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SUMMARY

nils thesis concerns the development of a
variable speed control system for a transverse-flux heteropolar 
linear synchronous motor and a control scheme to optimise the 
efficiency and minimise the interaction existing between the 
lift and tractive force produced by the motor.

A data acquisition system was designed and built 
to manipulate and display data from transducers fitted to the 
motor on to a mini-computer. Control programs have been developed 
to acquire both electrical and mechanical transient conditions.

A variable frequency 3 phase armature current 
controller and a field current controller have been developed 
for powering the motor. Both controllers employ power transistors 
as switching elements and utilise slitwidth modulation techniques. 
Practical aspects of designing a transistorised current controller 
are discussed.

Strategies for controlling a synchronous motor are 
examined. A system for controlling the motor at a constant torque 
angle of 90° has been developed to optimise the efficiency and 
minimise the interaction between the two forces. Experimental 
results suggest that the controlled motor cannot slip out of 
synchronism under any conditions and is self-starting.



A 'software implemented' variable speed control 
loop is implemented on a microprocessor-based controller.
Certain aspects of designing this controller are presented. 
Practical results show that the motor achieves a smooth drive 
even at low speed. Further enhancement of a constant speed 
drive independent of the influence of the change in field 
current within a designed range is demonstrated by experimental 
results.

Although the system is primarily designed for the 
linear synchronous motor, it is also applicable to other 
synchronous motors. A proposed position control system utilising 
a linear synchronous motor is also introduced.
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LIST CP PRINCIPAL SYMBOIS

Field/armature mutual inductance

L^ Field self-less leakage inductance

L^ Armature d-axis self-less leakage inductance

L ^  Armature q-axis self-less leakage inductance

L£ Armature self leakage inductance

F^ Thrust force

Fjj Attractive force

Î  Field current

I Armature currenta
S ̂ Torque angle

'V Pole pitchL p
g Air-gap

Csi Contents of the torque angle buffer

Csp Contents of the speed counter

e Induced voltage

1 Total parasitic inductance

Angular frequency of a carrier 

Wg Angular velocity of a shaft

Resistance of the armature winding 

Lg Ihductance of the armature winding

L^ Inductance of the field winding



Resistance of the field winding 

R Input control signal

Output speed

Input torque

J Inertia of the load

F Friction of the load

Disturbance 

Kp Proportional gain

Kj Integrating gain

Krp The LSM constant (F^I^^)

Ky The load characteristics of the LSM
ii

The gain of the armature current controller

^ f  The field m.m.f,

Ifia, The resultant armature m.m.f.

I Collector current of a transistorc
Vgg Collector to emitter voltage of a transistor

^CE(sus) fhximum sustaining voltage between collector
and emitter of a transistor

^CE(sat) Collector to emitter saturation voltage of
a transistor

V-p Base to emitter voltage of a transistor
Dût
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1 INTRQDUGTION

For wheeled vehicles, the propulsion force produced
by conventional electrical motors is in rotary form. Wheels are
required to transform the rotary motion into linear motion.
Certain scientists and engineers have tried to develop some
machines to produce linear motion, and replace the wheel with
a non-contact levitation and guiding system. In the past decade,
linear induction motors^ have received most attention. Recently,

2linear synchronous motors have been found to be economically 
and technologically viable for producing both propulsion and 
levitation forces for a magnetically levitated vehicle.

The advantages of using a linear induction motor 
are the simplicity of its mechanical construction and its power 
conditioning system. However, a linear synchronous motor has a 
better power factor and efficiency than a comparable induction 
motor. For traction applications, a linear synchronous motor 
only requires plain steel segments that are built into the 
track, instead of a continuous alumimum reaction rail for a 
linear induction motor. A linear synchronous motor can havchigher 
rail clearance (air-gap) than a linear induction motor? The track 
for a linear synchronous motor costs less for construction and 
maintenance. It is therefore worth evaluating the characteristics 
and the applications of a linear synchronous motor.
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At the University of Bath, a transverse-f lux

heteropolar linear synchronous motor was built and tested
2and its steady state characteristics were evaluated. In order 

to evaluate the applications of this motor in an advanced ground 
transport system or in other drive systems, a research program 

has been carried out.

The test rig for this motor does not allow the 
stator to move dynamically and the width of the gap between the 

stator and rotor can only be varied manually. Thus, the object 
of this research project was to develop a variable speed drive 
system, and the required power conditioning system for controlling 
the width of the gap by varying the field current to a value 
consistent with a given gap demanded when a dynamic test rig 
is built in the near future.

The advent of microelectronics enables a compact and 

reliable digital controller to be developed. The invention of 
microprocessors bring digital techniques ahead of analogue 
techniques. A microprocessor offers several advantages for a 
real-time control system ; complex decisions can be made by a 
microprocessor arithmetic unit, multi-tasking can be performed 

and the control functions can be easily altered by changing the 

task program. A micro-computer which has a l6-bit microprocessor, 

the T2G 9900, is thus used as the central unit of the control 
system for the linear synchronous motor.
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A development system based on a mini-computer, 
PDPll/3 4  is employed for aiding the design of the control 
system. The development system has some vital support facilities 
for developing the program in machine language for the micro
computer. The mini and micro computers are linked together by 
a parallel data link and data can be transferred in both 
directions.

It is essential to investigate the dynamic response 
of the linear synchronous motor before designing a control 
system for it. Thus, a data acquisition system which utilises 
both the micro and mini computers was first developed for 
monitoring the performance of the linear synchronous motor.
This system monitors and records data pertaining to the 3 phase 
armature currents, the field current, the motor torque, and the 
speed and torque angle of the linear synchronous motor. The 
micro-computer housed in the vicinity of the linear synchronous 
motor, locally collects the data and sends it to the remote 
mini-computer for storing on disk. The mini-computer is merely 
used as a data storage medium and for off-line data analysis. 
Both the electrical and mechanical transients of the control 
system and the linear synchronous motor can be monitored. When 
the micro-computer is employed for controlling the linear 
synchronous motor, the function of data acquisition can be 
implemented in parallel with the control program in order to 
acquire the relevant data for evaluating the performance of the 
control system or the linear synchronous motor.
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A current-source inverter is employed instead of a 
voltage-source inverter to provide variable frequency and 
magnitude armature current for the linear synchronous motor, 
because a current-fed synchronous motor has better stability?
A conventional current-source inverter^ only produces 3 phase 
step current waveforms. If this kind of inverter is used, the 
performance of a synchronous motor will be degraded due to the
harmonic content of a step current waveform. In this work current-

y?3,7b
controlled inverter ̂ is used that employs slitwidth modulation

Qtechniques to produce output current with a good approximation 
to a sinusoid.

Transistors, unlike thyristors, are fully controlled 
elements (requiring no 'turn-off mechanism), and can be eaisily 
applied as a static switch. The disadvantages of power transistors 
are not available in higher power ratings, and at present, are 
more expensive than equivalent thyristors. However, power 
transistors with improved ratings of up to 85OV and 250A are 
now commericaJ-ly available. Power conditioning systems utilising 
power transistors are therefore worth considering.

The field current controller (chopper) and the 
armature current controller (inverter) developed employ high 
power transistors as the switching elements. They are capable 
of sustaining up to 40OV and 200A. The power transistor is 
connected to a medium power transistor to form a discrete 
Darlington transistor to obtain a high d.c. current gain. A 
base drive unit has been specially designed for driving this

* Current source as seen from the machine terminals
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Darlington transistor. It has two current sink circuits to speed 
up the turn-off time and two protection circuits to monitor the 
load current and the collector-emitter saturation voltage of the 
output transistor.

To enable the micro-computer remotely to control the 
field and armature current controllers, two remote control units 
have been developed. An asynchronous data transmitter/receiver 
has been developed for transferring control signals from the 
micro-computer to the two controllers. This transmitter/receiver 
is insensitive to interference from the power transistors when 
they are switching a high voltage supply.

A constant torque angle control system has been
exploited to control the linear synchronous motor at a fixed
torque angle of 90° — - 10 0 ° to provide the best overall 

2performance. The frequency of the armature current is controlled 
using a shaft position transducer designed to operate the system 
at a controlled and constant torque angle with the frequency of 
the alternating current obtained from the inverter continuously 
in synchronism with the rotor speed. This has been achieved by 
using a synchro on the shaft of the rotating rig which generates 
the relevant reference signals needed to control the frequency 
of the currents from the inverter. Under the supervision of this 
system, the linear synchronous motor can be self-started without 
causing any oscillation in the speed or torque angle, and the 
linear synchronous motor cannot loose synchronism even when a 
sudden disturbance is applied.
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Speed control is achieved from a further outer loop 

which sets the magnitude of a variable frequency armature currents 
of the motor to a value consistent with a given speed demand.
The required control algorithm is implemented in the micro

computer and the mini-computer is merely used as an intelligent 
terminal. If the field current of the motor is changed to meet 

the requirements demanded by an airgap change, the value of the 
armature current will also be changed by a compensation loop to 

compensate for the change in field current which must affect 
the motoring torque. At present, the effect of a change in the 
air-gap is simulated by the corresponding change in field current. 
The present equipment also incorporates controlled regenerative 
braking. Using the speed control loop with pre-programmed 
acceleration or deceleration values, a smooth drive or braking 
can be obtained.

The effect of air-gap change and the design of a 
constant gap control system for the linear synchronous motor 

can only be investigated on the new test apparatus which 

incorporates controllable changes in air-gap. However, the 
present equipment and the software implementing the control 
algorithm were designed to be flexible and easily applied to 

the new test rig when it is ready.

Ibe variable speed drive system for the linear 

synchronous motor works satisfactorily. It is ready to be 

implemented on a conventional rail vehicle, in which the linear 

synchronous motor provides tractive force. The advantages of
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using a linear synchronous motor for a conventional rail vehicle . 
are the absence of a mechanical linkage between the linear 
synchronous motor and the wheels, hence, servicing is made 
easier, and the attractive force produced can be used to increase 
the adhesion. Or linear synchronous motors are suspended beneath 
a raised rail, and the attractive force can be controlled to 
relieve the effective weight carried on the bogie.
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2 THE APPLICATION (F LINEAR SYNCHRONOUS MACHINES
TO ADVANCED GROUND TRANSPORT SYSTEMS

2.1 INTRODUCTION

Advanced ground transport systems using electromagnetic 
levitation have been proposed for many years. They offer some 
advantages over conventional wheeled vehicles. The propulsion 
and guidance of a conventional train depend on the friction 
between the wheels and tracks, hence, abrasion, noise and 
vibration are difficult to reduce. Since magnetically levitated 
vehicles have no contact with the guidance tracks, noise 
pollution and vibration are drastically reduced, and the life 
expectancy of the track is much longer.

There are basically two methods for magnetically 
suspending vehicles, the attractive and repulsive methods. The 
repulsive method has a relatively large suspension gap of 0.2

Q  IQto 0.3m compared to the attractive method which has achieved 

a suspension gap of at least an order of magnitude less. The 
repulsive method requires superconducting magnets and associated 
cryogenic apparatus to provide the necessary magnetic field for 
such a large gap without a formidable weight penalty. Also, the 
efficiency of a linear motor for producing propulsion force is 
low, due to the large gap. The attractive method has been 
extensively developed because it is economically viable for both 

low and high speed transport system. Although the attractive 

method is an inherently nonlinear and unstable system, the advent
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of control technology and power electronics allows this method 
to be developed.

There axe several systems utilising the attractive
method which have been developed or are being developed.
Jbgnetically levitated transport systems which employ controlled

11 12d.c. electromagnets ' to suspend a vehicle were successfully 

developed. The attractive force of the d.c. electromagnets is 
controlled to maintain a constant gap between the electromagnets 

and their continuous ferromagnetic tracks. The propulsion is 
usually provided by linear induction motors. Other types utilise 
linear motors which are capable of providing both the attractive 
and thrust forces. Both linear induction and synchronous motors 
are possible for providing the required force in a contactless 
transport system.

Despite the simplicity of the physical construction 
and the required power conditioning system for linear induction 

motors]" they have some drawbacks when they are used to provide 
both the attractive and thrust forces. A linear induction motor 

draws its magnetizing current from the a.c. power supply to 

produce the attractive force, hence, the resulting power factor 
is low and a large power conditioning system is required. A 
linear induction motor produces thrust force at all speeds up 
to the speed of the travelling wave, hence, its power conditioning 
system is simple since only a voltage controller with fixed 

frequency is feasible . However, the efficiency of an induction 

motor is limited by the vehicle speed divided by the field speed.
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The amplitude of the armature current must be controlled for 

maintaining a constant gap and the supply frequency must be 
varied to accomplish variable speed drive. Thus, a variable 
frequency supply is des i rab l e and the advantage of using a linear 
induction motor on a fixed frequency supply is lost.

A linear synchronous motor has the advantage that
the attractive force produced draws current from the d.c. supply.
The power factor of it can be high, which leads to a smaller
3 phase converter. It is apparent that linear synchronous motors
are worth considering. In the University of Bath, a transverse-

4flux heteropolar linear synchronous motor was built and tested,
2and its steady-state characteristics were evaluated. The results 

of this work, which is summarised in the following sections, 
suggest that a LSM is capable of providing thrust and lift forces 
for a magnetically levitated transport system.

2.2 THE HETEROPOLAR TRANSVERSE-FLUX LINEAR
SYNCHRONOUS MACHINE

A linear machine can be realised by cutting and 

unrolling a cylindrical machine. In order to have continuous 

action, either the stator or the rotor must be increased in 

length. The stator of a machine is the expensive part, because 
the stator windings have to be carefully Insulated and laid 
into slots. Although the field windings of a machine are less 

expensive than stator windings, if they run for a long distance, 

they are still potentially expensive. The cost for the track
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can be drastically reduced by arranging both armature and field 

windings on a 'short primary' member.

The heteropolar transverse-flux linear synchronous 

machine (LSM) described in reference 4 has both the armature 
and field windings on a 'short primary', and the machine secondary 

is passive and consists of plain steel segments that are built 
into the track as shown in fig, 2.1. The apparent advantage for 
this machine is that the cost per metre of the track can be reduced,

2.3 THE LSM : TEST RIG ASSEMBLY

To enable the LSM tested at steady-state, a rotary 
system was developed. In this apparatus a curved short-stator 
machine drives secondary members that form part of the surface 
of a drum. The secondary pole pieces are of solid mild steel and 
are supported on discs of stainless steel having low permeability 
and conductivity.

The LSM was organised as shown in fig. 2.2, where 
the drum shaft of the LSM was mechanically coupled to a d.c. 
motor and a synchronous alternator. The speed of the ISM is 

changed by varying the field resistance of the d.c. machine.
The synchronous alternator supplied the 3 phase armature currents 
to the LSM. Since the LSM has 20 poles and the alternator has 4 
poles, the speed of the ISM was geared down to one fifth of the 

speed of the alternator, hence, the rotor of the LSM is moving 

in synchronism with the supply frequency of its stator.
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The torque angle of the ISM can be varied by 
changing the mechanical angle between the alternator rotor and
the LSM rotor. The visual method used to measure the torque
angle is described in appendix Al. The thrust and attractive 
forces produced are measured by using load cells.

The calculated steady-state and electrical 
characteristics of the LSM are given in appendix A2. The
experimental results of the mechanical forces produced and

2the power factor of the ISM are shown in figs. 2.3 to 2.5»

2.4 CCWTROL CONSIDERATIONS

Examination of the thrust force produced (fig. 2.3) 
suggests the maximum force can be obtained when the ISM operates 
at a torque angle of approximately 100°. The normal force 
(fig, 2.4) has the maximum value at a torque angle of 0°.
Since the ISM has been designed for providing both levitation 
and propulsion, the operating point for the ISM must be a 
compromise, in order to have the best overall peiformance. It 
is desirable to operate the LSM at a torque angle of 90°, because 
it offers serval advantages:

i) Thrust force is near maximum 
ii) Efficiency is near optimum
iii) At a torque angle of 90°» the normal force 

produced by the armature current is 
3^(Ljj^)/2g. This force is small in 
comparsion with the force due to the field
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current which is equal to L^I^^/2g. Thus, a 
simple control loop can be used to maintain 
a constant gap between the rotor (track) and 
the stator (vehicle).

The LSM test rig does not allow the stator to move 
dynamically and the width of the gap can only be varied manually. 
Thus, the object of this project is to develop a speed control 
system which operates at a fixed torque angle of 90° » and a 
field current controller with which it is possible to control 
the normal force.
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3 THE MINI AND MICRO COMPITTERS

3.1 INTRODUCTION

The steady-state characteristics of the ISM were 
evaluated as given in chapter 2. In order to develop a control 
system for the LSM, the transient characteristics of the LSM 
must be evaluated. Since the transient characteristics of the 
LSM were unknown at the beginning of this project, a flexible 
system, which at first can be organised as a data acquisition 
system for obtainning the transient characteristics and can 
then be easily re-organised and developed as a control system 
for the LSM, was developed.

With the advent of microelectronics, compact digital 
controllers have been extensively investigated or used in 
industry. The potential of digital computers has long been 
recognised. They offer performance that analogue system have 
difficulty in meeting. The invention of microprocessors brings 
digital techniques ahead of analogue techniques in many respects.

Using microprocessors, (micro-computers) in a 
control system has the following advantages

i) The control functions can be easily altered by 
changing the task program,

ii) The arithmetic capabilities of microprocessors 
boost the intelligence of the control system.
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ill) Complex decisions can be made by microprocessors.,
iv) Multi-tasking can be performed.

However, using a microprocessor in a control system 
also has disadvantages. The initial cost of development is high, 
since a development system for aiding the design of the micro- 
processor-based product is required. Most of the transducers 
used in measuring the physical parameters operate in analogue 
mode. Although the analogue signal can be converted into its 
relevant digital value at present, the analogue to digital 
converters are expensive devices.

The development of a control system for the ISM was 
thought to be complex and parameters are to be controlled 
simultaneously, i.e. a multi-tasking operation. Also, because 
of the flexibility that a microprocessor offers, a microprocessor- 
based control system has been developed for the ISM. Real-time 
applications demand speed and accuracy. The l6-bit microprocessor, 
TMS9900 has both the necessary speed, and an architecture and 
instruction set that allow sufficient accuracy for the real-time 
control system for the ISM. It was therefore employed to be the 
central unit of the micro-computer. In this the micro
computer referrs to a system which consists of the microprocessor 
card, the 4K memory, the interface card and the data transfer unit

At the final stage of development, the micro-computer 
together with its peripheral circuits is envisaged as a stand
alone controller. Thus, the micro-computer was not designed to
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have massive memories and j/o facilities in aiding the development 
Instead, the development aid was provided by utilising a mini
computer, A parallel link is used to link the two computers 
together to form a basic system as shown in fig. 3,1. The 
parallel link enables communication between the two computers.

The mini-computer has some vital support facilities 
for developing the programs for the micro-computer. The programs 
for the micro-computer can be developed on the mini-computer 
utilising a cross-assembler. A debugging program allows users 
to debug a task in real-time.

Although micro-computers are designed as sequential 
machines, they are often applied in real-time multi-tasking 
applications. The need to implement concurrent tasks with 
sequential programming methods has long posed a problem for 
the micro-computer software designers. The most widely used 
technique to solve this problem is to employ an interrupt 
driven system. Each task is assigned a unique interrupt level.
The priority of executing the tasks depends on their assigned 
interrupt level. The micro-computer is thus organised as an 
interrupt driven system to ease the difficulties of acquiring 
the asynchronous parameters of the ISM.

3.2 THE MINI-COMPUTER

The mini-computer, a H)Pll/34, is a l6-bit mini
computer and belongs to the Digital Equipment Corporation
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PDPll-Family. The PDPll utilises the UNIBUSconcept. All 
computer system components and peripherals are connected to 
and communicate with each other on the UNIBUS.

The block diagram of the mini-computer is shown in 
fig. 3.2. It is supported by a multi-user, real-time multi
programming operating system^ RSX-llM, Since it is a multi-user 
system, active tasks compete for system resources on the basis 
of priority and resource availability. The priority of a task 
is determined by a number assigned to the task program when it 
is built. For real-time applications, jobs that require response 
to physical events as they occur are usually assigned with the 
highest priority.

3.2.1 CHOICE CF SOFTWARE LANGUAGE

For real-time operations, the execution time for
a program is one of the prime factors. A program written in
machine language is the most efficient in this respect. However,
errors are easily made in writing a complex program in machine
language and is difficult to debug. The mini-computer offers

14the macro-assembler to ease the difficulties in writing a 
machine language program. The macro-assembler allows programmers 
to write a program in mnemonic terms which is more intelligent 
than the machine language.

At first, the programs required for the data 
acquisition system (chapter 4) were written in macro-assembler.
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Although the execution time for the program is minimised by
using macro-assembler, the total time that the mini-computer
needed to accept data from the micro-computer is more than the
time that the micro-computer spends on acquiring the local
parameters and transmitting them to the mini-computer.
Experimental results show that the mini-computer takes
approximately 150ps to accept a dataword from the micro-computer
and store the data in its main memory. The micro-computer only
takes approximately to send out a dataword through its
interface circuit. Also, due to some other reasons, which are
discussed in chapter 4.5, it was decided that the mini-computer
was only used as a mass storage medium for the data acquisition
system and would not be involved in the control loop. Thereafter,

15the high level language, Fortran is usually used for the 
mini-computer programs.

3.2.2 SUPPORTING FACILITIES

The micro-computer only supports machine language.
In order to reduce the incidence of errors in developing a
program for the micro-computer, a cross-assembler^^ called
•MICT99*, resident in the mini-computer is employed to develop
the programs for the micro-computer in mnemonic form. It greatly
helps in debugging and generating program documentation. A source
program for the micro-computer is first written in assembly

17language by using the Text Editor of the mini-computer.
Users then call the cross-assembler to assemble the source 
program. The cross-assembler has the facilities to check the
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typing errors, the illegal instructions in a source program.
After assembling, the machine code of the source program which 
is called the object program, is stored on the disk of the mini
computer. The object program in machine code is transferred to 
the random access memory of the micro-computer by direct memory 
access techniques . When the object program is ready to run, a 
control program resident in the mini-computer is executed to 
generate the required control signal to initialise the micro
computer. Once the micro-computer is started, the demanded task 
is executed. Such an arrangement enables the micro-computer to 
be controlled by the mini-computer, in order to synchronise the 
operation of the two computers.

Although the cross-assembler offers a great help 
for programming, the incidence of errors is still very high.
A debugging program^^ resident in the mini-computer is employed 
to help users to debug the micro-computer programs in real-time. 
Implementation of the debugging process is under users control 
with comprehensive commands. The debugging process can be operated 
with break points at strategic locations, or in a single stepping 
mode. The contents of all the memory locations can be examined 
or altered. The debugging process allows users to examine the 
content of the three internal registers of the microprocessor.
The data to and from the micro-computer can be simulated in 
real-time.

18The graphic facility allows users to display the 
data collected from the data acquisition system. It permits a
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fast inspection of the performance of the control system or the , 
characteristics of the LSM. A digital X-Y plotter is utilised 
to plot the displayed data.

3.3 THE MIC3R0-G0MPOTER

The micro-computer is the nucleus of the data 
acquisition system and the control system for the LSM. It 
employs a l6-bit microprocessor, TMS9900^^ as its central 
processing unit. The micro-computer consists of four units, 
which are the microprocessor card, the 4K random access memory, 
the interface card and the data transfer unit. The block diagram 
of the micro-computer is shown in fig. 3*3.

The interface card, the data transfer unit and the 
communications link enable communications between the mini and 
micro computers. The communications link is operated in the 
differential current loop mode, hence, two wires for each bit 
of information are required. The distance between the two 
computers is about 80 metres. To minimise interference, the two 
line driver/receiver cards have to be situated neea: to their 
computers. The parallel interface performs the tasks of loading 
programs into the micro-computer memory, and the data transfer 
between the two computers.

A rack houses the micro-computer and its peripherals 
necessary for converting the analogue parameters of the LSM to 
their digital form. Fig. 3*4 shows the arrangement of this rack
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which is placed in the neighbourhood of the LSM.

Each unit of the micro-computer is described in the 
following sections. The basic techniques of software development
for the micro-computer can be found in references 20 and 21 .

3.3.1 THE MICROPROCESSOR CARD AND THE 4K MEMORY

The microprocessor card, Micro 99-16/CPU is a
one-board minimum process system based on the microprocessor, 
TMS99OO. The board contains the microprocessor, clock, 256 

words of static random access memory (RAM), read only memory, 
and interrupt prioritising logic. All signals out from this 
board Eire buffered, so that the system can be expanded up to 
the full memory capability of 32K, l6-bit, words. The memory
map for this card is given in fig. 3*5.

The size of the on-board RAM cannot meet the 
requirements of the data acquisition system or the control 
system. Another card containing 4K static RAM is added to the 
microprocessor card. The static RAM has an access time of 450ns, 
hence, no wait state is required for the microprocessor to access 
it.

