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ABSTRACT

The thesis is concerned with a class of variable-speed
motor drive system, in which a synchronous motor is
operated in the autopiloted mode from a voltage-source
inverter, A system comprising a permanent magnet square-
wave synchronous motor, a transistor inverter, a
microprocessor controller and an optical fibre shaft-
position detector was designed, built and tested.

A simple sinusoidal analysis to predict the performance
of a synchronous motor operated in voltage-forced mode is
given. The experimental test equipment used to confirm the
general nature of the predictions is described and the
results presented. The logic circuits that the micropro-
cessor later replaced are explained.

The motor design is unusual. The stator has seven
phases and generates a quasi-square back-emf to match the
inverter voltage waveform. A designed rotor speed of 30000
rpm results in a high power-to-weight ratio. The square-
wave rotor flux is generated by polymer bonded samarium
cobalt magnets encased in a carbon fibre cylinder.

The inverter uses MOSFET transistors and the seven
Phases are independently controllable. The phase rating is
60 volts at 7 amperes giving a total continuous rating of
3kW at frequencies from d.c. to at least 1.5kHz.

The controller uses the 16 bit Texas 9900 micropro-
cessor to keep the motor synchronised. Software was
developed to implement two synchronising strategies using
either interrupts or a counter sampled by the microprocessor.
Control commands are entered via a purpose built keypad.

A digital tachometer was developed to provide speed data
to the controller.

The system was tested under steady state conditions
and the performance characteristics and waveforms are
illustrated by experimental curves and photographs, and
are compared with predictions.

It is concluded that most of the system's design
features have potential for use on autopiloted synchronous
motor drives of various rated powers, and in particular
the performance of the square-wave motor is sufficiently
promising to warrant further investigation. It is also
concluded that a microprocessor can successfully replace
hardwired logic in inverter controllers.
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CHAPTER 1

INTRODUCTION

An extensive variety of electric motor drives are used
in industrial, commercial, and domestic applications through-
out the world. A simple way of classifying the many types
of drives is to separate them into either a "controlled
drives" category or a "fixed speed drives" category.

The "controlled drives" category covers many forms of
drive. Drives within this category can regulate one or
more variables such as speed, torque, or output power. The
most common controlled drive is based on the d.c. motor
with variable armature volts. Unfortunately, the fact that
d.c. motors operate by virtue of the electro-mechanical
commutator is a major source of unreliability. In practice
d.c. motors require regular maintenance to ensure trouble
free commutation. In addition, the sparking associated
with the action of a commutator makes a d.c. motor drive
unsuitable for use in certain industrial locations, since
the sparks can cause radio interference or ignite flammable
gases.

The requirement from industry for reliable, low-main-
tenance, controlled drives has therefore led to consider-
able work in recent years on various "brushless" controlled
drive systems. These controlled drives can be classified
into two main types. The firsf type achieves the desired
controlled performance by virtue of the machine design.
Drives of this type include the spherical motor, pole-
changing induction and synchronous motors, and induction
motors fed from a fixed frequency wvariable voltage supply.
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The second type of controlled drive achieves the desired
performance, by a combination of a machine and (nowadays)
power electronics. Typical examples of such systems in-
clude: slip energy recovery on induction motors; fixed
frequency, variable voltage thyristor/triac sﬁpplies for
induction motors; open loop connection of cycloconverters
to induction or synchronous motors; open loop connection

of d.c. link inverters to induction or synchronous motors;
switched reluctance/stepper motors fed from unipolar swit-
ching inverters; brushless d.c. autopiloted synchronous
motors (that is, the closed loop combination of an inverter
with a synchronous motor). All of the example systems
listed above are employed to varying degrees in present day
industrial and consumer drive products.

The fixed-speed drives category is dominated by the
standard mains-fed induction motor but d.c., hysteresis,
reluctance, and synchronous motors are used (and a.c. com-
mutator motors to some extent). A brushless inverter-fed
system can be used to advantage, when the fixed speed re-
quired is greater than that which an induction motor can
provide when supplied from the mains. For example, the
textile industry and special applications including aero-
space projects or centrifuges require high, fixed operating
speeds.

This thesis is concerned with work on controlled drives
of the brushless d.c. autopiloted synchronous motor type.
In essence, a brushless d.c. drive comprises four units: a
motor; a power supply:; a power converter (such as a voltage
source inverter); and a rotor position sensor. The motor
is of a synchronous type with the "armature" winding carried
on the stator. A permanent magnet or wound field coil is
mounted on the rotor to provide the working flux. The
stator windings are energised by the power converter, which
is itself contrqlled by the rotor position sensor. The
motor torque arises from the misalignment of the stator and

rotor magnetic axes, and the rotor position sensor ensures
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that the torque angle remains essentially constant as the
rotor turns. Hence continuous unidirectional torque is
generated by the synchronous motor, no matter what speed
the system is running at.

Typical papers which have dealt with "small" (low
power) brushless d.c. drives are those by Williamson et al
(1.1), Russell et al (1.2), Persson (1.3, 1.4), and Ashen
et al (1.5). The same principles are employed with larger
power brushless d.c. drives, and typical papers for such
drives are those by Feltbower et al (1.6) and Schauder et
al (1.7). There are numerous publications in the technical
press, covering work performed in Canada, the U.S.A., France,
Germany, and Japan, on converter fed synchronous motor
drives with position sensor control. Excellent sources for
information on recent work are conference proceedings such
as: 1981 IEEE Industry Applications (1.8); 1979 IEE Elec-
trical Variable-Speed Drives (1.9); 1980 Athens Conference
on Electrical Machines (1.10); and the 1980 Conumel Confer-
ence (1.11). The main topics covered by the papers presen-
ted in these proceedings are typically:

(a) the circuit analysis of motor/converter systems,
with many papers concentrating on thyristor
converters;

(b) the analysis of the operating modes of brushless
d.c. systems using phasor diagrams, loci, and
operating charts, to predict the performance for
variable frequency operation with, for example,
fixed load angle:

(c) the determination of the effect of motor design
on performance (for example, rotor dampers, quad-
rature axis field excitation, and induced field
excitation), and the operating limits of the
motor taking into account possibilities such as
flux boosting:;
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(d) accounts of drives developed for special purposes
(for example, high torque, low speed servo drives):

(e) unusual converter designs with descriptions of
commutation techniques, natural commutation
limits, use of transistors, and details of inver-
ter control strategies (for example, pulse width
modulation) ;

(f£) the use of microprocessors in drive systems.

The object of the project described in this thesis was
to design, build, test and assess an inverter fed synchro-
nous motor system, capable of high speed operation with a
power output of between one to five kilowatts. A synchro-
nous motor was chosen in preference to an induction motor
for several reasons including:

(a) smaller stator I2R loss due to absence of magnet-
ising current;

(b) no magnetising VA requirement from the feed

system;

(e¢) in the case of motors with permanent magnet ex-
citation, no rotor excitation losses/heating:;

(d) unity or leading power factor operation possible,
allowing reduced feed VA per output power;

(e) natural commutation conditions can occur over
parts of the operating range;

(£) if desired, 90° torque angle operation can be
maintained with autopiloted synchronous motor
drives. This enables a larger torque per stator
current and total flux to be obtained than with
induction motor drives, where the torque angle
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for maximum torque per stator-amp2 is approxi-
mately 45°,

In small machines the per-unit magnetising current
levels can be appreciable, and so items a, b, and ¢ listed
above are of considerable significance. Against the advan-
tages of synchronous motors must be set the synchronous
motor's lower level of robustness, greater cost, and, for
permanent magnet synchronous motors, reduced operating
flexibility caused by the lack of field control capability.
However, these disadvantages were not of sufficient con-
sequence to prevent the use of a synchronous motor in the
project work.

A high maximum operating speed of 30000 rpm was en-
visaged for the project synchronous motor in an attempt to
achieve a good power to weight ratio for the system. The
large number of components making up a typical brushless
d.c. motor system tend to make it relatively expensive,
and so an improved power to weight ratio is an important
benefit which can in some applications be sufficient to
justify the system cost. A motor speed of 30000 rpm is not
directly usable in many applications, but advances in gear-
box lifetimes and efficiencies in recent years have made
it practicable and worthwhile to gear down the motor speed
to the required magnitude. The most* common example of the
use of high speed machines to achieve good power to weight
ratios is in the aircraft industry, where 400Hz generators
and motors are used (2 pole 400Hz machines rotating at
24000 rpm). As the cost, reliability, and noise of high
speed drives improve, it is likely that high speed versions
of load equipment (such as pumps, fans, and drills) will
emerge into the market. The choice of a high motor speed
does increase several problems that are not generally of
great concern at standard motor speeds. Any machine ro-
tating at high speed is a potential moise source, and the
noise produced at a motor speed of 30000 rpm could be un-
acceptable in some applications. Nevertheless, noise can
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be tolerated if the power to weight or speed objectives

are paramount, whereas the mechanical problems arising at
speeds of the order of 30000 rpm have to be completely over-
come to guarantee reliable and safe motor operation. There-
fore, the rotor construction and the type of bearings used
are of great significance. Bearings capable of the desired
speed are becoming readily available; many have adequately
long working lifetimes. The rotor is subjected to very
high centrifugal forces, but a "strength-ring" feature can
be incorporated into the rotor design, and centrifugal
forces can be minimised by choosing a small rotor diameter.

A permanent magnet rotor design was chosen for the
synchronous motor in preference to a wound field design.
A wound field rotor does allow the field excitation to be
adjusted, and so enables changes in the motor's operating
characteristic to be made, but there are significant prob-
lems in transmitting power onto a rotor spinning at 30000
rpm. These problems are avoided by the choice of a perm-
anent magnet rotor. In addition, the location of the perm-
anent magnets on the rotor pole faces presents a large
effective airgap to the stator winding, with beneficial
reductions in armature reaction and phase current risetimes.

The design of the drive system is unusual owing to a
desire to assess a number of "new technology" components
and sub-systems, and to investigate an unconventional motor
construction. The features incorporated into the system
include briefly:

(a) a quasi-square wave flux distribution around the rotor
periphery which reacts with a similar quasi-square
distribution of current around the stator periphery. These
unusual distributions raise the shaft .output torque per
motor size and dissipation. More important though, from
a system design viewpoint, is the fact that quasi-square
back-emf phase voltages are obtained. -This permits good

matching to a simple quasi-square voltage source inverter,
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without the need for pulse width modulation techniques

such as are necessary with sinusoidal systems. The quasi-
square distributions were implemented via a stator winding
of larger than normal phase number (7), and a rotor con-
struction employing radially orientated permanent magnets
near to the airgap. The high harmonic content of the quasi-
square waveforms is a potential source of large losses,

but the method was judged to be worth investigation so that
the good inverter-to-motor match could be evaluated:

(b) the use of power MOSFET transistors as the switching

elements in the inverter. Little published informa-
tion was available on the use of these devices and so the
successful implementation of a MOSFET inverter is felt to
be of significance at this time:

(c¢) the use of a microprocessor (Texas Instruments TMS9900)
to perform the real time autopiloting tasks of the

drive system, and in addition permit changes in machine

load angle to be selected;

(d) a keypad control unit which permits full control over
the motor to be exercised via a simple set of keys:;

(e) a carbon fibre strength ring to retain the permanent
magnets on the rotor pole faces at the top design
speed of 30000 rpm;

(f) the use of optical fibres in the optical rotor-position
sensor unit;

(g) an accurate and fast response digital tachometer,
providing a 16 bit speed reading, with a range from
16 rpm to 65535 rpm in 1 rpm steps.

These features and the reasons for their choice are
described in detail in later chapters of this thesis.
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It should be stated at this point that the work by
McLean et al (1.12), on the performance and design of in-
duction motors with square-wave excitation, and by Enslin
et al (1.13), on the flux and current distributions in a
9 phase inverter driven induction motor, was important in
the decision to tackle a quasi-square wave synchronous
motor. The good system match that is possible with "square
wave" systems was stressed by McLean et al:

"Designing the induction motor to match the simpler
square-wave-output inverter is thought to be preferred
on grounds of cost and reliability to designing a more
complex inverter with an output to match the require-
ments of a standard induction machine.,"

One of the main conclusions of MclLean et al is that a 3
phase square-wave system using a conventional motor pro-
duces a low efficiency drive, but that increasing the number
of phases and using fully pitched coils improves the elec-
trical efficiency. A 9 phase square-wave induction motor
was found to be virtually as efficient as a 3 phase motor
fed from a sinusoidal supply.

It is interesting to note that the relative complexity
of a "square-wave" synchronous motor, when compared to a
"square-wave" induction motor, is compensated by the fact
that the square-wave distributions are more easily main-
tainable in a pole-face mounted permanent-magnet-rotor
synchronous machine than in an induction motor.

The work reported in this thesis is believed to be
novel and relevant to the future special-drive requirements
of industry. The project is thought to be one of the first
to achieve real time control of a high speed autopiloted
drive system with an interrupt rate in excess of 20000 per
second. Critics may argue that the use of a microprocessor
to perform the simple logic operations associated with
autopiloting cannot be justified, but in general such an
approach is attractive because:
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(a) the power of the software can enable significant
reductions in peripheral logic to be made;

(b) the microprocessor can be easily reprogrammed,
thus enabling changes to the system operation
to be readily implemented.

The idea behind the microprocessor part of the project
was to investigate these potential benefits., A major con-
cern at the start of the project was the speed limitation
that the microprocessor might impose on the autopiloting
operation, but suitable system design and careful choice of
software instructions can minimise this problem as explained
later in this thesis,

The main "cost" of a microprocessor based system is
usually the development man-hours needed, and this is
certainly true for the project described in this thesis.
However, the hardware and software evolved during the pro-
ject is flexible, and has potential for use (with little
modification) in a great many autopiloted synchronous mach-
ine systems, no matter what switching sequence, number of
phases, power rating, outer control loop configuration,
etcetera, may be involved.

To gain experience with an autopiloted synchronous
motor drive prior to building the rather advanced "square
wave" system, some work was performed on a small 3 phase
motor system (based on a magslip) and much of the micropro-
cessor software and interfacing was tested first on the
3 phase system. This approach minimised the number of new
pieces of technology that had to be "commissioned" at any‘
one time.

The work described in this thesis is arranged on a
topic-per-chapter basis wherever possible.

Chapter 2 deals with the sinusoidal analysis of a
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voltage forced synchronous motor operated on a variable
frequency supply, and demonstrates the effect that the load
angle setting has on the torque/speed characteristic of
such a motor when it is autopiloted.

Chapter 3 covers the basic operating principle of
autopiloted synchronous motor systems. It goes on to dis-
cuss various position detector methods, and the ways in
which an adjustable load angle can be implemented. The 3
phase motor system is described, and the test results ob-
tained from it are presented and compared with the sinus-
oidal predictions obtained using the equations developed in
Chapter 2. Chapter 3 concludes with a description of the
electronic load angle adjustment circuits that were imple-
mented on the 3 phase motor system.

Chapter 4 deals with the microprocessor system that
was developed to control either the 3 phase motor or the
7 phase square-wave motor, Comprehensive details of the
software are given and performance problems are discussed.

Chapters 5 and 6 respectively describe the design and
construction of the 7 phase MOSFET inverter and the 7 phase
"square-wave" synchronous motor. Chapter 6 also describes
the optical-fibre-based rotor position detector unit which

was designed and constructed for the 7 phase motor.

Chapter 7 discusses the problems of communicating with
a microprocessor when it is executing a real time program.
The development of the keypad unit, which enables control
instructions to be communicated to the microprocessor during
motor operation, is covered in detail.

Chapter 8 briefly explainé several standard methods
of obtaining digital speed readings, and the design and
construction of a high-accuracy digital tachometer is then
described,



Finally, Chapters 9 and 10 respectively discuss the
test results obtained from the "square-wave" motor, and
the conclusions that can be drawn from the work. Some
ideas for future work are suggested in Chapter 10.

26
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CHAPTER 2

SINEWAVE ANALYSIS OF A VARIABLE FREQUENCY VOLTAGE FORCED

AUTOPILOTED SYNCHRONOUS MOTOR

2.1 Introduction

In autopiloted synchronous motor systems, a synchro-
nous motor, fed from a variable fregquency semiconductor
inverter, is kept in synchronism at whatever speed it ro-
tates at by a shaft position sensor controlling the inver-
ter. One method of controlling speed is achieved by vary-
ing the d.c. supply voltage to the inverter. Therefore in
such a system the motor supply voltage and frequency are
actually variable and the load angle is fixed by the pos-
ition sensor; whereas in a synchronous motor system fed
from a conventional busbar the exact opposite is true,
since the voltage and frequency are fixed and the load
angle varies to suit the load conditions. The difference
in operating mode requires an extension to "standard" syn-
chronous machine analysis in order that the torque/speed
characteristics can be established.

2.2 Steady State Performance Characteristics of Voltage

Forced Autopiloted Synchronous Motors

2.2.1 Survey of Simple Analysis Methods

The analysis of multiphase synchronous motors oper-
ating on fixed frequency busbar supplies is dealt with in
many texts, including those by Say (2.1) and Matsch (2.2).
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The methods employed depend to some extent on the conven-
tions adopted by the authors. The generalised theory of
electrical machines (2.3, 2.4), in which all gquantities
are resolved along two axes, is a well known and powerful
method by which synchronous motors can be analysed. How-
ever, little analysis was done on the variable frequency
operation of synchronous motors prior to the development
of semiconductor inverters capable of producing variable
frequency voltage supplies. 1In addition, analyses for
standard fixed frequency busbar operation often ignore
stator resistance (2.1), as it is negligible in comparison
with the stator reactances for the large machines conven-
iently considered.

The increasing use of brushless d.c. motor drives, and
more particularly the use of both large and small synchro-
nous motors in such systems, has led to new analyses being
published. More importantly, the low power capability of
the early semiconductor inverters meant that only relativ-
ely small synchronous motors could be driven, and since
small motors do not have negligible stator resistance, re-
cent analyses have tended to include it. Work has been
published on the subject of sinusoidal synchronous motors
fed from variable frequency sinusoidal voltage supplies by
several authors including Ashen (2.5), Woodbury (2.6).
Seshanna (2.7), Slemon (2.8), Chalmers (2.9) and Shepherd
(2.10). The case of a sinusoidal motor fed from a quasi-
square voltage waveform has been considered by Woodbury
(2.11). These analyses employ steady state methods and are
often highly idealised. For example, Woodbury (2.6), Slemon
(2.8), Chalmers (2.9) and Shepherd (2.10) assume that the
voltage and current waveforms are sinusoidal even though
the systems they consider use quasi-square wave voltage
source inverters. 1In addition, Woodbury (2.11) assumes
that motor winding inductance is negligible since the anal-
ysis is conducted for "low motor speeds".

In order to take account of the actual inverter vol-
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tage or current waveforms and the full winding parameters,
it is necessary to extend the analyses. The state of the
voltages and currents can be analysed by a numerical time-
step method in which the instantaneous voltages and curr-
ents are calculated at suitable time intervals. The method
allows irregular supply and back-emf waveforms to be read-
ily incorporated. Alternatively, a Fourier series method
can be used to determine the stator currents resulting from
non sinusoidal applied stator voltages. Work has been
published on this method by Gumaste (2.12).

Neither of the synchronous motors discussed in this
thesis are really suitable for analysis by simple sinus-
oidal methods. The "Magslip motor" generates a sinusoidal
back-emf, and is driven by a quasi-square voltage waveform,
but it has a significant pbase inductance and so can not
be analysed by the method used by Woodbury (2.11), since
in the upper part of the speed range reactance effects are
important. The seven phase square wave motor possesses a
very low stator inductance but the square wave back-emf is
a major obstacle to any analysis based on sinusoidal ass-
umptions. However, sinusoidal analysis of the Magslip
system gives useful insight into the typical torque/speed
curves that can be expected from an autopiloted synchronous
motor. Whilst the predictions are not necessarily quan-
titatively accurate, they do give a qualitative idea of the
optimum operating conditions. The equations and predictions
of this chapter form the basis of the practical Magslip
work described in Chapter 3.

