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PREFACE
of Beniamm G. Lamme have always interested American
Distributed in many publications, some quite macessible to
readers, it is indeed a fortunate circumstance which now makes available a
collection of these papers for engineers, prcfessors, instructors, and students
and all those interested in, and able to understand, the progress of electrical

The papcis

engineers

engineering.

Besides his achievements in the art of engineering, Mr.

Lamme has

been

gifted with the faculty for clear expression and explanation, which is one of the
rarest to be found in the engineering profession
The collection begins with
his early paper on the Polyphase Induction Motor, which, in its time, was a
of the characteristics and operation of such motois in the hands of the
numerous users of these machines. Then follows a period in which he prepared
few papers, but which was one of great personal activity
Then comes his
epoch-making paper, in 1902, before the Ameiican Institute of Electrical
Engineers in New York on the Single-Phase System of the Washington
Baltimore and Annapolis Railway. Up to this time, the development of the
electric railway systems, as a whole, was at a point of complete stagnation,
in the utilization of 600 volts direct current, and this paper represented the
first great and successful attempt to break away from established practice
toward materially higher trolley voltages. Its advent gave an impulse to
the entire subject of the electrification of railroads greater than any other it
had ever received, leading to the complete abandonment of old and apparently
well established standards, as well as to later attempts to meet the new con-

pnmer

ditions with higher direct-current voltages.

In 1904, there are two papers, one on a 10,000 Cycle Alternator, and
another on the Synchronous Motor for Regulation of Power Factor. In the
same year, he contnbuted a discussion to the subject of Single-Phase Motors
which ranks as one of the clearest and most suggestive descriptions of this type
of

motor, which owes to him

its

development and

use.

Recognizing the importance of closer relations with the American Institute of Electrical Engineers, we find him contributing, from time to time,
papers on Commutation, on the Homopolar Dynamo, on Rotary Converters,
on Turbo Generators, on Losses in Electrical Machinery, and on Engineering
Education, etc. It is safe to say that these papers will be read in their present
form by many who enjoyed them when they came out originally, and their
contents will perhaps be more appreciated today than at the time when they

were written.

To all those who have followed the development of electrical engineering
in America during the past thirty years, and to all those who would like to
know the histoncal development of electrical apparatus, the senes of papers
which appeared in the Electric Journal, on the History of the Railway Motor,
of the Direct-Current Generator and of the Alternating-Current Generator.

and the History of the Frequencies, now collected for the first time, will form
most interesting reading Here Mr, Lamme had an opportunity to recount
the work of himself and of his associates, adding to it the clarity and lucidity
which have always marked his style.

who have known Mr. Lamme 's interest in education and in
young engineers will be glad to find reprinted in this volume
two of his contributions on the subject of engineering education. The wholesome, sound sense which permeates these papers cannot fail to appeal tc all,
and to impress the reader with the sound judgment of their author.
I

think those

his instruction of

Although these papers represent a work of thirty years, during which
time Mr. Lamme has been continuously associated with the great company
which bears the name of Mr. Westinghouse, yet I believe they do not com-

Those of us who have had the good fortune to have
plete his whole life work
known him for a score of years, or more, well know that many contributions
will yet be made by him to the art and science of electrical engineering
The
publication by the Westinghouse Company of this collection of Mr. Lammc's
engineering papers on the anniversary of his

first

connection with this com-

pany, thirty years ago, represents a most dignified appreciation of his services
to the entire engineering profession.

Boston Mass,
April

2,

1919.
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THE POLYPHASE MOTOR
FOREWORD

This paper was prepared in the early part of 1897,
or over twenty-two years ago. It was presented at the twentieth
convention of the National Electnc Light Association at Niagara
Falls on June 10, 1897, and was prepared for the purpose of
illustrating the characteristics and properties of the Westinghouse Type
motor which, at that time, was beginning to attract much attention. This motor was radically new in that
it had a "cage" type secondary winding for large, as well as
small, sizes, whereas, it was generally believed that the cage
type was only suitable for small power machines, due to lack
of starting torque.
(ED.)

