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s UmMmanRy

The obisct of this Thesis i=s %a build an interface
betwesn a computor and a threse phase thyristarvbridg@
rectifisr, enabling the compuior to control its D.L.
putput voliage., By writing = sulisble computor
program, this systenm was extended fto provide clossd

ioap compulor oontrol of ihe speed of 8 D.C. machine,

The first interfece and computor Progrem wars SO
designad that the computor provided the reguired
analogue triggering delay for voltege contrel of
the D.E. output.

This setup did not allow for infinite varistion of
the voltzge and gocupisd 2 large portion of the
conputor time, Thus it wes decided to modify ths
interface, letting it provide its own delay, thus
freeing the compuior of the delay routins and giving
it more time to do other tasks, Control of the

bridge rectifisr wes alse improved.

Uhen closed loop control wes implemented, the systenm
was found to be unstable, It wes thus simulated and
stabilired on the analogus computer. 4 new digital
computor program was written incorporating those
characteristics which were found necessary in the

simulation to make the system stable.

The modifTised Torm of compansation was FTound to pivs
s satisfactory performance for both step and ramp
inputs fo thes svstem as wsll ss losd fransients on
the D.C. motor. ‘

Yarious types of tachogensrator were tssted to Find
which was the mosi suiteble for opsration with the
compubtar, ALl the types tested gave sablisfactory
performances, The major fector affecting performance

was Lthe guslity of the tachogenerator,

(i1} .
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INTRODUCTION

The purponse of this thesis is to investigate the feasibility of
using & small digital compufor to directly contrel electrical equip-

ment.

At present the small ecomputor is used in industry to control the
entire opesration of rolling millsl3® in numerical machine contrel® etc,.
In these cases the various units that comprise the plant are separsate
‘plossd-loop contyol systems which requirs analogue input control signals.
fs the computor processes digital signals, expensive digital-to-anslogue
convertors sre reguired to intsrfece the compuior te the control sysitesms,
Any analogus information fed to the computor from the system siso

reguires an analogue-to-digital converior which is aslso costly.

In this thesis it is proposed to include the computor in the control
loops of the various units and to dpo away with the digital-to-analogue
convertors. fhis means that some of the control gear can be eliminated,
their functions being simulated by the computor, and that the remaining
control units must acespt and understand digitsl signals. This is

illustrated in Fiqure 1.

A device which aacepts'digital signals is the thyristor - a voltage
pulse placed on its gate will turn 2 thyristor on if the anodes circuit
conditions are Sui%abia§ Deaveloping eqguipment to allow 2 computor o
control a bank of thyristors might apgeaéiat first sicht to have Llimited
application but virtuwally any types of electrical zpparatus msy be
dcntraiied by this means., D.C0. machines may be conirolled by A.L. phase
control of a single or three phase bridge or by chopper modulation of a
D.C. supply. A.C. machines may be controlled by means of a form af
modulation now being develoosd at this University, and resistive heasting

can also be very successfully controlled by means of thyristors.

The system chuseﬁ for development in this case was that of speed
control, the power being supplied by 2 0,.C. motor which was armaturs

controlled by means of a thres phase thyristor bridge.

For the test set wvp, speed feedback wes, by means of an analogue-
to-digital convertor. The development of s digital tachometer is =

subhject of a2 later thesis.
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The upper diagram shows how one of sevaral servo contrel systems would
be controlled by a computor in systems currently in use, The lower

dizgram shows the syétem which is to be developed.

The research can thus be divided into three broad groups:-
(a) Development of a digital interface betwesn the computor
and thyristor bridge (harduware).
{b) Development of a computor programme suitable for the
contral of the machine.
(c) To look at different tachometers to find which type is

mpst suitable for use with a2 computor.

A D.C., speed control system was chosen because the thyristor
control of a D.C. machine is already fairly common and the design
techniques and behaviour of thyristor controllsed D.C, machines is fairly
well known. A dynamic load was chosen hecause this would bring to light
any further problems that might be encountered with this method of. control.

A block diagram of the system used is shown in Figure 2.

The computor used is one designed for this sort of duty and has
gight kilowords of random access memory with an instruction execution
time of 1,8 microsecands. This controls through the interface to be

designed and built, a three phase thyristor bridge. The bridge thus



supplies D.C. power of variable voltage to a separately sxcited shunt
wound D.C. motor, the speed of which is fed back to the computor via
a tacho-generator. The tacho signal and the control set point are

fed into the computor via an analogue to digital convertor.

A/D computor interfacs z¢g motor
tacho
gene-
rator
FIGURE 2

Detailed hliock diagram of system to bs developsd.



CHADPT IR i1

BESIGN  DF THE  FIRST  INTERFACE

ige of a computor to control thyristor banks has besen
investigated before, notably by Fallside & Farmero and also by Ruddlﬁ
but in both casss the computor was fed detailed i&fnrmation about the
three phase supply and then the computor had to decids which thyristor
to fire. Thisz involved fairly énmplicated interfacing ‘and a lengthy
computor program, keesping the computor occupied for a féir timse.
This rssulted in & very sxpensive, though highly accurats, setup with
jimited application., For this thesis, it was decided to do all the
thyristor addressing externasl ito the computor thus simplifying both
the haidmara‘aﬁd.the seftware which now enly had fo ecaleulate and
provida the firing delsy. Thus the function of the interface is to
datect when it is possible to fire the next thyristor, inform ths
computor of this fact and remember which thyristor is to be fired.

