig. 138. As the
locomotive develops 1,850 h.p. at the one hour rating of the trac-
tion motors, multiple-unit operation was not thought to be neces-
sary for normal traffic requirements, so that in the event of two
locomotives running coupled together, each locomotive must
carry its own driving crew.

A side corridor connects the two driving cabs together, and
opening from it arc five chambers in the following order; one
motor-generator-blower compartment, main starting resistance
compartment, high tension compartment containing electro-

FIG. 136.—PASSENGER LOCOMOIIVE WITH WINTERTHUR DRIVE
(Metro-Vickers)
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FIG. 137.--L.N.E.R. MIXED-TRAFFIC LOCOMOTIVE
(L.N.LR.)

FI1G. 138.—MOTORS AND BOGIES OF L.N.E.R. MIXED-TRAFFIC LOCOMOTIVE
(L.N.E.R.)
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pncumatic contactors, reverser, overload relays etc., boiler com-
partment, and the second motor-gencrator-blower compartment.
The partly-built locomotive is shown in Fig. 139 in which this
layout can be clearly scen.

An electrically-heated boiler is to be fitted on twenty of the
locomotives for train-heating purposes, and as far as possible,
passenger train working will be confined to this group.

MIXED-TRAFFIC RIGID-FRAMED LOCOMOTIVE

The locomotive illustrated in Fig. 140 is one of a scries of eight
built in 1938 for opcration of the steeply-graded and tunnel

IiG. 139, LOCOMO1IVL WITH SIDL SHEETINGS, ETC. REMOVED

(LN.E.R)

section of the New Zealand Government Railways main line
between Wellington and Paekakariki, a distance of 241 miles.
The driving axles run in roller bearings, and the drive is
transmitted from the traction motors which arc frame-mounted
by the quill and cup system, the hollow quill shaft being carried
in bearings cast integral with the motor frame. This provides the
necessary flexibility to allow for the springing of the axles. A
photograph of the motor, with the quill shaft, cups, and driving
wheecls is shown in Fig. 37. As the gauge of the track is 3 ft. 6 in.
and there is a severe limitation in the loading gauge over the
section, it was necessary to employ a driving wheel diameter of
3 ft. 9 in., probably the smallest size of wheel to which the quill
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and cup has been applied. The wheel arrangement is 2-8-4, the
four-wheeled bogie being provided to permit an extension of the
locomotive frame at one end necessary to accommodate an auto-
matic oil-fired boiler for train-heating purposes.

A maximum tractive effort of 44,000 lbs. is provided by the
four traction motors, one driving each axle, an output of 310-h.p.
per motor being obtainable at the one-hour rating. Cooling of
the motors is effected by forced ventilation using two blower-
units each supplying a pair of traction motors, this arrangement
being clearly shown in Fig. 141.

Electro-pneumatic contactor type control is used, each pair of
motors being connected in permanent series. Power is supplied
at 1500 volts, and, by the use of series-parallel control with two
field tappings at cach position, six cconomical running speeds
with a maximum of 55 m.p.h. are available. Multiple-unit
operation is provided for, six train-line coupler sockets being
visible just beneath the driving cab windows. Two interesting
devices are incorporated in the equipment, these are the “cur-
rent limiter”” and the “wheel slip relay . The former, as distinct
from a circuit breaker, operates on the rate of rise of current and,

F1G. 140.—2—Dy—1 MIXED-TRAFFIC LOCOMOTIVE

(English Electric)
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11c. 141, H r. COMPARTMLNI OF MIXED-TRAFFIC LOCOMOTIVE
(Enghsh Electric)
in the cvent of a fault, inserts a resistance in the circuit and then
causes the linc-breakers to open, the advantage of this arrange-
ment being the rapid action, which prevents the fault current
from rising to an excessive value, hence keeping the duty of the
linc-breakers within reasonable limits. A wheel slip indicating
relay is connected across the armatures of each pair of series-
connected motors and any voltage out-of-balance due to one
pair of whecls slipping causes the relay to operate and light a
signal lamp in the driving cab.

The main starting resistances are mounted at one side of the
locomotive and, by an arrangement of ventilators in the floor and
roof, a self-induced draught ventilating system is provided. At
the opposite side of the high-tension chamber, all contactors and
relays are mounted on an angle-iron framework so that one side
of them is accessible from the interior and the other through
interlocked doors from the corridor which runs down the side of
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the locomotive and connects the two driving cabs. The interior
of the main high-tension compartment with the main resistance
chamber covers removed is shown in Fig. 141. The motor genera-
tor set and one compressor are located one above the other at the
boiler end, and the second compressor and current limiter at the
opposite end of the high-tension compartment.

Fig. 142 shows one driving cab of the locomotive and demon-
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FIG. 142,—DRIVING CAB OF MIXED-TRAFFIC LOCOMOTIVE
(English Electrsc)
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r1G. 143.—1000 i.p. SHUNTING LOCOMOTIVE
(Metro-Vickers)

strates the convenient arrangement of the various control switches
which enable the driver to handle the locomotive with the mini-
mum of fatigue.

SHUNTING LOCOMOTIVES

When complete electrification of a railway system is carried out,
it is necessary to provide electric shunting locomotives for marshal-
ling yard duties. These are usually of the double-bogic type,
cmploying up to four traction motors with a total output of
between 500 and 1,000 h.p.

The locomotive illustrated in Fig. “143 is of this type, being
designed to operate on a 1,500 volt supply. Four 250-h.p. motors
arc mounted in pairs on the two bogics, cach pair being per-
manently connected in series. Electro-pneumatic control is
used, and togcther with field tappings on the motors, provides
four economical running speeds. Provision is made for multiple-
unit working.

On account of the frequent reversals required in shunting work,
a central driving cab is provided and flanked on cach side by two
equipment compartments which contain the control gear, main
starting resistance, motor-generator-blower set and battery.

'The locomotive is designed for a maximum speed of 32 m.p.h.,
and cxerts a tractive effort of 20,500 Ib. at 16 m.p.h.
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FIG. 144.—PANTOGRAPH BATTERY LOCOMOTIVL

(B.1.11)

INDUSTRIAL LOCOMOTIVES

Electric haulage in the industrial field is not restricted to any
one particular type of locomotive. Therc are two main groups,
the first bcing those carrying their own power supply, and
the second, those obtaining their supply from an cxtcrnal
source.

BATTERY LOCOMOTIVES*

The former type are chiefly battery locomotives, being designed
for operation where it is impracticable to use any form of current
collection, such as in mining applications, certain chemical
works, ctc. The battery, which may be anything from 60 to 500
volts in output, is carried on the locomotive frame to increase the
adhesive weight, or if this arrangement is unsuitable, towed
behind the locomotive on a battery tender. Acid or alkaline type
batteries may be used, the latter being prcferable for most pur-
poses. Locomotives for mining service, when of the battery-
powered type, are frequently fitted with flame-proof motors and
control gear, to avoid any possibility of arcing in the system
causing a fire or explosion.
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7

EXTERNAL SUPPLY

Locomotives which operate from an external supply may
collect the power from either a third rail or from an overhead
wire, in the latter case employing either a trolley, bow collector or
pantagraph, supply voltages between 250 and 60Q being normal.
Certain cases occur where the locomotive is required to work for
short periods away from its power supply line, in which case,
either a battery is fitted in addition to the normal collection
apparatus, this battery being on charge when operating from the
external supply, or a cable reel employed, the cable being attached
to the source of power, laid behind the locomotive as it moves away
and re-wound as it returns.

In general a locomotive equipment consists of two or four
traction motors with their associated control gear and starting
resistances. Standard axle-hung motors are employed, the drive
being taken through spur gearing, except in certain special cases
where worm-geared motors are used on narrow-gauge systems.

CONTROL GEAR

Control is normally by the series-parallel system, and in all
smaller locomotives a direct controller as shown in Fig. 55 and
described in chapter 3, is utilised. Where the power involved is
beyond the capacity of such a direct controller, indirect control
with electro-magnetic or clectro-pneumatic contactors and a
master controller is adopted. Where the latter method is em-
ployed, a compressor is necessary, and consequently a direct air
brake is frequently incorporated in the equipment. Most operat-
ing companies require the inclusion of “dead man’s”’ protection,
which takes the form of a handle or pedal arranged to trip the
main circuit-breaker when relcased. Figs. 144 and 145 show
typical examples of industrial locomotives.



Chapter 8
DIESEL-ELECTRIC TRACTION

DIESEL-ELECTRIC locomotive or train set combines the

flexibility of an electric drive with that of complete

mobility on any existing system without any modification

to that system being necessary, this being due to it carry-
ing an independent power unit.

The principle of the system is that of supplying the power for
the traction motors by means of a diesel engine-driven generator.
The voltage applied to the former is varied by regulating the
engine speed and the generator exciting current, thus eliminating
the use of starting resistances. In multiple unit coaching stock,
several engine-driven units are controlled from one master con-
troller through a control train-line.

Four types of diesel-electric unit are used in normal railway
practice :—

(a¢) The main-line diesel-electric locomotive, which may
contain engines up to 2,000 h.p. each, and be capable of
speeds up to 100 m.p.h.

(b) The diesel-electric shunting locomotive, with an engine
of 300 to 500 h.p., and a maximum speed of 15 to 30
m.p.h.

(c) Diesel-electric multiple unit coaching stock, where each
motor-coach has an engine of 180 to 200 h.p., and the
train set is capable of a speed of 50 to 70 m.p.h.

(d) The diesel-electric railcar, with an engine of 100 to 600
h.p. which may operate as a single car or in conjunction
with one or more trailers.

POWER LIMITATION

As it is important that the engine should not be overloaded,
some form of power demand limitation must be introduced. The
ideal system is to utilise a generator having a characteristic which
approximates closely to the engine output curve. This is done by
providing suitably designed field windings so that the output of
the generator (and hence that of the engine) cannot exceed a

195
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predetermined amount. Such a generator will protect all the
electrical equipment, and in particular the traction motors,
against excessive currents and voltages.

ENGINE-DRIVEN GENERATORS

The following principles apply to the generators of all the diesel-
electric units described in this chapter.

Generator frames are either cast or more often fabricated, and
utilise a field system of at least six poles. The increased number of
poles are used in order to keep the relative length of the armature
core and commutator as short as possible for a given output, and
at the same time provide a machine suitable for low speed running
at 300 to 800 revolutions per minute. The large diameter frame is
advantageous from the point of view of the overhung mounting,
housing of the brush gear, and accessibility of both brush gear and
commutator for maintenance purposes.