3.3.2 THE MICROPROCESSOR

The microprocessor, TMS9900 is a powerful single 
chip 16-bit CPU using N-channel gate MOS technology. It is one



31

of the earliest developed single chip l6-bit microprocessors. 
Comparing it with the recently developed l6-bit microprocessor, 
the architecture of the TMS9900 is relatively old^5 and its 
arithmetic processing capabilities is relatively slow and limited 
However, the supporting circuits for the TMS9900 have been 
developed for a much longer period and their prices are 
competitive. Another advantage of using the TMS9900 is that it 
can be easily organised as an interrupt driven system, for 
which it is very suitable for real-time applications. In an 
interrupt driven system, switching of execution from one task 
to another is determined by the occurence of a hardware or 
software originated program interrupt.

The microprocessor operates at a 3MHz rate and has 
an average instruction execution time of l^ps. There are only 
three registers inside the microprocessor chip, a workspace 
pointer, a program counter and a status register. Since general 
purpose registers are resident in the random access memory, 
register capacity is not limited by the processor's 'on chip' 
registers. By putting all the general registers in the memory, 
the time required to initialise and to recover from interrupts 
or subroutines is drastically r e d u c e d , since only the 
contents of the previous workspace pointer, the program counter 
and the status register are required to be stored.



32

3.3.3 INTERFACE CARD

The interface card developed for the microprocessor 
has two basic functions, program loading and program debugging.
In program loading, the mini-computer first sends a control 
signal to the interface card. A 'HQID' signal is subsequently 
generated by this card to inform the microprocessor which then 
puts its address and data bus, and the memory control outputs 
to a hi^ impedance state and releases its buses for direct 
memory access (DMA) operation. Thereafter, the interface card 
sends aw acknowledge signal to the mini-computer. The object 
program is then loaded into the random access memory of the 
micro-computer from the mini-computer by DMA.

The program debugging facility checks on the contents 
of the address and data bus. The features of this facility are 
described in chapter 3*2.2. The details of this card can be 
found in reference 16. .

3.3*4 DATA TRANSFER UNIT

The data transfer unit^^ is employed for data 
transfer between the micro-computer and the general purpose 
interface unit of the mini-computer. To initialise j/O data 
transfer, the input and output data transfer routines are 
required in the micro-computer programs.
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The input and output data transfer routines are 
organised as two interrupt subroutines, which can he initialised 
hy the software interrupt. An execution instruction called 
•branch and load workspace pointer* (BLWP) is used to initialise 
a software interrupt. After executing the interrupt subroutine, 
an instruction called "return with workspace pointer • (RTWP) is 
used to terminate the subroutine, and the microprocessor returns 
back to the previous program enviroment. The input and output 
data transfer routines have been assigned to have interrupt 
levels of 10 and 11 respectively, which are the lowest in the 
data acquisition system and the control system. This arrangement 
enables the data transfer when the microprocessor is not busy 
servicing the other interrupt routines.

3.3.5 JNTERRUPT FACILITY

The microprocessor has I5 interrupt levels. Level 0 
is reserved for the CPU reset and all other levels may be used 
for external devices. Each interrupt level has its own 16 

contiguous workspace registers. It takes only 8.67̂  (26 clock 
cycles) to complete a context switch and to save the previous 
register contents. When the interrupt routine finishes, it takes 
only ̂ r,67ps (l4 clock cycles) to return to the current program. 
Using such an interrupt implementation strategy, an efficient 
interrupt driven control system is achieved.

The data acquisition system and the control system 
for the ISM are organised as an interrupt driven system. Two
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methods for assigning an interrupt level to a peripheral are 
utilised. The first method enables the interrupt level for a 
peripheral to be assigned by the micro-computer when the object 
program is executed, i.e. software control. The block diagram 
for the hardware to implement this method is shown in fig. 3*6. 
The function is accomplished simply by the following instruction:-

LABEL MNEMONIC OPERAND
LI # VALUE, R1

MOV

PERI: DW

R1,PER1

173002

COMMENT
;LOAD THE ASSIGNED INTERRUPT 
;I£VEL (VALUE, BETWEEN 1 AND I5) 
; INTO REGISTER 1 
;LOAD THE CONTENTS (INTERRUPT 
;I£VEL) CF R1 INTO PERIPHERAL 
;STORAGE BUFFER 
; LOCATION 'PERI' HAS THE 
; PERIPHERAL 1 INTERRUPT 
;BUFFER ADDRESS (173002,
;IN OCTAL)

Thereafter, when the peripheral is ready to 
communicate with the microprocessor, it generates an interrupt 
request signal to the interrupt output buffer. The interrupt 
level stored in the storage buffer is transferred to the interrupt 
bus and the interrupt routine is initialised.

The second method is far more simple but lacks 
flexibility. The interrupt request line is connected to a 15-way 
switch. The switch is used to connect the interrupt request line
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to one of the interrupt bus lines. The interrupt level for a 
peripheral must be assigned and fixed before the system is 
operated.

3.3.6 iNHjr/arrpur

Since the control system and the data acquisition
system developed for the LSM are real-time control systems, the
time spent on the data transfer between the micro-computer and
the peripherals must be minimised. The microprocessor has three
i/o modes: the first one uses direct memory access (DMA), the
second one uses memory mapped techniques, and the third one uses
the communications register unit (CRU). DMA is used for high
speed block data transfer and the control circuitry can be
relatively complex and expensive when compared to other l/O

21methods. Data transfer using the CRU uses a dedicated bit 
addressable interface for l/O and requires fewer interface 
signals than the other l/O methods, but is comparatively slow. 
Memory mapped l / o  port to be addressed as memory with parallel 
data transfer through the system data bus, and it has been 
employed for the data acquisition system and the control system 
as a compromise.

The block diagram for implementing the memory 
mapped l/O techniques is illustrated in fig. 3-7. The decoder 
circuit decodes the address from the address bus. When the 
corresponding address is addressed by the micro-computer, the 
decoder circuit will generate a control signal at one of its
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output ports. This control signal initialises the peripheral 
assigned with that unique address to accept or send the data 
from or to the microprocessor. The control signals generated 
can be used for other control purposes.

3.4 CONCLUSIONS

The basic system formed by the two computers offers 
serval advantages. The prime advantage is the flexiblity of a 
microprocessor-based system which allows a common hardware to 
be used for many types of tasks. The only item that changes is 
the program of operations which causes the hardware to perform 
its tasks. The supporting facilities enable the development of 
the control system and the analysis of the LSM characteristics. 
The data acquisition system and the control system are organised 
by employing this basic system. Different control schemes for 
the LSM are easily arranged and tested by using the micro
computer instead of utilising different hard-wired logic circuits.
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4 THE DATA ACQUISITION SYSTEM

4.1 INTRODUCTION

The data acquisition system as shown in fig. 4.1 
has been developed to monitor and analyse the performance of 
the 15M, and records data concerning the three phase armature 
currents, field current, torque, speed and torque angle. This 
system employs a local micro-computer and a remote mini-computer 
to collect and store the required data for evaluation. The 
descriptions of the mini and micro computers are given in 
chapter 3* The micro-computer transferts all locally collected 
data from the seven transducers fitted on to the I5M to the mini
computer through a parallel data link, and is then stored on 
disk. The mini-computer is merely used as a data storage medium 
and for off-line analysis. The graphic facilities developed on 
the mini-computer enable a simple cross examination of the 
acquired data.

This system can acquire and store the data of both 
the electrical and mechanical transients of the ISM.

During electrical transients, the system stores 
instantaneous values at a high sample rate with a minimum 
period of l̂ Ô is. However, the mini-computer cannot cope with 
continuous data acquisition at this rate and, in order to overcome 
this problem, a record of specified length is accumulated in a
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buffer in the local micro-computer system and thereafter 
transmitted to the mini-computer.

In order to evaluate the mechanical transient 
behavious of the I5M, a continuous data collection routine 
has been developed. The micro-computer collects all the 
instantaneous information at a sample period with a minimum 
period of 2ms and the data is pre-processed to obtain the 
relevant r.m.s. or mean values. The processed data is then 
sampled at a longer sub-sample period with a minimum value of 
20ms to fill a IK data buffer on the local micro-computer.
Two IK data buffers are employed to store the processed data, 
after any one of them is filled, the processed data is directed 
to fill the other buffer, and the data stored in the first 
buffer starts transferring to the mini-computer. This technique 
gives the mini-computer more time to read data from the micro
computer and to store this data on disk.

Use of these techniques allows off-line data 
evaluation to be performed in both transient modes (electrical 
and mechanical) and also allows steady state performance 
characteristics to be readily obtained.

The transducers and their peripherals for this data 
acquisition system will be also described in the following 
sections.
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4.2 TRANSDUCERS AND PERIPHERALS

As the micro-computer only accepts digital input, 
the analogue parameters from the ISM must be first converted 
to their relevant digital value. The transducers and their 
peripherals have been developed for the micro-computer to 
collect the required parameters locally. They consist of a 
data control unit, four isolation ADCs for converting the field 
and 3 phase armature currents, a torque transducer and its 
analogue to digital converter (ADC), and a unit for measuring 
the speed and torque angle of the ISM, The hardware structure 
of the peripherals has been designed to be flexible for acquiring 
other signals when required. For example, the four isolation 
ADCs can be used to convert any other analogue signal within a 
maximum value of +1.67V. The data control unit can be easily 
expanded to control more ADCs or peripherals. Each transducer 
and peripheral will now be described.

4.2.1 DATA CCNTROL UNIT

The data control unit has been developed to allow 
the microprocessor to control or access the four isolation ADCs 
and the torque ADC. Memory mapped jJ0 techniques have been 
ultilised to control or access the various transducers and their 
peripherals in the data acquisition system. Each transducer or 
peripheral is assigned to have a unique memory location. A list 
of these locations is given in appendix A3.
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This unit decodes the address bus of the micro
processor and generates a control signal to the ADC assigned 
that decoded address. The microprocessor controls or accesses 
these ADCs as if they are memory locations. The circuit diagram 
of this unit is shown in fig. 4,2.

This unit also provides two clock frequencies of 
333.333KHZ and 83.333KHZ for the speed transducer and the 
programmable real time clock. Both the clock frequencies are 
derived from the 01 clock frequency of 3MHz for the micro
processor.

4.2.2 ARMATURE AND FIELD CURRENT MEASUREMENT

The 3 phase armature currents and field current of
the LSM are the major parameters to be monitored and evaluated.

25Prototype isolated tracking ADCs were developed to monitor 
the 3 phase armature currents and the field current. The basic 
principle of this ADC is described in appendix A4. It was found 
that it was unstable and had a very low degree of noise immunity. 
Since then efforts have been made to improve this ADC . The 
results have been promising, but this ADC only has 8-bit accuracy 
and its error accumulates. The error is mainly due to noise from 
the output transistors of the field and armature current controllers 
when they are operating at rated voltage. If the output of this 
ADC was used for the control system, its error might damage the 
output transistors of the field and aramture current controllers. 
Another disadvantage of this ADC is that it has a very long
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conversion time with a maximum value of 1.53ms. Hence, by 
using this ADC to monitor the field and 3 phase armature 
currents, only the mechanical transients of the ISM can be 
recorded but not the electrical transients of the measured 
parameters.

To monitor both the electrical and mechanical 
transients, a circuit must fulfil the following requirements

i) The measured field and 3 phase armature currents 
must be electrically isolated from the data 
acquisition system, 

ii) For electrical transient measurement, the 
conversion time should be less than 250ps, 
since the field and armature controllers have 
a maximum switching rate of about 2KHz.

iii) The circuit can be fully controlled by the 
microprocessor. 

iv) The converted digital output has a high degree 
of accuracy.

The isolated ADC which has been designed up to the 
above requirements employs an isolation amplifier, AD284J, for 
isolating the monitored signal from the data acquisition system 
and a 12-bit Successive approximation analogue to digital 
converter, the ADC80, which has a fast conversion time of 25^s. 
With these features, the isolated ADC can sample gm input at a 
minimum period of of which the microprocessor takes lOps
to start the ADC conversion and load the output from the ADC
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into Its memory, and the ADC takes 2_̂ ps for converting an 
analogue signal to its relevant digital value.

The function block diagram and circuit diagram of 
this isolated ADC are shown in figs. 4.3 and 4.4. Non- 
inductive shunts are employed to convert the field and
3 phase armature currents to their relevant voltage. The 
output signals from these shunts are also used as the field 
and armature current controller feedback signals. Pre
amplifier» A1 and A2 amplify the output from the current shunt 
to a suitable level, before they are transferred to the micro
computer rig through a data link. The isolation amplifier 
isolates the input signal electrically from the data acquisition 
system, and the 12-bit ADC converts the isolated analogue 
signal to its relevauit digital value. The four isolation ADCs 
axe built in two separate cards. The microprocessor accesses 
emd controls these isolation ADCs through the data control 
unit. The functions of the registers for these isolated ADCs 
and the software for controlling them are given in appendix A3.

4.2.3 the torque TRANSDUCER AND ITS ADC

The torque developed by the ISM is measured by a 
load cell. It consists of a conventional bonded strain gauge 
used as the basic sensing element and an enclosed monolithic 
mdjj/dture amplifier module to provide a high level output of 
2.0 volts d.c. using a 12.0 volts d.c. supply. The power supply
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of the load cell must be isolated from the signal output and 
a buffer amplifier is required between the load cell and its 
ADC.

The analogue output voltage which proportional to 
the torque generated by the LSM is converted into its relevant 
digital value by a 12-bit successive approximation ADC as shown 
in fig. 4 .5 . The control strategy for this ADC is the same as 
the isolated ADCs. The function of the registers and the software 
for controlling the torque ADC are also given in appendix A3.
This ADC was not designed to have a status register to indicate 
the status of the conversion, but since the ADC is guaranteed 
by the manufacturer to have a maximum conversion time of 2^ps, 
to ensure the ADC is read without error, it is read only after 
the isolated ADCs. Such aui arrangement gives approximately 6^ps 
for the torque ADC to convert its analogue input, where the 
isolated ADCs take 23ps to convert the data and 40ps for the 
microprocessor to fetch the digital output from the four isolated 
ADCs to its buffer.

4.2.4 PROGRAMMABLE REAL TIME CLOCK

The programmable real time clock as shown in fig. 4.6, 
is used to permit the microprocessor to collect the data at a 
fixed sample rate. The sample period of this clock can be any 
value between Jps and 12ms. If a longer sample period is 
required, a software counting loop together with this clock can 
be used to obtain a longer subsample period.
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It utilises the interrupt facility of the micro
processor. The interrupt priority of this clock can he set to 
any level from 1 to 15 before the main program is started. In 
order to use this clock, a task program is first assigned to 
be executed when the interrupt level of this clock is activated. 
So, at the beginning of each sample period, this clock interrupts 
the microprocessor to serve the assigned interrupt service 
routine (the task program). Once the task program is finished, 
the interrupt control circuit of this clock is reset to allow 
the microprocessor to serve the main program. However, the 
execution time for the task program must be less than the sample 
period.

• Power-on* reset has been implemented in the 
programmable real time clock. When the power supply is switched 
on, the 'Power-on* reset circuit inhibits this clock from 
generating an interrupt signal to interrupt the microprocessor, 
which if allowed, any access to the microprocessor would be 
inhibited.

The microprocessor controls this clock through 
three registers. The functions of these registers are given 
in appendix a6.

4.2 .5 the speed and torque angle MEASUREMENT

There are few difficulties in measuring the speed 
of a motor, fkny sophisticated methods, using both digital and



45

analogue techniques, have been developed. However, the torque 
angle of the LSM is difficult to represent in digital form. A

27technique which has the ability to measure and repersent both 
the speed and the torque angle of a synchronous machine in 
digital form has been employed. The circuits required to implement 
this technique consist of four units, which are the speed and 
torque angle counters, the control unit, the dual channel photo
switch amplifier module, and the zero-crossing detector.

4.2.5.1 basic theory

The ISM is a twenty pole machine for which a full 
cycle of 360° electrical of the armature current corresponds 
to a shaft rotation of 36° mechanical. A disc having five slots 
is mounted on the shaft of the ISM. Two slotted opto-switches ame 
installed to pick up signals from the slotted disc. The mechanical 
angle between the slotted opto-switches is 36°. The outputs from 
the two switches are amplified by the dual channel photo-switch 
amplifier. The processed outputs are then used to start or stop 
two speed counters which are connected as shown in fig. 4.7. 
Whenever one counter is started to count up, the other counter 
is stopped and is ready to output its value through the control 
unit to the microprocessor. By counting the number of pulses 
accumulated in the counter, the time taken for the rotor to 
transverse 36^ mechanical can be evaluated. Thus, the rotor 
speed is known.
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The torque angle of the ISM is defined as the 
angle between the adjacent peaks of the armature and field 
m.m.f, distributions. In this thes is  a positive torque angle 
is associated with motoring operation.

For simplicity, a round motor of only two poles 
is used to explain how to obtain the torque angle value. The 
axis (peak) of the field m.m.f. of a motor always points at 
the same axis of the rotor (AA) as shown in fig. 4.8. In order 
to simplify the measurement, only one measurement of the torque 
angle is taken between one cycle of the armature current.
Whenever the red phase armature current has the positive zero- 
crossing, the peak of the resultant armature m.m.f. points at 
the direction BB (fig. 4.8), which can be used as reference 
for the torque angle measurement.

In order to obtain the torque angle value, the 
slots of the slotted disc are aligned to the axis of the north 
poles of the rotor as shown in fig. 4.7, and a zero-crossing 
detector detects a positive going zero-crossing of the red phase 
armature current. The detector output pulse is used to stop the 
torque angle buffer which is latched to the speed counter. Hence, 
a relative value of the torque angle can be obtained as shown 
in fig. 4 .9.
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The algorithm to evaluate the torque angle of the 
ISM is given by:-

gi - .fCsp - Csi X 
Gsp

“ ( 0-^ - # - )  * 360°
where Si is the torque angle of the ISM

Gsi is the contents of the torque angle buffer
Gsp is the contents of the speed counter which 

represents 360° of torque angle

The circuit diagram of the speed counter, the 
torque angle buffer and their interface circuits used
to implement the above technique are shown in fig. 4.10.

4.2.5.2 CONTROL UNIT

The control unit has been developed to enable the 
micro-computer to read the digital values of the speed and the 
torque angle when the data is ready. The circuit diagram of this 
unit is shown in fig. 4.11. When one of the speed counters is 
stopped by the slotted opto-switch, this control unit will 
generate an interrupt signal to the microprocessor. The interrupt 
level of this control unit can be programmed between 1 and 15. 
Once the microprocessor receives the interrupt signal from the 
control unit, if this level has a higher value compared with the 
interrupt mask, the microprocessor will temporarily terminate 
the main program, and jump to the interrupt routine to collect 
the data in the speed counter and the torque angle buffer.
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When one of the counters is stopped, the value of 
the speed and the torque angle will be stored in their respective 
buffers until another slot of the disc activates the second 
opto-switch to start the counter again. Thus, the microprocessor 
can read the data within the next cycle period without loosing 
the data. With this physical set up, the interrupt level for 
the speed and torque angle measurement is designed to have lower 
priority than the other meaaurements of the data acquisition 
system.

Hie function of the registers of this control unit 
are described in appendix A?.

4.2.5.3 DUAL CHANNEL PHOrO-SWITGH AMPLIFIED MODULE

The circuit diagram of this module is given in fig. 
4.12. When the slots of disc passing through the two slotted 
opto-switches, a narrow pulse is generated which is then shaped 
and amplified by the mono-stable circuit and the transistor.
The output pulses of this module are used to control the 
starting or stopping of the two speed counters.

4.2.5.4 ZERO-CROSSING DETECTCR

This detector, as shown in fig. 4.13, senses the 
positive zero-crossing of the red phase armature current. The 
operational amplifier, A1 is connected as a low pass filter 
which prevents any high frequency interference. The output from
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this filter is then amplified by a high gain amplifier, A2, such, 
that it switches rapidly from positive to negative saturation 
for small input signals. This effectively 'squares-up* the 
sinusoidal input signal, the output transition occurrs at the 
zero-crossing of the input waveform. The output is isolated 
from the data acquisition system by an opto-isolator.

4.3 S CFTWARE DEVELOPMENT

There are two main programs that have been developed 
for the data acquisition system, one is for monitoring the 
electrical transients and the other is for monitoring the 
mechanical trauisients of the ISM. Other programs have been 
developed when special tasks are required, but the techniques 
used to acquire the data are basically the same. However, only 
the two main programs will be discussed.

4 .3.1 ELECTRICAL TRANSIENTS

In order to monitor the electrical transients, the 
data acquisition system must be able to collect and store the 
acquired data at a high sample rate. The maximum sample rate 
at which the micro-computer can collect the seven parameters 
and then locid them into its memory is approximately 15Qps. 
However, the mini-computer cannot cope with continuous data 
acquisition at this rate. The time required to transfer one 
data word from the micro-computer to the mini-computer is 
approximately 12(^, and, it requires a much longer time to
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write the data on the disk. In order to overcome this problem, 
a record of specified length is accumulated in a buffer in the 
local micro-computer and thereafter transmitted to the mini
computer.

Synchronising of the two computers, is done by the 
mini-computer which has the ability to initialise the micro
computer through the interface between the two computers.

When a specified number of data-words are required, 
a suitable micro-computer program is first loaded into its 
memory by using DMA. techniques. The mini-computer then activates 
the micro-computer to execute that program. After the relevant 
data is locally collected, the acquired data is then transferred 
to the mini-computer and then stored on disk. The flow chart of 
the mini-computer software used to execute the above function 
is shown in fig. 4.14. The data from the micro-computer is formed 
in a two dimensional matrix as follows x-

DATASET 1 (1st data word) ((N+l)th data word) ((2N+l)th data word) 
DATASET 2 (2nd data word) ((N+2)th data word) etc.

DATASET N (Nth data word) ((N4-N)th data word)

Such an arrangement enables the mini-computer to 
easily sort out each "DATASET ' from the arriving data and put 
each set of data into a separate data file.
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The software which the micro-computer used to 
collect the data consists of two main routines: the l/O data 
transfer routine and the data collection routine. The 3/0 data 
transfer routine permits the data transfer between the two 
computers, its details are given in reference 16. The data 
collection routine collects the required data and stores them 
in a two dimensional matrix. The flow chart of the software 
that the micro-computer uses for data acquisition is shown in
fig. 4 .15.

The data collection routine is composed of two 
interrupt routines: the interrupt routine 5» as shown in fig. 
4 .15b is used to collect the data from the speed and torque 
angle transducers and the interrupt routine 4, as shown in 
fig. 4 .15c is used to collect all the ADCs data, which consists 
of the three phase armature currents, field current and torque.

The interrupt routine 5 for collecting the speed 
and torque angle data has a lower interrupt priority than the 
interrupt routine 4, since this data is stored in the output 
buffer during the next period of the armature supply. The 
interrupt routine 4 has the highest interrupt priority in the 
whole data acquisition system.

After the micro-computer is initialised by the 
mini-computer, the input data transfer routine accepts the 
sample rate from the mini-computer. The sample rate is then 
loaded into the programmable real time clock, and this clock
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is assigned to have an interrupt level four. Thereafter, all 
transducers and their interfaces are activated. Whenever the 
programmable real time clock interrupts the microprocessor, 
the interrupt routine 4 is executed to collect the data from 
all ADCs. The micro-computer also collects the data from the 
speed and torque angle transducers when interrupt routine 5 is 
activated. When the specified data has been collected, the 
micro-computer inhibits all the transducers and peripherals.
The data stored in the buffer is then transferred to the mini
computer.

4.3.2 MECHANICAL TRANSIENTS

For evaluating the mechanical transient behaviour 
of the LSM, a continuous data collection routine with a lower 
ssunple rate is used. The flow chart for this task is shown in 
fig. 4.l6. The micro-computer collects all the instantaneous 
data at a sample period with a minimum value of 2ms, and the 
data is pre-processed to obtain the average value. It is then 
subsampled at a longer period with a minimum period of 20ms to 
fill a IK data buffer on the local micro-computer. Two alternate 
IK buffers are used to store the pre-processed data. After any 
one of the two buffers (buffer l) is filled, the data is 
directed to fill the other buffer (buffer 2), and the data in 
the first buffer starts transferring to the mini-computer. The 
output transfer (fig. 4.l6d) is executed whenever the micro
computer is not busy to collect or process the data, and it has 
an interrupt level of 11. This technique the mini-computer
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more time to read data from the buffer of the micro-computer 
and to store them on disk. The mini-computer can create a IK 
data file in approximately 2.9 s. Use of this technique allows 
steady-state performance characteristics to be readily obtained.

The software that the micro-computer uses for 
obtaining the mechanical transients (fig. 4.l6) is similiar 
to the software for obtaining the electrical transients, where 
the data collection routine for acquiring instantaneous 
information are both the same.