When ii receives the command from the computor to fFire a thyristor,

it must enable the appropriste trigger circuit.
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{a) The thyristor bridge used.
~(b) waveforms of three phase supply.

(c) Pulses generated by crosscvar detectors.



Consider the waveform in Figure 3 {b). fAssuming the maximum
D.C. woltage is required, svery time a positive and %isinq nhase
voltage excesds that of 8 posiiive amé'faiiing phage voltzgse, =
thyristnr:ﬁﬁnnenteﬁ to the positive D.C. rail must be fired, A
similar set of conditions =mpplies to 2 thyristor connected to the
negative D.C. rail. Ful;es indicating these crossover points
supbiieﬁ by the interface to the computor are shown in Figure 3 {(c).
1f less than. the maximum voliage is reguired, these pulsss must still
be supplied to the computor telling it when to start the delay count-
dnwnvfor delayed firing of the thyristor. This works uséy wall up
to a maximum Firing delay of % radians {(60°%) at which peint annther
crossover oocurs, However, bo produce miﬁimﬁﬁ volteges a Tirving
dalay of 2% radians iz required. Thus for delavs greater than %
radians, two eddresses would be set resuliing in incorrect firing
of the thyristors. This difficulty can be ovsrcome by address
shifting., Sinpgs one address must be QQtAaﬁd sgne firing pulse given
Bvery %’ radians, thes address set by the interfsce must be shifted
ona place for the longer delay. This is also done under the control

of the computor.

The design for the first interface thus consisted of six
crossgver detectors, each having associated with it s monostable
multivibrator., These provide pulses at the crossover points of the
three phase supply for the respective thyristers. Tha puylses from
the detectors are fed to & six input OR gate, the output of which is
fed to the computor informing it of every crossover poinit, The
Cindividual pulses arve also fed to a local %emmry in the intexface
which reisins the sddress until the Firing pulse is rsceived From bhe
.GOWPU?G?. The putput of each élemeni is vonnected to an input of an
AND gate while the other input receives the trigoger pulse from ths
computor, thus enabling thes correct thyristor to bs fired. & block

diagram of the interface is shoun in Figurs 4,

™
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The various parts of the interface sre now considered in detail,

CROSSOVER DETECTORS:

Voltsoge compsrators could have been used for this purpeoss, byt at the
time the interface was built these were extremaly costly and exhibited
a sharp change of state for one direction of voltage change only. Fsr‘
this reason, it was decided to attempt to build a discrete component
crossover detector. This could be done only at a cost comparable to
the integrated circuif voltage comparator. The main difficulty
encountered was to obtain a high common mode rejection ratioc for the

differential input. Looking again at the voltage waveforms in Figure

3 {b}s; it can be seen that there is & wvolizsge zero croessing point
w

displaced by an angle of ) radians from évaxy valtage crossover
T
point. It is possible ifo utilize this peint if a phass shift of -—

12
radians is introduged in the reference supply to ihe comparabtors.

This cen bs done by utilizing a stare~delts transformer, enabling the
use of a simple zero crossing detector for this purpose., The sines
wave of the mains egan readily be approximastely sguared by the circuit
shown in Figure 5 {a), the waveform being shown in Figure 5 (b}, The
final squaring of the wave can he done by a Schmitt trigger chanaging
state on ths positivs gaing voltage at +0,IV and -0,1V an the negative
going part of the waveform. The final circuit used is shown in

Figure 5 {e}.

This ecircuit gives egually fast changes of state for positive and
nagative goling inpul voltsges., The transition time of the delsctor

was measured to be approximetely 60 nanosooonds,
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(a) Circuit of voltage squarer.
(b} Output waveform of squarer.

(c) Complete circuit of zero crossing detector.

THE MONDSTABLE MUL TIVIBRATORS.

These are arranged so that they'set the individual memory flip-flops
and signal the computor that a voltage crossover has taken place.

At the experimental stage, the more conventional collector coupled
multivibrator was tried first, but it was found that the shortest
switching time obtainable was much longer than the hundred nano-
saconds recommended by the manufacturers of the flip-flop used in
the local memorylz. Consequantly the emitter coupled multivibrator
was tried and was found to give much better switching times,
comparable to those of the Schmitt trigger used in the zero crossing

detector. The disadvantage of having to provide both positive and
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negative supplies in order to achieve a near zero output in the
stahle state is of no consequence in this.casa because these supplies
are already required for the zero crossing detectors. The circuit of

the monostable multivibrator is shown in Figure 6.

+3,6V

820

BC 107

resistances

in ohms

-3,6V

FIGURE 6
Circuit of monostable multivibrator used

in conjunction with zeroc crossing detectors.

LOCAL WEMDRY.