GENERATOR OUTPUT CONTROL

Two methods of generator output control are available, and
these may be used ecither combined or separately. The first
method is that of varying the engine speed, and may be accom-
plished by using several fixed running speeds, or by a continuous
speed range controlled by a throttle. Sccondly the excitation of
the generator may be controlled by the insertion of resistance into
its field circuit, or indircctly by control of the exciter voltage.
Determination of the generator characteristic to be used is there-
fore governed by the control system chosen. A combination of
both methods is used for
shunting locomotives,
where constantly varying
duties exist, demanding
different values of tractive
effort, rates of acceleration
and running speeds. Fig.
146 shows typical charac-
teristics of a generator
suitable for such work.

AMPS The main field excitation
is provided by two in-
FIG. 146.—LOAD CHARACTERISTICS OF SEPAR- dependent shunt windings,

ATELY-EXCITED SHUNT GENERATOR FOR DIESLL- .
ELECTRIC SERVICE one self-excited from the

voLTSs
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generator terminals, and the other separately excited from a low
tension auxiliary generator, working in parallel with a battery.
Design of the field system is such that a drooping voltage curve
is obtained with increasing load current, so enabling the traction
motors to be connected across the generator terminals without
resistances to limit the applied voltage during starting and ac-
celeration.

Two distinct methods of obtaining the required generator
characteristics arc used. An outline of the electrical principles
involved follows.

SELF-EXCITED GENERATOR

Referring to page 23 from the paragraph on self-excited genera-
tors, it is seen that the conditions for self-excitation are those
where the field resistance line lies below the field magnetisation
curve. In this case the total resistance of the self-excited field
circuit is adjusted by an externai rheostat, so that the resistance
line is above the magnetisation current curve, and therefore no
building up occurs. By applying a separate excitation from the
battery, thc magnetisation curve is raised with consequent build-
ing up of the generator voltage. In this manner an appreciable
total number of ficld ampere-turns can be obtained by the
application of a relatively small battery-excitation current, the
ultimate field strength being proportional to the value of the
battery field.

Working with a value of field flux considerably below satura-
tion point, as the armature
current increases, the ar- '
mature ampere-turns, by
ncutralising those of the
main ficld, cause a corre-
sponding fall in generator
volts, and likewise in self-
cxcitation. Ultimately a
point is reached where the
battery field only is cffect-
ive in producing generated
emf. This being rela-
tively low with heavy " AMPS

armature currents, it is
mostly absorbed in arma- G- 147.—LOAD CHARACTERISTICS OF SERIES DE-
COMPOUNDED GENERATOR FOR DIESEL-ELEGTRIC

ture resistance drop. Thus SERVICE

VoLTS
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the voltage applied to the traction motor is automatically adjusted
according to its current and hence to its speed.

SERIES DECOMPOUNDED GENERATOR

The second type of generator, in use most successfully on
power units for railcars and multiple-unit motor-coach stock, is
the series decompounded machine, characteristics of which are
shown in Fig. 147. The field system is of the six-pole type, each
main pole being fitted with a composite coil consisting of a
separately excited shunt winding and a series winding carrying
the armature load current, so wound as to decompound the shunt
turns. Separate excitation current for the shunt winding is
provided directly by a low tension auxiliary generator.

The control system gives a series of engine running speeds with
a constant exciter output voltage at each speed, and consequently
for each engine speed, a predetermined maximum generator out-
put is available. As the generator load current rises, the corres-
ponding increase in the decompounding series field ampere-
turns reduces the generator voltage applied to the traction motors.
This characteristic gives automatic overload protection to both
generator and traction motors, whilst the motor voltage and cur-
rent are adjusted to the speed and torque required.

LOW TENSION EXCITERS

Low tension exciters, normally working in parallel with a
battery, are usually of the six-pole type, and are separately
excited from the battery when running on open circuit, i.e. until
closing of the reverse current charging cut-out switch, when
battery, shunt field, and armature are connected in parallel. The
constant voltage feature over the engine spced range is accom-
plished by the control system, which provides a reduction in
exciter shunt field current at various intermediate running speeds.
Regulation of the exciter voltage between notches is covered by
the battery charging current passing through a scries decompound-
ing field winding, or by a voltage regulator.

Exciters which are belt-driven from the engine or generator
shaft are also variable in speed, the voltage being controlled in a
similar manner. Speed is generally stepped up from the main
driving shaft by means of the belt pulleys, this resulting in a
smaller machine with a four-pole field system.

The output of an exciter or auxiliary generator should be
sufficient to provide power for the control system, for battery
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¥1G. 148.—RUMANIAN 4,400 H.P. DE LOCOMOTIVE
(Sulzer Bros and The Raslway Gazelte)

charging and for driving such other apparatus as the compressor,
exhauster, water circulating pump and fan motors.

TYPICAL DIESEL-ELECTRIC UNITS

The following arc some typical examples of diesel-electric units
designed for various types of railway service, these having been
selected to cover as wide a range as possible.

PASSENGER LOCOMOTIVE

The locomotive illustrated in Fig. 148 is one built in 1938 for the
Rumanian railways to haul trains weighing 600 tons over long
and steep gradients without assistance. It consists of two units
coupled together, each containing an engine of 2,200 h.p. The
wheel arrangement is of the 2-Dy-1 + 1-D -2 type, each of the
eight driving axles being powered by a separate traction motor.
In working order the locomotive weighs 230 tons, and its peak
tractive effort is 81,500 lb., which is sufficient to start a 600 ton
train on a curved track with a rising gradient of 1 in 40.

Each half-locomotive is divided into a driving cab, a generator
compartment and an engine room, a passage-way being provided
down each side of the engine. In order to facilitate the removal
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of the engine generator unit, the whole central roof over the engine
room is removable.

ENGINES

Each of the two Sulzer engines has twelve cylinders in two
vertical banks of six, each bank having its own crankshaft and
driving the main generator through a step-up gecar of the spur
type. Four running specds are obtainable by governor control,
380, 485, 625 and 700 r.p.m. with respective maximum outputs of
700, 1,300, 1,900 and 2,200 brake h.p., the cxhaust gas turbine
supercharger being in operation in each case. A cross section of
the enginc is shown in Fig. 150 the dimcnsions given being in
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FIG. 149.—2,200 B.H.P. SULZER 12-CYLINDER FOUR-STROKE ENGINE
(Sulzer Bros. and The Ralway Gazetie)
millimetres. The engine crank casc and generator rest on two
independent longitudinal beams, the whole being carried on the
locomotive framcwork as one complcte unit. This ensures rigidity
bctween the engine and generator, and protects against damage
due to distortion of the main frames.

Engine cooling is accomplished by mcans of a water system
circulated by electrically-driven pumps, mounted, together with
water-tanks, at the inner end of each half-locomotive. Above these
arc the radiators, air being drawn in at the sides of the locomotive,
passed through the radiators, and finally expelled through the
roof by motor-driven fans supplied from the auxiliary generator.

GENERATORS

The 1,250 kilowatt gencrators, which are of Brown-Boveri
manufacture, follow the principles outlined under the heading



Diesel-Electric Traction 201

y—-—

T I\

FL) A S
SRR R L

<t ——— M 1520
01+ 1+ CRS

DIA,

r1G. 150.—cRoss-SFCTION oF suLzrrR 2,200 HP FNGINE
( Sulzer Bros and The Railway Gazette)



202 Principles of Direct Current Electric Traction

engine-driven generators (page 196). In this case the commutator
is fitted nearest the engine, and the auxiliary generator mounted
almost entirely within the main generator at the opposite end.
Cooling is obtained by means of a fan at the driving gear end,
which draws air through the auxiliary and main generators, over the
commutator and finally expels it through the floor, a system which
keeps any carbon dust from the brushes away from the windings.

TRACTION MOTORS

The traction motors, each of 390 h.p. are of the single armature
type horizontally located as with nose-suspended types. Actually
they are rigidly attached to the locomotive frame and drive the
wheels through a hollow quill individual axle drive of the spring
cup type, the hollow shaft being gear-driven from the armature
with a reduction of 16 to 89. Fig. 152 shows the complete motor
and driving axle assembly.

FIG. 151.—MAIN AND AUXILIARY GENFRATORS
(Sulzer Bros. and The Ratlway Gazetts)
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FIG. 152.—TRACTION MOTOR WITH QUILL AND CUP DRIVE
(Sulzer Bros, and The Railway Gazette)

Control of the locomotive is from the outer end of each unit,
the driver having eight running notches to choose from. On the
first four, a fixed engine speed and generator field current are
provided, the horse-power developed varying with the load;
whilst on the last four notches with a set engine speed, a deﬁmtc
horse-powcr is devclopcd by variation of the generator field using

“servo field regulator’ operated from the engine governor.

POWER CIRCUITS

Fig. 153 shows the power circuits for one half-locomotive.
When the whole equipment is at rest, BPC the battery paralleling
contactor is closed, so paralleling the batteries of each half-loco-
motive in preparation for starting the engines. On moving the -
starting handle, the appropriate engine starting contactor SC
closes, and the generator, functioning as a series motor fed from
the battery, starts up the engine. By a system of interlocking it is
impossible to start both engines at once, or to connect the auxiliary
generator to the battery when starting the second engine. Once
both engines are running, BPC opens and isolates the two
batteries. The battery is charged through a reverse current cut-
out from the 70-kilowatt auxiliary generator at 250 volts, this
voltage being maintained within close limits by a voltage regula-
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tor, which inserts resistance in the self-excited field circuit as the
engine speed is increased. To move the locomotive, the reverse
cylinder is first set to the desired direction, this operating the
reverser in the usual manner. The controller handle is then
moved from the “off” position to any running notch, thereby
closing the main motor contactors M, and applying a field
current to the main generator. The locomotive then moves
away, its acceleration, speed and developed horse-power depending
on the controller setting. When operating on notches 5 to 8 the
servo field regulator comes into operation, its principle being as
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FIG. 153.—RUMANIAN LOCOMOTIVE POWER CIRCUITS

follows. The engine is sct to develop a certain horse-power, and
if this tends to increasc or decrease it is immediately detected by
the governor which operates a small piston valve controlling the
oil admission to cach side of a rotary piston. By this means the
governor is able to operate a regulator connected to the rotary
piston, and so vary the resistance in scries with the separately
excited field of the generator, thereby modifying the demand on
the engine in such a way as to keep the horse-power output
constant,

SHUNTING LOCOMOTIVES

The main advantages claimed for diesel-electric shunting
locomotives are:—
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(a) Available for service 63 days weekly for 24 hours per day;
it is estimated that 12 locomotives of this type can do the
work of 19 steam locomotives.

