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Abstract

Recent developments in the design of variable-speed drives have
been aimed at the control of a standard squirrel cage induction
motor because of its many attractive features including
robustness, reliability and low maintenance requirements. This
dissertation demonstrates the design of a drive package that
meets specified requirements, while being sufficiently simple
and economic to be attractive to local industry. The drive is
designed for applications that do not require very precise speed
control and fast dynamic response, such as water pumping and

food processing.

In Chapter 1 an overview of variable speed drives is given.
Chapter 2 describes the open loop control strategy used.
Constant torque capability and acceleration of the motor are
studied, illustrating the advantage of variable speed drive. A
review of Pulse Width Modulation (PWM) techniques and their
implementation is given in Chapter 3. Chapter 4 presents a
study of asynchronous PWM technique using a high carrier
frequency with particular reference to voltage utilization and
harmonic distortion. An optimum waveform is suggested that
ideally provides a pure sinusoidal output current. The effect of

dead-time and harmonic losses are also considered.
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Chapter 5 describes the inverter circuit built with MOSFET's.
The following chapter describes the implementation of the
control technique using a specialized integrated circuit, the
MA818, and a computer. In Chapter 7 the implementation and
testing of the drive system is detailed and the results presented.
The optimum waveform suggested is shown to give good
utilization of rail voltage. The current distortion is also shown to

be low.

In Chapter 8, the practicability of the simple design is discussed.
The final drive unit is shown to be very simple consisting of the
inverter circuit, the MA818, a micro-controller chip and a low
voltage power supply. The inverter circuit is also a simple
design that avoids the use of transformers and opto-couplers.

Possible modifications and suggestions for future work are given.
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Chapter 1

Introduction

Electric motors have wide application in the Zambian industry and
some of these applications would benefit from variation of the
motor torque-speed characteristic. Recent developments in the
design of variable-speed drives have been aimed at the control of a
standard squirrel cage induction motor because of its many
attractive features. Due to its simple construction, if is also
feasible to envisage local production of the motor in the near
future. However, the variable-speed drives existing in Zambia are
imported and are generally application-specific and complex.
Therefore, a suitable design of a variable speed drive for local

manufacture will be needed in the near future.

In this research, the electrical engineering aspects of the design
were of key academic interest whilst the equally important aspects
of market considerations and manufacture process, that are
essential to "local manufacture”, were not covered due to
limitations of time. The control of the motor using a high carrier
frequency Pulse Width Modulation technique was studied in detail
because of its many benefits. The design of an inverter was also
done to give completeness to the drive design but was not studied
in detail due to the many aspects that would have had to be
covered. The tests, that were carried out, were primarily aimed at
confirming some of the theoretical aspects of the PWM strategy

used as well as to demonstrate a working first prototype. As a




starting point, an overview of variable speed drive is first given in

this chapter.

1.1 Users of Mechanical Power

The selection of the type of motor, its rating, and the form of its
control depend on the requirements of the particular application,
and details of the load torque-speed characteristics are basic
information. The wide variety of the requirements of some typical
mechanical loads are shown by the examples of torque-speed
characteristics in figure 1.1. If the mechanical conditions change,

then for each example “families” of curves may be drawn.

Crane Hoist or

Torque Frictional load
1
;
] fo
: ———————————— ﬂ et —
3 ]
:
[ £ orfan load
:\ l’:
\ /"
.\' .w‘;‘v‘
N
e N Constant power load
e e -
e -
= —

Speed

Fig 1.1 load torque-speed Characteristics

An electric drive connected to a mechanical load comprises a

system with various steady-state and transient operating features.

AS



The steady-state operating conditions may be obtained by the
intersection of the torque-speed characteristics.of the motor and
its load, a typical case of an induction motor with a fan load being
shown in figure 1.2. The operating point and any shift, depend on
the shapes of the torque-speed characteristics of both the motor

and the load.

Torque % Induction motor

Characteristic
Operating point
fan load
—p
Speed

Fig 1.2 Interaction between motor‘and load

1.2. Motor Torque-Speed Characteristic
1.2.1. d.c. Motors

The inherent torque-speed characteristics of various d.c. motors
are shown in figure 1.3. Families of these basic characteristic may
be drawn to represent different electrical operating conditions.
The characteristics are further modified by the type vof control
used. It is this flexibility that makes the d.c. motor suitable for

variable speed control.

€O



Torque
Compound motor

Series Motor

\ Shunt motor

P Speed

Fig 1.3 Torque-speed characteristics of d.c. motors

1.2.2. Synchronous Motor

The torque-speed characteristic of a synchronous motor is a

straight line as shown in figure 1.4. The speed n is exactly the

synchronous speed ng, given by

n = ns = - (1.1)

where f = motor supply frequency, p = pole pairs.

Smooth variations in the speed may be achieved by varying the

motor supply frequency.

Torque 4

>

Speed

Fig 1.4 Torque-Speed characteristic of Synchronous motor




1.2.3. Induction Motor

The inherent torque-speed characteristic of an induction motor is
shown in figure 1.5. Similar curves are obtained for different
stator frequencies, voltages and pole pairs. The type of control
also modifies the characteristics of the motor. The speed of the

motor is conveniently given in terms of slip s, which is defined as

the fractional drop of speed from synchronous speed ng .

Ng-n f
, and so n= —
ng P

Thus s = (1-s8) (1.1)

It can be seen that step changes in speed can be achieved by
changing the the number of pole pairs p, but this can only be done
in discrete steps. Another way of changing the speed is by
variation of slip but there is a waste of energy unless methods to
recover slip energy are used. The method becoming increasingly
popular, due to developments in power electronics, is where the

motor supply frequency is varied.

Torque A
Reference
Reduce V
]-
)
Increase p \ \ \
(in steps) : '
: \
iReduce f I
|
i
i
—> Speed

Fig 1.5 Torque-speed characteristics for induction motors



1.3 Variable Frequency Supply for an Induction Motor

A variable frequency supply for the motor may be derived from the
constant mains supply frequency by (a) rectifying to d.c., followed
by an inverter triggered at the new frequency, or by (b)
switching a polyphase supply in such a way as to obtain the desired

frequency output in a "cycloconverter".

1.3.1 Cycloconverter

In a cycloconverter the supply voltage is converted to the load
frequency directly without any intermediate stage. The basic
configuration of a cycloconverter is shown in figure 1.6. Each box
is a three phase half bridge thyristor unit. By appropriate firing of
the thyristors a new frequency is obtained that is lower than the
supply frequency as shown in figure 1.7. However, the output has
high harmonic content and the converter is mainly used in large

drives.

3-Phase Supply

Fig 1.6 Schematic of the Cycloconverter



j Mean output voltage Mains Supply

I‘M@M }A "'i 'A'MA’A’A’A’A‘A” ‘
LT

Fig 1.7. Voltage waveforms of Cvcloconverter

1.3.2 Rectifier / Inverter

1.3.2.1 Voltage Source Inverter

The six-step voltage source inverter has a controlled three phase

ac to dc converter that is used to vary the d.c. link voltage. The

inverter circuit is used to invert the voltage to the new frequency.

IL

Oee—

Three
Phase
Supply

Fig 1.8 The six-step inverter

1=

The voltage and current waveforms associated with the six-step

inverter are shown in figure 1.9 (a).



(a) Voltage source inverter (b) Current source inverter

Fig 1.9 Waveforms for Voltage and Current source inverters

for one phase of a star-connected motor

1.3.2.2 Current Source Inverter

The current source inverter has a constant current supply and
usually has a large d.c. link inductor. The corresponding voltage

and current waveforms are shown in figure 1.9 (b).

— 1

Three
Phase
Supply

Fig 1.10 Current Source Inverter

1.3.2.3 The PWM Inverter

The PWM inverter is able to control both the output frequency and
the output voltage and therefore the input is an uncontrolled
rectifier as shown in figure 1.11. ( devices are schematic only ).
The PWM output voltage consists of pulses of magnitude V¢ and
whose widths are modified such that after low pass filtering only a



fundamental component remains with very little harmonic content
as shown in figure 1.12. The signals for each phase are 120

degrees apart whilst the signals in one arm are in anti-phase.

1vy
+ —
) de

EFF [FRRRED

w537 | ¥E¥TET

- -é— Vdc

Fig 1.11 The PWM inverter

Vv PWM output After low pass
Voltage filtering

N
N ‘/
-V m "‘N A" ”mm
de U

Fig 1.12 Typical PWM Motor Line Voltage

Details of the various PWM techniques available are further

discussed in chapter 3, whilst the control aspects are discussed in

chapter 2.




Chapter 2

Control Strategy of PWM Inverter

2.1 Control

Variable-speed control of induction motors is achieved by
varying both the supply frequency and the supply voltage. Unlike
d.c. motor control, induction motor control is complicated by
the difficulty of determining the variables of the system and also
because implementation of control is limited to only two control
variables, the frequency and voltage. The control may be vector,

scalar or open loop.

Vector methods are complex and necessitate the use of
transducers that sense currents, flux, speed and voltages.
Vector methods are suited for applications that demand quick
dynamic response and accurate speed and torque control.
However, the complexity of the system, due to the need for
transducers, can deviate from the simplicity of the induction

motor and other alternatives such as the reluctance motor may

be better. Scalar methods of control, where the magnitude of

the currents and voltages are used in a feedback loop, do not
have the fast dynamic performance of vector methods but are
simpler in design. Open loop control is the simplest and is

suitable for a number of applications that require good steady

1¢



state performance but not necessarily with fast dynamic
performance. It is for this category of applications that the

system described here is intended.

In an open loop control strategy for a voltage source inverter,
the speed is varied by varying the supply frequency. The torque
available may be set by the voltage and is adjusted such that the
air-gap flux of the motor is constant. During changes in supply
frequency the currents may be higher than rated and is limited
by the rate of change of frequency, usually a ramp circuit. The

open loop strategy is suitable for operating conditions where :

(i)  the motor is operated under steady state conditions for
long periods.

(ii) fast acceleration and deceleration are not required.

(iii) there is not much variation in load torque.

(iv) the dynamic performance of the motor is not crucial.
The main deficiencies of an open loop drive are :

(). The shaft speed varies with slip frequency from full load to
no-load. At lower speeds this can be rather large. This is
reduced by maintaining constant flux operation over the‘
whole speed range so that the slip remains almost

constant.



(ii)

(iii)

(iv)

2.2

To compensate for the voltage drop due to stator
resistance, voltage boosting is required at low frequencies.
Voltage boosting at low frequencies, on no-load or light
load, could lead to magnetizing currents larger than rated,
leading to excessive heating if the motor is operated for
long periods.

There is little indication of the torque that the motor is
producing.

There is no direct control over the rise in currents during
acceleration and deceleration of the motor. The current

may be indirectly controlled by reducing acceleration.

Constant Flux Operation

Constant flux operation is only required for some applications to

provide maximum torque capability throughout the entire speed

range and also to keep the slip almost constant so that supply

frequency is a reasonable estimate of the speed. For frequencies

above 10 Hz, the V/f relationship, is normally kept constant.

However, at lower frequencies the stator losses become

significant and the voltage available to the air-gap is reduced.



I R X X
1 1 1 2
— N
R X R
v E c? m 2
S

Subscipt 1 - Stator
2 - Rotor (referred to stator)

Fig 2.1 Single Phase equivalent circuit of an 3-phase induction

motor

For constant flux operation throughout the range of frequencies
the ratio of voltage, E, to frequency, f, is kept constant. The
amount of voltage boost, required to maintain E constant, may be

obtained from the voltage equation:

_ Zy E
V= —— 4+ E (2.1)
z
_ Z52 _ R
where Z= —2_m v Zg= ?2+JX2
Z 2+ Z m
— — JRXy
Z1=R;+jX; and zZ_ = —Cc I
1581 %)4 m~ R+jX
Z] E
The factor 7— represents the additional voltage required

to keep the flux constant.
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At low frequencies the leakage reactance X; may be neglected as

it is small compared with R;.

_ ER,

V boost = Tz (2.2)

.

A good approximation may be obtained by further neglecting the

magnetizing loop and the rotor leakage reactance [1].

ERIS

V boost = _ﬁz_ (2.3)

However, the magnetizing current at low frequencies can be very
high and care must be taken to keep the current below the rated

current.