With reference to fig. 4.l6b, inside the interrupt 
routine 4, a calculation routine has been developed to evaluate 
the average value of the 3 phase armature currentŝ  field current 
and torque. Due to the limitation of the microprocessor 
arithmetic processing capabilities, the calculation routine 
only calculates the average values. The running average algorithm 
has been used, because only two memory locations are required 
for each parameter. Since the interrupt routine 5 physically 
synchronises to the armature supply, the calculation routine is 
reset by this routine and then outputs its processed data to 
the specified buffer. Hence, the average value of the parmeters 
within every cycle of the armature supply can be evaluated.

A sorting routine, as shown in fig. 4.l6a, has been 
developed to determine which one of the two IK buffers is to be 
filled or its data transferred to the mini-computer.
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If one buffer (l) has been completely filled 
before the data in another buffer (2) is transferred to the 
mini-computer, a rescue routine (fig. 4.l6a) will be executed.
The last word of the buffer (2) being transferred will be 
loaded with an error message to alert the mini-computer and 
buffer (l) will be filled aigain.

The software for the mini-computer to accept 
continuous data from the micro-computer is basically the same 
as the software for collecting the electrical transients as 
shown in fig. 4.14. The only difference is that after collecting 
IK of data from the micro-computer and storing it on disk, the 
program then jumps back and waits for the incoming data.

4.4 RESULTS

After the data is collected from the ISM, the user 
can analyse the data by plotting them on a graphical terminal 
or a digital X-Y plotter. The data collected can also be printed 
out on a line printer.

A few results (graphs) are given as examples to 
show the features of the data acquisition system.

The 3 phase armature current supplied by the inverter 
as shown in fig. 4.17 shows the capability of this system in 
obtaining the electrical transients of the ISM, where the 
switching sine wave generated by the current-controlled inverter 
(chapter 6) is clearly shown. Another example is shown
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in fig, 4.18, where, after 180 data words have been collected, 
the idiase of the armature currents is reversed in order to 
reverse the direction of the LSM. These graphs help the users 
to analyse the performance of the control system for the ISM.

Fig. 4,19 shows the mechanical transient behaviour 
of the ISM. The LSM starts from stand-still to a specified 
speed under the control of the closed loop speed control system. 
The data plotted in figs. 4.19a and 4.19c belong to the first 
data file (1K), and data plotted in figs. 4.19b and 4.19d belong 
to the second data file (IK) collected and created by the data 
acquisition system. The speed of the ISM shown in fig. 4.19b 
is the extension of 4.19a. The torque angle shown in fig. 4.19d 
is the extension of 4.19c. Hence, the steady state performance 
characteristics of the LSM during a long period can be evaluated. 
If required, more data files can be created and the data in each 
file belonging to a parameter are cascaded to review the 
characteristics of the LSM.

4.5 DISCUSSION

During the development of the data acquisition 
system, data transfer between the two computers failed 
occasionally. It was found that the grounding arrangements 
of the micro-computer could not effectively remove the noise. 
After rearranging the grounding of the micro-computer, data 
transfer between the two coaputers now runs without error and 
the whole system works satisfactorily.
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Although the speed and torque angle transducers 
provide the digital information in a simple and yet reliable 
way, the output is only accurate when the ISM operates at 
steady state. During transient mode, the acceleration or 
deceleration of the ISM causes inaccuracy of both measurements.
The torque angle value obtained is even worse at this condition 
and it is clearly shown in fig. 4.19c. However, another technique 
for acquiring the torque angle value of the LSM which is used 
for the control system has been exploited and will be discussed 
in chapter 7.

The software structure (interrupt driven) of the 
micro-computer for data acquisition has proven to be efficient 
and easily implemented for acquiring data of different parameters 
at irregular sample periods, hence, this technique has also been 
ultilised for the control system.

The experience gained during the development of 
this system indicates the control system for the LSM can only 
be implemented in the micro-computer. The mini-computer, is only 
used as a storage medium and for convenience, used as an 
intelligent terminal for the micro-computer. This is mainly 
due to the following reasons;-

i) The mini-computer is supported by a multi-user
monitor, where the CPU time is shared between users,

ii) The data transfer rate between the two computers 
is low which is not viable for a real time 
control system.
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ill) The initial study shows that the microprocessor 
has enough capability to operate as a control 
system for the LSM.

iv) In a transport system, the on-board equipment 
must be minimised.
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5 THE FIEID CURRENT CONTROLLER

5.1 INTRODUCTION

As discussed in chapter 2.4 the attractive force 
produced by the ISM depends mainly on the amplitude of the field 
current at a fixed torque angle of 90° . Since the ISM has been 
developed for a contactless transport system, in which the vehicle 
is levitated by the magnetic force, this force must be variable to 
cope with changing loads and track irregulaties.

A field current controller for the LSM has been 
developed for the above purpose. It consists of a d.c, chopper 
and a remote control unit. The d.c. chopper utilises a high power 
transistor as its static switch, and employs slitwidth modulation

Qtechniques to produce a d.c. current in an inductive load.
A remote control unit has been developed to enable the micro
computer to remotely control the field current of the LSM. It is
designed to be insensitive to interference from the chopper when
switching a high voltage supply.

High power transistors having a rating of up to 850v, 
aJid 25OA are now available, and they offer better performance than 
thyristors in certain aspects. Transistors, unlike thyristors, can 
be turned off by the application of reverse bias, and the commutation 
circuits associated with thyristors are absent, vdiich leads to a 
simpler circuit. The switching frequencies for a transistor are 
higher than those of a thyristor, which results, in a more efficient 
wide-range control.
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However, bipolar transistors do have disadvantages. 
Transistors, unlike thyristors, can not be protected from 
overcurrent by high speed fuses. They are not available in the 
higher power ratings, and at present, are more expensive than 
equivalent thyristors.

A transistor chopper is therefore worthy of consideration 
and its characteristics studied. Although the heteroplar ISM can 
only sustain a maximum field current of lOA, a transistor chopper 
which can provide a maximum d.c. current of up to 80A has been 
developed for future development of a high power LSM,

Hie controller and the practical aspects of designing 
a transistor chopper are described in the following sections.

5.2 SYSTEM DESCRIPTION

Hie system block diagram of the field current controller 
is shown in fig. 5.1. This controller consists of two units, the d.c. 
chopper employs a power transistor, SI (a discrete Darlington) as 
a static switch, and operates on the slitwidth modulation technique 
in order to produce a close approximation to a d.c. current into an 
inductive load. The base drive unit provides sufficient current to 
turn SI, either on or off. Hie control signal for the base drive 
unit is electrically isolated from the control and protection circuits, 
Two active protection circuits have been implemented in the base 
drive unit to protect SI from abnormal operation.
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In order to explain the slitwidth modulation process, 
a sketch of the output current when a wide slitwidth is used is 
shown in fig. 5*2. The reference is a d.c. signal. There are two 
main current paths in the circuit of fig. 5*1• When SI turns on, 
the load, current flows through 81 until it is higher than the 
upper boundary of the slitwidth as shown in fig. 5*2. When SI 
turns off, the energy stored in the inductive load flows through 
the freewheel diode, D1 until it is less than the lower boundary 
of the slitwidth. Thus, when a narrow slitwidth is used, a very 
close approximation to a d.c. current can be obtained. This 
modulation process has an advantage that, since the load current 
is under closed loop control, an inherent current limit is imposed.

The slitwidth modulation technique has been implemented 
by using the control and protection circuits. These circuits 
compare the input reference signal and the feedback load current 
signal to determine the output status of SI. The feedback signal 
is obtained from a non-inductive shunt. The protection
circuit inhibits very high frequency switching of the power 
transistor which, if permitted, leads to increased dissipation 
and may damage the power transistor.

The d.c. supply for the chopper can be obtained from 
either a rectified single or 3 phase a.c. supply, although the 
latter is used, since energy storage (smoothing) components for 
the rectified d.c. can be reduced.

The field current controller can be either manually 
controlled or remotely controlled by the micro-computer. For manual
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control, it simply uses a poteniometer to set the reference signal. 
For remote control, the micro-computer sends the reference signal 
in its relevant digital form through an asynchronous data transmitter 
to the field current controller. An asynchronous data receiver 
housed in the controller rig collects the serial data from the 
transmitter, and then converts the data into its relevant analogue 
reference signal for the chopper.

This controller is housed together with the armature 
current controller in the same rig, which is placed in the 
neighbourhood of the I5M and the micro-computer.

5.3 SAFE OPERATION OF A POWER TRANSISTOR

20For switched mode operation , a power transistor
only operates in two states : the saturated (ON) and cut-off (CFF)
state, In the saturated state, the only limit is the maximum
collector current and the base current must be sufficient to
drive the transistor into saturation. However, a direct solution
is to overdrive the transistor by applying an excessive base
current. In the cut-off state, the voltage.supply must be less
than the maximum sustaining voltage between collector and emitter
(VpTT / \ ) of the transistor. These two limited factors are' LilL ̂ susj '
easily accomplished byaelecting a suitable transistor according 
to the given requirements.

In most cases, a power transistor fails during the 
transition period, either from "on" to "off", or from "off" to "on".
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Fig. 5*3 shows a complete period of the typical collector 
voltage, current and power dissipation waveforms of a transistor 
operating in the switched mode. During transient intervals, the 
power dissipation reaches the maximum peak value and can easily

PQexceed the safe operating area region (S.O.A.R.) of the 
transistor. The S.O.A.R. (fig. 5.4) of a transistor (WT5212 is 
taken as an example) describes the maximum sustaining power that 
it can manage. The pulsed boundary of the S.O.A.R. is measured 
under the condition that the pulse operates at a duty cycle of 
1̂ , hence, it is of limited use in designing a chopper which has 
the capability to vary its output current, when the duty cycle 
varies over a wide range. The d.c. operating boundary can be used 
as guidance in designing a transistor switched mode operation 
operating into clamped inductive load circuit. However, it is 
desirable to keep the collector current, and of the 
transistor within the d.c. operating boundary of the S.O.A.R. and 
the transistor interval should be kept short to reduce its 
internal dissipation.

A disadvantage resulting from having a short 
transient interval is a rapid change in collector current, (d^/d^). 
The parasitic inductance of the connecting wires between the 
switching transistor, the load and the power supply will induce 
a high voltage due to a high d^/d^ and the value is given by,

di
e “ (5.1)

where e is the induced voltage
1 is the total parasitic inductance
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This induced voltage, during turn-off, can add to 
the supply voltage and cause excursions outside the S.O.A.R. of 
the transistor, and precautions must be taken to reduce this 
voltage. A practical method will be discussed in section 5.6.

5.4 TRANSIENTS DUE TO THE FREEWHEEL DIODE

The function of a freewheel diode (fig. 5.1) is to 
offer a path for the freewheel current of an inductive load when 
the switching transistor turns off. Hie freewheel diode has a 
delay in establishing charge when it is forced to turn on by 
the freewheel current. This delay as shown in fig. 5.5, which 
decreases progressively to the forward voltage drop until the 
diode turns on completely. Hius, during the transistor turn-off 
interval (fig. 5.3), the total transient is the sum of the supply 
voltage, the induced voltage across the parasitic inductance and 
the transient voltage due to the freewheel diode.

When the transistor is turned on, the freewheel diode 
is reverse biased and switched off, but the charge stored inside 
the diode during the forward current flow causes the reverse biased 
diode to behave as a short circuit for a certain period of time. 
This is called the reverse recovery time^^ , at the end of which 
the diode regains its blocking properties.

Thus, a fast tum-on and fast recovery diode is 
required to prevent a high transient voltage and current, 
otherwise, it can cause excursions outside the S.O.A.R. of the
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transistor. The transistor chopper employs a fast recovery diode,, 
SF5GNT1 as its freewheel diode, which has a maximum reverse 
recovery time of 0.7^^s. The amount of the transient current 
caused by this diode is shown in fig, 5.H. The parameter of the 
transient voltage due to a fast recovery diode is usually not 
given by the manufacturers, and it is found to be insignificant 
compared with the transient voltage caused by the parasitic 
inductances of the connecting wires.

5.5 THE DARLINGTON TRANSISTOR AS A STATIC SWITCH

One serious problem associated with a power transistor 
is that its forward current gain is low in the saturated state.
For an example, the d.c. current gain of a power transistor,
WT5603 falls to 8 when its collector current is lOOA. Thus, the 
transistor requires a base drive unit having a very high output 
current to drive it into saturation.

To overcome this problem, a Darlington configuration 
is used to obtain a high d.c. current gain, and it can be easily 
shown that the overall current gain is the product of their 
individual gains.

There are several disadvantages of using a Darlington 
configuration as compared with a single device, operating in the 
switched mode, in that the Darlington has a high overall collector- 
emitter saturation voltage and has a longer turn-off time.
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The overall collector-emitter saturation voltage 
(Vqe (sat) ) ^ Darlington transistor governs the internal
power dissipation of the output transistor during the "on" state. 
The V qe (sat) ^ Darlington transistor is equal to the (sat) 
of its driver plus the has e-emitter voltage (V^̂ ) of the output 
transistor. Since V^g of the output transistor is almost a constant 
value, the (sat) the driver must he kept low, hence, the 
hase drive unit must be able to drive it into saturation.

The turn-off time of a Darlington transistor is equal 
to the sum of the turn-off times of both transistor. This parameter 
limits the maximum allowable switching frequency. The turn-off 
time of both transistors is dominated by their respective storage 
times. To reduce this parameter, a negative voltage is applied 
to their bases to remove the stored charge rapidly. Care must be 
taken when designing the two current sink circuits for removing 
the stored charge, since the driver must be turned off before 
the output transistor, otherwise, the load current passes through 
the driver and can damage it.

5.6 THE DISCRETE DARLINGTON TRANSISTOR

The field current controller employs a discrete 
Darlington transistor (fig. 5.7) which consists of two devices, 
the driver, WT5212, and the output transistor, WT5603, and its 
maximum d.c. current gain is approximately 64. The reason for 
using a discrete, instead of a monolithic Darlington, is because 
the base of its output transistor is accessible, and hence the
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tum-off time can be reduced by an external circuit. A distinguishing 
characteristic of the output transistor, WT5603 is its safe operating 
area, which has a rectangular shape at a collector current of 
200A (d.c.) and the maximum collector to emitter voltage of 400V 
as shown in fig. 5 .6 . The switching periphery of the WT5603 

indicates that clamped inductive load, continuous current operation 
is permissible at rated sustaining voltage and rated continuous 
collector current. Other power transistors, which usually have 
a switching periphery (d.c. operation) similiar to the WT5212 
(fig. 5 .4), require subber circuitsto confine them to work 
within the switching periphery during transient intervals.

A diode, D1 is connected in antiparallel with the 
output transistor to maintain a reverse bias on the emitter base 
junction (fig. 5*7) during off-state operation, and to clamp the 
emitter base junction during clamped inductive load tum-off.

The Darlington transistor, Dl, a freewheel diode and 
a non-inductive shunt are all mounted on a common heat sink, 
and the connecting wires between them are made as short as possible, 
in order to reduce the parasitic inductance. A practical arrangement 
of connecting the switching element to its load and power source 
is shown in fig. 5.7. The connecting wires which can have a 
damaging effect are indicated with solid thick lines and they 
should be reduced to a minimum length. The connecting wires 
indicated by broken lines would not cause any damage, since its 
inductance and resistance become part of the load, or is 
eliminated by the non-inductive capacitor which is connected
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across the anode of the freewheel diode and the collector of the 
output transistor.

5.7 BASE DRIVE UNIT

A base drive unit has been developed to drive the 
Darlington transistor and to meet the following specif ications : - 

i) to provide enough base current to drive the 
Darlington transistor into saturation,

ii) to have a minimum time delay from receiving the 
input signal to reproducing the base current,

iii) to speed up the tum-off time of the Darlington 
transistor.

iv) to be "fail-safe", so that the expensive output 
transistor can be protected from abnormal 
operating conditions,

v) to be designed as a plug in module, so that the 
servicing is made easy, 

vi) to be electrically isolated from the other 
circuits.

The functional block diagram and the circuit diagram 
of the base drive unit designed to the above requirements is 
shown in fig. 5.8 and fig. 5.9 with the unit cross referenced 
numerically between the two figures.

Transistors, require continuous base current from 
their drive circuits to bring them to conduction. It is thus
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very difficult to isolate the Darlington transistor from its base, 
drive circuit. The direct solution to this problem is to employ 
a floating power supply to each base drive unit and to isolate 
the control signal from the base drive unit. An high speed opto- 
isolator is utilised to couple the control signal to this unit 
from the control electronics.

The base current produced by this unit can be 
adjusted between lA and 2.5A to suit the different requirements 
of the load cuirent. This base current is used mainly to turn 
on the driver, but a part of it, approximately 0.5A., is supplied 
to the base of the output transistor to force it to turn on faster. 
This unit employs fast switching transistors and direct coupled 
techniques to obtain a time delay between the input and the 
production of the base current of less than 1^.

To speed up the tum-off time, two current sink 
circuits of 4A continuous, and 20A for 2Ops are used to remove 
the stored charge in the base region of the driver and the output 
transistor respectively. The driver must be tumed off before the 
output transistor, otherwise, the load current will flow through 
the driver and damage it. Thus, only after the stored charge in 
the driver is removed, the 20A peak current sink circuit, 
connected to the base of the output transistor, is tumed on 
for 2()is, long enough for the stored charge in the output 
transistor to be removed.
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For a resistive load, with the present 200V supply
and the pegJc load current of 35A, the tum-off and tum-on time
are approximately 5}Js and 2ps respectively and the fall-time
for the collector current is about 250ns. Since the fall-time
is so rapid, power dissipation inside the output transistor is 
insignificant, and cannot cause any damage. Figs. 5*10 to 5.12 
shows the tum-on and tum-off transistion states of the output 
transistor operating at different levels of load current.

Two protection circuits as shown in fig. 5.9» are 
employed to monitor the load current and the V^g (g^t) the 
output transistor. The load current is transformed into its 
relevant voltage level by the 5mfl shunt. Both the load current 
and Vqe (ggt) compared with two pre-set values by two 
comparators, A1 and A2 (fig. 5.9), and if any one of the monitored 
parameters exceeds its pre-set value, the comparator will generate 
a signal to inhibit the opto-isolator, subsequently, the Darlington 
transistor is tumed off. Once an error is detected, there are 
no means to reset the base drive unit without turning off the 
power supply of the base drive unit. This arrangement is merely 
to protect the expensive output transistor from human negligence 
when an error is detected.

The base drive unit is designed as a plug in module 
with its own floating power supply on the same printed circuit 
board. This module is installed inside a metal box to prevent 
interference. There are six light emitting diodes mounted on the 
front panel to indicate the status of this unit. This enables
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visual checking of the switching sequences to be easily 
accomplished,

5.8 CONTROL AND PROTECTION CIRCUITS

The block diagram and the circuit diagram of the 
control and protection circuits are given in figs. 5 «13 and 5.14 
with the individual unit cross referenced numerically between the 
two figures. The system reference signals and the feedback signal 
are the two input signals. They are amplified by two buffers to 
an appropriate amplitude. The slitwidth controller operates as 
a feedback comparator having hysteresis. Its input from the 
error detector is an amplified error signal where the error is 
taken as the difference between input reference signal and the 
output load current.

When the input reference signal is at a very low 
level, the output from the deadband inhibit circuit inhibits 
the output signal which then turns the output transistor off.
This prevent noise interfering at low reference signal levels 
which, if permitted, may damage the output.transistor.

The switching controller takes the two inputs from 
the deadband inhibit circuit and the slitwidth controller to 
generate an output to turn on or off the output transistor.

Since the output transistor has a current sink 
circuit which turns on for about 2Ops during its cut-off period.
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the minimum ON/CFF logic controller is utilised to prevent this 
current sink circuit and the power transistor being tumed on 
simultaneously. This controller also stops very high frequency 
switching of the output transistor, which, if permitted, leads 
to increased dissipation.

The final stage of these circuits consists of an 
output driver, which provides enough current to drive the base 
drive unit through an opto-isolator.

5.9 REMOTE CONTROL UNIT

The micro-computer is situated remotely from the 
field current controller rig, a suitable (noise free) link is 
required to transfer reference data from the micro-computer to 
the controller. One major requirement for this remote control 
system is that the micro-computer must be electrically isolated 
from the controller.

It was first considered employing a parallel
link to transfer the digital data from the micro-computer to 
the controller and then a digital to analogue converter (lAC) used 
to convert the digital data to its relevant analogue reference 
signal. This scheme was abandoned after testing, because the 
parallel link system has two major disadvantages. It is 
comparatively expensive, for an eight bit data word, it requires 
eight line drivers, receivers and eight opto-isolators, and the 
interference due to the power transistor operating from a high
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voltage supply (200V) and at a high switching rate (maximum 2KHz); 
interferes with the opto-isolators and causes an error in the 
reference signal. However, this system has one advantage, in 
that it has virtually no progapation time delay.

A special asynchronous data transmitter/receiver 
was developed to tackle the problems mentioned above. This unit 
employs a serial link for data transfer and refreshes its output 
every 200ps. It has a very high noise immunity, and it can reject 
any noise input which has a puls e-width of less than 400ns. It 
has been used satisfactory and is virtually free from any noise 
interference.

5 .9.1 ASYNCHRONOUS DATA TRANSMITTER

This transmitter has been designed to be fully 
controlled by the microprocessor, its block diagram and circuit 
diagram are shown in figs.5 .15 and 5.16. The input data is 
directly proportional to the amplitude of the reference signal , 
for the chopper. The input data from the data bus of the 
microprocessor is first loaded into the storage buffer of this 
transmitter by the input control register, 0̂ .̂ The start/stop 
register, is then used to start this transmitter. Thereafter, 
at the beginning of every 20C^s, the timer switches on the 
control logic and loads the data stored in the storage buffer 
into the programmable counter. Once the control logic is switched 
on, the counter starts counting down with a clock period of l̂ s, 
and the clock pulse is simultaneously transmitted to its receiver.
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When the counter counts down to zero, the 'borrow' output from 
It switches off the control logic and inhibits the clock pulse 
sent to its receiver. Thus, the number of the clock pulses sent 
to its receiver is equal to the data in the storage buffer.

Since the frequency of the clock pulse is IMHz and 
the counting period is 200ps, the maximum count is 200. If the 
input data is higher than 200, the total number of the clock 
pulses sent out within 200ps defaults to the maximum value of 
200, hence, it inherently acts as a limiter.

If any new data is loaded into the storage buffer, 
this transmitter will accept the new data and output its relevant 
number of clock pulses starting from the next counting period.

The 400ns pulse shaper circuit ensures the clock 
pulses have a pulse width of 400ns. This enables the pulse 
discriminator on the asynchronous data receiver to identify the 
input signal from the noise interference.

The circuit which provides the IMHz clock pulse and 
the 20(ÿus timer is shown in fig. 5.17. Both of them are obtained 
by dividing the microprocessor clock frequency of 3MHz. This 
circuit is also controlled by the microprocessor through the clock 
control register, Ĝ .

All registers for this transmitter are generated by 
decoding the specific value of the microprocessor address bus.
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and their memory locations are given in appendix A3.

5 .9.2 ASYNCHRCNOUS DATA RECEIVER

Every 200ps, this receiver counts the number of input 
pulse from its transmitter and converts them to their relevant 
analogue voltage. As a result, the receiver refreshes its output 
every 200jis. The block diagram and the circuit diagram of the 
receiver are shown in fig. 5 .18 and 5 .19.

A precise 200ps timer, as shown in fig. 5.20, is 
generated by dividing a lOMHz clock which is generated by a 
crystal. A fast opto-isolator is used to isolate the receiver 
electrically from its transmitter. Although the opto-isolator 
can reproduce the input pulse precisely, it suffers from 
interference caused by the fast switching of the chopper power 
transistor. Jfe.ny efforts have been made to suppress this 
interference. Figs. 5.10 to 5.12 show that the fast rate of 
change in load current usually occurs for less than 400ns. Thus, 
the interference due to this, usually has a pulse width of less 
than 40One. An effective method which utilises a pulse width 
discriminator to suppress this interference has been employed.

The pulse width discriminator only gives an output if 
the input pulse has a width of more than 400ns. As shown in the 
timing diagram of fig. 5.21, the 'low' to 'high' transition of 
the input pulse triggers the monostable multivibrator, B1 to 
generate an output pulse with a width of 400ns. The input pulse
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also feeds to two inverters which is used to delay the input 
for approximately 40ns. A 2 input NAND gate then compares the 
output from B1 and the inverters, giving an output pulse only
if the input pulse is longer than 400ns.

A counter counts the processed input pulses and 
converts them to their relevant parallel data. The counter is 
cleared when it receives the 'RESET* pulse. Just before it is 
cleared, the parallel data is transferred to the storage buffer, 
as shown in the timing diagram of fig. 5*22. Thus, the parallel
data is retrieved from the serial input. The eight bit digital
to analogue converter (DAC) converts the parallel data stored in 
the storage buffer into its relevant analogue signal. Ihe output 
buffer amplifies the signal from the DAG to a suitable level 
which is used as the reference signal for the chopper.

