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ABSTRACT

The linear induction motor is often still considered to be a special-purpose machine
that is tailored to meet specific needs, but it is slowly finding more applications with its

added advantages over rotary motors.

This thesis is concerned with the development of a mathematical model which provides
the transient and steady-state performance of a current-regulated inverter-fed linear
induction motor system. The linear induction motor is posed as a one-dimensional
electromagnetic field problem, to provide a better understanding of the so called 'end-
effect’ phenomena, which accounts mainly for the difference in performance between
the linear induction motor and its rotary counterpart. An equivalent circuit is described
that takes into account these end-effect transients for a single-sided linear induction
motor. An accurate model for the inverter switching action is developed and the
performance of the complete system under various operating conditions is studied, and

compared with experimental results obtained from published literature.

A closed-loop control system is implemented, using conventional field-oriented control
and a newer and simpler method known as Natural Field Orientation is investigated,
and compared with both the direct and indirect field orientation methods. In Natural
Field Orientation, a decoupled control of torque' and flux producing components of
current is easily achieved by using the machines inherent properties, to establish a
correct field-orientation, and this allows the induction motor to provide a performance
that combines the control characteristics of the dc motor with the merits of the

induction motor.
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CHAPTER
ONE

INTRODUCTION

Although the ac induction motor is used in a variety of applications, its traditional role
has been as a fixed-speed machine driven directly from the mains. In recent years the
use of an appropriate power electronic controller to produce a variable-speed drive has
resulted in a far more versatile system.

An adjustable-frequency supply allows the induction motor to be used for speed
control applications, but its transient characteristics are dictated by the control strategy
implemented. An open-loop speed control strategy provides satisfactory results, but
does not always provide the required stability and precision, since, fluctuations in the
supply voltage, and disturbances in the load torque can make the response of the
system inadequate.

A closed-loop control technique is therefore essential to provide the induction motor
with the fast and precise dynamic performance that is often required in high-
performance servo-drive applications. For a dc machine with a constant air-gap flux,
the torque is simply proportional to the armature current. However, torque control is
not readily implemented with an induction motor, owing to the complex non-linear
multivariable nature of the machine and the fact that the rotor currents are not easily
sensed.

1.1 Thesis objective

In this thesis, a mathematical model for a single-sided linear induction motor (SLIM)
with aluminium-capped solid-steel reaction rail and voltage-source inverter is initially
formulated. The performance of the linear induction motor (LIM) is strongly
influenced by the end-effects, which are caused by the finite lengths of the primary iron
and winding. An equivalent circuit is presented that takes into account the longitudinal
end-effects through the use of the usual equivalent circuit components. The transient
and steady-state performance of the complete inverter-motor system under various
operating conditions is studied, and compared with experimental results obtained from
published literature.




Chapter 1 Introduction

Field-oriented, or the so called vector control, aims to provide the induction motor
with a decoupled control of torque and flux, similar to that obtained with a dc motor
drive. By allowing the torque and flux of the induction motor to be controlled
separately, the motor is able to obtain a better torque response than is otherwise
possible. Although, the emphasis in this thesis is placed on the development of a
mathematical model for the complete inverter-motor system, the concepts of field-
oriented control are also highlighted and simulated results provided for both direct and
indirect field-oriented control of a LIM.

1.2 Thesis organisation

The first part of the thesis is concerned with the development of a direct-phase
parameter model for the induction motor. The electrical and dynamic equations of the
machine are evaluated, and then re-arranged to allow them to be solved numerically.
This model is adopted in preference to the d-q model as it enables a wider range of
operating conditions to be more conveniently studied. The computed results are
compared with those obtained experimentally [1], and also with simulation results from
a mathematically based software package called MATLAB.

Chapter 3 introduces the SLIM, with emphasis placed on the basic differences between
the rotary induction machine and its linear counterpart. An equivalent circuit for a low-
speed LIM is derived, along with a set of equations to help evaluate the lumped-
parameters of the machine from its design parameters. The so called ‘end-effects’
which mainly account for the difference in performance between linear motors and
their rotary counterparts is then taken into account. A one-dimensional model of the
induction motor is developed and an equivalent circuit is described which allows for
the entry and exit end-effects. Simulated results are obtained for a low-speed voltage-
fed SLIM with sheet secondary. |

Various ways of creating a mathematical model for a complex system such as an
inverter are presented in Chapter 4, and a tensor approach is eventually selected as the
most useful technique to analyse an inductively-loaded inverter system. A quasi-square
wave and sinusoidal pulse-width-modulated switching scheme are implemented to
drive the inverter switches. Once again, simulated results are compared with those
obtained experimentally for an inductively-loaded inverter.
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The next step is to combine the system equations describing the induction motor with
those for the inverter, to create an overall model for a complete inverter-fed induction
motor system. Although, there are various ways to obtain the required control signals
to drive the inverter switches, tolerance band current control is most suited for the
method of vector control, which requires instantaneous control of the phase currents.
A transient analysis of the LIM under constant frequency and constant current
excitation is performed, and compared with experimental results [2]. The parameters
used with the equivalent circuit are those for a LIM propelled rapid transit system
using steel wheel on rail suspension, developed by the Canadian Institute for Guided
Ground Transport (CIGGT).

Field-oriented control, provides a means of controlling an induction motor in high
performance applications. Chapter 6 looks at both direct and indirect field-oriented
control, whilst also introducing a new, and much simpler form of field-oriented
control, known as Natural Field Orientation (NFO). The advantages and disadvantages
of each of the systems are discussed in great detail, and the control circuits to realise
the above systems are also presented.

In Chapter 7, simulated results are obtained for both direct and indirect field-oriented
control of a LIM.

Chapter 8 gives a description of the FORTRAN77 programme written to predict the
transient and steady-state performance of the overall drive system. Flowcharts
outlining the step-by-step execution of the software are also provided.

Chapter 9 presents the conclusions drawn from the thesis, including further work that
might be carried out to improve the overall control system.