(6) Full power output is immediately available on demand
with a negligible fuel consumption when not actually
working.

(¢) Avery high tractive effort can be made available at starting.

(d) Considerable reduction in operating costs as only one man
is required per locomotive instead of two.

(¢) Maximum comfort is provided for the driver with ease of
of control, as once the engine is running only two levers are
used, one to control the speed of working and the other the
direction of motion, rapid reversal being possible by move-
ment of a small lever. Dual driving positions are fitted

FIG. 154.—SERVO FIELD REGULATOR
(Sulzer Bros. and The Railway Gazelte)

so that the driver may control the locomotive from either
side, the usual ““dead man” protection being fitted in the
form of a pedal with a time lag of a few seconds to enable
the driver to move from one side of the cab to the other
without the tripping mechanism operating.

The locomotives shown in Figs. 155 and 156 are two versions of
the locomotive which is now extensively used for diesel-electric
shunting work in this country. It has appeared in the last few
years in the above two forms, one of which has a single frame-
mounted motor driving a jackshaft through a double reduction
gear, the jackshaft being connected to the main driving wheels.
Fixed engine speeds are employed, output being governed on the
maximum speed by the ¢ torque control’’ method.
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11G 155 —JACKSHAFT-DRIVEN SHUNTING LOCOMOTIVE

FIG. 156,—AXLE-HUNG MOTOR TYPE SHUNTING LOCOMOTIVE
(Engltsh Elsctric—L.M.S. Ralway)
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The second type has two axle-mounted motors connected in
parallel, driving the leading and trailing axles through double
reduction gearing. The engine speed is continuously variable from
300 to 680 r.p.m., output being governed throughout by the
inherent characteristic of the generator.

The approximate weight of the locomotive in working order
with sufficient fuel for two weeks operation is 50 tons. This is distri-
buted between the three coupled driving axles, the wheel arrange-
ment being 0-6-0, the standard for most British shunting locomo-
tives. The haulage capacity is 800 tons at 10 m.p.h. on a level
track, the maximum starting tractive effort being 32,000 lbs.

POWER UNIT
Power is supplied by a six cylinder 350-h.p. English Electric
engine driving a 230-kilowatt generator, the armature of which
has only one bearing, the inner end being direct coupled to the
engine crankshaft while the frame is mounted on extensions of the
engine crankcase. The whole unit is carried on three bearers, one
at the front and two at the generator end, this being done in order
to avoid any distortion due to flexing of the locomotive frames.

FIG. 157.—350-H.P. ENGINE GENERATOR SET

(Enghsh Eleciric)
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The radiator and fan, which is belt-driven from the engine, are
mounted at the leading end of the locomotive, and the engine and
generator are then mounted between the radiator and driving cab
at the rear. On the top of the gencrator are situated the com-
pressor and the exciter-blower unit, both belt-driven from a

11G. 158.—FXCITFR BLOWLR AND COMPRISSOR DRIVL
(I nghsh I lcetric)

pulley on an extension of the generator shaft (Fig. 158). Fixed
to the rear bulkhead of the enginc generator compartment are
the field resistance units, used to control the gencrator and exciter
excitation.

The generator is cooled by a fan mounted at the engine end,
which draws air over the commutator and through the windings,
in this case the commutator being at thc outer end of the
armature.
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FI1G. 159a.—318-H.P. MOTOR
(English Electric)

(Bnglish Flactrie)

FIG. 159b.—135-1.p. MOTOR
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EXCITER-BLOWER UNIT

The exciter-blower unit consists of an 85-volt 6-kilowatt auxiliary
generator, with its commutator at the pulley end, and a blower
fan on a shaft extension at the other end of the armature, which
delivers 2,000 cu. ft. of air per minute to the traction motors at
maximum engine speed.

TRACTION MOTORS

Two types of traction motor are shown in Fig. 159. In the
jackshaft-driven locomotive the motor, which has an output of
318 h.p. on its one hour rating, is mounted between the generator
and the rear bulkhead, and drives the jackshaft situated below it
through double-reduction gears. In the second type the two 135-
h.p. one-hour-rated motors drive the leading and trailing axles
also through double-reduction gearing. A special feature of this
drive is that the intermediate shaft may be moved so that the gears
disengage, so enabling the locomotive to be towed without
turning the traction motors. This is necessary as the maximum
safe speed is 20 m.p.h., a value which may easily be exceeded
when the locomotive is being towed from depot to depot.

! -ErIK"‘L,Jm uu,a[ wEr |

M

)
. Egyann [T &
L L. S ..nn“'??f-’» L

FIG. 160.—CONTROLLER DESK
(Enghsh Elsciric)
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FIG. 161.—CONTINUOUS SPEED CONTROL SCHEME
Resistance (a) is inserted as engine speed increases
Resistance (b) is cut-out progressively from notches 1 to 2

The control gear is housed in a desk fitted in the driving cab
(Fig. 160). This desk contains the master controller, reverser,
main power contactors, overload and earth fault relays, etc. Three
control handles are fitted, the master switch with a detachable
key in the “off” position, and the main and reverse cylinder
handles which are duplicated at each end of the desk. To start
the engine, the master switch is moved to the ‘““start” position,
which energises the engine governor control valve and closes the
starting contactor G., thereby motoring the generator from the
battery. After the engine fires, the master switch is allowed to
return to the “engine only” position, where, by moving the main
cylinder control handle over the speed range, the engine may be
accelerated on no load up to its maximum speed for checking
purposes. As mentioned previously the two-motor locomotive is
fitted with continuous speed control and the jackshaft-driven type
with fixed speed control, ‘the actual control schemes employed
only differing in minor detail from the simplified schemes
described in the following.

CONTINUOUS SPEED CONTROL

In continuous speed control (Fig. 161), the traverse of the
master controller cylinder is divided into four sections.
(a) Notch 1 closes the motor contactors and applies minimum
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battery ficld current to the generator with the engine
running at 300 r.p.m.

(b) From notch 1 to notch 2 several running positions exist, on
each of which the battery ficld current is increased, the
engine speed remaining constant throughout at 300 r.p.m.

(¢) From notch 2 to notch 3 the battery field current is
maintained at a constant value, while the engine speed
is increased uniformly to 680 r.p.m. by means of a cam,
mounted on the master controller cylinder, which adjusts
the engine governor setting through a system of rods and
levers.

(d) At notch 3 the engine is at full speed and, to obtain
further power, the handle is moved to notch 4 which
doubles the value of the battery field current, thus bringing
the gencrator to its maximum output characteristic.

By this method, a series of running positions is obtained during
which the voltage applied to the traction motors is raised from
zero to a maximum without the use of starting resistances or of
series-parallel operation. In order to maintain the exciter voltage,
and hence the gencrator battery ficld current, at a constant value
with increasing engine speed between notches 2 and 3, a series of
fingers are fitted on the master controller cylinder which reduce
the exciter field current by the insertion of resistance steps into
its field circuit as the engine speed increases.

FIXED SPEED CONTROL

This control uses four fixed engine speeds and various generator
battery ficld current values to form a combination of ten running
notches, on the last of which ‘“torquc control” is employed.
Referring to Fig. 162, on moving the master switch to the “on”
position the exciter self-field circuit is completed by the closing of
EFC contactor. In consequence, the cxciter builds up and applies
minimum battery field current to the generator, which therefore
builds up to its corresponding characteristic.

To move the locomotive the reverse handle is set, and the control
handle moved to notch 1; this closes the motor contactor M,
and supplies current from the generator to the traction motor.
Notches 2, 3 and 4 each incrcase the generator battery field
current, the cngine speed being retained throughout at its mini-
mum of 350 r.p.m. On moving to notch 5 the engine spced is
increased to 460 r.p.m., while the battery field current is reduced
in value. Notch 6 returns this field current to its previous
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214 Principles of Direct Current Electric Traction

FIG. 163.—MULTIPLL-UNIT DIESEL-ELE(-.'ZTRIC TRAIN
(Englssh Electric)

maximum value, while notches 7 and 8 repeat this process with
an engine speed of 590 r.p.m. The maximum engine speed of
680 r.p.m. is obtained on notch 9, and finally, on notch 10, a
further increase is made in the battery field current, and at the
same time torque control is brought into operation.

Any attempt to overload the engine when operating on notch
10 is detected by the torque control relay, which is connected to
the engine governor, and automatically reduces the generator
voltage, and hence its output, in the event of overload. This is
accomplished by a reduction of the battery field current through
the medium of the contactor TC, which inserts a certain amount
of resistance. In operation, when the engine is developing its
full power, this contactor opens and closes rapidly, its speed of
vibration depending on the main generator current.

As previously, the exciter voltage is maintained constant over
the engine speed range by insertion of resistance into its field
circuit with each increase in speed.

All contactors and relays for both systems of control are of
the electro-magnetic type, operated from an 8g-volt battery
which is also used for lighting, and for illumination of the instru-
ment panel mounted at the back of the desk. The most arduous
duty however, which the battery is called upon to perform, is
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that of starting the engine, which it may be required to do
several times daily. In consequence the battery must be con-
tinually on charge to maintain its condition, this being accom-
plished by charging from the exciter through a reverse current
relay, i.e. one which only allows current to flow in the charging
direction. Stability is obtained by the decompounding series
field winding of the exciter.

-

FIG. 164.—DRIVING CAB OF MULTIPLE-UNIT DIESEL-ELLCTRIC TRAIN
(English Llectric)

MULTIPLE-UNIT STOCK

The trains described in this section were supplied to the Ceylon
Government Railways in 1937 for operation of long distance
suburban services. Each consists of four vehicles, two motor-
coaches and two trailers. Articulated bogie construction is used
throughout, there being one bogie between each motor-coach and
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its adjacent trailer, and one between the two trailers. The front
end of each motor-coach is carried in the normal way on a driving
bogie, on which are mounted two axle-hung traction motors, the
main engine-generator unit being situated above in the main
frames. It is possible to operate two trains coupled together with
-all the engines and control gear operated from one master con-
troller through a control train-linc. Each unit is fed from this
line through a multiple-way control cut-out switch, and in the
event of a fault on one motor-coach, its equipment may be iso-
lated by opening this switch, thus cnabling the train to continue
on its way.