2.3 Acceleration of the Motor

When starting an a.c. motor from a variable frequency supply, the
acceleration may be too fast leading to transient currents in
excess of the ratings of the inverter. The starting currents are
associated with rotor losses which are dissipated as heat. Thus,
there is need to keep this temperature rise in the machine,

which is determined by the thermal considerations, within



permissible levels. An estimate of the permissible maximum

energy may be obtained using the BS 4999 part 112 [2].

Assuming that for small motors the rotor inertia is negligible
compared to the load inertia, the maximum permissible energy
for two consecutive starts was calculated and this was compared
with the energy dissipated with variable frequency starting. The
b.u. energy dissipated is given by

[0)
J, (0.-0) Te do
n'‘“s
W = (2.4)
we [Jalgor
0)'
and the time taken
(D"
J.. dw '
n
t= — (2.5)
J Te-T
(Dl

( Appendix A.1. gives the detailed derivations of 2.4 and 2.5)

An indication of the currents during starting may be obtained

from the approximation of differential energy as

W= 1,2 R, 5t (2.6)



A more accurate determination of the transient currents would
require state-space methods because the approximate equivalent
circuit does not cater for the transient conditions, which are
represented by a set of differential equations. However, the
approximation is sufficient for the purposes of this project

because fast dynamic performance is not a primary criterion.

Using BS4999 as a guide, the permissible energy that can be
dissipated in the rotor during starting, without overheating, is
twice the energy dissipated by a direct on-line start with load
torque proportional to speed and equal to rated torque at rated
speed. The maximum allowable empirical value of the load
inertia should be

J = 20.0475 p99 2.5 (2.7)

where P is rated power in Watts (W)
p is number of pole pairs

J is inertia (kg m2).

Using equations 2.4, 2.5 and 2.6 a comparison between a direct

on-line starting and variable frequency starting for the same load
torque and inertia is shown in figure 2.2. ( for conditions of

R5=0.1 p.u and X,=0.2 p.u and p=2).

16



17

5 - -5
current |
-4
-3 a
El £
a, -
2 2
83
(]
8
~ 1
0
4
1.0 4 r4
0.8 -
-3
0.6 1 current E
El oF B
£ o
y :
8
- 1
0.2 4
0.0 T T T T 0
0 2 4 6 8 10

Fig 2.2 Comparison between direct on-line and step changes in freguency

The energy dissipated and the rotor current, and therefore the

stator current, is lower with variable frequency than with direct



on-line starting. A comparison of the effect of different
frequency step sizes on energy dissipated and starting time is
shown in figure 2.3 from which it will be observed that
minimum dissipation of eénergy occurs when the frequency step
is about 0.1 p.u. Shorter steps than this require a longer starting
time and so the energy required increases. However, due to the
longer time over which the energy is dissipated there would be

no overheating of the rotor.
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Fig 2.3 Comparison of step sizes

For a constant load at rated torque and with the same inertia as

in figures 2.2 and 2.3 the comparisons are shown in figure 2.4.
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It can be seen that if two consecutive starts are to be permitted
the power dissipation is higher with direct starting and

therefore variable frequency starting should be used.

During deceleration, the machine operates as an induction
generator returning the energy to the d.c. rail through the
inverter diodes. If this energy cannot be returned to the supply
it will éharge the capacitor, which is across the d.c. supply,
causing the d.c. voltage to exceed the inverter voltage ratings.
The ener‘gy may be dissipated by a resistor that is switched
across the rails when the rail voltage exceeds the rated.
"Plugging” the machine by a change of phase sequence thereby
dissipating the energy within the rotor of the motor may instead
be used to brake the motor. This latter method could lead to

overheating of the rotor.

For the applications intended, rapid deceleration is not required
and therefore no resistor is required as long as the capacitor
voltage- is kept within the maximum voltage ratings of the

inverter.

3
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2.4 Torque

The electromagnetic torque for constant flux operation is

derived from figure 2.1 and is given by the equation:

E2 (g - o)
O Ry +({og-w)¢ Ly
where: @, is the rated frequency,
g the motor supply frequency and
o the rotor frequency
The breakdown torque occurs at
Ro
O~ 0 = 7— (2.9)
S L2
and the breakdown torque is
E12 1
T, =pm |—(7 55— (2.10)
b=P [‘”r] 2L,

At low Speeds, maximum torque capability may not be possible at
low stator frequencies as shown in figure 2.5. If maximum

torque is required at standstill, the minimum stator frequency is
obtained from equation 2.9. with o = 0.

Ry Ry

Omin = i2_ or fmin = mz* (2.11)



This, however does not take into account the losses due to

windage and friction.
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Chapter 3

Pulse Width Modulation Techniques

Pulse width modulation (PWM) techniques are many and varied.
They may be grouped into four basic techniques based on the

way the switching angles are determined [3].

i). Sampling Techniques : Switching angles are determined
by the points of intersection of two waveforms, one the carrier
waveform ( usually a triangular waveform) and the other the

modulating waveform (sinusoidal, staircase, trapezoidal.etc.).

ii). Harmonic Elimination Technique : This is based on the
square waveform but with notches added at specific points in

order to eliminate certain harmonics.

iii). Distortion Minimization Technique : The same as (ii)
except that a performance index or loss factor is defined and

then the angles are computed to minimize the index.

iv)] Space Vector : The method of representing the three
phase waveforms by a single vector may be extended to six pulse
inverters. Eight vectors are used to represent the various
combinations of the inverter arms. By a combination of these

vectors a sinusoidally rotating vector may be obtained.



3.1. Sampling Techniques
3.1.1 Sinusoid Derived PWM

In this method a sinusoid or an approximation to a sinusoid is
used as a modulating function. The diagram below shows the
main sinusoid derived PWM waveforms [4], namely natural,
regular asymmetric, regular symmetric and modified regular

PWM.
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t ! } Regular
Natural 1 Asymmetric
Modified l Regular
Regular symmetric

Fig 3.1 Sinusoid Derived PWM

The main sinusoid derived functions are as follows:



a) Sinusoidal or Natural PWM :

Here the angles are determined by the intersection between a
triangular carrier wave and a sinusoidal modulating waveform [5].
The harmonics are the sidebands of the carrier frequency and
its multiples of order K = np + m, the mth sideband of the nth
carrier harmonic, and it is these that contribute significantly to
the harmonic losses [6]. The carrier-to-modulator frequency
ratio, p, usually 9 or 12, is chosen to be a multiple of 3 so that
the carrier harmonics may be eliminated. For low values of p,
gear changing is required to keep switching frequency within

limits [7].

Analogue implementation is difficult because of the difficulty in
generating a stable sinusoidal waveform due to d.c. offset and
parameter drift. Digital implementation is easier and requires
the use of look-up tables where switching angles have already
been computed off-line. A microprocessor may be used to
access the tables and to provide some form of control and

monitoring.

b) Regular Sampled symmetric PWM :

Regular Sampled symmetric or Uniform Sampled PWM is a

digital approach to sinusoidal PWM where the PWM waveform

can be defined by an analytic expression [5].



tpw=%{1+Msin(o)mTi)} (3.1)

Where T  is one period of the carrier waveform

T; is the sample instant
M sin (o, T; ) is the original sine wave

tpW the pulse width.

The sine-wave is sampled at regular intervals corresponding to
the positive peaks of the carrier triangular waveform and the
resulting stepped waveform compared with the carrier to obtain
the switching instants. Since the technique can be represented
by an analytical expression, a microprocessor based generation
technique using software based calculation is possible [5].
Specialized integrated circuits also exist which can produce this

waveform.
c) Regular sampled asymmetric PWM :

This is the same as regular sampled symmetric PWM except that
the sine wave is sampled at both peaks of the carrier. It is also
expressed in the form of an analytic expression and, hence, a

microprocessor based generation method may be used [8] [9].
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3.1.2 Staircase PWM

A staircase waveform is used instead of a sinusoidal waveform
(12]. The number of steps and step sizes of the waveform may
be selected in such a way as to eliminate certain harmonics. A
higher fundamental is achieved than sinusoidal PWM. According
to Nystrom et al [13], torque pulsations are reduced because for
each torque harmonic pulsation, the difference between the two
current harmonics involved in producing it is low. Hai'dware
implementation is possible using discrete logic. Three steps
have been used and the carrier-to-modulator frequency ratio is

15 or 21. Higher ratios would require more steps.

3.1.3 Other Modulating Functions

A Trapezoidal modulating function has been suggested as an easy
way of generating PWM suitable for microcomputer
implementation [14]. Some non-linear functions have also been
suggested for modulation depths exceeding unity [15]. These

have also been done at low carrier-to-modulator ratios.

3.14 High Carrier - to - Modulator Ratio

A sampling technique with a high carrier frequency could also be

used for generation of PWM. The maximum frequency is limited



by the ratings of the switching devices and their associated

losses. For a number of reasons a high carrier frequency is

preferred [16] [17] [18].

a)

b)

c)

d)

e)

f)

The filter components are small, light, and inexpensive.
Also the reactance of the motor stator coils attenuates the

higher frequency components.

The unwanted carrier component and associated
sidebands in the PWM waveform are well separated from
the required output. Thus it would be possible to filter

almost all the unwanted components.

The carrier frequency will be above the audio frequency

leading to "noiseless" operation [19].

The drive operates with practically sinusoidal stator

v

currents.

Radio frequency interference (RFI) from the cables can be

eliminated.

The use of high carrier frequency increases the bandwidth
of the output of the converter therefore addition of triplen

harmonics would be possible.
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3.2. Harmonic Elimination

1/2 vd ‘L

90
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Fig 3.2 Harmonic Elimination

For any wave, with notches as shown, the kth harmonic voltage is

given by :

- 2Vy i=m
Vi= g | 1+2 ) (1! Cos (Ka,) (3.2)

i=1

for m switching instants per quarter cycle [20] [21].

By solving these equations, (m-1) harmonics can be eliminated
and the fundamental controlled. Implementation of harmonic
elimination requires a microprocessor and a look-up table using
values obtained by an off-line solution of the equations to
determine the switching angles [22, 23, 24]. Control of the
fundamental and the suppression of the first four harmonics
requires 5 switching instants per phase per quarter cycle or 22
per cycle corresponding to a carrier-to-modulator ratio of 22.
This makes it possible to use a lower switching frequency and at
the sage time remove the low order harmonics. However, the

amplitude of the higher order harmonics increases [25].



3.3. Minimization of Distortion

A performance index is chosen which represents the losses due
to harmonics and then the switching angles are chosen in order
to minimize the performance index. Various indices have been
suggested mainly considering the harmonic currents [25, 26,
27]. Buja and Indri have defined a factor, the total harmonic
voltage [25]. .

v ES

G = Tk 2 (3.3)
k=1

The factor, O, is proportional to the total rms harmonic current

neglecting skin effect. The square of this factor is proportional
to the motor copper losses due to harmonics. The various loss
factors that have been suggested have similar losses for different
fundamental frequencies and Just one loss factor as suggested by
Buja a;ld Indri may be used. The loss factor may be used to
compare various PWM strategies [29]. Harmonic minimization
does not eliminate the low order harmonics but rather
attenua}tes them. The low order harmonics are the main cause
of waveform distortion leading to reduction in the fundamental
voltage component and also to increase in torque pulsations.
Calculation of switching instants is done off-line and the values
stored in look-up tables. A microprocessor is generally used to
access the tables and some form of algorithm is used for
flexibility.

.



3.4. Space Vector Modulation

A three-phase inverter may be represented by eight voltage
vectors corresponding to the position of the switches. There
will be two null vectors and six voltage vectors spatially

displaced by 60° (figure 3.3). A rotating vector, A\

which may
be considered as representing the sum effect of the three
phases on the fundamental rotating flux, is obtained by using the
voltage vectors for direction and the null vectors for magnitude

control.
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HHH ': MOtor
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[ (
LHH

State of switches indicated
by L for "off" and H for "on"
and the order is 1,2,3

Fig 3.3 Space Vector Modulation

The space vector method is easy to implement by discrete
implementation as well as by microprocessor. Some authors
have described the space vector method as superior to the
conventional sampling methods due to its ease of
microprocessor implementation and the fact that waveforms are

very nearly loss minimized [30] [31] [32].