The purpese of the memory is to retain the location of the thyristor

to be fired while the computor calculates and provides the firing
délay. It consists of a set of six J-K fiip-flops which are controlled
both by the zeroc crossing monostables and by the computor. When a
pulse is received from 2 crossover detector, the respective flip-flop
is set. After the firing pulse Frnh the computor is received it is
reset. The memory is wired in the form of a ring counter so that if

an address shift is required, it can be done under computor control.
The circuit diagram of the local memory is shown in Figure 7, together

with the control logic and resetting monostabla.
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and its control logic.

TRIGGER CONTROL MONOSTABLE MULTIVIBRATOR.

These monostable multivibrators control the thyristor trigyer eircuits,
being triggered from the AND gates which receive their inputs from the

local memory and the line cerrying the firing pulses from thes gomputer.

'GATE WIDTH OF MONOSTABLE MULTIVIBRATOR.

Although there are six thyristors in the three phase bridge, each one

conducts for

any one time. Since a commutation oecurs once every
there must be a commutation in the middle of conduction period of

another thyristor, This may cause the extinction of the thyristor

producing discontinuous current fFlow,

i: " radians because at least two thyristors conduct at

mnnnstéble

radians,

11‘

multivibrator

To overcome this, the thyristors



may either be given two pulses, one at the besginning of its conduction
period and again when the other thyristors commutate, or one pulse

long enough to maintain the thyristor in the conducting state over

the commutation period. 1In this case the easier method was to produce -

a lang gate pulsa of about 4 ms,, sufficiently long to maintain the
thyristor in its conducting state through the commutation period

starting after 3,3 ms..

The emitter cﬁuplad monostable multivibrator was again used
‘because of its superior speed, eliminating any uncertainty due to slouw

transition times. The circuit diagram is shown in Figura a8,

. -
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FIGURE 8

Circuit of monostable multivibrator for controlling trigger eircuit.

THYRISTOR TRIGGER CIRCUITS.

Thyristors can be triggered in one of two ways 8’15. The first is to

apply a D,C. pulse for the duration of the conduction period with the-
input power kept within the power handling capability of the thyristor
gate., The second is to apply a large short duration pulse with the
instantaneous power many times that of average power handling

capability of the gate.

The first method has the advantage that, if the current in the

power circuit of the thyristor is likely to be discontinuous it will

iz,



be maintainsd in its conduction siate wheress with the second msihod
of triggering, the thyristor hes no gaie signal to keep it in the on

stats if thes mein current mowmentarily falls to zero.

When the thyristor is given a short high power pulse, turn on is
more reliable and the latching current is reduced. Thus a compromise
can be made by inputting to the gate a series of high powsr pulses for

the ﬁurétien of econduction period of the thyristor. This may cause

13.

trouble in A.C. cirecuits which have inductence, because at the beginning

of the conduction period when the current is smsll, it may not be
sufficient to hold the thyristor in the conducting stateiathus the
thyristor may switch on and off as it receives the gate pulse, causing
relatively large current surges in the power cirguit. In the csse of
the bridge rectifisr oircuil where the oubtput is D.C., current Flow is
cantinuous and much larger than the lstching current of the thyristor,

resulting in immediate turn on at the first triguer pulss.

0f the various types of pulse generstor In use, the uﬁijﬁﬂﬁtieﬁ
aosciliator is about the simplest, requiring only ane transistor with
no power amplificetion. It has a rather low upper freguency limit for
.this particular applicaetion resulting in & finite delay between the
unclamping of the escillater and the preduction of the fFirst pulse.

Fortunately, this delay is very predictable for any one oscillatar,

The circuit of the oscillators used is shown in Figure 9, thare
being one oscillater per thyristor., The first transistor @, acis as
a switch to start and stop ths oscillator and is controlled by the

trigger control monostable. The pulss transformer has s retin of 1:1.
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Trigger circuit for controlling
thyristors

CONTROL LOGIC.

There remains just the monostable multivibrators which provide the
delay and resetting pulse for the flip-flop once the firing pulse has
been received. The delay is introduced so that a definite pulse of
about 2 sec., is given to the trigger control monostables. The
circuit disgram is shown in Figure 10, fhe timing pulses for the

interface are shown in Figure 11.
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FIGURE 11

Timing pulses for interface

Voltage waveform of three phase supply.

-Pulses supplied to computor from crossover detectors.

lShift pulses generated by computor if address shift

is required.

Trigger pulses generated by computor after appropriats
time delay.

Trigger pulses for thyristor connected between phase A
and positive D.C. rail.
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CHAPRPTERHR 111

| THE _ COMPUTOR:
CONNECTING IT TD THE SYSTEM

This chapter will briefly describe the operation of ths computor

and methods of inputting =nd cutputting information.

THEORY OF OPCRATION:

2

Information on the general principles of opsration of a digital
computor ‘is readily aveileblels5:% and will not be deslt with hasre.
This section will describe how the computor is connected to ite

paripherels and how informetion is trensferred between them.