Each motor-coach is divided into five sections as follows :—

Driver’s cab at the front end.
Engine room.

Gencrator and control compartment.
Guard’s and luggage compartment.
Passenger saloon.

The engine and gencrator room houses the main power unit,
consisting of a six-cylinder engine of 200-220 h.p. driving a main
generator with an overhung exciter. The radiator fan motor is
mounted on the floor, the fan being belt-driven, and expelling
air from the engine room through the radiator mounted in the
coach side. In addition to the main generator ficld, the exciter
supplies the cxhauster motor and control gear, and charges the
battery for lighting, ctc.

Vacuum braking is used, exhausters of the two-speed type being
mounted in each motor-coach, and controlled from the driver’s
brake valve. Dead man protection is fitted in duplicate on the
master controller handle and as a pedal situated at the driver’s
feet, the holding down of either of which is effective in rctaining

normal operation.

ENGINE

The cngine is of the high speced type, with running spceds of
580, 900, and 1,350 r.p.m., the governor sctting being adjusted
electrically from the master controller. Mounted on an cxtension
of the engine crankcase is the generator, which has a continuous
rated output of 120 kilowatts at 1,350 r.p.m., and is of series de-
compounded design as described carlier in this chapter. The
exciter is of 57-volt 7-kilowatt output, its armature being carried
on an extension of the generator shaft, and its frame bolted to the
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FIG. 165.=SIMPLIFIED CIRCUIT DIAGRAM=DIESEL-ELLCTRIC MULTIPLE-UNIT MOTOR-COACH

main gencrator endplate. As with the shunting locomotive, the
whole engine-genecrator unit is carried on three bearers to
eliminate distortion.

TRACTION MOTORS AND CONTROL GEAR

The traction motors are axle-hung and nose-suspended with a
single reduction drive as fitted in standard motor coach stock, the
control being so arranged that they can be operated in series, in
parallel, or with shunted fields.

Fig. 165 shows a simplified arrangement of the connections, the
equipment being operated as follows. To start the engine, the
master key is inserted on the controller and the reverser moved to
the “engine only” position, after which pressure on the cngine
starting switch in the cab will start up the enginc by closing
contactors G1 and G2 thereby motoring the generator, from the
battery. To move the train, the reverser is set to “‘forward” or
““reverse”, this completes the exciter field circuit, with consequent
building up of the exciter volts and the generator shunt field.
There are five running notches, the first three with the traction
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motors in series and engine speeds of 580, 900 and 1,350 r.p.m.
respectively. Notch 4 changes the motor connections to parallel
using shunt transition, a momentary reduction in generator
field current, and hence main current, being made by the opening
of contactor GF1, driving transition. The last notch applies
shunting resistances to the traction motor fields. An interesting
feature is that on notching back from notches 4 and 5, parallel and
field shunt motor connections are maintained back to the first
notch, and consequently can be used at reduced engine speeds.

RAILCARS

The diesel-electric railcar has been giving satisfactory service
in several parts of the world for more than a quarter of a century.
Units range from four-wheeled vehicles weighing 17 tons in use in
Germany to eight-wheeled 63-ton cars in Canada. Engines are
usually about 150 to 300 h.p. but certain railways are operating
railcars with engines of 500 to 600 h.p. Maximum speeds vary
from 40 to 100 m.p.h. according to the operating conditions and
service required.

The electrical system of a railcar is very similar to that of the
multiple-unit motor-coach described in the previous section
except that no train-line connections are necessary. Modern
design tends to simplify the electric transmission and control gear
as much as possible, so as to compete favourably with the various
systems of mechanical transmission available for such units.

From the above examples, it is clear that much of the equip-
ment used for normal D.C. electric traction work is the same or
very similar to that used in diesel-electric traction, hence the
author’s decision to include details of the various control schemes
and apparatus used in applications of the latter principle.



Chapter 9

TESTING AND MAINTENANCE

ESTS carried out on traction motors at the manufac-
turers’ works are made with the twofold purpose of
checking: (a) that the temperatures after running on
rated loads, and also the characteristics, are within the
permissible limits of guaranteed figures; (#) that the motors are
mechanically sound after tests corresponding to the most severe
conditions likely to be encountered in service. These include
overloads, overvoltage, overspeed and insulation tests, where
weaknesses or faults in windings, soldered winding joints, com-
mutator, armature banding, insulation, balance and bearings

may become apparent.

SERIES MOTOR TESTS

A simple and comprehensive test scheme in common use is that
generally known as the ““Series Hopkinson” back-to-back test
method. The actual connections used between the testing
equipment and motors under test are shown diagrammatically
in Fig. 166.

Advantages of this method are:—

(1) Simplicity of circuit and few external connections.

(2) Adaptability, in which function and rotation of machines
can be reversed easily by means of test stand switches,
external connections remaining the same throughout.

(3) Easy control of load current and voltage.

(4) Power supply losses comparatively small.

(5) Useful method for testing very high voltage machines, as
the voltage required on the series booster corresponds to
the difference in voltage between the motoring and
generating machines under test, i.e. 15 to 20 per cent of
the motor voltage.

(6) As both motoring and generating machine armatures are
in series and carrying the same current, the resulting
temperatures at the end of a heat run are accepted as a
test on both machines simultaneously, this being more
economical from the point of view of production than
individual testing.

219
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Motor efficiency calculations based on the Series-Hopkinson test
method are given as follows :—

L,=(R.+R, +R)I?2+C.

L,=R,+R)I2+V,. I, +C.

L, + L, = output of CB + EB.

=V, =V )L, +V .1 o (1)
L,—L,=R,+R;+R,—R, —R))I,2 4+ C —C-V,.I,
= Rf. 112 - ng. 12 ........................ (2)
Adding (1) and (2). 2L,, = (V, — V) I, + R,. 1,2
but Rf. 112 == me. Il.
Therefore L, = Vo _V");l = Vo 1y
2Vl, -V —V)I, + V.. 1,
Efficiency of motor == -V: T
=V, +V, —V,, x 100%.

2V,

Symbols used arc as below, and as in Fig. 166.

L ,. Motor losscs.

L, Generator losses.

R, Armature resistance.

R; Interpole resistance.

R, Field resistance.

C Core, windage and friction losses (assumed to be the
same in both machincs).

TEMPERATURE TESTS

For production testing of machines of standardised design a
temperature test at the nominal short rating (usually one hour) is
carried out on a pair of machines, the voltage and current of the
motoring machine being held constant for the rated time, records
of the speed and the various measurements, as indicated on the
test scheme Fig. 166, being made at 15-minute intervals. On
shut down, surfacc temperatures of the commutator, armature
and field system are measured by thermometer, and at the same
time, rcsistance measurements are made of all windings from
which the actual copper temperatures are calculated. When
testing forced-ventilated machines, a temporary ventilation
system is set up in order to provide the necessary cooling air,
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vmf

FIG. 166.—SERIES-HOPKINSON TEST CIRCUIT

SPEED-LOAD CHARACGCTERISTIC TESTS

In order to ensure reasonable load balance betwcen motors on
multiple-unit stock, and that accelerating currents and the running
speeds arc within desired limits on single-motor equipments, it
is necessary to measure the speed-load characteristics of motors as
a standard routine test, the usual tolerance of + 219% being
allowed for variations in speed from the guaranteed values. The
motor speed is rccorded with the machinc hot at the one hour
rating figure, load currents ranging from 50 per cent above the
normal rated value, down to a point corresponding to the maxi-
mum curve speed, these tests being made on all the tappings of
tapped series field machines. On reversible machines, speed
variation from clockwise to anti-clockwise rotation must not be
more than 2 to 3 per cent.

COMMUTATION AT MOTOR BRUSHES b

Commutation at the motor brushes is observed over the
whole range of working loads, including such adverse conditions
as over-voltage, overload and high speed on the weak field
tapping. Permissible sparking is such as not to causc burning of
commutator bars or the carbon brushes.

OVERSPEED

A maximum safe running speed is quoted for all rotating
machines, usually about 20 per cent above the maximum working
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FIG. 167.—SERIES MOTOR TEST CGIRCUIT

speed, so as to give a margin of safety between the latter and that
corresponding to the ultimate mechanical strength of rotating
parts when under centrifugal stress. During an overspeed test,
particular attention is paid to ensure that no temporary or per-
manent “springing”’ of the commutator segments occurs, and.also
that bearings run smoothly. Balance of armatures should be
such that vibration when running is reasonably small, and that
any critical vibration amplitudes occurring in the speed range
are insignificant.

HIGH-PRESSURE INSULATION TESTS

These tests are carried out in accordance with the *Electrical
Standards Association’’ specification for traction machinery, and
are made between all windings and the frame, and between in-
dependent sections of windings, such as shunt and series layers of
composite field coils. Insulation resistance should be as high as
possible, one megohm being the absolute minimum permissible.

Another test circuit as shown in Fig. 167 may be used for
testing series motors. In this method, the two series motors
under test are connected in parallel with the supply generator, a
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booster machine being interposed between the two under test and
providing the means of load regulation.

This method is not very flexible for varying types, but is useful
in tests on heavy-current machines where a large capacity booster
is not available, only a low voltage corresponding to the back
e.m.fs. of the machines under test being required from the load-
regulating booster.

COMPOUND MOTORS

Testing of compound traction motors is somewhat more in-
volved especially where regenerative characteristics are required.
It may be found most convenient to test the machines individually,
coupled to a permanent test machinc for electrical loading. A
typical separate loading test circuit is shown in Fig. 168, full range
of loads from “motoring” to “generating” of the motor under
test being obtained by regulating the field of, and the armature
supply to, the loading machine. Trolley-bus motors are uni-
directional in rotation, therefore slight deviation of the brush
position from magnetic neutral is permissible where improvements
in the commutation and the shape of speed-load characteristic
curves can be obtained by such brush movement.