3.5. Generation of PWM

The method of generating the PWM waveform is also important
as it puts limits to the PWM technique used. The following are

the main methods :

i) Analogue generation : This was common in the earlier
forms of PWM but suffers from the effects of drift, dc offset, and
temperature rises of analogue components, and is easily
influenced by external sources of disturbances. It lacks
flexibility and can be complex. It, however, has continual

control of the output and there is no delay as in digital systems.

ii) Discrete digital logic implementation : Generally easier to
implement but it lacks flexibility and the control is specific to

the application. It also increases the component count.

iii)  Application Specific Integrated Circuits (ASIC) : These are
integrated circuits specially designed to generate PWM and
thereby reduce the component count and complexity. Some

ASIC's are used as microprocessor peripherals.

iii) Microprocessor : There are many varied implementations
of microprocessors. The microprocessor may read the
switching angles which have been pre-computed or it may

compute them in real-time and output the PWM with or without



some other external counters or timers. Another way would be
to use a peripheral device to do the computation leaving the
microprocessor to deal with the control aspects.
Microprocessor implementations are more flexible than (i) and
(if) because they are controlled by software more than by the

hardware.

The main features of microprocessor based generation of PWM
has been reviewed by many authors. Hoft et al [33] have given a
detailed review of microprocessor applications, over the period
1982—1984, and the various routines and factors involved.
Bowes and Mount [34] outlined the various control functions of
microprocessor implementation. Iwanciw [35] has described
the user interface, diagnostics, links and application routines
required. Lettner [36] has outlined the main routines for the
interface of a portable PC with a microprocessor controlled drive
with emphasis on the use of graphical user interfaces and
communication. Sethuramen and Sagar [37] describe the main

features of an expert system.

The use of ASIC's is expected to be the most common means of
a.c. drive control especially at the lower power market.
Component count and complexity of control is reduced [38].
Use as a microprocessor peripheral can lead to very
sophisticated and efficient control algorithms being developed

and tested but being implemented in an easy way [30] [40].
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Chapter 4

Optimum Waveform Generation
4.1 Description of Ideal Waveform

A sinusoidal current applied to an induction motor, with
appropriate phase shifts, is considered to give the best
performance in terms of smoothness of rotation and losses.
Current harmonics have been shown, by many authors [41, 42,
43, 44], to lead to torque pulsations and other losses. The
typical PWM phase voltage, shown in figure 4.1, consists of a
fundamental voltage and other voltage harmonics. The current
will, however, have harmonics of smaller magnitudes, due to the
motor reactance, thus approximating a sinusoidal current.
Though voltage harmonics are generally not desirable, addition

of certain harmonics, such as the triplen harmonics, may be an

)

Fig 4.1 Typical PWM Voltage Waveform

advantage.

An indication of the available voltage from the DC rail voltage may

be obtained from the utilization factor defined as

e RMS of fundamental line voltage
Utilization Factor = DC Rail voltage (4.1)




In a three-phase induction motor, connected in star, the line
voltage is related to the phase voltage, Vp, by

Vi, =3 vy (4.2)

If the dc supply to a 6-pulse inverter is +1 units then for a
sinusoidal phase voltage of maximum magnitude

Vp = 8in ¢ units

the line voltage will be
V1, = V3 sin ¢ units

and utilization factor = %35 = 0.61.

However, the maximum magnitude possible for a sinusoidal line
voltage 1s 2 units, i.e.

VL = 2 sin ¢ units

For this the phase voltage must be

Vp = (2/V3) sin @ units

and utilization factor = %—2— = 0.707

which is not allowable because the magnitude of the
instantaneous phase voltage can not exceed 1 unit. Since triplen
harmonics do not appear in the line voltage, addition of these
harmonics to the phase voltage would keep the magnitude of the
instantaneous phase voltage below 1 unit. The problem is

generalized to :
flot) = V, sin(wt) + Vg sin(3wt) + Vg sin(9at) + .

and ’ flot) ‘ < 1 for all t (4.3)

where the coefficients Vi. Vg, Vg ,eeee are to be determined in

order to maximize Vl . The ideal waveform is one that utilizes



the rail voltage most effectively and also produces the least

harmonics.

4.2 Previous Work

Harmonic elimination and harmonic minimization seek to
reduce the lower order harmonics to acceptable values and the
waveforms generated are optimum in this respect. Their voltage
utilization factor, however, is about 0.6. Bowes and Midoun [45]
followed a procedure to optimize the total harmonic distortion
THD (equation 4.4) in a search for a simple modulation process
based on well-defined techniques that would produce the same

results as optimized PWM techniques.

[+ ]

1
2
THD = ¢ | Y 1P (4.4)
I (k=3

where | 1 and Ik are the fundamental and harmonic rms currents.

Using a regular asymmetric technique, the addition of a third
harmonic of 25% of the fundamental was found to be optimum in
the reduction of THD factor. Comparison with the regular
asymmetric and symmetric waveforms showed that this was
superior in terms of THD especially at modulation depth near
and above unity. These comparisons were done with low

carrier-to-modulator frequency ratios.



Boys a{1d Walton [46] have also shown that the harmonic losses
may be optimized with the addition of about 25% to 28% third
harmonic. The reason for this improvement was attributed to
the chz;nge in harmonic distribution. The staircase waveform
has been suggested by Nystrom et al [47] as it has smoother
torque performance than regular asymmetric PWM. This was
attributed to the fair distribution of harmonics. For space vector
modulation technique and carrier ratio 9, addition of about 25%
third harmonic has been shown by Handley and Boys [48] to have
least THD. Other functions have been suggested but all of them
deal with low carrier-to-modulator frequency ratios of between 9
and 25.

For the purpose of increasing the voltage utilization
Trzynadlwski [49] gave the following harmonic modulating

function for a dc rail voltage of + 1/2 units :

f(3q) ((Dt) O<wt<rm

f(SQ) (0t) = { f(3q) (2w-wt) n<ot <2n (4.5)

where f(sq)(oot) = V(l) sin (wt) + ilV(sn) sin (3nwt + @)
n=

and obtained optimized values for q=1,2,3 and 4. Thus, for q=4,

f(lz)(a)t) =1.200 sin(ot) + 0.239 sin(3wt) - 0.050 cos(6wt)

- 0.019 sin (9wt) + 0.007 cos (12wt) (4.6)
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This includes even harmonics of 6 and 12 whose net effect is
zero due to asymmetry. Also the line voltage cannot support a
fundamental phase voltage of 1.2 units without there being some
distortion of the output. This and the discontinuities at =«
introduce more harmonics of higher order than shown by

equation'4.6.

Taniguchi et al [50] has proposed a PWM technique where each
arm is turned off for one third of a cycle whilst still achieving a
sinusoidal waveform at the output ( figure 4.2 ). It can be shown
that this method reduces losses. The waveform is described by

the equation

fo) = { sin(wt+r/3) 0 <wt<2rn/3 (4.7)

0 2rn/3<wt<n
The waveform, however, does not have quarter wave symmetry

and existing ASIC's are designed for quarter wave symmetry.

R L R

21 /3 I

Fig 4.2 PWM modulating waveform




4.3 Proposed Waveform

In the previous work described above the ratios of carrier-to-
modulator frequency were in the range 9 - 25. For the very high
carrier-to-modulator ratios, considered in this work, the voltage
harmonics at low frequency are reduced, and it can be expected
that the addition of the third harmonic will also have a reduced

effect on the losses.
4.3.1 High Carrier - to - Modulator Ratio

The harmonic currents are calculated using the simplified single
phase equivalent model of the motor where the effect of the
resistances and the magnetizing loop are considered negligible.
Thus
V;
k
Ik = kX (4.8)
where I, and Vy are the kth harmonic current and voltage

respectively. X = X;+Xqo is the leakage reactance of the motor

at fundamental frequency. For asynchronous PWM, the
prominent voltage harmonics will be sidebands of the carrier

frequency and for a high carrier frequency the corresponding

current harmonics will be small. For example, for a carrier

frequency of 23 kHz and fundamental 50 Hz ( ratio of 460) , the

current harmonic around the carrier is, in per-unit form,

460 = 260 Xpu X 20 = X (4.9)
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V460 may be 0.2 to 0.3 of the fundamental voltage and therefore
I460 is negligible. The harmonic distortion factor THD

suggested by Buyja is used for comparison and is defined as [51].

Z(V) x 100% (4.10)

This factor is proportional to the total harmonic currents. A
graph of the THD factor for various carrier frequencies with

modulation depth of unity and modulator frequency of 50 Hz is

shown in figure 4.3.

2
1+
g 17
g% +
+
.
+
+++
0 A a S T T
¥ T T T v

0 10000 20000 30000
Carrler frequency (Hz)

* The THD were obtained for carrier frequencies of multiples of 1000.1 Hz
in order to avoid the synchronizing effect of the carrier being an integer
multiple of the modulating waveform. Harmonics taken are up to sixty one.

Fig 4.3 Variation of current distortion with carrier frequency




The PWM current waveform may thus be considered to be free of
harmonics and therefore the utilization factor will be more
important. The addition of third harmonic has negligible effect
on the current distortion when the carrier-to-modulator ratio is
very high compared to when the ratio is low, as shown in figure
4.4. This is because the significant voltage harmonics are the
sidebands of the carrier frequency and, therefore, their current
contribution is negligible. For low carrier-to-modulator ratio the

optimum, as expected, is around 25 % as shown in figure 4.4 b.
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4.3.2 MODULATING WAVEFORM

The waveform suggested by Taniquchi et al [50] is given by

oo

flot) = % cos(ot) + Z E(T_Zn—z) cos(3nwt) (4.11)

n=1

This has only triplen harmonics added to the fundamental.
However, the presence of even harmonics is generally not

acceptable as the effect cannot be beneficial due to asymmetry.

A waveform based on the above but without the even harmonics,
would be the optimum waveform possible for modulation less
than unity. The waveform is described by the equation 4.12

which has an unlimited number of terms.

(o ]

flot) = \% cos(mt) + 2 MI—EBan) cos(3nmt) (4.12)
n=1 (n odd)

Any further increase in the fundamental can only be achieved by
the distortion of the output with non-triplen harmonics. The
square waveform is supposed to have the maximum available
fundamental component of 4/x yielding a voltage utilization
factor of 0.90. Deliberate distortion of the output so as to

Increase the fundamental voltage is possible by the addition of
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other harmonics. Trzynadloski [49] has suggested some non-

linear functions for this purpose.

Since only the first few terms are assumed crucial, an optimum

waveform based on equation 4.12 is

flot) = 1.1547 sin(mt) + 0.2387 sin(3nt) -
0.02387 sin(9wt) + 0.00853 sin(15mt) (4.13)

The waveform is shown in figure 4.5.
VA

i
->»

Fig 4.5 Waveform of optimum modulating signal

In Figures 4.6 to 4.8, four waveforms described by equations (a)
to (d) below, are compared with respect to THD, utilization

factor and torque distortion as functions of modulation depth.

(a) flot) = 1.1547 sin(ot) + 0.2387 sin (3wt)
- 0.02387 sin (9wt) + 0.00853 sin (15wt)

(b) flot) = 1.1547 sin (ot) + 0.2387 sin (3wt)
< - 0.05456 cos (6wt) - 0.02387 sin (9wt) -
0.01336 cos (12wt) + 0.00853 sin (15wt)



(c)

(d)

flot)= sin(nt)

flot)= 1.1547 sin(ot) + 0.2387 sin(3wt)

THD Factor (%)

Utilisation Factor

(a) & (d)
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Fig 4.6 THD factor for various functions
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Fig 4.8 Torque pulsation factor for various functions
The torque pulsation factor, tg, is defined as
1
2

vV Vn- Vn- Vv
b= Z [( nT.ll)Z* ( n1}11)2_ 2( nlfll)z( n’f{ljz cos(@n-1 - ®n+1)] (4.14)
n=6k .
where Qn is the angle between per-unit voltages Vl

and V- 1

This is obtained from the equation for torque pulsation given in

per-unit form as [43) :

2 2 2 2 l
To=® x (Ine1 +In1-2In-1 Tne1" cos@n.1 - Boyy)) 2

where Ty, is the 6kth harmonic torque pulsation. (4.15)



It will be noted that the apparent lower THD for the functions
with third harmonic is due to the higher fundamental voltage.
For all the waveforms, it can be seen that addition of triplen
harmonics has a negligible effect on the current distortion and
the contribution to torque pulsations is also insignificant.
However, as expected, there is a definite improvement in the
utilization factor. Thus, the addition of about 20.7% third

harmonic, as discussed earlier, would be the optimum.