C

INTRODUCTION

motor

polyphase
THE
standpoint, and the

is

usually treated from the theoretical
mainly to

results obtained are of interest

designers and investigators. Such treatment has been principally
of a mathematical nature, the object being to show how the
various characteristics of the motor may be predetermined. In

the following treatment of the subject, the general operation of the
will be explained in a non-mathematical way by the use

motor

of diagrams
conditions.

considered,

which

illustrate

its

and no

three-phase motors

distinction will
;

for, if

under

different

understand
phase motor in order to consider
different classes of work to be
characteristics can be presented in
of curves,

be made between

two-and

properly designed, they are practically

alike in operation.
It is necessary to

means

characteristics

Only the non-synchronous type of motors will be

the characteristics of the polyproperly its application to the

met with in practice. These
the most intelligible manner by

which represent the

relations

between the speed,

torque or turning effort, horse power expended and developed,
amperes, etc. The speed-torque curve, which represents the
speed in terms of the torque, is the most important one, as upon
this depends the adaptability of the motor to the various kinds of
work. The starting conditions also depend upon the speed-torque

The other curves that are of importance in practhe
are
tice
current, efficiency aad power factor. As these are
to
some extent, upon the speed-torque curve, this will
dependent,
Before treating of its characteristics a short
be considered first.
characteristics.

description of the

motor

itself will

be given.
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CONSTRUCTION AND WINDING

The polyphase motor,

like a direct-current

motor,

consists

each
primarily of two parts, one stationary and the other rotating,
The inside bore, or face, of the staof which carries windings.
that resemble
tionery part is generally slotted, and carries windings
those of the rotating part, or armature of an ordinary direct-current
motor without commutator. The rotating part is also slotted on
its

and there are windings in the slots. Both cores,
up of thin iron or steel plates. The general
shown in Fig. 1. One of these windings, generally

outside face,

or bodies, are built

arrangement

FIG.

that

is

ARRANGEMENT OP WINDINGS OF THE POLYPHASE MOTOR
AND THE MAGNETIC FIELDS WHICH ARE PRODUCED.

1

on the stationary

part, receives current

from a two or three-

phase supply circuit. The coils of this winding, although distributed symmetrically over the entire face of the core, are really
connected to form distinct groups which overlap each other. These
windings form the two or three circuits in the motor. When alternating electro-motive forces are applied to these circuits, currents
which set up magnetic fields in the motor. These alter-

will flow

nating fields in turn generate electro-motive forces in the windings.
Part of the current flowing in the windings represents energy ex-

pended usefully, or in heating, and part serves merely as magnetizing current. The latter, like the magnetizing current of a directcurrent machine,

is dependent upon the dimensions of the
magand upon the magnetic density in the various parts.
Even when the motor is running with no load the magnetizing cur-

netic circuit

rent

is

required.
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The second part of the motor, generally the rotating part,
no current from the supply circuit. The magnetic fields
set up by the first set of windings pass through the second windings,
receives

and, tinder certain conditions, generate electro-motive forces in
them. If the second windings are arranged to form closed circuits,
currents will flow in them.

from those of the supoly

These currents are entirely separate

circuits.

SPEED AND SLIP

When

running, the motor has a maximum speed that is approximately equal to the alternations of the supply circuit divided
by the number of motor poles in each circuit. This is the no-load
speed.

As the motor

portion to the load.

FIG.2

is

loaded, the speed falls off almost in proin speed is sometimes called the

The drop

DIAGRAM OF TWO-PHASE ALTERNATING-CURRENT GENERATOR. ROTATING-FIELD TYPE.

This is usually expressed in percent of the maximum
"slip."
If, for instance, a motor has a maximum speed of 1000
speed.
revolutions and drops fifty revolutions below this at full load,
it

has then a

slip of five percent.

TORQUE AND ARMATURE CURRENT
type of motor, a drop in speed is necessary for developing torque. A fairly simple illustration of this action may be
obtained by considering the operating of an alternating current
generator tinder certain conditions. We will take a type of alternator having a stationary armature and a rotatable field magnet,
which can be driven at various speeds. Leads are carried out from

With

this

the armature to adjustable resistances. To avoid complexity, the
armature circuits and the resistances are considered as non-inductive.
The field coils are excited by direct current. Fig. 2 shows
this arrangement.
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When the field is rotated at a certain speed,

with the

field coils

in the
armature winding. When the armature circuit is closed through
a resistance a current will flow and the armature will develop
power. The power developed by the armature is slightly less
than the power expended on the field shaft, which is proportional

charged, there

is

an alternating electro-motive force

to the product of the speed

set

and the turning or driving

up

effort

i.

e

,

a driving
to
the
power decorresponding

Consequently, at a given speed,

torque on the shaft.
effort is required at the

field shaft,

If the armature current is increased or
veloped by the armature
decreased, the power developed is increased or decreased also, and

the driving effort will vary in proportion.