CHAPTER
TWO

THE INDUCTION MOTOR

Induction motors have the advantage over both synchronous and dc¢ motors in that
they are simpler and cheaper to build and operate. Although, an induction motor
operates at nearly constant speed when driven directly from a fixed frequency supply,
its speed can easily be varied by the use of a power electronic converter.

2.1 Analysis of the induction motor
To help analyse the performance characteristics of the induction machine, it is

necessary to first derive an equivalent circuit [3, 4]. The familiar per-phase equivalent
circuit of the induction motor is shown in Fig. 2-1.

Figure 2-1 Induction motor per-phase equivalent circuit

The stator consists of three-phase windings mutually displaced by 120°. When a
balanced three-phase voltage is applied to the motor windings, a balanced set of three-
phase currents is established that are likewise shifted by 120°. The currents flowing
through the stator coils gives rise to a resultant magnetic flux which is rotating. The
actual speed of rotation is determined by the number of pole-pairs and the supply
frequency, and is termed the synchronous speed .

The stator rotating magnetic field induces an emf in the short circuited rotor windings.
The rotor tries to rotate at the same speed as the magnetic field of the stator, and as
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the rotor accelerates and tries to reduce any speed difference i.e. the slip speed, the
motor and load torque eventually reach an equilibrium. The motor then runs at
constant speed with a fixed slip speed &,

2.2 Mathematical model of the induction motor

The motor can be modelled in terms of either its d-q equivalent parameters or its
direct-phase parameters. Although, the d-q model is used to represent the induction
motor in terms of its two-axis equivalent circuit, and as such helps to simplify the
resultant system differential equations, the latter approach has been selected because it
enables a wider range of operating conditions to be studied [1]. Similarly, for the
analysis of the complete inverter-motor system, the direct phase mode! allows the
machine phase variables to be monitored.

A transient analysis is conveniently based on the fundamental Kirchhoff' equations,
involving emfs caused by the variation of self and mutual flux linkage, and
consequently the coefficients in the equations are the self and mutual inductances.

In analysing the motor, it is assumed that

» The motor is star-connected, although a delta connection may be used
provided the machine parameters are defined in terms of an equivalent
star-connected machine.

¢ The inductance terms are dependent on the relative position of the rotor
with respect to the stator, with the mutual inductance coefficients
between two windings being a cosine function of the electrical angle
between the axes of both windings.

o The air-gap is assumed to be uniform, with the effects of saturation,
hysteresis and eddy currents being neglected. Although, hysteresis and
eddy current losses are different in nature, they can ultimately be
represented in the same manner, that is by a parallel resistor.

Using the assumptions above, the equivalent 2-pole star-connected machine shown in
Fig.2-2 can be represented by the sets of equations developed in the following sections.
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Figure 2-2 Phase model of the induction motor (equivalent 2-pole machine)

2.2.1 The Voltage equation

Using the assumptions above, the voltage equation for a single winding is

V.=Ri+e (2-1)
where, e the back emf is given by
di d
=—=—(Li 2-2
e=— dt( i) (2-2)
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Hence,

dLi
V,=Ri+— 2-3
it (2-3)

The voltage drop between the terminals consists of two components, the resistance
drop Ri, and the voltage drop caused by the variation of the total flux linkage (dA/dY).
However, a three-phase winding exists on both the stator and rotor of the machine,
and this will give rise to mutual coupling between phase a of the stator and the other
two phases, with the voltage equation for phase a of the stator being given by

d . . . . .
Vo = R, + @ (L, + Myi,, + Myi, + Myi, + M, + Myi,) (2-4)
where, M,,, M,, are the stator mutual inductances, and

M, M, M, are the mutual inductances between the stator and rotor phases.

As highlighted in Eq.(2-4), the total flux linkage consists of the self and mutual flux
linkages. The time derivative (d/df) applies to both the inductive and the current terms.
" Due to the relative motion between the stator and rotor, the mutual inductances are a
function of the rotor position, so that

di, d di
Ve,=Ri +L —=+M —=
s + Ly dt w g Mg,
di, di,, di,
14 d +Ml5 d; +M16 dt

M, do . oMu_c!QH M, db
T8 A T 0 dt T P dt

+M (2-5)

+i

The voltage equations for the remaining two phases can be obtained in a similar
manner and the overall machine equations can be written in matrix form as

Vul= R} G Tia]
S A3 (A28 T I T @6)

>V ]=[RuJin]+[L. ]%[im ].+ [ G ]%;9-
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where,

[Vm ] = [ Vaf Vba' Va Vcr Vbr Vcr ] !

[in]=lie i in is i i‘,]T

RS
R,
Rl
R.]- )
R,
L, M, M, M, M, Mlsw
M, L, My M, M, M,
[L ]: M, M, L M, M, M,
" M41 M42 M43 Lr M45 M46
My, M, M, M, L M,
My M, My, M, My, L, |
- GS GIZ Gl3 Gl4 G15 Glﬁ ]
GZI Gs GZB GZ‘I- GZS G26
[G ]= i[L ]= Gy G, G, Gy Gy Gy
S, - L Gy G, Gu G, Gy Gy
Gy G, Gy Gy G, Gy
|Gy Gy Gy Gou Gg G, |
w_,
dt d

Both the inductance and rotational inductance terms are harmonic functions of the
rotor electrical angle 8, and the coefficients of the matrix [Z_] and its partial derivative
are therefore variable.
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2.2.2 Machine inductance coefficients

The mutual inductances between the stator and rotor are the keystone of induction
motor performance. Listed below are the coefficients of [L,] and its partial derivative
where the angles 8, 8, and 8, are electrical angles. Note that an electrical angle is p
times the mechanical angle of the actual p pole-pair machine. The angle &, for a 2-pole
machine is shown in Fig.2-2, and defines the offset angle between phase a of the stator
and the rotor. If the phase windings are mutually displaced by 120°, then

6,= 6 -120°
and  6,= 6,+120°

The inductance coefficients of the machine are

L=L,L =L,

M, =M,y =My =M, =M, =M, =M

My =My=My=M=M,=M, =M,

M,y =M =Ms =My, =M, = Mg = Mgcos6,
M,y =My =M, =M, = Mg, =M, = Mgcos8,
Mg =My =M, =My =M, =M;=Mgcosb,

where, the coefficients L, L,, M, M, and M, of these phase parameters are obtained
from the per-phase equivalent circuit parameters of the induction motor. However, the
equivalent circuit parameters are usually expressed in per-unit form and as such, it is
necessary to transform these parameters into their equivalent quantities in terms of
Ohms and Henrys (Refer to Appendix A).