2.2.2 Relationships Between Presented Analysis and

Previously Published Analyses

Much of the work in this chapter on autopiloted vol-
tage forced synchronous motors has been dealt with to some
extent in the papers referenced in section 2.2.1 (2.5 to
2.12 inclusive)., For example, the torque/speed trends of
an autopiloted synchronous motor with its load angle set
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at values of 0°and 90° are discussed both by Ashen (2.5)
and Chalmers (2.9). However, some aspects of the work are
not covered explicitly in any published work that the author
is aware of. For example, the torque equation 2.15 for a
salient pole machine derived in section 2.3.1 is referred
to by aAshen (2.5) but he does not quote it. The derivation
of the cylindrical rotor torque equation 2.22 from the
salient pole torque equation 2.15 has not been found by

the author in any known texts. Equation 2.22 is very use-
ful as it includes the effect of stator winding resistance.
Finally, the derivation of the optimum load angle to max-
imise torgque per volt in both a cylindrical and salient
pole machine (sections 2.5 and 2.7 respectively) is bel-
ieved to be original, although Say (2.13) does consider the
rate of change of torque with respect to load angle, in
order to derive an expression for the synchronising torgue
in conventionally operated machines. Slemon (2.8) derives
a formula for the required load angle for maximum torque

in a cylindrical rotor motor, but it is more complicated
than the one derived in section 2.5 of this chapter. Chal-
mers (2.9) presents curves of torque versus torque angle
for a salient pole machine, as well as a tabulated summary
of the range over which the load angle can be wvaried to
achieve various operating conditions. However a predicted
torque/speed curve of the form shown in section 2.7 is not
given. Therefore, it is felt that there are a sufficient
number of interesting points contained in the following
sections of this chapter to justify the inclusion of
basically standard analysis.
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2.3 The Synchronous Motor Torque Equation

2.3.1 The Derivation of the Torgque Egquation for a N Phase

Salient Pole Synchronous Motor Fed From a Voltage

Source Inverter

If leakage inductance, magnetic circuit saturation,
and losses such as eddy currents and hysteresis are neg-
lected, the phase winding of a synchronous motor can be
modelled as an inductor Lph in series with a resistance

Rph and a "back-emf" voltage source Eph’ as shown in fig.

2.1.
I, Re Lo
o—F ML dh
motor
phase veltaae VP"‘
o—

Fig, 2.1 Simple Model for One Phase of g Synchronous Motor

If the terminals of the phase winding are connected
to a sinusoidal voltage supply, whose phase is fixed rel-
ative to Eph by a position sensor, the input power Pin to
the phase winding is given by

P necos g watts 2.1

where Vph is the rms phase voltage (volts):; Iph is the rms
phase current (amps); and cos ¢ is the power factor,

The mechanical output power per phase, P is given

out’
by

Pout = Tph.o.) watts 2.2

where Tph is the output torque per phase (Nm) and W is the
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angular velocity of the motor shaft (rad/s).

The resistive power loss per phase, Ploss' is given
by

2

Iph .

R

oh watts 2.3

Ploss
Therefore, if the losses due to eddy currents, hysteresis,
and skin effect are neglected, the gross power per phase,

P available at the motor shaft is given by

out’

Pout = Pin = Ploss

or substituting for the wvarious terms

= 2

dividing through by () gives the torque equation for a single
phase of the motor:

= 2

The current, Iph’ and power factor, cos ¢, can be elimin-
ated from equation 2.5 as follows. The phasor diagram for
the motor phase winding is shown in fig. 2.2. The angle 8
between Vph and Eph is the motor load angle, and the angle
¢ between Vbh and Iph is the power factor angle. The phase
current, Iph' is shown resolved into its two component
parts, the direct axis current Id and the quadrature axis

current Iq, which are related by the equation
Iph = I3+ I 2.6

The phase current Iph may be resolved along the axis of

the Vph phasor in terms of Id and Iq:

I.cos § = Iq.coscg - Id.sincg 2.7
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Substitution of 2.7 into 2.5 yields
_ . 2 2
Tph = % v (Iq.cosg - Id.s:n.n8> - (Id + Iq ) Rph}
2.8

Having eliminated Iph and cos ¢, the analysis can be con-
tinued to remove I a and Iq from the equation. Resolving
the voltage phasor Vph along the direct and quadrature axes
gives, respectively:

V.s:.ng = (;.).Lq.Iq - Rph'Id 2.9

where Lq is the phase winding quadrature axis inductance:

and
V.coscg Eph + Rph‘Iq + WeLgeIy 2.10
where Ld is the phase winding direct axis-inductance.
The phase back-emf, Eph' is given by
Eph = Kg.W 2.11

where Kb is the back-emf constant. Hence equation 2.10
becomes

V.cos(g = Kb.w + Rph'Iq +w‘Ld'Id 2.12

Solving equations 2.9 and 2.12 simultaneously leads
to the expressions for Id and Iq given below.

2 2
(Rph + W .Ld.Lq) 2.13
and Iq = Vph<w.Ld.SJ.n8 + Rph.coscg) - Kb.ﬁ).Rph

2

2
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Substitution of 2.13 and 2.14 into 2.8 then gives the final
torque equation for a salient pole synchronous machine:

ph.cosg(vph[(o.Ld.sin<g+ Rph.cos g] - Rph.Kb.u))

w R 2 + QF L..L
( ph L] d. q
. . 2
2
(Rl + & Egety)
- \Y) (u) .L .cosg - R .sing) - Kb.(ﬂz.L 2.R
ph q ph g ph

2 2
(Rph + () . d.LJ J

-

r - )
- Vph<w.Ld.sa.n8+ Rph.cosg - Rph.Kb.w .Rph

2 2
(Rph + () .Ld.Lq)

-

The total torque T for an n phase machine is then

T = n.T Nm 2.16

ph

The standard salient pole torque equation can be dir-
ectly obtained from equation 2.15, since at reasonable
operating speeds, () is much greater than zero and hence
the winding resistance is small compared to the winding
inductance in all but the very smallest of motors. For
th —>0, equation 2.15 becomes:

1 V .E . 1 2 1 1 .
Tph = - ph°~ph sind + —[:vph — =2 )sin 28} 2.17
W Ld 2 Lq Ld

which is the well known salient pole torque equation.
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A direct axis

Fig. 2,2 Phasor Diagram for a Synchronous Motor

2.3.2 Simplification of the Salient Pole Torque Equation
to the Cylindrical Rotor Form

In a cylindrical rotor machine, the direct and quad-
rature axis inductances are equal.

l.e. Ld = Lq = Lph . 2.18
Substitution of equation 2.18 into the torque expression 2.15
gives the torque equation for a cylindrical rotor machine.
The equation is long and complicated but can be greatly re-
duced by substitution of equation 2.11 and the followings:

Xph = LL).Lph 2,19

and Z = R 2.20

where Xph is the phase winding reactance and th is the
phase winding impedance. After simplifying the algebra,
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the cylindrical rotor torque equation becomes

T = E .

W2 oh 2.21

If equation 2.11 is used to replace the Eph term outside
the brackets of equation 2.21, and 2.21 is substituted into
2.16, the total torque for a cylindrical rotor synchronous
motor is given by

T = nN.K

ph 2,22

Z

For cylindrical rotor motors in which Rph is negligible at
reasonable values of W, equation 2.22 reduces to:

T = n.K

b .
" > Vph‘xph 51n5
ph
i.e. T = 1 ne&_, .V
_ | —ph' ph sing 2.23
W Xph

which is the standard cylindrical rotor synchronous motor
torque equation quoted in many text books.

Equation 2.22 can be derived directly from the phasor
diagram of fig. 2.2 by manipulating equation 2.5 to elimin-
ate the current and power factor. The derivation given in
this section shows that a cylindrical rotor machine is
merely a special case of a salient pole rotor machine in
which the direct and quadrature axes' inductances are equal,
Equation 2.22 is an expression linking the motors' phase
winding constants to the applied terminal volts Vph' the
back-emf voltage Eph' and the load angle between the two
voltages, 8.



For certain conditions of load angle and operating

frequency the equation simplifies further. In particular,
for § = 0°

Z 2 rh ph °
ph

At low speeds, as tw—0, th'_’Rph and so equation 2.22

becomes

T = n.Kb B

ph —~

or T = n.Kb ~
ph -

i.e. at low speeds with 5‘= O°, the torque characteristic
is that of a d.c. shunt motor.

For c§= 90°, equation 2.22 becomes

T = n.K,.R
[ ] b. ph
Ph
i.e. T = n.K [ ] .w
b*Rph
2 5 {j Vph.Lph - Kb.Rph} 2.28
ph

Then for low speeds as W—>»0, T—>0. Thus at low oper-
ating speeds the optimum load angle to maximise motor
torque, 1is zero degrees.

At high speeds where W is very large and the phase
resistance is negligible compared to the phase reactance
Xph’ equation 2.23 can be used to predict the motor char-
acteristics and for 5 = 90° gives

37
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2| 5¥en 2.29
w Lph

i.e. the torque is proportional to applied phase voltage
and inversely proportional to the speed. This is a series
d.c. motor type characteristic suitable for traction
applications.

A cylindrical rotor synchronous motor operated with
position feedback can therefore be started at low frequen-
cies with 8 = O°, and as the speed rises the load angle
can be increased up to = 90 giving a series motor
characteristic.

2.4 Predicted Characteristics for the Magslip Machine

The small synchronous machine used for much of the
development work in the project was a Muirhead Magslip
Control Transmitter. The machine has a three phase star
connected stator, which is sinusoidally distributed and a
two pole wound field cylindrical rotor. The machine was
in no way intended for use as a synchronous motor when
designed but it can be used as a high quality low power
motor. The data sheet is included for reference in
Appendix 2A .

In order to be able to predict the performance of the
magslip when fed from a variable frequency sinusoidal sup-
Ply, it is necessary to determine suitable values of phase
resistance Rph' phase inductance Lph’ and back-emf cons-
tant Ky o for use in equation 2.22, The magslip was driven
at a speed of 3000 rpm by a d.c. motor and the open and
short circuit characteristics shown in fig. 2.3 were ob-
tained. A reference field current value of 0.7 amps was
selected from fig. 2.3 within the unsaturated region of
operation., .
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Fig, 2,3 The Magslip Open and Short Circuit Characteristics

At the chosen field current, the back-emf constant
is obtainable directly from fig. 2.3 and is found to be
Ky

Kb = 0.085 volt seconds per radian 2.30

In addition, the short circuit current Isc' obtainable
from fig. 2.3 is

ISc = 0.45 amps 2.31
The phase winding impedance th is the ratio of the open
circuit phase voltage divided by the short circuit phase
current, which at an operating frequency of w radians per
second can be written as

The test frequency at 3000 rpm is 100w rad/s and so.the

Stator Short Circuit Current I, (Amps)

(8]
[(s]
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phase impedance for a field excitation current of 0.7 amps

is:

Zoh =[0.085 x ‘1:0017:’ Q

0.45

Z 59.3¢4 ()L 2.33

ph

The magslip phase resistance Rph is given as 9.5{) on the
manufacturers data sheet, and by rearranging equation 2.20
the phase synchronous reactance Xph can be determined for
the test frequency.

_ 2 2
i.e. xph = Jth Rph Kl 2.34
_ 2 2
Xop = \/59.34 - 9.5 0
xph = 58,57 (L 2.35

Equation 2.19 can then be used to determine the phase in-
ductance L__ :

ph
Ish = %ph 2.36
w

Lbh 28.57 Henries
1 001

Lph 0.186 Henries 2.37

A Fortran computer program was written to calculate
various motor quantities, including torque and phase cur-
rent, over a wide speed range for particular combinations
of fixed phase voltage and load angle. The program flow
chart is shown in fig. 2.4.

The equations used to calculate the results can be
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summarised as follows. The angular velocity w of the sys-
tem is related to the speed of the motor, M, by the expre-
ssion

w = 27 oM
60

radians/second : 2.38

where M is measured in revolutions per minute (rpm). The
motor torque is calculated using equations 2.16 and 2.15
with the phase number n set to a value of 3.

The motor phase current is obtained from the phasor
diagram of fig. 2.2. The voltage drop across the winding
impedance th can be calculated using the cosine rule:

2 _ 2 2
from which
2 2 § ]
= - 2 .V e [ ]
Iph Vph + Eph . oh Eph cos 2. 40
th _I

The total motor output power Pou is calculated from

t

= T.W 2041

The power factor is the most awkward quantity to cal-
culate, and the angles involved in its calculation are
shown on the phasor diagram of fig. 2.5. The power factor
p is given by

P = cos @ 2.42

[ g - <o< + X)] radians 2.43

where ]

It is not possible to calculate X reliably by simply using

42
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Fig. 2.5 8 hronous Motor Phasor Djiggram Showing_ the
Angles Used in the Calculation of the Power Factor

¥ = arctan (Rph/Lph) since when the frequency is zero, Xph
is also zero, causing an indefinite result for the division.
Therefore the angle X is calculated as shown below.

X = |n X
- _ _ph
, arctan radians 2.44

Rph

The angle o< is found by resolving the Iph'zph phasor and
the Eph phasor along the Vph phasor.

il.e. Vph = <Iph.zph.coscx) + (ﬁph.coséj 2.45
This gives

o =  arccos Gﬁﬂi B Eph'cosg)

Iph'zph

Computer rounding errors cause the argument of the arccos
function to fractionally exceed +1 or -1 for values of K
of 0 and ® radians respectively. To overcome this, it is
necessary to truncate the calculated value of the argument,
if necessary, prior to using the arccos function.
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The total input power to the motor, Pin' is given by

Pin = 3.Vp .Iph.p 2.47

The motor efficiency m, is then given by

P

N, = =ut 2.48

P,
in

This efficiency neglects any iron losses within the motor
and does not include the power consumed by the field wind-
ing. However, since the field flux is often supplied by
permanent magnets in small machines, the second omission
is not serious.

Finally the motor torque angle Y, shown in fig. 2.6,
can be calculated by using

y/ = [3_ + S - ﬂ] radians 2.49

2

The torque angle in a cylindrical rotor synchronous mach-
ine is the angle between the axes of the stator and field
magnetomotive forces (mmf's).

The program was run for a range of phase voltages
from 5 volts to 45 volts, load angles from 0’ to 90°, and
speeds from O rpm to 12000 rpm. The results were produced
in tabulated form. The torque/speed characteristics for

Q (]

load angles of 0°, 30", 60°, and 90® at a phase voltage of
20 volts are shown plotted in fig. 2.7.

It can be seen that a load angle of 0° results in a
torque/speed characteristic with high starting torque, but
the torque falls rapidly to zero as the speed increases.

A load angle of 90° results in zero starting torque, but
there is much more torque produced at high speeds. This
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enables the motor to run faster on the same phase volts
than it can with a 0 load angle. Load angles between o°
and 90° result in torque/speed characteristics that come
within the bounds set by the 0° and 90° characteristics.
The way in which the four curves in fig. 2.7 intersect
suggests that there is an optimum load angle that can be
selected at a given speed in order to maximise the avail-
able torque, and to achieve high motor speeds the load
angle must be set to 90°. This confirms the results pub-
lished by Chalmers et al (2.9).

The various other motor quantities such as phase cur-
rent and efficiency have not been plotted here since the
main point to be made at this stage is the importance of
load angle control in an autopiloted motor, if it is to
operate effectively over a wide speed range. Some of the
results are presented in Chapter 3, where they are plotted
for comparison with the measured test results, obtained
when the magslip was driven by a quasi-square wave 3 phase
voltage-source inverter.

The computer program was modified to enable the tor-
que/speed results to be plotted by the computer graphics
system., The program was arranged to produce a set of
curves for a fixed load angle at phase voltages of 5, 15,
25, 35, and 45 volts. Figures 2.8, 2,9, 2,10, and 2.11
show the families of curves obtained for load angles of
0°, 30°, 60°, and 90° respectively. These results show
that the phase voltage affects the magnitude of the torque/
speed curve, but it does not change the shape of the curve
significantly. The load angle is therefore the important
parameter that fixes the torque/speed characteristic of a
given motor. Curves were also produced for load angles in
the range -180° to 0° and 90° to 180°. However, these load
angles do not produce useful motoring torque/speed char-
ac?eristics and are not reproduced here.
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2.5 The Optimum Load Angle for Maximum Torque at a

Given Speed

The cylindrical rotor torque equation 2.22 has three
variables Vbh, §, and w that can vary during operation.
(This assumes Kb is a fixed parameter.) Under constant
speed conditions (w = constant) with the applied voltage
Vph also held constant, the torque T is then solely a func-
tion of the load angle 3. At any particular speed there
is a load angle which results in the maximum torque being
developed for the given ®w and Vph' This load angle can be
determined by differentiation of equation 2.22 with respect
to the load angle § .

i.e. 4T Ky S $

ad Z5h 2.50

The maximum torque occurs when dT/dé = 0. Equating equa-
tion 2,50 to zero gives

tan S = Xgh 2.51
Rph
g _ w.L
l.8. = arctan ph 5. 59

i.e. the maximum torque at a given speed occurs when the
load angle § is made equal to the arctangent of the machine
phase winding reactance divided by the phase winding res-
istance. Then Vph leads Eph by the same angle as the cur-
rent Iph lags the impedance voltage drop Iph'zph' The
motor speed M can be substituted into equation 2.52 by
using equation 2.38 to give

& = arctan | 2w /M.L .
(2 "ph 2.53
60 R

ph
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where M is in rpm. At zero speed, the optimum load angle
is therefore zero degrees as deduced in section 2.3.2 from
the simplified equations 2.26 and 2.28. As the speed in-
ceases towards infinity, the optimum load angle settles at
a maximum value of 90° . The motor then has a series d.c.
characteristic as shown earlier by equation 2.29.

It is interesting to note that in the conventional
fixed frequency analysis of synchronous machines, the der-
ivative dap/a$ (= dT/d$) is used to obtain a relationship
between the available synchronising power and the load
angle, as shown by Say (2.13). Therefore, for variable
frequency operation, the effect of optimising the load an-
gle d by use of the dAT/dd derivative is to actually ensure
that the machine operates at its peak synchronising torque
at all times. The torque characteristic plotting program
was modified so that the wvalue of load angle used at each
speed in the calculations was the optimum value given by
equation 2,53.

The torque/speed curves for phase voltages of 5, 15,
25, 35, and 45 volts are shown in fig. 2.12. These are
the optimum torque/speed curves for the magslip operated
on a sinusoidal voltage supply. In practice it is possible
that the load angle will not be continuously variable, but
it will increase in discrete increments. It was found that
with increments of 5° there was little change from the
optimum load angle characteristics. The step size chosen
obviously depends on a number of factors, such as the re-
quired specification, the position sensor resolution and
the desired cost of the system.

Nevertheless, the curves in this section illustrate
the fact that in a sinusoidal voltage-fed synchronous motor,
the load angle must be carefully adjusted to optimise the
Performance at a given speed.
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2.6 Derivation of a Speed Versus Applied Stator Voltage

Characteristic

It is interesting to determine the relationship bet-

ween motor speed M and the applied stator voltage Vph'

an autopiloted synchronous motor. The analysis can be

for

easily performed if the load torque Ty is assumed constant
with speed. The load angle § is held fixed at a desired
value by the position feedback. Since T, must equal the
motor output torque T, equation 2.21 becomes:

T = Ne .

2
Zbh 2.54

Substituting equations 2.11, 2.19, and 2.20 into 2.54
yvields after rearrangement:

2) 2 ( . )
(Tl.Lph w + n.Ky Kb.Rph-Vph.Lph.sz.ng w

2

+ (Tl'Rph n.Kb.Vbh.Rph.cos<g> = 0 2.55

This is a quadratic equation in W of the form

2

aw® +bw +c¢c = 0 2.56

where a = 7T,.L 2 2.57
1°* ph *

b = n'Kb(Kb'Rph - Vph.Lph.SJ.nCS) 2.58

and c = T-.R 2 -n v R cos S 2.59
l. ph .I<-b. ph. pho L

The value of angular velocity W is given by the standard
quadratic solution:

W = -bi:gfb2 - 4dac

2a 2.60
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and two values of w are produced. The value of W at which
the motor will usually run (with no speed control loop) is
the one for which (dT/dw) is negative, since that is a
stable condition for a motor to drive a load. A positive
(dT/dw) means that, with most loads, the motor has a tend-
ency to accelerate at the value of w that the gradient is
evaluated for, because the output torque is increasing as
the speed increases. If both values of w give negative
slopes, the motor will accelerate up to the lowest positive
value of w given by equation 2.40. It will not be able to
reach the higher value of W unless it is already at or
above that value when the particular phase voltage is app-
lied, or if it is assisted up to that angular velocity by
an external torque.

Therefore, in general, the motor will usually run at
the lowest positive wvalue of angular velocity consistent
with a negative torque/speed slope.

