-

Direct Digital Control
of a

- Synchronous Mcxc-hine.-

1 - by .'- S —..

 G.M. Tatlow.

Submltted to the University of Cape Town 1n
fulfilment of the requlrements for the degree‘

of Master of Science in Engineering.

- Septenmber; 1977. . S



The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



SYNOPSIS

‘With the advancement of thyrlstor technology,'varlable speed
alternating current drlves are prov1d1ng improved performance
oﬁer conventional systems. The aim of this thesis is to
1nvest1gate the p0551b111t1es of direct digital control of

- a thyristor converter and to determlne the major parameters

affecting the operation of a varlable'speed synchrcnous

machine drive.
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NOMENCLATURE

Average D.C. voltage

Rectifier input phase voltage

Average D.C. current -

Motorxr

Motor

Motor

Motor

Motor

Motor

Motor

Motor

Motor

Motor

' Motor

Motor

phase emf. (fundamental éomponent)
terminal phase voltage (fundamenfal component)
line current (fundamental compoﬁént)
field current

synchronous reactance (per phase)
armature resistance (per phase)
synchronous impedance (per phase)
stator to rotor inductance

gquadrature axis synchronous reactance
direct axis synchronous reéctance'
armature leakage reactance

speed in r.p.m.: -

Electrical angular frequency

Motor

Number of poles

torque L,

Inverter-advance angle , - % 1~

Inverter delay angle
Rectifier delay angle

Thyristor overlap angle \ﬁy‘“V;

Motor

Motof

internal power angle -
PR

input power -angle.



CHAPTER 1.

INTRODUCTION

To date, the majority of industrial variable speed motor drives
have been based on D.C. machines with armature voltage or field
current control. The most popular being the converter fed

D.C. motor drive.

A.C. machines, however, are more versatile, robust and effi-

cient, and require less maintenance than that of D.C. machines.

The main disadvantage of A.C. machines as variable speed drives
is that they require a variable frequency supply, which re-
gquires more complex and costly control equipment than a D.C.
drive. The drop in prices, together with increased power

- handling capability of thyristors, have made A.C. motor drives

economically attractive.

Thus, although A.C. machines require more complex and costly
contrdl equipment than D.C. machines, they have the advantage'
of being simpler and cheaper and do not suffer from voltage,
current and speed limitations of the mechanically commutatéd

D.C. motor.

D.C. machines require more maintenance than A.C. machines and
in .conditions where service interruptions are costly or when

motors are operated in inaccessible locations A.C. motors have

~



a definite advantage over D.C. machines. A.C. motors also
have the .advantage of a better power to Weight ratio than D.C.

motors.

- Variable frequency inverters can be divided into forced and

naturally commutated types.

Forced commutation inverters require expensive and bulky capa-
citors and inductors needed for thyristor commutation. The

2 or %LIz)'becomes excessive at high

commutating energy (%CV
speeds due'to thé‘square-law relationship shown. This addi-
tiénal energy can cause inverter inefficiency and/or oscilla-
tion problems. Forced commutation inverters are limited, by
-cbmmutation prdblems,ﬁo a few hundred kw. The advantage of
£his type of invertér‘is tﬁat frequency of operation is deter-

mined by the circuit conditions alone (Bowler, Chan, 1974;

~Alston, Hayden, 1972).

'Natura;l%?vcommutated»invérters rely on the load or the supply
(Qr a combination of both) £orenable'thyristor_commutation.'
They have smaller and simpler main and control circuits.and‘
are economically feasible up to the MW range. ‘Their main
~disadvantage lies in the frequency dependence of the system

on the load or supply frequency.

There are two types of A.C. motors to be considered;  induction

and synchronous machines.

Induction motors are robust, simplest and cheapest but suffer.
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from the»disadvantages of poor lagging powef factor (requiring
inverter upgrading), relafively large eopper lesses at low
speed (about twice that of synchronous motors) and lower torque
et low speed than synchfonous motors . (McLeod, Renfrew, Shepherd,

1974) .

Synchronous machines have the disadvantage of requiring D.C.

_field excitation (except permanent magnet motors) . This can

be supplied via slip rings in emaller motors or by an asynchro-

nous motor mounted on the same shaft with a diode rectifier

supplying the poles. The field current, however, aoffers
another control variable which may‘be advantagous (Fitzgerald,
Kiﬁgsley; Kusko, 1961; Alston, Hayden, 1972). Synchronous
motors suffer from the effects of armature reaction to a

greater extent than D.C. motors.

‘Considering the above, it was decided to investigate a wvariable

speed, naturally commutated synchronous machine drive.  The-

drive envisaged would be adaptablebto any motor rating, from

kW's to MW's.  Reversible and regenerative operation would be

easily accomplished. Speed control from standstill to over

rated speed would be possible.

A 'D.C. link converter with fully controlled rectifier and in-
verter bridges has the properties discussed and it was decided

to investigate this type of converter. The inverter requires

a D.C. input and this is derived from a-3-phase supply by using

a controlled rectifier. The inverter acts as a static commu-

| tator replacing the mechanical commutator of D.C. motors.



This gives rise to a commutatorless D.C. machine and allows

well established D.C. motor control principles to be used.

Thyristoré aré used as the main power cbntrol devices. These
have definite on or off states and are therefore essentially
digital devicés. Digital controi methods are thus an obvious
choice,‘especially-with the ﬁow cheaply éﬁailable micro-
processors. Direct digital control avoids the necessity of
expensive analog-to-digital énd digital—to—analog converters,
reduces the susceptibility of the system to noiée éndvalso
enables easy interfacing to a central control computer which

many industrial plants now employ for process control.

The research comprises two sections :-

TNy

(a) Development of digital systems for controlling the rec-

tifier and inverter thyristor bridges;

’

(b) Development of a digital feedback processor to enable the

motor speed to be controlled. .



CHAPTER 2.

SYSTEM DESCRIPTION

The basic system comprises a fully confrolled bridge recﬁifier
supplying direct current to an inverting bridge.' ‘The inverter
is commutated by the motor induced electromoti&e‘force and

_ synchronization of thevinverter to this emf. is therefore
necessary. This is accomplished by synchronizing the inverter
to the rotor position by using a disc encoder mounted on the

machine shaft.

Both rectifier and inverter are 3—pﬁeee, phase cohtrolled, full-
- wave bridges. Fig. 2.1 shows the overall system. The essential
elements of the drive are}

‘Ka) Three—phase transformer to suppiy correct maximum motor

voltage if required.

(b) Three-phase, 6 pulSe,.phase controlled thyristor rectifier
_and‘associated firing and control circuitd&y.

3
3,

(c) Direct current link with a series indqctor which smooths.
the input current to!the inverter‘and hence smooﬁhs the
‘metor‘eurrent_and torque. The inductance prevents the
input current from rising during thykistor commutation and
also carries.the instanteneeus potential difference between
thevrecﬁifier output and the motor tefminal voltage. In
addition, theiinduetorAiimits‘the maximum rate of change

of rectifier and motor current.
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(d) Three-phase, 6 pulse thyristor inverter and associated
firing and-control'circuitary. The latter being synchro-

nized to the motor shaft position.
(e) A conventional unmodified synchronous motor.

(f) A slotted disc fitted to_the motor shaft to enable deter-

minaticn of the shaft position and speed:

. (g) A digital processor to control the thyristor bridges

enabling motor speed cohtiol.

At this stage it is informative to look at some simplified
equations relative to the rectifier, inverter and motor.

- The derivation of these is shown in Appendix A.

.. Rectifier output: - Vg, = a.V,gecos (¥) = ...eoen 2.1

(P

Inverter output: A

Vdc - o.oo-o... 202
b.cos (o)

]

Motor: . E = C.If.N\ . . ..o‘..oo 203

These equations are based on very simple models and effects

such as leakage inductances, resistance,: saturation, armature
R - _“n 3 '

reaction are not considered at this .stage.

Thus ' L
_— a.v_ .cos(¥)" _ k.V__.cos(¥) -
. b.C.If.COS(OC) If'COS(u) o e o 000 -

This shows that to obtain variable speed there are 3 control-

lable variables, namely ¥ , ©C and Ie.
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As the drive is to have full range speed coﬁtrol,from 2ero
upwards, it is obvious that i£ is necessary to control Y.
It was therefore decided to make J (the rectifier delay angle)
the main control variable for this project. Thus motor speed

is obtained by varying the inverter input D.C. voltage.

The basic speed equation for a D.C. motor is:

k'Vdc

e
The similarity of equations 2.4 and 2.5 is the reason for the

system being called a D.C. commutatorless. motor. The system

performance is thus similar to that of a D.C. machine with

'shunt or series operation possible. ' In the latter case the

field coil could possibly replace the D.C. smoothing inductor.

. For .this project a separately. excited field.is:uSed_giving a

"shunt -haracteris=-ic". &~ - o -

As there are 3 variables in equation 2.4, variation of any one
of these would effect the motor performance. To optimize the

'operatidn of the whole system it would be necessary to control

all three parameters. This, however, was considered to be

beyond the scope of this project and only the effects of varia-

‘tion of If and of , with ¥ being ‘the main controlled parameter,

are considered.

AY

At zero and very low speed there is insufficient motor emf. to
commutate the inverter thyristors. - Under these conditions it

is necessary to use a different method of commutation. This



is relatively easily éccomplished and is discussed in Chapter 4.

To obtain maximum motor acceleration thé motor should be given
maximum rated current. A current controller or limiter is

therefore essential. This also helps to protect the rectifier,
inverter and motor under adverse load or even fault conditions.