Let the field now be rotated at one-half the above speed. The
Rearmature electro-motive force becomes what it was before
ducing the resistance in the armature circuit also to one-half, the

The power developed by the
will flow.
now one-half and the speed of the field is one-half, con-

same current as before
armature

is

Resequently, the driving effort or torque is the same as before.
ducing the speed further, and decreasing the resistance in the armature circuit in proportion, to keep the armature current constant, we find the driving effort on the field remains constant.
Finally, if we reduce the speed so much that the external armature
resistance is all cut out, and the armature is short circuited on itself

with the same current as before, the same driving effort

is

still

required.

The field is now rotating very slowly, and the alternations in
the armature are very low, being just sufficient to generate the
electro-motive force required to drive the armature current against
the resistance of the windings. Any further reduction in speed
the armature electro-motive force, and hence the

will diminish

armature current must

and the driving

fall,

the power developed be dimmivshed

effort also fall in proportion.

An

increase in

speed will increase the armature current, and thus increase the
driving effort required.
If

but one armature circuit

is

closed, the

power developed

will

pulsate as the armature current varies, from zero to a maximum
But if the armature
value, and the driving effort will also vary,
has two or more circuits having different phase relations, it may

develop power continuously and the driving effort will then be
continuous.
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ILLUSTRATION OF "SLIP"

The armature has been considered as stationary and developing power while a certain driving effort was applied to the field.
According to the well known law that any force is met by an opposing force, the armature must have a certain resisting effort.
The armature really tends to rotate with the field, and the resistexerted to prevent this.
to be arranged for rotation, but locked,
in the above operations. Release the armature, attach a brake,

ing effort

is

Assume the armature

and adjust for a torque equal to the resisting effort of the armature.
The armature just remains stationary. Speed up the field, and the
armature will speed up also, keeping a certain number of revolutions behind the field.

This difference in speed

is

that required

for generating the electro-motive force necessary for sending the
current through the armature. The alternations in the arma-

ture will remain constant for a given armature current, independent of the speed at which the armature is running.
If the brake be tightened, the armature must drive more current through its windings to develop the required effort, the
armature alternations must hence increase, and the armature will

therefore lag behind its field more than before, or the "slip" is
If the brake be loosened, the armature will* run
increased.
nearer the speed of the field. If the field be driven at a constant

speed and the brake be released, the armature will run at practically the same speed as the field.
If the winding consist of but one closed circuit, the torque
developed by the armature varies periodically, and that developed
by the brake will vary also, but to a less extent, as it is steadied
by the inertia of the rotating armature. But with two or more
circuits having different phase relations, arranged for constant
power developed in the armature windings, the torque developed
is also constant at all times.
Consequently, for constant torque
at the brake, there should be two or more phases in the armature
windings.

DIFFERENCE BETWEEN ILLUSTRATION AND ACTUAL CASE

This explanation of the development of torque in the shortcircuited armature is merely an attempt to illustrate certain of the
actions in the polyphase motor armature by a comparison with the
operations of other apparatus, that is, in general, much better
understood. We cannot infer, from the above illustration, that an
alternating-current generator would run as a motor tinder" the

ELECTRICAL ENGINEERING PAPERS
in the above operations, mechanical
field
to
the
shaft, and mechanical power is desupplied
power
There is no true
livered by the rotating armature to the brake.
electro-motor action; that is, there is no transformation of elec-

assumed

conditions, for,

is

trical

power supplied to mechanical power developed.