2.2.3 Machine rotational inductance coefficients

The rotational inductance coefficients are the derivative of the inductance coefficients
with respect to &, It follows from the equation for [L,,] that
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Several rotational inductance terms are zero, since the stator and rotor self and mutual
inductances are constant.

2.2.4 Dynamic equation

The dynamic equation of the machine is

T, =T, +T,+1,

where, T, is the electromagnetic torque,
7, is the load torque,
T, is the frictional torque of the motor/load, and

T, is the acceleration torque,

Hence,

k
Tm=]}+.&{_£+£dz_? 2-7)
p dt padt

The electromagnetic torque T, is derived from Faradays law, and in matrix form may
be written as

=) (. T] | 2-9)

The time variation of @, is obtained by re-arranging equation (2-7) as,

d*6 p( kfdej
=8 r -1-LZ2 2-9
a* J\™ ' pat @)

10
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2.3 Numerical solution of the machine equations
The transient voltage and dynamic equations cannot be solved in closed form. They

have to be solved numerically, and for this purpose equations (2-6) and (2-9) have to
be re-arranged in the state-variable form

%[,-mlz[Lm]"{[VM]—[Rm][i,,,]-[im][Gm]%e}

do_
dr O

do, P( ! )
Rt (T Al

The rotor electrical angle & can be found, simply by describing the second order system
in terms of two first-order differential equations, and solving them simultaneously. At
every step of the integration, it is necessary to know & in order to form [L,] and its
partial derivative. The equations may be written in the abbreviated form

x = Ax+ Bu

Hence,

%[,-m] - :_ ] {[R,,,]+f[§;—]w, H[im]+[Lm A (2-10)

Aol o]

In this form, both the above equations can be solved independently using a fourth-
order Runge-Kutta numerical integration subroutine in Fortran77, to give a step-by-

(7..- T,)] @-11)

step time solution for the phase currents, and the rotor position and speed respectively.

11
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2.4 Simulated and experimental results

The transient response of the motor using the direct-phase model was studied and
compared with experimental results [1]. The parameters of the motor used to study
start-up transients for a sinusoidal input voltage at fixed frequency are given in
Appendix C. Figures 2-3 to 2-6 show the results obtained for the motor speed, torque
and phase currents following the application of a 380V, 50Hz sinusoidal input voltage.

From the torque waveform, it is evident that the starting torque is oscillatory, causing
the initial dips in the speed curve. This arises because of the initially varying nature of
the magnetizing current. This has an effect on the air-gap flux and therefore, on the
resultant torque produced by the machine.

Eventually, the torque settles to the steady-state value, equal to the sum of the applied
load torque and the torque needed to overcome the frictional and windage losses. This
is accounted for by the dynamic equation [Eq.(2-7)], where the acceleration term
(d*@/dt?) is effectively zero. However, when the motor is unloaded, the steady-state
torque will simply equal the torque required to overcome the frictional loss,
ie. T, = ﬂr--a),,

p
Although, the induction motor starting current is high, at 6-8 times the rated current it
is typical of many induction machines. In this case, the peak amplitude of the initial
current drawn by the machine is about 15A, but this eventually decays to a steady-state
value of approximately 2A. The rotor phase current on the other hand is initially 144,
but under no load conditions and with only a small frictional torque, it eventually
decays to a value close to zero.

The gradual change in the rotor frequency from SOHz to a value close to zero is
noticeable as the motor approaches synchronous speed. This change in both the
magnitude and frequency is linked to the motional inductance terms in the electrical
equation [Eq.(2-6)], becoming significant as the motor reaches its running speed.

Experimental results for this transient situation are shown in Figures 2-7 and 2-8, and
clearly good agreement exists between these results and the computed results. As such,
it can be said that the phase model provides a good prediction of the transient
characteristics of the motor.

12
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These results were also compared with those obtained using the d-q model. The
induction motor is then described by the following state equation in a stationary

d ia All Al2 is Bl
alo)- [ wlo) [o) 12

T

reference frame,

where,
i =lia i b =[te 4] V.=[Va V]

P

B

I
Q
B
——
SN
':i ‘_
S—

oy

|

"8
—~

The transient response of the system was analysed using the MATLAB software
package (a listing of the source code can be found in Appendix F). From Figures 2-9
to 2-11, it can be seen that the results obtained are similar to those computed using the
phase model.

13
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Figure 2-3 Computed results - Speed characteristic for start-up of an Induction
Motor - Sine wave input
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Figure 2-4 Computed results - Torque characteristic for start-up of an Induction
Motor - Sine wave input
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Figure 2-5 Computed results - Stator phase current characteristic for start-up of an
Induction Motor - Sine wave input
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Figure 2-6 Computed results - Rotor phase current characteristic for start-up of an
Induction Motor - Sine wave input
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Figure 2-7 Experimental results - Speed characteristic for start-up of an Induction
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Figure 2-9 Computed results from MATLAB - Speed characteristic for start-up of an
Induction Motor - Sine wave input
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Figure 2-10 Computed results from MATLAB - Torque characteristic for start-up of
an Induction Motor - Sine wave input

17




Chapter 2 The Induction Motor

Current [A]

0.1 0.2 0.3 0.4
Time [sec]

Figure 2-11 Computed results from MATLAB - Stator phase current characteristic
for start-up of an Induction Motor - Sine wave input
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CHAPTER
THREE

THE LINEAR MOTOR

Linear motors are still in a stage of infancy in development, and one factor contributing
to this slow development process is that these large air-gap motors contribute to a low
efficiency. Although, linear machines rarely achieve the performance, in terms of either
power factor or efficiency, expected from their rotary counterparts, in several
applications this reduction in performance is more than compensated for by
convenience and robustness.