ﬁii information inputied to and cutputisd from the computor goes
via a bus gonsisting of eighteen lines palled the £ bus. Since ths
computor used has an eighteen bit word length, thare is ons lins
auaiiéble per bit. FEach peripheral device connected to the computor
has a digital eircuil asscciated with it usually mounted on one
computor card. This circuit is connscted to the £ bus and to ssveral
of seven further control lines. All these circuits are controlled
directly by the computor under program centrel, with the peripheral
devices responding when interrogated by ths computor. There is ons
exception to this where data transfer can be initiated by ths
peripheral device =nd thareafter contrel is transferrsd to the computor.
This is the Diyrect femory Access Facility, but since this facility is
not used in the pressnt spplicastion, it will not be discussed any

further.

If the peripheral device can perform a number of operations, thas
first instruction communicated to it before s data transfer is usually
an External Control instruction (EXC) which sets up the logic for the
device to psrform s specific function. The next is a Sense instruction
(SEN)} which causes the computor tc'interrsgate the peripheral device
ascertaining its state of resdiness for 2 data transfar. When the
deviece is ready the computor can execute an instruction which causes
gata to be trahsferrad between it and the peripheral device. FEach
device has a number by which it can be addressed. Thus, if the high
speed paper tape reader has to be started{ the instruction EXL 537
must be exscuted., The last two digits of the instruction form the
address while the *"five”™ commands the resder lo start when ihs

instruction is given.



© finocther mezans of communicating with the compuior is wiam the
interrupt fecility. This is not realiy'a method of data transfer
but if the compubtor receives a signal from the interrupt controller,
it interrupts the program currently being ewxeculed and branchss to

another program which services the interrupt.

FUNCTION OF THE COMPUTOR IN THE SYSTEM.

The function of ths computor is simply, upon receiving an
indication thet a voltage cressover of the three phsse supply has
occurred, to calculate the fifing delay of the thyristor bridge
required to give an putput detsrmined by parameters fedite the

computor from externzl equipment,

In ihe case of B.0. mechine speed conftrol, ths paramelisrs are
the desired spead of the machine and the zsctusl speed determined by

means of a tachogenerator,.

INDICATING THE DCCURENCE OF A CROSSOVER,

The crossover points of the three phase supply are detected by

the interface and are indicated by voltage pulsas.

These signals can be detected by thes computor in one of three
ways; -

(i} 8y means of the analoque-to-digital convertor.
{(ii) By means of the sense lines,
iii)} Ay means of the interrupt facility.

(

If the snalogue-to-digital convertor was used, a crossover
detector would not be regulrsd as a low volisge replics of ithe méiﬁ
supply could be Fed direct to the cunuertéra This system is of litile
use in this case owing to iﬁng'tonversian Lime of the order of 50 s=o,

of the convertor., This will introduce a random erroy of at least

1a.

50 sec. into the dstesction of the crossover point., Another disadvantage

of this system iz that the computor will spend & larges amount of its
time waiting for the convertor while it could be doing more useful

things,

in the second method, the accuracy is greatly improved. Here a
crossover detescior would be reguired. The sense line in this case is
ossentially the same as the sense facility used when the computor
interrogates a peripheral device, but in this case the lins is brought
out of the computor and there is no actual déta transfer. The line
can be interrogated approximstely once every 10 seg. which is s great
improvemant, although the computor still has to waste a largs amount
of time interrogating the ssense line. Uhat is needed is a facility

whereby the computor can be busy with ona task up to the point in time
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where a crossover ococurs, then it can perform the‘raqmireﬁ gperations
to fire the nexi thyriatbr and return to its pravious tesk. Such a
facility is offered by the interrupt modile, the computor taking
action within 1,8 sec. of detecting the interrupt, this intervsl
being ths cycls %ime gf the computor. BHecauss of its obvious
advantages, it was decided to use this method of indicating the

volizge crossover poinis.,

SET POINT AND TACHOGENERATOR INDUTS.

As only analogue tachogensrators were zvailable inrthe departmant,
it was decided to make use of these, leaving the develoéﬁent of a
digital tachogenserator ta a later thesis. Thus, this =signal being
analogus in naturse, it wss necessary bto use-an anelogus-io-digital

convertor o transfer this information into the computoe,

Since 2 converior hsd sssociated with it & tern chamnel multiplexer,
it was decided, for convenience, to inpul the speed set point via the

convertor thus using an anslogue voliage reference signal.

OQUTPUT SIGNALS.

The output from the computor is in the form of trigger pulses to
the interface, These pulses can be derived from the computor by using
the External Control instruciion avasilable on ths £ bus., A computor
interfsce card has been constructed where eighteen flip-flops, which
can be connpected to sxternzl equipment, can be set in sither the high
or the low state under program control by the use of the External
Contzol instructions. Thus a pulse can be gensrabted bynsettiﬁg the

required Flip-flop high and then low under program control.
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EHaBTE R TY

THE. COMPUTOAR:
175 PROGRAR

.This chapter will briefly describe the program used Tor checking
the interface and for the fFirst experimental runs. Two forms of

e

compensation are also considered.