GENERATORS

Main generators for diesel-electric units which have drooping
voltage-load characteristics, may be convenicntly tested using the

SUPPLY
GENERATOR,

SUPPLY
MACHINE

e

SE. %R TE
L0A0D
EXQ/TATION REGULATORS

FIG. 168.—SEPARATE LOADING TEST GIRCUIT
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‘““separate loading” method with a pair of generators coupled
together, onc machine acting as a motor during generating tests
on the other. The armature supplies, being independent of one
another with this test method, enable the voltage of the motoring
machine to be raised relative to that of the generating machine,
so as to provide the combined efficiency losses without increasing
the motor current above that of the generator, thus preventing
excess winding temperatures; heating being proportional to the
square of the current. Standard tests similar to those as des-
cribed for traction motors arc made, including the extreme
conditions of load, speed, voltage, ctc.

AUXILIARY EQUIPMENT

This cquipment is subject to the usual routine tests, such
machines as motor-generator scts and exciters being tested in-
dividually, and the output energy dissipated in resistance grids.
This power being of a low order does not represent much loss, and
the method facilitates load regulation. Compressor, exhauster
and blower motors, generally of the series motor type, may be
tested back to back in pairs using the Scries-Hopkinson method as
described for traction motors.

DEVELOPMENT TESTING

Development testing and testing of prototype machines is
more comprehensive than that for production purposes, and is
carried out in precise

yALUES detail as follows.
0\”1'&0 = LTS (a) Cold re.sist.ancc
WA R of all windings,
S thesc are checked

against the cal-
culated values,
cnsuring correct
material has been
used in construc-
tion, and also
used as the basis
for temperature

ARMATURE OPEN CIRCUIT VOLTS

calculations.
E XC/TAT ~-(AMPS, L .
FIELD EXCITATION - (: ) (6) Field magnetisa-
FIG. 169.—VOLTS-EXCITATION CURVE, SHOWING tion curves, taken

DEVIATION FROM DESIGN VALUES to check the
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effective air gap between armature core and poles, and
also that the material and magnetic section of the frame is
correct to drawing. It is not possible to pre-estimate exactly
flux density in a magnetic circuit of cast metal, due to the
slight variations in thickness and permeability. The usual
method of measuring saturation curves is to drive the
machine armature at constant speed by external means,
with the main field coils connected to a variable current
supply. Readings of open circuit armature voltage are
taken for field currents from zero up to a value approaching
flux saturation. Generated volts are directly proportional
to flux entering the armature, therefore open circuit volts
are equal to the flux per pole multiplied by a constant. A
curve as illustrated in Fig. 169, may be plotted, from
which any deviation from the design estimate is indicated
and may be rectified.

Temperature test at the nominal one hour rating, re-
cording resistances, inlet and outlet air temperatures, in-
ternal circulating air if possible when the machine is of the
totally enclosed type, surface temperatures of frame and
bearings, at short intervals. Finally on shutting down, the
hot armature resistance with a cooling curve and internal
surface temperatures by thermometer are taken. By
plotting the armature resistance cooling readings and
producing the curve to zero time, the exact winding
temperature at the instant before shutting down can be
calculated. From the various data obtained, the effective-
ness of ventila-
tion and heat
dissipation may
be checked. Per-
missible one hour
rating tempera-
ture rises accord-
ing to traction
standards are
120° C., by re-
sistance and
90°C. by thermo-

FIRST READING

20 40 60 " e0

ARMATURE RESISTANCE —(OHMS)

meter. TIME —(SECONDS)
A continuous

. FIG. 170.—USE OF COOLING CURVES TO FIND TRUE
rating tempera- HOT RESISTANGE
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ture test is usually made immediately following the one
hour test, and continued until such a time that the machine
has reached a final steady temperature. This test may take
up to six or cight hours on large machines. On shut down
being madec, readings arc taken as described for the one hour
test. Permissible temperature rises in this casc are 105° C.
by resistance and 75° C. by thermometer. It may be found
that these temperature limits have not been reached with
the nominal rating figures, and it is useful for data record-
ing purposes, to carry on the test at a slightly increased
rating, finally obtaining the maximum rating value for the
particular type of machine.

The usc of resistance cooling curves is shown in Fig. 170.

Specd-load characteristic tests are taken to ascertain the
actual machine characteristics, which should lie closc to
the designed curve figures in order that the tractive efforts
and speeds for motoring currents shall be within specificd
limits. It is necessary on reversible motors that brushes
are in the electrical neutral position, in order to eliminate
speed variation in the two directions of rotation. Due to
constructional tolerances, the mechanical neutral may vary
slightly from the electrical neutral position as indicated by
the motor speeds, in which case adjustments are made after
the initial tests. Where possible it is desirable to couple
motors through their particular type of gearing or special
drive as used in service, in order that the gear efliciency
and also the mechanical endurance of gears and bearings
may be checked.

Efficiency and separate lossecs. Working cfliciencies may
be closely approximated during load tests either as des-
cribed earlier in this chapter for series motors or by taking
the square root of the overall fractional efficicncy of a
pair of machines loaded back to back. These methods
assume the similarity of machine cfficiencies and in the
latter casc neglect any losses incurred in the mechanical
drive betwcen machines. In order to calculate the exact
cfliciency and to check that the various losses are normal,
it is necessary to measure each source of loss separately.
Heating or copper loss is obtained directly from the pro-
duct of the current squared and resistance. Armature
core eddy current loss may be measured over the speed and
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field excitation range, by either driving the machine under
test with a separate motor (with predetermined speed-in-
put curve), or by running the test machine as a separately
excited motor and measuring the input power to the
armature. The actual eddy current loss values may then
be obtained by interpolation after plotting curves of total
input as shown in Fig. 171.

COMMUTATION

The introduction of better insulating materials and construc-
tional methods, together with the demand for higher-powered
units with flexibility of application, have forced the rating of main
traction motors to-
wards their maxi-
mum. This trend of
events has resulted in
good commutating
characteristics of
machines being more
difficult to achieve.
Sparkless commuta-
tion of course is the
ideal condition and
is usually achieved
over the normal load
range, allowance be-
ing made for slight
sparking at the
brushes under ex-
treme tests. With this
in mind, tests are
made by temporarily
varying the interpole
field strength whilst
commutation is ob-
served and noted, the
purposc of such a test JELR.
being to ensure that % MAX: E
under normal condi- 50
tions, good commu- : - -
tation is obtained ARMATURE SPEED -(R.P.M)
when working at the F1G. 171.—TYPICAL LOSS CURVES

ARMATURE INPUT (WATTS)

CORE LOSS (WATTS)
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average point of interpole flux range, so as to provide a margin
for under- and over-commutation at light and heavy load values
respectively.

STANDARD CONTROL GEAR TESTS

Normal practice in the design of remote operated control-gear
is to ensure operation of contactors and relays at less than 50 per
cent of the normal operating voltage. This gives a margin for
efficient operation under conditions corresponding to a low state
of battery charge, or low line volts in the case of line operated
gear, with coil resistances equivalent to those at continuous
rating temperatures. Individual testing of components is carried
out to specifications set out on these lines.

CONTACTOR TYPE ............ FORM..........
Assembly Drawing No. e
Continuous Rating 250 volts
Operating Coil ..| Minimum Opera-
tion .. .. 116 volts
Resistance .. .. 824 ohms.
Continuous Rating 300 amps.
Blowout Coil ..| Check blowout at 100 amps.
Coil turns .. 9
Contact Gap .| #%in. £ Hin.
Main Contacts ..| Contact Pressure '
(closed) 13 to 15 Ib.
Auxiliary Contacts Minimum Gap .. }in.
Wipe .. .. £ in.
High Pressure Insulation Test at 2500 volts A.C.
Insulation Resistance to be not less than 100 megohms

FIG. 172.—CONTACTOR TEST SPECIFICATION.

CONTACTORS

A typical test specification for a power contactor of the magnetic
operated type is given in Fig. 172. The maximum arc rupturing
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capacity of a contactor is usually in the order of four or five times
the normal rated valve, critical blowout being at low inductive
currents. For this reason blowout check of standardised contac-
tors is made at low currents, one third the continuous current
value being specified in the example in Fig. 172.

RELAYS

(@) Current limit relays. The correct value of motor ac-
celerating current and therefore tractive effort, is dependent
on the operation of this relay on automatic control systems.
Testing consists of the setting of pick-up and drop-off
current values to specification, and ensuring efficient
working of mechanical parts which may give rise to in-
consistency of operation.

(b) Overload relays. Protection of electrical equipment
against damage by sudden or sustained overload currents
is provided in the operation of the overload relay. It is
usual for these relays to be fitted with means of adjust-
ment, the range of current tripping values being indicated
on a calibration plate by means of a small pointer. Cali-
bration is made on test by passing the appropriate value of
current through the operating coil turns, adjusting the
relay to trip when the current is applied suddenly.

All relays are calibrated similarly on test to the minimum
operating condition, the actual settings being determined by the
application, and final adjustments being made at site if necessary.

After complete assembly of the component apparatus in the
control cubicles or grouped panels, all wiring is checked, timing
of electrical interlocks set, and sequence of operation checked.

With electro-pneumatically operated control systems it is
necessary to check all air piping for leakage at the various union
joints, and that the magnet valves operate satisfactorily at maxi-
mum and minimum air pressures and voltages.

DESIGN TESTING

In the design of control gear the following points govern the
size and type of equipment. All power circuit parts must be
capablé of carrying full load current continuously, without
exceeding a temperature rise of 60 to 75°.C. Contactors must be
capable of rupturing currents much in excess of those encountered
in normal service, to ensure some protection when faults develop
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in the system. All operating coils on magnetic or clectro-pneu-
matic moving systems must be capable of operation under extreme
conditions of pressure and voltage, and of withstanding continuous
energising without excessive temperature rise.

When a new piece of control apparatus has been designed, an
expcrimental model is constructed and subjected to short and
continuous rating temperature tests, operation figures arc then
taken hot and cold, and special flux and arc rupture tests carried
out on contactors. Finally the apparatus is put on an endurance
test and may do anything from 200,000 to 1,000,000 operations.
Only when the designer is satisfied with its clectrical and mechani-
cal soundness is the piece of equipment put into production.

COMBINED TESTS

On the completion of the first equipment on any traction con-
tract, it is usual to carry out combined tests on the whole equip-
ment where new schemes or apparatus types are involved. The gear
is arranged on stands and connected up as in the locomotive or
motor-coach, traction motors being coupled to resistance loaded
generators in order to obtain normal line currents. Sequence
testing of the control-gear is carried out first in detail, and provid-
ing this is satisfactory, the power circuits are connected to an
appropriate supply and acceleration tests made which are com-
parable with those obtained in service. It is frequently found that
slight adjustments or alterations arc necessary and these tests
enable such rectifications to be carried out during manufacturing
instead of having to make modifications on site and in service.