4.2 Dead Time

Dead—tifne, also known as lag-time or dwell-time, is the
minimum time between turning a device in one leg 'off and the
other 'on' to safeguard against both devices turning on
simultaneously. This feature introduces a distortion of the PWM
waveform' and has the effect of reducing the fundamental output
voltage and introducing low order voltage harmonics not present
in the ideal waveform and a consequent degradation of torque
characteristics. Several authors have studied these effects and
suggested compensation circuits [52, 53, 54]. Dodson et al [52]
have df;scribed a general circuit using current feedback, whilst

Murai et al [54] have described one with voltage feedback .

Dead-time adds a square voltage envelope, of the same frequency

and phase as the fundamental output current, consisting of

-



pulses whose widths are tq -which is the dead-time, and height

V4. the rail voltage, to the ideal PWM wave (figure 4.9). After

low pass filtering it may be considered as a square wave of height
Ve =1 tq Vg (4.16)

Where tq is the dead-time, f. is the carrier frequency and Vd

the dc voltage [54].

Vq —
Ideal PWM
0 -Waveform
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d __4 | |
| I [ i 1 11 o
| 1 [ I 1 i1 I
! ! i | | i
i i i I ,_ | ,— i Signal
1 I I [ 1] ] 1 to Upper
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i I I i I 11 [ Device
i [ [ | ] | | (| | |
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| ] T 1
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I 1 [ I 1 I [
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| } 1R | |
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Fig 4.9 Effect of Dead - time
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The harmonics due to this are those of a square wave

Vk= e (4.17)

and if the fundamental voltage component is given by

Vi =MVy (4.18)

Using equations 4.9, 4.16 and 4.17

=00 1
4f t 2
c d 1
THD = 100% x Y E k_4
k=5
6f. t
c d
~ M % (4.19)

Ifty = delay/ (512*fc) where delay is an integer as will be used

with the PWM generator

THD ~ O.OIL(/i[elaX %

for M=1 and delay =10, THD = 0.1%
for M =0.5 and delay =10, THD = 0.2%
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If the current and voltage are in phase then the loss in

fundamental rms voltage is given by

g CAVe 4ty @.20)
ss * Bk T Vaa '
delay \F
V2 128%

for V4 =400 Volts and delay = 5 , Vipss = 3-5 Volts

It will be noted that this does not change with the modulation
depth and therefore it is best to operate at close to maximum

modulation depth. Furthermore, the motor current is not in
phase with the voltage and therefore Vioss is further reduced.

4.3 Harmonic Losses

If the losses associated with harmonics are excessive the motor
may need to be de-rated to prevent overheating. For a squirrel
cage induction motor the main harmonic losses may be
separated into :

a) Stator copper winding losses

b) Rotor copper winding losses

c) Skew-leakage and end-leakage losses:

d) Stator & rotor laminations or core losses



An estimate of the rotor and stator copper harmonic losses may

be obtgined by neglecting the skin effect

2
Pcopper = z Ik R (4.21)
k#1

where R = Ry +Ry
Using equations 4.8 and 4.10

2 2
1Y/ THD
Peopper = (VX) (100 ) R (4.22)

For a more accurate determination of copper losses in the stator
and rotor windings skin effect has to be considered. The
influence of skin effect on losses may be approximated by
making the stator and rotor resistance values proportional to the
square root of the frequency. The harmonic copper losses for a

fundamental freqeuncy of f; will therefore be

2 I
Pcopper = Z Ik R kfl (4.23)

k#1

where f; is per unit fundamental frequency.



Williamson [43] has given an approximate breakdown of the
harmonic losses, for a 15 kW motor for a quasi-squarewave

inverter, from the analyses of other authors, as

stator winding 14.2%
rotor winding 41.2%
end region 18.8%
skew flux 25.8%

These figures are an indication of the order of magnitude of the
harmonic losses compared to the copper losses. These losses
are approximately 20% of the total losses for quasi-square

waveform.

For the test machine used, rated at 1.1 kW, 380 V, 2.8 A,
3-phase, 50 Hz, using equation 4.22, and X = 18.5 Q, R = 13.1 Q.

2
Peopper = 0-2 THD

For the PWM technique used, THD < 1% therefore

Peopper = 0-2 W

Using the above as a general guide, the harmonic losses, are

negligible compared to the other losses.



snubber circuits that are needed increase losses and therefore

other devices are preferred.

The gate turn-off thyristor is an improvement on the silicon
controlled thyristor, because it can be turned off from the gate
by a negative current and therefore does not require the
interruption of the load current. GTO's almost match thyristors
in terms of ratings but are more expensive GTO's have a
maximum operating frequency of 1 kHz and can be used for low
carrier frequency PWM. New GTO's are becoming available with
higher frequency ratings in the range of 20 kHz. GTO's require
snubbers and have a high drive power requirement and hence
have generally higher losses than transistors. They have become
popular in applications where thyristors have been used and,

being similar to thyristors, have been used for retro-fits [55, 56].

Power bipolar transistors are current controlled, minority
carrier devices. Devices of 2000 A, 400 V ratings and 400 A,
1200 V ratings are available. Their high switching frequency
and low on-state losses (0.2 V Vee sat) make them very popular
for PWM inverters. As the power transistor is a current
controlled device, the drive is, ideally, a current source and
therefore there are higher drive losses as compared to the drive
requirements of MOSFET's, which are voltage controlled. The
drive circuits can also be quite complex in comparison to that of

MOSFET's. Power Darlingtons are now being used for high




power applications at high frequencies [57]. Other power
devices' such as the static induction devices and IGBT's are being
developed, which seek to combine the switching advantages of
the MOSFET and the power handling capabilities of a transistors

and thyristors, and so may become more popular [58].

Power metal oxide field effect transistors (MOSFET's) are
relatively new and ratings are continually improving. Devices of
up to 1000 V,10 A and 500 V, 50 A are available. They have
excellent switching characteristics because, unlike ordinary
transistors, they are majority carriers. Switching on/off times
can be lower than 50 ns and so switching losses are low. They
can be used for very high frequency applications up to 100 kHz.
The drive requirements are minimal because they are voltage
controlled devices with very high input impedance and so one
can have a compact drive. The main disadvantage is the high on-
resistance which leads to much higher conduction losses than
ordinary transistors. They are also more expensive and have
lower ratings than any of the other power devices. However,
paralleling of MOSFET's can increase their power handling
capabilities. MOSFET's have a positive temperature coefficient
which means they do not suffer from the thermal runaway
phenomenon of ordinary transistors. The ease of switching and
the high frequency capabilities have made the MOSFET very
popular for low power ultrasonic applications, including PWM

[59].



Since a high carrier or switching frequency was being used in

the PWM generation an inverter with devices capable of high
frequency switching was essential. Therefore, the SCR
thyristors were not suitable despite their high power
capabilities. The bipolar transistor could have been used but the
complexity of the drive requirements and design made it
unsuitable. In view of the requirement for simplicity MOSFET's
were chosen because of their excellent switching capabilities
and their simple drive design. However, the power rating of the
inverter would be limited to only a few kilowatts as MOSFET
ratings are not very high. This is sufficient for the intended
applications such as water pumping. IGBT's may be used in

future if IGBT's with higher frequency rating become available.
5.2 Voltage Clamp Design

An equivalent circuit of a MOSFET is shown in figure 5.1.
drain

I

1

-t

be

source

Fig 5.1 Model of MOSFET
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If a high external dv/dt is applied between the drain and source
enough displacement current could flow through the capacitor
to generate a voltage drop across the resistor Rpe sufficient to
turn on the transistor causing device failure. In order to avoid
this the body-drain diode is kept out of conduction.
Furthermore, the body drain diode is generally too slow to be
used as the free-wheel diode and so is kept out of conduction by
Inserting a diode in series with the MOSFET as shown in

figure 5.2.

D,
Dg
T __,

Fig 5.2 Free wheel diode connection

Since MOSFET's cannot handle voltage spikes above the
maximum ratings it is necessary to include voltage clamping
circuits especially when operating near the maximum ratings.
This increases the reliability of the inverter though it also
increases the losses. These losses are . however, relatively small
since the snubber circuits are only for voltage clamping. A full
discussion on the three major voltage clamping circuits for

power MOSFET PWM inverters is given by Nair and Sen [60),



who suggested the circuit shown in figure 5.3 which produces

minimal losses. The RC series networks, across the supply,

ensure that the voltage across the capacitors do not fall below
Vie: When T; is turned off the load current through the stray

inductance L, does not fall to zero and so takes a path through

+V P
dc
]
[ -

|

Motor load

__Iﬂ Ty

Fig 5.3 Voltage Clamping Circuit

Current through Cg overcharges it and sb turns Dg on which

then starts sharing the load current. The circuit may be seen as

in figure 5.4.
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0 o

Fig 5.4 Stray inductance in inverter circuit

The voltage equation is

1 .. di dig
Vdc=ajlldt)+L1E'L2F (5.1)

where C = C3 = C4

Taking Laplace transforms and using the initial conditions

11(0) = ir, and i2(0)=0,

i) =iy, cos(wt) (5.2)

ig =i - 1) (5.3)

where w =1 /v (L1+L2) C =1 /+2LC andL:Ll + Lo



Voltage drops across the inductances are given by

di

Ly ¢ =- oLy i sin(ot) (5.4)
g

Ly G2 =- 0 Ly it sin(et) (5.5)

V.(t) = Viet @(Ly+Lo) ip, sin(wt)
=Vgce + ‘\/ % i, sin(wt) (5.6)

The maximum peak voltage across C; is given by

2L
VC (max) ~ Vact T ILimax) (5.7)
2L
AV = Vc (max) Vde = \j C ILmax) (5.8)
IL
C=2L (W (5.9)

The capacitor then discharges through the resistor R to Vge - If
T is the switching period then the capacitor has to discharge

within time T/2.

-T
av e RC = 0.01v,, (5.10)

6(
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de
= RC = -ln[0.0le =Z
= R < T

The energy dissipated in the clamp circuit is the energy that the

capacitor discharges and is given for one cycle as;

W = 05 C Av2 (5.12)

This, it may be shown, can also be expressed as

L (5.13)

For the inverter designed the followin

g values were used.
L=10uH. p=10A Vie= 400 v

AV =10V, T = 1/23000 = 43 Hs

C=20uF andR<1.20

The values used were C=1 pF and R=]1 Q which yields

AV =45V and T =4.8 s

This was considered sufficient as the Mmaximum voltage across

the MQSFETs would be 445 v which is within the rated
maximum of 500 V.,



5.3 Description of Device Drivers

For the device drivers, the IR2110 high voltage bridge drivers
integrated circuit was used. The IC uses a bootstrap method to
provide the power required for the device in the upper arm
which has to be "isolated" from the other arm. The lower arms
do not require this. The connections for one totem pole arm is
shown in figure 5.5. The driver is capable of sourcing 2 A and
switching at speeds of up to 25 ns. It can be controlled directly
by TTL or CMOS logic.

+VdC

( ;anutgr 1n1§rfag§ IR2110 Rl I I -
| g 1

Vad .
| 1
Signal to inhibit — T 1 +—» To
Signalto T 9 = ..L Y ) Vcc Load

i TS _Rs |4 T

2
1

Vad computer supply voltage
Vo isolated supply 15V

Fig 5.5 : One complete phase of the inverter

The charging diode D; must have a voltage withstand capability
higher than the peak rail voltage. The resistor Ry and capacitor

C, determine the startup transient and are selected to suit high

frequency switching.



Ten
= R, < 5CCin (5.17)

5 Rl Cin S Tch

For the inverter designed
Qg =130 nC, Iq = 500 pA, AV=2V, Cin = 2.7 nF,

Tch = 100 ns, fm = 10 Hz,

= C, 2175 pF, Ry =18 Q, R <74 Q

The values used were

Cl =37OHF,R2=SQandR1 =4.7Q

5.4 Losses in MOSFET's

The major components of power loss in the inverter are
a) the conduction loss due to the on-resistance
b)  the switching loss due to the rise and fall times

The conduction losses may be calculated from

— 2
Pon = Ids RdsD (5.18)

where Ids is the load current

Rds on resistance of the MOSFET

D is the duty ratio



For the three phase inverter the current in a phase is shared
between the upper and lower arms and so D = 0.5
The switching loss may be calculated by approximating the rise

and fall as straight lines and so

P = VdS IdS tS fC (5. 19)

the on state voltage across the MOSFET
t sum of the rise and fall times for one cycle

f the switching frequency

Total power dissipated in one MOSFET

Py = Pon *+ Pg

2
Ids RdS D+ VdS IdS tS fC (5.20)

Py

with IdS =10 A, RdS =0.7 Q, VdS = 400 V, tS = 150 ns and
fc = 23 kHz

Il

w
91
+

—
w
0 o]
n

S
0
0




The electrical equivalent of the thermal circuit is shown in
figure 5.6 and the thermal impedance of the heat sink is

calculated from the following equation
T; -T
— u
Rgsa = ~p, - Rgjc +Ryeg) (5.21)

Where Rﬂsa' RﬁjC' R@cs are the thermal resistances

and ’It] » T4 are the temperatures.