The relation between the output voltage (Vref) from 
the buffer and the input data loaded into the transmitter is 
given by,

Vref = Kf input data 
where Kf is a proportional gain

5.10 RESULTS AND DISCUSSIONS-

The field current of the ISM can now be precisely 
controlled by the field current controller either manually or 
remotely. By using the data acquisition system, the step response 
of the field current, as shown in fig. 5.23» is obtained, with
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the voltage supply, at 200V and the LSM controlled at a fixed 
torque angle of 90°.

Since the levitation force of the ISM depends mainly 
on the amplitude of the field current at a fixed torque angle 
of 90°, the step response of the field current represents the 
quality of a levitation force control system. It is therefore 
desirable to have a fast response for the field current. The 
response depends on the time constant (L^/R^) of the field 
winding and the eunplitude of the power supply. A sketch of their 
relationship is shown in fig. 3*24. The rise time of the field 
current can be reduced by increasing the voltage supply, V̂ , 
but, the fall time will be increased. The direct solution is 
to split the field winding and then connect them in parallel, 
in order to reduce the time constant. Another solution is to 
employ a different kind of chopper which has the capability of 
reducing the field current rapidly.

A viable method which can improve the existing chopper 
(fig. 3.1) is to connect the freewheel diode to a negative power 
supply as shown in fig. 3 .25, so that, when the transistor turns 
off, the regenerative current is forced to discharge rapidly due 
to the negative potential across the load. This method has the 
disadvantage of splitting the supply rail. Another chopper 
configuration as shown in fig. 5.26 offers better performance.
It can operate in absorption, regenerative and flywheel modes,
hence, it has less ripple in the output current. Also, it uses 
the existing power supply. However, the control circuit for this
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configuration is more complex and it requires one additional 
switching element.

At present, the field current contoller operates 
satisfactory. The need for improving the existing system can 
only he evaluated when a levitation force control system is 
designed.
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6 THE 3 PHASE ARMATURE CURRENT CONTROLLER

6.1 INTRODUCTION

The thrust force produced by the ISM depends on the 
armature and field currents as given in equation A2.1. It is 
therefore necessary to develop a control system for the ISM 
armature current. Synchronous machines produce torque at only 
one speed (synchronous) and therefore require to be started by 
some external means. One possible solution is to start a 
synchronous motor at a very low speed and then increase the 
speed progressively. Thus, in order to have a variable speed 
drive system, a control system which can vary and control the 
frequency and the magnitude of the 3 phase armature currents is 
required.

An armature current controller has been developed 
to control the frequency and the magnitude of the 3 phase 
armature currents. It consists of a d.c. to a.c. converter, a 
remote control unit and a digital sinewave generator.

A current-controlled inverter has been used instead 
of a voltage-controlled inverter for the LSM, because a current-

5fed synchronous machine has comparatively better stability*
It also offers a simpl er control system, since the machine 
forces produced are proportional to the armature current.
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As discussed in chapter 5*1* transistors offer some 
better performances than thyristors. The experience gained during 
the development of the field current controller suggests that the 
power transistor (WT5603) used as a static switch is very reliable. 
Thus, a high power transistor inverter has been developed, in 
order to study its characteristics.

Power transistors are expensive and delicate devices. 
Any circuit design which can reduce the number of power transistors

nused is worth considering. A novel current-controlled inverter 
which employs only four unidirectional power transistors is used. 
This inverter utilises slitwidth modulation techniques to generate 
controlled amplitude, variable frequency 3 phase altemalting 
output currents with a good approximation to a sinusoid. By using 
these techniques, the 3 phase output currents are under closed 
loop control unlike a conventional current-source inverter?
This characteristic leads to a continuous constant torque angle 
control system which is described in chapter 7.

The inverter employs the same discrete Darlington 
transistor and the base drive unit as the field current controller. 
The practical aspects in designing the inverter will be discussed 
in section 6.6. The inverter is primarly designed for the ISM 
and can used for other applications. Its maximum d.c. output 
current capability is 80A. However, the maiximum alternating output 
current that the inverter can provide, as given in appendix AS, 
depends on the load characteristics, the operating frequency and 
the d.c. supply voltage.
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The armature current controller can be manually 
controlled or remotely controlled by the micro-computer. The 
manually controlled mode enables the controller to be used as 
a stand-alone 3 phase current controller. A remote control unit 
has been developed to enable the micro-computer to control the 
frequency and magnitude of the 3 phase output currents. The 
remote control facilities allow further development of a digital 
speed control system for the LSM. By operating the data acquisition 
system together with this controller, the response of the load 
current and the transient behaviour of the ISM can be evaluated.

6.2 SYSTEM DESCRIPTION

The system block diagram of the armature current 
controller is shown in fig. 6.1. It consists of a d.c. to a.c. 
converter (inverter), a digital sinewave generator, an amplitude 
control unit and a remote control unit.

The inverter provides controlled variable frequency 
3 phase armature currents for the ISM. The inverter developed 
is a novel type inverter which only requires 4 static switches 
to generate 3 phase sinusoidal currents. It utilises slitwidth 
modulation techniques to generate an output current into an 
inductive load with a close approximation to the input reference 
signal.

The d.c. supply for the inverter is obtained from 
two d.c. generators which can accept regenerative energy from
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the load. It therefore simplifies the design since circuits
to provide a path for dissipating the regenerative energy 
0»^e *̂otr .

The digital sinewave generator generates 2 phase 
(120° electrical apart) sinusoidal reference signals for the 
inverter. The amplitude control unit is employed to control the 
output amplitude of the sine wave generator according to a d.c. 
control signal. The output frequency of the generator depends 
on the rate of its input clock pulse.

Two switches on the front panel allow users to 
select either manual or remote controlled mode. For manual 
control, the input clock pulse for the sinewave generator is 
supplied by the local voltage controlled oscillator (VGO). The 
frequency range of the 3 phase currents can be adjusted between 
0.3Hz aJid lOOHz by varying the output frequency of the VGO. A 
potentiometer is used to adjust the d.c. control signal for the 
amplitude control unit, and the magnitude of the 3 phase currents 
varied accordingly.

A remote control unit enables the micro-computer 
to r control the frequency and magnitude of the 3 phase
output currents. The unit consists of an asynchronous data 
transmitter/receiver, a data to frequency converter (IFG) and 
a pulse receiver. The asynchronous data transmitter/receiver 
converts the data from the micro-computer into d.c. control 
signal for controlling the magnitude of the 3 phase currents.
The IFG converts the data from the micro-conputer into output
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pulse, whose rate is proportional to the converted data. The 
pulse receiver ensures the pulses from the IFG are free from 
noise interference. The armature current controller is electrically 
isolated from the micro-computer by two opto-isolators.

6.3 THE SINGLE-FHASE SYSTEM

The single-phase system as illustrated in fig. 6.2 
uses two power transistors as static switches. The switching 
sequences of the two switches, SI and S2, is controlled to produce 
a controlled variable frequency single-phase output current.

The switching sequence of the two switches is 
described in schematic form in fig. 6.3. At the positive half
cycle, S2 is inhibited and SI is only allowed to switch *0N* or 
•CFF*. The required output current feedback signal is obtained 
from a non-inductive shunt Rp. The feedback signal is compared 
with a reference sinusoidal input signal. If the feedback signal 
is higher than the upper boundary of the slitwidth, SI is switched 
•CFF* until the feedback signal is less than the lower boundary 
of the slitwidth. At the negative half-cycle, SI is inhibited 
and S2 is only allowed to switch 'ON* or 'CFF* according to the 
amplitude of the feedback signal and the operation is as before. 
With such an arrangement, a sinusoidal output current is generated.

Deadband is introduced into the controller at low 
values of the reference signal in the vicinity of its zero 
crossings to avoid the possibility of cycling, with a zero mean
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value, of the output current.

The base drive units of the two switches are 
supplied by two floating power supplies, and isolated from the 
control and protection logic circuits by the opto-isolators.

There are four principal current paths in the single
phase system, and they are shown in fig. 6.4. The circuit is 
capable of accepting regenerative power from the load through 
the two diodes, D1 and D2. Together with the diode Dl, the 
operation of the switch SI controls the positive half-cycle of 
the load current. The negative half-eyele is controlled by the 
operation of the switch, 82 together with the diode, D2.

6.4 CONTROL AND PROTECTION LOGIC CIRCUITS

The circuit diagram of these circuits and its 
corresponding block diagram are given in figs, 6.5 and 6.6. The 
two diagrams are cross referenced numerically. The two inputs 
to these circuits are the reference signal and the output 
current feedback signal. The two outputs from these circuits 
supply the base drive units of the two power transistors.

The switching controller generates the suitable control 
signal according to its three input signals from the deadband 
inhibit circuit, the reference polarity circuit and the slitwidth 
controller. The deadband inhibit circuit prevents operation of 
the switching controller, when the reference signal is in the
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vicinity of its zero crossing, so that both power transistors 
(Sl and S2 of fig. 6.2) are switched off. The reference polarity 
circuit detects the polarity of the reference signal. The polarity 
signal from this circuit supplies the switching controller to 
generate a signal to turn off either SI or S2. The third signal 
from the slitwidth controller depends on the amplified error 
signal from the error detector, where the error is the difference 
between the reference signal and the feedback signal. The slitwidth 
controller operates as a feedback comparator with hystersis. If 
the amplified error is less than the hystersis width (slitwidth), 
the switching controller circuit maintains its present status, 
otherwise, the switching controller will switch one of the power 
transistor 'ON* or 'CFP*.

The output from the switching controller is supplied 
to two identical minimum ON/CFF time logic controllers, whose 
function is to prevent very high frequency switching of the power 
transistors which, if permitted, leads to increased dissipation.

The cross-coupling circuit prevents both power 
transistors being switched on simultaneously. Each power 
transistor is only permitted to be switched on, 15ps after 
another power transistor turns off. This period of time is set 
by the value of storage and fall times of the particular power 
transistors in use.
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The final stage of this unit consists of two output • 
drive circuits which provide power to the base drive units of 
the power transistors through the opto-isolators.

6.5 THE THREE-PHASE SYSTEM

The unique feature of this circuit is that, instead 
of using 3 sets of single-phase system to convert a fixed d.c. 
supply to 3 phase variable frequency and variable amplitude of 
output cmrrents, only 2 sets of single-phase system are required. 
Thus, only 4 power transistors are used. This is achieved by 
using the fact that the algebraic sum of the phase current in 
any 3 phase, three wires star connected load is always zero, 
which is given by.

Il + I2 + I3 - 0

Î  - - ( Il + %2 ) (6.1)

By using this relationship, and axe generated 
and controlled by two single-phase systems, and the sum of 
and is inverted to obtain the third phase current. The 3 phase 
system is then connected to the three loads arranged as shown in 
fig. 6.7. The two controlled phase current (l and I ) are 
generated according to two reference signals which are 120° 
electrical apart, so that the third phase current is obtained 
by connecting the third load (L̂ ) with reverse polarity.

Experimental results obtained with this inverter 
clearly show that the third phase is the algebraic sum of the
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two controlled currents, and in fig. 6.8.

6.6 PRACTICAL ASPECTS CF THE INVERTER DESIGN

The base drive units and the power transistors for 
the chopper and the inverter are the same. The basic techniques 
used in designing the chopper as discussed in chapter 5 are also 
applicable for the inverter.

As shown in fig. 6.2, when the power transistor,
SI turns off, the freewheel diode, Dl turns on to offer a path 
for the stored energy in the load to return to the power supply. 
Thus, during turn-off intervals, the power transistor is subject 
to the voltage level of two supply rails, ZV^^. Precautions must 
be taken to ensure that the power transistors operated within 
their S.O.A.R., and the maximum collector to emitter sustaining 
voltage of the power transistors must be higher than 2V^^.

As described in chapter 5*3i one serious problem 
associated with the switching transistor is the transient 
voltage due to the parasitic inductance of the connecting wires.

Each limb of the inverter was first connected as 
shown in fig. 6 .9. The power transistor, 81 and flywheel diode, 
D2 were mounted on the same heatsink, so that the hardware 
construction was made easy. During turn-off intervals, as shown 
in fig. 6.10, the transient voltage is approximately 3OV with 
the supply voltage of +40V and the load current of 8.5A. The
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transient voltage increases to 40V with a load current of 20A. 
Equation (e = 1 * d^/d^) suggests that the induced voltage 
across the parasitic inductance does not depend on the amplitude 
of the supply voltage. It was found that the amplitude of the 
transient voltage induced is almost a constant value with little 
influence due to the magnitude of the supply voltage.

The maximum output frequency of the inverter depends 
on the magnitude of the supply voltage as given in appendix A8 .
It is therefore desirable to operate the inverter at the highest 
possible supply voltage. So, techniques for reducing the parasitic 
inductance or suppressing the transient voltage are worthy of 
investigation.

6.6.1 REDUCING THE PARASITIC INDUCTANCE

When SI turns off, the stored energy in the load 
flows through Dl, hence, SI and Dl (S2 and D2) operate together. 
The previous method of construction places SI and S2 far away 
from Dl and D2 respectively. The parasitic inductance of the 
link between them induces a transient voltage during turn-off.
This method of construction was abandoned.

Another scheme for connecting the components and
the hardware has been employed. Since a rectangular conductor
has less d.c. resistance and less inductance than a round

32conductor with the same cross sectional area, flat straps are 
used for connecting the components as shown in fig. 6.11. The
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l.^pf non-inductive capacitors are used to suppress the 
transient voltage due to the connecting wires between the supply 
rails and the power transistors. Such an arrangement has 
effectively reduced the parasitic inductance and removed the 
transient voltage induced. Fig. 6,12 shows that after employing 
the new constructing scheme, the transient voltage is reduced to 
approximately TV. Fig. 6.13 shows the power transistor turn-off 
at a supply voltage of +170V and load current of 20A.

6.6.2 REDUCING THE RATE CF CHANGE CF LOAD CURRENT

The induced voltage depends on the rate of change 
of current (e * 1 * • Since the inductance of connecting
wires can not be reduced to zero, it is desirable to reduce the 
rate of change of current.

As shown in fig. 6.l4, a capacitor connected in 
series with a resistor is connected across the collector and 
emitter of the power transistor. The capacitor charges to the 
potential of V^^ initially. When the transistor turns on, the 
capcitor discharges through the resistor and the power transistor. 
During turn-off intervals, the potential across the emitter and 
collector of the power transistor rises, and the capacitor 
starts charging up. Such an arrangement diverts the load current 
through the capacitor, and the load current decreases progressively 
at a rate according to the capacitor value. While the capacitor 
charges to the supply voltage, the load current is cut off.
Fig. 6.15 shows the sum of the emitter current and the capacitor
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current, and the voltage across the collector and emitter of 
the power transistor during turn-off intervals. The rate of 
change in current becomes lOA/ps and the transient voltage is 
nearly zero. During turn-off intervals, the collector to emitter 
voltage of the power transistor is determined by the capacitor 
instead of the characteristics of the power transistor.
Comparison with figs. 6.15 and 6.13 shows that the power transistor 
with the capacitor connected has a lower power dissipation 
during turn-off intervals, hence, some degree of protection is 
also introduced.

The final version of the inverter employs both the 
above techniques for reducing the induced transient voltage.
The inverter has been operated successfully from a supply 
voltage of +I9OV.

6.7 DIGITAL SINEWAVE GENERATOR

A high quality sinewave generator has been developed 
to provide the two phase reference signals for the inverter.
Digital techniques have been employed because the interface 
circuit required to enable the micro-computer to remotely 
control this generator is then simplified.

A digital 2 phase (120° electrical apart) sinewave 
generator is designed to the following specifications:-

i) It has 360 steps (digital values) to represent 
one cycle (360°).
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ii) It has an output frequency range from 0.3Hz 
to lOOHz.

iii) The output voltage of the two phases has a 
fixed peak value of +3V. 

iv) The phase difference between the two output 
are 120° + 1°.

The functional block diagram and the circuit diagram 
of the generator are shown in figs. 6.l6 and 6.17, with the 
individual units cross referenced numerically between the two 
figures.

Two sine look-up tables are stored in an erasable 
programmable read only memory, EPROM. The sine look-up table 
is used to solve for the sine value X of a known angle 0, such 
that,

X *= sin 0 (6.2)

Values of 0 are defined in the look-up table for 
0° < 0 < 180° (quadrants 1 and 2) in steps of 1°. Thus, each 
look-up table requires 180 locations for storing its 
corresponding digital value of X.

In order to construct a rectified sine wave, the 
EPROM is addressed in sequence from 0° to 180° to output the 
arcsine value of 0.
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Two counters, the 180° counter and the binary 
counter, are utilised to address the EPROM alternatively. As 
shown in the timing diagram of fig. 6.18, the 180° counter has 
a count cycle of l80. When the output of the 180° counter is at 
120, the 120 decoder generates a 'RESET 120' signal to reset the 
binary counter to zero. Such an arrangement effectively synchronises 
the two counters, in that the difference between the two counters 
is always 120. Both counter outputs are then fed to their relative 
address registers.

Since two separate look-up tables are stored in the 
EPROM, the locations and the contents of the two look-up tables 
are addressed and stored alternatively in a sequential order. 
The control signal generator generates the required control 
signals to select the two address registers alternatively as 
shown in fig. 6.l8b. For example, when 'Ĝ ' is active 'low', 
the parallel output of the 180° counter is latched to the EPROM 
to address the first look-up table. The control signal 'Ĝ ' 
which synchronises with 'Ĉ ' loads the output to the storage 
buffer. The control signal 'Ĝ ' and 'Ĝ ' which have the same 
functions as 'Ĝ ' and 'Ĝ ' load the second look-up table output 
to its storage buffer.

Two digital to analogue converters convert the data 
in the storage buffers into their relevant analogue values. Thus, 
two rectified sinewaves are constructed. Since the binary counter 
output is always 120 behind the 180° counter, the two rectified 
sinewaves have a phase difference of 120°.
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In order to have a full wave output, the rectified 
sinewave from the digital to analogue converter is switched to 
positive and then negative alternatively. As shown in fig. 6.l8c, 
the polarity controller generates the polarity control signals
according to its two input signals, the 'RESET and 'RESET 120'. 
When the polarity controller receives the 'RESET £)', the output 
control signal 'Ĉ ' changes its status. The control signal, 'Gy' 
depends on the 'RESET 120' and 'Gy'. While 'Gy' is 'high', 'Gy' 

is changed from 'low' to 'high' after receiving the 'RESET 120' 
and vice versa. Thus, the'O/P^* has 120° phase delay compared 
with '0/P_'.

One cycle of the output sinewave is composed of 360 
steps, hence, the relation between the output frequency (fo) and 
the input pulse (fin) is given by,

(6.3)
The input pulse is supplied by the local voltage controlled 
oscillator or remotely from the micro-computer.

6.7.1 VOLTAGE GCNTROLIED OSCIUATCR

For manual control, a voltage controlled oscillator 
(VGO) is used to provide the clock pulse for the digital sinewave 
generator. According to equation 6.3, the VGO output frequency 
range required is from 108Hz (O.^Hz * 360) to 36KHz (lOOHz * 360).
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The circuit in fig. 6.1? employs a monolithic 
waveform generator NE566 which is a general purpose VGO. It was 
first found that the VGO suffers from interference caused by the 
power transistors in the inverter and the chopper when switching 
a high voltage supply. The direct solution is to regulate the 
power supply for the VGO with a monolithic power supply regulator, 
in order to increase its capability for rejecting noise interference.

6.7.2 AMPLrrUEE CONTROL UNIT

An amplitude control unit has been developed to vary 
the level of the 2 phase outputs from the digital sine wave 
generator according to a d.c. control signal. It consists of 
two voltage control amplifiers and an input buffer.

The voltage controlled amplifier shown in fig. 6.19 
is formed by an operational transconductance amplifier, a voltage 
to current convezrber and an output buffer. The transconductance 
of the amplifier, D2 or D3 is directly proportional to the 
amplifier bias current, Thus, by controlling 1̂ ^̂ , the
signal level at the output can be controlled. The output of D2 or 
D3 is a current output which is transformed to a voltage output 
by a resistive load. The output buffer, C2 is employed to provide 
a low output impedance. The precision voltage to current converter,
Dl converts the d.c. control signal to its relevant current level 
for controlling the transconductance of D2 or D3. Thus, the output 
level of the voltage controlled amplifier is proportional to the 
d.c. control signal.
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For manual control, the magnitude of the d.c. control 
signal is adjusted by a pontentiometer. For remote control, the 
d.c. control signal is obtained from the asynchronous data 
transmitter/receiver. Thus, the micro-computer can control the 
magnitude of the 3 phase armature currents of the LSM remotely. 
The buffer amplifier couples the asynchronous data receiver 
output to the voltage controlled amplifier.

6.8 THE REMOTE CONTROL UNIT

The remote control unit of the airmature current 
controller enables the micro-computer to remotely control the 
amplitude and the frequency of the 3 phase armature currents.
It consists of an asynchronous data transmitter/receiver to 
provide the reference signal for controlling the amplitude of 
the armature current, and a data to frequency converter to 
provide the clock pulse for controlling the frequency of the 
armature current.

The asynchronous data transmitter/receiver converts 
the data from the micro-computer into its relevant analogue 
value which is used as the d.c. control signal. The principle 
and detail of this data transmitter/receiver is described in 
chapter 5*9. The locations of the control registers of the 
transmitter are given in appendix A3 . The data transmitter 
for the armature current controller is built in card number 10 
of the micro-computer rack, and it shares the same 200ps timer 
and IMHz clock with the data transmitter for the field current
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controller. The relation between the input data from the micro
computer and the armature current is given by,

I « K * JNPITT DATA (6.4)a a '
where I is the r.m.s. value of the armature current a

is the proportional gain

6.8.1 THE DATA TO FREQUENCY CŒVERTER AND THE PULSE RECEIVER

This converter converts the lower twelve bit data 
from the micro-computer and converts it to an output pulse, 
whose period is proportional to the input data. The block diagram
and the circuit diagram of this converter are shown in figs. 6.20
and 6.21. It has been designed to be fully controlled by the 
micro-computer. When the input register, Cg is addressed by the 
microprocessor, the input data from the data bus is loaded into 
the storage buffer. The control register, Ĝ, transfers the 
stored data into the programmable counter. The start/stop 
register, C^ subsequently switches on the logic circuit to provide 
clock pulse for the counter to count down. When the counter counts 
down to zero, the 'borrow* output loads the data from the storage 
buffer to the counter, and the counter starts counting down 
again. The period of the 'borrow' output from the counter is 
determined by the input data, and their relation is given by,

- INPUT DATA *X^ (6.5)

where Ü  ̂  is the period of the counter output ('borrow')

H  ̂  is the period of the clock pulse
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The 400ns pulse shaper circuit ensures the 'borrow* 
output has a pulse width of 400ns. Such an arrangement enables 
the pulse receiver to identify the input signal from the noise 
interference.

The circuit diagram of the pulse receiver is shown 
in fig. 6.22. The opto-isolator is used to isolate the micro
computer from the armature current controller. The pulse width 
discriminator is used to suppress the noise interference and its 
details are given in chapter 5*9.2.

6.9 RESULTS AND DISCUSSICFS

The armature current controller has been used 
successfully to control the frequency and magnitude of the 
3 phase armature currents. Fig. 4.1? shows the 3 phase armature 
currents generated for the ISM. When the output frequency Is 
increased, the 3 phase currents generated still have a good 
approximation to a sinusoid as shown in fig. 6.23. Appendix A8 
examines the parameters which limit the maximum output frequency. 
The output current in fig. 6.24 could not follow the shape of 
the reference signal, and the frequency at which the current 
becomes distorted agrees with the predicted value.

Although the configuration of this inverter reduces 
the number of switching elements used, the equivalent load 
inqpedance for the two single phase systems increases. The load 
impedance for each single phase system of the inverter becomes
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yj of the single phase load impedance, and thus limits the 
maximum output frequency. At present, the major disadvantage 
of the transistorised inverter is the limited voltage level 
that the power transistor can sustain. However, the constraints 
of the inverter have been evaluated and are being used for 
designing the new homopolar L3M.

Since the LSM produces mechanical force at only 
one speed (synchronous), it is started at a very low supply 
frequency. The supply frequency is then increased progressively 
to the demanded value, so that the ISM speed increases accordingly.

Under this control strategy, the motor can slip out 
of synchronism if the rate of the supply frequency is increased 
too fast. When the ISM slips out of synchronism, the starting 
sequence must be repeated. When the ISM starts with very low 
frequency supplies, it first tries to produce enough torque to 
overcome the friction or applied load. Thus, the ISM oscillates 
until it runs in synchronism. If the magnitude of the applied 
load torque is larger than the torque the ISM can produce, it 
will be pulled out of synchronism and stop.