For the initisl runs the program was kept simple and was divided
into two sub-programs, the decision as to which program das to bs used

being taken by a third supervisory sub-program, '

The first sub-program weas basicslly an open loop program which
més uysed when a shange in set point was detected. Its purpose wyas to
paleulate a suitable delay from a given set point and fo store this

memory such that it wss mcpessible to other psris of the progrem.

If the sat point remained fixed for a2 certain time, conirol would
transfer to the second sub-progrem which offered closed loop controel.
The behaviour of this program was analogous to that of an integrator.
It would alter the firing delay according to the difference between the

tachogenerator voltsge and that of the set point.

Thes supervisory program also had to decids whethar to provide the
delay and firing pulse and then calculate the new delay, or vice versa.
The reason for this was that ths computor took about s milliseéunﬁ to
. execute the above progrsm which is approximately a thirzd of the tims
between interrupts (3,3 milliseconds) thus the dynamie range of ths
firing pulse would be restricied to two thirds of the time bsiusen
synchronization pulses, if the computation and Firing seguences werse
not switched. It way be arguesd that as the change in effective 0.C.
voltage is small in the first millisecond of delay, the delay calcu-
lation may be done first and then a shortensed delay countdown initiated
after this; but as the full ra;ge of the delay is 6,6 ms., thers would
be a period betwesn 3,3 ms. and approximately 4,3 ms. whers the compuior
would be unable to deliver a trigger pulse as it would be executing the
control program, which it is called upon to do every 3,3 ms. by the
crossover detectors. This would occur where the rats of change of out-
put D.C. wvoltage of the controlled bridge reétifier with respect to the
triggering delay of the thyriaiarg, is & maximum, resulting in a2 step
of approximately 17% of the wmeximum rated voltage. This is unaccepiable
as it would cause large current surges to flow in thse load circuit if

this is, for instance, s D.C. shunt motor. A certain speed rangs would
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also be unavailable to the motor.

Thus the supervisory program dauld decide on one of four
sequences of operation by taking the previous delay valus and
calculating between which of five values it lay. Ths four operation
sequences are shown in Figure 12, togesthsr with the delay figures
between which they operate.

The last part of the program was the delay countdown routine
which accessed the-memory location containing the latest delay, placed
the value in one of the registers and then decreman@ed the contents of
the register every computor cycle until it reached zero, whereupon it
calléd the routine which gave the ?iring pulse to the lotal memory.

The.entire program described above was executed svery time the
computor received an interrupt following & voltage crossover detsction.

Another form of compensation which was considered initially was a
form of differentiating feedback. When the set point wes held constant,
the computor would observe any change in the tachometer reading and from
the rate of 6hange of speed, altsr the firing delay of the thyristors to
try to minimise any speed deviation of the motor, It was hoped that the
computor controlled system would be less prone to the influence of noise
in the signal than its analogue eguivalent, but this is not the case.

As shown in appendix (3), the noise in the tachogenerator readings
is three to four times the maximum rate of change of the true speed
readings when full load is placed on an unloaded machine, so this form

of compensation was abandoned.

provide calculate provide , Provide shift
delay, then new delay shift pulse, pulse,
calculate and then then provide ) calculats
new delay provide delay., delay and
from latest delay. calculate provide delay.

figures and new delay

S e WAL I S — S— . S— N —
.
-

i

store. l

1

]

|
o . 400 1800 1400 2000
0 600 1200

FIGURE 12

The four possible coperation sequences
which can be performed by the computor
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CHABRTER ¥

THE ARALOCUE TO DIGITAL LCONVERTOR
AND YACHORETERS

The analogue to digital convertor used was of conventionsl design.
It was a twelvs bit convertor with & bi-polar input of *10v, giving =
bit resoluation of 4,8mv, Although this gives an accuracy far greater
than that reguired, it was hoped that rate of change of speed could be
obseyved, allowing differential feedback compsnsation. i‘Ht:nsim.'er, tests
showed that this was not possible owing to noise prﬁblemé. {se=n
“Appendix {3)].

To snable the convertor to digitize vaveform with msxinmum acocuzaty,
a sample and hold device iz used in front of the convertor. This is
necessary because ithe convertor takes a finites time to perform its
conversion antd IF the wavaform being obssrved has high Freguency components,
its magnitude could have changsd appreciably by the tims the conversion
is complete, giving an erronesous reading of the voltage. Thus when &
digital reading of an analoque voltage is required, the sample and hold
sémples the signal and then maintains that voltage while thes convertor
exacutes its conversion., This configuration, unfortunately, iz now very
susceptible to noise; because the sample and hold may tske its sample at
the instant a stray voliasge spiks due to noise occurs thus causing an

grronepus reading.