A linear motor produces a straight line motion, but it is not necessarily the best choice
for every application requiring linear motion. In many applications, the conventional
rotary motor is used to produce linear motion with the use of gears and other
mechanisms that transform rotary into linear motion.

Even though linear motors are not practical for many drives, it seems only natural that
they find applications in situations where mechanical gears and rotary-to-linear
converters are undesirable whilst at the same time possessing the added advantages of
being quieter and more reliable.

3.1 Linear induction motor

By far the most common form of linear motor in industrial use is the single-sided linear
induction motor (SLIM). However, because of the inherently large air-gap, there is a
practical limitation on its performance and application, The primary applications have
been in ground transportation systems ranging from conveyer systems to medium
speed trains, and in actuators for automatic equipment {5-7].

The linear induction motor (LIM) is generally of the flat or tubular type. The emphasis
in this thesis is placed on the flat-type SLIM because of its suitability for low-speed
applications, where in most cases the longitudinal end-effect can be ignored.
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3.1.1 Single-sided flat-type

The flat-type SLIM with sheet secondary shown in Fig.3-1 is best introduced by the
imaginary process of ‘cutting’ and ‘unrolling” a rotary cage-rotor machine, to produce
a linear laminated ‘stator’ core containing a three-phase primary winding and a linear
‘rotor’ core containing the secondary cage. The ‘rotor’ core is formed from
ferromagnetic material to provide a return path for the magnetic flux. It is often the
stator core and its windings that move, and as such the terms primary and secondary
are commonly used to describe the stator and rotor, respectively.

primary winding /

A R R R R R s o Fx, 4

secondary back iron dary sheet

Figure 3-1 Side view of a short-stator flat-type single-sided linear induction motor

Motion in a LIM is produced in a similar way to that in a rotary machine. The three-
phase primary winding currents produce a travelling magnetic field that induces
currents in the secondary member, and by producing a reaction force on the rail causes
it to move.

3.1.2 Goodness factor

The ‘goodness factor’ is used as a convenient guideline for assessing the quality of a
LIM. Although, there are different ways of defining this quantity, the definition used in
this thesis is [8]

_2omf,
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A large air-gap need not necessarily produce a poor design if the pole-pitch is
correspondingly large. Clearly, increasing this value has a beneficial effect on the
performance if end-effects are ignored, but in practice it increases the end-effects and
tends to detract from the performance. To allow for this, Boldia and Nasar [9]
suggested an alternative measure of performance based on achieving zero total
propulsive force at synchronous speed.

3.2 Differences between the linear and conventional induction motor
The key differences between the LIM and its rotating counterpart are

o The linear motor has a finite length of travel i.e. it has a ‘beginning” and an

‘end’. This gives rise to longitudinal end-effects that can have influence on

factors such as the power factor and efficiency, especially in medium to high-
speed motors.

¢ The secondary (rotor) or moving member is often either a solid steel plate or a
composite rail formed by a layer of aluminium attached to a steel backing plate.
As such, there are no conducting bars or coils in the secondary.

e A transverse edge-effect has an influence on the equivalent resistance of the
secondary, but this is usually accounted for by using a transverse correction
factor [10].

» In single-sided motors, a force exists perpendicular to the direction of travel,
that may be either repulsive or attractive. This normal force can often be used
to advantage, and should be considered in the design of LIM drives.

o The considerably larger air-gap results in a large leakage reactance.

» Rotor resistance variation is small since heat generated by the machine slip is
easily dispersed through the larger surface area of the secondary.

The above factors must all be taken into account if the linear motor is to be modelled
correctly.
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3.3 Circuit analysis of a low-speed linear induction motor

Although a LIM can be studied either using field theory to give analytical expressions
[11-15] or by an equivalent circuit [2, 16-20], the latter was chosen since it provides a
model that is suitable for the analysis of the combined inverter-motor system. The
lumped parameters of the machine are easily obtained from design parameters or,
alternatively, from static tests.

The behavioural differences between the LIM and its rotary counterpart are usually
attributed to the end-effect phenomenon due to the continous replacement of the
secondary material. The consequences of this are not easily expressed in terms of
equivalent circuit components.

The present study is concerned with the low-speed application of LIMs, where end-
effects are considered to have negligible influence on the overall machine performance,
and are neglected in the initial analysis. A single-sided stator configuration is assumed,
in which the secondary consists of an aluminium cap over a laminated steel core.
However, a double-sided arrangement can easily be analysed in the same manner.
Lamination of the back-iron reduces the effect of field diffusion (i.e. skin-effects) in the
secondary [15], especially for low-speed operation.

3.3.1 Equivalent circuit

Since, all edge transients due to motion can be neglected in the evaluation of the
performance of a low-speed LIM, the machine performance can be predicted with a
fair degree of accuracy from the equivalent circuit for a conventional motor, with
appropriate modifications to the parameter values [2, 18-20]. The per-phase equivalent
circuit of the SLIM shown in Fig.3-2 can be derived, together with the equivalent
circuit parameters.

Often, the secondary leakage reactance is ignored in the equivalent circuit, since the
rotor current is concentrated into a thin conducting sheet [21, 22]. However, in this
thesis, it is included so as to provide a complete circuit analysis, thus a more accurate
model of the LIM.
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Figure 3-2 Per-phase equivalent circuit of the LIM without longitudinal end-effect
In deriving the equivalent circuit the following assumptions are made

« The motor is low speed.

¢ Longitudinal end-effects are neglected (since the speed is low).

o The design is of the flat-type.