This is discussed in Chapter 3.

The overall system therefore comprises the rectifier, inverter,
notor with the major speed feedback loop contr-olling the rec-
tifier and minor feedback or feedforward loops controlling

the inverter commutation at low speeds, and the current.




CHAPTER 3.

THE RECTIFIER

The rectifier is a conventional 3 phase, 6 pulse, phase con-
trolled thyristor rectifier which allows unidirectional current

to be passed to the load. -

Fig. 3.1 shows the power circuits, supply voltage waveforms

and the range of valid thyristor firing pulses.

The maximum D.C. cutput vcltage is obtained by firing the rele-
~vant thyristor at the earliest instant of the possible firing
range shown in Fig. 3.1. The brldge is then fully advanced,
or the firing delay‘is‘zero. By delaylng the thyrlstor flrlng

pulse the output voltage is progress1vely'reduced.

For a purely resistive load the_current becomes discontinuous

for delay angles greater than 60° and the current 1is zero for

v

a delay._ angle of 90 as at this delay angle only one thyristor -

is rece1V1ng a gate pulse at any. one_lnstant. It requires
'_:v‘.“b .;,, .
two thyristors to be conductlng for current flow. The firing
S "“L\ .
pulses could be modified to allow current flow into a res1st1ve

load for delay angles up to 120 ;[Thls was unnecessary as

!5"

the smoothlng choke presents a largely lnductlve load.

For'a_purely resistive load the output voltage is (see Appen-

dix A):

10
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_ 3/6 o o) '

Vee = 57— - Vg.-cos(¥) for O°< ¥ <60 cesee. 3.1
- 3/¢ s _ an®© o o

Ve = S - Vac.(l sin( ¥ 307)) for 60°< ¥ <120° 3.2

If the load is inductive and resistive and providing that the

current does not become discontinuous the output D.C. voltage :

'is positive for a delay angle of less than 90? and negative

for a delay angle greater than 90°. In the latter case it

is still necessary for the current to be positive and continuous.

. Thus the voltage is negative and the current is positive ana

PRELA

the power supplied to the D.C. system is negative. This is
regeneration or inversion because power is now flowing from

the D.C. system to the A.C. system. ) : .

For continuous current the D.C. output voltage (see Appendix

A):

Fig. 3.2 shows the effects of variaﬁiég of the delay angle on

the outﬁﬂ%hbfé;'voltage for continubﬁsﬁand discontinuous

current cases. - e nEn T

e,
Under steady state conditions eachjtﬁyxistor, after béing

fired, conducts for 120° and is commﬁﬁéted when the “parallel"

Y

[P

thyristor connected to the 1agginglphésé*voltage is fired,
thus reverse biasing the thyristor to be commutated.  The
D.C. current which is assumed to be constant, due to the D.C.

smoothing inductor is then transferred from the one thyristor
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to fhe next. The speed at‘Which this transfer of current
occufs, the commutating time, is dependént ﬁpoﬁ the commutating
voltage and the total series indﬁctance in the A.C. circuit.
This finite commutating period causes a phase shift in the
current waveform and alters the D.C.'output voltage. '.Duriﬁg

commutation two phases of the A.C. supply are effectively short-

~circuited. The effects of this overlap time are discussed

in Chapter 5. In this project the effects of rectifier thy-
ristor overlap have been disregarded as they are small. Fig.
3.3(a) is an exaggerated diagram showing thyfistor overlap

effects.

Rectifier Control Logic

Fig. 3.4 is a block'diagram showing the main components of the

control logic for the thyristor firing circuits. An eight

bit binary number is loaded into the counters. These start
coﬁnting up,at the clock frequency (starting from the 'inpUt'.
number), when the'relevant‘control signal is recei§ed from the
Comparatofs. When the counters are full an.outﬁut signal is
giveh and this is»gated with the comparator outputs to give a
?ulse'to'the relevant thyristor firing circuits. _ Each counter

is only used for 150° of a mains cycle and hence each counter

is able to service two thyristors.

It is a simple matter to show that the delay time is given by:

377g - (input number)8

Deiay time tessesss 3.4

(clock frequency)

or for a 50 Hz supply:

14
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3.2

377, - (input number) o
= 8 8 360
Deley angle: - (clock freguency) X 0.02 oo 303

‘The delay angle is lineatly‘related to the eight bit input“

number and inversely proportional to the clocking frequency.

Cross-Over Detectors

The rectifier needs to be synchronized to the 50 Hz mains

supply. This is accomplished using cross-~over detectors.

+ Fig. 3.5 shows thLese comparatcrs and associated decoding logic.

»

The RC networks provide noise suppression, low pass filters and

introduce an insignificant delay pf 33 ps (0.6°) . The compa-

rators provide all zero-crossing points for phase and line

voltages. The logic:gates decode these outputs to give the

‘thyristor firing fanges shown in Fig. 3.1.

Fig. 3.6 shows the relationship between the various waveforms.

Thyristor Firing

Although a 51ngle gate pulse is adequate to trlgger a forward
biased thyristor, 'in this case. two thyrlstors need to be trlg—
gered to.allow current flow and therefore thyristor latching.
Thyristors may be turned on by the appllcatlon of a D.C.

current to thegate. This should no_t cause the allowable average

power dissipation of the gate junction to be exceeded.

Alternatively, a string of shorter pulses of higher instantaneous

power but equal or lower average power may be appiied, The
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3.4

second method gives more reliable triggering and was the pro-

cedure used in this project.

The following paragraph refers to Fig. 3.3(b). For close to

—

.

zero output D.C. voltage thyristor 1 must be firéd at point X

and thyristor 2 at point Y. For these firing pulses to over-

lap so that both thyristors 1 and 2 receive gate pulses simul-

- taneously it is necessary for the gate pulse of thyristor 1

to extend as far as point Y. The earliest ihstant that
thyristor 1 can be fired is at point W.- The possible range oI
gate pulses for thyristor 1 is therefore from point W to point
Y or 1509. Under operating conditions thyristor 1 gets a
gate pulse ¥ degrees after point W and the gaﬁe pﬁlses remain

until point Y.

The pulse train applied to the gates.'of the thyristors for this
thesis was a square wave of 30 kHz and 50% duty cyéle,

Fig. 3.7 shows the firing circuits ‘used.

An inhibit ihbﬁt is shown and its use'Will be explained later.

The inhibit input, when high, preveﬁts any gate pulses from

being delivered to the bridge. "' ‘.-

[N .
-

e $ -

et

Current Limit o ﬂ' 7,:

B g

A semi-digital current control circuit was incorporated into

the rectifier firing control to limit the D.C. output current

~

to a presettable level.

20
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Equation 3.5 shows that theHdelay angle is inversely propor-
tional to the counter clocking freguency. | The rectifier out-
put voltage is a function of the cosine of the delay angle
(see Equation 3.3). By decreasing the clock frequency, the
delay angle is increased and‘so the D.C. voltage and therefore

the D.C. current is reduced.

The D.C. inductor is essential to the successful operation of
the current limiter because once a thyristor has been fired

the current through it could continue to rise for a period of

(é‘zﬁz/i(even if no other thyrlstors are fired subsequently)

if circuit conditions allowed. The D.C. inductor limits the
maximum rate of rise of current to prevent large current surges

under adverse conditions.

Current sensing was by means of 3 current transformers in the

'-, SR 1,,

A.C. lines to the rectlfler..' The output of these was:recti-

fied and used to produce,a“voltage'éroportional to the D.C
current. If this feedback voltage exceeded a given 1nput

voltage the dlfference between the two was ampllfled processed

B

and fed to a voltage controlled osc111ator in such a way that

e J

the frequency dropped llnearly w1th 1ncrea51ng control voltage.

8

This frequency was used to clock the delay counters._
Initially the process1ng of the error slgnal referred to above,
consisted of filtering (low pass) and ampllfylng only. This
proved unsatisfactory because the large gain requlred (to
cause a sharp cut-off at‘theﬁcurrentjllmlt) caused instability

and oscillation of the system.
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The processor was then made to be a nroportional‘plus integral
controller and this gave a sharp current cut-off but was not
fast enough to prevent a large (typically 100%) initial current
overshoot which lasted for about 10 mS after the application of

a short circuit on the rectifier output.

A bang-bang (on-off) digital controller was then added- to
supplement the above analog current limiter. This circuit
inhibited the rectifier firing circuits as soon as the current
exceeded the preset limit by a small amount. Thiz conly operited
on transmients after which the more accurate integral controller

limited_the current.

The digital controller also acted as a back-up protection unit

in case of a logic failure in the control circuitary.

Fig. 3.8 shows the main components of the current limiv circuit.
. ‘.-..‘,i. . :Nl'.

The voltage controller oscillator had a maximum frequency of

38 250°Hz which was the clock frequenqy needed to produce a

cwhtn

-

- delay angle of 120° for an octal 1nputjpf zero.(on the 8 bit

input lines). See Appendix D.

. “:t*f’ ‘
It is clear from equatlons 3.5 and’ 313 that to obtain zero

»

output voltage (and therefore current llmltlng when under
short-circuit conditions) the clock frequency is a function
of the input number. The eontrol.ieglc would_not operate
eorrectly with a clock frequency cloee to or equal_to zero and

so additional circuitary was added to prevent the binary input
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number from exceeding 3178. This made the lowest necessary
clock frequency 9.6 kHz. The D.C. output level was, however,

then limited to 93% of the maximum possible output.