A simple Fortran program was written to calculate and
plot the speed/voltage characteristic of the magslip. The
program flow chart is shown in fig. 2.13 and the resulting
curves for various load angles of 0°, 30°, 60°, 90° and
load torques of 0,017, 0.1, 0.3, and 0.6 newton metres, are
shown in figures 2.14, 2.15, 2.16, and 2.17 respectively.
The characteristics are reasonably linear but the speed is
in no way directly proportional to the applied voltage.
This can be confirmed by differentiating the speed/voltage
equation 2.60 with respect to the voltage. The result
obtained is

dw = ylv+ ¥
av 2[x 2.61
2
where U = 1/(2.‘I‘l.Lph ) 2.62
V = 3.K, .L_..sin$ 2.63

b* ph
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_ 3 . 2 2 2
+ 12.T;.L, 2K .R cosS) 2,64
L] l. ph L] b. ph. [ ]
2 . 2

2 ‘

2
It can be seen that the rate of change of speed with res-
pect to voltage depends directly on the load angle 5, the
supply voltage Vbh and the load torque Tpe

2.7 Determination of the Optimum Operating Load Angle for
a Salient Pole Synchronous Motor

The optimum operating load angle for a salient pole
synchronous motor can be derived from the torque expression
(equation 2.15). Differentiating 2.15 with respect to &
and equating the result to zero, produces a long expression
which after grouping of similar terms yields:

A.cos2§ + B.sin2§ + C.cos§ + D.sin§ = 0 2.66
where A = V QF L..L (L, - L ) + R 2 L -1L 2.67
ph *Td*g\d q ph q d *
_ 2 2 2
N 2 2 2 2
_ 2 2 .2 2

Coefficients A, B, C, and D are independent of § and so
can be considered as constants in equation 2.66. It is
interesting to note that if equation 2.18 is substituted
into the four coefficients to impose cylindrical rotor
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conditions, equation 2.66 reduces to the simple solution
2.31;

i.e. o = tan (Xy/Ry)

Equation 2.66 cannot be solved without further suitable
substitutions to simplify it. The substitution

t = tan (&2) 2.71

can be used to replace the sin and cos terms of equation
2,66, From equation 2.71 it can be shown that:

sing = 2t
(1+t2) 2.72
cosg = (1—t2)
(1+t2) 2.73
coszg = t4-6t2+1
(1+t2)2 2.74
and sinzg = 4t(1-t2)
(1+t2)2 2.75

Substitution of equations 2.72, 2.73, 2.74, and 2,75 into
equation 2.66 leads to a fourth order polynomial in t:

4 3 2 1 _
t + a3.t + az.t + ai.t + a, = 0 2,76
where a; = (2D - 4B)
(A - Q) 2,717
a2 = -6A

V]
I

1 4B + 2D
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a, = A+ C

The solution of a fourth order polynomial is not an easy
matter but it can be achieved analytically. The method is
described in appendix 2B. The analysis involves complex
algebra, and the solution has four roots which can be real,
imaginary or complex. The four values of t must be exam-
ined to determine which one is the correct solution. There
is no real angle associated with a purely imaginary root.
The angle associated with a complex root depends only on
its real component. The load angles S associated with each
real or complex root t can be found by rearranging equation
2.71:

g = 2 arctan (t) 2.81

For each value of t there are two angles O and (O + )
that the arctangent function produces between 0 and 2«
radians., Therefore the values of § given by equation 2.81
are 20 and (20 + 2n); i.e. there is only one value of &
for each value of t. Any angle outside the range 0 to 90°
is not of interest. Finally, if there is more than one
angle within the permitted range it is necessary to choose
the angle which results in a maximum in the torque expres-
sion.

Differentiation of the torque equation 2.16 gives an
equation of the form:

ar [Rphz + uP.La.LqJ = A.cos28 + B.sin28 + C.cosd
ad + D.sing 2.82

where A, B, C, and D are defined by equations 2.67, 2.68,
2.69, and 2.70., Differentiating again gives:

= -2a.sin28 + 2B.cos2$

81

2
aT 2 2
—= | R + L. L
dSz { Ph W d qJ
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Now (Rph2 +(nz.L .Lq)zto/n is positive. Therefore the
sign of d2'I‘/dS2 is determined by the RHS of equation 2.83.

The relevant solutions for § are substituted into equation
2.83 and the angle associated with maximum torque gives:

ol

2
aT < 0 2.84
b

Q

A program was written to calculate and plot the optimum
torque/speed characteristic for a salient pole machine.

The program structure was essentially the same as the pro-
gram used for the cylindrical rotor work, the main differ-
ence being the subroutine required to calculate the optimum
load angle. A set of curves of optimum load angle versus
speed for five different phase voltages is shown in fig.
2.18. The magslip phase inductance and phase resistance
values were used for the program and a saliency ratio of
0.6 was assumed for the machine.

i.e. Ly = 0.186 H 2.85
L = 0,112 H 2.86

q 11
Rph = 9.5 0 2.87

The curves on figure 2.18 show that at low speed a negative
value of load angle gives the optimum motor torque. It is
also noticeable that the load angle depends very much on
the phase voltage at any particular speed. A set of op-
timum torque/speed curves for the "hypothetical" salient
pole magslip are shown in fig. 2.19 and they have the same
form as the cylindrical rotor characteristics.

The program was checked for correct operation by
putting Ld = Lq = 0.186 H. The results obtained were

identical to those produced by the cylindrical rotor pro-
grams.
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The analysis demonstrates that accurate load angle
selection is important if optimum performance is to be ob-
tained from a voltage-fed autopiloted salient pole synchro-
nous motor. However, the work was not pursued beyond this
stage since the motors used in the practical work were not

salient.

2.8 Attempts at Square Wave Analysis

Although the sinusoidal analysis produces results that
can be applied to quasi-square wave systems with reasonable
success, it was thought desirable to develop a computer
program which could work with a square wave applied phase
voltage and even a non-sinusoidal back-emf. 'A great deal of
effort was expended on this work over a period of months,
but unfortunately no successful results were obtained in
the time available. The short summary of the work given
below outlines the method used and discusses the possible
reason for its failure,

It was decided that a useful first step would be to
analyse a star connected three phase sinusoidally distrib-

uted machine, fed with quasi-square wave phase voltages as
shown in fig. 2.20.

/\ “—Applied Phase Volts
\ Phase Back Emf

A

Fig.2.20. ]ZQ°-§Q° Quasi-Square Applied Phase Voltage Waveform
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To simplify the analysis it was assumed that the winding
star point was connected to ground. If the program worked,
a floating star point was to be incorporated to allow the
magslip to be analysed. The inverter that generates the
phase voltages was assumed to be of the form shown in fig.
2.21.

+ve voltage rail

St ) D1 S3 } D3 S5 J D5

52 D2 s4/ ZND4 56/ Z]SDG

-ve voltage
rail

3 3 phase
< .~ motor

y{ﬁ'\/\?(?(y,

-

Fig.2.21. Inverter Circuit Used For The ‘Square-Wave” Analysis

The transistors are represented by switches S1 to S6 and
the freewheel paths by diodes D1 to D6. The inverter was
assumed to function in the following manner. If a switch
is closed, the appropriate voltage rail is connected to
the relevant phase winding. When the switch opens, the
current flowing in the phase causes the freewheel diode to
connect the phase to the opposite voltage rail until the
current falls to zero, at which point the phase is discon-
nected. Voltage drops in the transistors and diodes are
ignored. Rather than analyse the motor using the conven-
tional two axis methods, it was decided to work on the

three phase windings directly:; i.e. to use a phase analysis.
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Thus for a typical phase winding "a" having a phase resis-
tance R_, , a self-inductance of Lph’ a mutual inductance

P

of Mb , and a generated emf of Eph' the circuit equation

at any instant with a phase current 12 flowing is given by

a _ a b c a a
Vbh = Lph di~ + Mph dIl™ + Mbh dI” + I .Rph + Eph
dt dt dt 2.88

where Vbh is the applied phase voltage and Ib and I€ are
the instantaneous currents in phases b and ¢ respectively.
The three equations for the stator windings can be written
in matrix form:

- _ T e a4 r -
a a a a
Voh Lion Mon Mon | | &2 18Ry, + By
at
_ b b b
vgh = | Mgy Lop Mg | | 4T | +|T Ry, + Egp
dt
C c C C
V?h Mph Mbh Lph dI 1 .Rph + Eph
- - = lat | L | 2.89

To accomodate the square wave phase voltages it is neces-
sary to calculate the instantaneous phase currents at dis-
crete points in time. The derivatives of the phase cur-
rents are then represented by

dat Dt 2.90

where In is the wvalue of the current at the end of the
time-step At, and I, is the wvalue of the current at the
start of the time-step. If the time interval between cal-
culations is small, equation 2.90 is a reasonable approx-
imation. Equation 2.88 can be modified for use in a time-
step procedure. The current gradient calculated by equa-
tion 2.90 is wvalid at the mid-point of the time-step, and
so the current used in the resistance term of equation 2.88

should be the average (I, + Io)/2. In addition Vv and E

ph rh
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should be the mid-step values. The modified form of
equation 2.88 is then:

a ] a a- b Ib c c
A% _ I -1I I~ - I- -1I
rh = Lph n 0 + Mph n 0 + Mph n (o)
t+%§ L At ] At At
- A a7
I+ I a
+ n 0 .R.ph + Eph
L 2 i 2.91
2

where the n and o suffices denote "new" and "old" respec-
tively and "t" denotes the elapsed time. Similar equations
can be written for b and ¢ phases., The "new" and "old"
terms in equation 2.91 can be separated:

E a c
a a a L. .I  + .Ib + oI
%m Eph —G§h1a+ ph°®~o %m 0 %m o
t+%§ t+4] 2 L ot
= |Zph + Jpn|1d +%on Iﬁ +Mpn 18
At 2 | At At 2.92
The three phase equations can then be grouped in matrix
form:
B 1 r N — -
Lon + Bonl Mon Mpn I;‘ vi o
At 2 At At
L b _
Moh [Eph + Ron] Mon 1 = .
Dt Dt 2 At
th Mph Lph +‘%m§ Ii Viem
At At \Ae 2/ ] | - - 2.93
where
a c
a _ a a R a L..I + M .Ib + M. T
Vrem Vph Eph -( ph I;> + ph’~o ph'®~ o ph' o
At
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b a c
B b R b\, L,.I. + M_ .I + I
\i.-em Vgh‘ - Eph -( ph Io)+ “ph®~ o p}zS (o) I‘/&Dh. OJ
2 t
T.*At t+A
1§ 2.95
and
ve = | v¢ | - eS| -(Ron 1¢)+ K nelo * Mph‘Ig + ”%pth
rem ph ph o L
2 At
S 2 2.96

The values of the applied phase voltages and generated
emf's are entered into the equations, as appropriate, to
simulate the inverter output changes, the motor rotation,
and the actual load angle.

A program was written to solve the instantaneous phase
currents using equations 2.93. There were several special
features that the program required for successful operation.
They were:

(i) During a phase freewheeling period, the approp-
riate voltage polarity must be applied to the phase
until the current decays to zero.

(ii) Smaller time-steps are required during freewheel
periods than at other times. This is because the
freewheel phenomenon is a transient effect and the
rates of change of current are consequently high.

(iii) During freewheeling periods all three phases
carry current, but at other times only two phases are
conducting. This is a direct result of the 1200— 60°
applied voltage waveform. During freewheeling it is
necessary for all three equations to be employed, but
otherwise two equations are sufficient since one cur-

rent is assumed to be zero.

The Fortran program was carefully debugged but unfor-
tunately two problems were present in the results and no
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means could be found to remove them. Firstly, when the
mutual phase inductance Mph was set such that:

N&)h = =0.5 Lph 2.91

large undamped oscillations were observed in the phase
currents. Reducing the ratio of Mph to Lph helped but a
value of Mph = -0.25 Lph (i.e. large leakage) was needed
to effectively remove the trouble. However, to be able to
analyse the magslip, the program must be stable with Mph =
-0.5 Lph' since the magslip has a mutual to self inductance
ratio very close to this. It is believed that the problems
occurring for the conditions set by equation 2.91 may be
due to the matrix appearing singular for small values of
At. All the variables (Eph' Vﬁh, speed, 5§, etcetera) were
varied to try to determine the cause of the problem but no
cause could be isolated. Secondly, it was observed that
when a phase winding was switched on, the current in that
phase often flowed in the wrong direction for some time.
This problem may be partly due to the fact that the model
does not include any blocking capability equivalent to that
of a transistor switch. Hence if the inverter is to be
modelled accurately, this blocking must be incorporated.

Much effort was expended on the program with little
progress., To test the program logic, the discretely vary-
ing imposed phase voltages were replaced by sinusoidally
varying voltages, and results consistent with those expec-
ted were produced. This would seem to indicate inherent
instability in the chosen mathmatical model. The instab-
ility may be due to the assumption of zero damping. There-
fore it is probably essential to incorporate at least one
damper circuit into the model. It was decided not to spend
further time on this area of‘work since a floating star
point had still to be incorporated to make the program
suitable for the magslip analysis. Several network anal-
ysis computer packages were suggested (e.g. SPICE) but none
appeared to be really suitable. It was hoped to return to
this work at the end of the project if time permitted.
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2.9 Synchronous Motor or D.C. Motor?

Before concluding this chapter it is worth considering
whether a synchronous machine employed in a voltage forced
autopiloted system, operates as a synchronous machine or
as a brushless d.c. motor, in which the armature and field
winding positions are reversed for convenience.

If the machine were to operate as a brushless d.c.
motor, this would imply that the conventional copper/carbon
brush commutator had been replaced by an electronic unit
performing the same function. The commutator on a d.c.
motor armature arranges for the supply current to enter and
leave the correct coils, and the spacial position of the
current around the armature winding is fixed. The induc-
tance of the armature does attempt to cause the armature
currents to lag the applied woltages, as the sparking on a
commutator demonstrates, but the fact that the armature
coils are connected in series means that "current forcing"
is applied to any coil as it comes out from under the
brushes.

In contrast, the situation when an inverter is used
to woltage force a synchronous motor is completely diff-
erent, Since the inverter can only fix the applied voltages,
the resulting currents move about spacially depending on
the frequency and winding parameters. If the motor is
current forced, it does then have a current pattern fixed
in space and so is similar to a d.c. motor with the excep-
tion that the speed is not then directly related to the
applied input current, whereas in a d.c. motor the speed
is proportional to the applied voltage. To achieve a true
brushless d.c. motor system, using a synchronous motor as
the prime mover, requires a control system with an inner
loop to current force the motor, and an outer loop to con-
trol the amplitude of the current such that the speed of
the motor is then proportional to a control signal.

An autopiloted synchronous motor fed from a voltage
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source inverter is therefore exactly what its name descr-
ibes, and it should not be thought of as a brushless d.c.
motor., In the simplest terms, however, one can think of
the synchronous motor phase winding as having a back-emf
generated by a field flux, the phase angle $ between the
back-emf and the applied phase voltage being set by the
autopiloting "commutator" circuitry.

2.10 conclusions

The analysis in this chapter gives an insight into
the typical torque/speed characteristics that might be
expected from synchronous machines operated in an autopil-
oted mode. It is apparent that in a Vvoltage forced system
the load angle can determine the characteristic of the
motor. If the motor is to operate over a wide speed range
and deliver the maximum possible torgque at all times, it
is normally essential to have some form of load angle con-
trol. The load angle should ideally be zero at low speeds
and increase towards 90° as the speed rises, the optimum
load angle being given by arctan (Xph/Rph) for a cylind-
rical rotor motor. Rougher load angle control is likely
to be adequate in practice, (as found by Chalmers (2.9)),
but some sacrifice in the torque per volt performance is
then incurred. Possible load angles in a practical system
should be 0° for starting and 45° for running, or perhaps
even just a permanently fixed angle of 300. Further work
is desirable to investigate how load angle control can
optimise various motor parameters such as the power factor,
the efficiency, and the mean output power per input peak
phase current X peak rail volts (a measure of converter
switch utilisation).

Whilst many autopiloted systems use quasi-square wave
voltage-source inverters, it is nevertheless valuable to
use sinusoidal analysis to predict the probable performance
characteristics. The advantages of the sinusoidal equa-
tions are that they are simple to understand and easy to use.
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CHAPTER 3

A 3 PHASE SINUSOIDAL SYNCHRONOUS MOTOR DRIVEN BY A 3 PHASE

QUASI-SQUARE WAVE VOLTAGE SOURCE INVERTER

3.1 Introduction

This chapter describes the experimental work that was
carried out on a small autopiloted synchronous motor system,
in which a 3 phase quasi-square wave voltage source inverter
was used to drive a 3 phase machine of the magslip type,
possessing sinusoidally distributed windings. The operation
of an autopiloted synchronous motor is outlined in section
3.2, Methods of sensing rotor position by digital means are
discussed in section 3.3 and section 3.4 goes on to cover
the ways in which the load angle can be adjusted during
motor operation. The circuits used for the inverter and
autopiloting electronics are described in section 3.5. The
experimentally measured performance curves are presented in
section 3.6 and are compared with the sinusoidal predictions
obtained using the equations derived in Chapter 2, The
results indicate that load angle adjustment in an autopil-
oted voltage-forced synchronous motor is a useful facility.
The final part of the chapter presents electronic circuits
which enable easy and precise adjustable load angle control
to be achieved.

3.2 The Operation of a Sinusoidal Motor from a Quasi-

Square Variable Frequency Voltage Source

When a multiphase sinusoidally distributed synchronous
motor is driven from a sinusoidal voltage supply, the airgap
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flux generated by the stator windings travels around the
airgap at a constant rate which is directly proportional

to the supply frequency. However, if the stator windings
are driven from a quasi-square voltage supply, the resultant
airgap flux moves around the airgap in a series of discrete
moves., In an autopiloted synchronous motor system the in-
stants at which the flux moves from one location to the

next are determined by a rotor position sensor, which dir-
ectly controls the stator voltage drive waveforms produced
by an inverter,

A common quasi-square voltage waveform used in 3 phase
systems is the 120° - 60° type which is shown in fig. 3.2(a).
(Note all angles in this chapter are in electrical degrees
unless otherwise stated.) The 120° - 60° voltage waveforms
can be readily generated by an inverter of the form shown
in fig. 3.1.

A2 —-aj gL — CL — 5
-V
Eng 3\, A THREE PHASE VOLTAGE SowRCE (NVERTER FORMED

B THREE HALF BRDGES .

The inverter consists of three "half-bridges", with each
half-bridge being made up from a pair of semiconductor swit-
ches. Each half-bridge controls the voltage applied to one
phase winding terminal. Two control signals are required
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for

phase B, etcetera.) The inverter control signals are shown

in fig. 3.2(b).

The 120° - 60° voltage waveforms do not contain
harmonics and so a reduction in motor losses can be
by their use. The current that flows in a phase is
constant nor sinusoidal because the applied voltage
back-emf in the winding do not have similiar wavesh

third
achieved
neither
and the
apes. A

possible current waveform resulting from such mismatch is

indicated in fig. 3.3.
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The example shown is for a low frequency and so winding
inductance has a negligible effect on the current. Current
does not flow whenever the applied phase voltage is zero,
even though some back-emf is present, because the simple
form of inverter shown in fig. 3.1 does not provide a cur-
rent path at these times.

When 3 phase 120° - 60° waveforms are used to drive a
star connected motor, there are two phases energised at any
instant. Since the windings are in series, the current
depends on the sum of the back-emfs within both phase wind-
ings. The stator flux ¢S at any time is the resultant of
the fluxes produced by the two energised phase windings.
During each cycle there are six combinations of voltages
across the stator phase windings as indicated in fig. 3.2(a).
Therefore, in a two pole machine ﬁs rotates by 360° for
every six steps. The alignment of ﬂs at each step is shown
with respect to the phase winding axes in fig. 3.4; (stator
fluxes ,Gso_ to ¢ss).

Pkasc W\}\Ji'\ss
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FiG, 2.4, THE RELATIoNSHIP RETWEEN THE RESULTANT STATOR FLUKES
AND THE PHASE WINDING AXES.
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The diagram assumes that when positive volts are applied to
a phase winding terminal, the phase current and resulting
phase flux act along the axis of the winding in a direction
from the phase terminal to the star point.