TACHO®E TERS,

o

The tzchogenerators testsd can be divided into fwo groups:

A.C. types and DL, tvpas,

Two types of A.L. tachos were tried. The permanent magnet rotor
tfpe and the induction géﬁerater. The permanent magnet type generator
was fpund to give a good clean waveform. The A.C. signal was rectified
and smoothed before being applied to the snslogue to digital convertor.
In order to have a filter time constant sufficiently short (one tenth
motor time constant) so as not to intreduce 2 lag in the tacho voltage
reading, the number of poles in the geresrator had to be large in order
to obtain a fairly high output freguency., A 32 pole generator giving

400 Hz st 1500 rpwm proved to give Uéry satisfaciory resulis.

A point fo note with thiaitype of tachogenerator is that the
output ripple of fFilter is independent of the motor speed as the ripole
factor of the output voltege is inversely proportional to fraquency

while the voliage is proporticnal. i.e, if is above the breskpoint
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of the filter:’ F= X
whare F = pipple factor
= proportionality constant
w = freguancy, rsd/ssc, and is directly
related ko the speed of the tachogesnarstor.
and Y m‘ kw
whers V = oulput voltage of tachogenerstor
= proportionality constant g
w = as bhefore .
now R = VF
where R = ripple voliage
. y i
v R= kw x3pm = kk = constant

The A.0, induction ge

in the stator slectrically

is excited from & 400 Hz A.

a cartain fraction of this

the generator. This:

where £, =

Eg =

K =

. £ =

& =

This tascho, which is
compiication of requizing

the ascuracy of the insiruy

With rated input refe
of about 3Zv per 1000 rom i
two pperstionasl amplifiers
convertor. The First prov

acts as a buffer driver ¥p

nerator has a3 drag cup rotor with two windings
at right angles to each gther. One winding
. suppiym‘ The sacond oputpul winding gives

input woltsge, proporiipnal to the speed of

KE

output voltage
praportionality constant
input voltags

spead of rotation of generator.

3 bighly accurate instrument,; has the
g separate stable 400 Hz supply upon which

ment is dependant.

rence woltage, the generator gave an oubput

nto a load of 10 k¥ . This reguired at lsast
to provide & setisfactory signel for the
ides the load for the tachogensrator and also

r the rectifier immediately following it.

To obiain ss low an outpul impsdancs es possible, this was ussd as &

unity gein amplifier. The
gain reguired ftoc supply 10

when the machineg sas runni

The tvpe of D.C, tach

second operational awplifiexr providsd ths
voalts to the anslogue fo digital converior

ng at 1500 zpm.,.

soenerator $ried can be divided into Lhree
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groups: -
{1} the conventionsl D.L., tacho with permanent magnet.
field and wound armaturs,
{ii) hummwpeiaf and

{iii} printed ecircuit types.

The conveniional D.0. tachos gave & Fairly high output volisge
of from 3¥ ifo 60V per 1000 rpw.. The ouiput signal of this type
containg a large amount of commutator nolise. Tacho's ghich have &
large numbsr of commutator szgments giver 8 cleanar pubtpudl signal than
those with fewer segments bubl noise amplitude is s£ill é? the aordar of

two volts at all speeds,

Two typas of homo-polar tachos were iried; one with & rotating
parmenent magnet figldld and the other with an enargised stationary
field., The version with the rotating fisld magnet had the advantags
that no spurious veltagss cowuld be inbroducsd into the sulpubt signal
owing to the shaft vibrating in its mountings as the fleld would move
with the shaft. The msin drawback of this tacho was the extremsiy low
putput veltage baing of the order of a aillivelt because of the low
Flux density of the Tield magnel and lsck of &n iron circuit, The brush
noise ir this instence was a few orders of magnitude lerger than the

D.E. signal.

The 5tatimﬁa§y field homo-polar tacho produced a fairly clean
signel of about 0,07V per 1000 rpm. but this agsin, has the complicsbion
of requiring an external supply to energise tha fisld. The output signals
of both typa§ also need furthsr ampiification before being fed to thse -

analogue to digital copverior.

£ swall printed cirgcuitl motor wess tried as = tachometsr., In this
machine the armature consists of a disc of insulating material with the

windiﬂgs Formed on it in a padiel psttern ss shown in Figurse 13.
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Siéﬁata$ gt which
brushes contsct

e armature.

FIGURE 13

Schematic of srmature of printed circuit motor

The brushes run on the side of the disc dirsctly on the windings,
thus giving a iargé mumbar of "comnmubtar segmanis®,

it was hoped that this would reducs the commutaior noise but when
this moter was run as a tacho, it was found that the puipul voliags
varisd with ths angular position of the srmaturs., Thus s flugtuation
in the voltage of about 5% occurred when the tacho was driven at
constant speed.

From the above it can be seen that of the A.C. tachos, the
permanant magnet rotor type glives the most easily wtilized signal,
while of the D.C. tachos, those of Qecd guality and conventional dssign,
are the most practical. B8oth of these types wers used in the actual
system, giving sgqually satisfactory results.