Fig. 3.9 shows output voltage vs. clock frequency for different

binary inputs.

Test Results

The rectifier and control circuitary was tested using a resis-
tive load. {The D.C. smoothing inductor was considered to be

part of the rectifier).

The average output voltage corresponded very closely to the

expected output shown in Fig. 3.2.

.’g —a

Fig. 3,10 shows phctographs of the re*tlfler voltage and current

~,

waveforms. The oscilloscope was trlggered on the same point

b,md»{ .

for all waveforms and so the phase relatlonshlps between the

waveforms can also be seen. These photographs were taken

later in the project and were recorded, ith the 1nverter driving

- »
2 .
. nu“. &

f-? v“
the motor thus slight: 1rregu1ar1t1es:and "Splkes" due to inverter

The D.C. output voltage is dlrectly from the rectlfler terminals
-.a,. ‘,.'
and not smoothed by the 1nductor.~ ”The thyrlstor voltage

shown is cathode with respect to the anbde. The conditions

" under which the photographs were taken were:
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Horz. scale. 2ms/div



\ phase : 135 Vv
ac

_Vdc : 172 v

Idc : 25 A

Delay Angle : 57°

Octal Input Number : 2068.

Fig. 3.11 shows the response of the current controller after

the application of a short circuit to the output from the rec-

~tifier and smoothing inductor. The output voltage was maximum

prior to the short circu.t occurring.

Fig. 3.12 shows the steady state output voltage vs. current for

a fixed delay angle.
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CHAPTER 4. 4 P

THE INVERTER

The inverter is a 3-phase, 6 pulse thyristor bridge identical
to the rectifier except for a difference in firing instants.
The gate pulses are synchronized to the motor~rotor position(
and therefore to the induced field electromotive force. It

is the resultant motor emf. that is used to naturally commutate
tbe‘iﬁverter thyristors. .nThus although the inverter is syn-
chronized to the field emf., the resultant emf. commutates

the thyristors. The difference between the field emf. and the
resultant emf. is due to armature reaction. The effects of
this will be discussed in Chapter S‘aﬁd'for the remainder of

this chapter armature reaction is assumed to be zero.

. .' K

Fig. 4.1 shows the 1nverter power c1rcu1ts together with the

possible range of thyristor firing Pulses. }f.“"

As was the case for the rectlfler. varlatlon of the firing delay
angle caused a corresponding change_ln ‘the ratio of A. C to
D.C. voltage. As the D.C. voltage 1s flxed (from the rectlfler)

the A. C output voltage varles w1th delay angle.

‘There are two modes of operation rectification and inversion.

» L
RN

As current can only be passed in one direction through the
thyristors it is assumed to be always positive on the D.C. side

of the bridge. For delay angles of between zero and 90° the
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D.C. voltage is such that power is flowing from the A.C. side
to the D.C. side of the bridge, thus rectification is occurring.
For a delay angle of 90° to 180° a power flows from the D.C.

side to the A.C. side of the'.bridge and inversion occurs.

Fig. 4.2 shows the output voltage for different delay angles

and fixed D.C. voltage.

The equation relating A.?. and D.C. voltage is the same as that
for the rectifier but rearrangea so that the D.C. voltage is

the input and the A.C. voltage the output.

m - Vdc Tr'vvdc e 4.1

v 3 /6" cos (180 - B ) = 376 cos (x)

where P is the delay angle and «.is the inverter advance

angle.

p +—‘§g = lgpow'» - '..;;...... 4.2

It should be noted that whereas the rectifier bperated with a
positivé,delayvahgle and therefore had a lagging'power'factor,
the inverter has a positive advance angle and therefore a

\Aﬁxﬂw%yleading power factor. Changing the advance angle changeé the
@ﬁﬂy v power ﬁigggg\yigg\ggity power factor at zero advance angle.
The simplified phasor diagram of Fig. 4.3b shows this.

Under normal operation, power with lagging power factor flows
from the supply to the D.C. link and then to the motor, this
time with leading power factor. For regeneration the "inverter"

rectifies taking leading power from the “"motor" ( o >90°,
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therefore cos (¢£) is negative, i.e. power flow. into the motor
is negative) and the "rectifier" inverts supplying lagging power

to the A.C. supply ( ¥ > 90° therefore cos (¥) is negative,
i.e. power flow from the A.C. supply is negative) .

In this thesis investigation of regeneration was omitted.

Fig. 4.4 shows a typical voltage waveform of a thyristor. for
commutation to occur, the period for which the thyristor is
reverse biased (the extinction angle) sho&ld be greater than
the thyristor turn-off time. ~ Clearly, as the advance angle’
is redﬁced so the extinctién angle is reduced, until at zero
advance angle the thyristor does not become reverse biased at
all. Thus for commutation to occur there must be sufficient‘

reverse voltage,-fdr the necessary time, to allow the circuit

(and thyristor) current to fall to .zero.

" As was the case for the rectifier, reactance in the A.C. system
causes finite thyristor turn-on and turn-off times. In this

case the reactance is mainly due to armature winding subtrans-

T e

cient leakage reactance and damper winding inductance (if any).

This overlap angle is not insignificaﬁt and there 'must be com-

ensation for it. C '%ﬁ”x v

.“J'

fig. 4.5 shows simplified thyristor and 1in%ﬂcurrent waveforms.

At any instant the sum of the thyristof currents, the sum of
the line currents .and the D.C. current are all equal'and remain

approximately constant due to the D.C. smoothing inductance.
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' screened cable from the motor frame to the logic ¢ircuitary
is used to reduce spurious signals. Schmitt tfiggers shape

the signals and produce TTL compatable outputs.

The position of the disc was adjusted so that the synchroniza-

tion pulse occurs at the instant that the phase A voltage of.

- the motor emf. is a minimum.

Motor»Starting and Slow Speed Operation

Commutation of the inverter at slow speeds is accomplished by
turning off the rectifier until the D.C. current has dropped

to zero. - This ensures that all the inverter thyristors are

—

in a blocking state. The relevant gate pulses are applied and

the rectifier inhibit pulse removed.  This causes the rotor

to rotate and the prodésé is repeated when it becomes necessary

for a now set of iuverter thjristors to be gated.

When starting, the thyristors are fired so as to produce maximum

torque, and the firing instants are independent of the 8 bit

binary input. ' The advance angle for maximum torque is zero.

- el

The rectifier is switched off and héw.inverter_thyristors
selected every 1/6 of an electrica;féycle.

When the motor has reached approximately 10% of rated speed
the control logic automatically switéhes over to the normal

mode of operation.

‘

Fig. 4.8 shows the thyristor firing positions and the position
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at which the rectifier is inhibited in relation to the motor

emf. (or position).

When the above system was tested it was found that noise and
the jerky movement of the rotor was causing the system to lose
sYnchronization and so cause a malfunction and motor stalling.
At high currents it took a relatively long time for'the D.C.
current to drop to zero because of the energ&ustored in.the

D.C. smoothing inductor.

The operatlon of the motor at slow speed was made smoother and
more reliable by the addltlon of an .extra thyristor, placed
across the D.C. smoothing inductor and fired continuously during

slow speed and starting operation.

Fig. 4.9 shows the'baeicApower circuits with the additional thy-

" ristor. This thyr.stor has nc effect urder nornal operating

conditions because it is then in the blocking state.

The extra thyristor improves invertef.commutation in two ways.

‘{a) When the rectifier receives- an 1nh1b1t pulse, the current

1,

through the inductor contlnues to c1rculate through the

starting thyristor. The currentfthrough the rectifier

ST

and inverter is, however, zero.eﬁ The t1me taken for the
inverter current to fall to zero 1s much less than pre—'
viously because the energy stored in the smoothing choke
does not need to be removed. ;Thus inverter commutation

is made much faster.
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(b) During slow speed operétion the D.C. voltageAis small
‘(current limit circuit ensures this). iAlthoughvthe
average value is positive, the output of the rectifier
does héve substantial periods of negative output voltage
occurring every 3.3 mS. These cause the "starting" thy-
ristor to be forward biased and so are conducted to the
inverter input. The negative voltage reverse biases the
inverter thyristors and enables commutation to take‘pléce.

'~ The inverter is therefore commutated every 3.3 mS. Once
he rectifier outpdt voltage goes pozitive again tle
“starting" thyristor becomes reverse biased and commutates
and the full D.C. current again:flows into the inverter.

Thus current build-up in the inverter is fast, as the D.C.

smoothing inductor does not limit the rate of rise of

current.

Uﬁfortunately the motor used could not be loaded at low speeus

-and so starting torque could not be'measured directly. Speed/

time graphs,'howéver, show that the acceleration (and hence
torque) of the motor is greatér ddrihg the starting probess

than just aftérAswitching to the normal operating mode.

Thyristor Firing \ ' BT g ”3§'f

As is the case for the rectifier, it is necessary for two in-

verter thyristors to be gated for a current to flow. If the

"inverter is operating with an advance ‘angle close to zero, (the

most common condition as the power factor is then close to unity)

then it is necessary to extend the firing pulse by 60° from this
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point to enable two gate puises to ovérlap. As the regenera~
tion aspect of operation is not investigated in this éroject,
the condition for a_delay angle of between zero and sixty
degrees is not nécessafy. It was therefore decided to "shift"

the range of thyristor trigger pulses by 60° as shown in Fig.