With reference to fig. 3.4 it can be more convenient
to think of the machine as having three "resultant" phase
windings arranged along the axes of the resultant fluxes,
with each winding energised by an appropriate line to line
voltage waveform. Torque is produced by the motor whenever
the axis of the rotor flux ¢f is not aligned with the axis
of the stator flux ¢s. Continuous rotation of the rotor
can be achieved by arranging the rotor position sensor so
that ﬁs always steps on ahead of ¢f as the rotor moves to-
wards the alignment axis. The torque T produced by the
motor is basically a function of the stator flux ¢s, the
rotor flux @g., and the angle W between the axes of Z, and @:.

i.e. T = { (@8 9) 3.1

If the fluxes are sinusoidally distributed the equation
becomes :

T = Kb Pc.siny 3.2

where K is an arbitrary constant, and the angle W is termed
the torque angle. For the purposes of this discussion it

is convenient to use equation 3.2 even though in general a
quasi-square voltage fed machine may not have sinusoidally
distributed fluxes. It can be seen in equation 3.2 that
the maximum rotor torque for a given stator current is ach-
ieved when the torque angle is 90°. Unfortunately it is

not possible to maintain a torque angle of 90° throughout

a step because ﬂs only exists along six fixed axes whereas
Ef continuously rotates. However, it is possible to arrange
the switching points of ﬁs so that an average torque angle
of 90° is achieved.

The stator flux ﬁs, damping and saturation effects
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apart, is directly proportional to the phase currents.
Therefore, if the phase currents flow in phase with the
applied phase voltages, the stator flux ¢S can be precisely
controlled by the phase voltages. This enables the average
torque angle to be held at a value of 90° and so the torque
per applied volt is maximised. The voltages must be swit-
ched onto the appropriate phase windings when the axis of
¢f is 120° behind the axis of ¢S, and thez then remain con-
nected until the axes of ¢f and ¢s are 60 apart. The eff-
ective torque angle over the step is then 90°. The situ-
ation during the step is shown in figures 3.5(a), (b) and (c).

B~ RN 2
4 ¢
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(o) Stoct of Step . (b) Middle of Step. (€) End of Step
w=100° =90 W= 60°

FiG>.5. EFFECTVE TORQUE ANGLE OF 90° OVER A STEP AcHieveEd
&Y APPROPRIATE CoNTRoL OF (D

At the end of the step the phase voltages are switched so
that ¢S steps on by a further 60° (position ¢s' shown dotted
on fig. 3.5(c)).

A phase current will only flow in phase with the app-
lied phase voltage if the phase winding impedance is resis-
tive. This is only true either in a motor which has neg-
ligible stator inductance or at low switching frequencies
when any inductive reactance is small. Therefore, in a
typical motor operating at a reasonable speed, the inductive
reactance of the phase windings does result in a significant



time constant for the currents. If the phase voltages are
applied when W = 120" there is a finite delay before the
phase currents and ¢S reach their maximum wvalues. Similarly,
when the phase voltages are removed, the phase currents and
¢S do not disappear immediately but decay away exponentially
via the inverter freewheel paths. The nett effect of this
is a reduction in the motor torque predicted by equation 3.2
for two reasons. Firstly, the delay in ¢S rising and dec-
aying means that the average value of V/over the step is
less than 90°. Secondly, the average value of ¢S is reduced
over the step period because the phase currents do not att-
ain their maximum values immediately.

To limit these problems it is necessary to apply the
phase voltages earlier than the V/= 120° position and also
remove the voltages before the y/= 60° position. By advan-
cing the voltages in time, it is possible to make the phase
currents and hence ﬁs occur over approximately the required
period and with the correct average spacial displacement
from the axis of ¢f. The advance needed is similar to the
brush shift required for good commutation in d.c. commutator
machines,

The amount by which the phase voltages must be advanced
depends on the speed of the motor. As mentioned earlier in
this section, the machine can be considered as having three
"resultant" phase windings arranged along the resultant
stator flux axes. If the fundamental components of the
applied line to line voltages are then considered, the step
nature of the process can be neglected and a phasor diagram
of the variables can be drawn as shown arbitrarily in fig.
3.6(a). The stator and rotor fluxes are included for comp-
arison in fig. 3.6(b). The symbols used on fig. 3.6(a) and
3.6(b) refer to a "resultant" phase winding and they rep-
resent the following:

V - the applied line to line voltage.

E - the "resultant" phase winding back-emf voltage due
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to the rotor flux ¢f.
I - the'resultant" phase winding current.
Z - the "resultant" phase winding impedance.
- the load angle between V and E.
¢f - the rotor field flux.
@ = the stator flux due to the winding.
@ - the total airgap flux due to ¢f and ¢s.

@ - the angular frequency in the winding.

VI X
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Fic3.b TMACAL PHASOR AND FLuX DIAGRAMS FOR A SMNCHRONOUS
MOoTDR

The position of ¢f is equivalent to the average posi-
tion it has over a step. The process of advancing V with
respect to ¢f in order to maximise the torque per volt is
equivalent to increasing the load angle 8. Therefore, the
sinusoidal theory discussed in Chapter 2 has some relevance
to the situation of a sinusoidal motor driven by quasi-square
waves of voltage.

In practice the control of the load angle to maximise
the motor torque over a speed range is generally easier than
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the control of the torque angle. This is because the pos-
ition of Eph is directly related to the rotor direct axis
(the axis of ¢f) and it is the position of this axis that
is monitored by the rotor position sensor. Therefore, the
information needed for load angle control is readily avail-
able. In contrast, torque angle control requires a know-
ledge of the relative positions of both ¢f and ¢s: in addi-
tion to the need for a rotor position sensor to monitor the
axis of ¢f, it is also necessary to monitor the phase cur-
rents in order to control the axis of ¢S.

It should be noted from the magslip data sheet cont-
ained in Appendix 2A that the magslip possesses appreciable
phase inductance and so requires load angle control in order
to operate effectively over a wide speed range when used in
an autopiloted motor system,

Having outlined the method of continuous torque pro-
duction in an autopiloted synchronous machine it is not
proposed to cover the subject in any greater detail. Num-
erous papers have been published with descriptions of the
operation of such brushless d.c. motor systems. Notable
papers are those by Fink (3.1, 3.2), Yates (3.3), and
Woodbury (3.4, 3.5). However, it is appropriate to stress
at this point that the control of speed in an autopiloted
synchronous motor system is not achieved by setting the fre-
quency of the inverter., The inverter frequency is solely
controlled by the rotor position information. Speed control
is typically achieved by a combination of voltage and load
angle adjustments.

3.2.1 Methods of Achieving Reverse Motor Rotation

The wvarious position sensors discussed in section 3.3
of this chapter can all be arranged to provide the approp-
riate sequence of inverter control signals for either dir-
ection of motor rotation. However, sequencing an inverter
through its output states, in the reverse order to that
followed for forward rotation, is not sufficient to cause
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an autopiloted synchronous motor to turn in the reverse
direction. This is because the position sensor is delib-
erately adjusted to keep the axis of the field flux ¢f dis-
placed from the axis of the stator flux ﬁs in such a way
that continuous unidirectional torque is produced. To ach-

ieve reverse motor rotation it is necessary to reverse the
motor torque. The torque can be reversed if the relative
positions of the stator and rotor fluxes are swapped. Figs.
3.7(a) and (b) illustrate the method. The stator flux ¢S is
assumed to be firmly aligned by the motor windings and the
field flux ¢f is free to move. The two fluxes, ¢S and ﬂf,
attempt to align themselves coaxially.
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FIG. 3], THE _RELATWE PosiTioNS OF STATOR AND ROToR.  FLuX
DETERMINE THE DiRECTION OF ROTATIond IN A SYNICHRONOUS
MoTOR,

Hence in fig. 3.7(a) the rotor field flux tries to swing
round anticlockwise, whereas in fig. 3.7(b) the direction

of rotation is clockwise. The change in the positions of

2

5 and ¢f can be achieved in two ways:

(a) by reversal of the rotor field flux direction.
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Fig. 3.7(c) shows the effect of reversing the
phasor ¢f shown in fig. 3.7(a):;

(b) Dby reversal of the stator flux direction. Fig.
3.7(d) shows the effect of reversing the phasor
g, shown in fig. 3.7(a).

The reversal of field flux is simple on a wound rotor syn-
chronous motor since it is only necessary to reverse the
field current. However this is not possible on a permanent
magnet rotor machine. The rotor field flux can be "reversed"
on such machines by mechanically rotating the rotor with
respect to the position sensor unit by one pole pitch. For
example, a two pole rotor would be rotated by 180 mechanical
degrees. However, such a solution is inconvenient in prac-
tical systems. Method (b) is preferable in such circumstan-
ces since the reversing can be achieved purely by electronic
means. To reverse the stator flux it is necessary to ad-
vance the flux through one pole pitch. This can be achieved
by advancing the inverter through half a cycle. Therefore,
if the inverter produces 'm' output voltage combinations per
cycle it must be moved on by m/2 combinations to reverse ﬁs.
A three phase inverter producing six steps per cycle would
be advanced through its sequence by three steps. The same
effect can be achieved by moving the inverter back through
its sequence by m/2 steps. Since the inverter control sig-
nals are derived from the position sensor unit, it is poss-
ible to process the signals in an electronic manner so as

to advance the inverter through m/2 steps. Hence no mech-
anical adjustments are required for reversal. This method
can also be used on wound field motors. It is advantageous
on such motors since it removes the need to break the in-
ductive field current. 1In addition, it is not necessary to
employ a switch capable of reversing the field current.

It should be noted that for motor reversal by either
of the above simple schemes, the position sensor should be
adjusted so that the inverter driving the motor sets up a
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Oo load angle in either direction. If this is not so, the
motor will run distinctly better in one direction than in
the other., This is because any load angle displacement is
positive for one direction of motor rotation but is negative
for the other. For example, if the position sensor was set
so that the load angle was 30° in one direction, it would

be -30° in the opposite direction. If electronic load angle
adjustment is available (as outlined in section 3.4 of this
chapter) the restriction in the position sensor setting

does not necessarily apply, although it may still be more
convenient to operate with a position sensor that provides
basic 0° load angle information. The methods of electronic
load angle adjustment discussed in section 3.4 are, with

the exception of the time delay method, based on a position
sensor providing 0° load angle information suitable for
either direction of rotation. Other load angles are derived
from that basic information.

Both field flux and stator flux reversal methods were

implemented on the magslip. Further details are given later
in this chapter.

3.3 Digital Position Sensors for the Detection of Rotor

Position

The angular resolution ep of a digital position sensor
is fixed by the number of steps, b, that it can distinguish
in one revolution.

i.e. Op = (360/b) degrees 3.3
The 3 phase voltage waveforms shown in fig. 3.2(a) have six
distinct combinations of equal duration per cycle. The
rotor position sensor must accurately determine the six
switching points as the rotor turns. A 2 pole machine such
as the magslip, rotates once every cycle and so the switch-
ing information from the position sensor has to occur at
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regular intervals that are 60 mechanical degrees apart.

For machines with a higher pole number the position sensor
must produce the switching information at smaller angular
intervals. The commonly used quasi-square voltage waveforms
are such that the number of voltage combinations 'd' during
one cycle of a Q phase voltage supply is given by:

d =" 2.0 3.4
If the Q phase voltage supply drives a synchronous motor
with P poles, the number of voltage combinations per revol-
ution, C, is given by:
i.e. C = Q.P 3.6
C is actually the number of inverter "steps" per revolution.
Therefore, assuming the inverter steps are of equal duration,

the maximum angular interval a% at which the position sensor
must produce switching information is given by:

(360/C) degrees 3.7

360 degrees 3.8
Q.P

The assumption of equally long inverter steps is valid pro-

Xs

i.e. °<s

viding the machine phase voltages are either:

(a) switched positive and negative alternately for
180° each.

or (b) Switched positive and negative for periods of
[180(0-1)/0] degrees each with zero volt periods
of (180/Q) degrees inbetween. (This is the type
of waveform used for the magslip; i.e. Q = 3.)

If the zero volt periods lie between 0° and (180/Q) degrees



there is a need for more frequent switching information,
and hence a switching sensor with a resolution better than
g degrees is necessary. However, in the work reported in
this thesis the waveforms employed were of type (b). Thus
a position sensor with a resolution of 0% degrees is suff-
icient for correct machine operation.
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To ensure that the position sensor resolution Qp given

by equation 3.3 is sufficient to meet the required resol-
ution Xy given by equation 3.8, it is necessary to impose
the conditions:

0, € % 3.9
and n.Op = X, 3.10

where n is a positive integer greater than zero and is

given by:

n = number of position sensor steps per revolution
number of inverter steps per revolution 3.11

i.e n = b/C 3.12

The condition imposed by equation 3.10 ensures that if a
step signal from the position sensor is made to coincide
with an inverter switching point, the succeeding "“coinci-
dence points" will occur after every n signals of the pos-
ition sensor.

Substituting equations 3.3 and 3.8 into equation 3.10
gives an equation for b:

b = n.Q.P 3.13

Therefore, the resolution of a position sensor given by
equation 3.3 becomes:

@ = 360 degrees 3.14
P n.Q.p
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The minimum number of steps, b in’ that must be detected by
a position sensor for a given motor system to function cor-

rectly is obtained from equation 3.13 when n = 1:

bmin = Q.P 3.15

3.3.1 Available Types of Position Sensors

The positions of the inverter switching points can be
detected by several techniques. The most reliable position
sensor techniques do not involve contact between stationary
and moving parts; i.e. they are "brushless". Practical
contactless position sensor techniques include:

(a) optical sensors: light sources shine through a patt-

erned disc attached to the rotor shaft and photo diodes
detect the presence or absence of light. Both the light
source and photo diodes are stationary.

Advantages of the optical sensor method include the
fact that the signals from the photo diodes rise and fall
quite abruptly and so the switching points are well defined.
Also, the signals are d.c. and so do not require rectifi-
cation or filtering. However, the method does suffer from
the disadvantage that the light sources are liable to wear
out and fail suddenly. In addition, the photo diode signal
is usually very small and so may require amplification be-
fore it can be used for control purposes.

(b) Reluctance sensors: a toothed magnetic wheel mounted
on the rotor shaft rotates between stationary poles
which carry sense windings. A high frequency a.c. flux is
directed around the magnetic circuit, and the signal ampli-
tude induced into each sense winding depends on the reluc-
tance of the airgap between the toothed wheel and the rel-
evant stationary pole. Since the airgap reluctance varies
with the rotor position it is possible to determine the

rotor orientation from the induced signal amplitudes.



87

Advantages of reluctance sensors include the fact that
the method has no inherent wear out mechanism. However,
this is offset by the fact that the signal must be rectified
and filtered before it is in a suitable form to use. Also
there is always some induced voltage in the sense windings
due to leakage flux and the signal builds up gradually ra-
ther than abruptly. Hence a trigger circuit is required to
detect the correct switching point.

(c¢) Magnetic field detectors: the position of a magnet
attached to the rotor can be sensed by either hall
effect generators or magneto-sensitive resistors. In suit-

able situations the rotor magnetic field can be directly
sensed, thus eliminating the need for an extra rotor mounted
magnet.,

The magnetic field detector systems do provide d.c.
signals but in general suffer from the same disadvantages
as reluctance sensors.

(d) cCcapacitance sensors: the position of a suitably shaped
wheel mounted on the rotor shaft can be detected by
capacitance measuring probes.

Capacitance sensors are compact and hence can be easily
incorporated within motor frames, but considerable amplifi-
cation is needed to boost the sensor output signal to a
usable level,

(e) Back-emf sensors: it is possible to detect the rotor
position by monitoring the back-emf waveforms generated
in the phase windings by the rotor flux,

However, there is often a great deal of spurious noise
on the signals due to the switching action on the phase
windings and this can make accurate position detection im-
possible., In addition, the rotor position cannot be deter-
mined at very low speeds since the back-emf tends to zero.
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All of the position detection systems discussed above
are used in practical systems, and either (a), (b), or (c)
were thought to be suitable for use in the magslip drive
system. However, an optical system is relatively easy to
construct and the switching pattern on the rotating disc is
easy to modify. Therefore, it was decided to use an optical
position sensor system for both the magslip system described
in this chapter, and the square wave motor described in
Chapter 6. Optical systems can be made with extremely good
resolutions, especially by using Moire interference fringe
techniques., Fortunately, such techniques are not usually
needed to obtain the resolution required by autopiloted
motor systems. All the disc patterns described in this
thesis are very simple.

3.3.2 Possible Arrangements of the Sensors

There are a variety of ways of arranging the chosen
sensors in order to generate the required inverter control
signals. The different arrangements affect:

(a) the number of sensors required;
(b) the amount of decoding logic required:;

(c) the ease by which load angle control can be
achieved.

The papers by Binns et al (3.6), Rieke (3.7), and Le-Huy et
al (3.8) give examples of typical optical position sensor
arrangements.

Three sensor arrangements were implemented on the mag-
slip system. They can be categorised by the type of logic
needed to convert the position sensor signals into the in-
verter control signals. The first form of sensor arrange-~
ment does not require any logic to process the position
sensor signals, and so it is referred to here as the NOLOG
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(NO LOGIC) method. The second form of sensor arrangement
uses combinational logic to process the position sensor
signals and so it is referred to here as the COMLOG (COM-
binational LOGIC) method. The third form of sensor arran-
gement is based on sequential logic to process the position
sensor signals and so is referred to here as the SELOG (SE-
quential LOGIC) method. The methods are discussed below.

3.3.2.1 NOLOG (No Logic) Position Sensor Systems

A NOLOG position sensor produces the necessary inverter
control signals directly. Some amplification and pulse
shaping circuitry may be necessary in order to match the
signals to the requirements of the inverter drive circuitry,
but the individual sensor signals are not combined with each
other in any way. A NOLOG position sensor arrangement is
shown in fig. 3.8. The disc pattern and sensor positions
produce the necessary control signals for a three phase
inverter of the type shown in fig. 3.1, and the resulting
inverter voltage waveforms are of the form shown in fig.
3.2(a).

The principal advantages of the NOLOG system are that
it is simple and it produces the inverter control signals
directly. In addition, the system does not require any
initialisation and so it always produces the correct posi-
tion information even when it is first switched on. There-
fore, the motor is always synchronised. This feature means
that the motor can always produce continuous torque when
trying to start and consequently starting should not be a
problem with a NOLOG arrangement. Also, the sequence of
the position sensor signals is directly related to the dir-
ection of rotation, and this means that it is impossible
for the motor to fall out of synchronism. A disadvantage of
the NOLOG arrangement is that a relatively large number of
sensors are required to detect the required switching points
during each revolution. (Six sensors are required for the
arrangement shown in fig. 3.8.) ‘
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The large number of sensors and light sources leads to a
high initial cost and results in an appreciable power cons-
umption. In addition, the reliability of the system is not
likely to be very high because of the large number of pos-
ition sensor components. A further disadvantage is that a
potentially damaging situation for the inverter can arise
in the event of a light source failure. This is because the
signals generated by the arrangement shown in fig. 3.8 are
active when the opague pattern blocks the light path, and
this is equivalent to a light source failure. Hence it is
possible for both of the control signals to a phase of the
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inverter to be active, causing a direct short across the
power supply voltage rails. This problem can be overcome
either by reversing the opaque and transparent portions of
the pattern (i.e. light detected then results in an active
control signal), or by the use of simple logic to detect if
both control signals to any phase are active.

Reversal of a NOLOG controlled synchronous motor can
be achieved by simply reversing the field flux direction.
The alternative reversing technique in which the stator flux
is reversed, relies on modification of the inverter control
signals to advance the inverter through its sequence. Such
signal processing requires logic of some form and hence
cannot be achieved by a basic NOLOG system. However, stator
flux reversal is actually quite simple in practice. For
example, the six step voltage waveform shown in fig. 3.2(a)
can be advanced through half a cycle by swapping over the
control signals going to each phase of the inverter. (Sig-
nal A1 then controls inverter switch A2 and vice versa.)
Such "logic processing" can be achieved by simple change
over switches. Therefore, stator flux control to achieve
motor reversal is possible by using NOLOG position sensor
signals and so permanent magnet motors can be reversed.
However, the signal processing needed between the position
sensor and inverter means that such a system is not then
strictly of a NOLOG form.

In conclusion it can be said that whilst the NOLOG
arrangement is potentially simple, it also has sufficient
drawbacks to prevent it from being an automatic choice for
the sensor arréhgement.

3.3.2.2 COMLOG (Combinational Logic) Position Sensor
Systems

A COMLOG position sensor arrangement produces a binary
coded output. The value of the binary code is determined
by the position of the rotor. The binary code is not usually
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directly equivalent to the required inverter control signals
and so some combinational logic is needed to convert the
binary code into the necessary form. The method can most
easily be explained by means of an example, It is instruc-
tive to assume that the six inverter output voltage combin-
ations shown in fig. 3.2(a) are related to the binary pos-
ition code as shown in fig. 3.9. The associated inverter
control signals are also shown in fig. 3.9.