In connection with the mounting of the tachogenerator, it was
found almost impossible with the sguipment availabls to aliminste a
modulation in the output signal caused by slight ecocentricitiss in the
coupling betwsen facho and the motor shose speed was to be meassured.
The rate of changs of volisgs introduced by this is comparable to that
encountaered dus to speed variations in the motor causad by load

fluctuations., Therofora, it would be very difficult teo observe
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instantansous ﬁpéed changas of the motor with an asnelogu2 system.
If a digital system were used it weuld be possible to feedback the
position of the motor shafi in addition, snd the computor, knowing
the insccuracies of the digitel tacho, would be able to calculate

the exact spsed of the motor.
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CHAPTER VI

THE FIRST EXPERIMENTAL RUNS

When the testing stage was reached, as many of the functions of
the interface as possible were tested bsfore being connected to the
computor. The next stage was to run the computor and interface
together to fully check ocut the interfazce and to debug the computor
program. The interface performed satisfactorily, but trouEle was
experienced with the firing delay calculation program. Afhe relation
between the D.C. voltage and firing delay angle of the thyristors is
trignometriecal and in order to aveid a complex calculaticn,. each time
the computor interrupt was servieced, a piecewise linear approximatibn
of five segments wass used, Becauss the slopes of these segments could
only be matched approximately,a voltage jump occurred each time a new
formula was used for the different section of the curve. This was )
much greater than expected, so the five segment approximation was
dropped in favour of a three segment one which was much morse easily

implemented in the computor.

Dwing to inaccuracies in the delay time calculation program and
to variations in the supply frequency, it was found necessary te put
limits on the delay in each half of the firing delay range as shouwn in

Figure 14,

LIMITS

0 60 120

FIGURE 14

The 1imits placed on the triggering delay to avoid

the loss of detection of an interrupt.



In order not to miss an interrupt, the computor had to be ready
to receive it slightly before the end of sach half delay period, thus
it was required to have finished its delay countdown and given the
firing pulse to the intesrface before the next interrupt was received.
This makes it impossible for certain delay times to be realised,
causing a voltage jump in the output of the bridge rectifier as the
set point is linearly increased, It will be shown later these limits

proved to be the downfall of-tha‘system as it was then gperating.

When the thyristors were connected to a light lnadtgnd voltage
applied to‘them, it was found that they were firing ver;ferratically.
Thinking that the current was perhaps too small for the thyristors to
lateh into the on state, the leoad was increased but this brought about

no improvement.

Consider for a moment thé operation of a three phase thyristor
bridge. As can be seen in Figure 15, two thyristors are in the

conducting state at any one time,

s N NN
JI P S

LOWER HALF /: _-2& —zg

1l

FIGURE 15

The three phase thyristor bridge, When current flows in the lpad one
thyristor in each of ths upper and lower halves of the bridge must be

in the conducting state.

At approximstely the mid-point of the conduction period of onse

thyristor, two others will commutate which may cause current dis-

28.

continuities resulting in the first thyristor rsuerting to its blocking
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- In-arder not to miss an interrupt, the computor had to be ready
to receive it slightly before the end of sach half delay period, thus
it was required to have Finished its delay countdown and given the
firing pulse to the interface before the next interrupt was received.
This makes it impossible for certain delay times to be realised,
causing a valtage jump in the output of the bridge rectifier as the
set point is linearly increased. It will be shown later these limits

proved to be the downfall of-thausystem as it was then operating.

When the thyristors were connected to a light load and voltage
applied to them, ‘it was found that they were firing uefx erratically.
Thinking that the current wes parhaps tooc small for the thyristors to
latch into the on state, the load was increased but this brought about

no improvement.

Consider for a moment the operation of 2 three phase thyristor
bridge. As can be seen in Figure 15, two thyristors are in the

conducting state at any one time,

UPPER HALF ‘2 -?S ‘?S

—d
B . LOAD
- C ’
LOWER HALF ; ; A?S _ZS

Ll

FIGCURE 15

The three phase thyristor bridge. When current flows in the load one
thyristor in each of the upper and lower halves of ths bridge must be

in the conducting state.

At approximately the mid-point of the conduction period of one

thyristor, two others will commutate which may cause current dis-

continuities resulting in the first thyristor reverting to its blocking

state. To avoid this, trigger pulses are maintained on the gates of

28.
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the thyristors until &this commutation period has ceased, but bhecauss
of ‘the low duty cycle of the pulse generators {approx., 1 in 10) the
pulses from the different gensrators may not be preéent at ths gates
of their respective thyristors at the same instznts in time. This
results in open circuit conditions existing in the power circuit and
the thyristors fail to turn on, Thus the trigger circuits can either
be replsced with a type that is capable of giving synchronous pulses
or, as was done in this case, a centre tapped blesder resistance was
placed mcross the output of the thyristor bridge with the gentre tap
connacted to the star point of tha step down isclation itrensformer.
This gave the thyristors 2 definite load into which to fire independant

of any othsr thyristor.

4fter this modification had been added, the performance of the
system on resistive load was greatly improved, although at tuwo speecific
valués of delay, firing was srratic. The reason faor this was that the
crossover detsctors were chenging state ssversl times in the region of
the true crossover point as a result of nﬁise baing generated by ths
commutation of the thyristors in the bridge rectifier circuit. The
interaction betwsen the detectors and thyristors was reduced by inserting
R.C., networks in the supply loads to the zero crossing destectors. However
to eliminate the trouble, it was found necessary to supply the interface

from & separate three phase transformer.

The next step was to connect the thyristor bridge teo a D.C. motor.

This was done and the motor was successfully controllsd on open loop.