4.10. 30° W 4}“/'74'/0 7

Point X corrésponds to an advance angle of 906 and point Y tb
an angle of 0°. Under normal_invertér 6peration the thyristor
initial gate pulse occurs between poihts X and Y. Fcr :zero
édvance angle thyristor 1 is fired at point Y and thyristor 2
at poiht 2. These two pulses mus£ overlap and the gate pulse

of thyriétor 1 therefore extends 60° from point Y to point Z.

Test Results

Tnitial tests were performed~byvconﬁééting the inverter to'
an alternator and operating the inverter with an advance angle
of greater than 90°, i.e. rectifying;v.'This ehabled_synchro_
nization and log}c problems to be éliminated before inversion
was attempted.- . :
Fig. 4.11 shows photographg of the»ih;érter voitage*current
waveforms. The oscilloscope was ﬁriééé;ed on the éame pdint
for 2all of the photographs and so phasé relationships can be
',dbservedf These photographs were takeﬁ later in the project
"but are useful to the éxplanétion of tﬁe inversion process
and so they have been presehted heré.- Thé conditions under

which the photographs were taken were:
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CHAPTER 5. .. . -

THE OVERALL SYSTEM

Up until this point the rectifier, D.C. link, and inverter have
all been considered ideal. This was done to simplify the
explanation of the'operation of the system. The most important

deviations from an ideal system will be discussed below.

5.1 Impedance in the Rectifier A.C. Lines

This impedance is made up of the supply impedance, the trans-
former primary and secondary resistance and leakage reactance

and the impedance of the connecting cables.

The resistive component causes IR*Qélﬁage drops and therefdre
feduces the rectifier output7v01£;§éﬁ€‘ |

"As already described in Chapter 3;_tﬁé reactance causés thyris-
tor ove;lap to occur. During ovéfiép two phases of the A.C.
Bupply are-shorflcircdited and thé’ééﬁﬁlt is a reduced D.C.
output voltage. It can be shownf(ﬁQQis, 1971) that :

3L X

. 3 /6 | C dec” ac : -
Vdc -_ '—'_"_]T - Vac.COS( x ) .”N T]'— . ..0 o o0 00 5.1
N = /5 VE o (ein2 (LM
e Ig 6 *E-(sin” ( 5 )::ﬂ ee.. 5.2

?

where P =- overlap angle.

R}

With the transformer and leads used in this project, the effect



5.2

of resistance and reactance in the A.C. supply is small and

has been disregarded in future calculations.

The overlap angle is less than 5° at full load current.

D.C. Link Impedance

Series resistance of the D.C. link (including the smoothing
inductor) causes an IR voltage drop in the D.C. input voltage

to the inverter.

Series Impedance of Motor Armature

Armature and connecting lead resistance cause IR voltage droés
and need to be included in theoretical calculations. -As the
motor current is not sinusoidal, acquréte calculations of the
effects become complex. In the analysis of this system the

armature resistance has been transfer;éd to the D.C. side of

the inverter as an effeétive resistaﬁéeifor some of the calcu-
lations. Thié has made calculationSVSf‘the expected inverter

output voltage_éagier.

- _3p . : .j.f-j~-- .
Ric.eff R (2 2_1r)~' T “eeceeee.. 5.4
where R = motor armature andﬁA.C.lleéd resistance

~ N YR
= overlap angle S

i
I

See Appendix E.

Series reactance of the inverter A.C leads and the motor sub-

transient armature reactance cause thyristor overlap. It can



be shown (Davis, 1971) that for the inverter

' 3 1_X"
_ 3/ dc: :
Véc = —7?—-.E.cos(o<) + — ceteecaaaas . 5.4

W = JEE. (sin2 ( B ) _ gin2 (8
Idcx- /6 - E . (sin® ( > ) sin (2_) ) ..... 5.5

37 where X" is the machine;iggtransient armature leakage inductance.

>~

The overlap also introduces a lagging phase shift in the
current waveform of approx1mate1y P/z and it is necessary to

increase the inverter advance angle to compensate for this.

5.4 Armature Reaction

Armature reaction has the effect of not only reducing the motor
emf. and therefore, the thyrlstor commutatlng voltage, but it

also reduces the extlnctlon angle. of the thyr;stors. . This is

*

because at high armature currents, the armature reaction mmf.

-wave causes the resultant mmf. waveetc lead the field mmf. wave..

Thus under load ‘conditions the motor resultant emf. 1eads the

no-load emf., and, as the_current 1eads the no-load (or fleld)
emf. the angle between -the current}and'the resultant -emf. is
" reduced. This effectiuely reduce;?tne inverter-adiance angle.
It is therefore necessary‘to increase.the advance-anéle at high

currents to compensate for armature .reaction phase“shift and

to prevent commutation failure.

At low currents the motor now operates at a lowcpower factor.

The power factor increasesas current increases.
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. . ‘\h
The effects mentioned in Sections 5.2 to 5.4 are compensated

for in the following manner.

(a) The rectifier output voltage needs to be increased to
counteract resistive and inductive voltage drops and the
reduction in voltage due to thyristor overlap. The rec-
tifier voltage needs to be reduced to compensate for a’

. reduced motor emf. due to armature reaction.

(b) The inverter angle of advance must be increased to allow
for thyristor turn—qff and turn-on times and also to com-
pensafe for armature reaction reducing the angle between

the current and the motor emf.

Reference to the phasor diagram of Fig. 5.1 will help clarify

the abovementioned effects.

Initial Testing

Initial testing of the éystem as alwﬂole was performed using
a“éméll!;ynch;gnous alternator Qith‘;r%v" belt drive to a small
D.C;'motor. At';his stage the invé;féf did not incorporate
the starting control logic and the D;¢3.motor was used for

that purpose as well as for a load onée‘the A.C. motor/inverter

was operational.
Fig; 5.2 shows the original test sysﬁem.

The synchronous alternator specifications are given in Appen-

dix F.
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The thyristors used for both bridges were BTX 48-1200.

The drive operated satisfactorily over a speed range of 300

r.p.m. to 3800 r.p.m. A typical set of results being:

Rectifier: phase voltage : 170 v

line current 0.7 A

(1)

power'factor 0.77 lagging

" D.C. Link: " 300 V

0.9 A
Motor: . phase voltage : 156 V

line current : 0.7 A

- 0.85 leading

power factor
frequency : -+ 70 Hz.
This low power system was used to help‘lron out problems in tne
apparatus and also used to develop tne'starting and slow speed

operation control logic.

Yy

Unfortunately, the no—load current demanded by the A.C. motor

ST
was close to its rated value and so load tests could not be

. ,, *{ T

performed. In addltlon, the rated'voltaée of the transformer

-~..~;
X

was not sufficiently high to enable the"motor to operate close
to rated speed ;, with the 1nverter advance angle close to
zero (i.e. high speed operatlon at hlgh power factor was not

possible) .

The shaft encoder on this motor consisted of a gear wheel with
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96 slots. As the motor had 4 poles, 48 slots corresponded to
one electrical cycle (i.e. 1 slot = 7.5° electrical). It was
found that this did not allow sufficient accuracy in the inverter

control.

As stated in Section 3.4, the current limit circuit was improved

using this low power device.
Because of these limitations it was decided to move to a bigger

machine. A 5 kW salient pole alterrator was available in the

laboratory and was used. See Appendix B for specifications.

Final System

Minor modifications to the system were required to allow for
the motor being a 6 pole machine instead of the previous 4 pole
motor. A more accurate 270-clotted disc was made and fitted

to the machine shaft as the shaft encoder.

LA
NI

Larger thyristors for both bridges weré necessary and 502 silicon
controlled rectifiers, type number IR36&REA120 were available and

used. ) “ .

A 250 V, .3 phase transformer of adequate ratlng and two 0.2H
14 A iron cored inductors (used in parallel) replaced the

T

smaller units in the test system.
Switches were still used for setting the inputs to the recti-

fier and inverter control logic.



A number of problems were ensountered before the whole system
operated satisfactorily. At high currents, pickup on the
cables to the thyristor gates caused spurious firing. Screened
cable for the gate connections was found to be necessary to
prevent this. Slight irregularities in the slot widths of the
shaft encoder and axial movement of the rotor caused modulation
of the photo-transistor outputs. | Modification of the Schmitt
triggers in the pulse shaping.circsitgéy and incorporation of

a single transistor preamplifier reduced these errors and also

decreased spuricus noise'signals.

A Schrage motor mounted on the same bedplate and which could
be coupled to the synchronous motor was used as a load. Un-~
fortunately this motor had a minimum.speed of 375 r.p.m. and

could not be switched in when being driven because of synchro-
P i ‘:';
nization problems. Once running, h9wever, the load could be

SRR e
‘ *

changed by means of a hand opereteafbrﬁsh shifting gear. Full
load tests could only be performed sbeVe'4OO r.p.m. because of

the limitation in speed of the Schrage motdr._

R
A

The high subtrénsdlent leakage 1nductance caused overlap angles

Y
[

A-\-‘

to be large (greater than 20° at.hlgh currents) and the effects
C R RS

of large armature reaction necess;tafeggeperatlon w1th a h1gh

value of inverter advance angle (ty;lcally 50° to 60 ©); to enable .

the rated power output to be obtalgeénx "This resulted in a

substantial "droop" of the speed vs;?eurrent (w1th_constant D.C.

-
’

voltage) curve of the inverter/motbr'set.

Fig. 5.3 to 5.5 show the effects of the 3 control variables
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(D.C. voltage, inverter advance angle and field current) on
the speed of the motor under light load conditions. These
correspond closely with expected results calculated using:

Equations 2.2 to 2.4.