Binary Coded Javerter Control lnverter Phase

Step Sensor Output Stanals Voltage Oubputs
N Phase | Phase| Phase
v D, {D:i| Do |AL| B |Cy A.| B | C. Alg]cC
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2ol [olo|l |O]lO|lOf!) |O |+ |V
jojijVt]jofr]|]o]l1l|o]|O|-V[¥N|O
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FIG .39 EXAMPLE OF How THE SWITCHING STATES OF A THREE

PHASE INVERTER CAN BE RELATED To ThE BINARY Cobed
RotoR PoSiTion  OF A MMOYOR.

It can be seen in fig. 3.9 that the binary coded sensor
output is not directly suitable for use as the inverter
control signals. Therefore, a conversion is needed and this
can be performed by combinational logic. The necessary
logic can be implemented by standard discrete logic gates
or alternatively by a "look-up" table stored on a Read Only
Memory (ROM). In a look-up table solution each distinct
binary code is used as an address to select a memory location
in the ROM. The selected location contains the inverter
control signals relevant to the binary input code. There-
fore, there is no problem in the conversion of binary coded

position information into inverter control signals.
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However, the example binary code (D2 D1 DO) shown in fig.,
3.9 is not satisfactory in practice because it is NOT a
"unit-distance" code. This means that more than one binary
digit changes at some, or all, of the transitions between
successive code values. Unfortunately in practical systems
it is not possible for two or more digits to change state
at precisely the same instant. This is due to the combined
effects of the mechanical alignment tolerances and the
slightly different response times of the optical position
sensors generating the binary digits. .ﬁhe result is that a
spurious code can be generated during the transition, and
this could cause a damaging condition for the inverter.

This possibility can be eliminated by the use of a unit-
distance binary code. The reflected-binary, or "Gray code",
is a unit-distance binary code, and it is commonly used for
position sensors. The Gray code must be cyclic so that at
the end of a revolution the code changes back to its original
value as illustrated by the six step Gray code (G2 Gy Gg)
shown in fig. 3.10(a). '

Position Sensor Binany Altermative
Step  lGrey Code Outpuk Grey Code Output
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4 | l @) | [ ®)
S I O @] I O @)
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Fit, 3,10 TwWO P0SSiIBLE SiX SteP  GRAY CObES
————————— T ——

The Gray code shown in fig. 3.10(a) can be generated by a
disc pattern and sensor arrangement of the form shown in
fig. 3.11.



94

Statior\o.ﬁj
Opti cal Seasors

Persyex Disc

O?aq‘ue Dl'rec.t\'oa
Pattern 0{’ Disc Rotation
to Pro&v.(,e.

Seq_uef\ce, " Ft'SS.IO.o.

| Al SUITABLE  Disc N SEN IO
PRODUCE THE _GRA{ COBE  SHowN In_ FiG. 2.10.a.,

It is possible to generate Gray codes for any even
cycle length. Commercial Gray code position sensors can
provide up to 4096 coded wvalues per revolution, but such
high resolution is not necessary to autopilot a synchronous
motor. It is interesting to note that for a given number of
binary digits there can be more than one set of codes for a
particular cycle length. For example, the three bit, six
step, Gray code shown in fig. 3.10(b) is different from the
one shown in fig. 3.10(a). It is not proposed to go into
the methods of designing Gray codes of particular cycle
lengths. Details can be found in many texts, including that
by Taub and Schilling (3.9).

It has previously been stated in this sub-section that
the binary position information is not necessarily of the
correct form to use directly as the inverter control signals.
It therefore follows that since Gray code is simply a re-
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arrangement of natural binary code, it is also likely to
require some processing by combinational logic in order to
generate the required inverter control signals.

COMLOG systems have two useful features that are also
possessed by NOLOG systems. In the same manner as a NOLOG
system, a COMLOG system is always synchronised, even at
switch on. In addition, the sequence of the position codes
indicates the direction of the rotor. Therefore, in these
two respects, the NOLOG and COMLOG systems are identical.

A COMLOG system can be used with either field flux
reversal or stator flux reversal to reverse the direction
of rotation of an autopiloted motor. Control of the inver-
ter to achieve stator flux reversal merely requires addit-
ional combinational logic to process the binary position
code. Therefore, permanent magnet rotor machines, auto-
piloted by COMLOG position sensors, can be readily reversed.

A COMLOG system employing a Gray code plus some com-
binational logic is not necessarily as simple as a NOLOG
arrangement, but it may require fewer light sources and
sensors which can result in improved reliability. For exam-
ple, the six step Gray code discussed in this sub-section
requires only three sources and sensors as compared with the
six required by the NOLOG example given in sub-section
3.3.2.1. However, the combinational logic required by the
COMLOG arrangement may be undesirable or too expensive in a
commercial application. It is virtually impossible to state
in general terms when a COMLOG arrangement should be used
in preference to a NOLOG arrangement and vice versa., It is
true to say that the choice depends very much on the req-
uirements of each particular autopiloted system.

3.3.2.3 Basic Pulse Counting "Single Edge" Sensing SELOG

(Sequential Logic) Position Sensor Systems

The previously described NOLOG and COMLOG position
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sensor arrangements both produce coded outputs that provide
full position information at all times. An alternative
method of determining the angular position of a shaft is to
use a SELOG position sensor arrangement. A SELOG system
provides a pulse signal each time the shaft rotates through
a known number of degrees. The pulses divide each revolu-
tion into a number of segments and so henceforth they are
referred to as SEG' pulses. Since the pulses occur at reg-
ular angular intervals it is possible to logically compute
the position of the shaft by counting the number of pulses
that are detected. The counting can be conveniently per-
formed by sequential logic. In order that the accumulated
count has some meaning in terms of the shaft position, it is
necessary to have a "“home" signal to initialise the count.
This signal zeroes the counting mechanism when the shaft is
in a known position, and because it synchronises the count
value to the shaft position it is henceforth called the
SYNC' pulse. The count recorded by the sequential logic
follows a fixed sequence during each revolution in the same
way as a NOLOG or COMLOG position sensor provides a repeating
sequence of code values. For example, a SELOG sensor cap-
able of detecting six steps per revolution could produce a
sequence cycling through binary O to binary 5.

To maintain the synchronous motor in synchronism it is
necessary to relate the position count to the state of the
inverter phase outputs by suitable logic. The sequential
logic counter can be arranged to output the "count" wvalue
in a variety of codes. The various codes are basically of
two types. The first type of counter code is of a binary
form with the binary number changing on successive SEG'
pulses. 1In general the binary code is not directly compat-
ible with the required inverter control signals., Therefore
some combinational logic, similar to that used in COMLOG
position sensors, is needed to produce the inverter control
signals from the binary count information. It is possible
to use standard numerical binary code if a synchronous cou-

nter is employed. (All the outputs of a synchronous counter



97

change simultaneously and so the spurious outputs that can
arise with a COMLOG position sensor when using standard
binary code do not occur.) Therefore it is possible to
implement a SELOG counter using standard TTL or CMOS inte-
grated circuit synchronous binary counters. A block dia-
gram of a "binary code" SELOG position sensor is shown in
fig. 3.12.
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The second type of counter code is directly compatible with
the inverter control signals. Therefore, the sequential
logic counter does not count in the numerical sense, but it
steps the outputs through a series of combinations that are
actually the required inverter control signal sequence.
However, the amount of logic needed to achieve a non-binary
count sequence can be significant. Hence, although the
method provides the inverter control signals directly, it
is not necessarily simpler than the first method. There-
fore, the second type of code and the associated counting
circuitry is not discussed further in this thesis. The
practical SELOG position sensor circuit described later in
this chapter uses standard binary code to indicate the
position count.
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The number of equal sized steps per revolution that a
basic pulse counting SELOG position sensor can distinguish
is equal to the number of SEG' pulses generated per revol-
ution. It is shown earlier (in section 3.3) that the number
of steps 'b' per revolution that a position sensor must
detect, in order to successfully autopilot a Q phase inver-
ter driving a P pole synchronous motor, can be calculated
by using the equation:

b = n.Q.P (3.13)
The equation can be used to calculate the number of SEG'
pulses required per revolution in a basic pulse counting
SELOG system:
SEG' = n.Q.P 3.16
The simplest form of SELOG system would require only

one sensor to detect a combined SYNC' and SEG' pulse stream
of the form shown in fig. 3.13.
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Unfortunately it is not easy for a logic system to reliably
distinguish between the SYNC! and SEG' pulses when they are
combined in the same pulse train, given the tremendous
frequency range involved as the motor accelerates from rest
to full speed. It is much easier to detect the SYNC' and
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SEG' signals with independent sensors. Typical SYNC' and
SEG' pulse waveforms for a SELOG position sensor are shown
in fig. 3.14(a). This example has six SEG' pulses per
revolution and so it could control a six step three phase
inverter.
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The alignment of the position sensor with respect to the
rotor, is adjusted so that the points at which the inverter
outputs must change to maintain the required load angle,
coincide with the rising edges of the SEG' pulses as shown
in fig. 3.14(a). (The system could equally well be aligned
on the falling edges.) Since a basic pulse counting SELOG
system only senses one edge of each SEG' pulse, it can be
described more accurately as a single-edge-triggering SELOG
system. It is useful to base the position sensing on the
detection of edges for two reasons. Firstly, the edges can
be reliably sensed and so the inverter can be made to switch
at exactly the same points during successive revolutions.
Secondly, many sequential logic circuits, including binary
counters, change states on the rising or falling transitions
of the input signal and so they can be easily incorporated
into an edge sensing SELOG system.

The rising edges of the SEG' pulses only coincide with
the inverter switching points for one direction of shaft
rotation. If the shaft rotates in the opposite direction
it is necessary to detect the falling edges of the SEG'
pulses in order to ensure that the inverter switches at
exactly the same angular points. This is because a tran-
sition that is sensed as a rising edge in one direction is
sensed as a falling edge in the opposite direction. The
detection of falling edges to allow motor operation in a
reverse direction is most easily achieved by inverting the
SEG' pulses., If this is done the system only has to sense
rising edges in either direction of rotation. Obviously
when the system operates in the reverse direction, it is
necessary for the sequential logic to decrement the posi-
tion count on successive SEG' pulses so that the inverter
steps backwards through its sequence.

Correct bidirectional operation of a SELOG sensor
arrangement is also dependent on the position of the SYNC!
pulse with respect to the SEG' pulses. The purpose of the
SYNC' pulse is to indicate precisely the rotor position
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once every revolution and so initiate a new sequence of
inverter states. Therefore, in a forward direction the
SYNC' pulse causes the inverter to enter state 0. Subse-
quent SEG' pulses increment the inverter through states
1,2,3,4, and 5. In a reverse direction the SYNC' pulse
causes the inverter to enter state 5, and subsequent SEG!
pulses decrement the inverter through steps 4,3,2,1, and O,
The SYNC' pulse can provide the necessary position infor-
mation in either direction if it is placed symmetrically
about the boundary separating inverter state 0 from inver-
ter state 5, as shown in fig. 3.14(a). If the SYNC' pulse
is logically ANDED either with the SEG' pulses in the for-
ward direction, or with the SEG' pulses in the reverse
direction, the resultant output SYNC is correct for either
direction of rotation. The simple combinational logic that
is required to process the SEG' and SYNC' signals so that
forward and reverse rotation is possible is shown in fig.
3.15. The forward/reverse command input (F/R) determines
whether the SEG' signals are inverted. In the circuit
shown in fig. 3.15 the SEG' signals are inverted when input
F/R is at logic 1. The output segment signals are called
SEG pulses to distinguish them from the unprocessed input
SEG' pulses produced by the position sensor disc. Equation
3.15 is wvalid for the calculation of the number of SEG
pulses required in a given application. Replacing SEG' by
SEG yields:

SEG = n.Q.P 3.17

The SEG' and SYNC waveforms for reverse rotation
(F/R = logic 1) are shown in fig. 3.14(b). It should be
noted that in order to show the correct angular relation-
ship between the signals in figures 3.14(a) and 3.14(b),
it has been necessary to draw fig. 3.14(b) "back to front".
Therefore, it should be read from right to left in order to
see the correct rising edges in the wvarious pulse waveforms:
i.e. time goes from right to left,
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The SEG' and SYNC' waveforms illustrated in fig. 3,14(a)
can be generated by a disc pattern and sensor arrangement
of the form shown in fig. 3.16.

There are two problems associated with SELOG type
position sensors which could make them unsuitable for use
in some applications. The first problem is that the motor
system cannot be synchronised until a SYNC' pulse is det-~
ected. Therefore, in order to start a synchronous motor
that is controlled by a SELOG position sensor, it is neces-
sary to slowly step the inverter through its sequence until
a SYNC' pulse is detected. This method relies on the syn-
chronous motor "following" the inverter steps and because
it is an open-loop process it can fail. The second problem
is that a SELOG system cannot detect the direction of shaft
rotation from the SEG pulses. This is because a SEG pulse
merely indicates that the shaft is passing through a seg-
ment boundary. The absence of directional information from
the SEG pulses should not normally be a problem., However,
because the counter (and hence the inverter) steps on
through its sequence on each SEG pulse, it is possible for
the inverter and motor to get unsynchronised. For example,
this could occur if the load on the motor shaft sets up a
torsional vibration such that the position sensor oscillates
several times over each segment boundary as the rotor turns.
Fortunately this should not occur in a correctly designed
system., The system is more likely to become unsynchronised
if the motor shaft is forcibly halted and reversed by the
load. When this happens the rotor turns one way whilst the
SEG pulses cause the inverter to step the stator flux round
in the opposite direction. However, it is possible to
detect whether the rotor is travelling in the opposite
direction to that expected by examining the SYNC' and SEG
pulses together.

When the motor is rotating in the required direction
the SEG, SYNC', and SYNC signals are as shown in fig. 3.17(a).
If the motor is rotating in the opposite direction to that
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required, the SEG, SYNC', and SYNC signals are as shown in
fig. 3.17(b).
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Fig. 3.17(a) shows that when the motor is rotating in the
correct direction, the SEG signal is at logic 0 when the
SYNC' signal goes from logic 0 to logic 1. Fig. 3.17(b)
shows that when the motor is rotating in the wrong direction,
the SEG signal is at logic 1 when the SYNC' signal goes from
logic 0 to logic 1. Therefore, the incorrect direction of
rotation can be detected by feeding the SEG and SYNC' sig-
nals to a D-type flip flop as shown in fig. 3.18. The Q
output goes to logic 1 if the motor rotates in the wrong
direction for any reason. This system can only check the
direction once per revolution, and because it relies on a
SYNC' pulse, it is possible for the shaft to rotate in the
wrong direction for almost a whole revolution, before it

is detected.
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The two problems discussed above are peculiar to a
SELOG type of position sensor. Both problems could be
minimised or eliminated by increasing the number of sensors
and the complexity of the disc pattern. However, in the
majority of applications a simple two sensor SELOG position
sensor is adequate. A SELOG position sensor is attractive
for commercial applications because it only requires a very
simple disc pattern and two optical sensors. The need for
some sequential logic to count the SEG pulses is not a
major disadvantage because such logic is cheap, easy to.
implement, and reliable,

The reversal of a SELOG controlled synchronous motor
can be achieved by either field flux reversal or stator
flux reversal. The combinational logic that relates the
SELOG position count to the inverter control signals reg-
uires some expansion to allow stator flux reversal, The
main point to be noted about motor reversal with a SELOG
system is that the sequence in which the sequential logic
circuit counts must be reversed. Thus if the counter
counts "up" during forward motor operation it must count
"down" for reverse motor operation. This ensures that the
inverter sequences in the correct order in both directions.
The direction of counting can be controlled by the forward/
reverse command (F/R) logic line that is also required to
control the SEG' pulse inverter circuitry. The need for
SELOG systems to be "instructed" which way the position
sensor disc is supposed to be rotating in, so that correct

position information is produced, is a major difference
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between SELOG sensors on the one hand and NOLOG and COMLOG
sensors on the other. UP/DOWN sequential counters suitable
for SELOG position sensors are readily available in TTL

and CMOS.

The resolution apse of a "single-edge" sensing SELOG
position sensor can be calculated by using equation 3.3.
Rewriting the equation in terms of the number of SEG' pul-

ses per revolution gives:
— ]
6pse = (360/SEG') degrees 3.18
or in terms of the "processed" segment pulses:
Opse = (360/SEG) degrees 3.19

ini 1 3 !
The minimum number of SEG' pulses per revolution, SEG min(se)

that are needed for successful motor operation in a "single-
edge" sensing SELOG system is given by equation 3.16 with

n=1:
1
3 ] J—
i.e. SEG min(se) = Number of Phases x Number of Poles.

The "processed" segment pulses, SEG, are directly
derived from the input SEG' pulses. Hence the minimum

number of SEG pulses per revolution, SEG is simply

min(se)’
given by:
L
SEGmin(se) SEG min (se) 3.21
The resolution epse(min) of a "single-edge" sensing SELOG

position sensor with the minimum number of SEG' pulses is
given by equation 3.18:

- ] J
Opse(min) = (360/SEG min(se)) degrees 3.22
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or ©

bse (min) (360/Q.P) degrees 3.23

3e3.2.4 Improved-Resolution SELOG Position Sensor System

The resolution Opse given by equation 3.18 is not
actually the best resolution that can be obtained from a
SELOG position sensor. This is because the SELOG system
described in section 3.3.2.3 is based on the detection of
only one of the edges on each SEG' pulse. The resolution
can be improved by a factor of two if both edges of each
SEG' pulse are sensed. When this is done, two SEG pulses
are obtained for each SEG' pulse on the position sensor
disc. The technique requires a SEG' pulse waveform with a
50:50 mark/space ratio in order to ensure that successive
edges occur at equal angular increments. Therefore, "double-
edge" sensing can be used to improve the resolution of
SELOG position sensors providing the SEG' pulse waveform is
suitable. Alternatively, the improvement in resolution can
be used to reduce the number of SEG' pulses required per
revolution in a given application. For example, sixX segment
boundaries per revolution can be indicated by only three
SEG' pulses.

Double-edge sensing can be achieved by the use of a
pair of monostables as shown in fig. 3.19. One monostable
triggers on the rising edge of the input SEG' pulse and
the other monostable triggers on the falling edge of the
SEG' pulse. The period of each monostable must be shorter
than the minimum expected time between successive edges.
The outputs of the two monostables are ORED to generate the
SEG signal needed by the sequential counter circuits. The
relationship between a six step monostable-generated SEG
output and the required "double-edge" input SEG' pulses is
shown in fig. 3.20, along with the SYNC' and SYNC pulses,

A "single-edge" six step SEG output waveform is also shown
for comparison. The SEG' and SYNC' "double-edge" waveforms
shown in fig. 3.20 can be generated by a disc pattern and
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sensor arrangement of the form shown in fig. 3.21.
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The reduction in the required SEG' pulse pattern den-
sity on the position sensor disc is not the only benefit
available from double-edge sensing. The rising edges of
the SEG pulses generated by the monostable circuits always
coincide with the same angular points irrespective of the
direction in which the shaft is rotating. The inverting
function of the circuit shown in fig. 3.15 is therefore
redundant. The SYNC signal can be generated in a "double-
edge" system by ANDING the SEG output from the monostables
to the SYNC' pulse as shown in fig. 3.19.

In a similar manner to a "single-edge" sensing SELOG
system, a "double-edge" sensing SELOG system must be able
to detect 'b' steps per revolution, where 'b!' is defined
by equation 3.13. The number of segment pulses, SEG, must
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equal the number 'b'.

ioeo SEG = b 3.24

However, the "double-edge" feature of the system means that:

SEG = 2,SEG' 3.25

Combining equations 3.25, 3.24, and 3.13 gives:

SEG' = «Q.P ' 3.26

NIs

Hence the number of SEG' pulses for a given system can be
determined. The minimum number of SEG' pulses needed in a

"double-edge" sensing system, SEG' is given when

min(de)’
n=1:

SEG Q.P/2 3.27

'min(de)

i.e. SEG' = Number of Phases x Number of Pole Pairs.

min(de)

The resolution, epde' of a "double-edge" sensing SELOG
system is double that for a "single-edge" sensing system
with the same number of SEG' pulses.

i.e. 6

pde = 6pse/2 3.28

Hence from equations 3.28 and 3.18:

epde = 180/SEG' 3.29

or substituting from equation 3.25:

@pde = 360/SEG 3.30

s > n "
Finally the resolution, egde(min)' of a "double-edge
system with the minimum number of SEG' pulses is given by

equation 3.31:
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v

180/SEG"

pde(min) min (de)

3.3.2.5 Brief Summary of the Pros and Cons of NOLOG,
COMLOG, and SELOG Position Sensors

Having discussed the various digital position sensor
methods it is possible to conclude that the NOLOG and
COMLOG systems:

(a) always give the correct position:

(b) give position information that is directional.