No
Circuit 1 at

I

Maximum

Current
Circuit 2 at Zero Current

Circuit 2

1 Decreasing
Current
with Increasing Current

No 4
Circuit

1

Increasing
Reverse Direction

3

The
erator

Circuit

2

HP'S

m

Circuit

Circuit 2 Decreasing

PIG

l at Zero
Current
at Maximum Current

Circuit

Circuit

1

at

Maximum

Reverse Direction
Circuit 2 at Zero

Circuit

In

1

Decreasing

Circuit 2 Increasing in Reverse
Direction

DIAGRAM SHOWING PRODUCTION OF ROTATING MAGNETIC
FIELD BY TWO-PHASE CURRENTS
action of the short-circuited armature of the above genof the polyphase motor are very similar in regard

and that

But in the polyphase
to drop in speed for developing torque
field magnet, there is
of
rotated
instead
the
motor,
mechanically
a stationary core provided with two or more windings which cany
currents having different phase relation. These windings are
placed progressively around the core, either overlapping or on

When the currents flow in the windings, resultant
or
fields are formed, which are progressively shiftmagnetic poles
of the motor. The closed or short-circuited
the
around
axis
ing
separate poles.

armature, rotating in this

field,

develops torque

by dropping

in
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speed, in the same way that It developed torque with mechanically
rotated field magnets. But electrical power, instead of mechanical,
is now supplied to produce the shifting of rotating field, and the

conversion from electrical power supplied to the field windings, to
mechanical power developed by the armature shaft is a transformer action which does not appear in the above illustration.
ROTATING MAGNETIC FIELD ELECTRICALLY PRODUCED
Fig. 3 shows diagrammatically a progressively shifting field,
with two overlapping windings arranged for two-phase currents.

form one circuit, while coils 2-2, etc., form the other.
with
the
instant when the current in 1 is at its maximum
Starting
value, the magnetizing force of this set of coils must be at its maxiCoils 1-1, etc.,

mum. The

current and magnetizing force of circuit 2 are at zero
Four poles or magnetic fields, alternating N-S-N-S around
the core, are formed directly over coils 1. As the current in one
begins to decrease, that in 2 rises. We then have the combined
magnetizing forces of the two overlapping windings. These two
magnetizing forces act together at some points and oppose at
The resultant magnetic field shifts to one side of the
others.
former position. As the current in 1 gradually falls to zero and
value.

2 rises to its

maximum

it is directly

over

value the magnetic field shifts around until
If the current in 1 should next increase

coils 2.

same direction as before, while 2 diminished, the magnetic
But the
shift back again to their former position.
would
poles

in the

1, after reaching zero value, rises in the opposite direcwhile
that in 2 falls. This shifts the resultant poles forward
tion,
instead of backward, and they gradually shift ahead until they
are again directly over coils 1. But the "N" poles have shifted

current in

around until they now occupy the former position of the "s"
Thus, with the current in 1 passing from a maximum in
poles.
one direction to a maximum in the opposite, the poles have shifted
forward the width of one polar space. Current in 2 next rises in a
reversed direction and the poles shift forward until, when the current in 2 is a maximum, they are over coils 2.
In the diagrams, Nos. 1, 2, 3, etc show the positions of the
shifting field under certain conditions of current in the two circuits.
,

In No. 2, the position shown is an arbitrary one, for it depends upon
the relative values of the currents in the two circuits. With the
two currents equal, the position of the line N-N would be half-way

between

coils 1

and

2.
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These diagrams show that the magnetic field due to two-phase
currents in properly arranged windings shifts progressively around
the axis, just as if the field were rotated mechanically.
SPEED-TORQUE CURVE
In polyphase motors, the part that resembles the field in the
above description and which receives the current from the line, is
usually called the primary, on account of its electrical resemblance
The equivalent of the armature
to the primary of a transformer.
If the alterin the preceding description is called the secondary.
nations of the supply circuit are constant, the reversals of the currents in the field or primary will occur at a uniform rate and the
magnetic field will shift around its center at a definite speed, depending upon the rate of alternation of the supply circuit and the
number of poles in each circuit of the motor. If the armature or
secondary rotates at the same speed as the field shifts, there will be

and there will be no
and consequently, no torque. If a load is thrown on, the
speed will drop and the resultant alternations in the secondary
no

reversals or alternations in its magnetism,

currents

will

generate electro-motive forces which will

drive currents

through the windings, and thus develop torque. The speed will
continue to fall, and the secondary electro-motive forces will continue to increase until a torque sufficient for the load is developed.

TORQUE
PIG. 4

SPEED TORQUE OF POLYPHASE MOTOR

Increasing the load on the motor, the speed should fall and the
torque increase until zero speed is reached. The speed-torque
curve would then be of the form shown in Pig. 4, curve "A." But
the shape of this curve is modified to a great extent in actual

motors by certain

effects

which cannot be entirely eliminated.