SITE TESTING

When the locomotive, train or tramcar has been erected, a
series of tests are carried out to check the clectrical operation and
the mechanical soundness. The wiring and power cabling is
thoroughly checked and its insulation resistance to earth measured.
The control gear is then operated from an independent supply, all
contactors, relays, etc., being tested out and the notching sequence
verified to the schematic operation diagram. If all this is satis-
factory, the main high tension supply is connected on and the
various auxiliary equipment tried out. The vehicle is then moved
slowly under its own power and finally taken out for track tests.

TRACK TESTS

The following tests arc outlined for an electric locomotive, but
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a similar series may be carried out on any electrically propelled
vehicle. In addition certain of these tests are only conducted on
one or two locomotives of a series.

(a) Operation tests consisting of tests over the speed range on
varying loads.

(5) Acceleration and braking tests running light and with
trains of varying weight.

(¢) Power consumption tests.
(d) Special tests on low and high line voltages ctc.

To enable continuous records of the various currents, voltages,
speeds, etc. to be made, two methods may be employed. First is
the “traction rccorder”, consisting of an clectro-speedometer,
main ammeter and voltmecter operating ‘“stylus® pens on moving
paper charts, this being most suitable when tests over a period of
time are required. Sccondly comes the “Cathode ray” oscillo-
graph which may bec used for any number of measurable quan-
tities depending on the number of tubes employed. The results
are photographed on a continuously moving paper film and instan-
taneous phenomena can be easily analysed.

SERVICE MAINTENANCE OF ELECTRICAL
EQUIPMENT

Systematic inspection and cleaning of clectrical apparatus is of
the utmost importance, and failure to carry out this work periodi-
cally may result in improper operation or breakdown of a more or
less serious nature. Maintenance is usually split up into three
classes as follows :—

(a) Light or shed inspection. This may be made perhaps

.every ten days; inspcction of the main motor brush-gear

and commutator, contacts of power contactors and overall

insulation resistance being carried out. Any sign of excess

hecating is noted, and followed by investigation as to the

- causc. Oil reservoirs of axle and motor armature bearings
(if of the sleeve type) are recharged.

(b)) Heavy inspection, made at periods from three to six
months depending on the climatic and service conditions.
A similar gencral inspection is made of all equipment, but
in addition thorough cleaning of external insulation, ad-
justments to bedding of contacts, renewal of contact tips
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where necessary, replacement of worn motor brushes and
recharging of bearing lubrication including grease lu-
bricated types is carried out.

(¢) General overhaul, usually made annually and covering
removal and stripping for internal inspection of rotating
machines, and renovation of control apparatus. All
electrical and mechanical parts on which wear is likely to
occur should be examined and lubricated as necessary.
Cables should be examined to ensure that no chafing is
taking place and that all cleating is effective.

On new equipment, attention should be paid both electrically
and mechanically. during the first few months in service, this
serving as the “running in” period when the various working
parts are settling down and acquiring their correct working
positions and surfaces.

With diesel-electric equipment, the diesel engine should be
subject to frequent attention, light inspection weekly and monthly
and heavy inspection every 1,000 hours running. Complete dis-
mantle and overhaul at periods of up to two years is possible with
the slower speed type of engines.
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N and around large cities, especially where traffic require-

ments are increasing, thereby calling for higher schedule speeds,

increased rates of acceleration are necessary. As the station-to-

station distances are short, such schedule speeds can only be
obtained by braking from relatively high speeds, which resultsin a
large consumption of brake shoes and tyres, and increased main-
tenance costs due to penetration of iron dust into the electrical
equipment.

As outlined in the previous chapters, standard equipment is
accelerated by the cutting out in sequence of a series of resistance
steps, resulting in a number of current peaks which give
mechanical impulses to the train. With high rates of acceleration
these impulses become undesirable due to the tendency to set
up wheel-slip when working close to the maximum possible
adhesion, and the possibility of damage to the couplings, etc., to
say nothing of the discomfort to the passengers.

The use of the metadyne principle incorporates the features of
eliminating sudden changes in the rate of acceleration, and also
makes possible regenerative braking to a standstill.

PRINCIPLE OF THE METADYNE

Consider a normal two pole wave wound direct current
machinc armature, being rotated in a stator having four polar
projections. Flux @, is set up by a current /, flowing in the cir-
cuit between the brushes “a” and “c”. The resultant flux axis
is indicated by the arrow (Fig. 173), thc commutating axis lying
on the positions “a” and “c” (the diagram being purely con-
ventional does not allow for the step-in end windings). Due to
the rotation of the armature in this flux, e.m.fs. are induced in
the armature conductors, the voltage being a maximum at points
“b” and “d”. In the case where a pair of brushes are introduced
at these points (Fig. 174) and connected to an external circuit, the
current I, which then flows through the armature, sets up a
flux ®, acting perpendicular to ®, in proportion to the current
flowing. This in turn sets up a back e.m.f. at the primary brushes
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“a” and “c” which is also proportional to the secondary current
I,
On connecting the primary circuit to a constant voltage supply,
the two basic principles of a metadyne are apparent as follows:
(a) Current will flow from the line at such a value as to build
up sufficient e.m.f. across the secondary load circuit for the
back e.m.f. in the primary, duc to this secondary current,
to oppose the supply voltage, and in consequence this
secondary current will remain constant irrespective of
variations in the back c.m.f. of the load.

FIG. 173.—METADYNE PRIMARY FLUXES

(5) The electrical input and output of such an arrangement
will be approximately equal, in that the machine will be
kept running with a small driving current, hence the
machine has the property of a direct current transformer
converting power at constant voltage to power at constant
current.

By the use of windings on dircctly opposite polar projections,
variations in the output characteristic may be obtained. These
windings are known as the “variators”. One gives excitation on
the primary flux axis, its effect being to either assist or reduce the
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primary armature flux, and a similar excitation on the secondary
axis has the same effect on the secondary flux. For example the
application of assisting ampere-turns on the primary variator
will have no effect on the secondary output, but, due to the addi-
tional primary flux produced, a corresponding reduction in the
input current will take place. This means that mechanical power
must be supplied to the metadyne through its armature shaft
to avoid retardation, and consequently the machine becomes a
metadyne generator supplying power at constant current.
Similarly a secondary variator excitation enables the output
current to be controlled.

FIG. 174.—METADYNE SECONDARY FLUXES

REGULATOR WINDINGS

To ensure that the machine will continue to function as a
metadyne transformer whilst using the secondary variator
winding control, it is necessary to use a primary variator in order
that the input torque shall be approximately equal to the output
and the driving torque remain small. A ‘““regulator winding”
is used for this purpose, and is connected in series with the
armature of a small “regulator motor” coupled to the metadyne
shaft and supplied from the line (Fig. 175).

Should the speed of the metadyne tend to fall due to load or
other reasons, this regulator motor being of the shunt-excited
type will immediately take a large current from the line in an
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FIG. 175.—USE OF REGULATOR MOTOR AND WINDING TO OBTAIN SPEED STABILITY

attempt to maintain the speed. This current, flowing in the
regulator winding, has the effect of reducing the primary flux, and
in consequence the primary current increases thereby supplying
the additional power required to prevent any further drop in
speed of the metadyne. Inversely any tendency on the part of
the metadyne to rise in speed has the effect of reducing the input
current. '

STABILITY WINDINGS

To prevent any tendency of the currents to oscillate, and in
order to limit surges of current caused by rapid changes in line
voltage, stability windings must be provided in both the primary
and secondary circuits. These windings are in series with their
respective circuits, and of course modify the characteristics of the
metadyne. The effect of a primary stability winding is similar to
that of a secondary variator winding, in that it causes an increase
or decrease of the output current corresponding to the variations
of the primary current. A secondary stability winding has no
effect on the output characteristic but modifies the primary
current with a resulting modification of the regulator current.
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THE EIGHT CONNECTION

When it is possible to split the load supplied by a metadyne
into two equal parts, the method of connection shown in Fig.
176a is employed, the load béing fed from the line in series with
the secondary circuit of the metadyne. With the voltage on the
metadyne secondary varying from + Vs to — Vs, the total load
voltage changes between zero and a value equal to twice the
supply voltage Vs.

For regenerative braking, the ‘eight’ connection makes it
uneconomical for the load voltage to be reversed, and it is custo-
mary to re-connect the motors for braking as shown in Fig. 176b.
The metadyne will then contrel the feeding back of current to
the line, in exactly the same way as it controls current flowing from
the line in the motoring connection.

In its simplest form, the metadyne is a source of constant
current, automatically giving sufficient e.m.f. to maintain the
current constant as the back e.m.f. of the load varies. For trac-
tion purposes it is simple to arrange the variator excitation so that
the secondary (or output) current supplied to the motors varies
as a function of their back e.m.f. and hence their speed. This is
accomplished by the use of an exciting machine coupled to the
metadyne, with its output controlled by field regulation according
to the voltage across the load.

As both the variator field of the metadyne and the separately
excited fields of the traction motors are connected in series and
supplied from the exciter, it follows that as the motor current
rises and falls under the control of the variator, simultaneous
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F1G. 176 (a).—THE “EIGHT” CONNECTION—MOTORING
(6).—THE “EIGHT” CONNECTION—BRAKING
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strengthening and weakening of the traction motor ficlds will
occur. This system cnsures approximately corresponding values
of field strengths and armature currents on the traction motors
over the whole range of operation.

In addition to the ficlds which are separately excited from the
exciter, the motors have small series windings in order to balance
their respective load currents. This is desirable, as in effect all
the traction motors are working in parallel.

In order that the metadyne and its traction motors can be
connected to the line without producing violent surges of current,
the metadyne must be running at its normal speed, and e.m.fs.
must be present between the primary “a—c” and betwcen the
secondary ‘“‘b—d” brushes, the sense of the latter being dependent
on whether the motoring or generating function is required. This
operation of connecting to the line is known as “entry”, and is
achicved by temporary reversal of the variator winding excita-
tion, this being supplied either from the linc or from the exciter.

TYPICAL METADYNE TRACTION EQUIPMENT

The following is a description of the two-coach units fitted for
multiple-unit operation as supplied by The Metropolitan-Vickers
Electrical Co. Ltd. for use on the London Passenger Transport
Boards’ clectrified lines and illustrated in Fig. 177.