Fig 5.6 Thermal Equivalent Circuit
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Chapter 6
Design of Control Circuit
6.1 Description of Three Phase PWM Generator

The MAS818 is a digital three phase PWM waveform generator
that can be controlled by a microprocessor via the MOTEL
interface. It may be operated as a stand alone or as a
microprocessor peripheral where the microprocessor is used to
set the operating parameters only. It uses an asynchronous
regular sampling method to generate PWM. The modulating
waveform is read from an external EPROM allowing variation in
the modulating function. The carrier frequency may be
selectable ﬁp to 24 kHz and power frequencies up to 4 kHz are
obtainable. The device generates all the pulses required for a 6 -
pulse inverter and also adjusts the pulse delay and the minimum
pulse width thus redﬁcing on external circuitry. The output
phase :sequence can also be changed to provide direction
control. . Separate control of the amplitude and frequency
enables the user to implement variable-speed control of AC

machines with user defined V/f characteristics.

The MA818 has two 24 bit internal registers for initialization
and control data that are loaded via the MOTEL interface. The

initialization register is loaded before the motor is operated and
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deals with data not normally changed during motor operation.
The control register deals with operations that are frequently
changed such as power frequency. The MOTEL interface is
suited to standard INTEL and MOTOROLLA microprocessors and
is 8 bit wide. Data to the registers is transferred by writing to
three 8 bit temporary registers and then writing to a "dummy

register” that transfers the data to the 24 bit registers.

The initialization register sets the following :

Carrier frequency

Power frequency range: sets maximum power frequency
Pulse delay time: also known as minimum dwell time.
Pulse deletion time: Minimum pulse width of PWM.
Counter Reset: Gives 50% duty cycle (Not used)

The control register controls the following parameters :

Power frequency: Up to 12 bit resolution.

Forward / reverse: Phase sequence adjustment.
Amplitude: Sets the amplitude (modulation depth).
Over-modulation: Used to get modulation of above unity.

Output inhibit: Places all the outputs to low.

The registers are written to by first filling three temporary

registers RegO, Regl, and Reg2. Transfer of data to either the

7



control or initialization registers is by writing to "dummy

registers” Reg3 and Reg4 as shown in table 6.1.

ADO | |AD1 AD2 Function

0 0 0 Reg0

0 0 1 Regl

O 1 0 Reg2

0 ' 1 1 Reg3 control data

1 0 0 Reg4 initialization data

Table 6.1 MAS81S8 registers

The waveform is stored,in a 2K x 8 bit standard EPROM, as
seven flundred and sixty eight 8-bit samples covering 0° to 180°
giving an angular resolution of 0.23° degrees. The MASIS
constructs the remaining 180° to 360° by assigning negative
values to the same samples. The waveform is assumed to have
quarter wave symmetry. The 8-bit samples are stored as two
separate nibbles as shown in the memory map of the EPROM,
figure 6.1. Thus, only four data lines need be used by the MA818
to access the samples. A typical configuration of the MA818 is
shown in figure 6.2. An 8-bit microprocessor loads the MAS18
with initialization and control data. The MA818 then functions
independently of the microprocessor, accessing the EPROM and

generating the PWM outputs.



800H
700H

Address

(Hexidecimal) 400H

300H

L.S.
NIBBLE

000H

—— — >
4-Bits

Fig 6.1 Memory Map of EPROM

+
R
Y Rectifier Inverter Motor
B
Isolator
Micro-
EPROM ) MAS18 } Processor

Fig 6.2 ical System Configuration using the MA818




6.2 Circuit Description

For purposes of study and production of the prototype, the
MAB818 was interfaced to a PC. The ROM or EPROM storing the
modulating waveform was replaced by static RAM that is
controlled by the PC. This would enable testing of various
waveforms. A block diagram of the interface card containing the
MAB818 is shown in figure 6.3 and the circuit diagram is in
Appendix A. The MA818 is connected to the computer bus via
the address / data multiplexer and buffers. The RAM is selected
by either the computer or the MAS18 using the data and address
selectors. The PWM output is buffered and the signals carried

over a cable to the inverter circuit.

. PWM
Outputs
J\ /A
PC bus Address & MA 818 &
data lines
Multiplexer
Address Data lines
7 \
Address Address \ Data

ﬁ/ RAM Data
Selector Selector
&

Fig 6.3. Block diagram of PC controlled MA 818
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6.2.1 Register Communication
Address ———
lines  ____| Address/ ADO
Data
Daa ——7 MUX
lines ~ —— _—
Only to —
data lines —
— AD7
MEMWR WR
v RD
ALE ALE
— RST
— CLK
Address —
decoding — ] CS
circuit 1 TRIP
—] zZPP
1 RB
To inverter — YB
—1 BB
] Vss

vdd
AlQ

— TORAM

FROM RAM

]_ To inverter

CTTTTTTTTTITITT T T

1T

BT

Fig 6.4 Connections to the MAS818

The COPAM computer that was used has an 80286

microprocessor and an AT bus. Since the address and data lines

are separate, it was necessary to multiplex the lines in order to

be compatible with the MOTEL interface of the MA818. There

are five registers to be addressed and so only three address lines

had to be multiplexed.

The remaining data lines were

connected directly to the MA818. The WR input of the MA818

was connected to the MEMW (memory write) signal so that the

registers could be addressed as memory locations.. The RD line



was connected to high since the registers are not readable. A
chip-select was generated from an address decoding circuit to

select the MAS818.

6.2.2 RAM Communication

Since only 4-bits of an address location were being used to store
the waveform, two 1K x 4 bit static RAM modules were used.
The MEMR and MEMW from the computer were used so that

the RAM could be referenced as memory by the computer.

6.3 Interface Software

For the control program to communicate with the interface
board some accompanying low-level software interface routines
were written that could be called by the program. The
programmer, therefore, communicates only with the software
interfaée and does not have to deal with the hardware. The
routines were written in C-Language as it has both the attributes
of a high level language and of a low level language. The routines
could, however, be written in assembly language for speed
sensitive applications and be called by any high level language
program as object code. A C-language implementation of these

low-level routines is described below.
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6.3.1 Communication with MAS18 Registers

The initialization and control registers are addressed by the
computer as specific memory locations. The address locations
in memory are chosen from the available address space given by
the memory map of the computer. The address decoding circuit
on the interface card is then set to the address using hardware
switches. Writing to memory using C language is easily achieved

using p_‘ointers. The physical address is in Hexi- decimal format.

C-program for Addressing MA818 registers

void writing()

{

unsigned char far *pt;
pt=0xd0000800; /* Address of register RegO */
*pt= 1; /* writing value 1 to the register */

/* RegO on interface board using a pointer */

In order to facilitate the easy manipulation of data, bit-fields and

unions are used as shown below



Bit-fields for easy access of Register

union regl{
struct{ /* bit fields */
unsigned int car_freq:  3; /* Bits for carrier  * /
unsigned int dontcare: »  /* Unused bits */

2
unsigned int  freq_range: 3; /* Bits for Range */
8

unsigned int  zeros: s /* Unused bits */
Ip;
struct{
unsigned char i; /* Accessing first 8-bits */
unsigned char d: /* Accessing second 8-bits*/
jr;
jregl;

The variables regl.r and regl.p refer to the same memory
location, that is they contain the same data but differ only in the
way they are accessed by the software. The carrier frequency
bits and frequency range bits are accessed by the software as
unsigned integer variables regl.p.car_freq and regl.p.freq_range
respectively. The data to the MAS18 is, however, in the form of
a byte or char(acter) type and so data can be sent to the MAS 18
as the char variable regl.r.i which contains the information in

regl.p.car_freq and regl. p.freq_range.

- )



Routine for writing data to MA818 Register

void writing()

{

unsigned char far *pt;
pt=0xd0000801; /* Address of register regl */
*pt=regl.r.i; /* writing contents of regl.rito */
} /* the MA818 register Regl */
6.3.2 Communication with the RAM

The waveform is stored in RAM and is addressed as memory
locations by the computer, using pointers and C- program

memory handling routines. As the nibbles are stored in different

memory locations the routine must be able to separate them.

The waveform may be modified by varying the contents of the

matrix ROM[780]. The RAM can be read in a similar manner.

7¢



Routine to write to the RAM

void write_mem()

{

unsigned char far *ptl, *pt2:

unsigned char  value;

float

int

ROM[780]; /* data to be sent to MASIS

*/

AR
pt1=0xd0000000;
pt2=0xd0000400;
for(j=0;j<=767;j++){

/* address of low order nibbles

value = (unsigned char)ROM[jl;
*ptl=value; /* writing low order nibble
*pt2=(value>>4); /* writing high order nibble
Ptl++; pt2++; /* next addresses
}
memset(ptl,15,255); /* filling remaining locations

memset(pt2,15,255); /*  with FF

/* address of high order nibbles

*/
*/
*/

*/
*/

-



6.4 Algorithms

The control program consists of five main sections, the
Initialization, Control, RAM waveform, file routines and user
interface routines. The functional diagram of the initialization
routine is shown in figure 6.5 and mainly deals with the fixed
parameters of the inverter and the MA818 that will not be under

the control of the user.

[ INITIALISATION )

INVERTER CARRIER POWER FREQUENCY
INITIALISATION FREQUENCY RANGE

PULSE PULSE
WIDTH DELETION

Fig 6.5 Functional diagram of the initialization routines

The control routines, figure 6.6, deal with the running of the
motor. These routines control the V/f characteristic, the

acceleration and deceleration of the motor.

8(



CONTROL

VOLTAGE -FREQUENCY AOCEL%‘RATION
c Tie DECELERATION

-

MINIMUM START/
[ RATE OF FREQUENCY J STOP FREQUENCY

CHANGE AND START /STOP
TIME

FREQUENCY VOLTAGE ( FRE%,‘{JEEECY ) ( TIME STEP J

Fig 6.6 Functional diagram of the control routines

The routine for generating the waveform calculates the values of
the modulating waveform and stores them in the matrix
ROM[768] which is then sent to the interface software routine.
The file routines are required to keep record of the status of the
MAS818 so that when the program is exited and then re-entered
the status can be loaded. This facility may be extended to keep a
record of events that some applications may require such as the

number of starts over a given period.

The user interface handles the communication between the user
and the control program. This may be a complex graphical user

interface GUI for users with video display unit, or simple



keyboard or potentiometer type. This routine may be written
according to the type of user interface available and for the
purposes of this study a very basic keyboard command interface
was used. The main control routines are the acceleration /

deceleration and V/f routines described below

The routines are written in the C-language due to its modular
approach and ease of manipulating bit-fields. The modular
approach allows easy maintenance of software in that program
modules can be changed virtually independently of each other. A
main program calls the routines in turn depending on the

desired control action.

6.4.1 Software Implementation of Flux Control

The frequency of the output is represented by a 12 bit binary
number and the maximum frequency, which is the frequency
range set by the initialization register, corresponds to 4095.
The amplitude of the output voltage is also represented by a 9-
bit binary number with a modulation depth of unity

corresponding to an amplitude count of 255.

Output line voltage (RMS)
DC rail voltage * Utilisation factor

modulation depth =



For a pure sinusoidal modulating function, the inverter output

line-line rms voltage resolution corresponding to amplitude

count of one is

i * 1: .
Voltage resolution = DC rail voltage * Utilisation
V2 x 255

If the V/f ratio is not boosted it is sufficient to multiply the
frequency count by a constant to obtain the amplitude required.
The routine below uses the constant freq-to-amp to obtain the
amplitude count which is then separated to appropriate

registers by bit manipulation.