The mutual and secondary impedance are easily derived from field theory [18, 19], and
are speed and slip frequency dependant. Transverse distortion effects of the magnetic
field caused by the flow of currents in the x-direction within the secondary rail and
slotting-effects in the stator are taken into account by appropriate correction factors
[10, 23]. Thus the actual LIM is replaced by an ideal LIM, whose equivalent
parameters are evaluated with the aid of these correction factors. Iron losses are
neglected, since the large air-gap leads to moderate flux densities in the core and
hence, low core losses.

In fact, provided that the machine to be analysed has a fair number of poles
(i.e. 2p = 4) and a stack-length sufficiently large with respect to the pole-pitch,
evaluation of the equivalent circuit parameters for the linear machine follows very
closely that of a rotary machine.

3.3.2 Derivation of equivalent circuit parameters

In deriving the equivalent circuit parameters, the linear induction motor is initially
analysed as a one-dimensional electromagnetic field problem as outlined in [13, 14], to
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provide a basic understanding of the problems involved. Although, it is expected that a
two-dimensional analysis of the LIM [14, 19] should give better results, it has been
shown by Yamamura et al. [14] that in many situations such as in low-speed
applications, a one-dimensional theory provides results of acceptable accuracy.

The one-dimensional air-gap equations are derived from the three-dimensional
Maxwell’s equations for a machine moving at a velocity v relative to a fixed reference
frame. Thus, in terms of the magnetic vector potential A4, [13]
VxiVA = o B _Fevo+ T G-1)
H a
where, u is the magnetic permeability, ¢ the material conductivity and J, the source
currents.

The following assumptions are made in the analysis of a LIM by the ‘Continous sheet’
method [20], which allows Eq.(3-1) to be greatly simplified.

o The stator winding is replaced by an infinitely thin current sheet, with slotting-
effects taken into account by Carter’s coefficient [23].

e The current density distribution of the current sheet is equivalent to that of the
actual slot-embedded conductor configuration. A sinusoidal distribution is
assumed for the windings, which results in a sinusoidally varying air-gap field.
The primary phase currents are represented by the current sheet,

.= Re[J, exp [j{wt—%}]] (3-2)

where, J. is the design current density of the primary sheet, and
Jj, is the instantaneous current density acting on the primary surface.

o The effect of x-directed currents in the secondary are neglected, and only z-
directed currents exist in the secondary conductor below the primary.
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e Only a y-component of the magnetic flux and field density exist in the air-gap
and the secondary conductor, since it is assumed that only z-directed currents
exist in both the primary and secondary.

« With an aluminium-capped secondary the induced currents will flow in roughly
elliptical patterns and have an x-component. The x-directed currents have an
important influence on the secondary impedance especially when the stator
core is too narrow with respect to the pole-pitch. This transverse edge-effect
may be taken into account by the Russell and Norsworthy [10] correction
factor, with all fields then assumed to be invariant in the z-direction.

e Magnetic saturation and hysteresis effects in both the primary and secondary
core are neglected.

The above assumptions are valid for a stator length sufficiently large with respect to
the stack and the air-gap length, and Eq.(3-1) can be written as

b B 13,
& pgad g

(3-3)

where b, is the instantaneous magnetic flux density in the air-gap, g is the air-gap
length, u, is the permeability of free space, which is termed the air-gap field equation.

Neglecting the longitudinal end-effects, the steady-state solution of Eq.(3-3) is

b, = Re[B, exp(j{a)t - -”-";-}J] (3-4)

where B,, the peak steady-state air-gap flux density is

T, J,

B =
’ g'ﬂ'(SG, _.])

where
32i Nk,
J =
§2x3
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Once the linear motor has been identified as an electromagnetic field boundary value
problem, the circuit theory components in the resistance matrix {R], the inductance
matrix [L] and the motional inductance matrix [G] can easily be obtained [24].
Alternatively, a set of equations can be derived to evaluate the equivalent circuit
parameters, given the design parameters of the machine. The equivalent circuit
parameters for a low-speed SLIM can be evaluated from [20].

2
X, = IZpOaZJ,kWN T (3-5)
7 pg,
. X, 12akN?
R =Zm 124K, (3-6)
G, po,
X;r =~ 0 (3-7)
4a, +2I
p oLl (3-8)
o, Ni
3 2
x, =22 [zs(u——J +,1d) % L A1 N (3-9)
P 2p q

where,

]

1 A
A~ (1434)

5

_ Sg./w,)
B S+4(ga /w,)

d

4, =03(34 -1)
3.3.3 Force computation

The force produced on the reaction plate of the LIM can be resolved into a propulsive
force (thrust) along the direction of motion, and a force normal to the surface of the
plate [25]. In addition to the these two forces, the stator in a SLIM can be subject to a
lateral force under asymmetric positioning {15]. The normal force can be either
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repulsive or attractive, and is dependant on the type of reaction plate used. Thus,
whereas a steel secondary will always produce an attractive force, with an aluminium
composite secondary it is possible for the force to become repulsive. All three forces
are dependant on slip-frequency.

The following analysis relies on a two-dimensional solution of the field distribution
[14, 19], where the magnetic flux density in the air-gap has both a normal and
tangential component. The thrust and normal forces per unit area of primary surface
are [22]

1 ,
F = EB"’J‘ cosg (3-10)
F, -l[ J? E’zl) 3
n = 4 Hods — L ( '11)

where B_ is the normal component of air-gap flux density, and a positive value of F,
denotes a repulsive force.

From Eq.(3-11), the normal force is seen as the difference between a term proportional
to J, and one proportional to B_. With a constant current drive J, is constant, but B, is
a function of slip. As the slip reduces B,, increases, thus making the second term of
Eq.(3-11) increasingly significant and leading to an attractive force at low slip.