PRIMARY RESISTANCE REDUCES MAGNETIZATION AT HEAVY LOADS
In the case of the revolving field, the magnetization was supposed to remain constant under different conditions. But in the
motor primary, the magnetism of the primary is not constant
under all conditions and it does not all pass through the secondary

THE POLYPHASE MOTOR
circuits.
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The primary windings

and a certain electro-motive

necessarily have some resistance,
force is required to drive the primary

current through the windings. With a constant applied electroforce, the primary counter-electro-motive force will dimin-

motive

drop in primary resistance increases, and the magnetic
required will diminish also. Consequently, to develop the
required secondary electro-motive force for driving the secondary
current through the windings the speed must drop more than
shown by curve "A" in Pig 4. This gives a speed-torque curve
as shown by curve "B," in Fig. 4.
Instead of being a straight line

ish as the
field

it is

somewhat curved.
MAGNETIC LEAKAGE LIMITS MAXIMUM TORQUE

But there is a still more important effect in the motor. The
primary and secondary currents, and their consequent magnetizing
The result is that part of the priforces, are opposed to each other.
mary magnetism threads across between the primary and secondary windings without passing into the secondary. Thus, the
electro-motive force of the secondary is reduced, or, for a required
secondary electro-motive force, the secondary alternations must be
increased.
This means a further drop in speed.
The secondary currents also tend to form local magnetic fields
around their own coils. These local fields are alternating and set up
electro-motive forces in the secondary circuits. In consequence,
the electro-motive forces generated by the magnetism from the
primary have to drive currents, not only against the resistance of
the secondary windings, but also against these local electro-motive
forces.
This necessitates a further drop in speed for the required
These local electro-motive forces depend upon the
torque.
secondary alternations and, therefore, vary with the drop in speed,
and are greatest at zero speed. This introduces a very complicated
condition in the secondary circuits. These magnetic fields which
thread around only the primary or secondary windings are called
the magnetic leakages, or stray fields, or the magnetic dispersion.
If the magnetic leakage is relatively large, that is, twenty to
twenty-five percent of the total induction, and the secondary resistance is low, the speed-torque curve will have the peculiar shape

shown in

Fig. 5,
speed falls, until

This curve shows the torque increasing as the

a

certain

maximum

is

reached.

Beyond

this

point the torque diminishes with further drop in speed. If the
motor is loaded to the maximum torque, a slight increase in load
causes a further drop in speed, the torque diminishes and the motor

ELECTRICAL ENGINEERING PAPERS

10

stops.

As a consequence, the normal

motor must be
The margin neces-

rating of the
7 '

considerably below this "pulling-out point.
sary depends upon the nature of the load to be carried.

TORQUE

PIG. 5

SPEED TORQUE OP POLYPHASE MOTOR, SHOWING EFFECT OP

MAGNETIC LEAKAGE

The

starting torque, speed regulation, etc., of the polyphase

motor depend upon the form of the speed-torque curves. The
different methods of varying the form of these curves will be
considered next.

EFFECT OF SECONDARY RESISTANCE ON SPEED CURVE

As the secondary

electro-motive force is that necessary to

drive the secondary currents through the windings, it follows that
the electro-motive force required must depend upon the resistance

A

of these windings.
larger resistance means a larger electromotive force for the required current, and, therefore, a greater
number of secondary alternations, or a greater drop in speed.

The torque being held

constant, any variation of the secondary
a proportionate variation in the slip. If the
slip with a given torque is 10 percent, for instance, it will be 20
percent with double the secondary resistance, or 50 percent with
five times the resistance.
This is true only with the primary conresistance requires

ditions of constant applied electro-motive force and constant alterThe secondary resistance may be in the windings them-

nations.

may be external to the windings but part of the secondary
or
it
body,
may be entirely separate from the machine and connected to the windings by the proper leads.
Fig. 6 shows the speed-torque curves for a motor with different
"
resistances in the secondary circuit.
In curve A" the secondary
selves, or

In curve "B" the secondary resistance is
The maximttm torque remains the same but the slip

resistance is small

doubled.
for

any given torque

is

doubled.

This motor starts

much

better