In order to obtain the transient behaviour of the 
ISM, the d.c. motor coupled to the LSM is used to increase or 
decrease the applied load. Fig. 6.25 shows that when a step 
change in load is applied, the ISM tries to vary its torque 
angle to produce extra torque. The ISM speed and torque angle 
oscillate a few cycles before steady state operation is achieved.
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This phenomenon is due to the machine's dynamic response. For 
example, at steady state operation, the LSM settles at a 
particular torque angle. If a large load is suddenly applied, 
the ISM will momentarily slow down, and the torque angle will 
increase to provide more torque to overcome the applied load. 
Before the new torque angle is reached, the energy required 
to keep the LSM in synchronism comes from the stored energy 
in the rotating mass. The torque angle will increase until the 
stored energy is recovered. When the stored energy for the 
rotating mass is recovered, the LSM produces torque in excess 
of that required to balance the applied load, and its speed 
increases momentarily. This action causes the torque angle to 
decrease, in order to restore equilibrium. Hie speed and torque 
angle, therefore, involve a series of oscillations before 
reaching the final values. The damping ratio and the angular 
frequency of the oscillations depend on the initial value of 
the torque angle and the magnitude of disturbance. 'Equal-area 
Methodscan be applied to provide a simple indication of 
synchronism is maintained and a rough measure of the margin 
of stability.

Under open loop control, the results obtained show 
that the ISM can be easily pulled out of synchronism and maximum 
efficiency cannot be accomplished. Such a system is not suitable 
for transport systems. A control system is required to maintain 
the maximum efficiency under any circumstances, and the LSM 
should not be out of control (synchronism).
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ITie following chapter describes the development 
of a constant torque angle control system, which overcomes 
the above mentioned instability problems.
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CONSTANT TœqUE ANGLE CONTROL SYSTEM

7.1 INTRODUCTION

The ISM has been designed to provide both the 
levitation and propulsion force. As discussed in chapter 2.4, 
at a torque angle of +90 ,̂ there is a minimum of interaction 
between the levitation force produced by the field current and 
the force components due to the armature current. If the ISM 
is controlled at a torque angle of ^0®, the levitation force 
control system will be simplified without requiring a complex 
system to compensate for the levitation forces produced by the 
armature current. Also, at a torque angle of +90^» the ISM 
produces almost the maximum motoring and braking forces.

37Thus, a constant torque angle control system has 
been developed to control the ISM at a fixed torque angle of 
^0°. As discussed in chapter 4 .5» the digital torque angle 
measurement technique employed can only monitor steady-state 
torque angle values. Thus, other techniques for monitoring the 
torque angle have been exploited for this control system. A 
synchro.is used to provide the torque and speed information for 
the control system.

The stability of the constant torque angle control 
system depends on the quality of the sinusoidal armature 
current for the ISM. Since the current-controlled (novel) 
inverter developed as described in chapter 6 can generate 3
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phase currents with a good approximation to a sinusoid, a stable * 
control system can be achieved by using this inverter for the 
ISM. The conventional current-source inverter, six-step inverter 
and pulse-width modulated inverter can only generate 3 phase 
currents with a good approximation to a sinusoid for a particular 
range of output frequencies. Compared with these inverters, the 
slitwidth, current-controlled inverter offers better current 
waveforms from d.c. to the maximum frequency the system is 
designed for.

This control system is inherently a self-controlled 
system. Under the supervision of this control system, the ISM 
can be self-started without causing any oscillation in the speed 
or torque angle, and the ISM cannot loose synchronism even when 
a sudden disturbance is applied.

The conventional vehicle usually uses friction 
between the wheel and the guiding track for braking. The 
msLgnetically suspended vehicle, however, should not be in 
contact with the guiding track, and requires some other methods 
for producing braking force. Thus, dynamic, or regenerative 
braking techniques are employed for braking the ISM. The constant 
torque angle control system developed allows the ISM to operate 
in four-quadrant, i.e. driving and braking in both directions 
of rotation.

The control system can be manually controlled or 
remotely controlled by the micro-computer. The remote control
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unit developed for the armature current controller is utilised ■ 
for this control system,

7.2 CONTROL SCHEMES

Two schemes are possible for controlling the ISM 
at a fixed torque angle of 90° .

The functional block diagram of the first control 
scheme is given in fig, 7.1. The supply frequency is kept constant, 
and the torque angle feedback signal is used to control the 
amplitude of the 3 phase armature currents of the ISM, in order 
to keep a constant torque angle. The ISM is started at a very 
low supply frequency. The supply frequency is then increased 
progressively to the demanded value, so that, the ISM speed 
increases accordingly. This method utilises the inherent 
characteristic of the LSM to accomplish a constant speed drive. 
However, when a step change in load is applied, the ISM suffers 
the instability problems as mentioned in chapter 6.9. 3f the 
applied load torque is higher than the torque that the ISM can 
supply, it will be pulled out of synchronism.

Another control scheme, shown in fig. 7.2, monitors 
the speed and torque angle of the ISM and uses them as feedback 
signals for controlling the frequency and amplitude of the 
armature current respectively. The output frequency of the 
inverter is always in synchronism with the ISM speed, hence, 
the ISM cannot lose synchronism under any circumstances. This
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method is a self-controlled system. The steady-state speed of 
the LSM depends on the applied load torque and the magnitude of 
the armature current generated. Thus, an outer loop is required 
for a variable speed drive.

The above examination of the two control schemes 
suggests that the second scheme offers better performance and 
is suitable for transport system. The following sections describe 
the implementation of the second control scheme.

7.3 PRINCIPLE (F THE CONSTANT TORQUE ANGLE CONTROL SYSTEM

A direct solution to synchronise the speed of the 
ISM and the frequency of the 3 phase supply is to generate a 
feedback signal, whose frequency is proportional to the ISM 
speed, to control the 3 phase supply. The digital techniques used 
for the data acquisition system (chapter 4.2.5) to monitor the 
speed and torque angle are not suitable for this control system. 
This is due to the following reasons %-

i) There is only one speed and one torque angle 
measurement every cycle of the armature current.
At very low frequency operation, the control 
system will be unstable due to the very low 
sampling rate of the feedback signal,

ii) During transient periods, the acceleration or 
deceleration of the LSM causes inaccuracy of 
both measurements.
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Thus, a continuous measurement of the speed and torque 
angle is required. A shaft position sensor is an appropriate 
transducer for converting the shaft angular frequency of position 
into the relevant feedback signal.

The torque angle of the ISM is defined as the angle 
between the adjacent peaks of the armature and field m.m.f. 
distributions. The field m.m.f. always lies along the same axis 
of the rotor. The armature resultant m.m.f. relates to the 
amplitude of the 3 phase currents. If the armature current 
generated has a fixed relationship with the position of the 
rotor, a fixed torque angle operation will be accomplished. A 
shaft position sensor mounted on the LSM in fact has a fixed 
relation between the rotor position and its output signal.

In order to explain how to utilise a shaft position 
sensor for a constant torque angle control system, a two pole 
synchronous machine is taken as an example. A shaft position 
sensor which provides JSO different outputs from 1 to 3&0 
degrees linearly per revolution is coupled to the rotor of the 
synchronous machine. The shaft position sensor aligns with the 
Red phase winding to give an output of 1 degree. When the 
synchronous machine rotates one revolution, the output of the 
sensor is from 1 to 3^0 degrees accordingly as illustrated in fig.
7,3 . Ü" the sensor output is transformed into one cycle of a sinewave, 
it represent the Red phase armature current waveform at a torque 
angle of 0° . The other two phase can be generated by offsetting 
the sensor output with the appropriate delay, The conversion
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techniques required will be similiar to the techniques for the 
digital sinewave generator as described in chapter 6.7.

Assuming a perfect power amplifier is used to amplify 
the 3 ite.se feedback signals into the suitable current levels 
for controlling the synchronous machine, a constant torque angle 
control system is accomplished. The torque angle of the machine 
can be varied by changing the mechanical angle between the rotor 
and the shaft of the position sensor. Such a control system 
always operates in a stable region. Any change in the applied 
load which causes the speed of the synchronous machine to increase 
or decrease is immediately fed back to the control system, and 
the frequency of the armature current is varied simultaneously.

In practice, a converter which can generate the 3 
phase currents according to the reference signals is required.
A conventional current-s ource inverter produces 3 phase step 
current waveforms. If this kind of inverter is used for the 
above application, the synchronous machine may not be 'locked* 
at a constant torque angle during transient variation of the 
speed due to a shock load.

The 3 phase currents generated by the current- 
controlled inverter have a good approximation to a sinusoid.
Since the output currents from this inverter are under closed 
loop control, any sudden change in the reference signal would 
change the output current simultaneously. Thus, the current- 
controlled inverter is the appropriate current controller for 
the constant torque angle control system.
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7.4 SHAFT POSITION SENSOR

Both digital and analogue shaft position sensors 
were considered and examined. Angular digital encoders and 
synchros are suitable treinsducers for the constant torque angle 
control system.

fbny different types of angular digital encoders, 
contact, magnetic and optical are commerically available. The 
optical encoder was considered because it has no physical 
contact between the encoder disc and the pick-up sensor and has 
very high noise immunity compared with magnetic encoder. The 
block diagram of the decoding circuit considered to be suitable 
for the constant torque angle control system is shown in fig. 7.4. 
The parallel output from the optical angular encoder selects 
the two sinewave look-up tables, such that the output frequency 
from the look-up tables is the same as the angular frequency 
of the I3M. Voltage controlled amplifiers are used to control 
the amplitude of the 2 phase reference signals. Thus, the 
amplitude of the feedback signals to the inverter varies according 
to the demand signal.

Angular digital encoders were not used for the 
constant torque angle control system due to the following reasons,

i) The resolution of the digital encoder directly 
affects the quality of the control system. It 
was thought that at least an 8-bit digital encoder 
was needed, and it is more expensive than a synchro,
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ii) Since the I8M is designed for a contactless 
trajisport system, the techniques employed by 
angular digital encoders are difficult to implement 
in a linear system, without requiring an additional 
track for a linear position encoder.

With analogue techniques, synchros are the most 
accurate and reliable shaft position transducers. It can provide 
continuous information about a shaft position with virtually 
infinitive resolution compared with the angular digital encoder.
A linear synchro is envisaged to provide the required feedback 
signals by detecting the pole position of the I8M in a magnetically 
levitated transport system. Thus, a synchro was chosen as the 
shaft position sensor for the constant torque angle control system.

7.4.1 SYNCHRO USED AS A POSITION TRANSDUCER

A synchro position transducer together with its 
demodulator provides an output which is proportional to the 
measured angular position of a rotating shaft with reference 
to a fixed position. Synchros require excitation by an alternating 
supply (carrier signal) and the shaft position information is 
usually generated as an amplitude modulated wave. The details 
of the theory of the synchro are given in appendix A9 . There 
are many conversion techniques developed to convert a synchro 
output to give a d.c. or digital output to represent an angular 
position.
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For the constant torque angle control system, where . 
the 3 phase outputs from the synchro are used to give an output 
proportional to the sine of the angular position, there is 
nothing commerically available. It was thou^t that the converter 
for this application would be simple. The first attempt was to 
use a simple demodulator to convert the synchro output, but it 
was found that it could not successfully provide an unambiguous 
output when the signal from the synchro has a near zero value.
This ambiguity causes instability if the demodulated output is 
used in the control system.

A novel demodulator has been developed to eliminate 
the instability encountered in a simple demodulator. This 
demodulator can be used to demodulate an amplitude modulated 
wave with suppressed carrier provided that a relatively noise- 
free carrier signal is available.

The 3 itese armature windings of the synchro used 
for the constant torque angle control system has a 'delta* 
configuration. In order to simplify the decoding circuit, one 
of the 3 outputs is utilised as the common. Thus, only two outputs^ 
120° electrical apart, are demodulated and used as feedback signals 
for this control system. As discussed in chapter 6.5, the inverter 
only requires 2 phase reference signals with 120° electrical 
apart to generate the 3 phase currents, hence, the requirement 
is achieved.
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7.4.2 A SIMPLE DEMODUIATCR

This demodulator which is used to demodulate the 
output from the synchro is similar to a demodulator generally 
used in an amplitude modulated radio receiver. The only difference 
is the output polarity of this demodulator is governed by the 
phase between the carrier and the synchro armature output. The 
block diagram of this demodulator is shown in fig. 7.5. The 
half-wave rectifier is used to eliminate the negative half cycle 
of the synchro armature output. The low pass filter charges or 
discharges according to the envelope of the signal from the half
wave rectifier. Thus, the output from the low pass filter is the 
envelope of the modulated wave plus a small precentage of carrier 
frequency ripple. The phase-sensitive detector detects the phase 
between the carrier and the synchro armature output. If they 
have the same phase, the output from the phase-sensitive detector 
instructs the polarity controller to have a non-inverted output.
If they have the opposite phase, the output signal from the low 
pass filter is inverted by the polarity controller. Hence, the 
output from this demodulator is proportional to the sine of the 
angular position of the shaft.

This demodulator has been built and tested. 
Unfortuately, it has a deficiency in that when the angular 
position is near to 0° or 180°, the armature output voltage 
is near to zero, which causes ambiguous outputs from the phase- 
sensitive detector. This effect can be eliminated by a dead band 
inhibit circuit, which forces the output from this demodulator
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to zero when the synchro armature output is at a very low level.

The disadvantage of this modified method is that 
the output signal from this demodulator has discontinuities and 
cannot truely represent the angular position. However, another 
technique has been employed to demodulate the synchro armature 
output.

ê

7.4.3 THE NOVEL DEMODULATOR

This demodulator, which relies only on the stable 
carrier signal to demodulate an ajiq>litude modulated wave with 
suppressed carrier, can output a stable demodulated signal for 
any rotor position of the synchro. The block diagram and circuit 
diagram of this demodulator are shown in figs. 7*6 and 7.7. It 
employs sample and hold techniques to demodulate the synchro output 
The pulse generator generates narrow pulse whenever the carrier 
is at its position peak value, as shown in fig. 7 .8. This narrow 
pulse turns on two analogue switches, so that the output from 
the armature windings of the synchro are switched to the two sample 
and hold circuits which stores the input voltage until the analogue 
switches are turned on again. As the output from the armature 
winding has the same phase with the carrier, the position peak 
of the synchro armature output is stored in the sample and hold 
circuit to give a positive output. Similarly, the negative peak 
of the synchro armature output is stored in the sample and hold 
circuit to give a negative output. Thus, the amplitude modulated 
signal from the armature winding is demodulated.
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This demodulation technique does not compare the 
phase between the carrier and the armature output, so the output 
from this converter is stable at any output level of the synchro. 
This demodulator can be used to demodulate an amplitude modulated 
wave provided that the carrier is accessible. Also, the sample 
and hold technique has less ripple in the output than a low 
pass filter used in a simple demodulator, and it is not frequency 
sensitive.

7 .3 THE CONTROL SYSTEM DESCRIPTION

THe constant torque angle control system has been 
implemented on the LSM, in order to control it at a fixed torque 
angle of 90° . The block diagram of this control system is shown 
in fig 7 .9' It is organised by using most of the ready developed 
components of the armature current controller.

Since the LSM has 20 poles and the synchro has 2 
poles, the speed of the LSM is geared down to one tenth of the . 
speed of the synchro, hence, they are moving in synchronism.
Due to the limited space available in the ISM test rig, the 
synchro is mounted in a position, such that the direction of 
rotation of the synchro and the ISM sure opposite. Thus, the 
synchro outputs and the 3 phase surmature currents of the ISM 
have different phase relationships. The interface unit is 
employed to shift the phase of the demodulated outputs from the 
synchro demodulator into suitable control signals. In order to 
reduce noise interference, the synchro demodulator is placed



112

near to the synchro. The interface unit has buffers to interface , 
the remote demodulated signals from the synchro demodulator to 
the direction control unit.

The direction control unit permits the ISM to 
operate in four-quadrajit, i.e., driving and braking in both 
directions of rotation.

The inverter, the amplitude control unit and the 
remote control unit for this control system are the same for 
the armature current controller and they are described in 
chapter 6.8. The amplitude control unit is utilised to control 
the amplitude of the two reference signals from the direction 
controller, hence, the amplitude of the 3 phase armature currents 
vary accordingly. The asynchronous data transmitter/receiver 
converts the digital data into the d.c. reference control signal 
for controlling the amplitude of the 3 phase armature current.
The data to frequency converter and the pulse receiver is 
employed to remotely control the direction of rotation, instead 
of controlling the output frequency of the armature current 
controller. Under program control, the data input to the data 
to frequency converter is either all *0* or all "I", hence, the 
output frequency from the data to frequency converter is either 
minimum or maximum respectively. The direction control unit 
detects the rate of the input pulse from the pulse receiver to 
determine the direction of rotation.
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7.5.1 INTERFACE UNIT

The circuit diagram of this unit is shown in fig. 
7.10. The two input buffers provide a high input impedance for 
the two remote input signals from the synchro converter. The 
ihasor diagram in fig. 7.10 illustrates the relationship 
between the two input signals and the four output signals. The 
*0° REF.* arid *120° REF.* are used as the feedback signals to
control the ISM to rotate in a forward direction. The *0° REF.*
and *120° REF.* are used as the feedback signals to control the 
ISM when rotating in a reverse direction. The four output 
signals from the interface unit are fed to the direction control 
unit.

7.5.2 DYNAMIC BRAKING

Since the ISM is developed for a contactless 
transport system, the conventional friction brake is not 
suitable. Dynamic braking techniques are employed for braking 
the ISM. At a torque angle of ^0°, there is a minimum of 
interaction between the levitation force produced by the field 
current and the components due to the armature current. When 
the ISM rotates in both directions, the ISM is controlled at 
a fixed torque angle of +90° by the constant torque angle 
control system. For dynamic braking, the phase of the two input 
reference signals is inverted. The ISM operates at a fixed torque 
angle of -90°, i.e. regenerative mode. The braking force can 
be precisely controlled by controlling the magnitude of the
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armatijre current during regenerative mode operation.

Fig. 7.11 shows the time required to bring the ISM 
to a stop. At time to, the phase of the 3 phase armature currents 
are inverted, and it takes a time of t^ to brake the ISM to a 
stop as shown in curve "1*. If the dynamic braking does not 
operate, the 3 phase armature currents are simply switched off, 
and it takes approximately twice the time for the ISM to stop 
as shown in curve *2*.

7.5.3 THE DIRECTION CONTROL UNIT

The circuit diagram of this unit is shown in fig. 
7.12. The unit can be manually controlled or remotely controlled 
by the micro-computer. It consists of a pulse rate detector and 
a voltage controlled switching circuit.

For manual control, the switch, is used to select 
the two voltage levels which define the direction of rotation.
The four analogue switches determine whether the • 0° REF.* and
*120° REFT or *0° REE* and *120° REF.* signals are fed to the 
amplitude control unit according to the control voltage level.

For remote control, the data to frequency converter 
(EFC) and the pulse receiver are employed to provide the direction 
control signal. The frequency of the input pulse from the pulse 
receiver has only two values, 9i*5Hz and 375KHz. The timing 
diagram for this unit is given in fig. 7.13. The positive edge
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of the input pulses triggers the monostable circuit to give an 
output with a pulse width of Z,5ps» If the input pulse rate is 
changed to 375KHz from 91.3Hz, the output voltage of the low 
pass filter, increases exponentially to - 4V. When the output 
reaches approximately -2.5V, the voltage level detector, turns 
•ON*. Subsequently, the analogue switches, ASl and AS3 are turned 
•ON*. The two output signals from this unit are the *0° REF* 
and *120° REF* signals and the ISM operates in a forward 
direction. If the input pulse rate is 91»5Hz, the output of 
is approximately zero. The two feedback signals are *0° REF*
and *120 REF * and the ISM operates in a reverse direction.

In a reverse direction, the input pulse rate is 
91.5Hz. Any unwanted signals due to interference, with a pulse 
width of less than Sjps, added to the input pulse cannot cause 
this unit to change its present status. It is because if the 
input to the low pass filter has a pulse width of less than Ç>ps, 
its output will be less than the threshold voltage. In the 
forward direction, the input pulse rate is 375KHz. Any unwanted 
signal added to the input pulse causes the output from the low 
pass filter to increase its voltage level. This only increases 
the difference between the threshold voltage and the output from 
the low pass filter, hence, it cannot cause the direction control 
unit to change its present status.



116

7.6 SPEE3) MEASUREMENT

Since the constant torque angle control system 
utilises the synchro to provide the feedback signals, if the 
speed information is obtained from the synchro output, the 
equipment for the whole control system can be reduced. A synchro 
speed converter has been developed to convert the demodulated 
output from the synchro demodulator to a relevant digital speed 
signal. This converter can provide three speed signals for 
every cycle of the armature current.

7.6.1 SYNCHRO SPEED CONVERTER

The block diagram and the circuit diagram of this 
converter are shown in figs. 7.14 and 7.15* The two inputs to 
it are the two outputs from the synchro demodulator. The summing 
circuit adds the two inputs algebraically to obtain the third 
phase. As shown in the timing diagram of fig. 7.16, three 
comparators compare the voltage level of the 3 inputs with two 
fixed reference signals. If the input signal is higher than the 
two reference signals, the comparator changes its output to 
•high* or vice versa. The three comparators effectively *square * 
up the sinusoidual inputs into digital form. These outputs are 
coupled to and electrically isolated from the l6-bit counter 
by three opto-isolators. Three 1^ pulse shaper circuits convert 
the three inputs into 1 ^  pulse (counter control signal).= Whenever 
the 400ns pulse generator receives the counter control signal, 
it generates an inhibit signal to inhibit the counter for a
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period of 400ns. When the counter stops counting, the signal 
from the 100ns delay circuit latches the parallel output from 
the counter to the output storage buffer. Subsequently, the 
counter is reset to zero by the counter clear signal. The 
interrupt control circuit generates an interrupt signal when it 
receives a counter control signal. After the microprocessor 
receives the interrupt signal, it branches to the interrupt 
routine to read the data from the output storage buffer. The 
interrupt level for this counter can be set between 1 and 8 by 
a 8-way switch.

The output from this converter corresponds to ■§• of 
the period of the armature supply frequency.

The technique mentioned above for obtaining the 
speed information has a drawback. The amplitude of the input 
signals varied due to the tolerance of the components causing 
an error. Unless very high grade components are used, the error 
is difficult to reduce . Alternatively, a software routine as 
shown in fig. 7.17 has been developed to reduce this error.
The outputs from the converter are stored in a 3 word, first- 
in-last-out buffer. When the buffer is full, the sum of the 
data in the buffer is calculated by the micro-computer. When 
new data is loaded into this buffer, the last data is discarded.
The sum corresponds to one period of the armature current. The 
speed signal obtained is equivalent to a circuit which measures 
the period of one input signal. Thus, it eliminates the error 
and provides 3 speed signals for every cycle of the armature current
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7.7 RESULTS AND DISCUSSION'

Under the control of the constant torque angle 
control system, the ISM is self-starting and cannot slip out 
of synchronism. The steady-state speed is obtained when the ISM 
is in equilibrium, i.e., the generated torque is equal to the 
applied load torque.

The ISM starts running when it overcomes the 
frictional force. The frequency of the 3 phase armature currents 
then increase smoothly as shown in fig. 7 .18, and no starting 
oscillation can be found. Fig. 7.19 shows the speed and the 
torque angle of the LSM. At time t̂ , the armature current of the 
ISM changes from zero to 2.4a. It starts running and the torque 
angle is at +90°. At time t^, the phase of the armature currents 
is inverted. The ISM is then decelerated by regenerative braking 
and the torque angle is at -90°. After the speed of the ISM 
reaches zero, the ISM starts rotating in a reverse direction 
and the torque angle is at +90°. The torque angle value obtained 
by the digital techniques in fig. 7.19, as mentioned in chapter 
4.2.5, has errors when the speed of the ISM is not at the steady- 
state. The visual method described in chapter 2 was used to prove 
that the torque angle of the LSM is always at 90°, within the 
operating range, under the control of this system.

Fig. 7.20 shows the speed of the LSM when it is 
subjected to a step change in load. When the applied torque is 
increased, the speed slows down and vice versa. Experimental
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results indicate no signs of osillation in the speed.

The advantage of this control system is that the 
ISM always operates at a fixed torque angle of +90°. The 
levitation force produced by the armature current has been 
minimised and the thrust force produced is almost the maximum 
value.

Since the steady-state speed of the ISM depends on 
its mechanical condition, the inherent characteristic of a 
synchronous machine is no longer preseved under the control of 
this system. A variable speed drive is achieved by an outer 
speed control loop.
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8 SPEED CONTROL

8.1 INTRODUCTION

A speed control system incorporating drive and 
braking has been developed. As discussed in chapter 7.6, under 
the control of the constant torque angle control system, the 
LSM behaves in a similiar manner to a d.c. motor, and the 
steady-state speed depends on its mechanical condition. The 
speed control can be obtained from an outer loop which sets the 
magnitude of the variable frequency armature current of the 
motor to a value consistent with a given speed demand.