Under load conditions it is necessary to account for armature
reaction, resistive losses and thyristor overlap in trying to
predict the steady state characteristics of the system. As

stated earlier these equations become involved, and so predic-

tion has only been dune for a few sets cf conditiouns. 2n

itterative process of solviné the system equations, gi&en in
Appendix C, was used to predict the torque/speed curves given
in Fig. 5.6. As can be seen, the actual measured results
correlate fairiy well with predicted results for high torques.
For light loads prediction became inaccurate beéause it was
assumed that once the eufrenﬁ becamé;discbntinuous it ceased
to flow at all. This is not the éééé in reality as torque
is produced and the system operates Qith a discontinuous D.C.
current. Measurement of the air gép'torque'produced at light
loads is also difficult because it is difficult to determine
losses.éﬁéhfénffiction aha windage aﬁa'also losse§ in the

Schrage motor load. Accurate measurement and prediction'of

these quantitiés is not an essentiailpqrt of this thesis, and

v koot

only varification of the basic syst;mjequations‘was desired.
This has been done by'thehcorrelafiéﬁiof results at large

loads, and it was décidedbit”was uﬂ;écéssary tb try and im-
prove prediction and meésurgmént‘meﬁﬁéds for the 1light load

cases.

Fig. 5.7 and 5.8 show the measured effects of loading on the
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performance of the motor/inverter set.

System Transcient Response

There are two methods available to increase the power output -
of the system. The current may be increased or the power fac-
tor may be increased. The latter is achieved by reducing the

motor power angle, i.e. the inverter advance angle.

T = k.If

.I.cos(ox¢) , ceccececereacencs 5.6
These, however, are conflicting requirements in terms of inverter
stability because an increase in current requires a corresponding

increase in the inverter advance angle to ensure adequate thy-

ristor extinction angle.

The optimum values of thyristor advance -angle and field current

will dépend on motor speed, inverter D.C. voltage, motor current

and motor load. This optimisation of the inverter performance

is outside the scope of this thesis and has not been attempted.

e, \

The main aim of the project is to show that the system as a
whole is amenable to speed control of a general synchronous motor
and that a variety of types of response may be obtained without

optimising the motor/inverter combination.

The motor/inverter was therefore considered as a single unit
with one input (D.C. voltage)and one output (motor speed).

To enable a closed loop control system to be developed it was

necessary to ‘determine the transfer function of this "black



[

it

box" consisting of the motor and inverter. Analytical means .
of doing this become. very tedions, with many non-linear, simul-
taneous equations to be solved (Appendix C). | It was therefore
decided to determine the transfer :fnnotion by experimental
means. This was done for each of 3 different inverter advance
angles so that the effect of varying this angle on the overall

transfer function could be observed.

The 3 inverter advance angles chosen, and the corresponding

" maximum allowable line current toc ensire proper inverter ccmmu-

tation under all load and speed conditions were:

Advance Angle Max. Line Current

68° 27 A '
44° . ' - 15 A
20° o o 52

The response of the motor/inverter to a small ehange (such
that no current limiting occurred) in.D.C; voltage was recorded
for each of the 3 advance angles. | ~The resoonse'was found to
closely resemble an underdamped second order system with . “
different tlme constants for the dlfferent advance angles._~

Appendix G shows the graphlcalameans used to obtalnfthe transfer

s
» Tena
- P R

functions.

Figs. 5.9 to 5.11 show the motor speed.and line current responses

to a step change in inverter D.C. voltage.

The transfer functions obtained were as follows:
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o« = 68° T(5) = ——13:6 — (f=21,0 =37 .. 5.7
S + 15.35 + 13.6
_ | . o
o = 44° T(S) = 5 8 (§{=1.4, 0w =7.8 ..5.8
S° + 21.3S + 60.8 |
_ e} _ 84.6 _ —
=207 T(S) = — (=11, w =9.2) .. 5.9

8% + 20.25 + 84.6

The current was also observed to very closely resemble the

differential of the speed.
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CHAPTER 6.

SYSTEM SIMULATION

To enable a closed loop speed control system to be developed,
the open loop syétem presented so far was simulated on the

analog computer.

For this purpose the reCtifier was assumed to have a consﬁant"
mean linear transfer function with the rectifier delay angle
linearly related to the D.C. voltage output. This had a maxi-
mum of -12% error if correctly choseﬁ, i.e. it was assumed
that -

vdc: = k (90° - ¥) - JEREEREPS EERES 6.1
The motor current,was.usedvto control the-rectifier‘under
current limit conditions.  As regeneration did not occur in
the real sYstem the motor "coasted" down whén deceleratibn was
required. This was simulated by allowing a fixed but-smali
-"négative"_current to flow into the inverter/motor simulator.

~The rectifier D.C. voltage was also clamped to. a maximum level.

The rectifier and'inVerter control is by digital logic cir-

cuits, their transfer functions are not smooth but-quahﬁized.
'In addition, the‘spéed feedback signal -is sampled at regular
iﬁtervals._ These two-effects were disregéfded in the analog

simulation.

.

The'response of this simulation correlated very well with. the



response curves of the real System shown in Fig. 5.9 to 5.11.

To enable closed loop ﬁotor speed control to be obtained, it 
Was.proposed that the aétual motor speed be compared.with the
desired speed and the error signal thus generated be passed 
through a proportional plus integral gohtroller and then on to
the rectifier, invertér'and mdtor simulation.' This was simu-

lated as shown in Fig. 6.1(a).

A satisfactory cloSed'loop performance was obtained with the

following transfer function for the error processor:

" When studied moré carefully, however, it was found.that this
method céuld not be adequétely adapted to the real system.

The reason for this is that, beqause of the large gain ih thev
_error processor, a very accuréte error signal.would be necessary.
It was estimated that a 12-bit error signal would be neéessary.
.1t_would:also have.entailed 12-bit control of the rectifierf

The digital system had been designed‘for 8—bit control logic

and therefore another conﬁrol method was exémined.

‘The second method simulated was to accelerate the‘motor'under
constant maximum curreﬁt Qntil its‘speed was‘within a certain
"error band of the desired épeed, after which integral control
was used to give an accurate and stable final speed.. The

simulation diagram is shown in Fig. 6.1(b).
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Satisfactory performance.was-obtained with the moﬁor receiving
maximﬁm current until Withinvlo% of the desired speed aﬁd,then
having a qircuit with a tranéfer fuhctionroflg switched into
the feedback path.

The amount of overshoot (damping) and the. settling time of the
closed'loop speed controller could be controlled by changing
the switch-over error, the gain of the integrator, and the

integrator initial condition.

It was noted that the setting of the initiél cohditibn.df the
'integrator could present a problem in the real system. This
is because the initial conditioh wouldbvary With load just as
the D.C. voltage to the inverter varieS'with load (see Fig.
5.8). Therefore, té'thain the best response under ldaded

conditions ‘a larger initial condition would be necessary.

‘It was decided that this method of control was_feasible and
that a corresponding digital feedback system could be easily

realised.

Using Z transform analysis techniques, the response of the
systém with a digital control processor was analysed. The
results of this, together with a Lapléce transform analysis

(éssuming a linear feedback system) are shown in Fig. 8.1.
The details of these two analyses are given in Appendix H.

The design and construction of a digital feedback processor

based on the abovementioned'method was then initiated. '



CHAPTER 7.

THE DIGITAL CONTROL SYSTEM .

Fig.v7.l“shows a block diagram of the digital, speed feedback

system.

The fotor'speed~is obtainea by counting thé numbef of clock
pulses*recéived from the shaft encoder in a fixed time interVal.
This time interval is in fact relatéd to the overall gain of
the feedback system. As thevdisc has 90 slots per motor

electrical cycle, it is obvious that -

Counter output =. 90.f.T = ....... et et 7.1

where f = motor electrical frequency

H
i

counting time interval.

If T is large then one bit of the counter will represent only
-a small percentage of the total count, thus an error of one
bit will be a small speed error. For small T, a one bit error

will correspond to a much larger speed error.

The loop gain of the system is also a function of the inverter
advance angle for thé following réason. The rectifier is
considered linear (i.é. a oﬁélbitvchange iﬁ the binary input
will result in a fixed chénge in output D.C. voltage) but the
gain of the inverter is highly dependent upon the'adVance

angle. This is obvious by consulting Fig. 4.2. “As.the advance
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angle tends to 90° the gain of the inverter tends to infinity.

At zero advance angle (delay angle 1800) the gain is zero.

'The desired speed is fed into the system from eight switches,
as is the integrator initial condition and the error switch-

over point.

A singlevsWitch_allOWS'selectioh of opeh loop or closed loop
control. 1In the former case the desired speed inputs are

fed directly to the rectifier inputs.

The time constant of the,integrator. is controlled from an
external clock and may be varied. Integration is performed
by adding the output of the iutegretot to the input of the
‘integrator at discrete time intervals. This new total then

becomes the output of the integrator.

The selector sw1tches con51st of 2 sets of 8 trl state buffers
with a common set of 8 outputs. One set of the buffers always

.being in the high impedanée-state.

The second set of selector switches has pull up re51stors sO
that when both sets of buffers are in the high 1mpedance state,'

1og1c high levels are on the outputs.

The arithmetic operations are performed in 2's complement form.

Additional circuitary is necessary to prevent the "speed

~ counter" from overflowing and to prevent the output from over-



flow or underflow. : In ‘the latter case.a negatlve number 1n'A
:2 'S complement form would be 1ncorrectly 1nterpreted by the

rectlfler_COntrplAnglc.
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'CHAPTER 8.