Routine to set output voltage

void set amplitude()
{
unsigned int i;
float freq-to-amp; /* conversion factor */
freq-to-amp=0.06:
/* modulation = power frequency x conversion factor */
/* the result is converted to unsigned integer format */
amplitude = ( unsigned int) ceil( freq-to-amp * c.p.power_freq);
/* writing to the appropriate bits */
ct.p.amp=amplitude & (unsigned int)255:

c.p.overmod=(amplitude & (unsigned int)511)>>8:



For inclusion of the voltage boost only this segment need be

changed by addition of a constant term, Vhoost: corresponding

to the boost voltage. This flexibility may be extended, as
indicated earlier, to more complex V/f characteristics involving
the machine parameters. The program developed computes
the ideal V/f characteristic for the motor from motor
parameters, based on the model shown in figure 2.1, and
converts them to unsigned integer format and stores them in a
matrix. For each frequency count, a corresponding amplitude
count is read. However, it must be noted that fine control of

the flux is limited by the voltage resolution of about 1-2 volts.

6.4.2 Software Implementation of Acceleration

The software that has been developed enables the user to
control the rate of acceleration by varying the frequency step
size and the delay between changes in frequency. A flow chart of
the routines dealing with acceleration and deceleration is shown
in figure 6.7. The minimum frequency step size is determined
by the frequency resolution of the MA818 which is given by
Af = Frequency range / 4096 (6.4)
= 0.015 Hz for 0-60 Hz range

The frequency is given by the product of the frequency count (an
integer up to 4096 ) and frequency resolution.

f = frequency count x Af



Input new frequency &
determine its frequency count

v

Increment /Decrement frequency count

by frequency step

.

Obtain amplitude for new count

'

Delay

'

Output the control data to the MAS818

NO

is frequency count
within desired range

output the desired frequency
count and amplitude

Fig 6.7 Flow chart of the acceleration routine




If the motor reaches the steady state before the next frequency

change, the acceleration is given as

frequency step x frequency resolution
p x (delay + computation time)

acceleration = ev/s2

where p is the number of pole pairs (6.5)

The default values of frequency step and delay may be changed
by the user and any value above that for direct on-line start will
be rejected by the program. The delay in the computer is set by
software calling the C-language routine delay( integer

milliseconds ) .

It will be noted that small frequency steps are not very beneficial
as the voltage resolution is in the range of 1-2 Volts and as
shown in Section 2.3 a value of about 0.1 p.u frequency

minimizes energy dissipation.

The minimum starting stator frequency is computed by the
program and is used to start the motor. However, this may not
be required as usually rated torque is attainable at frequencies
much lower than the starting frequency and the user may have

control over this up to the minimum starting frequency.



Chapter 7

Testing and Results

7.1. Implementation of Design

The complete drive system was implemented in the Electrical
Machines Laboratory of the School of Engineering, University of
Zambia. The MA818 IC was wire wrapped on an interface card,
the PCL-750 Prototype Development Card, and the card was
plugged into a COPAM 286 computer. The device drivers were
mounted on a separate PCB card and placed on the inverter
circuit. The power required for the device drivers was obtained
from the internal computer supply of +12 V and +5 V. The
computer was isolated from the mains using an isolation
transformer. An autotransformer at the input of the bridge
rectifier was used to vary the dc rail voltage. The diagram of the
setup is shown in figure.7.1.

Due to unavailability of the IR2110, the driver circuit shown in
figure 7.2 was designed and built. The drive system was tested
and results obtained. The IR2110 driver circuit was later built
and gave similar results. The tests were limited by the
sensitivity of the devices to voltage spikes which were due to the
excessive stray inductance in the inverter circuit and can be
corrected by a more detailed physical design of the inverter.
Also, the dc voltage from the single phase rectifier is limited to
342 V, limiting the maximum inverter output voltage to 242 V
and therefore the inverter frequency to 32 Hz for constant flux
operation. The tests were, however, sufficient for the purposes
of the research. The measurement of torque pulsations would
have been very useful but unfortunately was not done due to non-
availability of an accelerometer.
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Fig 7.2 Driver circuit used for drive test
7.1.1 Motor Ratings

The motor used in the tests was a 3-phase squirrel cage

induction motor rated as follows:

1.1 kW, 1410 rev/min, 50 Hz
Volt A/Y 220/380V Starting Current 29/17 A
Current 4.9/2.8 A Efficiency 76% cos ¢ 0.78
Class B 44 kg



7.1.2 Equivalent Circuit Parameters of the Motor

The single-phase equivalent circuit shown in figure 2.1 was used
to determine the voltage and frequency applied to the motor.
The parameters of the motor were determined from the No-
Load and Locked rotor tests with the assumption that they are
constant with frequency. The ratio between X; and X2 is chosen
based on experience and ratios commonly used are 4/6 and 3/7.

A ratio of 3/7 was used. [61]. The following are the values used.

Rm = 1210 Q R; =5.8Q Ro =7.27 Q
Xm =121.5 Q X1 =15.56 Q X2 =13 Q
7.2 Measurement Technique

The current spectra were obtained using a Hewlet Packard
Spectrum analyzer, 3588A. The line current was measured
across a shunt resistor of 0.1 Q with a 1 MQ oscilloscope probe.
The accuracy of the spectrum analyzer below 10 Hz is, however,

not guaranteed by the manufacturers .

The fundamental component of voltage was also measured using
the spectrum analyzer. Since the maximum input voltage of the
spectrum analyzer is 230 mVrms, a 100:1 resistive potential

divider was used followed by a 10:1 using an oscilloscope probe.



The spectrum analyzer was isolated from the mains using an
isolation transformer. Use of other means of isolation, namely
opto-couplers, differential arppliﬁers, and current transformers,
were found to vbe inadequate due to the high frequency

components in the currents and voltages.

The current harmonic distortion, IHD, was calculated using the

formula

HD = + Elﬁ 2 x 1000  (7.1)
1
k=1

where I] is the fundamental current and Ik is the rms currents
of higher frequency than the fundamental, including non-integer
harmonics, below the 21st. The IHD is different from the THD
which is calculated on the basis of the ideal voltage waveform

and simplified model of the motor.
7.3 Resistive and Inductive Loads Test

The drive system was initially tested with resistive and inductive
loads. At a rail voltage of 20 V and dc line current of 0.46 A,
figures 7.3 and 7.4 show typical voltage waveforms for a resistive
load and figure 7.5 and 7.6 show typical current and voltage

waveform for an inductive load.
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Fig 7.3 Phase Voltage for Resistive Load
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Fig 7.4 Line Voltage for Resistive Load
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l‘—'l 5ms

Fig 7.5 Line Current for Inductive Load

H 5ms

Fig 7.6 Line Voltage for Inductive Load
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7.4.2 Current Distortion

The total current distortion was also computed for the three
waveforms from measured spectra at different frequencies with
motor on no-load. The current distortion lies within a band of
1.5% to 4%. The distortion at low frequencies is high due to the
low modulation index. At high frequencies the modulation index
is close to unity and distortion increases due the inverter not

being able to reproduce the small pulses.



IHD versus Frequency
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7.5

Voltage to Frequency Relationship

The voltage - frequency relationship is computed from the

parameters of the motor determined from the no-load and

blocked rotor tests. Figure 7.9 shows the v/f characteristic used

for the motor.
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Below 5 Hz the performance of the inverter deteriorates. This is
due to the low modulation index and the pulse deletion and
delay circuits. Above 30 Hz the operation of the motor is in
constant voltage region due to the limited supply voltage. The
graph shows good correspondence between expeéted and
measured values. The losses due to the pulse deletion and delay
circuits are therefore negligible as expected and there is no

need for compensation circuits.




7.6 Motor Load

The current distortion for different loads is shown in figure

7.10.
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Fig 7.10 Current Distortion & Current Vs load

The current distortion (IHD) of 3-4% is acceptable for inverter
drives. The calculated THD given in chapter 3, does not agree
with this because the derivation of THD is based on the ideal
voltage harmonics and the simplified model of the motor. The
IHD obtained, however, compares with the experimental result
obtained by Bowler et al [62], who used a carrier of 1220 Hz and
fundamental of 48 Hz and obtained IHD of 10.92%.
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The spectra of the motor current shows unexpected even harmonics
(figure 7.11, 7.12). These may be due to the the modulation of the
DC ripple voltage, by the inverter, as well as motor and load
construction harmonics [63]. The spectra of line voltages on load
(figure 7.13) and no load (figure 7.14) shows the increase in the
voltage harmonics and shows the effect of the rail voltage on the
inverter output as the load is increased - the fundamental
component remains almost constant. As the load is increased, the
relative magnitude of the harmonics increases, 3% to 4%, due to
the effect of increased load current on the DC link voltage. Their
magnitudes are, however, negligible. The harmonics due to the

modulation of the ripple voltage are given by the expression [63] :

foh = pf1+ £, (3n +1) (7.2)
where |
fo is inverter supply frequency, fnh is ripple modulation frequency
f 1 is supply frequency, p is inverter pulse number and

Il is a positive integer or zero
7.7 DC - Link Current

The dc link current spectra, figures 7.15 to 7.18, show that the the
major current harmonics occur near the carrier frequency. The DC
current is not shown as the spectrum analyzer filters DC. The
significant harmonics are around the carrier frequency and can be

filtered from the supply with small filter components.
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7.8 Torque

For constant flux operation the electromagnetic torque is given
by equation 2.12. Assuming, that the losses may be represented,
for all frequencies, by an equivalent constant torque at rated
frequency, the torque-speed characteristics expected for various
frequencies are shown in figure 7.19. The breakdown torque for
the machine is shown in figure 7.20. This is contrary to the
theoretical prediction, based on the equivalent circuit tnodel.
that the breakdown torque is substantially constant. The main
reason is the inadequate motor model for low frequencies such
that the compensation for I12R losses is not sufficient. The
equivalent circuit is based on the assumption that the
parameters do not change with frequency and current. The
stator leakage reactance decreases at low frequencies. Windage
and friction losses taken together are assumed to be constant
~and this is only a crude approximation which for a small
machine is a significant part of the total load. As the desired
constant torque capability of the motor is not attainable at low
stator frequencies, the starting of the induction motor is

affected.
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A comparison was made between a direct supply of a variable
frequency sinusoidal supply from an alternator and the PWM
inverter on a delta connected squirrel-cage induction motor

with the following ratings:

2.2 kW 1440 rev/min 50 Hz 400V 49A

3-phase 4 pole

One comparative result was obtained at a frequency of 20 Hz and
is shown in table 7.1. The efficiency of the drive was computed
from the measured values of input and output power. The
measurement of input electrical power was considered an
approximation due to the limited bandwidth of the wattmeters,
especially in the case of the inverter supply. The power factor
computed is the ratio of input power to input Vrms Irms , and is

also affected by the non-sinusoidal nature of the waveforms

measured.

20 Hz Torque Input Power | Output Power Speed Efficie
Supply (Nm) (W) (W) (Rev/Min) (%)
Direct 31.3 592 473 577 80
Inverter 31.5 700 475 576 68

Table 7.1 Comparison between inverter and direct supply




The difference of 100 W is lost in the rectifier, the MOSFET's
and the clamp circuits. For a dc voltage of 270 V, load current
of 3 A and other parameters as in chapter 5, the total losses in
the MOSFET's from equation 5. is:

Pt = 36 W

The total clamp circuit losses from equation 5.14 is given as
= 2 =
P,=3LL“f, = 6.4W
The remaining 50 W losses may be due to the losses in the

rectifier and also due to instrument error.

Graphs of speed, efficiency and power factor against output
power for a supply frequency of 20 Hz are shown in figures 7.21,
7.22 and 7.23 respectively. As the load is increased the dc

link voltage drops and this has a significant effect on the speed.
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Fig 7.21 Graph of speed against output power
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7.9 Starting

The starting currents with variable frequency starting is much
reduced. The starting current, with frequency step of about 0.8
Hz and step time of 0.5 seconds with motor on no load is shown
in figure 7.24 and the deceleration in figure 7.25. Against rated
load, the motor does not start immediately and the starting
currenf.is twice as much, figure 7.26. If the starting frequency is
sufficieht to give rated torque, the starting current does not
persist for long, as shown in figure 7.27. The small peaks
indicate the portion where the motor has reached stable

operating points and the step changes in frequency are smooth.

For a minimum starting frequency of 18 Hz, the effect of step
time on the peaks is shown in figure 7.28. If the time between
frequency steps is too long, the speed response is sluggish

without any significant benefit in peak current.
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Chapter 8

Conclusion

A complete variable-speed drive has been designed and shown to
work satisfactorily. It has been shown that a simple control
strategy and design is suitable for variable - speed control of an
induction motor. The drive was based on a ASIC, the MAS818,
and a 286 CPU computer. It has been shown that an inverter
design based on MOSFET's and the IR2110 device drivers
reduces the complexity of the inverter, eliminating transformers

and opfo-couplers.