For a low-speed LIM, the expression for the steady-state thrust and the normal force
are greatly simplified [25],

O oy
SV

3

1
F, = —O.S[R,,,s - }5—-5] F, (3-13)

where the magnetic Reynolds number R, = o, 14,v,.
It is important that these forces are taken into account in the design of a control system

for variable speed drives, since the normal force can often be used to advantage.
However, in this thesis, the normal and lateral forces are not evaluated for a SLIM,
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3.4 Longitudinal end-effect

According to Yamamura et al. [14], the longitudinal end-effect can be interpreted as
the superposition of two travelling air-gap magnetic flux density waves. The magnetic
field is weakened at the entry edge by the incoming secondary sheet whereas at the exit
edge it is intensified by the reflection of the travelling wave.

3.4.1. Principle of the phenomena

The general solution of Eq.(3-3) given below includes both the entry and exit end-
effect waves [14].
( 3\

B, exp j(wt - E)
T

o
H
&

), +B, exp(—;f—] exp ](wt - EJ (3-14)

1 Tc
+B, exp[i] exp j[a)t - E]
\ az Tc J

The first term of Eq.(3-14) is the normal unattenuated wave travelling in the forward
direction at synchronous speed 21f;. The second term is the flux density wave due to
the entry edge, decaying along the x-axis and travelling in the same forward direction.
Finally, the third term is the flux density wave due to the exit edge, increasing
exponentially along the x-axis, and travelling in the opposite direction. The travelling
speed of both the end-effect waves is the same, where the half-wavelength of the end-

7, = 27{&] (3-15)

effect waves 1, is

and the distance of penetration of the entry and exit end-effect wave are

2
o = — Pk (3-16)
P8 X — 1V
= 2p.8. (3-17)
P8 X + v
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where,
JIRY
p.! gG

X =

The last two terms in Eq.(3-14) are responsible for the main reduction in the LIM
performance when compared with its rotary counterpart. In general g, is larger than
a,, and the entry edge wave has therefore a much greater influence on performance
than the exit edge wave. It can also be deduced that these end-effects play a significant
role in the design of a high-speed LIM [15], and at low slip where

r,z2t(l-s)~7 (3-18)

the two waves cancel over much of the primary length. However, the end-effects are a
more dominant factor in the performance of a LIM with a sheet reaction rail than a
solid-steel rail, at higher speeds.

It can also be shown [13, 14] that the arbitrary constants B,, B, can be found from
simple boundary conditions:

e there is no fringing at the stator ends, and therefore the net flux under the
stator is zero

s with no fringing flux, at x=0,

In the next section an equivalent circuit is presented which takes into account the
longitudinal end-effects.

3.4.2 Modified equivalent circuit

So far the development of the equivalent circuit resembles that of its rotary
counterpart, but does not take into account the so called ‘end-effects’. However,
recent papers by Duncan [2], and Gieras et al. [17] suggest that the rotary-motor
model can easily be modified to account for this behaviour through the use of the usual
equivalent circuit components.
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Eddy currents in the motor secondary have a demagnetizing effect on the primary
magnetizing current, which accounts for the gradual build up of flux density in the air-
gap of the LIM. For the short stator machine under consideration, a high velocity will
lead to a significant loss of flux at the leading edge. In fact, the lower the speed the
smaller the loss of flux, and hence the less influence the end-effect has on the behaviour
of the machine,

The paper by Gieras et al. [17] introduced an end-effect factor by evaluating the
induced voltage in the primary winding due to the first two terms in Eq.(3-14). To
account for the end-effect in the equivalent circuit, an impedance Z, (i.e. the end-effect
impedance) is connected in parallel with the magnetizing branch inductance L .

1-k
Z'z[ k erd

where,
ZZ

g see

ot = o
Zg +Z,,

and k, is the end-effect factor, Z, the mutual impedance and Z ... the secondary

impedance referred to the primary. Since, the exit-end effect wave is considered to
produce much less degradation in LIM performance than the entry-end-effect wave, it
is not taken into account.

The paper by Duncan [2] introduced the so called 'Q' quantity as a measure of the
ability of the motor to resist the loss in output performance due to end-effects. In fact,
the actual value of ( is dependant upon several criteria,

o The velocity,
¢ The secondary resistance R,

o The magnetizing branch inductance L,

and it is evaluated from

Qz(,f_:] __IR (3-19)

where, L is the motor effective length.
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The demagnetizing effect of the secondary eddy currents is taken into account by
simply placing an inductance in parallel with the magnetizing inductance L, so as to
divert current away from L _, and in effect to create a loss of excitation. The value of
this parallel circuit in terms of an equivalent series circuit is

: 1- e'Q)
L =L11- 3-20
m m( Q ( )

As a result of the eddy currents circulating in the motor secondary, ohmic losses are
produced. It has been shown that these are sufficiently accounted for by a resistance R |
placed in series with the magnetizing branch, where

1 - e'Q)
R =R 3-21
m r( Q ( )

Figure 3-3 shows the modified equivalent circuit of the LIM taking end-effects into
account. However, this model is only valid when the inductive element dominates the
impedance of the magnetizing branch.

R, I, L,

Figure 3-3 Modified equivalent circuit taking end-effects into account

Clearly, both the above methods take the longitudinal end-effect into account by
modifying the air-gap electromotive force (EMF) of a T-type equivalent circuit.
However, the method proposed by Duncan is chosen since it provides a more accurate
analysis of the longitudinal end-effect by taking both entry and exit-end-effect waves
into account.
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For a complete analysis of the short stator machine, no easy equivalent circuit is
possible, and the simplest way to calculate the performance of such a machine is to
evaluate the back emf generated and to obtain the total input voltage as a function of
slip with a constant current drive.

3.5 Dynamic equation

Having previously carried out a transient analysis of the rotary induction motor, the
aim now is to predict the current and force transients for a LIM in a similar fashion.
The electrical angles must clearly be expressed as a function of the linear distance
travelled by the machine, rather than as an angular distance. This is easily achieved
using the transformation,

where,

Similarly, the inertia of the LIM is the mass of its moving member. The mechanical
equation of motion is now

1
mass

dv
= (F,-F-F) (3-22)

]

and it can be shown [18, 22] that the thrust F, produced by the machine and the
frictional force F,are

T T .
F, =7 o] [G.Ji] (3-23)
F, =mass.k, (3-24)
where £, is the friction coefficient in N/kg.
According to Luda [22], the value of friction coefficient is dependant on both the

wheel and axle diameter, and the type of wheel bearings used. For the experimental
machine in question, a value of 0.068N/kg is assumed.