- RESULTS -

Results given in this Chapter show that different types of
motor response can be obtained nsing4rectifier contrOi only,
and_without eptimization of the»inverter/motor combinatien.

It is'not attempted to show that optimization of the inverter/
vmotor%unnecessary for,optimal>system performance, but rather -
that the method of rectifier control does not reiy on an
aecurately defined inverter and mQter system, and tnat as a
mide range closed-loop speed control system, this type of

system is feasible.

A prediction of the performance of the system fdr a continuous
control system and of that for a dlscrete tlme control system,
btogether w1th the actual measured response is shown rn Fig.

. 8.1. The assumption_made here is that themetor is under
pure integral control The difference in rate of decelera-
tlon is that the motor does not regenerate, while for predic—

tion purposes, it was assumed that;thls did occur.

~ For all results the following nomenclature has been used:

o * ~Inverter admance angle

T Integrator time constant in seconds
I.C. : Integeator initial condition in octal.
0.L. : .The open—-loop input reguired to.obtain the

same final speed (in octal)
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C.L. ': The closed-loop desired speed input (in octal) -
€ : The error at which the control system switches

to integral control (in octal) .

,Fig.A8.2 shows a compafison of the open?loop and closed-1loop
performance for a step change in input.v‘ The rise time of the
closed-loop reSponse is approximately half that of the open-—

- loop system (0.53 sec. as opposed to 1 sec.). -

. Fig. 8.3 is similar except that a large step input is given. .
Rise time is improved with closed—loop_control, but current
limiting restricts the maximum acceleration of the motor in

both cases.

Fig. 8.4 is again-.a comparison of open-loop and clbsed—loop'
performance, but this time under loaded conditions. The final

motor output is 1.5 kW in both cases.

'Fig.,8.5 to'8.8'are used to show the different types of'res}‘
ponses obtainable, with a comparison to the simulated'résponses.
They ' are all under no load conditioné;_ Fig. 8.9 shows the onsét
'of limit ¢ycling in the system due to excessive léop gaih.

The maénitude of this oscillation is limited by the error switch.

over point.

 Figs. 8.10 and 8.11 show different types of respoﬁse obtainable
under loaded'conditions (load approximately 1 kW) for a different

inverter advance angle to that of Fig. 8.4.
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Figs;-8.i2 to 8.14 éhow the system‘reéponSe to a iafge:stép

.change in input. As the inverter anglé of advance is only

'280 the Cerent limit is necessarily low to ensure commutation
(maximum liﬁe current is 8.2 B). Thus, although the power -
factor is high (better than 0.88), thé'low current produces
a-relatively-low torqué and so acceleration of the motor is
small. = Two differenf responses for closed-loop control (under-

damped and overdamped) are shown together .with the Open—loop

response.

Fig. é.lS shows the speed efror under stead state.conditioné;
-The conditions are the same as those for the response shown in
Fig. 8.12. Thé error signal is typically of thé same magﬁi—
tude as the percentage change - in rectifier oﬁtput voltage with
a one bit Changevof the input tolthé rectifiefi That is, the
feedback system is changing the rectifier inpuﬁ by + 1 bit which
is in turn ¢ausing a small change in_motdr speéd causing tHe

~ error signal shown.

Fig. 8;16 is the system response to the sudden application df_

a 2 kW load to the unloédéd motor. - Fig. 8;17 is the responsé
‘when this 2 kW load is suddenly‘remoVed.' The response for

the cése when the load is applied is faster £han that wheh the
load is removed, because for a drop in motor speed the system.
gives #he motor full current and thus maximum.torque,'allowing
‘fast recovery to the original spéed. - When the load is remo&ed
the éystem is'under integralvcontrol and remains in thisvstate
until‘the motor speed drops beiow the desired speed,Ain addition

the motor can only coast down. A more advanced drive would
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incorporate regenerative operation and thus enable much faster
deceleration of the motor. The response for the removal of a
load would then be similar to that shown in Fig. 8.16 for load

application.

- Fig. 8.18 shows the acceleration of the motof fromistandstill.
The poiht at which the conﬁrol~logic switches from tﬁe~starting
routine to the normal_operating'routine is clearly evident‘by

the kink in the grapﬁ; ‘,Byvéomparison of the slbpes of the

two seétions it can be estimated that the torque of the‘motof

is ap?roximately 150% of that jﬁst after the svétem has switched
to the hormal operating mode. As.explaihed earlier, the slow-
speed-torque could not be measqred directly with the experimental

apparatus used.
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CHAPTER 9.

CONCLUSION

The basic drive-described in_this thesis could be'altered_in

a number of ways to enable improved performance to be obtained.

The present‘shéft encoder consists of a disc with a number of
slots generating a clock pulse, there is a single slot, pro- |
~ducing a synchronizing pulse once pér motor revolution. = Thus
.if:synchroniZation is lost (e.g. when the power isMSWitched
off, or.due to noise) it is necessary to rotate the mbtorvat
least one revolution to enable synchronization to be regained.
A coded absolute position transdgcer would improVevthis short-

coming..

The limiting factor for speed precision in this.thésis is thé
accﬁraCy with which the réétifier can be contrélled. - Under
normal dperatiné conditions, rectifier delay angles of greater
‘than 90O ér lessvtﬁan 2_3O are.not used. This corresponds to
44% of the total range,ofhdeléy éngles; The-accuraty of
rectifier control could be almost aoubied.if the 256’poséible
delay angles (8 bits) were spread over the range betweén.23O

~and 90° instead of betweert 0° and 1200,_

To obtain the best response from the motor when under closed-
: loop,control it is necessary for the initial condition, that

is set.on the integrator, to be fairly close to the output



valqe of the integrator when’the system hés reached a>steady
stéte. With thé particular motor used the effedts.of armatufe
reaction causes there to be a substantial difference in steady
state valué of the integratorvoutput (i.e. in the D.cC. voltage
value) for no load and loaded conditions. Thus to obtain a |
particular response curve for’no load and loaded conditions -
it is necessary to alter the integrator initial condition. |

The need‘for this could be reduéed or removed if a synchronous
-motor that isvaffeéted to a lesser extent by armature reaction‘

is used.

' In this thesis it has been shown that the type'of synchronous
motor drive presented here -is viable and that direct digital

. control of thyristor power circuits is feasible. Although

the system has not been optimised for a particular task or res-

ponse, it has been'sthn that the system is amenable to closed-
loop feedback control. It_is‘élear that inverter control is
essential for an optimum system and although this would réquire
‘a.fairly'sophisticated.computing and control sysfem, the now’
readily available micro-processing systems could probably'be
economically used for supervision of both the rectifier and

inverter power circuits. -

This:type of drive has the advantage over frequency controlled
systems in that under_transciént cpnditions.the motor canndt
lose Synéhfonization and fall'out 6f step. It élso appears
that damper wihdiﬁds are not necessary for ‘this type of drive
although this aspect has not been investigatéd. 'Frequency

controlled drives, however, do not reqguire speed feedback as

102
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the motor locks onto the supply frequency.. The type of drive
presented here has a high starting torque and this could

prove advantageous in traction applications.

The major limiting factors of this_driVe_are;the effects of
armature reaction, and subtranscient reactance causing long
thyristor commutation times. With modern motor design tech-
niques these effects could be reduced to acceptable levels.
In a large systeﬁ, the D.C. smoothihg'reacfor.could prove to
be a dissadvantage but»this could stsibly;be_reduced éubStan—

tially in size or removed altogether (Chino, 1975).

When the‘rectifier is opéfated at- a low output.voltage thevinput
bower factor is poor. :This could be improved by using sector
_control instead of phése control of the rectifier. Alterna-
.tively, two series, sequentiélly fired,'phase controlled rec;
tifiers could bé uéed. Another poessibility is by using.a

diode rectifier supplyingAa D.C.Achoppér circﬁit whiéhrregulates
the final D.C. voltage. This method wouldvbé applicable to
“battery supplied systemS-(élg. a battery'moﬁqr vehiéle) or to '

D.C. traction systems (e.g. railways).

There'is scope for future inVestigation into inverter control
(possibly using the inverﬁef advance éngle'aé'the main éontfol
variable for a variable speed but constant power drive) and
harmonic effects in the motor and supply syééem. The. regenera-
tive and reversing aspect of.this drivé could also be investi-

gated.
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APPENDIX A.

RECTIFIER AND INVERTER EQUATIONS.

At any oné instant the D.C. side of the bridge is connected
Viavtwb conducting thyristors to two phases of the A.C. sqppiy.
The D.C.'voltagelis therefore connected tothe line véltage.

