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Foreword by Professor Louis Néel

Although one can date the concept, albeit in embryo form,
back to the end of the last century, linear induction motors
have not really been studied until the last thirty years.
Since then researches in this domain have continued to gain
momentum, encouraged by the importance of applications in the
domain of transport, notably for aerodynamically, magnetically
or electrodynamically suspended vehicles. Thus Professor
Poloujadoff's monograph 'The theory of linear induction
machinery' is timely.

The author has for twenty years taught the different
branches of electrical engineering in engineering schools
and notably at the Institut National Polytechnique de
Grenoble, where he is Professor. He is therefore well
qualified to compile this work. We have already had two
textbooks from him: 'Treatise on electrical energy' and
'Electromechanical conversion', remarkable for their clarity
of exposition. But Professor Poloujadoff is not only a
teacher: he has also made important personal contributions
to the theory of all kinds of electrical machinery,
particularly asynchronous motors, printed circuit motors,
and hysteresis motors. Since 1963 he has been interested
in linear induction motors and has developed an analytical
theory of 'return paths' in which he assumes that in a well
designed motor the current lines become practically
rectangular. After this he has developed numerical methods
to calculate the real shape of the current sections.

The work presented here expounds and compares the
analytical methods recommended by different investigators
and among them those of the author. These methods are
distinguished by three main features: the number of spatial
components (one, two, or three) taken account of for each
vector, the eventual replacement of the real structure of
the motor by a theoretical equivalent structure, and finally
the mathematical methods of solving the equations. By the
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different combinations of these three features, one can
arrive at the original methods that have been developed
here. It is interesting to note besides that theories as
different as the one-dimensional theory with return paths,
the two-dimensional theory in the x-y plane, or in the x-z
plane, lead to practically the same characteristics for
the entry effect.

The author, very at ease in handling approximations,
has also taken care to simplify the results of complete
analysis in order to compare them with the results of
simplified analysis. It is thus easier to compare the
merits of three-dimensional with those of two-dimensional
analysis. This work is, furthermore, rich in personal
comments which give it a certain individuality. One will
naturally find a treatment of the effects of braking as
well as the application, under certain conditions, of the
methods that have been explained to problems of magneto-
hydrodynamics and the functioning of liquid metal pumps.

The work concludes with an excellent chapter on the
present state of research and investigations on linear
motors, followed by a very full bibliography comprising
over 200 references.

I believe that this monograph will interest all
specialists in electrical engineering and give great
service to students, researchers, and engineers.

Professor Louis Néel,

Membre de 1'Institut de France,

Foreign Member Royal Society,

Nobel Laureate,

Honorary President of the Institut National Polytechnique
de Grenoble.
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List of Symbols

B uody /kg maximum primary field for an infinitely long
motor (teslas)

-iB

o |

(o] (o]
e secondary thickness
F thrust
F 0.5 B o pr (see F ) (newtons)
Fo 0.5 F_ maximum thrust of a constant current-fed,

1nf1n19e1y long motor, for p pole pairs
supply frequency (Hz)
goodness factor

Go(g) Fourier transform of Jo(x)

g air gap length
i s
I maximum primary current density (A/m)

J (x) actual primary current density of the limited length

m motor, expressed in terms of a complex function of =z

k2 = %% + iswup _/p.: defined pp. 157 and 168 for the study
in the x-z° plane

K separation constant used in section 6.2 for the study
in the xz-y plane (see p.119)

k = 2m /XA wave number

l primary stack length

A secondary width

L motor length (often equal to pl)

) number of pole pairs (or number of wavelengths)

Ry primary resistance

R, R&, R&', R&": magnetic Reynold's numbers

] = 1-V/VS slip



LIST OF SYMBOLS

actual speed of the motor (m/s)
fA synchronous speed (m/s)

magnetizing reactance of the primary; its value is
given by equations (9.15a) and (9.15b) where it has
been called either X (approximation for a small air
gap) or X1 (exact value for a large air gap)

, See X
ms m
primary leakage reactance

2 coordinates (see Reference frame in the subject
index)

W .e/pg : a constant used in the one-dimensional and
tRo-dimensional (x-y) theories

same as o, if p is replaced by e

k? + is wo a constant defined for the study in the
x-y plane (p.85)

v'? complex constants defined for the three-dimensional

theory

g/2: half the air gap; this symbol is used only
for the study in the z-z plane

defined on p.1l7

an angle defined by tan ¥ = swa/k? in Chapter 5 (see
p. 89), or by tan y = swa/(k2+vg) in Chapters 2 and 4
(see p. 20)

secondary resistivity

see corrected resistivity in the subject index
wavelength

vacuum permittivity

relative permittivity of the secondary

Fourier variable

2nf supply angular frequency
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1. Introduction

1.1. LINEAR INDUCTION MACHINERY

Linear travelling-field induction machines have been the ob-
ject of intensive study for the last thirty years; some other
linear induction devices have also been studied, but less ex-
tensively.

Linear induction motors are quite easy to build and to
study. Their history, basic principles, and main applications
are assumed to be familiar to the reader of the present book;
many references related to these topics may be found in a
journal article by the author (Poloujadoff 1971); however some
ideas which have not been quoted in the more easily available
literature are described, or at least given references in
section 1.5. Linear induction motors can have various con-
figurations: the air gap can be flat or cylindrical, and the
flux can be longitudinal or transverse; most of these possi-
bilities are described in detail by Eastham and Laithwaite
(1973) and by Laithwaite (1975).