32




Chapter 3 The Linear Motor

3.6 Simulated results

The transient and steady-state performance of a SLIM with sheet secondary is analysed
using the equivalent circuit technique presented in this Chapter. The equivalent circuit
and design parameters for the experimental machine are given in Appendix C. The
former parameters were obtained using standard rotary motor tests [2], with
measurements made at the machine terminals. The phase parameters are then derived
from the per-phase equivalent circuit, using the relationships given in Appendix A.

Figs 3-4 to 3-7 show the predicted starting performance for the LIM with a line
voltage of 140V and a supply frequency of 10Hz. The speed and phase currents are
displayed as a function of time, and it is evident from Fig.3-4 that the synchronous
speed of the machine is around the expected figure of 5.74ms!. End-effects were not
taken into consideration during this analysis, and no unbalance among the primary
three-phase currents can therefore be observed.

The thrust-speed characteristic is shown in Fig.3-5, where the marked points indicate
the computed results obtained for the thrust at different speeds. For speeds above
6ms™”, the thrust and phase current waveforms will resemble those of the rotary
induction motor. In fact, the overall shape of the thrust-speed characteristic is
dependant on the motor parameters, with reaction rail resistance and inductance largely
governing the overall shape.

In comparison to the conventional induction motor, the LIM starting current is low.
From the stator phase current waveform shown in Fig.3-6, it is also evident that the
current drawn by the machine remains almost constant from standstill up to
synchronous speed. This applies to linear motors with synchronous speeds of between
3 and 6ms™. Under no-load conditions and with only a small frictional force, the rotor
phase current eventually decays to a value close to zero.
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Figure 3-4 Computed results - Speed characteristic for start-up of a Linear Induction
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Induction Motor - Sine wave input
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Figure 3-6 Computed results - Stator phase current characteristic for start-up of a
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CHAPTER
FOUR

THE INVERTER

Inverters are generally of the constant-voltage or constant-current type. The former
type is usually fed from a rectifier with a large parallel-connected capacitor, to ensure
that the source voltage remains almost constant. The latter type has a larger series
inductor in the dc link, which effectively keeps the source current constant [26]. Bulky
commutating capacitors and inductors, and poorer speed regulation [27] explain why
constant-current inverters are nowdays confined mostly to medium and high-power
drives. The voltage-source inverter (VSI) is usually used for high-performance motor
drives and this thesis concentrates on this type of inverter.

4.1 The voltage-source inverter

Inverter drives provide a major means of controlling the speed of an induction motor,
with emphasis now placed on the voltage-source inverter (VSI). The basic circuit of
such an inverter resembles that of a three-phase rectifier bridge, as shown in Fig.4-1.
The inverter is controlled so that each semiconductor switch conducts for a fixed
period of the output cycle, either 120° or 180°. This results in a quasi-squarewave line
voltage which may cause a motor connected on the ac side to become unstable at
speeds below around 5Hz due to harmonic torques produced within the motor.

When inverters were first developed they used conventional thyristors, since these
were the only devices available. These inverters required complex and extensive
commutation networks involving both capacitors and inductors, to reduce the anode
current to zero and to apply a reverse voltage for sufficient time to enable the thyristor
to regain its blocking state.

With the introduction of the gate turn-off thyristor, device turn-off can be controlled
by the gate, and although this eliminates the need for commutation networks it is at the
expense of more complex gate circuits.
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RS Rs RS
LS LS LS

Figure 4-1 Voltage-source inverter

The transistor family of devices is now the most commonly used switching device in
low and medium power inverter circuits. These may be bipolar transistors, which offer
faster switching times than thyristors, power MOSFETs which are extremely fast
devices or IGBTs which have a switching time between that of the bipolar transistor
and the MOSFET. Since the commutation times of all these devices are very small in
comparison with the inverter output frequency, their switching action may be regarded
as instantaneous.

4.2 Pulse-width-modulated switching schemes

With the development of fast switching devices, the pulse-width-modulated (PWM)
inverter became an improved alternative to the traditional quasi-squarewave inverter.
This thesis concentrates on sinusoidal and current-regulated PWM switching schemes,
since these are best suited for the proposed control schemes for the inverter-induction
motor drive.
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4.2.1 Sinusoidal pulse-width modulation

The inverter to be modelled is supplied by a constant dc voltage-source, as shown in
Fig.4-1, with the amplitude and frequency of the output waveform determined by the
way in which the inverter switches are modulated. Although various switching schemes
exist, sinusoidal PWM is often implemented when it is necessary to shape the output
voltages to be as near to sinusoidal as possible.

In sinusoidal PWM, three reference sinewaves modulate a high-frequency triangular
wave to generate the signals that drive the inverter switches. The frequency of the
triangular waveform determines the switching frequency of the inverter, while the
frequency of the sinusoidal control voltage is chosen to correspond to the required
supply frequency for the motor. Controlling the modulation ratio allows the magnitude
of the output voltage to be controlled.

When power MOSFETs are used, switching frequencies up to 50kHz can easily be
realised. Increasing the switching frequency reduces low-order harmonics, but this is at
the expense of increased switching losses. High-order current harmonics are naturally
attenuated with an inductive load such as an induction motor, which results in the
motor current being almost sinusoidal without the need for a filter.