However, these features are gained at the expense of the
need for:

(a) a relatively large number of sensors;

(b) a relatively complicated disc pattern.
The SELOG systems are attractive because they only require:

(a) two sensors for sufficient position information:;

(b) a very simple disc pattern.

In addition, the "double-edge" sensing SELOG system allows
a reduction in the disc pattern density by a factor of two
for a given angular resolution. Unfortunately, the SELOG
benefits are gained at the cost of having:

(a) no continuous directional information. If the
shaft direction changes between pulses the system
cannot tell. Hence desynchronisation is a possibility;

(b) no synchronisation at starting; hence a special
open-loop starting procedure is required. The
system needs at the most, one revolution to synchronise.

Motor reversal is possible with any of the three
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position sensor arrangements and so they can all be used
to autopilot bidirectional synchronous motor systems.

In general terms the SELOG systems require fewer sen-
sors than the NOLOG or COMLOG systems., The logic required
by any of the systems can be implemented by either discrete
logic circuits (TTL or CMOS) or by microprocessor. The
discrete logic solutions are demonstrated for the magslip
system in this chapter. A microprocessor solution for
SELOG position sensor systems used on the magslip and the
7 phase square wave motor is the topic covered in Chapter 4.

3.4 Adjustment of Load Angle

The load angle of an autopiloted synchronous machine
is held at a particular average value by the rotor position
sensor. With reference to figures 3.6(a) and (b), the
applied voltage V directly determines the spacial position
of the resultant flux ¢r. The spacial position of the
rotor flux ¢f is determined by the rotor direct axis. The
position of the rotor direct axis is detected by the shaft
position sensor and the resulting signals are used to
control the applied voltage V. Hence the average load
angle § between ﬂr and ¢f or V and E is determined by the
shaft position sensor. The angle can be changed by manip-
ulating the position sensor signals. This can be achieved
in two ways:

(a) mechanically: the position detector sensors can
be rotated with respect to the stator windings.
This causes ¢r to shift with respect to ¢f.

(b) Electronically: the position sensor signals can
effectively be shifted by a variety of electronic
techniques.

The mechanical variation of load angle is simple and
reliable, Twisting the position sensors in the opposite
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direction to the rotation of the rotor increases the load
angle. Moving the sensors in the same direction as the
rotation of the rotor, reduces the load angle. 1In a two
pole machine the load angle changes by an amount equal to
the physical twist angle. The main advantages of mechan-
ical load angle control are that the angle is continuously
variable, thus allowing the torque to be maximised at any
speed, and the position sensor only requires a resolution
sufficient to detect the number of switching steps per
revolution; i.e. six for a 3 phase 1200- 60° waveform.

The main disadvantage of mechanical load angle variation
is the need to move the sensors. A sensor that can move
is inherently less reliable than one that is firmly located.
In addition, if the load angle is controlled by an elec-
tronic signal, there is a requirement for an electro-mech-
anical servo to rotate the sensors. If the motor is re-
quired to operate in both directions, the position sensor
must likewise be able to shift in both directions from the
0° load angle setting.

The electronic variation of load angle can be achieved
by processing the position sensor signals either by:

(a) time delay circuits, or:

(b) combinational or sequential logic circuits,

3.4.1 Time Delay Adjustment of Load Angle

A time delay imposed on the position sensor signals
as they occur can be used to vary the operating load angle
over the required range of +90° to 0°. This can be achieved
by arranging the position sensor so that with zero time
delay, the motor operates with a +90° loaa angle. The
introduction of a time delay into the position sensor sig-
nals delays the switch .on of the applied winding voltage,
V. Therefore, during the step following the delay, the
average load angle § is less than +90°. The load angle can
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actually become negative if the time delay is long enough.

The selection of a particular load angle at a given
speed is best illustrated by an example. The situation
with zero time delay is shown in figures 3.22(a) and (b).
Fig. 3.22(a) shows the relationship between the applied
winding voltage V and the back-emf E. Fig. 3.22(b) shows
the average spacial positions of the machine fluxes over a
step. The machine is operating with a +9O° load angle.
When a time delay of td seconds is introduced into the
position sensor signals the nett effect is to cause the
average position of the rotor flux ¢f to change. This is
because at a motor speed of N rpm the rotor moves through
an angle et during the delay time t;.

i.e. Ot = 6.N.td degrees 3.32
Therefore, the average position of the rotor flux during
the step following the time delay is shifted by the angle
Ot’ For example, in a two pole motor spinning at 3000 rpm,
a time delay of 1.67ms results in the average position of
the rotor flux ¢f shifting by 30°. The shift in the rotor
flux is shown in fig. 3.22(d) and it causes the load angle
to change to 60° as shown in fig. 3.22(c).

The actual load angle § for any time delay is given by:

S = 90 - 6£ degrees 3.33
The time delay required to achieve a particular load angle
is found by combining equations 3.32 and 3.33 to give:

t

g = 29—:—§ seconds 3.34
6 .N

Equation 3.34 shows that the time delay method has a serious
drawback if a load angle other than 90° is required at
zero speed (N = 0). The necessary time delay given by
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equation 3.34 is infinite for such conditions. Unfortu-
nately, since a cylindrical rotor synchronous motor prod-
uces no torque at zero speed with a load angle of 900, it
is impossible to start such a motor if the load angle is
to be varied between 0 and 90° by the time delay method.
One way of overcoming the problem to some extent is to
reduce the load angle 5; that exists for t, = 0., Equation

d
3.34 then becomes:

secmc\s 3.35

The value of 5' chosen depends on the starting torque re-
quired but a sultable value might possibly be 60 say.

The system could then successfully start and once moving
the load angle could be varied from 60° down to O°. The
fact that load angles in the range 90° to ééocannot then
be obtained is not necessarily a disadvantage since the
maximum required load angle depends on the maximum desired
operating speed of the motor.

An alternative method of overcoming the zero starting
torque problem is to make use of the fact that if a posi-
tion sensor can detect 'b' steps per revolution, the load
angle can be changed in increments of (36O/b)° by means of
electronic logic. The method by which this can be achieved
is explained in section 3.4.2. A six step position sensor
allows 600 steps in the motor load angle. The 60° incre-
ments are a result of the six steps associated with the
position sensor and the motor applied voltages. It is
therefore possible to change the zero time delay load angle
8' by 60° from 90° to 30° Once the motor has been succes-
sfully started, 5 can be switched back to 90° .

The starting torque problem inherent with the Oo to
90° load angle system can thus be overcome but a much more
difficult problem is inherent in the time delay method.
Reference to equation 3.34 shows that the required time
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delay td is inversely proportional to the speed N. There-
fore, at any instant the system must:

(a) have an accurate measure of the motor speed;
(b) compute the required time delay:

(¢) implement the computed time delay.

The accurate measurement of speed and the calculation of
the required time delay are both relatively easy especially
since the advent of microprocessors. The time delay can

be implemented with either a monostable type of circuit or
some form of programmable timer which can include a micro-
processor. However, the main problem with the time delay
generation is the large range of time delays needed to
operate over a wide speed range.

Against the disadvantages of the time delay method, it
can be said that the example 3 phase 2 pole motor only
needs a position sensor able to detect six points every
revolution, (for example the NOLOG position sensor pattern
shown in fig. 3.8), and it can provide continuous load
angle variation from 5; to Oo. However, it was decided
that the problems in implementing such a system outweighed
the benefits and so consideration was given to logical
methods of load angle control. These methods are discussed
in section 3.4.2.

3.4.2 Logical Methods of Adjusting Load Angle

The digital position sensor systems discussed in sec-
tion 3.3 are able to detect which step of a revolution a
motor shaft is passing through. A set of position code
signals are generated during each revolution, and the sig-
nals control the inverter outputs. Each combination of
output voltages from the inverter can be associated with a
particular binary code from the position sensor. The rel-

ationship between the binary position code and the inverter
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output states is such that the motor is synchronised and
runs with a fixed "average" load angle as explained in
section 3.2. ’

The adjustment of load angle by mechanical rotation
of the position sensor can be simulated electronically by
changing the relationship between the binary position codes
and the inverter output combinations. The method is most
easily explained by way of an example. The inverter output
voltages for the magslip system are as shown in fig. 3.2(a)
and there are six possible combinations during a cycle,
Therefore, the minimum number of steps that the position
sensor has to be able to detect is also six. A suitable
three bit Gray code B,B,B, is shown in fig. 3.23(a). The
sequence of inverter output voltages is shown in fig. 3.23(b).

Position INVERTER OUTPU
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Fla. 3.23. A THPICAL  Posimon SENSOR GRAY COdE SERUENCE (),
AND THE INVERTER OUTPuT VOLTAGE SEGUENCE (b).

By using suitably designed electronic logic circuits
it is possible to produce a function fk such that the map-
ping of the position sensor codes to the inverter voltage
outputs is defined as:



119

%{: P(n) —> I(n+k); k,n € Zg 3.35

where 26 is the commutative ring of residues modulo 6;

i.e, {0,1,2,3,4,5}. The system can be physically adjusted
so that the motor operates with an average load angle of

0° for a value of k=0. Then for k=1, the inverter output
voltages are one step ahead of the 0° load angle inverter
output state. Since the applied phase voltages determine
the axis of the resultant flux ¢r in the mo:or, the effect
with k=1 is that the axis of ¢r is moved 60 on from its

0° load angle position. That is the angle between ﬁr and
¢f is increased by 600 and so the average load angle also
increases by 60° . Hence the average value of the load
angle becomes 60° instead of Oo. If k=2, the inverter
output voltages are advanced by two steps and the load
angle increases by 1200. The 60o adjustments that can be
made to the load angle are rather coarse, but they would

be useful in a simple motor system in which a 0° load angle
could be used for starting and low speeds, with a 60° load
angle used for higher motor speeds. The load angle can be
retarded from the k=0 setting by selecting negative values
of k. For k=-1 the load angle is reduced by 60°. There-
fore, if a 0° load angle occurs for k=0, a value of k=-1
would give a -60° load angle. A coarse negative load angle
adjustment would be useful in the time delay method of load
angle control described in sub-section 3.4.1. In such a
system the k=0 value of load angle would be set at 900.
Then a value of k=-1 would select a load angle of 30o (900-
60°) and so overcome the starting problem discussed in
sub-section 3.4.1.

The mapping obtained for k=3 is useful since it causes
the inverter to advance half a cycle through its sequence.
This is precisely the condition required to reverse the
stator flux and hence reverse the motor direction. There-
fore, increasing the load angle by 180° puts the motor into
reverse, If k=0 gives 0’ load angle in one direction, then
k=3 gives 0’ load angle in the reverse direction.
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The resolution é; available in the adjustment of load
angle by the logical mapping method depends on the mech-
anical resolution @p of the position sensor. The mechan-
ical resolution @p is related to the electrical load angle
resolution by the number of poles P in the machine stator
windings.

i.e. Sr = Op.(P/z) degrees 3.36

Using equation 3.14 to substitute for Op gives:

5; = 180/(n.Q) degrees 3.37
Therefore, for the basic magslip system with n=1 and Q=3,
the load angle can be varied in 60° steps. By dividing
each revolution into more steps, it is possible to improve
the resolution of the load angle adjustment. For example,
a value of n=2 results in the position detector being able
to detect 12 steps per revolution as indicated in fig.
3.24(a). The six possible inverter states each occur for
two consecutive steps as shown in fig. 3.24(b).

The mapping function is then defined as:
£t P(n) —>»I(n+k):; k,n &€ Z40 3.38

where 245 is the commutative ring of residues modulo 12;
i.e. {0,1,2,3,4,5,6,7,8,9,10,11}. The resultant load angle
resolution with n=2 and Q=3 is found to be 30 by equation
3.37. Hence with such a system it is possible to select
load angles of O, 30", 60°, and 90 . The size of load
angle adjustment can be made even smaller by making n=3

and so on. However, logical load angle adjustment can only
provide stepped variation in the load angle whereas cont-
inuously variable adjustment is possible with both the
mechanical and time delay methods. Nevertheless, the log-
ical method of load angle adjustment is superior to the
time delay method in two respects. Firstly, the "shifts"
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in load angle are not speed dependent. Secondly, there is

no problem in the selection of zero load angle at zero
speed.

It is important to note that the load angle shift
achieved by logic circuits is related to a particular dir-
ection of motor rotation. Therefore, a 30° shift in the
forward motor direction would be a -30° shift if the motor
were running in reverse. Hence the mapping fk must be in
the correct sense with respect to the inverter sequence
and and motor direction.

The logic required to implement the function fk is
relatively simple and there are several methods by which
it can be implemented. The logic solution chosen for a
particular system depends to some extent on the type of
position sensor used. For example, the combinational logic
required by a COMLOG position sensor basically provides
one mapping of shaft positions to inverter states. By
suitable design, it is possible to extend the combinational
logic to provide several alternative mappings; i.e. several
load angles. The logical method of load angle adjustment
was actually implemented on the magslip system in three
ways. They were respectively:

(a) a discrete combinational logic circuit based on
a COMLOG position sensor;

(b) a discrete sequential plus combinational logic
circuit based on a SELOG position sensor;

(c¢) a software "look-up" table implemented by micro-
processor and based on a SELOG position sensor,

The basic approach used for each solution is briefly out-
lined below,
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3.4.2.1 COMLOG - Based Load Angle Adjustment Circuit

The mapping from the position sensor code to the
required inverter control signals can be split into two
stages. The first stage of the mapping relates a partic-
ular position sensor code to one of the possible inverter
states. The second stage then relates the selected inver-
ter state to the corresponding inverter control signals.

The first stage mapping depends on the required motor
load angle. Therefore, in order to have a selection of

be v "first stage" mapping units, each dzeiperforming the
mapping from position codes to inverter states for one
load angle. The y first stage logic units operate in
parallel. They are indicated schematically as blocks Al
to A,y_1 on fig. 3.25. A motor can only operate with one
particular load angle setting at any given time. Therefore
the outputs of the relevant first stage logic block are
selected by logic block B and routed to the second stage
mapping unit, which is represented by block C on fig. 3.25.
Block C maps the inverter states to the corresponding
inverter control signals. This mapping does not depend

on the load angle and so only one logic unit is necessary.

The Boolean logic functions necessary to perform the
mapping functions in the first and second stage blocks can
be realised by the combination of standard logic gates
(And, Or, Nand, Nor, and Not). Alternatively it is poss-
ible to use "look-up" tables implemented in Read-Only-
Memory (ROM) integrated circuits to perform the mappings.

No mention of the direction of motor rotation has been
made with regard to the system shown schematically in fig.
3.25. However, if it is assumed that logic blocks A, to
Ay-i provide load angle values between 0° and 90° in the
forward motor direction, then a further set of logic blocks
are necessary to achieve the identical load angle settings
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in the reverse direction. The logic block performing the
mapping for the 0° load angle can be used in either dir-
ection of rotation providing the motor is reversed by means
of field flux reversal. Hence, to achieve load angles of
O°, 30°, 60°, and 90° in both directions requires at least
seven first stage logic blocks. Since the output of only
one of the blocks is in use at any time, this particular
method does not make efficient use of the logic gates. If
such a system is implemented by TTL logic gates, the total
current consumption is large even though only a small

fraction of the total circuit is being used at any time.

A combinational logic system of the form shown in fig.
3.25 was constructed for the magslip system. The circuit
provides load angles of 0°, 30°, 60°, and 90° in the forward
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direction. The circuit diagram and a brief circuit des-

cription are given in section 3.7.1.

3.4.2.2 Discrete - Logic SELOG - Based Load Angle
Adjustment Circuit

A SELOG position sensor system can be arranged so that
the adjustment of load angle is a simple mathematical pro-
cess. To achieve this the position of the motor shaft is
registered in the form of a standard binary count by a
synchronous counter., The counter advances through its
sequence of binary numbers once during every revolution of
the motor shaft. Since the counter is synchronised with
the shaft, each binary number is related to a distinct
sector of the shaft's rotation.

Fixed load angle operation can be achieved by mapping
the binary numbers to the corresponding inverter control
signals using combinational logic. However, different load
angles can be selected if the binary numbers are mathemat-
ically processed prior to being mapped into inverter con-
trol signals, A "shift" can be imposed between the binary
numbers and the associated inverter control signals by

adding (or subtracting) a binary offset number 'Bshift' to
the counter output number 'Bcount' to give a resultant
3 ' ' [ ]
binary number BreS H
Bres ® Bcount T Bsnift 3.39

The addition of an offset number can cause the resul-
tant number to go outside the range of numbers generated
by the synchronous counter. For example, a 12 step binary
counter can be designed to cycle through the numbers 0 to
11, When counting up, the counter reaches 11 and then on
the following change goes to 0, Similarly, when the cou-
nter is counting down and reaches 0 the next number is 11.
Therefore, the counter never registers a number outside
the range of 0 to 11, and so the mapping of the counter
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output to the inverter control signals is restricted to
twelve possibilities. However, when an offset number is
added to the counter output it is possiblle for numbers
outside the 0 to 11 range to occur. Two simple examples
using equation 3.39 demonstrate this:

For Bcount = 11 and Bshift = res

and for B,y = 0 and Byiee = res

In both cases Ble is an "illegal" number since it is

outside the rangesof numbers for which the inverter control
mapping is defined. The problem can be overcome by forcing
Bres to "wrap back" into the other end of the permitted
number scale, (e.g. 12 becomes 0, and -1 becomes 11). The
"wrap back" logic must be able to deal with any possible

illegal result in a given system.,

The schematic arrangement of the complete load angle
variation system is shown in fig. 3.264.

RESULTANT BINARY INVERTER
CovE Brys CONTROL
SIGNALS
> ¥ >—1BINARY CODE >
N SYNC > > WRAP 3—{To INVERTER __;
*— 3 ADDER v | BACK | . lconTRoL |—>
Position |COUNTER[ 7 o loeic | | [steNnAL —>
PuLses ’ 7ICoNVERTER [
1\ A A AN , T "
“ WRAPPED - BACK
OFFSET BinARY RESULT
NuMBER
Bsk.’ﬂ.

Fig. 2.26a. SeEloG BASED LoAd ANGLE ABTUSTMENT SHSTEM.
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The method of operation is best illustrated by an
example table of possible states based on the magslip in-
verter. Fig. 3.26(b) shows the relationship between the
shaft position and the binary counter output for a 12 step
position sensor. Fig. 3.26(c) shows how the inverter
states can be related to the binary number B os®

SHAFT PasimioN [[COUNTER ouThuT Binary Nummjml‘?::;:“s

(step NumBer) | Beouat Brec A l B8 | C |
O 0000 Q000 [#Ve|-Vem| O
1 0001 0001 [[+Vi|-V| O
2 0010 0010 [*Ver| O |-Vin
3 0011 O0l1l [*Vu| O [-Va
L4 0100 0100 [ O [+Veu|-Vem
5 o101 0101 | O [+Vim|-Viw
[2) oLL0 0110 |[-Va|[+Ve| O
7 o111 Ol ~Veu[*Veh| O
g 1000 1000 |-Veu| O |+Viu
q 1001 1001 [[Vu| O |+Va
10 1010 1010 | O [-Veu[+Vpn
11 1011 1011 | O |-Veu|[+Va

(b) (c)

Fig. 2.26:= RELATIONSHIP BETWEEN SHAFT PosiTion) AND
Beoust (D) ; AND RELATIoNSH\P BETWEEN

Brec AND INVERTER OuTput STATES ().

Assume that the motor is rotating such that the count
sequence is from O to 11, and the system is set up to

operate with zero load angle for B = 0, The selection

shift
of Bshift = 1 causes the inverter output state selected by
B to advance one twelfth of a cycle ahead of the 0°

res
(Bshift = 0) inverter state. Similarly, a shift of one

. = 2 These shifts
shift °
result in motor load angles of +30° and +60 respectively.

sixth of a cycle is achieved for B

Selection of negative wvalues of Bshift when the count
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sequence is from 0 to 11 causes the inverter output state
to shift backwards by fractions of a cycle. Negative load
angles of -30°, -600, and -90° can be selected by making
Bohift equal to -1, -2, and -3 respectively.