The unit was tested on a 1.1 kW induction motor from no-load to
full load at different speeds and useful results were obtained.
The operation was smooth with no noticeable torque pulsations.
Above 15 Hz the variation of speed produced very small current

transients.

The use of a high carrier frequency has been shown to provide
very low voltage harmonic distortion in the low frequency
region. The inductance of the motor proved to be sufficient to
attenuate the high order harmonics so that no output filters had
to be used. The current distortion was in the range of 3-4% and
is mainly caused by the modulation of the dc-ripple voltage and

the switching of the devices.
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It has been proved that the optimum waveform suggested in
chapter 3 does provide maximum utilization of dc rail-voltage
without distortion of the output line voltage waveform. An
increase of about 15% of the fundamental is possible with no
additional increase in harmonic distortion. It has also been
proved that the addition of triplen harmonics has negligible

effect on current distortion at high carrier frequencies.

Rated flux was, however, not attainable in the low frequency
range. The rated torque of 7 Nm was not attainable below 15 Hz
without extra voltage boosting. The cause for the low frequency
deterioration was not obvious from the test results. It is possible
that the equivalent circuit model is inadequate for low
frequencies.

In the final prototype a micro-controller, preferably an 8-bit
CPU, will be used to control the MA818. The routines will
either be pre-programmed into the micro-controller's memory
or written to an external memory. One card will be printed with
the MAS818, the micro-controller, the memory chip and the
three fRZl 10 chips together with their associated passive
components. A small power supply will be required to provide

the 5 V- and 12 V derived from either the dc-rail or the mains.
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The MA818 was found to be very sensitive to noise and
accidental shut down occurs at high rail voltage. Good
construction of the inverter and control circuit, with noise
reduction techniques used, would reduce the noise. The input
ac/dc converter has to be designed and its effect on the inverter
considered. It is suggested that due to the motor accidentally
stalling the input supply circuit be designed to handle the
energy fed back. The inverter circuit could be improved with
the use of IGBT's. IGBT's are now becoming available in three
phase modules with ratings of 1000 V, 25 A and with switching
frequencies suitable for PWM. The similarity of the drive
requirements to that of MOSFET's but with better current and
voltage ratings makes them a better choice for manufacture. The

reliability would be improved and the ratings would be higher.
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Appendix Al: Derivation of Equation for Energy Dissipated

The equation of motion may be written as

do
JE+T1= Te (A1.1)

where J is the total inertia of load and rotor, and T] and Te are
the load and electromagnetic torque respectively.

In order to convert to per unit form, the following conversion is
used where the term Jn is defined, in seconds, with g as the

synchronous angular velocity in radians per second, as
g J
J= T, (A1.2)

Substituting A1.2 in Al.1 and dividing both sides by base torque

dw/ag) Ty T,
Jn __dt—+’_i‘; =Tr: (A1.3)
converting to per unit form
do
Jnagt tT1 = Te (Al.4)
do
= dt=J, T,-T, (A1.5)

The energy lost in the rotor circuit of the motor in p.u

tll

W= f122R2 dt (A1.6)
tl

where t' and t" are the start and end times, respectively.



I

T, is given by the the expression

e
2
IR 5
T,= ——=
SCDS
2
I,°R
=i__2 (A1.7)
(og - w)

where o is the per unit instantaneous angular velocity.

Using Al1.6 and Al.7 gives
m"

W= J' (0g- o) T, dt (A1.8)

()

and substituting A1.2 in A1.8

m"
Jo(o.-0) T, do
n ' Y e
W= J (T 1) (A1.9)
0)'

The time taken is given by

e
t= [ dt
o
o'
J, do
> t= J (T, 1) (A1.10)
o

The energy is obtained in natural units by multiplying the per
unit energy with the apparent power of the motor. An
indication of the currents during startup may be obtained from

the approximation of differential energy.

SW= 1,2R, 5t (A1.11)
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APPENDIX A3: Program Listing

#define CLOCK 12000000.
#define INHIBIT 0
#define UNINHIBIT 1
#define OVERMODULATION 1
#¥define MODULATION 0
#define FORWARD 0
#define REVERSE 1
#define RESET 0
#define SET 1
tdefine ONE 0x01
/* initialisation registers
/ %
/¥ register RO */
/ * e, */
ypedef union Reg_init0 ¢
struct ¢
unsigned int pdt: 7:
unsigned int counter: 1;
unsigned int Zeros: 8;
Y
struct {
unsigned char high;
unsigned char low;
Yy
Reg_initQ;
% register R1 */
% e — */
ypedef union Reg_initl{
struct({
unsigned int car_freq:
unsigned int dontcare:

unsigned int
unsigned int

unsigned char
unsigned char

register R2

pedef union Reg _init2

struct

{

unsigned int
unsigned int

X

struct {
unsigned char
unsigned char

freqg_range:
zZeros:

high;
low;

low;

DWN W

e e

*/
>/



/* control registers
/‘k

/* register RO & R1 */
/* S oo */

typedef union Reg cont01{

struct {
unsigned int
unsigned int
unsigned int
unsigned int
unsigned int
X
struct {
unsigned char
unsigned char
Yy
}Reg_cont(1;
/¥ register R2

/* e et L T

typedef union Reg cont2
struct {
unsigned int
unsigned int
X
struct (
unsigned char
unsigned char
Yy
}Reg_cont2;

/* registers defined in

extern Reg_init0
extern Reg_init1
extern Reg_init2
extern Reg_cont01
extern Reg_cont2

[\

power_freq:
dontcare:
outinhibit:
overmod :
for_rev:

e we wa

e Y SO

high;
low;

*/

amp : 8
Zeros: 8

s we

high;
low;

main.c */

init_reqg0;
init_regil;
init_reg2;
cont_reg01;
cont_reg2;

*/
*/



/* Routine definitions */

float
float
float
float
void
void
void
void
void
void
void
void
void
void

void
void
void
void
void

setcarrier(int carrier_bits)
setrange(int range_bit);
setdelay (int pdy_ bits);
setdeletion(int pdt_bits);
setcounter(int counter_bit) ;
setamplitude () ;

’

setdirection(int direction_bit);

setoutput (int inh_bit);
inhibit () ;

uninhibit () ;
initialise();
control () ;

status () ;

setfreq(int freq,unsigned int acc,

unsigned int dec,
test (int freq);
forward () ;
reverse () ;
counter_set ();

counter_reset () ;

unsigned int getfreq(int freq);

void
int
int
void
void
int
void

init(int pdy, int pdt) ;
save_status () ;
load_status();
write_mem() ;
read_mem() ;
test_mem();
volt_freq();

unsigned int rate);



#include <stdio.h>

#include <fcntl.h>
#include <stdlib.h>
#include <dos.h>
#include <conio.h>
#include <time.h>
#include "head.h"
#include <graphics.h>
#include <math.h>

Reor o0 init_reg0;

Reg_initi init_regl;

Reg_init2 init_reg2;

Reg_cont0] cont._reg01;

Reg_cont2 cont_reg2;

unsigned int vi[4097],a,mini_freq;

float Rail_Volt,util,min_freq;

float Xscale, yscale,xMax,yMax; /*The scaling factors */

extern int MaxX,MaxY;

main()

{

int index, freq,i;
unsigned int dec,acc,rate;

slip= 0.06; Xl= 5.56; X2=13.: XM=121.5;
R1=5.8; R2=7.27; Rail_Volt=200.; min_freqg=0.; a-0;
init~reg0.x.zeros=init~reg1.x.zeros=init_regl.x.dontcare=0;
init_reg2.x.zeros=cont_reg2.x.zeros=cont_reg01.x.dontcare=0
rate=500;acc=dec=50;
mini_freq=getfreq(min_freq);
if(load_status ()==NULL) {
write_mem() ;
volt_freq();
init(5,5);
initialise();
}
else(
if(test_mem()==NULL) {
write_mem() ;
volt_freq();
initialise();
}
}

index=1;
do{
status();
switch(getch()){
/* case 'c': scanf("%d",&i); */
/¥ setcarrier(i); */
VA initialise(); x/
VA break; */
/* case 'f': scanf("%d",&i): */
/% setrange (i) ; */
/* initialise(); */

/¥ break; x/



case '1°': printf("delay = %u\n“,init_reg2.x.pdy);
printf("delay = ?2");
if((i=getint())==—1)break;
setdelay(i);initialise():break;

case 't': printf("deletion= %u\n“,init_rego.x.pdt);
printf("deletion = ?M);

if((i=getint())==—1)break;
print#{iien{);
initialise();
break;
case 's': if(getyes()==1)({
counter_set () ;
initialise () ;
}
break; :
case 'r': if(getyes()==1)¢{
counter_reset () ;
initialise();
}
break;
case 'd': printf("direction = ") ;
if((i=getint())==~1)break:
if(cont_regOl.x.for_rev==i)break;
setfreq(0,acc,dec,rate);
setdirection(i);
control () ;
setfreq(freq,acc,dec,rate) :
break;
case 'f': printf(" Start freq \t%f\n",min_freq) ;
if (getyes()==1){
scanf ("%f",&min_freq) ;
mini_freq=getfreq(min_freq);

}
break;

case 'i': inhibit () ;control () ;break;

case 'u': uninhibit () ;control () ;break:

case 'm': write_mem();break:

case 'n': read_mem():;break;

case 'z': printf("acc = %u\n',acc) ;
printf ("\tacc = ?2\t");
if((i=getint())==-1)break;
acc=(unsigned int)i;
break;

case 'x': printf("dec = %u\n', dec) ;

printf(“"\tdec = ?\t");
if((i=getint())==-1)break;
dec=(unsigned int)i;break;
case 'v': printf("rate = ¥u\n',rate) ;
printf("\trate = ?\t");
if((i=getint())==-1)break;
rate=(unsigned int)i;
break;
case 'k': volt_freq();break:
case 'p': print_spec();break;
case Oxlb: if (save_status())
index=0;
printf("status file saved\n") ;



}

break;
default : printf("Power frequency = 7 "y,

if((i=getint())==—1)break;
1£ (i< (60*acc/4096) ) {
printf ("minimum required\n") ;

break;
}
1£((i<min_freq)&(i'=0)) ¢

S printf( mogggdwgy)?ot start agai
}
freg=i;
setfreq(freq,acc,dec,rate);break;

}
twhile(index==1) ;

/* .-:============================================== */
/* Routine to set the default initialising data *y/
/* ====a=======================================:—.== */

void init(int pdy, int pdt)

setcarrier(0);
setrange(0) ;
setdelay (pdy) ;

setdeletion(pdt) ;
setcounter (SET) ;

Vi Routine to set the default control info of the MA818 */

cont_regOl.x.power_freq=(unsigned int)0;
setoutput (INHIBIT) ;

setdirection(l);
cont_reg2.x.amp=(unsigned int)0;
cont_reg0l.x.overmod=0;



void volt_freq()

{

unsigned int 1i;

float t9,t1,t2,t3,t4,t5,range;

float L1,L2,1M,w,R22,X1,X2,XM,R1,R2,slip;

printf("motor parameters values ");
1f(getyes()==1) ¢
printf("\nX1l = %f\t",X1);
if(getyes()==1)scanf ("%f",&X1);

printf ("\nX2 = %f\t",X2);if(getyes()==1)
printf (“\nXM = %f\t",XM);if (getyes()==1)
printf ("\nRl1 = %f\t",R1);if (getyes()==1)
printf ("\nR2 = %f\t",R2);if(getyes()==1)

printf("\ns %Bf\t'",slip);
1f(getyes()==1)scanf ("%f",&slip);

printf(”"\nRail Voltage = %f\t'",Rail_Volt);

if (getyes()==1)scanf ("%f",&Rail_Volt);
printf("minimum start freq\t",min_freq);
1f(getyes()==1){
scanf ("%f",&min_freq) ;
mini_freq=getfreq(min_freq);
}
}
R22=R2/slip;
L1=X1/314.159;
L2=X2/314.159;