A proportional controller was first utilised to 
control the speed. Under the supervision of this kind of 
controller, the steady-state error cannot be eliminated. It is 
desirable to have some integrating action in the forward path 
of a control loop to remove the steady-state error. A proportional 
controller together with some integrating action (P-I controller) 
is thus employed.

The algorithm for a 'digital* P-I controller is 
implemented in the micro-computer. The *softwsure* control loop 
also limits the rate of change speed of the LSM to a pre
determined value.

If the field current of the motor is changed to 
meet the requirements demanded by an air-gap change between the
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rotor and stator of the ISM, the magnitude of the armature 
current will also be changed by a compensator. It is designed 
to compensate for the change in field current which must affect 
the motoring torque developed. Very rapid changes in air-gap 
will result in the d.c. field current taking large and rapid 
changes and it may not be possible to fully compensate for this 
effect by armature current control. When, for example, there 
is a sudden and large decrease in field current, the corresponding 
demand for large increase in armature current is limited by 
both the inverter and the motor ratings. This results in loss 
of tractive effort. This effect can only be investigated on 
a new rig which incorporates controllable changes in air-gap.
In the present equipment, the effect of a change in gap is 
simulated by the corresponding change in field current.

8.2 THE CHOICE OF THE OPERATING POINT

The design of a speed control loop for the ISM 
requires a choice of operating point. As discussed in chapter 2, 
the normal force is controlled by the field current. Thus, the 
operating point for the field current must be able to maintain 
a magnetically levitated vehicle above the track with a constant 
gap. Some reserve energy must be provided to cope with changing 
loatds and external disturbances. Since the ISM test rig does 
not allow the stator to move dynamically, the choice of the 
operating point for the field current is hypothetical. The thrust 
force produced depends on the armature and field current. The 
armature current is the only controlled parameter in a speed
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control loop. The designed speed control loop must be able to 
cope with the variation of the field current over a specified 
range.

When the ISM operates at a fixed torque angle of 
90°, the theoretical thrust and normal forces produced are given 
in figs. 8.1 and 8.2. The operating point of the field current 
is then fixed at 4A.

8.3 MODELLING CF THE OPEN LOOP CONTROL SYSTEM

The model of the open loop control system, under 
the control of the constant torque angle control system, consists 
of the armature current controller, the ISM and the load. The 
two inputs to this system are the control signal from the micro
computer and the disturbance. The disturbance is the static 
friction plus external applied load. The controlled output is 
the speed. The block diagram of this model is shown in fig. 8.3 .

The time delay of the armature current controller 
is mainly in the asynchronous data transmitter/receiver and the 
maximum value is 20Qms. Such a short time delay is neglected 
in the model. The armature current controller is set to have 
a gain of 0.02A/UNIT. The response of the armature current 
produced depends on the characteristics of the armature windings 
of the LSM. Neglecting the switching ripple produced, the transfer 
function of this controller is represented by:-
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R(s) * K *
- 1 4  <»•»

% T -  1 .

where is the armature current (a )

R is the armature resistance (p)

is the armature inductance (H)

is the gain of the armature current controller

R is the input control signal (UNIT)

The thrust force produced by the ISM is given by 
the equation A2.1 in appendix A2. Since the LSN is controlled 
by the constant torque angle control system at a fixed torque 
angle of 90 ,̂ the thrust force is given by:-

^  "af y t )  (8.3)
'•P

% e  operating point of the field current was chosen 
to be 4A. At first, a fixed value of field current is employed 
to design the speed control loop for the ISM. The compensation 
for the thrust force due to the effect of changing the field 
current is described in section 8.6, Thus, equation 8.3 can be 
simplified as follows:-

(8.4)
P

In Laplace transform notation
F.j(8) - Kj. I^(b ) (N) (8.5)

where X, (H/a) (8.6)

* Equation 8.1 is only suitable for a simple model. For a precise
model, this equation requires certain modification.
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Ihe load characteristics of the LSM depends on its 
inertia and the friction. The static friction of the load was 
found to be approximately 30N. Since the ISM is mechanically 
connected to a synchronous alternator and a d.c. machine, the 
load of the LSM consists of the rotor of the alternator, the d.c. 
machine and the ISM. In order to investigate the characteristics 
of the load, an experiment was carried out. A step change in the 
3 phase currents is applied to the ISM, the result is a step 
change in the applied force (F^). The data acquisition system 
as described in chapter 4 is used to record the response of the 
speed and the applied force. After the ISM was running for two 
hours, the load characteristics drastically changed as shown in 
fig. 8.4. The inertia of the system does not vary with the 
environment, the only variable must be the friction. The time 
constant of the load varies between 20s and 50s, and the gain 
of the output speed to the input torque, varies between 5 and 9 . 
The worst case is then taken, hence, the output speed is 
approximated byi-

Ŵ (s) KL  (8.7)
1 + (J/F)(s)

where W^(s) is the output speed (rpm)

T^(s) is the input torque (N-m)

J is the inertia of the load (Kgm^)
F is the friction of the load (N-%%/rpm)

The unwanted disturbance (T^(s)) consists of the 
static friction and the external load.
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8.4 THE PROPORTIONAL CONTROLLER

A digital proportional controller was first designed 
to form a closed loop speed control system, as shown in fig. 8.3 , 
for the LSM. It is simple to implement and from its results, the 
accuracy of the model developed for the LSM can be evaluated.
It was not intended to be the final control system, because this 
kind of controller has a limited performance.

Implementing this controller by digital techniques, 
the micro-computer computes the difference between the demand 
and feedback speed signal and then multiplies the difference by 
a proportional gain. A 'software* limiter (fig. 8.3) is employed 
to limit the product to a value corresponding to a maximum 
armature current of 4a. The output from this limiter is fed to 
the open loop system, in order to control the speed.

The software for the micro-computer to implement 
the proportional controller, as shown in fig. 8.6, utilises the 
interrupt facility of the microprocessor. The algorithm for this 
controller is placed inside the 'INTR. ROUTINE 4* as shown in 
fig. 8.7, The sample period for the controller is first loaded 
into the programmable real time clock (chapter 4.2.4). Thus, at 
the beginning of every sample period, an interrupt signal is 
generated to force the microprocessor to execute the 'INTR. 
ROUTINE 4'. The digital controller was only designed to control 
the LSM in forward motoring mode, the regenerative braking was 
not implemented. The data collection routine was also implemented
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inside the 'INTR. ROOTINE 4' for evaluating the performance of 
the control system. The techniques for acquiring data from the 
LSN were described in chapter 4.

The purpose of the mini-conq)uter is as an intelligent 
terminal and mass storage medium. When a specified operating 
speed is required, the demanded speed, the sample period, and 
the number of data words to be locally collected by the micro
computer are input to the mini-computer and subsequently 
transferred them to the micro-computer. The micro-computer then 
starts executing the control program to craitrol the ISM to the 
demanded speed. Once the specified number of data words is 
collected, the acquired data is then transmitted to the mini
computer for evaluation. The program for the above task is 
similiar to the program for the data acquisition system as 
shown in fig. 4.14.

8.4.1 PERFORMIHGE ANALYSIS

Under the control of the proportional controller, 
the step responses of the speed for different proportional gains 
are shown in fig. 8.8. The steady-state errors corresponding to 
different proportional gains, according to the calculation as 
given in appendix AlO, are approximately equal to the measured 
steady-state errors as shown in fig. 8 .8. The results obtained 
suggest that the model developed in section 8.3 is accurate in 
steady-state conditions.
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Referring to appendix AlO, the transfer function 
(equation AlO.3) of the closed loop speed control system using 
a proportional controller shows the effect of disturbance 
(T^(s )), upon the controlled variable (r (s)). The steady-state 
error depends on the proportional gain and the disturbance. In 
order to reduce the steady-state error, the proportional gain 
(Kp) must be as high as possible. However, in practise, the 
proportional gain cannot be increased indefinitely to remove 
the steady-state error. When is higher than 100, the armature 
current was found to switch *QN* and 'CFF* and the stability of 
the system was in question. An alternative technique is thus 
employed to eliminate the steady-state error.

8.5 THE P-I CONTROLLER

35The final value theorem suggests an integrator 
in the speed control loop, as shown in fig. 8.9, will remove 
the steady-state error. However, the performance of such a 
system is unstable when the gain is increased. The trajectory 
of the closed loop of the system equation is given in fig. 8.10.

A proportional controller together with some 
integrating action in the forward path of the control loop will 
then remove the steady-state error and allow the system to operate 
inside the stable region. This kind of controller is called a 
P-I controller. The model of the closed loop speed control system 
utilising a P-I controller is shown in fig. 8.11. The P-I 
controller introduces a pole and a zero to the open loop speed
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control system as shown in fig. 8.12. By carefully selecting 
the pole and zero values, the trajectory of the closed loop 
poles will be in the stable region.

The control algorithm of a P-I controller has been 
implemented in the micro-computer. The digital P-I controller 
W21S designed to allow four quadrant operation, i.e. driving and 
braking in both directions of rotation.

When the demanded speed changes abruptly, high 
acceleration or deceleration may be caused. Hie rate of change 
in demanded speed is thus limited to provide smooth drive or 
braking. This is done by a 'software* ramp generator as described 
in section 8.5.2 and its equivalent block diagram together with 
the control system is shown in fig. 8.13. The rate of change in 
speed can be pre-programmed.

For low speeds of less than 20rpm, the speed signal 
from the synchro speed converter (chapter ?.6) has a long sample 
period of more than 66.67ms and was found unsuitable for the 
control system. A d.c. tachogenerator is then employed to provide 
speed signals for a low speed range of +30rpm. The torque ADC 
described in chapter 4.2.3 is employed for converting the analogue 
signal from the tachogenerator to its relevant digital value.
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8.5.1 CONTROLLER PARAMETER SELECTION

The operating parameters for the P-I controller can 
be easily altered by changing the task program. Different values 
of the proportional and integrating gains were chosen to select 
suitable operating parameters for the control system. The step 
response of the speed of the LSM under the control of the P-I 
controller was recorded by the data acquisition system.
Examination of figs. 8.l4 to 8.I6 shows that the controller 
which has the proportion gain of 33 and the integrating gain of 
33 gives a good response. The gain of the controller can be 
further decreased to reduce the overshoot, but the system will 
react slowly when a disturbance is applied.

8.5.2 SOFTWARE DESCRIPTION

The software for the P-I controller and the proportional 
controller are similiar. The purpose of the mini-computer is the 
same for the two controllers. The algorithm for a P-I controller 
is also implemented in an interrupt routine ( 'INTR. ROUTINE 4').

For a P-I controller as shown in fig. 8.11, the 
equation that the microprocessor is required to compute is 
given by:-

u(t) - ^(t) + Kj feft) (8.8)

where u(t) is the output of a P-I controller
Kp is the proportional gain

Kj is the integrating gain
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e^(t) is the error which is the difference between 
the demand signal and the output 

The integration is achieved by numerical approximation which 
is given by:-

d^- Kj ( e^(T) * T ) (8,9)

where T is the sample period
Equation 8.9 is done by the following steps :-

ERROR - lEMAND SIGNAL - FEEDBACK SIGNAL
GAIN - K * ERROR P
INEW » ERROR* T 
lOLD - lOLD + INEW 
u(t) * lOLD + GAIN

The software required to carry out the above steps 
is given in fig. 8.17.

The sample period for the P-I controller is equal 
to the interrupt period assigned by the programmable real time 
clock multiplied by the contents of the sample counter. This 
arrangement is used to obtain a sample period which is longer 
than the maximum period of the programmable real time clock.

A subroutine called 'INTER* as given in fig. 8.18 is 
employed to carry out the integration. Since the microprocessor 
arithmetic unit only supports fixed-point calculation and the 
dimension of the sample period is in milli-seconds, the 
integration cannot be computed by a direct routine. Thus, the
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sample period in micro-seconds is used to compute the integral 
value and the result is then converted hack to the required 
dimensions. This subroutine will operate if 'ERROR*, sample 
period or have a high value. For example, if the sample 
period is 20ms and the Kj is less than 50» when 'ERROR* is less 
than Irpm, the integral output is less than 1. The microprocessor 
cannot give any significant output and the integral output from 
it is equal to zero. Although a floating point or double precision 
calculation routine can be used to eliminate the above problem, 
the size of the program and its execution time will be large 
and long. A technique to provide an accurate calculation and 
use less instructions has been developed. This technique is 
implemented in a subroutine called 'BOUND*.

As shown in fig. 8.19, when 'ERROR* becomes less 
than 3rpm, the lOLD and error are multiplied by a fixed constant 
and a flag is set to *1*. If 'ERROR' in the next sample period 
is also less than 3rpm, only 'ERROR* is multiplied by the 
constant. After calculating the P-I controller output (u(t)), 
u(t) is divided by the constant to obtain the correct value.
This arrangement enables the floating point value to be stored 
as an integer. For example, if the constant is 100, 'lOLD* and 
the 'GAIN* can have an accuracy of two places after the decimal 
point. If the sample period is 20ms and is 50, the steady- 
state error is less than O.Olrpm, since 'lOLD* becomes zero 
when 'ERROR* is less than O.Olrpm.
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The 'software* ramp generator as shown in fig. 8.20 
is used to limit the rate of change in speed. The demanded speed 
input to the control loop from this generator increases or 
decreases according to a pre-determined rate of change in speed. 
Thus, the motor speed cannot vary abruptly.

8.6 C0MPE3ÏSATI0N FOR THE CHANGE IN FIELD CURRENT

The torque developed by the ISM depends on the 
magnitude of the armature and field current as given in equation 
A.2.1. If the field current of the LSM changes to meet the 
requirements demanded by an airgap changed, the torque developed 
must be varied. Although the speed control loop can compensate 
for variations in field current to within a specified range, 
the speed changes momentarily as shown in fig. 8.21. For single 
machine operation, such a small variation is acceptable. For a 
magnetically levitated vehicle, it is envisaged that four IS Ms 
will be utilised, one on each corner of the vehicle. When 
passengers or external disturbances cause an unbalanced force 
acting on each ISM, the field current of each ISM must be varied 
to keep a constant gap. The differences in field currents for 
the IS Ms will cause different thrust forces to be produced, and 
can cause instability.

A 'software* compensator was therefore designed to 
overcome the above mentioned problem. The thrust force developed 
by the LSM at a torque angle of 90° is given by equation 8.3.
The thrust force is directly proportional to the product of the
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armature and field currents. When the field current changes, if , 
the armature current can vary to keep the product of the two 
currents unchanged, the thrust force produced will remain the 
same. A compensator is implemented at the output of the P-I 
controller as shown in fig. 8.22. The output from the P-I 
controller is multiplied hy a constant (l^). The constant is 
equal to the field current at the normal operating point of 4A. 
The product is then divided by the existing field current. Thus, 
the armature current, which corresponds to the output from the 
compensator, increases or decreases to accomodate the variation 
in the field current.

The existing field current is acquired the data
acquisition system. Its average value within a period is
calculated by a running average calculation routine as mentioned
in chapter 4.3.2. The advantages of using the average value
instead of the instantaneous value is the natural frequency of
the compensator or the control loop can be independent from a
constant gap control system. Hie period for calculating the

8average value can be any multiple from 1 to 2 of the interrupt 
period assigned by the programmable real time clock. Since the 
characteristics of a constant gap control system is unknown at 
present, such an arrangement allows users to design a suitable 
compensator for a magnetically levitated vehicle.

The software required for obtaining the average value 
of the field current and for the compensator are shown in figs. 
8.23 and 8.24.



134

8.7 RESULTS AND DISCUSSION

The closed loop control system which utilisles a 
P-I controller for the LSM is in operation. Fig. 8.25 shows the 
four quadrant operation of the LSM, under the control of this 
system. When a step change in task speed is input to this loop, 
the LSM achieves the task speed following a pre-determined rate 
of change in speed as shown in figs. 8.26 and 8.27. Fig. 8.28 
shows the speed of the LSM is well regulated hy this control 
system when a disturbance is applied.

To simulate a magnetically levitated vehicle, the 
d.c. motor which is coupled to the LSM is powered to cancel the 
static friction, i.e., the disturbance input (T̂ ) is equal to 
zero. Under these conditions, this control system controls the 
speed of the IfiM in a manner as shown in fig. 8.29.

As shown in fig. 8.30, with the field current 
compensator in the control loop, the speed of the LSM change is 
less as compared to fig. 8.21. When there is a sudden and large 
decrease in field current, the corresponding demand for a large 
increase in armature current is limited by the maximum rating. 
This results in loss of tractive force as shown in fig. 8.31.
A long period of a large decrease in field current is unlikly 
to happen when a ISM is used for a magnetically levitated vehicle. 
A large transient decrease in field current may be required to 
control the air-gap, and the transient introduced into the 
response of the mechanical system will hardly be noticeable.



135

This effect can only be investigated on the new rig which 
incorporates controllable changes in air-gap.
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9 CONCLUSIONS AND DISCUSSIONS

9.1 CONCLUSIONS

A veurlable speed control system has been developed 
for the linear synchronous motor (LSM), and it is applicable 
for controlling other synchronous motors. Under the control of 
this system, the LSM is self-starting and cannot slip out of
synchronism even when a large sudden disturbance is applied.

The control system controls the LSM at a fixed 
torque angle of 90° to obtain the best overall performance as 
discussed in chapter 2.4. The steady-state characteristics of 
the LSM (appendix A2) shows that the levitation force caused 
by the armature current is minimal at a torque angle of 90°. 
However, the effect of this control system on a constant air- 
gap control system cannot be investigated until a new rig 
incorporating controllable changes of the air-gap is constructed.

At present, a 'digital* P-I controller is employed 
for controlling the speed of the LSM. The rate of change in 
speed can be controlled and the performance of the speed 
control system is within the acceptable limits.

A technique which varies the gain of the controller 
according to the error signal was attempted in order to improve 
the response of the system. The controller gain is high when 
having a high error signal and the gain is low when having a low
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error signal. The system will respond quickly when having a 
large error and will respond slowly when the motor is near 
to the demanded speed and at steady-state. Since the ISM is 
primarily designed for a transport system, such an arrangement 
will improve the comfort of the passengers when a train is at 
a cruising speed. One drawback of the variable gain controller 
is that the percentage overshoot is increased when a step demand 
signal is applied to the speed control loop. This is due to the 
change in the integral gain. When the error is high, the 
integrator can easily become saturated due to the high integrating 
gain. If the gain of the controller changes to a lower value when 
the error is low and within a certain limit, the output of the 
integrator takes a longer time to settle down to the required 
operating point. Thus, the overshoot is increased. Using only 
the error signal to determine the parameter of the controller 
was found undersirable, and other state variables, for example, 
the error rate should be used to determine the controller parameter, 
Modelling the effects of a variable gain control system should 
be carried out and some other techniques should be investigated 
and used in parallel with the variable gain control system to 
reduce the overshoot.

Under the control of the speed control system aiKi 
the constant torque angle control system, and because the 3 phase 
currents generated by the slitwidth modulation technique have a 
close approximation to a sinusoid, the LSM runs smoothly even at 
very low speed. One prospective application is to implement the 
control system on a synchronous motor for a low speed drive.
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Further investigation, modelling and simulation of the effects 
of the control system on a synchronous motor is necessary to 
justify the potential of such an application.

If the safety precautions mentioned in chapter 5 
and 6 are taken, using power transistors as static switches 
is reliable. One serious problem associated with high power 
transistors is the interference generated when switching a 
high voltage supply. The interference can cause malfunctions 
of the logic circuits. Thus, the major practical aspect for 
designing a transistorised power conditioning system is to 
design a control circuit with a very high noise immunity.
This has been achieved in designing the remote control unit 
and the logic control circuit for the field and armature current 
controller. A disaster will occur if both transistors for one 
limb of the inverter (fig. 6.l4) are switched "on* simultaneouly.
A very high current flows through both transistors and can 
cause serious damage. The base drive unit which incorporates 
an over current protection circuit was designed to ensure the 
collector current of a power transistor was within its current 
limit. Although the protection circuit increases the cost of 
the base drive unit, it is worth installing to protect the 
expensive power transistor.

The limitation of a step response of the field 
current controller was discussed in chapter 5.10. The single 
transistor d.c. chopper (fig. 5«l) has its advantage of simplicity, 
but lacks dynamic response. Different configurations have been
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proposed (chapter 5*10) to improve the response of the field 
current controller. The need of an improvement can only be 
evaluated when a constant air-gap controller is operated.

The novel inverter configuration which only 
utilises four power transistors to generate 3 phase currents 
has the advantage of reducing the number of switching elements. 
However, the equivalent load impedance for the two single phase 
systems for the novel inverter increases and power transistors 
have a limited voltage rating, which limits the maximum frequency 
generated as discussed in chapter 6.9 and appendix A8. Another 
inverter configuration, being developed at the University of 
Bath, which utilises 6 power transistors to generate 3 phase 
currents can be installed to improve the frequency response 
of the inverter.

At present, the micro-computer has two main 
functions of speed control and data acquisition. The experience 
gained during the development of the speed controllers shows 
that the micro-computer has enough time to include the function 
of constant air-gap control. This is essential if the LSÎfe are 
used for a transport system, since the overall apparatus for the 
control system can be reduced.

At this stage, the speed control system can be 
immediately implemented on a wheeled vehicle which is propelled 
by the LSM. This system was also designed and built to produce 
a smooth drive independent of the influence of the change in
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field current. This is essential when the IBM is used to 
provide both the lift and propulsion forces for a magnetically 
levitated vehicle, since the field current of the LSM will be 
controlled to vary the lift force.

9.2 SUGGESTIONS FOR FURTHER WORK

In addition to the further investigation mentioned 
in the last section, the following work should be done to 
improve the present control system or to exploit the application 
of the ISM.

If the control system for the LSM is organised as 
a position control system, a vehicle propelled by a ISM is able 
to stop on a slope or at a station without requiring conventional 
frictional brakes. This can be achieved by changing the 'software 
implemented' speed control loop to a position control loop.

Since the synchro used to provide a torque angle 
feedback signal is a position sensor, the position information 
can be deduced from its modulated output by an appropriate 
converter. The position signal from the synchro can then be 
used as feedback signal for a position control loop.

A proposed position control system is shown in 
fig. 9*1' The inside control loop for the ISM is the constant 
torque angle control system which is described in chapter 7.
It is desirable to control the LSM at 90°, because if the LSM
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operates at an uncontrolled torque angle, the attractive force 
varies from maximum to minimum when the torque angle changes 
from 0° to 180°. When the LSM operates at a torque angle of 0°, 
there is no tractive force to overcome disturbance and the 
train will slip away from a stationary position.

The position control system employs a synchro 
position converter to convert the sinusoidal 0° feedback signal 
to an output which is linear to the position. An interface 
circuit is used to convert the synchro position converter 
signal to its relevant digital value for the micro-computer.

To control the LSM at a stationary position, the 
following operation should be carried out. If the train is 
required to stop at a station, the distance of the train from 
the stationary position can be measured by an appropriate device. 
The speed of the train can be controlled according to the distance 
between the train and the station. The distance measuring device 
is interfaced to the micro-computer, such that the micro-computer 
is used to monitor the train from the station and decide when 
to change the speed control loop to the position control loop 
for stopping. If the train is required to stop at any position 
on the track without a reference position, the time required to 
stop the train can be used as reference to replace the distance 
between the train and a stationary position. The stopping time 
is input to the micro-computer through a keyboard, or during 
emergency braking, a button is utilised to initialise a "software* 
stopping routine which generates a reference signal in order to
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stop the train automatically in minimal time.

Fig. 9.2 shows the position signal from a synchro 
position converter. At position A, which is near to the stationary 
position, the train is first controlled at a low speed (approach 
to zero speed). Since the speed of the train is known at that 
position, the position of the rotor of the ISM relative to the 
stationary position can be estimated, and it can be used as a 
demand signal for a position control loop. Subsequently, the 
control system is changed to a position control loop and the 
train is controlled at the required position. If any external 
force is applied to the train, the position control loop will 
vary the amplitude of the zero frequency a.c. armature currents 
to overcome the disturbance. As shown in fig. 9.3, if an 
external force pushes the train to the left^ the I5M will 
produce a position sign tractive force to overcome the disturbance. 
If an external force pushes the train to the right, the phase 
of the zero frequency a.c. supply will be reversed, in order 
to produce a negative sign tractive force to oppose the external 
force.