In the reverse motor direction the count sequence is
from 11 to 0. The inverter states must be shifted in the
opposite sense to achieve positive load angles. Hence a

o
load angle of +30 is obtained by setting Bihift = -1.

The adder unit shown in fig. 3.26a.can deal with neg-
ative wvalues of Bohift if they are entered in two's comp-
lement binary code. Therefore, a standard four bit full
adder circuit would be suitable for the binary codes shown
in figures 3.26(b) and (e).

Reversal of the motor direction of rotation can also
be achieved by suitable manipulation if Bohife® The stator
flux in the machine can be reversed by choosing Bshift so
that the inverter is advanced through half a cycle. 1In
the 12 step example discussed above, this can be brought
about by adding 6 to whatever wvalue of Bihift is required
for a particular load angle. The wrap-round logic must of

course cope with any "illegal" resultant numbers,

The method discussed above is very attractive in prac-
tical systems since it can achieve load angle variation
and electronic motor reversal by a simple arithmetic oper-
ation. A circuit of this form was constructed for the
magslip system. The circuit provides load angles of Oo,
30°, 60°, and 90° in both motor directions. The circuit
diagram and a brief circuit description are given in sub-

section 3.7.2.

The arithmetic method of load angle control can eqg-
ually well be applied to COMLOG systems providing the
position sensor code has a straight numerical sequence.
Therefore, if the position sensor produces Gray code, this
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must first be converted to an ordered numerical code. The
converted code can then be processed by a full adder and
the associated wrap-round logic just as in the example
discussed above.

3.4.2.,3 Microprocessor - Based Load Angle Adjustment
Circuit

A microprocessor can be used to autopilot a synchro-
nous motor. The software logic functions available in the
instruction set are ideal for the implementation of an
adjustable load angle system. All of the control electro-
nics between the position sensor unit and the inverter can
be replaced by a microprocessor.

The form of the available position sensor signals are
important when choosing the manner in which a microprocessor
should be used. For example, if the position sensor sig-
nals contain only incremental position information (e.g.
the SEG' and SYNC' signals in a SELOG system), the first
task for the microprocessor is to count the signals and
calculate the rotor position. Having determined the pos-
ition it can then map the count value to the inverter con-
trol signals by means of a look-up table in memory. Simple
software adjustment of the table pointer enables changes
in the mapping to be achieved without any extra hardware
being necessary, (i.e. the load angle adjustments are imp-
lemented by software). However, if the position sensor
information is in the form of binary code, the micropro-
cessor actually has fewer tasks to perform. For example,
the information could be Gray code produced by a COMLOG
type of position sensor, or pure binary code produced by
a counter in a SELOG position sensor system. Regardless
of the type of code, it is usually a simple task for the
microprocessor to read in the code and map it to the rel-
evant inverter control signals. Hence, the microprocessor
does not have to determine the shaft position in this case;

it merely has to act as an adjustable mapping function.
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Further discussion on the implementation of micropro-
cessor based autopiloted motor systems is the subject of
Chapter 4., The magslip was controlled by a microprocessor
using both of the methods outlined above. The hardware
and software details of the magslip microprocessor based
systems are given in Chapter 4. The systems allowed load
angles of O?, 30°, 600, and 90° to be selected in either
motor direction. The maximum speed achieved under micro-
processor control was the same as that achieved with the
conventional logic circuits.

3.5 Basic Magslip Motor Drive System

The basic magslip drive system used to obtain the
performance characteristics presented in section 3.6 is
shown in schematic form in fig., 3.27.
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SPEED S\GNAL

FIG, 3.27]. SCHEMATIC OF THE MAGSLIP MOTOR DRINE SYSTEM.
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The system basically consists of seven blocks (labelled
A to H on fig. 3.27). Block A represents a set of regulated
d.c. power supplies that provide all the necessary low
voltage rails for the electronics in the system. The ad-
justable d.c. voltage supply (block B) provides the regu-
lated d.c. voltage rails for the quasi—square'wave inverter
(block C). The inverter drives the magslip motor (block D)
and the rotor position of the magslip is sensed by the
shaft position sensor (block E). The position sensor sig-
nals are processed by the inverter control logic (block F)
and hence are used to schedule the inverter switching se-
quence., The position sensor signals are also processed by
the speed circuit (block G) which produces a suitable digi-
tal speed signal for the tachometer discussed in Chapter 8.
The field current for the magslip is provided by a constant
current circuit (block H). The circuit blocks are each
discussed briefly in the following sub-sections (3.5.1 to
3.5.7).

3.5.1 The Magslip (Block D)

A data sheet for the magslip machine is contained in
Appendix 2A. It was decided that the inverter system should
be capable of supplying a voltage waveform of up to 50
volts on to the magslip phase terminals. (i.e. the term-
inal to terminal voltage would be a maximum of 100 volts.)
This does result in the magslip being over driven because
the data sheet gives a maximum stator voltage rating of
53 volts (rms) between phase terminals (75 volts peak).
However, the risks involved in overdriving the magslip were
felt to be worthwhile because the higher voltage allowed a
wider operating speed range to be achieved for the experi-
ments, The maximum current Imax drawn by the magslip with
100 volts across two phase windings in series occurs at
d.c. conditions. The d.c. resistance between terminals is
198 and so I,.x 1s about 5 amps. Hence the adjustable d.c.
voltage source was fused at 5 amps. In practice the maximum
continuous stator current that the magslip can withstand is
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much less than 5 amps and a limit of 2 amps was arbitrarily
chosen. Therefore, the adjustable d.c. voltage supply and
the inverter were designed for a maximum rated current of

2 ampsS.

3.5.2 The Regulated D.C. Power Supplies (Block A)

The system was designed to run from four voltage rails:
+15 volts; -15 volts; +5 volts; and -5 volts. The supplies
were constructed using standard electronic techniques.
Little purpose is served by presenting a circuit diagram
and it is sufficient to say that both the *15 volt supply
and the %5 volt supply were based on a transformer feeding
a smoothing capacitor via a rectifier unit, with semicon-
ductor regulators producing the stabilized voltage rail
outputs. Each voltage rail was capable of supplying a
current of 1 amp.

3.5.3 The Adjustable D.C. Voltage Source (Block B)

The circuit diagram of the adjustable d.c. voltage
source is shown in fig. 3.28. The circuit obtains unreg-
ulated ¥55 volt supply rails from a three phase variac and
a rectifier/capacitor arrangement. The output voltages
(Vp and Vn) are set by a programming voltage which can be
varied by potentiometer VR1., The positive and negative
output voltages are regulated independently and can be
varied from about 0 wvolts up to £50 volts. The TIP31A and
TIP32A transistors, used for TR1 and TR4 respectively, are
not rated for the 70 volts that can occur across them, but
neither failed during the system tests. The output power
transistors (TR3 and TR6) were mounted on independent
1.1 °C/W heatsinks. The circuit could supply *2 amps cont-
inuously at any output voltage. There was an insignificant
amount of ripple on the output voltages, and the voltage
regulation was adequate for the required application.

Some care was necessary when connecting the adjustable
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d.c. power supply to other parts of the system because the
neutral connection of the supply variac was connected to

the 0 volts rail (system ground). The outputs of the supply
were fused to afford some short circuit protection, but no
electronic current limit facility was incorporated. The
relays (RLA, RLB and RLC) were added to prevent the 55

volt supply being connected to the circuitry unless the low
voltage supplies were present. This precaution reduces the
chances of damage to the power supply and inverter,

The circuit worked well without any problems during
the test period.

3.5.4 The Shaft Position Sensor (Block E)

The basic shaft position sensor produced the inverter
control signals directly and hence can be classified as a
"NOLOG" unit as defined in sub-section 3.3.2.1. The swit-
ching pattern was of the form shown in fig. 3.8. The pat-
tern was transferred from an ink drawing onto a transparent
acetate sheet by means of a photo-mechanical transfer. The
acetate sheet was glued onto a four inch diameter perspex
disc by using cyanoacrylate adhesive., Small 14 volt L.E.S.
bulbs were used for the light sources in the position sensor.
Metal tubes were glued onto the bulbs as shown in fig. 3.8.
This was done to ensure that a bulb only directs light
towards the photodiode directly opposite it. To allow the
14 volt bulbg to run from the 15 volt supplies, they were
fed via two series connected silicon diodes (type 1N4001)
which drop just over 1 wvolt.

Six light bulbs and six photodiodes were required to
provide the necessary inverter control signals. The photo-
diodes were employed in a reverse biassed mode. Each
photodiode required a transistor amplifier of the form
shown in fig. 3.29. The amplifiers were mounted directly
adjacent to the photodiodes to reduce the possibility of
electromagnetic noise disturbing the very small photodiode
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signals.
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The signals from the six photodiode amplifiers then pass

to the circuit shown in fig. 3.30. This circuit performs
two functions. PFirstly, it converts the amplified photo-
diode signals into clean square waves by means of TTL
schmitt triggers (type 7414). Secondly, it senses the
control signals for each phase (e.g. Al and A2) to check
that only one control signal per phase is active. If both
phase signals are active at any time it means that either
one of the light bulbs has failed or a photodiode is faulty.
Two active control signals per phase cause both power tran-
sistors to come on and the inverter can consequently be
damaged. Therefore, if both signals are active, neither
are allowed to pass on to the inverter driver circuits.

The processed signals are indicated by means of a dash,
(e.g. Al') on the circuit diagram. The outputs labelled
A1lT, A2T, etcetera are required by the tachometer circuit
described in sub-section 3.5.6. The circuit shown in fig.
3.30 was assembled on a standard piece of prototyping cir-
cuit board. No problems were experienced in operation.

3.5.5 Quasi Square Wave Voltage Source Inverter (Block C)

The basic form of the three phase inverter is shown
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in fig. 3.31.
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None of the emitters of the transistors TR1 to TR6 are at
0 volts potential. Hence the driver circuits (DA1, Da2,
DB1, DB2, DC1l, and DC2) have to level shift the transistor
control signals. The driver circuits are referred to by
the position sensor signals that they are activated by.
For example, driver DAl is controlled by signal Al' (pro-
duced by the circuit shown in fig. 3.30.)

The freewheel diodes (D1 to D6) must be fast acting
and be rated for the motor phase current. BYW29 fast re-
covery diodes (35ns reverse recovery time, 150V, 7A) were
used in the circuit.

The transistors connected to the positive supply rail
(TR1, TR3, TR5) were driven by a different type of driver
circuit than that used for the transistors (TR2, TR4, TR6)
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connected to the negative supply rail. The driver circuits
are described separately below.

3.5.5.1 Positive Rail Transistor Driver Circuit

Each positive rail transistor requires a totally
floating driver circuit because the emitters of the trans-
istors are not at fixed potentials. To minimise the base
current requirements it was decided to use a power darl-
ington transistor for TR1, TR3, and TR5. The TRW SVT6001
device was chosen and a data sheet is included in Appendix
3B. The SVT6001 can withstand a collector-emitter voltage
of 450 volts and a collector current of 15 amps. It has
a d.c. current gain of about 150 and can switch in about
1'OPS' The SVT6001 is significantly "under run" in the
magslip inverter application but this increases the chances
of reliable circuit operation.

The form of each SVT6001 driver circuit is shown in
fig. 3.32.
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The isolation between a control signal (Ai', Bl', or Ci')
and its associated transistor (TR1, TR3, or TR5) is achieved
by a transformer. The control signal is used to gate a

50 kHz square wave to a ferrite core transformer. The

50 kHz signal is a.c. coupled by the transformer and is

then demodulated by a rectifier and capacitor arrangement.
The "detected" signal is used to provide the base current

of the SVT6001 transistor.

The base current required by an SVT6001 to support a
collector current of 2.0 amps is about 14 milliamps (with
a current gain of 150). The circuit shown in fig. 3.33 is
capable of providing up to 50 milliamps. The basic task of
the circuit is to modulate the SVT6001 switching information
(i.e. the control signal) onto the 50 kHz carrier waveform.
To prevent a drift towards saturation in the transformer
core, the drive waveforms for transistors TT3 and TT4 have
even mark/space ratios as shown in fig. 3.34. In addition,
flip flops A, B, C, and D ensure that irrespective of the
starting and finishing instants of the control signal,
there are always an equal number of switchings by TT3 and
TT4 during the control signal period. This reduces the
chances of output voltage spikes at the end of a control
pulse since the volt-second product is always zero. A
small delay is associated with the start and finish of the
train of TT3 and TT4 switching pulses as illustrated in
fig. 3.34. However, for SVT6001 switching information of
the order of OHz to 200Hz and a 50kHz carrier frequency,
the delay is negligible.

The transformer was designed in a similar way to those
used in the hexfet inverter circuit described in Chapter 5,
and for more information the reader should refer to the
relevant sections of that chapter. The smoothed secondary
voltage across capacitor Cs is about 13.5 volts allowing
for voltage drops across TR3, TR4, Di, D2, D3, and D4, It
was decided to fix the base current I, of the SVT6001 at
about 25 milliamps. Hence R was selected as 470%. One
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point worth special mention is the choice of the time con-
stant tc of the smoothing capacitor Cq and the parallel
combination of resistors Rs and Rb:

t, = CS.RS.Rb./(RS+Rb) seconds 3.40
The capacitor must smooth the rectified secondary wvoltage
sufficiently to ensure the base current of the SVT6001 is
continuous. However, the voltage must decay rapidly when
TT3 and TT4 are disabled. It was decided to make tc equal

to the period of three carrier cycles: i.e..tc = 6 X 1.0'5
seconds. Then for values of R, = 10kL and R = 4704,
equation 3.40 gives a value for C_ of 1.3 x 10~7 Farads.

A value of 0‘1PF was actually used.
The three transformer driver circuits required for
TR1, TR3, and TRS5 worked without any problems during the

magslip experiments.

3.5.5.2 Negative Rail Transistor Driver Circuit

The emitters of the negative rail transistors are held
at the negative power rail potential and so only move rel-
ative to the control circuitry when the supply voltage to
the inverter is altered. A fully floating form of base
drive circuit is not required and so the circuit shown in
fig. 3.35 was developed. It was decided to use 2N3773 type
devices for the negative rail power transistors (TR2, TR4,
and TR6). A data sheet for the 2N3773 transistor is inc-
luded in Appendix 3C. The 2N3773 can withstand a collector-
emitter voltage of 140 volts and a collector current of
16 amps. It has a minimum d.c. current gain of about 15
for collector currents less than 8 amps, and it can switch
in a time of about 1PS to 1.5ps.

The function of the circuit shown in fig. 3.35 is to
generate a constant current whenever the control signal
(a2', B2', or C2') is active (i.e. at TTL logic 1 = 3.8V).
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The control signal is level shifted by an inverting oper-
ational amplifier (type 741) so that it is suitable for
controlling the constant current circuit. The constant
current is fed to the base of the 2N3773 transistor and
causes it to switch on. The constant current is essentially
independent of the potential at the emitter of the 2N3773,
although if the potential Vh is too small the constant
current generator ceases to function. Therefore, the base
current of the 2N3773 can be defined for a wide range of
values of Vh up to -50 volts. If the control signal is
removed (i.e. set to O volts) the constant current ceases
and the 100f resistor (Roff) holds the 2N3773 transistor

in an off state. It was found experimentally that a con-
stant current value of 80 milliamps was more than sufficient
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to maintain the 2N3773 transistors used in the experiment

in a saturated state when supporting a 2 amp collector
current. Hence the circuit shown in fig. 3.35 was arranged
to provide an 80 milliamp current output. The TIP32A
transistor (U3) was mounted on a small heatsink to dissipate
the 3.6 watts that are generated when Vn = =50 volts and

the constant current flows continuously.

The three constant current circuits required for TR2,
TR4, and TR6 worked without any problems during the magslip

experiments.

3.5.5.3 Snubber Protection for the Power Transistors

When a transistor inverter is used to drive an ind-
uctive load, it is generally necessary to provide some
snubber protection to prevent damage occurring to the power
transistors. A transistor switch dissipates very little
power when in an on or off state, since in the former state
the voltage drop across the device is very small, whilst
in the latter case the current carried by the device is
close to zero., However, during the time that a transistor
is switching from one state to the other it carries some
current and has a potential difference across it. Hence
significant power can be dissipated, especially if the
device switches many times per second.

A "dv/dt" snubber is connected in parallel with a
transistor to limit the rise of voltage across the trans-
istor as it turns off. This reduces the power dissipation
within the device because the collector current can fall
to zero before the voltage rises to any significant wvalue.
A dv/dt snubber also reduces the chances of avalanche
breakdown within the transistor brought about by excessive
rates of change of voltage.

A "di/d4t" snubber is connected in series with a tran-
sister to limit the rate of rise of current in the trans-
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ister as it turns on. This reduces the power dissipation
because the voltage across the device can fall to zero
before a significant current begins to flow. In addition,
a di/dt snubber prevents "hot spots" in the semiconductor
material which arise due to uneven current distribution as
the device starts to conduct. Hot spots can lead to device
breakdown.,

Much has been written on the application and design of
snubbers (3.10; 3.11; 3.12; 3.13) and little purpose would
be served by covering the topic in any further detail here,
The snubber networks connected to the magslip inverter
transistors are shown in fig. 3.36 (one phase only).

The values for the snubber components are calculated
in Appendix 3aA. It should be noted that the snubber com-
ponent values are very approximate. This is mainly because
the transistor switching times used in Appendix 3A are the
typical times that can be achieved with good base drive
circuitry. The magslip inverter base drive circuits may
possibly cause the sSVT6001 and 2N3773 transistors to switch
in the specified times, but it is more likely that the
actual switching times are much longer. However, this was
not pursued because the main aim of the work was to obtain
some magslip characteristics and to try out various position
sensors., In practice, the inverter was found to be very
reliable.

A few comments on the snubber components are approp-
riate at this point. The 36PH inductors were wound on RM10
ferrite cores which do not saturate when carrying 2 amp
collector currents. The diodes (D¢ and D,) were fast re-
covery BYW29 devices (150 volts, 7 amps, 35ns reverse re-
covery time). The resistors were low inductance carbon
composition types. Polypropylene low loss capacitors rated
at 1250 volts d.c. were used for the snubber capacitors.
The connecting leads between the snubber components and the
transistors were kept as short as possible to minimise
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stray inductance.

3.5.5.4 Inverter Assembly

The SVT6001 and 2N3773 power transistors were mounted
on individual 19°C/W TO3 heatsinks. 1OOFF 63 volt electro-
lytic capacitors were connected to the positive and negative
voltage supply rails next to each power transistor as in-
dicated on fig. 3.36. The decoupling provided by the
electrolytic capacitors reduces voltage spikes on the vol-
tage rails caused by the supply line inductance. The
various circuit elements of the inverter were arranged as
shown schematically in fig. 3.37(a). A photograph of the
inverter is shown in fig. 3.37(b).

3.5.6 Tachometer Signal Generator (Block G)

In order to use the digital tachometer described in
Chapter 8, it was necessary to derive a suitable digital
speed signal from the shaft position sensor signals. The
digital tachometer requires six equi-spaced pulses per
revolution in order to give a correct speed reading. The
circuit shown in fig. 3.38 generates the required number
of pulses from the available shaft position signals. The
input signals (aA1T, A2T, B1T, B2T, Ci1T, and C2T) are supplied
by the circuit shown in fig. 3.30. The rising edges of
these signals occur at intervals of one-sixth of a revol-
ution. Each time a rising edge occurs, one of the flip
flops (74109 type) is set and triggers the monostable<74121
type) . The monostable provides a 0.33ms output pulse to
the tachometer and at the same time clears all the flip
flops (even though only one needs clearing). The period
of the monostable pulse was chosen so that the circuit can
operate reliably up to 12000 rpm.. The 7400 TTL gate and
associated 10kﬁ/0.47PF components ensure that when the
circuit is initially switched on, all of the f£lip flops
are cleared if necessary. The circuit was assembled on the
same prototype board as that used for the optical sensor
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circuit shown in fig. 3.30.

3.5.7 Magslip Field Current Source (Block H)

The magslip field current of 0.7 amps was generated
by a simple constant current circuit. A constant current
source was found to be necessary to overcome the effects
of induced voltages in the field winding due to stator
currents. The circuit shown in fig. 3.39 allowed the field
current to be varied over the range 0 to about 1.1 amps.