Due to the fact that a thyristor is fired every>600, thé D;C;.
waveform is periodic with a period of 1/6 that of the A.C.
supply. The average D.C. voltage can be averaged_dver'this
l/G.A.C. period. Reference to Fig. 3.1 and 4.1 also show
that the inverﬁer and the rectifier have the same basic equa-

tion, with the inverter delay angle shifted by 180° with respect

to the rectifier deléy éngle. This gives the oppbsite sign
for the output voltage for the inverter. For the rectifier:
o ¥+ 2L |
3 ' | —
\Y = == | [67. V_ _.sin(wt) .d(wt)
. : T
de fx+ I ac
: 3 : :
3/6'V ' o ‘ ,
= ———fﬁr—gg' (cos( ¥ + %5) - cos (¥ + Zgl) )
= -——3_“_—6- . Va.C.COS(x_) ._ _ e s s 0 e e 0 e e A.l

For the inverter:

= 3./6 oy _ _3/6 1 SN
Ve = T - Vo ._cos(P ) = T - Vac,cos(180 o)
_ 3/6' g
= T - Vac.cqs(0<)
il Vdc

l.e-. .Vac = 3/6—1COS(OQ) . o-‘---.-.'....l.. A.2



A more detailed analysis With the assumption that»réactance

is present in the A.C. circuit of the bridges is given'by

dc”

~Davis (1971). The results of thirs analysis are:
"Rectifier:
: _ 3/6 , 3
Ve = T - vac.cos(X) T - Tge - X eeeeens A.3
o _ L2, ¥+ u o ¥
T3e-X = /e .V .(s;n ( 5 ) sin (2 )20 J R A.4
Inverter:
. 3./6" 3 ‘
Ve = “ - E - cos (o) + = . ;dc . X e A.
_ g 2 Xt “ X
I X = /6 . E (sin“ ( > =) - sin (~§ﬁ) ....... A.6

whére'x is the eguivalent series reactance in the A.C. supply:
circuit. :Fof the réctifier it includes transformer leakage
inductance and Supply lead ihductaﬁce. In the,éase of‘the
invéfter it consists of the synchronous motor subtranscient

reactances and the supply lead réactanée.

The effects of resistance in the A.C. supply are discussed in

Appehdix E.

Fig. A.l shows the expected motor terminél.vdltage (inverter
output voltage) for steady state cohditibﬁs. , During~thyristof
oQérlap, the terminal Voltage has a value which is the mean

of the voltage of the two phase which are “shorted" tbgether.

When overlap is not present, the terminé% phase voltage is -
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Al

equal to the motor emf. Tﬂis is becaus= thé pha$e current

is either,zero of constant and there is therefore no voltage
drop across-the'machine reactance. To enable maéhine'calculé—
tions to be done the fundémentai component of this voltage
needs to be known. Fourier analysis is used to obtain this.

£(t) =% a_+ ﬁi.(an.COs(nwt) + bn.sin(nwt))

Y]

o

. where a =
n

1IN
—
(0] H

_f(t).cos(nwt).d(wt)

f(t) .sin(nwt).d(wt)

o
3

I
el
o . .3

Eﬁsin(x - I - o) .cos(x).dx

W
=
]
i
N |:‘
Q“:
=

2 2
o
3.0
+ %} ‘[ 2 E.sin(x + %L - &) .cos(x).dx
p .
- I 27 g .sin(x + EJL - & ).cos(x).dx
2 31T 2 6
2
o T . o |
+ = . E.sin(x + @~ - o¢).cos(x).dx
2 3T 4, 6 : _ .
2 M
where Ea = E.sin(x + %% - of)
E, = E.sin(x = & =)
= B o« 5T
E, = E.sin(x + =~ - )
This gives:
L 3P - STy 4w 3 i) sin (o4 o - |
ay E’((2TT 1) .sin( )+ 2TT'Sln(F)'Sln( o f‘»'



Similarly -

.sin(Fﬁacos(lL + o¢ ~}J))

4 3M w4
b, = E.((1 - 55) .cos(a¢ - -=) + 3

3
1 2T

The r.m.s. magnitude of the fundamental component Qf the motor

terminal voltage is then given by
' s o I | ‘
v o=/ a1 + bl R A.7

The phase angle is given by (for phase B)

‘The phase angle between the terminal voltage and the motor

emf. is then

M y
5 .

(This turns out to be approximately

W, w75 W /Wﬂ/w y #t By ;,



APPENDIX B.

SYNCHRONOUS MOTOR SPECIFICATIONS AND TESTS

The synchronous alternator used in the final drive presented

‘had the following specifications.

6 pole (salient poles)

‘3.phase |

50 Hz (1000_r.p.m; réted speed)
phase voltage : 125 V
‘pHasevcurrent': 23 A

powér output : 5 kW

field qurrent': l-A} at 110 V.

Optional star or delta connected (star connection used).

Fig. B.l gives the opén circuit phase voltage and the short

circuit phase (line) current for different field currents.

"Fig. B.2 shows the open circuit voltage curve of Fig. B.l to-
'gethér with the zero power factor curve and the construction
of a Potier triangle from which the armature leakage reactance

can be obtained.

A slip test was performed on thé SynchronoﬁsAmachinér(with
no field current) and from the results of this test the quadra—
>ture and direct axis synéﬁrohbqs reactances were‘obtéinéd.
vThis test is pefformed unaef_unsaturated'conditions and so>does

not give values that are useful for prediction. ' However, the
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~ratio qu/Xsd can be obtained. This ratio remains approximately
constant because it is a function of the motor geometry (Say,

.1976) .

These tests enabled the reactances X1 Xq, X4 to be approximately

estimated for any load conditions (Say, 1976, p.389).

A typical set of results is -

2 = 0.768
X
d
R = 0.359%
X, = 1.00  at 50 Hz.

unsaturated, diréct axis, synchronous reactance: 6.12 L at 50

Hz.

Adjusted. synchronous reactances using a graphical estimation
method (Say, 1976) to account for saturation. - Motor internal
emf. assumed to be 136 V.

%

il

Of76 Xd

0.39 (6.12 - xl) + xlv = 3.00 &

b
il

- In per unit values these are

‘R = 0.064
X = 0.42
q |
Xy = .0.55
X = 0.18.



APPENDIX C.

MOTOR EQUATIONS

Reference to the phasor diagram'of»Fig. 51 enables the

motor equations to be derived.

- It can be shown that

2 2 .2
(E Tgq-X4 * Iq.R)_ + (Iq.xq_+ Id.R) = V
= ‘v._.
Id I.sin( ¢ é%)
Iq I.cos( o 2)

This can be rearranged to give:
\

12((R? + x %) sin®(oc = 4 _ tan 1 (<B9) + (R2 -+ ¥?) sin
v da 2 Xd q

(oc- 4+ tan (D)) - 128/ + x,% sin(ec- 4 - tan™L

(%L—))) + B2 - v? = o0 ' e e .. C.1
g , , oo :

where E is the motor field emf.

E‘——' — . I . L OV B T I e C.2

If If, N (and therefore @ ), o< , Vdc are'defined, as would be
 the case for normal operation, then equations C.1, C.2 together

with equations A.5, A.6 and A.7 provide 5Aequations and thus



A1l

allow the five unknown quantities:'AI,_ p. V, E and X to be
evaluated. (X can be eliminated by substituting A.6 into

" A.5).

The motor torque is then given by

It has‘been ass umed thatsthe:presence'of thyristoerverlap
(angle P) causes a shift in the fundamental component of current
of F/Z. Thus it has been assumed that_the current decay (énd
‘rise).dufing commutatien is a linear function of time. - In |
reality it is exponenfial but closely resembles a linear

function.

The relationship between the D.C. current and the fundamental

component of the motor current is approximately

= 2
Ta.c. av. = 3tac
I = 1.10 I,
. where I = r.m.s. fundamental line current.

It is clear that the solution’to these'equations can become
~very involved. For the: purpose of this thesis 1t was decided
"to predict the motor £oque fdr constant inverteft D}C..VOitage
and Qarieus motor speeds. vThis was done for a fiew sets ef‘

conditions only to enable varification of the equations. It

was cbnsidered that as only a few sets of results were to be



evaluatéd, development of a,computer proéram to solve the
equations Qbﬁld_bé unneéesséry. A_tfial and_érror ittérative
process was used instead. This méthod wés‘not altogether'a
"shot in the dark" beéause experimehtal values could be used
to give starting valhes which proved to bé fairlylclose to the

predicted values of the various parameters.
The method is outlined below.

Let V. = 165 V

dc
o< = g0°
N = 730 r.p.m.
If = 1.2 A
From the open circuit curve E = 100 V
Guess: ! = 2OO
I = 20 A (Idc- = 18 B)

Calculate equivalent D.C. resistance from equation E.2.

‘3eff = 0.649

Calculate effective D.C. voltage (equation E.3)

153 Vv

Il

dc(new)

Use equations A.5 and A.6 to calculate * u. 2.5 and A.6 give

Vic(new) = gf%ETE (3.cos‘o<) - ¢os(a< + F))_V

Sopo= 18.9° (close enough to 20°)
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Use equations A.7 to obtain the fundamertal inverter A.C.

.- voltage (motor terminal voltage)

al = -0.29
bl = 0.78
Thus V = 0.832 E = 83 V

Use equation C.l to solve for I (values for X Xq, R are

dl
given in Appendix B).

3.17 12 - 257 1 + 3110 = 0

"' I = 14.8 A (or 66.3 A)

A new estimate (of say 16 B) is used and the process repeated.
Once values of I and o sufficiently close to the estimated
~values are obtained the torgue can be calculated using equa-
tion C.3.

'In this manner the prediéted torque/speed curves shown in Fig.

5.6 were constructed.

For the purposes of the prediction given Hefe the diréct,

" quadrature and leakagevinducﬁances were asSuméd to reméin
constant for‘all speeds and currents. This is notvstrictly-
true as saturation alters these vélues;» " Estimation of satura-
"tion effects can be made by gedmetric methods as éutlined in
Say (1976) but this éomplicates'the equations even more  and

so was omitted.
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APPENDIX D.