Che distinct characteristic of such a position 
control system is that the torque angle of the ISM is still 
controlled at 90°. It is essential if the ISM is used for a 
contactless suspended vehicle, the vehicle can stop at a 
stationary position and still retain levitation.
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Further modification of the proposed position 
control system would be able to control the ISM (or other 
synchronous motors) at a near zero speed. The demanded position 
can be varied at a fixed rate, hence, the motor turns round 
accordingly. This leads to an application of driving a large 
drum or turntable at a low speed with a smooth operation. Such 
a system for low speed operation has better performance than a 
speed control system. This is due to the difficulties in 
measuring low speed by digital or analogue techniques. The 
limits of a digital speed measurement depends on the sample 
period and the pulse transmitter on a shaft. In practise, a 
digital speed measurement has a deadband for measuring low 
speed. Theoretically, a tachogenerator can measure low speed 
and even zero speed, but the noise in a tachogenerator and 
temperature drift causes large errors in low speed measurement. 
Further investigation should be carried out to design a system 
which operates as a position control system at low speed and 
as a speed control system at high speed.

A magnetically levitated vehicle will utilise at 
least four I5Ms, one on each comer, and each ISM is controlled 
individually to cope with changing loads and track irregularities, 
The compensator in the speed control loop can provide a smooth 
drive independent of the influence of the change in field current 
within a normal range. If, for example, a large sudden decrease 
in field current to meet an air-gap change in one comer of the 
vehicle occurs, the controller may not be capable of compensating
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for the loss of tractive force. Thus, the tractive forces 
between the four comers are different and the vehicle may 
be slewed across the track. To overcome this problem, a master 
observer (a computer) should be used to communicate with each 
controller as shown in fig. 9.4. The function of the master 
observer is to monitor the controlled variable of each controller, 
in order to give instmctions to each controller to take the 
corresponding action to control the vehicle within a safe region.

With the advent of large scale integration techniques, 
a single microprocessor which contains many other functions, 
for example, "on-chip" memory, real time clock and communications 
controller is now available. In future, the micro-computer can 
be scaled down to a compact and self-contained digital controller. 
Other microprocessors should be studied, in order to find an 
alternative one which can speed up the control process and can 
eliminate the supporting circuits.

One possibility is to use a microprocessor for 
controlling the armature and field current controllers. The 
advantages for using it are given as followsi-

i) The intelligence of both controllers is improved. 
The microprocessor can communicate directly with 
the micro-computer (digital controller for speed 
control), hence, the status of both units can 
be known.

ii) Any fault occurrence can be monitored.
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It would be interesting to apply the control system . 
to other synchronous motors. At present, the cost for the control 
system is high. However, the author is convinced that with the 
advent of solid-state electronic technologies, the cost of the 
control system will decrease. If synchronous motors having built 
in position sensors are mass produced, the total cost of the 
control system gmd the motor would be competitive with other 
drive systems.
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APPENDIX Al THE VISUAL METHOD FOR MEASURING 
THE TORQUE ANGIE OF THE LSM

The torque angle of the ISM is defined as the angle 
between the adjacent peaks of the field m.m.f. and the armature 
resultant m.m.f. As shown in fig. 4.8, the axis of the field 
m.m.f. lies on the same axis of the field poles. The armature 
resultant m.m.f. depends on the amplitude of the 3 phase currents. 
The Red phase current is taken as a reference signal to locate 
the armature m.m.f. At the instant when the Red jbase current 
has a positive going zero-crossing, the armature m.m.f. points 
in the direction BB. Fig. Al.l shows the required equipment for 
this method. A zero-crossing detector is employed to detect the 
Red phase current positive zero-crossing, and its output triggers 
a stroboscope. The axis of the rotor is marked on the surface of 
the disc. The position of the armature windings are calibrated 
and marked on the surface of the armature supporting frame. When 
the stroboscope flashes, the torque angle is represented as the 
position where the marks on the rotor and the armature supporting 
frame coinside.
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APPENDIX A2 THE LSM CHARACTERISTICS

The steady-state characteristics of the heteropolar
2ISM given in this appendix were obtained and published by 

Dr. M. J. Balchin and Professor J. P. Eastham.

The electrical characteristics of the ISM are given 
in the following table.

INDUCTANCE MEASURED HX10“  ̂ CALCULATED HX10“^

Field/armature mutual ■ 8.08

«of
Field self - less leakage ----  58«5

V

Armature d - axis self - 3«72 3.62
less leakage L ^

Armature q - axis self - 5.08 5.51
less leakage L mq
Armature self leakage 4.2

Theoretically, the thrust force (F̂ ) and the 
attractive force (F̂ ) produced by the ISM are given by:

■̂t "af If la *1"Si + 21^̂

(A2.1)
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-  («.«+ - %  - cos 2b.

”af is the mutual inductance
armature windings

If is the field current

la is the armature current

Si is the torque angle

•^P is the pole pitch

I«i is the armature d - axis

g is the air - gap
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APPENDIX A3 MEMCfflY LOCATION CF THE MICRO
COMPUTER AND ITS PERIPHERALS

MEMORY LOCATION 
(all in octal)

0 - 7 6

100 - 176

20000 -  37776

72000

72002
72004
72006

72010

72012

72014
72016

72022
(write only)

72022
(read, only) 

72024

72026

FUNCTION

Interrupt vectors 
XOP vectors 
Workspace
ADCs start conversion register 
Status register for isolation ADC 1 & 2 
Field current output transfer register 
Red-phase armature current output transfer 
register
Yellow-phase armature current output 
transfer register 
Blue-phase armature current output 
transfer register
ftichine torque output transfer register 
Status register for isolation ADC 3 & 4 
Start/stop control register for the synchro 
speed converter
Output transfer register for the synchro 
speed converter
Interrupt register for the synchro speed 
converter
Input register of the asynchronous data 
transmitter for the armature current controller
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MEMORY LOCATION 
(all in octal)

72030

72032

72034

72036

73000

73002

73004

73006

73010

73012

73014

171000

171002
171004
171006

171010

171770
171772

171774

FUNCTION

Clock control register for the armature 
current controller
Input register of the data to frequency 
converter for the armature current controller 
Control register of the data to frequency 
converter for the armature current controller 
Start/stop register for the armature current 
controller
Sample rate control register 
Interrupt priority control register 
Start/stop clock control register 
Interrupt reset register 
Input control register for the field 
current controller
Start/stop register for the field current 
controller
Clock control register for the field 
current controller
Speed/torque angle transducer control and
status register
Speed 1 output buffer
Torque angle 1 output buffer
Speed 2 output buffer
Torque angle 2 output buffer
Data transfer unit control and status register
Data transfer unit output buffer
Data transfer unit input buffer
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APPENDIX A4 ISOIATED TRACKING ADC

The purpose of having the tracking ADC with its 
decoder is to convert the analogue signal to its relevant 
digital value in a simple yet reliable way, with electrical 
isolation between the input and output. The functional block 
diagram of the chosen system is given in fig. a4.1. The circuit 
requires only 2 opto-isolators per ADC 8-bit data word is 
isolated. A reset signal is first sent to both UP/DCWN counters 
(counters 1 and 2) to enable them to operate in synchronism. The 
bAC converts the digital output from the counter 1 to an analogue 
voltage (Vq). If is higher than the input (V̂ ), the output of 
the comparator will be *1* and the steering logic will generate 
a boWK pulse at the next clock period causing the counter 1 to 
count down until V^. If is less than the output of the 
comparator will be "O' and the steering logic will generate a ÜF 
pulse at the next clock pulse causing the counter 1 to count up 
until Y^. The OP and bdwK pulses are also coupled to the 
decoder to cause the counter 2 to follow the same action as in 
the counter 1, so that, the output of the counter 2 is the copy 
of the counter 1. The isolated quant it ized signal can be obtained 
without isolating every bit of the data word.



152

APPENDIX A3 REGISTERS AND SOFTWARE FOR THE 
ISOIATED AND TCRQUE ADCS

The micro-computer controls the isolated and torque 
ADCs through the registers created by the data control unit. The 
functions and the locations of these registers are as follows :-

NAME ADDRESS LOCATION
(all in octal)

Start conversion 72000
register

FUNCTION

When this register is read 
by the micro-computer, a 
pulse is generated to 
activate the four isolated 
ADCs to start conversion.

Status register 72002
72016

There are two status registers, 
each belongs to two isolation 
ADCs. The 1st and 2nd L.S.B. 
of the *72002" indicate the 
status of the conversion 
of the field current and 
the red phase armature 
current. When they are set 
to "1", the conversion is 
finished. The 1st and 2nd 
L.S.B. of the *72016* indicate 
the status of the conversion 
of the yellow and blue phase
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ADDRESS LOCATION FUNCTION 
(all in octal)

armature currents. When 
they are set to "I", the 
conversion is finished.

Output transfer 
registers

72004
72006

72010

72012

72014

The five locations are used 
to transfer the converted 
digital data to the storage 
buffer of the micro-computer. 
*72004* is the output transfer 
control register for field 
current. *72006 *, *72010 *, 
*72012* are the output 
transfer registers for the 
red, yellow and blue phase 
current correspondingly. 
*72014* is the output transfer 
register for the torque.

The software used for controlling these ADCs is 
shown in fig. A5.1. When the micro-computer requires the digital 
information from the isolation ADCs and torque ADC, it first 
starts the isolation ADCs by selecting the start conversion 
register. The micro-computer subsequently tests the two status 
registers until they are set to *1*, which indicates the 
completion of the conversion. By selecting the corresponding 
output transfer registers, the micro-computer collects the 
relevant digital data from these ADCs to its storage buffer.
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APPENDIX A6 registers FOR THE PROGRAMMBLE REAL TIME CLOCK

There are four registers to allow the micro-processor 
to control the programmable real time clock. The address locations 
and the functions of these registers are given in the following 
tabular form:-

NAME

Sample rate
control
register

ADDRESS LOCATION FUNCTION 
(all in octal)

073000 When this register is 
selected by the micro
processor, it allows the 
micro-processor to send 
the required sample rate 
into the input buffer 
of this clock.

Interrupt priority 
control register

073002 When this register is 
selected by the micro
processor, the required 
interrupt level from the 
micro-processor data bus 
is loaded into this clock.

Start/ stop 
clock control 
register

073004 This register allows the 
micro-process or to start 
or stop this clock. If 
the input data is *1*,
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ADDRESS LOCATION FUNCTION 
(all in octal)

this clock is inhibited, 
and vice versa.

Interrupt 
reset register

073006 When this register is 
selected, the interrupt 
control circuit of this 
clock is reset.
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APPENDIX A7 REGISTERS FOR THE SPEED AND TORQUE ANGLE 
TRANSDUCERS AND THEIR INTERFACE

These registers enable the communication between the 
speed and torque angle interface and the micro-computer. The 
function of these registers is given as follows:-

NAME

Speed output 
register 1

ADDRESS LOCATION FUNCTION 
(all in octal)

171002 This register is used 
to transfer the speed 
data from speed counter 
1 to the micro-computer.

Speed output 
register 2

171004 It has the same function 
as speed output register 1.

Torque angle 
output register 1

171006 This register is used 
to transfer the torque 
angle data from its 
buffer to the micro
computer .

Torque angle 
output register 2

171010 It has the same function 
as torque angle output 
register 1.
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NAME

Control suid status 
register

ADDRESS LOCATION FUNCTION 
(all in octal)

171000 The micro-computer 
controls the speed 
and torque angle 
transducers through 
this 16-bit register.
It also provides the 
status of these transducers.

The function of each bit of the control and status 
register is given as followsi-

BIT MNEMONIC
2 INT FIAG

FUNCTION
This signifies that the counter is requesting 
an interrupt.

DONE 2 Mesisurement done by the speed counter 2 and
data is available for input to the micro
processor. Read only, cleared by start and 
reset signals.

DONE 1 Measurement done by the speed counter 1 and
data is available for input to the micro
processor. Read only, cleared by start and 
reset signals.
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BIT MNEMONIC FUNCTION
7 AUTO Set the transducers into automatic mode. A

start signal is generated automatically 
within the unit when data has been transferred 
to the micro-processor.

8 START 1 Start torque angle and speed transducer unit
1. Any measurement in progress is aborted 
and will be re-started from zero on the next 
signal from the slotted opto-switch 1.

9 START 2 Start torque angle and speed transducer unit
2. Any measurement in progress is aborted 
and will be re-started from zero on the next 
signal from the slotted opto-switch 2 .

10 RESET This resets all the counters to zero.

11 INT ENABLE Enables the unit to request an interrupt on
completion of a measurement when the flag is 
set. When this bit is 0 then this signifies 
interrupt acknowledges.
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APPENDIX A8 MAXIMUM OUTPUT FREQUENCY CF THE INVERTER

The output current waveform becomes distorted when 
the rate of change of the load current demanded is greater than 
the inverter can generate. Although the inverter can provide a 
maximum d.c, output current of 80A, the rate of change of the 
load current is limited by certain parameters. In order to 
determine the maximum frequency of the generated output current, 
the following analysis is used.

Assuming the load is an inductive load with finite 
resistance, and the voltage is applied to it through the static 
switch. The instantaneous load current after the switch is 
turned on is given by,

V - i
1^ “ ( 1 - e ) (a8.1)

where i^ is the instantaneous load currfent 

is the d.c. supply voltage

T  is the time constant of the load which is equal- 
to i/R

Bius, the rate of change in load current Is given by,

^  = (A8.2)

Examination of equation A8.2 suggests that the 
maximum rate of change in load current occurs at t=0, i.e. when 
the switch is just turned on. Thus, the maximum rate of change



i6o

in load current is given by,

ti
max. R L 

V
r  (A8.3)

Since the demanded load current waveform is a 
sinusoid, the instantaneous load current is given by, 

iĵ = $ sin Wt (a8.4)

where I is the peak current
W is the angular frequency 

thus, the rate of change in load current is given by,

^—  “ I W cos wt (A8.5)

Examination of equation a8.5 shows that the maximum 
rate of change in load current occurs at t=0, i.e. when 
cos Wt = 1, and is given by.

At
mx. " I 2JIf (A8.6)

W \where f is the output frequency ( =

Equating equations A8 .3 and A8.6, the maximum load 
current frequency which can be obtained is,

Î 23If - ̂



l6l

f - ̂  (A8.7)
2JTLI

Ühe analysis reveals that the output frequency 
depends on the supply voltage, the inductance of the load 
and the load current.
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APPENDIX A9 THE BASIC THEORY CF A SYNCHRO

A synchro is mounted on a shaft to measure its 
angular position with reference to a fixed position. Referring 
to fig. A9.1, the angular position between the reference axis of 
the rotor winding and the armature windings of the synchro can 
be interpreted as the angular position of the shaft. To measure 
this angular position, a carrier of angular frequency is fed 
to the synchro rotor winding. When the rotor is at an angular 
position of 0 with reference to the axis of the 3-phase armature 
windings, the voltages induced in the armature windings are 
given byj-

Vout^ - sin W^t sin 6

Voutg - sin W^t sin (0-120*̂)

Vout^ - sin W^t sin (0-240®)

where Y^ is a constant

If the component of the carrier (sin W^t) is removed, 
the demodulated output is proportional to the sine of the angular 
position of the shaft.

When the rotor rotates at an angular velocity of 
Wg, the voltages induced in the armature windings are given byi- 

Yout^ - Y. sin W t sin W t
1 K C 8

Voutg - sin Wgt sin (H^t-120®)

Vout„ - sin Wgt sin (W t-240®)
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Provided that W^t »  Ŵ t, Vout^, Vout^ and Vout^ 

are amplitude modulated waves with suppressed carrier.

There are two angular positions, 180® apart, which 
have the same output amplitude from any one of the armature 
windings. One position has zero phase shift with respect to the 
carrier and the other position has 180® phase shift. The converter 
(demodulator) must have the capability of detecting the phase 
difference between the carrier and the armature output, in 
order to identify the rotor position.
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APPENDIX AlO THE CLOSE LOOP TRANSFER FUNCTION WITH A 
PROPORTIONAL CONTROLLER

The block diagram of the closed loop system is shown 
in fig. 8.5 . In order to deduce a transfer function for it, the 
disturbance is treated as an input signal. Firstly, the disturbance 
(T^(s)) is considered to have a value of zero, hence, the motor 
speed is given by:-

K K (s) 1C K,(s)
” 1 + Kp Kĝ (s) Kj. K^(s) B(s) (AlO.l)

Next, the demanded input is considered to have a value of zero, 
and the motor speed is given by:-

K.(s)
Wo(s) - (a IO.2)

Combining equations A.8.1 and A.8.2, the motor speed is given 
by:-

Kl(s)
“ 1 + Kp K^(s) Kj. Kj_(s) ( *T )

(AlO.3)
At steady-state,

Kl
”0 |ss| “ i + K Kp ( "̂p "a Ip ®|ss|" ’’d|ss| )

(AlO.4)
where W^ is the motor speed at steady-state

R is the demanded speed at steady-state 

T^ |ss| disturbance at steady-state
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Equation AlO.4 can be used to calculate the steady- , 
state speed error. From the designed data and measurements, the 
parameters of the system are given by:- 

= 5 rpn/N

» 30.48 n/a

K = 0.02 A a

Idlssf 

®|ss| “
According to equation AlO.4, the steady-state errors axe 35.78rpm, 
57.93rpm and 39*31iTm, when the proportional gains are l6  ̂33 

and 100 respectively.
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0000 RESET VECTOR - WP
0002 RESET VECTOR - PC
0004 LEVEL 1 INTERRUPT - WP
0006 LEVEL 1 INTERRUPT - PC

003c LEVEL 15 INTERRUPT - WP
> RAMLEVEL 15 INTERRUPT - PC

0040 XOPO - WP
0042 XOPO - PC

007c XOPlj - WP
007E XOPI5 - PC

OIFE
0200

MEMORY EXPANSION AREA

F400
PROM IB, IE

F7FE
F800

mOM 1C, IF (TIBUG HIOM I & II)
FEFE

FFFC LOAD VECTOR - WP
LOAD VECTCe - PCFFFE

* Board locations ID, IE, IF are the least significant bytes (all in Hexadecimal)

FIG. 3 .5 CPU BCARD MEMORY MAP
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ARMATURE WINDING

FIELD WINDING

I ®

BB
THE RESULTANT 
m^AT 1^=0

Y 0
AA

I

NOTE : THE IHASOR DIAGRAM IS 'FROZEN* 
AT THE INSTANT WHEN 1^=0

ly =
Ig = +/5/2Ict

FIG. 4.8 THE TORQUE ANGLE CF A TWO POLE MACHINE
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MOTORING GENERATING 
CONDITIONS CONDmCNS

ONESPEEDCOUNTERBUFFEROUTPUT

RED PHASEARMATURECURRENT

-180+180

0 SHAFTPOSITION

0
( \ REF. \POINT \ J (REPRESENTS \ /THE PEAK CF ̂THE ARMATURE m.B.f.)

ZEROCROSSINGDETECTOROUTPUT
0

THE RISING EDGE STOPS

TORQUEANGLEBUFFEROUTPUT

THE TORQUE ANGLE BUFFER

0

FIG. 4.9 TORQUE ANGLE TO REFERENCE REIATIONSHIP
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M C3 19
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A 7 012 12 8
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1 310 II9L

1 D4 g

10 Tl

RESET 1

10 11

RESET?

D1

23 1 15 A 2 t
22 2 — I t A22
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20 t 12 A ie

E l 5 11 A17
19 6 — 1 0 AI 9
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10 6 [2 2
11 — S [2 0

13 t [18
I t — 3 [17
15 — 2 [19
16 1 [21

DONEI 4 J2A6 1

Dwn
4 J2C6 I

FIG. THE INTERFACE CIRCUIT 

FOR THE SPEED AND 
TORQUE ANGLE TRANSDUCERS

A 1  : 7 4 1 8 2 4 0  ; B U P P E R
A 2 , B 1 , B 2 , C 1  : 7 4 1 8 2 4 1  ; B U P P E R 8
B 3  : 7 4 1 8 1 3 8  ; A B D R E 8S D E C O D E R
D 2 , D 3 , D 4  : 7 4 1 8 1 2 1  ; F O R  G E N E R A T I R C  C 0 Ï Ï T R 0 1  S I G N A I
0 4  : 7 4 1 8 3 7 4  ; S T O R A G E  B U F F E R
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START ^

YES

HAS
THE MICRO- ^  

COMPUTER FINISHED 
s. COLLECTING 

mTA

CREATE A DATA FILE

RESET AND START THE 
MICRO-COMPUTER

DATA SORTING 
ROUTINE

ACCEPT THE DATA FROM 
THE MICRO-COMPUTER

TRANSFER THE SAMPLE 
RATE TO THE MICRO

COMPUTER

NUMBER CF DATA TO BE 
COLLECTED?

REQUIRED SAMPLE RATE?

FIG. 4.14 FLOW CHART FOR THE MINI-COMPUTER 
COLLECTING REMOTE DATA



^  START ^

YES

^  HAS^ 
ENOUGH 

DATA BEEN 
COLLEXr

ASSIGNED THE P.R.T.C 
WITH INTR. LEVEL 4

RESET AND STARTED 
BY THE MINI-COMPUTER

START THE P.R.T.C. & 
THE SPEED AND TORQUE 
ANGLE TRANSDUCERS

ASSIGNED THE SPEED & 
TORQUE ANGLE TRANSDUCERS 
WITH INTR. LEVEL 5

INITIALISE THE l/'B 
DATA TRANSFER RODTINE 
TO OBTAIN THE SAMPIE 

RATE

BRANCH TO C/P DATA 
TRANSFER ROUTINE 
(TRANSFER DATA TO THE 

MINI-COMPUTER)
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P.R.T.C. PROGRAMMABLE 
REAL TIME CLOCK

INTR. DRIVEN 
ROUTINES

DATA COLLECTION 
ROUTINE CONSISTS CF 
TWO INTR. ROUTINE : 
4 AND 5

FIG. 4.15a THE MAIN HÎOGRAM FOR COLLECTING 
ELECTRICAL TRANSIENTS CF THE LSM
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INTR. ROUTINE 5

YES

RETURN TO THE 
miN PROGRAM

FIRST COUNTER 
^  ACTIVE ^

2nd COUNTER 
ACTIVE

TERMINATE THE INTR 
ROUTINE 5

COLLECT THE SPEED 
AND TORQUE ANGLE 
FROM 2nd COUNTER 
AND BUFFER

COLLECT THE SPEED AND 
TORQUE ANGLE FROM 1st 
COUNTER AND BUFFER

FIG. 4.13b FLOW CHART CF THE INTR. ROUTINE 5 FOR 
COLLECTING ELECTRICAL TRANSIENTS



INTR. ROUTINE 4

YES '

NO

YES

RETURN TO THE 
MAIN PROGRAM

^ D O E S \
THE

CONVERSION
v^FINISH^

/  HAS 
THE SPECIFIED 
NUMGER OF DATA 

BEEN 
V. COLLECTE]^

TERMINATE THE INTR 
ROUTINE 4

COLLECT THE DATA FROM 
ALL ADCs

START THE CONVERSION 
CF ALL ADCs

INHIBTT INTR. ROUTINE 
4 & 5 TO STOP ANY 
FURTHER INTERRUPT

LOAD THE SEVEN PARA
METERS INTO STORAGE 
BUFFER IN A TWO 
DIMENSIONED MATRIX 
______FORM
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FIG. 4.15c FLOW CHART CF THE INTR. ROUTINE 4 FOR 
COLLECTING ELECTRICAL TRANSIENTS
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^START^

RESET AND STARTED BY 
THE MINI-GOMPUTER

ASSIGNED THE P.R.T.C. 
WITH INTR. LEVEL 4
_________ Jî__________ASSIGNED THE SPEED AND 
TCRQUE ANGLE TRANSDUCER 
WITH INTR. LEVEL 5

-   i  . . . - —INITIALISE THE l/P 
DATA TRANSFER ROUTINE 
TO OBTAIN SAMPLE RATE, 
AND SUBSAWLE RATE
 ^ __________
START THE P.R.T.C. AND 
ALL THE PERIPHERALS

INTR. DRIVEN ROUTINES

INTR. ROUTINE 
5 (FIG. 3.16c)

r INTR. 
ROUTINE 4 
(FIG. 3.16b)

IS
O/P BUFFER 1 
FILL UP WITH 
IK DATA OUTPUT 

TRANSFER 
ROUTINE 
(FIG. 3.l6d)

DOES 
THE OUTPUT 
TRANSFER CF 
BUFFER 2 
ACTIV

O/P BUFFER 1 = c/p BUFFER 2 
O/P BUFFER 2 = CyP BUFFER 1

1
1

C/P BUFFER 1 = q/P BUFFER 1 
Cy P BUFFER 2 * CyP BUFFER 2i

i
INITIALISE THE O/P TRANSFER 
ROUTINE (INTR. LEVEL 11) 1 LOAD AN ERROR MESSAGE TO 

THE LAST WORD CF c/P
vL 1 BUFFER 2

L SORTING ROUTINE
L

RESCUE ROUTINE
J

FIG. 4.l6a THE MAIN PROGRAM FOR COLLECTING MECHANICAL
TRANSIENTS
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(iNTR. LEVEL 4)
T