A transistorised relay was incorporated to allow the field
current to be under logic control for reversing purposes.
The large electrolytic capacitor helped to damp out vari-
ations in the field current. The 4.4pF non-polarised cap-
acitor was included to protect the relay contacts when they
change states. The 2N3055 power transistor was mounted on
a small heatsink to dissipate the 6.4W of power that is
generated for a constant current value of 0.7 amps.

The circuit was mounted on the inverter assembly as
indicated in fig. 3.37(a).

3.5.8 Operating Comments

The magslip was mounted on a dural baseplate as shown

in fig. 3.40. The shaft position detector was housed in

an aluminium box to ensure that if the perspex disc shat-
tered at high speed it would not be dangerous. The magslip
and shaft position detector were coupled up to a MAGTROL
HD500~8 hysteresis brake dynamometer. This dynamometer can
measure torques up to 850mNm and operate at speeds up to
20000 rpm.

The adjustment of load angle on the system was ach-
ieved by rotating the magslip body on its supports. The
movement of the magslip with respect to the shaft position
sensors causes a load angle change. (It had been decided
to rotate the motor rather than the position sensors be-
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cause it was easier in the case of the magslip system).
The motor body was marked at appropriate points so that
4
load angles of Oo, 30°, 60 , and 900 could be set up easily

during motor tests.

FlG,?}.’+O. ProToGarAPH OF THE MAGSLIP TEST RIG SHOWING
THE MAGSLIP,  THE SHAFT PosiTionN SENSoR , AND

THE  MAGTROL DINAMOMETER .

3.6 Magslip Operating Characteristics

The magslip system was run with up to ¥50 volts d.c.
supplied to the inverter. The motor was started with about
5 volts supplied to the motor and with a load angle of Oo.
The motor started reliably and would run in either direc-
tion, depending on the field current polarity. Once the
motor had started the inverter supply voltage was increased
up to the required test value and the load angle adjusted
if necessary. The current and voltage measurements were

made at the points indicated on fig. 3.41.
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A set of torque/speed curves were obtained for the magslip
system operating from a *50 volt d.c. supply. Fig. 3.42

shows the measured torque speed curves for load angles of
00
5400 rpm, 9600 rpm, and 11500 rpm respectively. This con-

' 30°, 600, and 90°, The no load speeds were 4300 rpm,

firms the predicted characteristics in Chapter 2, which
suggest that the speed of an autopiloted motor is dependent
on the operating load angle.

The measured torque, phase current, and motor effic-
iency and the corresponding predicted values are plotted
against speed for load angles of Oo, 300, 600, 90o in figs.
3.43, 3.44, 3.45, and 3.46 respectively. Some explanation
is warranted in respect of the phase voltage used for the
predictions, and the correction made to the measured torque

values to take account of friction and windage.
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(a) Applied Phase Voltage Used in Predictions

By using Fourier analysis it can be shown that the
fundamental component of a quasi-square 120°- 60° waveform

has an rms magnitude V given by:

fund

v = 0,78.V

fund 3.41

de
where Vdc is the magnitude of the quasi-square waveform.
Therefore, if the supply voltage to the inverter is %50
volts, the output voltage has an rms magnitude of 39.0 volts.
This value was used in the equations given in Chapter 2 to
obtain the predicted magslip results.

(b) Friction and Windage Torque Correction

The torque measured by the dynamometer does not in-
clude the friction and windage torques in the magslip or
shaft position encoder. The gross magslip torque is there-
fore the measured torque plus the friction and windage
torques. A method of determining the friction and windage
torque over the motor speed range is described in Chapter
9, and it involves the measurement of a speed-time run-down
characteristic. This characteristic was obtained for the
magslip over a speed range from 12000 rpm down to zero.

The curve was virtually linear (due to the dominating effect
of the field winding brush friction) and the average slope
from several experiments was -76.79 radians per second,

The moment of inertia for the whole magslip rotating ass-
embly (including position sensor and dynamometer) was found
to be a total of 2.60 x 10'4 Kg.m2 by a combination of
measurements and calculations. The friction and windage
torque T; .o required to produce a constant deceleration

'a' of a moment of inertia 'I' is given by:

and hence Tloss is found to be 20mNm for the magslip system.
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Therefore 20mNm was added to all the measured torque values

and the curves shown in figs. 3.43 to 3.46 have been cor-
rected in this manner.

The measured and predicted characteristics match re-
markably well when it is considered that the predictions
are for sinusoidal excitation conditions. The main diff-
erences between the measured and predicted characteristics
are a direct result of the absence of iron loss and harm-
onic torque terms in the sinusoidal analysis given in Chap-
ter 2. The absence of iron loss in the predicted curves
can be seen clearly in the predicted efficiency curves for
load angles of 60° and 900. At high speeds the efficiency
should fall because the iron loss rises with supply fre-
quency, but this does not occur for 60° or 900. However,
the predicted and measured efficiencies are generally within
about 10% of each other and so the predictions are useful,

The rather large discrepancy between the predicted and
measured torque for 0° is probably due to the problem of
accurately setting up a 0° load angle. A small error of

only a few degrees can lead to a dramatic change in motor
characteristic and the error seems to have greater conse-
quences at small load angles than at large load angles,

Some researchers (3.14) have reported good agreement
between measured quasi-square results and sinusoidal pre-
dictions but their experiments have been with larger mach-
ines than the magslip. It is therefore concluded that the
sinusoidal prediction method is probably more accurate with
"large" machine systems.

Typical applied phase voltage and phase current wave-
forms for load angles of 0° and 60° are shown in figs.
3.47, 3.48, 3.49, and 3.50. The current waveforms were
obtained using a Tektronix current probe. The applied
Phase voltages were measured with respect to the zero volt
rail of the system. Fig. 3.47 shows the waveforms for 0o’
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with no load torque. The applied phase voltage waveform

is "clean" (free from any voltage spikes) and the freewheel
periods can be clearly seen. The phase current waveform
has the six step form that is a characteristic of 120°- 60°
voltage source inverters and the influence of the sinus-
oidal back-emf can be seen. Fig. 3.48 shows the waveforms
for 0° with a 100mNm load torque. The freewheel periods

in the applied phase voltage f£ill up the 60° off sections
of the waveform. The phase current still has six steps in
it but it appears much more sinusoidal. Fig. 3.49 illus-
trates the conditions for 60° with no load torque. The
applied voltage waveform is much more complex than for the
0° load angle. The phase current is again "six-step" and
it contains a high sinusoidal component. Finally fig. 3.50
shows the waveforms for 60° with a 100mNm load torque. The
applied phase voltage has a freewheel period lasting app-
roximately one half of the 60° off period. The six-step
current waveform is somewhat spiky but it is essentially
sinusoidal as in the unloaded 60° case.

The example waveforms illustrate that the inverter was
switching quickly and cleanly. The absence of overshoot
voltage spikes shows that the supply decoupling was suff-
icient and also that the BYW29 diodes (used in the free-
wheel paths and the snubbers) were fast enough to cope with
the rates of change of voltage present in the system.

Some simple checks were made on the magslip speed
versus applied voltage characteristic at fixed load angles.
The characteristic for a 0° load angle was only very app-
roximately linear, and it was not thought to be worthwhile
taking accurate measurements for comparison with the pre-
dictions in Chapter 2, especially since the "constant
torque" assumption of the predictions is very difficult to
achieve practically.
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3.7 Electronic Load Angle Adjustment Circuits

3.7.1 'COMLOG' Based System

A load angle adjustment circuit based on the combin-
ational logic system outlined in sub-section 3.4.2.1 and
fig. 3.25, was designed and tested on the magslip system.
The circuit used a 12 step Gray code pattern as shown in
fig. 3.51. The diagram indicates the position of the four
photodiodes needed to sense the Gray code.

PHo'roDlobES
AND LAMPS .

4" DIAMETER bnsc>
TRACKS O3 WIDE,

Fia. 3.51. THE 12 STEP GRAY CobE OPTICAL PoS\TiON SENSOR. USED
IN THE ‘ComiLOG  RASED LOAD ANGLE ADSUSTMENT CIRCWT.

The disc pattern was made by the same method as that used
for the basic magslip system (see sub-section 3.5.4). The
photodiode signals were amplified as shown earlier in fig.
3.29. They were then shaped by the TTL schmitt trigger
arrangement shown in fig. 3.52. Fig. 3.52 also shows how a
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six pulse per revolution tachometer signal was derived
from the Gray code by using three 7486 exclusive or gates,
This signal was used by the digital tachometer described

in Chapter 8.
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The circuit diagram of the combinational logic circuit
is shown in fig. 3.53 and it can provide load angles of 0°,
30°, 60°, and 90°. The circuit uses TTL logic gates. The
four bit Gray code DCBX is buffered by 7408 AND gates
(xc5(a), (b),(c),(d)). The four parallel-connected 74159
demultiplexer circuits (IC1, IC2, IC3, and IC4) perform
the "first stage" Gray code to inverter state mappings for
the four load angles. (They are the "A" logic blocks shown
in fig. 3.25.) The required load angle is selected by
putting the relevant load angle selector input to logic O
and this enables one of the 74159 circuits. The enabled
74159 decodes the four bit input code and activates one of
its sixteen outputs. Only twelve of the outputs are ever
activated because the input Gray code is limited to twelve
possible states.

The other three 74159 circuits are disabled and their
outputs are inactive., The open collector outputs of the
74159 make it possible to directly connect the outputs of
the four 74159 circuits together because only one of the
circuits has control of the "inverter-state" bus at any
time. The open collector feature of the 74159 outputs is
very useful because it allows the function represented by
logic block B in fig. 3.25 to be implemented with no extra
logic gates. The arrangement of the interconnections onto
the inverter state busbars (numbered 1 to 6 on fig. 3.53)
determines the load angle produced by each 74159,

The final task of the circuit in fig. 3.53 is to imp-
lement the function represented by logic block C in fig.
3.25. The inverter state busbar is decoded into the corr-
esponding inverter control signals (a1',A2',B1',B2',C1',C2')
by 7400 NAND gates (IC6(a) to (d), and 1IC7(a),(b)). The
control signal states are displayed by light emitting di-
odes (LED's) driven by 7406 inverters (IC8(a) to (f)).

The load angle selector code can be generated by a
four way wafer switch. It is necessary to use a "break-
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before-make" switch to prevent two 74159 circuits being
enabled at any given time, since if this occurs there can
be more than one "inverter-state" busbar line active. The
lack of a suitable switch prompted the development of the
circuit shown in fig. 3.54. This circuit checks the code
generated by the load angle selector switch, and prevents
erroneous codes reaching the load angle circuitry. It is
not thought necessary to explain the functioning of the
circuit since it is not wvital to the action of the load
angle circuit. The basic routine executed by the circuit
is to examine the input lines coming from the selector
switch and to detect whether more than one line is at logic
0. If this is the case the circuit continues to output
the previous wvalid switch code until such time that a new
permitted input code is recognised.

The load angle adjustment circuit and the switch code
check circuit were constructed on separate "dual-in-line"
circuit boards and the connections were made by the wire-
wrap technique.

No problems were experienced with the load angle cir-
cuit in operational tests. It was possible to change load
angle whilst the magslip was running and the performance
characteristics were identical to those obtained from the
basic magslip system.

3.7.2 'SELOG' Based System

A load angle adjustment circuit based on the sequen-
tial and arithmetic logic system outlined in sub-section
3.4.2.2 and fig. 3.26 was designed and tested on the mag-
slip system. The circuit can provide load angles of Oo,
30°, 60°, and 90° in both directions of rotation. The
motor can be reversed either by field flux reversal or
stator flux reversal, The system is capable of synchro-
nising itself from a standing start and it can operate from

either a single or double edge sensing position detector.
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The "single edge" and "double edge" disc patterns used
to produce twelve SEG' pulses per revolution are shown in
figs., 3.55(a) and (b) respectively. The positions of the
photodiodes are indicated on the diagrams.

PhotIAu'erS P’\ot’T\'oJ{S
(o) (b)
Fi16.3.55 "SINGLE EBGE" AND "DousLE EMGE’ PosiTioN SEMSOR DISCS

PRODUCING  TWELVE PuLSES PER REVOLUTION .
(o) SINGLE EdGE , (b) DouBLE EDGE .

The photodiode signals were shaped by the circuit used for
the 'COMLOG' system (see fig. 3.52).

The load angle adjustment circuit is shown in figs.
3.56(a) and (b). The circuits in fig. 3.56(a) basically
deal with:

(a) generating the SEG and SYNC signals from the SEG!
and SYNC' information available from the optical
sensors;
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(b) starting and synchronising:

(¢) counting the SEG signals to generate a binary
position code.

The circuits in fig. 3.56(b) basically:

(a) add the load angle shift code onto the binary
position code;

(b) arrange the resultant binary code to remain within
the permitted set of numbers;

(c¢) convert the resultant shifted position code into
inverter control signals.

The basic blocks are discussed very briefly in the sub-
sections below. The circuits shown in fig. 3.56(a) and (b)
were assembled on a dual-in-line circuit board using wire-
wrap connections. NoO problems were experienced with the
circuits in operation. The magslip could be started re-
liably in either direction and the performance was iden-
tical to that obtained with the basic magslip system.

3.7.2.1 SEG and SYNC Signal Generation (fig. 3.56(a))

The Double/Single (D/S) mode input allows the circuit
to be enabled for either double or single edge position
sensor signals. The SEG' signal from the position sensor
is fed to both the single edge logic circuits (IC2(b),
Ic5(b), Ic5(c), and IC4(c)) and the double edge logic cir-
cuits (monostables IC7(a), IC7(b) and logic gate ICi(c)).
When the D/S input is at logic 1 the single edge circuitry
is enabled and when D/S is at logic O the double edge cir-
cuitry is enabled. The single edge circuitry receives
information about the required direction of motor rotation
from the FORWARD/REVERSE (F/R) input. Logic 1 on the F/R
input indicates forward rotation and logic O indicates
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reverse rotation. The outputs of the single and double
edge circuits are routed via a NAND gate (IC6(c)) to pro-
duce the SEG signal. This signal is used in combination
with the SYNC' input signal to generate the SYNC signal.
The SEG and SYNC signals then pass on to the starting and
synchronization circuit.

3.7.2.2 Starting and Synchronising Circuit (fig. 3.56(a))

The starting and synchronising circuit receives the
SEG, SYNC, and GO/STOP (G/S) signals. When the G/S input
is at logic 1 the system is in a stop state. The RS latch
(Ici1(a), Ici (b)) is held in a reset state and so the SEG
signals are inhibited from passing via IC5(a) to the coun-
ter circuits. The 12Hz schmitt trigger oscillator is ac-
tive and provides a train of starting SEG pulses to the
counter circuits. However, the inverter control signals
which are derived from the counter circuit outputs are not
passed to the inverter whilst G/S is at logic 1. A start
is initiated by putting G/S to logic 0. The inverter con-
trol signals are then gated to the inverter and the inver-
ter switches through its sequence once per second. (The
12Hz clock circuit causes the counters to increment through
one cycle in one second.) The magslip rotor steps around
as the inverter goes through its sequence and eventually a
SYNC signal is generated. The SYNC signal sets the RS
latch and so causes the SEG signals to be routed to the
counter circuits and the 12Hz clock circuit to be disabled.
In addition, the SYNC signal causes the counter to be set
to the appropriate synchronised wvalue for the particular
direction of rotation. Thus the system has started and
synchronised itself. If G/S is returned to logic 1, the
inverter control signals are cut off from the inverter and
the RS latch is reset ready for a new start sequence.

3.7.2.3 SEG Signal Counter Circuit (fig. 3.56(a))

The counter is a synchronous circuit arrangement which



can count in an up or down direction through the set of
numbers O10 to 11, inclusive (i.e. the cycle length is
12). The counter is based on four CD4027 JK £flip flops
(Ic10(a), IC10(b), IC12(a), IC12(b)) with suitable extra
control logic. The CD4019 AND-OR gates (IC9(a), (b), (<),
and (d)) are the basic means by which the count direction
is controlled by the FORWARD/REVERSE input information.
The CD4073 aND gates (IC11(a), (b) and (c)) process the
outputs of the AND-OR gates and control the synchronous
count sequence. To enable the counter to become synchro-
nised and to remain so during subsequent motor operation,
the count value is set to a particular wvalue whenever a
SYNC pulse occurs. The logic gates IC3(b), IC3(c), ICi(d)
and IC2(c) perform this task. When the motor is rotating
in a forward direction the SYNC signal sets the counter to
zero. In the reverse direction the SYNC signal sets the
count value to 1110. The outputs of the four flip flops
(DCBA) make up the binary position code. A six pulse per

175

revolution tachometer signal suitable for the digital tach-
ometer (Chapter 8) is taken from the A output of the counter.
The transistors (TR3, TR4) buffer the tachometer signal and

also ensure that the tachometer signal is not active when
the system is in a stop mode. (This is necessary because
the counter is sequenced by the 12Hz clock when the system
is in the stop mode.)

3.7.2.4 Binary Position Code Adder Circuit (fig. 3.56(b)

The counter binary output DCBA is added to the binary
load angle code D'C'B'A' by a CD4008 four bit full adder
circuit (IC13). The load angle codes required for forward
and reverse motor operation with load angles of Oo, 30°,
60', and 90° are summarised in fig. 3.57. The reversal of
motor direction can be achieved either by field winding
control (field flux reversal) or by electronic control
(stator flux reversal), and fig. 3.57 includes the codes
for both methods. Field winding or electronic reversal is
selected by the FIEID/EILECTRONIC (F/E) input. With F/E at
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logic 1 the system operates by field winding reversal and
with F/E at logic O electronic reversing is selected.

BinARY LoAD ANGLE CodE DecimaL
LoAd . ) ' f EGU!VALENT
mae (D1 C | B A
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The circuit shown in fig. 3.58 was designed to gen-
erate the D'C'B'A' code. A simple set of switches could
have been used but it was felt that the chances of making
a mistake which could damage the inverter were too large.
The load angle code generator circuit received its input
signals 0%, 30°, 60°, and 90°) from the switch code "chec-
ker" circuit shown earlier in fig. 3.54, and the two cir-
cuits were actually built on the same circuit board.

3.7.2.5 Resultant Binary Code Processing (fig. 3.56(b))

The resultant output number D_C.B A, from the full
adder IC13 can be outside the set of numbers O10 to 1110.
The logic gates Ic8(d), Ic6(a), ICc6(d), IC2(f), IC5(4),
Ic8(b), Ic6(b), ICcl4(a), and IC8(c) are arranged to modify
the resultant number to give a final number WXYZ that is
always within the required set of numbers. The gates ex-
amine the resultant number, the carry out bit (Co), and
the F/E and F/R inputs. No details have been given here
of the design procedure used for the binary code processing
logic because the chosen solution is just one of several
possible solutions. For example, the necessary corrections
could have been performed by a full adder unit. However,
there were several "spare" logic gates available from other
parts of the system and the logic gate solution was useful
in that it allowed these gates to be utilised.

3.7.2.6 Generation of Inverter Control Signals (fig. 3.56(b))

There are six valid sets of inverter control signals
(as shown in fig. 3.9). Since the resultant binary code
WXYZ can have twelve states it is necessary to divide them
by two. This is simply achieved by only using bits wXY
(i.e. the least significant bit Z is ignored). The pair
of two to four line demultiplexers (CD4556; Ici5(a), (b))
decode WXY into six lines, only one of which is active at
any time. The CD4081 AND gates (IC14(b), (c),(d), and
Ici6(a), (b),(c)) decode the selected line into the corres-
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ponding inverter control signals. The signals are gated
out to the inverter via the strobed NOR gates (CD4502;
ICi7(a) to (f)). When the G/S input is at logic 1 (Stop
selected) the NOR gates are disabled and their outputs are
at logic 0, therefore causing the inverter to be inactive.
The signals are allowed through to the inverter when G/S
is at logic 0 (Go selected).

3.7.3 Photographs of the Load Angle Adjustment Electronics

The electronic hardware required to achieve load angle
variation by the systems described in sub-sections 3.7.1
and 3.7.2 was not really very extensive. A photograph of
the position sensor lamps, photodiodes, and waveform shap-
ing circuitry is shown in fig. 3.59. The photograph in
fig. 3.60 shows the three circuit boards that contain the
total electronics for the two load angle adjustment systems.
There is no doubt that the circuits could be easily com-
bined into a single integrated circuit for commercial app-
lications.

3.8 Conclusions

The work covered in this Chapter has illustrated how
an autopiloted synchronous motor produces continuous torque.
A quasi-square wave autopiloted motor system has been des-
cribed and the test results obtained from it have been
presented. It is concluded that the perfo