All the equipment is mounted on the underframe of the two
cars which form the unit, one car carrying two traction motors,
the metadyne and switch gear, and the second car two traction
motors, the reverser, motor-gencrator set and compressor.

Bogies having the driving wheels nearer to the bolster than
the trailing wheels are used to increase the adhesion on
the motor axles, and due to the employment of these, it is
nccessary to have two motors on cach car instead of the more
conventional arrangement of a motor-coach and a driving trailer.
Certain power cables must pass between the cars, thesc being
shown on the schematic diagram as a curved linc.

The metadyne consists of an armature with a two-pole winding,
a commutator and four brush-arms, mounted in a four-pole
frame, each pole carrying variator, regulator and stabilising
windings. In addition there are four interpoles, two connected
in the primary circuit and two in the secondary.

The exciter is a four-pole voltage generator with a wave wound
armature. In order to obtain the special speed-acceleration
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FIG. 177.—TWO0-CAR METADYNE TRAIN
(L.P.T.B. and Metro-Vickers
characteristic, two of the poles are more saturated than the other
two, and each pair is excited from different segments of the
metadyne.

The regulator machine is provided with a shunt winding and
two series windings. Onc of the two latter has a larger number of
turns than the other, is used for starting the set, and as a stabilising
winding when the metadyne is being driven light. On load this
winding is cut out and the smaller winding used for compounding
when the regulator machine is generating.

Fig. 178 shows the complcte metadyne unit ready for mounting
on the coach undcrframe. -

METHOD OF OPERATION

Fig. 179 shows the majn power schematic diagram and power
chart, from which it will be scen that the equipment consists of a
metadyne, regulator and cxciter with their associated switchgear
for controlling the four traction motors.

To start the mctadyne running, contactors CB, R1, R3 are
closed. This connects the regulator motor to the supply with a
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resistance in series with its armature. As the set speeds up,
relays S/L1 and §/L2 function to close Rl contactor at a pre-
determined speed, and once this point has been reached, the
equipment can be “entered” on to the line. When the master
controller is moved to a running position, EM, E and LS2 close,
providing that the reverser and motoring-regenerating change-
over switch groups are correctly positioned. This excites the
variator winding VW in the reverse direction, causing it to generate
line potential across the “a—c”’ brushes. R5 contactor is then closed

FIG. 178.—COMPLETE METADYNE SET

(Metro-Vickers)

which strengthens up the shunt field of the regulator, and im-
mediately following this R4, LS3, LS1 are closed simultaneously
and R3 is opened. The operation of R3 and R4 contactors
switches in the regulating field RW of the metadyne and the
compensating field RF 3 of the regulator, at the same time cutting
out the regulator series field RF2. This brings the metadyne under
the speed control of its regulator winding and the regulator
machine. The closing of LS3 contactor reverses the variator
excitation, at the same time exciting the separately excited fields
of the traction motors, and when LS1 closes, the whole equipment
is brought on to the line. The entry in motoring is then completed
by the opening of the contactors EM and E.

In regeneration a similar method of entry is adopted, except
that before any action takes place, the drum switch group is
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changed over from motoring to regenerating. Contactor EG is
then closed in place of EM, after which entry proceeds as for
motoring.

After entry is completed B contactor is closed. When re-
generating, if the line is unreceptive, the voltage delivered by the
metadyne will rise, and after this reaches a predetermined value,
the over-voltage relay operates to close EG which connects a
portion of the regenerative entry resistance across the line for
braking purposcs. If after this sequence has occurred, the
voltage continues to rise, the metadyne is cut off the line. To
prevent reverse rotation of the motors when coming to a stop in
regeneration, the no-current relay NC1, cuts the metadyne off the
line at a small value of regenerated current, leaving the normal
air brake to bring the train finally to rest.

It will be noted that the exciter has three fields EW1, EW?2 and
EWS3. In the motoring connection EW1, wound on one pair of
poles of the exciter, is connected across the mectadyne brushes
“c~b”, and consequently provides a falling excitation with rising
motor speed. EW2, wound on the other pair of poles of the
exciter, is connected across the metadyne brushes “c-d’’, and con-
sequently provides a rising excitation with motor speed. EW3 is
shunt connected. The combined effect of these fields relative to
the motor speed provides a characteristic rising quickly to a
maximum, and then falling away as the traction motor voltage
approaches 600 volts. This has the effect of producing high
acceleration during starting and limiting the balancing speed to a
desired value.

In the regenerating position, exciter fields EW1 and EW?2 have
their connections interchanged to metadyne brushes ““c~d” and
“‘c—b” respectively, so giving a characteristic of such a form that as
the speed falls, the braking effort rises to a maximum at about 12
to 15 m.p.h., and then falls off rapidly with further reductions in
speed.

The controller is provided with three notches in motoring and
two in regeneration, and operates the small contactors S1 to §5
which control the exciter field resistance, and hence the value of
excitation. To limit the balancing speed of the train over short
distances, the relay 4/L is employed on the first two motoring
notches.

Metadyne traction equipment in general should be regarded as
supplementary to the standard rheostatic type and not as super-
ceding it. For an equivalent duty the standard rheostatic equip-
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ment is lighter in weight and costs less than the metadyne equip-
ment, so that where the advantages of regeneration, acceleration
and smoothness of operation are not important, the additional
capital outlay will not be justified. While the efficiency of starting
with metadyne equipment is higher than that of the rheostatic
type, the efficiency during running is lower due to the metadyne
losses which are going on continuously, so that there must come a
time when the decrease in energy consumption due to efficiency
in acceleration and the credit of regeneration, is offset by the
losses during the standstill, free running and coasting periods.

FUTURE POSSIBILITIES IN THE FIELD OF ELECTRIC
TRACTION

The possibilities in the field of electric traction, both road and
rail, are immense.

The advantages of trolley-bus services, already well known for
passenger carrying capacity, are quite likely to be improved
by the introduction of the automatic acceleration feature to re-
duce the running time required over each route. This will
enable an increased service frequency to be operated with the
same number of vehicles as at present, or will enable the normal
service to be operated with a reduced number. Further, manu-
facturers are pressing for an increase of 6 inches to make the
maximum width 8 ft., in order to allow a wider gangway and
improved seating arrangements. Many vehicles of this width
originally built for overseas export, have been placed in service
in this country since 1939.

In the railway traction field various schemes are in their experi-
mental stages for control of traction motors without the use of
starting resistances, mostly working on the line voltage ‘“buck”
and “boost” principle, some incorporating the constant current
accelerating feature.

A new locomotive has recently been introduced on the Southern
Railway for mixed traffic work, and incorporates an interesting
feature in that it can continue to exert a tractive effort after all
its collector shoes have left contact with the live rail, such as when
crossing gaps in the latter or running into dead sections. Details
of the system employed have not yet been made public.

Several areas exist in this country which merit investigation into
the possibilities of electrifying the suburban traffic due to the
relief of congestion so obtained. An example of a decision to
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electrify suburban services to reduce congestion, is that of the
L.N.E.R. electrification out of Liverpool Street, at present held
up due to the war. At peak periods the traffic density on this
section is one of the heaviest in the world.

The possibility of general main-line electrification in this country
at present is somewhat remote, as there are not many districts
where the advantages obtained would merit the expenditure.
However, in certain areas, where heavy freight traffic is
encountered, electric haulage would probably prove advantage-
ous. In the diesel-electric field, considerable opportunities exist
for long distance main-line traffic as well as for freight and
shunting work.

One outstanding advantage which would result from complete
conversion to electric or diesel-electric locomotive haulage, is that
a small number of standardised types of locomotives would be
necessary, and also, due to the increased availability and fuel
capacity in the case of diesel-electric locomotives, a considerable
reduction in the locomotive stock would be possible.

In conclusion, it is the authors’ opinion that, in the next
few years considerable development in the field of electric and
diesel-electric traction will take place, both in this country and
overseas, due in many cases to the large amount of reconstruction
work and locomotive replacement which is now necessary.
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A

A.C. to D.C. conversion, 146
Acceleration, automatic, 109
Accumulator, nickel-cadmium, 142
Air brake, Westinghouse, 134

valve, electro-magnetic, 100
All-electric camshaft control, 112

-electric camshaft power circuits, 113
Archbound method, commutator, 30
Armature bearings, tract. motor, D.C., 38

coils, traction motor, D.C., 35

core, traction motor, D.C., 28

reaction, 15

windings, traction motor, D.C., 30
Aspects, technical, 11
Automatic acceleration, 109

control, railways, 104
Auxxha.na, braking and, 128
Auxiliary equipment, testing of, 224

equipment mounting, tramways, 162
Average speed, 45
Axle drive, Buchli link, 44

Quill and cup, 44

Winterthur universal, 44

Back, E.M.F., 15
Batteries, 141
lead-acid, 141
Battery locomotives, 192
Blower driving motors, 138
Blowers, 138
Blowout, magnetic, 62
Bogies, motor, 170
Brake, air, Westinghouse, 134
electro-pneumatic, 136
Brake, vacuum, 132
Brakes, 130
coasting, 86
electric, 64
runback, 86
Braking and auxiliaries, Chapter 5, 128
combined schemes, 136
on long trains, 134
railway, 132
regenerative, trolley-bus motor, 53, 86
regenerative, 126
rheostatic, 127
rheostatic, trolley-bus motor, 53, 86
tramcar, 130
trolley-bus, 131
Breakers, circuit, 73
Bridge transition, 57
British mixed traffic locomotive, 184
Brown-Bovcrl generators, 200

ition, 17
Buchh k, axle drive, 44

C
Camshaft control, all-electric, 112
equipment, 111
equipment, electro- neumatic, 119
power circuits, all-electric, 113
Catenary suspension, 158
Charla;tcnstlcs of direct current motors,
Circuit breakers, 73
Coach heating, trains, 142
lighting, 145
Coachwork, railways, 174
tramways, 163
trolley-bus, 169
Coasting brakes, 86
Collection, 146
overhead, 157
railway, 155
tramway systems, 149
Collector shoe, 157
Combined schemes, braking, 136, 137
tests, 230
Commutating poles, 18
Commutation, 18, 227
at motor brushes, 221
Commutator, archbound method, 30
shrink-ring method, 30
traction motor, D.C., 28
wedgebound method, 30
Commutating cycle, 18
Compound generator, 25
motor, 22, 223
Compressors, 129
Conductor rail, railway, 155
Conduit tramways, 151
Connection, the eight, 237
Contactor, electro-pneumatic, 83
Contactor groups, 90
Contactors, testing of, 228
railway, 94
trolley-bus, 80
Continuous speed control, 211
Control, automatic, railways, 104
continuous speed, 211
electro-magnetic, railways, 92
electro-pneumatic, 97
equipment, camshaft, 111
eqtln.i];;ment, railways, mounting of,

fixed sfccd, 212
gear, diesel-electric, 217

gear, electric locomotives, 121

gear, locomotives, 194

generator output, 196

indirect, multiple-unit operation, 91
Metadyne, 241

non-automatic, 102, 107

of railway motors, Chapter 4, 91
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Control—contd.
of tramway and trolley-bus moters,
Chapter 3, 55
regenerative, 85
tapped field, 61
types of, for electric locomotives,
Controllers, 59
Controller, master, railway, 92
master, trolley-bus, 78
tramway, 64
Conversion, A.C. to D.C., 146
Current limit relay, 106, 229
Curves, speed time, 46, 49
Cut-out, motor, 67
Switches, 97
Cycle, commutating, 18