THYRISTOR FIRING DELAY TIMES

‘Rectifier: As 8—bit counters were used to control the delay
-éngle'of-the thyristor firing pulse, there are 256 possible
-delay angles. When the counters are loaded with'OOO8 a maxi-
mum delay angle of 120° is desired. ’Thus_255 counts (or clock

pulses) must correspond to 120° of a mains cycle, i-e-~%§ ms .

. Therefore, clock frequency must be

255

56~ KHz = 38.250 kiz.
3

Inverter: As the shaft encoder has 270 slots for a 6-pole motor,

90 slots correspond to one electricalTCYCle, orj3600..
- One slot, therefore, corresponds to 4°.

For a delay angle of 900_the counters must be loaded with 367;48'

(3674 corresponds to 92° and 3704 to 889).

A delay angle of_6OO_(l'2Oo advance) i 3778

A délay angle of 180° ( 0° advance) @ 341..
- | € _ 8
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APPENDIX E.

EFFECTIVE D.C. RESISTANCE

To enable the motor characteristics to be predicted it is -
. necessary to be able to determine the motor terminal voltage (i.e.
the output A.C. voltage of the inverter). - This is a'function':

- of the overlap angle, which must therefore be determined.

. It can be shown {(Davis, 1971) that for a motor with no armature

resistance

v, = E.E/ETF_E-Q,COS(O@) S cos(eCt ) aeeea..n. E.1

(substitution of equations A.6 into A.5)
where E is the motor emf.

To enable this equation to be used, it‘was decided to reduce
the D.C. voltage in such & way as to compensate for the motor

resistance.

Under nofmal'conditions’2 inverter thyristors afe "on" andvthé
D.C. current flows.throUgh'2 phases,of'the motor. Thus ﬁhe'
-‘voltége drop dué'to résisfance is 2 Idé.R where R.is thetmotqr
‘phase résistance.v During commutation 3'£hyristoré are "on",

2 motor phases are in«parallel combination:and through the ﬁhird
phasé.' Thus, during thyristor overlap the resistive volt drop

is 1.5 R.I Commutation occurs for a period of p and occurs

dc*

6 times in an electrical cycle.
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Thus the average-éffective"D.C. resistance due to motor arma-

ture resistance is

- Thus when equation E.l'is used the D.C. voltage is reduced to

_ 34, .
Vdc(new) =V 1 C-R-(Z =) e, E.3

dc(old) -~ ~a 2T
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APPENDIX F.

ORIGINAL TEST MOTOR SPECIFICATIONS

Three phése, star connected, 4'nph-salient poles.i
Line voltage = 400”V

Line current : 6.5 A

'EoWerf: 350 W, 0.77 power factor

Speed : 3150 r.p.m., 105 Hz.

Field current : 0.5 A at 200 V.

The synchronous impedance varied from 0.168 p.u. at zefo_field

current to 0.086 p.u. at 0.6 A field current.

More detailed tests on the motor were hot‘done as this motor
was only used to get the system operating, after which the

larger machine was used.
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APPENDIX G.

OBTAINING THE MOTOR/INVERTER TRANSFER FUNCTION

As is explained in Section 5.7, the response of the inverter/
motor system to a step change;in inverter D.C. voltage was .
recorded. As no overshoot was evident it was assumed that
the transfer function was of the form
| 2
Wy ;
T(S) '= ~ s 4 e 0 0 a0 ‘e s o 4 e G-l

s2 4+ 5 .%x<¢%.s TRRY:

and that the output speed had the fbrm:

F(t) = 1+ A e 3t 4 g Pt

Furthermore, it was assumed that one'ofvthe time constants was
much smaller than the other and so died away'soon after appli-

~cation of the input step.

Thus for large time

-at

£(t) =~ B e +1 (re becomes small)

In (£(t). - 1) = 1n (B) - b.t
Thus In (£f(t) - l).Was blotted-against t dnda straight line

fitted to the curve (for large t only). From thisvstraightf

" line, "1ln(B)" and "b" were obtained.

A ﬁew_function.fz(t) was then‘constructed such that:
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£,(8) = £(t) -1 - B e Pt
i.e. f2(t) = A e—ét'
In (£,(t)) = 1n(d) - a.t

This, when plotted, could be-appro#iméted to a straight line
~and so enabled "1ln(A)" and "a" to be determined, In this way
' the step response of the sysﬁem (£(t)) was mathematically
defined. The calculated f(t) was graphed and found to corre-

late well with the actual response.

The Laplace Transform of the expression déscribing the output
response is:
A B

S+_a'+ A+ b

D) = £+

(1 + 2 + B)824+ (a + b + aB + bA)S + ab
S(S + a) (S + b)

Comparison of this with edquation G.l gives;

1 +2+B = 0

a+b+aB+bA = O

These expressions'held'truevfor the grq:hidally'obtained'values

. of A, B, a and b.

.Also:
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L

This'second.order_apprOXimatioh was considered to be sufficiently

accurate for the simulafionHof the motor/ihVeﬁtergcombination.
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APPENDIX H.

Z — TRANSFORM PREDICTION OF SYSTEM RESPONSE

Initially a continuous system analysis using La?lace Transform
methods was used to verify thét the predicted fespohse‘correlated
with the simulated response for the feedback'systeh pr0pbsed

in the second part of Chapter 6,(i.e. integral control on&e

the motor speed was within a certain error band of the desired
speed.)  The predictiop'was doge with thé assumption that the

system had switched to integral control, as this would be where

instability (if it existed) would initiate.
The system can be described mathematically as shown in Fig. H.l(a).

~The predictions have been done for the inverter advance angle
440, a loop gain of 1 and an integrator time constant of 0.25

seconds.

A loop gain of 1 means that a 1 bit change in the rectifier input
"results in a 1 bit change in error signal (or, x% change in

rectifier input produces x% change in motor speed).

Thus the transfer functions are

. Motor/inverter: > 0086 (from equation 5.8)

S + 21.3S + 60;86_

Integrator (feedback controller) : é
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Thus therutput for an input-of R(S) = 1/S (step input) is

' 1 kab
C(S = = - -
(8) S S(S + a)(s + b) + kab
where %a = 1integrator time‘constant and a and b are parameters

relating to the inverter/motor transfer function.

k = 4
a = "3.40
6 = 17.90
| 243.4
S.oc(s) = 3 2

S(s” + 21.3 S° + 60.86 5 + 243.4)

Taking the inverse Laplace Transform gives:

e™t28% 5in(3.37t - 1.02).

e718-8 L1

c(t) = 1 - 0.041
'This is plotted in Fig. 8.1,

. Z-transform methods were then used to determineithe effects of
>sampling, which a digital implementation of the proposed - con-

trol system would introduce.

_ The mathematical model used is shown in_Fig.-H.lb; : The system.
‘consists of én integrator that ié incremehtéd every sémpling |
‘instant, followedvby a_gero.order hold (digital latch) citcuit

thch is: "updated" at the sampiing insfants. From the diagram

of Fig. H.lb:



ConfroHer

vRecfﬁigr
k - | ab
s | (s+a)(s+b)

Inverter/Motor

Continuous System Block Diagram.

Figure H;1a A

%C(s)
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Zero - _
' Order
. Integrator _ Hold Rectifier . Inverter/Motor
Elz)] 1 Bls) b’ Blz)|1+&ST ab Cls),
s | ¢ s ! (s+a)(s+b) 17
61(5) , ‘62(5) | G3(s) ,

- Discrete Time System Block Diaqram"

LT

Eigtjre H-ib.
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E(S) = R(S) - c(s)
E(Z). =. R(Z) - B(2) .G,G,(2)
"B(8) = Gl(S).R(Z) - B(Z).G2G3(Z).Gl(S)
. B(2) = Gl(Z) .R(Z) - B(2) .G2G3(Z)>.Gl(Z)
' G1(2) .R(2)
B(z) =
I + G,G,(2).G,(2)

G, (2) .G,G,(2)

B o 1 273 R
therefore: c(2) T T G (2 ¢ (2 - R(Z)
. 27314 - e -
where:
. . Lo 1
Gl(S) is the integrator, i.e. &
' -ST

G2(S) is the zero order hold, i.e. F——?;-—-

G3(S) is the motor/inverter system

G (2) =

: ._ 7 -1 : ab
68302 = T - Zr‘{ S5 + a) (5 + b)}

_,._ b _Z=1 . _a Z2-1
B a-b " Z-ed ~“F-b z-ebT

R(S) is the input, i.e.. é

R(z) = 77—

T is the sampling time and is equal to the integratotr time

.constant of the continuous time system.

0.25

i.e. T =
and aé before : a = 3.40
= 17.90

b
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C(2) was then determined.

6:89 Z + 1.32 N z
14.5 23 - 13.97 22 + 7.75 2 - 0.071 = 2 T 1

The inversion integral was then. used to obtain the output of

the system at the sampling instants.

c(2) has pbles at

1
z, .= 0.00926 |
z, = 0.477 + 3 0.546
z, = 0.477 - j 0.546
 Thus
C(nT) = 1 - 0.000016 (0.00926)" 1 + 0.727 (0.725) "% .

cos (= 2.377 + (i - 1) (0.853))

forn=0, 1, 2 ...

'This can be changed into a form similar to that of the output

for the continuous system ahalysis.

c(e) = 1 - 0.00173 1873t 4 1,003 &71¢28%%gin (3,41t - 1.66)
(only valid for t'an‘inﬁegrél.multiple.of 0.25 seconds) .’

A plot of. C(nT) (filled in between sampling instants) is shown

in Fig. 8.1.