Figure 4-2 shows a sinewave of frequency f,, compared with a triangular waveform of
frequency f,. The modulation ratio is the ratio of the amplitude of the sinewave to that
of the modulating waveform, and switches SW, to SW; of Fig.4-1 are controlled by
comparing the amplitude of the reference sinewaves with that of the modulating
waveform. The algorithm used for the inverter leg of SW,/SW,is

. If (vconn'o!a > vn'iangu

..,) then turn-off SW, and turn-on SW ,

o If (vmn!mla < v.m'angular)

then turn-off SW, and turn-on SW,,

The same criteria also apply to both of the other inverter legs. To prevent short-
circuiting of the supply, which would damage the switches, no two switches in the
same leg can conduct simultaneously. Time must be allowed for each device to turmn-off
before tumning-on the complementary device in the same leg, and this is ensured by
incorporating a delay in switching between the two devices.
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Figure 4-2 Sinusoidal PWM switching pattern

With this type of control, one device in each leg is conducting at all times, connecting
the corresponding motor line to either the positive or negative voltage rail. To generate
a balanced three-phase output voltage, the same triangular waveform is compared with
three sinusoidal control voltages mutually displaced by 120°.

4.2.2 Current-regulated pulse-width modulation

A current-controlled voltage-source inverter provides a rapid control of the inverter
output line currents by including a current feedback loop for each phase. With a
current loop controller, the torque and speed of the induction machine can be
controlled by changing the amplitude and the frequency of the stator current.

The tolerance band method of current control is used to obtain the gating signals
needed to drive the inverter switches, and therefore to achieve current control. This
method is commonly referred to as hysteresis control and is chosen in preference to
other forms of current control because of its inherent simplicity. It compares the actual
stator phase currents with a demanded current, and if the magnitude of the error
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exceeds a preset level, the appropriate switching signals are generated to either
increase or reduce the current.

actual
current, i(A)

! demand

5 tolerance band
0 ,7/ A t
PWM pulses
> e —:’e
SW,on SW, on

Figure 4-3 Switching waveform for tolerance band control

For example, if SW, is on, and the current increases beyond the upper tolerance band,
the same switch is turned-off to decrease the current, If the actual current tries to fall
below the lower tolerance band, then SW, is turned-on to increase the current, as
shown in Fig. 4-3. For a hysteresis bandwidth of A, the algorithm used for the inverter
leg of SW /SW, is

e If(il >0) AND (i, > (i, + 1/2) then turn-off SW,,
« If(i; > 0) AND (i, < (i, - #/2) then turn-on SW/,
e If(i; <0) AND (i, > (i, + h/2) then turn-on SW,,
o If(i; <0) AND (i, < (i, - #/2) then turn-off SW,,
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Clearly, the switch to be turned-on or off is dependant on both the sign of the error
and the demanded current #;. A disadvantage with this method of control is that the
switching frequency is not constant, and it depends on motor parameters, the speed
and the dc link voltage.

Alternatively, the control current is either sampled at a fixed frequency or the control
sighal generated by the tolerance band comparator is compared with a triangular
waveform of known frequency to ensure a constant switching frequency, but this is at
the expense of a poorer transient response and current error. In the latter method, the
appropriate switching signals are generated in a manner similar to the sinusoidal PWM
technique, where the amplitude of the modulating waveform (in this case the error
signal) is compared to a triangular carrier waveform of frequency f,, as shown in
Fig. 4-4.

Tolerance band
comparator

| Switch-Mode

PhaseB —

Phase C ———

Figure 4-4 Fixed frequency tolerance band current control

4.3 An analysis of the inverter

There are several methods for analysing switching circuits which have a continously
changing circuit topology, with the common aim of each method being to provide the
correct set of differential equations that describes a particular topology.
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A common approach has been to assume that the motor is supplied from a precisely
defined voltage waveform. While this approach is feasible for steady-state conditions,
it is unsuitable for analysing transient behaviour, since the motor operating conditions
and the supply impedance both influence the inverter output waveform. To overcome
these problems, a tensor technique based on the work of Kron 28] is employed in this
thesis, because it deals efficiently with the varying circuit topology of the inverter and
also

» The approach is valid for any bridge topology.

¢ The analysis can be easily extended to include the motor circuit i.e. additional
terms are accommodated in enlarged system tensors.

« The analysis can be applied to various motor operating conditions by a simple
modification to the transformation tensors, with the remaining analysis
remaining unchanged.

+ The addition of external components such as filtering capacitors can be easily
catered for.

It allows for the switching action of the diode and semiconductor switches by
producing automatically the correct transformation tensor required to set-up the
system differential equations that describe a particular topology. Consequently, the
system equations can be solved simultaneously, and the tensor technique is therefore
chosen for the analysis of the complete inverter-motor system as described in
Chapter 5.

In addition, since the inverter circuit contains both capacitive and inductive elements, it

is most convenient to use a step-by-step numerical integration of the system differential
equations in the form

dx
= {
7 S0

for both the steady-state and transient behaviour.
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4.3.1 Tensor technique
To simplify the analysis, the following assumptions are made

1. The inverter supply is initially represented by an adjustable direct voltage V,,
with the supply impedance incorporated in the impedance of the filter
inductance in the dc link, and represented by R, + jal,

2. Each switch/diode in the bridge is treated as a branch since they never conduct
simultaneously.

3. The switches and diodes are regarded as instantaneous switching devices, since
at normal operating frequencies their commutation times are very short in
comparison with the inverter output frequency.

4. The inverter is assumed to supply a star-connected inductive load. The
complete inverter-motor system can be easily modelled at a later stage by the
simple addition of the rotor circuit.

[T WY W] WY
= v, v, } ?
| O — R, R4E[;Rs
Tl T
o\

Figure 4-5 Basic network of the inverter system

43




Chapter 4 The Inverter

The loaded inverter circuit is represented by the network shown in Fig. 4-5, termed the
basic network which contains eleven branches and six nodes. A total of six independent
currents labelled i, - i, are therefore needed to define completely the system.

4.3.1.1 Primitive network

Initially, the analysis involves the construction of a ‘primitive network’ which involves
removing all connections between the circuit elements to form the simplest physically
realisable circuit, as shown in Fig.4-6.

Figure 4-6 Primitive network of the inverter system
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The primitive network is defined by the following equation,
=L B1SE]cbo] -] e

where, the tensors for the primitive resistance [R ), the primitive inductance [L