122 \

D
“Dead man’s handle,”” 93
Design testing, 229
Development testing, 224
Diesel-electric, control gear, 217
engine, 216
multiple-unit stock, 215
power unit, 207
railcars, 218
shunting locomotives, 204
traction, Chapter 8, 195
traction motors, 217
units, 199
Direct control, railway motors, 91
current generators, excitation of, 22
current motor, 14
current motors, characteristics, 19
current traction motor, 25
Distribution and generation, railway, 10
Double-bogie passenger locomotive, 181
Drive, quill and cup, 47
Duty cycle, 56
E
Effort, tractive, 45
Eight connection, the, 237
Electric brakes, 64
locomotives, control gear, 121
locomotives, types of control, 122
Electrical equipment, service main-
tenance, 231
Electrification systems, railway, 10
Electro-magnetic air valve, 100
control, railways, 92
Electro-pneumatic brake, 136
camshaft equipment, 119
contactor, 83
control, 97
E.M.F. back, 15
Engine, diesel, 200, 207, 216
driven generators, 196
Engines, Sulzer, 200
Equipment, auxiliary, 224
control, mounting of, 171
metadyne traction, 238
trolley-bus, mounting of, 163
Excitation, direct current generators, 22

Index

Exciter-blower unit, 210

Exciters, low tension, 198
Exhausters, 128

External supply, locomotives, 194

F
Field frame, traction motor, D.C. 26
poles, traction motor, D.C., 36
tapping, 101
Fixed speed control, 212
Fluxes, metadyne. 234, 235
Freight locomotives, 177

Generation and distribution, railway, 10
Generator, compound, 25

output control, 196

self-excited, 197

self-excited, shunt, 23

series, 24

series decompounded, 198
Generators, diesel-electric testing, 223
Generators, Brown-Boveri, 200

D.C., excitation of, 22

engine driven, 196

low tension, 139
Groups, contactor, 90

Heating, trains, 142

Heavy freight locomotives, 177
High-pressure insulation tests, 222
High speed passenger locomotive, 182

I
Indirect control, multiple unit operation,

Industrial locomotives, 192
Isolating switch, 96

J
Jackshaft, side-rod drive, 43

T
Lead-acid battery, 141
Lighting, 140, 145
Limitation of power, diesel-electric, 195
Locomotive, mixed traffic, British, 184
mixed traffic, rigid framed, 187
passenger, diescl-electric, 199
passenger, double bogie, 181
passenger, high speed, 182
Locomotives, battery, 192
battery, control gear, 194
diesel-electric shunting, 204
external supply, 194
heavy freight, 177
industrial, 192
main line, 176
mixed traffic, 180
shunting, 191
Long trains, braking on, 134
Low-tension generators, 139
tension exciters, 198
Lubrication, traction motor, D.C., 39
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M Power circuits for D.E. loco., 203
Magnetic blowout, 62 circuits, metadyne, control, 241
Main-line locomotives, 176 limitation, diesel-electric, 195
Main starting resistance, 95 supply and collection, Chapter 6, 146
Master controller, railway, 92 unit, diesel-electric,,207
controller, trolley bus, 78 Primary fluxes, metadyne, 234

Mechanical transmission, methods of, 41  Principle of metadyne, 233
Metadyne control, 241

method of operation, 239 . . Q
primary ﬂu:?es, 234 Quill and Cup drive, 44
principle of, 233 R
secondary fluxes, 235 Railcars, diesel-electric, 218

traction equipment, Chapter 10, 233 i i
Mixed traffic locomotives, 180 Railway braking, 132
traffic locomotive, British, 184 collection, ’1 55

traffic rigid-framed, locomotive, 187 conductor rail, 155

Motor bogies, 170 contactors, 94
brushes, commutation at, 221 clcctriﬁcat,ion systems, 10
coach control, 91 clectro-magnetic control, 92
compound, 22, 223 master controller, 92
control, trolley-bus, 76 motors, direct control, 91

cut-out, 67

D.C., traction, 25

direct current, 14

generator sets, 139

operating voltages, 10
reverser, 95
transport, 10

Rating of traction motors, 47

s;ries, 21 i) Reaction, armature, 15
s lﬁlt, s, f ‘51 Regenerative braking, 126
trolley-bus, features of, braking, trolley-bus motor, 53, 86

blower driving, 138

railway, direct control, 91 :

traction for D.E. locos., 202, 210 ch;x;iggl;sn;tgcshmg, 68

traction, diesel-electric railcars, 217 Relay, current limit, 106, 229
Mounting cquipment, trolley-bus, 163 no-current, 97

underframe, 173 overload, 86, 96, 229
Multiple-unit operation. 104 over-voltage, 86

unit operation, indirect control, 91 position, 86 ?

unit railway stock, 169 Relays tcs’tinz of, 229

unit stock, diesel-electric, 215 Rcsisla’ncc, shunt field, 86

main starting, 95
Resistances, starting, 74

control scheme, 85

Nickel-Cadmium accumulator, 142 Reverser, railway, 95

No-current relay, 97 ; Rheostatic braking, 127

Non-automatic ‘70"";" 102, 107 braking, trolley-bus motor, 53, 86

Notching regulator, 68 Rigid-framed mixed traffic locomotive,
187

- L Rolling stock, Chapter 7, 162
Open-circuit ltransmoni 57 10 stock, tramways, 162
Operating voltages, railway, 6
Operation, method of metadyne, 239 Runback brakes, 86

schemes, trolley-bus, 89 S
Overhead collection, 157 Schedule speed, 45 .
Overload rclays, 86, 96, 229 Scheme, combined brake, 136, 137

relays, railway, 96 operation trolley-bus, 89

relay, trolley-bus, 86 regencrative control, 85
Overspeed tests, 221 series-dynamic control, 87
Ovecr-voltage relay, 86 Scotch yoke, side-rod drive, 44

Secondary fluxes, metadyne, 235.
Self-excited generator, 197

Pantagraph, 161 excited shunt generator, 23

Passenger locomotive, diesel-electric, 199  Series decompounded generator, 198
locomotive, double-bogie, 181 dynamic control scheme, 87
locomotive, high speed, 182 generator, 24

Poles, commutating, 18 motor, 21
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Series—contd.
motor tests, 219
parallel control, 56
Service maintenance, electrical equip-
ment, 231
Shoe, collector, 157
type trolley head, 152
Shrink-ring method, commutator, 30
Shunt field resistance, 86
generator, self-excited, 23
motor, 19
transition, 57
Shunting locomotives, 191
locomotives, diesel-electric, 204
Side-rod drive, jackshaft, 43
Scotch yoke, 44
Site testing, 230
Speed and train motion, 45
average, 45
schedule, 45
load characterstic tests, 221
time, 45
time curves, 46, 49
Stability windings, 236
Standard control gear tests, 228
Starung resistances, 74
resistance, main, 95
Stock, multiple-umit railway, 169
rolling, 162
Sub-stations, 146
Sulzer engines, 200
Supply, power, 146
trolley-bus, 153
Suspension, catenary, 158
Switch, Isolating, 96
cut-out, 97
trolley-battery, 84
Systems of railway electrification, 10

T
Tapped field control, 61
Tapping, field, 101
Technical aspects, 11
Temperature tests, 220
Tatx;gg and maintenance, Chapter 9,
1
design, 229
development, 224
site, 230
Tests, combined, 230
high pressure mnsulation, 222
series motor, 219
speed-load characterstics, 221
standard control gear, 228
temperature, 220
track, 230
Track tests, 230
Lraction equigment, metadyne, 238
* smotors for D E equipments, 202, 210
rs, Chapter 2, 14
da ctric, 195
motof, durect current, 25
motor, Vmaturc bearings, 38

Index

motor, armature coils, 35
motor, armature core, 28
motor, armature windings, 30
motor, commutator, 28
motor, field couls, 36
motor, field frame, 26
motor, field poles, 36
motor, lubrication, 39
motor, ventilation, 39
Traction motors, rating of, 47
Tractive effort, 45
Tramn motion and speed, 45
Tramcar, 9
braking, 130
Iramway and trolley-bus motors, con-
trol of, 55
controllers, 64
L trolleys, 151 " 162
ramways, auxiiary equipment,
coachwork, 163
conduit, 151
rolling stock, 162
Iransition, 57, 58
bridge, 57
open circuit, 57
shunt, 57
Transmission, mechanical, 41
Transport, railway, 10
Trolley-battery switch, 84
Trolley-bus and tramway motors, con-
trol of, 55
braking, 131
coachwork, 169
contactors, 80
equipment, mounting of, 163
master controller, 78
motor control, 76
motor, features of, 51
motor, regenerative braking, 53, 86
motor, rheostatic braking, 53, 86
supply, 153
Irolley head, shoe type, 152
vehicle, 9
Trolleys, tramways, 151
Iypelsz ?f Control, electric locomotives

U
Underframe mounting, railways, 173
Units diesel-electric, 199
Universal drive, 44, 48

\'
Vacuum brake, 132
Ventilation, traction motbr, D G, 39
Voltage, choice of, 146
Voltages, operating, 10

w
Wedge-bound method, commutator, 30
Westinghouse air brake, 134
Windings, regulator, 235
stability, 236
Winterthur universal dnive, 44, 48
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