START THE CONVERSION 
CF ALL ADCs

DOES 
THE 

CONVERSION 
INISH

COLLECT THE DATA 
FROM ALL ADCsI
CALCULATE THE 
AVERAGE VALUE
CF ALL PARAMETERS

LOAD THE AVERAGE 
VALUE INTO THE STORAGE 

BUFFER

RESET THE GAL. COUNTER
___________

INCREMENT SUBSAMPLE 
_______ COUNTER________

IS 
SUBSAMP 
COUNTER 
PRESET 
VALUE

RESET THE SUBSAMPLE 
COUNTER

LOAD THE AVERAGE / RMS 
VALUE FROM STORAGE 
BUFFER TO C/P BUFFER 1

LOAD THE SPEED AND 
TCRQUE ANGLE VALUE 
FROM THEIR STORAGE 
BUFFER TO C/P BUFFER 1

TERMINATE THE INTR. 
ROUTINE 4

RETURN TO MAIN 
PROGRAM

FIG. 4.l6b INTR. ROUTINE 4 FOR COLLECTING
MECHANICAL TRANSIENTS
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( i m . ROUTINE 5 )

NO

YES

RETURN TO THE MAIN 
PROGRAM

IS \  
FIRST 

SPEED COUNTER 
\  ACTIVE

CAL. COUNTER

2nd SPEED COUNTER 
ACTIVE

LOAD THE SPEED AND TORQUE 
ANGLE VALUE TO THEIR 
STORAGE BUFFER

CALCULATE THE 
CORRESPONDING SPEED 
AND TORQUE ANGLE VALUE

COLLECT THE SPEED AND 
TORQUE ANGLE DATA 

FROM 2nd COUNTER AND 
BUFFER

COLLECT THE SPEED AND 
TORQUE ANGLE DATA 
FROM 1st COUNTER AND 

BUFFER

FIG. 4.l6c INTR. ROUTINE 5 FOR COLLECTING
MECHANICAL TRANSIENTS
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INTR. LEVEL 11

OUTPUT TRANSFER 
ROUTINE

NO

YES

RETURN TO THE M/̂ IN 
PROGRAM

DOEŜ v.
THE

CHECKSUM = IK

INCREMENT THE MEMORY 
LOCATION BY 2

TERMINATE THE C/P 
TRANSFER ROUTINE

FETCH THE FIRST MEMORY 
LOCATION OF THE O/P 

BUFFER 2

OUTPUT THE CONTENT OF 
O/P BUFFER 2 IN DESENDING 
ORDER, ONE DATAWORD 

EACH TIME

FIG. 4.l6d OUTPUT TRANSFER ROUTINE FOR COLLECTING
MECHANICAL TRANSIENTS
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REF.
SIGNAI

S, ON (LOAD CURRENT FLOWS THROUGH S )

UPPER BOUNDARY

£;SLITWIDTH
LOWER BOUNDARY

S. OFF (load current FLOWS THROUGH D̂  )

FIG. 5.2 THE LOAD CURRENT OF THE CHOPPER WITH A WIDE SLITWITH
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1 10 1000100
COLLECTOR TO EMITTER VOLTAGE ) ( VOLTS)

F IG . 3.U S.O.A.R.  OF *,T5212 (DRIVER TRA.NSISTOR)
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1
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T R A N S I E N T
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V O L T A G E  
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A N D  C A T H O D E  
CF A  D I O D E

R

F P
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2 1 2

TRANSISTOR WT5603 MAXIMUM FORWARD AND REVERSE BIAS SWITCHING PERIIHERY Base temperature 125 C

SWITCHING PERIPHERY

10 100 400 1000
COLLEGTCR TO EMITTER VOLTAGE (V̂ )̂ VOLTS

FIG. 3.6 S.O.A.R. CF TRANSISTOR WT3603
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r n
NON-
INDUCTIVE
CAPACITOR

SUPPLY
LINEDRIVER

TRANSISTOR
OUTPUT
TRANSISTOR

D.C. SUPPLY

SUPPLY 
I LINE

MOUNTED ON A 
COMMON HEATSINK

 I
FREEWHEEL
DIODE

CURRENT
SHUNT

NOTE : SOLID THICK LINE SUBJECTED TO A d^/d^ ,THEY DEVELOPE 
AN INDUCED VOLTAGE e- l(d^/d^)
BROKEN LINE NOT SUBJECTED TO A d./d^

THE NON-INDUCTIVE CAPACITOR IS USED TO CAPTURE AND 
FILTER THE TRANSIENT VOLTAGE INDUCED ACROSS THE 
POWER SUPPLY LINES

FIG. 5,7 A CONNECTING SCHEME FOR REDUCING THE TRANSIENT 
VOLTAGE ACROSS THE OUTPUT TRANSISTOR
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w m a m Ê M

FIG . 5.10
THE POWER TRANSISTOR DURING 
TURN-OFF
CE 5OV/DIV 

5A /DIV
TIME BASE : O.Iu S/DIV

N.B. RESISTIVE LOAD

I mma

FIG. 5.11
THE POWER TRANSISTOR DURING 
TURN-ON
CE 60V/DIV

2A/DIV
TIME BASE : O.luS/DIV

N.B. INDUCTIVE LOAD 
200mH, O.un

i

FIG. 5.12
THE POWER TRANSISTOR DURING 
TURN-OFF
CE 5OV/DIV

2A/DIV
TIME BASE : 0.2u S/DIV

N.B. INDUCTIVE LOAD 
200mH, 0.4T1
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wars I MOT TO scale

n m u

EN(CONTROLSIGNAL)
l>ia

i7p«en

LOADSIGNAL

COUNTERCLEARSIGNAL

COUNTER
c/p

DAC
OÜTPUT

50na

FIG..5.22 THE TIMING DIAGRAM CF THE ASYMCHROKOUB DATA RECEIVER



227

<

R H Oo
X  99 

68 
77 
66 
55

i «
ï  33 

22 
n  
0

g
Rco

50 100 150 200 250
TIME ( ms )

-1 1 0  
s 99 

: 88 
-  77I
g  55

a 33 
^  22 

11 
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FIG. 5.23 THE STEP RESPONE CF THE FIELD CURRENT
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STATIC
SWITCH<

INDUCTIVE
LOAD

FLYWHEEL 
/ \  DIODE

FIG. 5.25 THE SUGGESTED CHOPPER CONFIGURATION
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2 3 2

POWER POWERSUPPLY SUPPLY
♦Vcc

BASEDRIVEUNIT
CONTROLL & PROTECTION LOGIC CIRCUITSSHUNT

DRIVE

POWER

REFERENCESIGNAL

FIG. 6.2 THE SING IE RIASE SYSTEM

SLIT-WIDTH

<r LOAD CURRENT IN SZ ORD&

LOWERBOUNDARY

 ̂LOAD CURRENT IN 81 ORDl ̂

FIG. 6.3 THE DIAGRAM ILLUSTRATING THE PRINCIPLE CF SLITWIDIH MCDUIATION
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1)2

L O A D  2LOAD 1

CONTROLLERCONTROLLER

TWO PHASE 
OSCILLATOR

D4

D3

-V,Cc
F I G .  6.7 T H E  T H R E E - P H A S E  S Y S T E M  ‘

“ jS H s s r
r i ' l M T r  .

s8IBB&

I^ CONTROLLED

Ig CONTROLLED

* -(I} + I2)
UNCONTROLLED

FIG. 6.8 THE OUTPUT CURRENT OF THE THREE-PHASE INVERTER 
WHEN A WIDE SLIT-WIDTH IS USED
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cc U- 1

+
T — : 4 7 > iF (—  ---------.

470X2 1 1 /

COMPONENTS INSIDE 
TOE DOTTED LINE 
WERE MOUNTED ON 
TOE SAME HEAT SINK
n

T
NOTE *- CAPACITORS MARKED ARE CF THE NON-INDUCTIVE TYPE

THICK SOLID LINES ( — ) ARE 80A, ROUND CABLE, AND 
THEY ARE MADE SHORT TO ELIMINATE PARASITIC INDUCTANCE

FIG. 6.9



2 3 8

BnSBm
s

FIG. 6.10 THE POWER TRANSIDTOR SI BURNING TURN-CFF 
Vgg : 20V/DIV

Ig % 4A/DIV

TIME BASE % 0.5>is/DIV 
INDUCTIVE LC^ : lOOmH , 0.211
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cc

COMPONENTS INSIDE 
DOTTED LINES ARE 
MOUNTED ON THE 
SAME HEAT SINK

SI

D1

_ JOV
D2

@ p—

S2

cc

NOTE. CAPACITORS MARKED ARE CF THE NON-INDUCTIVE TYPE
—  t h i c k SOLID LINES INDICATE CONNECTIONS TO BE MADE 
AS SHORT AS POSSIBLE AND FIATSTRAPS ARE USED IF POSSIBLE

FIG. 6.11
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I
mm

FIG. 6.12
THE PCWER TRANSISTOR SI 
BURNING TURN-CFF
Vçg : 20V/DIV

Ig : 4a/DIV
TIME m SE : 0.2^/DIV
INDUCTIVE LCAD : lOOraH

0.2n

I

FIG. 6.13
THE POWER TRANSISTOR SI 
BURNING TURN-CFF
Vgg % 50V/DIV

E 4 a / d i v

TIME BASE : 0.1;is/DIV
INDUCTIVE LOAD : lOOmH

o.2n
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+Vcc

HO

LOAD

S2

-Vcc

FIG. 6.14 GAIACrrORS (C) USED TO REDUCE THE TRANSIENT VOLTAGE
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il

FIG. 6.15 THE POWER TRANSISTOR, SI BURNING TURN-CFF 
Vgg I 50V/DIV

V^CAP ' WDIV
TIME BASE : 1;is/DIV
INDUCTIVE LOAD : lOOmH , 0.211
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r  r  120 121inT ÛT0 1 Cf 179 «0 «1 r ,  « r /1  r  ,  * 1 /9  * * 0Mrr♦ 120 «121 ► 179 * * 0

180 CLOCK COUNT

100
COUNTER 
RESET 9

120
DECODER 
RESET 12?

■180 CLOCK COUNT

r
180 CIOCK COUNT-

EXPANDED
CLOCK

FI G. 6.16Q

RESET f I r

-Ve

120 CLOCK 
COUNT

FIG, 6.18c

FIG. 5.18 THE TIMING DIAGRAM FOR THE DIGITAL SI NE WAVE GENERATOR
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FIG. 6.23
THE 3 PHASE CURRENTS 
GENERATED BY THE INVERTER
SUPPLY VOLTAGE » + l80V
TIME EASE : 2ms/DIV
CURRENT : 2A/DIV
INDUCTIVE LCAD i 30mH,

0.2a

FIG. 6.24
THE REFERENCE SIGNAL AND 
ÜHE PHASE CURRENT
SUPPLY VOLTAGE = + 180V
TIME BASE : 2ms/DIV
CURRENT : 2A/SIV
INDUCTIVE LOAD : 50mH,

o.2a
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FIG. 6.25 THE VARIATION CF THE SPEED AND THE TORQUE 
ANGLE DUE TO A STEP CHANGE IN APPLIED LCAD
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SYNCHRONOUS 
m CHINE

REFERENCE
FIELD & 
ARmTURE 
in * in, f *

A SHAFT POSITION 
SENSOR IS 
MOUNTED ON THE 
SYNCHRONOUS 
MACHINE

360

SHAFT
POSITION
SENSOR
OUTPUT
(DEGREES)

JT0 ROTOR OP
POSITION

TRANSFORME
OUTPUT
(VOLTS)

ROTOR
POSITION

2JT

FIG. 7.3 THE DIAGRAM ILLUSTRATING THE RELATION BETWEEN 
THE ROTOR POSITION OF THE SYNCHRONOUS MACHINE 
AND THE OUTPUT CF THE SHAFT POSITION SENSOR
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CARRIER

REVERSED
m s E

SAME
PHASE

Vout

NARROW
PUI5E

DEMODULATED 
OUTPUT --

FIG. 7.8
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0° FEEDBACK 120° FEEDBACK 2̂ 0* 269
SIGNALSIGNALSIGNAL

REFERENCE
SIGNAL

COMPARATOR 
1 O/P

COMPARATOR 
2 O/P

COMPARATOR 
3 O/P

COUNTER
CONTROL
SIGNAL

COUNTER
CONTROL
SIGNAL
(EXPANDED)
COUNTER
INHIBIT
SIGNAL

100ns
DEIAY
CIRCUIT
q/p

COUNTER
CLEAR
SIGNAL

400ns

100ns

200ns

FIG. 7,16 THE TIMING DIAGRAM FOR THE SYNCHRO SPEED CONVERTER
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INTR ROUTINE 
(FOR OBTAINING 
THE SPEED SIGNAL)

RETURN TO THE 
CURRENT PROGRAM

CONVERT THE SUM INTO 
SPEED SIGNAL

SHIFT THE FILO BUFFER 
BY 1 PUCE

LOAD THE COLLECTED DATA 
INTO FILO BUFFER

CALCULATE THE SUM CF 
THE CONTENTS CF THE 

FILO BUFFER

COLLECT THE UTA FROM 
THE SYNCHRO SPEED 

CONVERTER

FIG. 7.17 FLOW CHART FOR CONVERTING THE SYNCHRO 
SPEED CONVERTER OUTPUT TO SPEED SIGNAL
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465 
372 
279 

_  186 
a 93
^ 0o
X -93

-186 -
1-279

-372
-465
-558

800 1000
TIME ( X 0.1s )

^1140
1 950
S 760 
o 570
2  380 
a 190

0 200 600413 800 1000
TIME ( X 0.1s )

NOTE : WHEN THE SPEED IS LESS THAN APPROXIMATELY 9rpm, 
THE TORQUE ANGLE CANNOT BE OBTAINED

FIG. 7.19 THE SPEED AND TORQUE ANGLE CF THE LSM UNDER 
THE CONTROL CF THE CONSTANT TORQUE ANGLE 
CONTROL SYSTEM
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182
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TIME ( s )

160 200
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FIG. 7.20 THE SPEED CF THE LSM WHEN IT IS SUBJECTED 
TO A STEP CHANGE IN LOAD
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NOTE : AIR GAP = 3mm
TORQUE ANGLE AT 90'

VO

r—I

CVJ

O

CO

VO

4.00.5 1.0 1.3
ARMATURE CURRENT (RMS)

2.3 3.00 3.52.0

MAX.
RATING

FIG. 8.1 THE THRUST FORCE DEVELOPED AT A TORQUE ANGLE 
CF 90°
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CVJ
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I—I

CM NOTE : AIR GAP » 3mm
TORQUE ANGLE 
AT 90

FIG. 8.2 THE NORMAL
FORCE CF THE 
LSM AT A TORQUE 
ANGLE CF 90°

CHOSEN OPERATING 
" POINT

FIELD CURRENT ( A )
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NO HAS ^  
ENOUGH 

DATA BEEN 
.COLLECTED

ASSIGNED THE P.R.T.C 
WITH INTR. LEVEL 4

START THE P.R.T.C. AND 
THE SPEED COUNTER

RESET AND STARTED BY 
THE MINI-COMPUTER

INITIALISE THE l/P DATA 
TRANSFER RCOTINE TO 
OBTAIN THE SAMPLE PERIOD 
AND THE DEMANDED SPEED

BRANCH TO C/P DATA 
TRANSFER ROUTINE 
(TRANSFER DATA TO MINI- 
_____ COMPUTER)_______

INTR. DRIVEN ROUTINES

•INTR. ROUTINE 4* 
& 'INTR. ROUTINE 2*

NOTE : INTR. ROUTINE 2 IS FOR
COLLECTING THE SPEED SIGNAL 
FROM THE SPEED CONVERTER 
AND IS SHOWN IN FIG. 7.17

PIG. 8.6 THE miN PROGRAM FOR IMPLEMENTING 
THE IHOPORTIQNAL CONTROLLER
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( INTR. ROUTINE 4 )

YESNO

RETURN TO THE MMN  
PROGRAM

FEEDBACK. DEMAND] 
SIGNAL SPEED^

ERROR IS -ve

GAIN

ERROR IS +ve

GAIN » ERROR y K

COLLECT THE RELEVANT 
_________DATA_______

COLLECT THE FEEDBACK 
SPEED SIGNAL FROM THE 
SPEED BUFFER

LOAD THE GAIN TO THE 
ARMATURE CURRENT 

CONTROLLER

ERROR “ DEMANDED 
SPEED - 
FEEDBACK 
SIGNAL

FIG. 8,7 FLOW CHART CF THE 'INTR. ROOTINE 4' 
FOR THE PROPORTIONAL CONTROLLER
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120
TIME ( X 0.1s )

120
TIME ( X 0.1s )

NOTE % lEMANDED SPEED - 30rpm
PROPORTIONAL GAIN - 50
INTEGRATING GAIN » 50
DISTURBANCE = -30N

FIG. 8.14 THE SPEED RESPŒSE AND THE ARMATURE CURRENT
CF THE ISM
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340 
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I 272 
d 238 
X 204 
p 170 
I 136 
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68 
34 
0

120
TIME ( X 0.1s )

@ 160

48 72 96
TIME ( X 0.1s )

NOTE : DEMANDED SPEED - 30rpm
PROPORTICaiAL GAIN » 50
INTEGRATING GAIN = 33
DISTURBANCE = -30N

FIG. 8.15 THE SPEED RESPONSE AND THE ARMATURE
CURRENT CF THE ISM
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g 400 ■»
x360
X320
|280
""240
200 •

S160
H 120
80
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TIME ( X 0.1s )

48 72 96
TIME ( X O.Xs )
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NOTE : DEMANDED SPEED = 30rpm 
PROPORTIONAL GAIN= 33 
INTEGRATING GAIN = 33 
DISTURBANCE = -30N

FIG. 8.16 THE SPEED RESPONSE AND THE ARMATURE
CURRENT OF THE LSM
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( ;INTR. ROUTINE 4

BRANCH TO FIELD 
CURRENT CALCULATION 

ROUTINE ( 'FIELD AVE. * )

FIG. 8.17a FLOW CHART FOR
THE P-I CONTROLLER

SAMPLE COUNTER 
'SAMPLE COUNTER-1

IS
SAMPLE C 

0

LCAD THE SAMPLE COUNTER 
WITH THE ORGINAL VALUE

RETURN TO THE 
CURRENT PROGRAM

BRANCH TO RAMP GENERATOR
ROUTINE C ramp*)

0/P>30rpm

SPEED FEEDBACK 
SIGNAL - SYNCHRO 
SPEED CONVERTER C/P

FEEDBACK DEMANDED 
SIGNAL ^  SPEED

(SPDEM)

ERROR IS +ve

SPEED FEEDBACK 
SIGNAL - TACHOGENERATOR 

OUTPUT

YES

ERROR IS -ve
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ERROR - SPDEM
- FEEDBACK 

SIGNAL
>f

BRANCH TO 
SUBROUT]

•BOUND'
CNE
>f

GAIN - ERROR X K^

>f
BRANCH TO INTEGRAL 
CALCUIATIQN ROUTINE 

'INTER'

ERROR « FEEDBACK 
SIGNAL 
- SPDEM

BRANCH TO 'BOUND' 
SUBROUTINE

GAIN = ERROR X K

BRANCH TO INTEGRAL 
CALCUIATIQN ROUTINE 

'INTER'

INEW

lOUD - INEW + lOID

ISIOLD> IMAX — >

lOLD - IMAX
I

P -I cy P lOID + GAIN

FIG. 8.17b FLOW CHART FOR THE P-I CONTROLLER
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,YES

YESIS

NO

RETURN TO THE 
CURRENT PROGRAM

PLAG

P-I 0/P>0

INVERT THE PHASE CF THE 
ARMATURE SUPPLY CURRENT

CONSTANT

LOAD THE P-I C/V TO 
THE ARMATURE CURRENT 

GOWTRQLTJgR______

BRANCH TO THE FIELD 
CURRENT COMPENSATION 
ROUTINE ("COMPEN")

REVERSE MOTORING MODE 
OR FORWARD RE- 
GENERATIVE BRAKING MODE

FORWARD MOTORING MODE 
OR REVERSE RE
GENERATIVE BRAKING MODE

FIG. 8.17c FLOW CHART FOR THE P-I CONTROLLER
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SUBROUTINE 'INTR

RETURN TO THE 
CURRENT PROGRAM

ERROR X SAMPLE
PERIOD (IN )}s)

1000

INTEGRATOR
OUTPUT 1000

FIG. 8.18 PLOW CHART FOR THE SUBROUTINE 'INTR'
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SUBROUTINE 'BOUND

YES NO

NO NOFLAG FLAG

YES YES

RETURN TO THE 
CURRENT PROGRAM

FLAG FLAG - 1

LIMITER LIMITER LIMITER » LIMITER
X CONSTANT

ERROR = ERROR

lOID CONSTANT
lOLD

ERROR » ERROR
X CONSTANT

lOLD * lOLD
X CONSTANT

FIG. 8.19 FLOW CHART FOR THE SUBROUTINE "BOUND"
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^ROUTINE *RAMP*^

SPDEM  >

SPDEM>

SPDEM - SPDEM SPDEM - SPDEM
+ SPGHANGE - SPGHANGE

TASK TASKSPDEM<SPDEM >

>
YES

>
YES
f

SPDEM - TASK SPEED SPDEM - TASK SPEED

I RETURN TO THE A  
I CURRENT PROGRAM J

@ NOTE 2 SPGHANGE » THE RATE CF CHANGE IN SPEED
X ONE SAMPLE PERIOD

FIG. 8.20 FLOW CHART FOR THE ROUTINE 'RAMP'
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ROUTINE •FIELD AVE

NOAVE COUNTER = 0

YES

RETURN TO THE 
CURRENT PROGRAM

COLLECT THE FIELD CURRENT

AVE COUNTER = AVE COUNTER

LCAD THE AVE COUNTER 
WITH THE ORGINAL VALUE

LOAD THE FIELD CURRENT 
AVERAGE VALUE INTO 

OUTPUT BUFFER

CALCULATE THE RUNNING 
AVERAGE VALUE CF THE 

FIELD CURRENT

FIG. 8.23 FLOW CHART FOR THE ROTTINE •FIELD AVE^
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ROUTINE •GOMPEN

YES

RETURN TO THE 
CURRENT PROGRAM

P-I C/P « IMAX

P-I C/P » P-I C/P X A DIGITAL 
VALUE EQUIVALENT TO 
4A CF THE FIELD 
CURRENT

P-I O/P VALUE CP THE
FIELD CURRENT FROM 
THE OUTPUT CF THE 
ROUTINE 'FIELD AVE

P-I o/p

FIG. 8.24 FLOW CHART FOR THE ROUTINE 'COMPEN
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FORWARD
MOTORING

60 120 180 240 300
TIME ( X 0.1s )

REVERSE 
^  REGENERATIVE 

BRAKING
NOTE : THE DEMANDED SPEED

CHANGES FROM -lOOrpm 
TO +100rpm AT t

FORWARD 
^  REGENERATIVE 

BRAKING

%-42

NOTE : THE DEMANDED SPEED
CHANGES FROM +100rpm 
TO -lOOrpm AT t

180 240 300
TIME ( X 0.1s )

REVERSE
MOTORING'

NOTE ; P-I CONTROLLER IS EMPLOYED
Kp - 33 
Kj - 33

SAMPLE PERIOD = 20ms 
DISTURBANCE = -30N

FIG. 8.25 THE SPEED RESPONSE CF THE LSM WHEN A STEP
CHANGE IN DEMANDED SPEED IS APPLIED
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200
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TIME ( X O.lB )
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FIG. 8.28 THE GRAPHS ILLUSTRATING THE EFFECT OF THE 
DISTURBANCE TO THE SPEED (F THE ISM
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NOTE : THE DEMANDED SPEED CHANGES 
FROM Orpm TO 80rpm AT
DISTURBANCE « ON

80 120 160
TIME ( X 0.1s )

200
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198

-176
Il54
5132
ZllO
I 88Piw 66 
44 
22 
0

NOTE : THE DEMANDED SPEED CHANGES 
FROM 22rpm TO llrpm AT t
DISTURBANCE » ON

0 1, 20016080 12040
TIME ( X 0.1s )

FIG. 8.29 THE SPEED RESPŒSE CF THE LSM
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FIG. 9.4
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START

NO

YES

END

^  THE 
CONTENT CF THE TWO 
STATUS REGISTER ̂

COLIEGTS THE DATA 
FROM TORQUE ADC

START THE ISOIATICN 
ADCS CONVERSION

COLLECTS THE DATA 
FROM THE FOUR 
ISOIATIQN ADCS

FIG.A5.1 FLOW CHART FOR CONTROLLERING THE 
ISOIATION AND TORQUE ADCS
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V, sin W_t sin 6Vout

ARMATURE
WINDING

CARRIER
V sin W t

ROTOR
WINDING

Vout, Vout

FIG. A9.1 A SYNCHRO USED AS A POSITION TRANSDUCER