LM=XM/314.159;

range=setrange (0) ;

t3=2.0*M_PI*range/4096. ;

td=(256.*4.)/(M_PI*util*(Rail_Volt));

t9=20.56*256./(util*Rail_Volt);

for(i=1;1i<4096;i++) ¢
w=2.0*1*M_PI*range/4096. ;
t5=R22*R22+w*w*L2*L2;
t1=1+L1/LM+(R1*R22+w*w*L1*L2) /t5;
tl*=t1;
t2=(w*L1*R22-w*L2*R1) /t5-R1/ (W*LM) ;
t2%=t2;

vi[i]=(unsigned int)ceil (t9+t4*wrsqrt (t1+t2));

}
for(i=0;1<4096;i++)if(vf[i]>254)vf[i]=254;
VE[O]=vf[l];

print_spec();

canf ("%t
anf ("%f"

, & X2
, &XM
, &R1
, &R2



setfreq(int freq,unsigned int acc,unsigned int dec,unsigned in

expected_freq,diff;

if(cont_regOl.x.power_freq==0)uninhibit();
expected_freg=getfreq(freq);
if(cont_regOl.x.power_freq!=expected_freq){
if(cont~r9901.x.power_freq>expected_freq){
while(cont_regOl.x.power_freq>
(expected_freg+dec-1)){
cont_reg0l.x.power_freq—=dec;
setamplitude();
delay(rate_d);
control () ;

}
else(

while(cont“regOI.x.power_freq(
(expected_freqg-acc+1)){
cont_reg0l.x.power_freq+=acc;
if(cont_regOl.x.power_freq<mini_freq){
printf("motor will not start\n") ;a=0;
}
else({
i1f(a==0) ¢
setamplitude () ;
control () ;
delay(rate_s); a=1;
}
setamplitude();
delay(rate_a);
control () ;
}
}
1f( ==0)cont_reg0l.x.power_ freq=0;
}
}
if(al'=0){
if(cont_regOl.x.power_freq!=expected%freq){
if(cont_regOl.x.power_freq>expected_freq){
diff=cont_reg01.x.power_freq—expected_freq;
diff=rate_d*diff/dec;
}
else{
diff=expected_freq—cont*rego1.x.power_freq;
diff=rate_a*diff/acc;
ks
cont_regOl.x.power_freq=expected_freq;
setamplitude();
delay (diff);
control () ;
v

}
if(cont_regOl.x.power_freq==0){inhibit();control();a=0;}



/* Routine to set the output voltage */

void setamplitude()

{

unsigned int i;

i=vf{cont_reg0l.x.power_ freq];
cont_reg2.x.amp=1 & (unsigned int)255;
cont_reg0l.x.overmod=(i & (unsigned int)511) >>8;

/¥ Routine to get the frequency of the PWM */

unsigned int getfreq(int freq)
{
float x;

X=(196608.*4096. *freq* (1<<init_regl.x.car_freq))/
(CLOCK*(1<<init_regl.x.freq_range)
1f(x>=4096.) {
printf("frequency out of allowable range\n");
return(cont_reg0l.x.power_freq) ;
}
return((unsigned int)ceil(x));

/* ========================================‘.=====.::======= */
/¥ Routine to ensure only the correct values are input */

int getint(){
int 1i,k;

scanf ("%d",&i);

printf("retype your answer\t ");

scanf ("%d'",&k) ;

if(k!l=1){
printf ("wrong: stop motor \n" );
return(-1);

}

return(i);



‘,f‘.i' ____________________________________________________ k’;
/* Routine to for yes or no tes */
int getyes(){
int i;
char c¢;
printf("\nDo you want to change it ? ");
c=getche();
if(c=='y"'){
printf(“\nenter new value\t");
return(l); '
}
return(0) ;
}
/* ===..—.====:-_.-============:=======.—.:==::=======:..—..===~_—===.—.==—.=:.—.; */
/¥ Routine to plet  graphics */
print_spec () {
int 1i,length;
int xvalue,yvalue;
float max,min, tl;

max=vf([0];min=0.0;

length=4000;

for(i=1;i<length;i++){
if(max<vf[i])max=(float)vf[i];
else if(min>vf[il)min=(float)vf[i];

} )

tl=Rail_Volt*util/256.;

max=tl*max;

xvalue=length/10;

yvalue=(int)ceil (max/10.0);

max=yvalue*10;

length=xvalue*10;

Initialize(); /* Set system into Graphics mode */

setviewport (0,0,MaxX,MaxY, 1) ;

scale((float)length, (float) (max-min));

setbkcolor (WHITE) ;setcolor (BLUE) :

setlinestyle (SOLID_LINE, 0,NORM_WIDTH) ;

plot(10,10,xvalue,yvalue);

setlinestyle (SOLID_LINE, 0,NORM WIDTH) ;

setcolor (BLUE) ;

for(i=0;i<=1ength;i++)glineto((float)i,tl*vf[i]);

Pause () ;

closegraph(); /* Return the system to text mode */

for(i=1;i<=length;i+=200)
printf ("%d\t%f\t%u\n",i,t1*vf(i],vE[i]);

return(0);



/*
/*
/*
int

FILE

/*
/*
/*
int

FILE

save_status ()

*fp;

fp=fopen("status.dat", "ab+");

if(!fp){ ,
printf("status file could not be created\n");
return(NULL) ;

}
fwrite(&init_reg0O,sizeof(int),1,fp);
fwrite(&init_regl,sizeof(int),1,fp):
fwrite(&init_reg2,sizeof(int),1,fp);
fwrite(&cont_reg0l,sizeof (int),1,fp);
fwrite (&cont_reg2,sizeof (int),1,fp);
fclose(fp);

return(l);

e L T T T */
Routine to load the status of the MA818 */
B e i T T T e . L T T */

load_status()

*fp;
fp=fopen("status.dat","rb");
if(ifp){
printf("error in opening status file\n");
return(NULL) ;
}
if(fseek(fp, (long)—-10,SEEK_END))
printf("error in seeking\n'"):
fclose(fp);
return(NULL) ;
}
fread(&init_reg0,sizeof (int),1,fp);
fread(&init_regl,sizeof(int),1,fp);
fread(&init_reg2,sizeof(int),1, fp);
fread (&cont_reg0l,sizeof(int),1,fp);
fread (&cont_reg2,sizeof(int),1,fp);
fclose (fp);
return(l);



/*
/*

void

----- —a==a=====s================‘:================== */

Routine to print the information currently in MA818 */
status()

printf ("\ncarrier : %u\trange : %u\t",
init_regl.x.car_freq,init;regl.x.freq_range);

printf("delay 1 : %u\twidth t : %su\n',
init_regZ.x.pdy,init_regO.x.pdt);

printf ("counter : %u\t",init_reg0.x.counter);

printf("Direction d : %u\t\t\t“,cont_regOl.x.for_rev);

printf("inhibit u(1),i(0) : %u\n",cont_reg0l.x.outinhibit)

printf ("Frequency %u\t\t“,cont_regOl.x.power_freq);

printf(“Amplitude : %u %u\n",
contureg01.x.overmod,cont_regz.x.amp);

printf("m: write mem\tn: read mem\t") ;

printf("z: acc\tx: dec\tv: rate\n");

printf("g: load_status\tk: volt_freq\tESC: save\n\n"):

printf ("MA818 >\t");



JY - e x /
;: SENDING INITIALISING DATA TO THE MA818 IC */

void initialise()
{
unsigned char far *pt;

pt=0xd0000800; /* address of register r0 */
outportb(0x3e6,(char)NULL); /* rst = logic low x/
*pt=init_reg0.y.high; '
pt++;
*pt=init_regl.y.high;
pt++;
*pt=init_reg2.y.high;
pt++; pt++;
*pt=(unsigned char)NULL; /* writing to register rd4 */
control () ; /* writing the control information |
outportb(0x3e5, (char)NULL) ; /* rst = logic high */
}
/* —= - - - */
/* SENDING CONTROL DATA TO THE MAB18 x/
/* ———— - - - */

void control ()

unsigned char far *pt;

pt=0xd0000800; /* address of register r0 */
*pt=cont_reg0l.y.high;

pt++;

*pt=cont_reg0l.y. low;

pt++;

*pt=cont_reg2.y.high;

pt++;

*pt=(char)0x03; /* writing to register r3 %/

/¥ Routine to read the RAM where the wavefrom is stored */

void read_mem()
{
unsigned char far *pt1l, *pt2;

unsigned char value;
int i;

pt1=0xd0000000;
pt2=0xd0000400;
for(i=0;i<1024;i++)¢{
value=*pt2;
value=value<<4;
value=value ! (*pt1&0x0f) ;
ptl++;
pt2++;



/* Routine to test whether the memory contains the data x/

/* =_—.===—_—============================—_—=======-_—==_~::===== */
%nt test_mem()

unsigned char far *ptl, *pt2;
unsigned char value,test;

pt1=0xd0000305;
pt2=0xd0000705;
test=(unsigned char) (10);
value=*pt2;
value=value<<4;
value=value! (*pt1&0x0f) ;
if(value!=test)return(NULL) ;
return(l);

}

/* routine to write to the RAM the waveform */
/* ====z====..—.:=z==~.=====:.:==.~=======.—.===:============= '*/

void write_mem()

{

unsigned char far *pt1, *pt2;

unsigned char value,ti;

float max,rom(780],am[30] ;

int i,Jj.,no(301],c;
pt1=0xd0000000;
pt2=0xd0000400;
printf (“\nnumber of components = \t");scanf("%d",&c);
printf(“No.\tAmp\n”);printf(“ ———————————— \n');
for(i=0;i<c;i++)scanf(”%d%f”,&no[i],&am[i]);}
printf("\nUtilisation factor = \t");scanf ("%f",&util) :

max=0.0:
for(j=0; j<=767; J++) ¢
rom{j]=0;

for(i=0;i<c;i++)
rom[j]+-am[i]*sin(no[i]*M_PI*(float)j/767.);
1f (max<rom{j])max=rom[j];
}
for(J=0; j<=767; j++){
if (max==0){ value=0;}
else(
value = (unsigned char) ((255. /max) *rom[j]) ;
}
*ptl=value;
*pt2=(valued>>4);

ptl++;

pt2++;
}
memset (ptl,15,250); /* filling the rest with FF */
memset (pt2,15, 250) ;
pt1=0xd0000305; /* writing a test code */
pt2=0xd0000705; /* to indicate data is valid */
value = (unsigned char) (10); /* used by test _mem()

*ptl=value;
*pt2=(value>>4);



/* ='===============‘================================ */
/¥ Routine to set the carrier frequency of the PWM x/

float setcarrier(int carrier_bits)

{

if(carrier_bits>5)return(NULL);_ , . .
init_regl.X.car freq=(unsigned int)carrier_bits;

return(CLOCK/(STZ*(ONE<<init_reg1.x.car_freq}));

/* Routine to set the frequency range of the MA81S8 x/

float setrange(int range_bit)
{
if(range_bit>6)return(NULL) ;
init_regl.x.freanange=(unsigned int)range_bit;
return(((CLOCK*(ONE<<init_reg1.x.freq_range))/
(196608.*(ONE<<init_reg1.x.car*freq))));
'

/* Routine to set the pulse delay */

float setdelay(int pdy_bits)
{
if(pdy_bits>64)return(NULL) ;
init_reg2.x.pdy=(unsigned int) (64-pdy bits)
return((1000000.*(ONE<<init_reg1.x.car_freq)*pdy_bits)/CLO(
}

/¥ Routine to set pulse deletion */

float setdeletion(int pdt_bits)

{
if(pdt_bits>128)return(NULL);
init_regO.x.pdt=(unsigned int) (128-pdt_bits);
return((1000000.*(ONE<<init_regl.x.car_freq)*pdt_bits)/CLOC

/* Routine to set the counter bit of the MAB1S8 */

void setcounter(int counter_bit)

i1f(counter_bit) counter_set();
else counter_reset();



/*
/‘k

void

/*
/*
/*

void

/*
/*
/*

void

/*
/*
/*

void

/*
/*

void

/*
/*
/*

void

Routine to set the MASiS */
counter_set()

init_rego.x.counter=1;

Routine to reset the MA818 the MAS81S8 */

counter_reset ()

init_regO.x.counter=O;

setdirection(int direction_bit)

if(direction_bit)reverse();
else forward();

Routine to set the direction bit to forward */
forward ()
cont_reg0l.x.for_rev=0Q;
Routine to set the direction bit to reverse x/
reverse ()
cont_reg0l.x.for_rev=1;
Routine to set the inhibit bit of the MAB18 */
setoutput (int inh_bit)
if(inh_bit) uninhibit () ;
else inhibit();
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