Magnetohydrodynamic generators are linear induction
generators with a gaseous or liquid moving part; a huge mass
of information can be found in the proceedings of the meetings
organized by the International Atomic Energy Agency, and in
the proceedings of several symposia on the engineering aspects
of magnetohydrodynamics (abbreviated to MHD).

The scope of this book is primarily the theoretical study
of the flat air-gap travelling-field induction motor or gene-
rator, such as is described in section 1.2. This covers the
case of the liquid-stream MHD generator if the fluid velocity
is the same for all points of the channel, and if the Hall
effect is negligible. It also covers the case of some liquid-
metal pumps.

The case of some braking effects is also considered in
sections 3.6 and 6.6 for two reasons. First, these studies
shed light on the nature of extremity effects, which play an
important role in travelling-field linear induction machines;
and, secondly, their theory is easily obtained as a simpli-
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fication of the theories which are the main subject of the
book.

1.2. GENERAL DESCRIPTION OF THE LINEAR INDUCTION MOTOR AND
GENERATOR. MAIN HYPOTHESES
The ordinary double-sided motor is shown roughly in
Fig.1.1(a). The ordinary liquid-metal travelling-wave MHD

Doooopoopppy, . D
BO0000000000" (1)

o7
t~t

Fig.1.1. Front and left side view of a double-sided linear induction
motor. In the front view, the windings are not represented.

generator is roughly represented in Fig.2.8 (see section 2.7);
it is to be noted that a more complete drawing would show
thermal insulation (often made of fibreglass) between the
winding and the high-temperature channel.

Two slotted iron cores hold a set of windings similar
to those of ordinary rotating induction motors, as explained
below (Figs. 1.3 and 1.4). When fed by a system of polyphase
balanced currents, these windings set up a primary gliding
field in the air gap. Only the case of a long secondary is
considered here. Indeed, the length of the secondary is
assumed to be infinite.

The main hypotheses which are made for the study of the
double-sided linear induction motor (LIM) are as follows:

(1) The actual slotted air gap of length 9q is replaced
by a fictitious unslotted one of length g; the
ratio g/ga is the Carter coefficient, which is de-
fined in any book on induction machines (e.g. see
Alger (1965)).
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The windings on the top and bottom of the air
gap are idealized into two plates of infinitely
thin conductors laid along the surface of the
fictitious air gap (see section 9.3).

The iron is assumed to be laminated; therefore
its conductivity is negligible. Its reluctance
is also generally neglected, with the exception
of section 2.8, where it is taken into account.

The single-sided linear induction motor is shown schem-

atically in Fig.1.2. The motor of Fig.l1.2(a) is just equi-

valent to

one half of the motor of Fig.l1l.1l, and this point is

AR A

T

(a)

(b)

Fig.l.2. Single-sided motors.

used in many instances (for example section 7.3.1, Fig.7.17).

There

fore, it is not generally necessary to distinguish

the theories of the double-sided and the single-sided motor,

although their uses are different.

The polyphase windings in use in the linear induction

machine are of two kinds: diametral single layer, or chorded

double layer.

The diametral single-layer winding can be obtained by



4 INTRODUCTION

the Gramme method, but this has the disadvantage of intro-
ducing a large primary leakage flux. It can also be obtained
by the method outlined in Fig.1.3(a), which necessitates very
bulky end turns, particularly in the very common case when
the slots are very deep. This drawback can be reduced by the

(a)

Fig.1.3.(a) Oydinary single-layer two-pole three-phase winding.(b) Super-
position of two single-layer windings (From Payen 1971).

use of two single layers laid one over the other, as shown in
Fig.1.3(b) (Payen 1971).

An example iof a chorded double-layer winding is given
in Fig.1.4. It is seen that, if the pitch is 2/3, and if
there are S slots per pole and phase, 2S5 slots have to be
half filled at each extremity of the motor; an alternative
is to suppress some slots at both ends (1 to 6 and 19 to 24,
in the example of Fig.1.4) and let the corresponding coil sides
be in the open air. The existence of half-filled slots (or
of non-embedded conductors) is a drawback of this kind of
winding. An example of a 60° phase belt, 2/3 chorded, five
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Fig.1.4. Chorded double-layer three-phase winding.

slots per pole and phase, is the five-pole pair Garret motor
(Chirgwin 1973); in this case, there are 140 full slots, and
10 half-filled slots at each extremity of the motor. Other
information on the corresponding experiments is to be found
in Kalman (1974).

Other points of comparison between the single- and double-
layer windings can be found in classical works on induction
machines, for example in Chapter 3 of Alger (1965).

In the present book, it will be assumed that the winding

is a single-layer one.

1.3. PURPOSE OF THE BOOK

The main purpose of this book is to present the most im-
portant methods which can be used to study the steady-state
performance of the double-sided or single-sided linear in-
duction motor or generator when they are fed by an a.c. sinus-
oidal supply.

Since we limit our investigations to the steady state,
any component of an electric or magnetic field is specified
by its phase and its amplitude, that is to say by a complex
number which will be called its value.

Specifying the location of the points in the air gap
with respect to a reference frame fixed to the primary as
shown in Fig.1.5, the main theories of the linear motor can
be classified as follows: ‘

(i) In one-dimensional theories, the values of the
various electric or magnetic fields are assumed
to be functions of the x-coordinate alone.

(ii) In two-dimensional theories, the values of the
various fields are assumed to be functions of only
a pair of coordinates: = and y (if the analysis