The computor program was written in such a manner that, if the set
point remained fiwxed, iths system would zutomatically change to clossd
locp contrel after a delay of about ons second. This was done to sllow
the motor to sstile down before closed loop control commenced. When
closing the loop was attsmplted, it was found that it could not be dons
as there was 2 large smount of R.F. digitsl noise present on the input
line sarrying the set point u?;tage to the anslogue to digital convertor.
Wihen the potentiometer controlling the setpoint voltage was heavily
screansd and an R.C. filter placed across its output, the néise was

greatly reducsd and it was possible to runm under glosed loop eontrol,

then the system ran under clossd loop control, it was found that
the speed would oscillate vinlently about the setpoint., After limits
were imposed on the rate of change of firing delay limiting the rate
of change of D.C. voltage to 160V/sec., it wss found that the motor
would oscillats by about Fifty rpm. either side of the setpoint with a

period of about 1,3 sec.. At certain values of satpoint veltage, it
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was noted that ss the ouiput voltage of the thyristor bridoe varied,
volitage jumps ooccurrsd, The csuss of this was trascsd to iﬁemrrectq
limits being placed on thse Firing delay in the Flest hall of ths
firing delay range. If this limit was set sp thet the compuior was
ready for the next zero srossing intesrrupt a faw microseconds before
it cama, ths svsiem would bahave satisfectorily until the mains
freqguenpgy changed slightly. If it decrsased, the volisge step would
peeur while if it incrsased, the computor would miss 2n interrupt
thus oausing spuricus misfiring of the thvristor Dridgs. To snsurs
that the misfiring never pocurred, it was necessary toladjust tha
41imi% sugh thst thes computor would always be ready for the interrupt
for the highsst mains freguency likely to bhe encountersd. As this
freguency was sncountsred only occasionally, it was impossible to
avoid 2 volltage step between the two halves of the delsy rangs. To
ogverecoms this difficulty, the computor must know the instantaneous
Freguency of the mains st a1l times or It must remsin in the countdouwn
delay and at ths same time be ready for an interrupt from the interface,
The first arvangament would be wvery difficult to achisve as it is
servicing the interface st six times the mains frequancy while ths
second solution is impossible for the compulor to achieve as it is
basically 8 serial device, i.e, it can perform only one operetion at

a.tinme.

A soplution to this problem would be to perform the delay count-
doun external to the compuior and havye additionsl logic that can make
& decision as to when to give the shift and trigger pulses allowing for

the slight uncertainty in the arrival of 'the zero crussing pulse.

Having tha countsr external to the computor would allow 1% to
perform the Full delay countdown, thus no approximations would have
to be made of the intervsl bastween zsro-craossing to Find the reduced
Firing delay. Some further advantages of bringing the counter outside
the vomputor are that the computor is Freed of the countdown routine,
reducing the toial time it ha;'to service the interface, and fresing
it for oiher jobs, antg thel the computor is no longsr obliged to service
the interface at a rate of 300 times 2 second, IFf the interfsce is
provided wilth a buffer memory, the freqgusnoy of updating the delay may
be grestly reduced snd the inlterface snd compulor may now run asynchro-

b

nousive.



EHAPTER VIl

. . THE NEW INTERFACE AND MODIFICATIONS
T0 THE PROGRAMN.

-

ft is apparent from the foreqoing chapter that an extension to
the older interface or a new interface is reguired, This is to
embody the characteristics of the old one, but in addition it must
include a delay countdown circuit and logic to control the address
shifting of the thyristers for long delays. For this circuit to
have a better performance than tha‘countdown leop fcrmed.in the
computér program, it must execute the full delay, thus eliminating
any approximations to be made of the interval ‘betwesn voltage cross-
svers, This necessitates the use of two counters because the full
delay is equal to twice the -interval between uoltéga crossovers. The

\ X

operation of the two counters is shown in Figure 16.

counter a

(a) counter b

counter a

(b) counter b

FIGURE 16
Diagram showing sequence of operation of tha two counters

for (2) short delays and {(b) long delays.

it can also be seen from the diagram that the counter currently
in use is still active when the following voltage crossover occurs.
If a signal indicating the status of this cgunter is connected to ons
input of an AND gate while the other input receives the signals from
the crossover detectors, the output of this gate can be used to

generate the shift pulse.

al1.
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Thus no restrictions are plaeced on the trigger pulse until the instant
at which a voltage crossover occurs. If the counter completss its
count while the crossover or shift pulses are present, it would he

necessary to -hold back the signal until these two are completed.

If a completely new interface were built, a more elegant solution
would be to have three binary counters each controlling two thyristors,
Associzted with each counter would be a crossover detector of the type
described in Chapter 2, The counter would be triggered every time the
detector's output changed state while its absolute state would determine
which thyristor would be triggered., This configuration eliminates the
-necessity of having =z local memory and the address shifting facility

associated with it, The block diagram for one counter is shown in

Figure 17,
steering
3 network
crossover pulse : counter
detector ~repner=tor -

FIGURE 17
Block diagram showing part of the circuit

for interface using three counters

In view of the fact tﬁat the first interface already existed, it
was decided to build the two éounter system, this being added as extra
hardware to the first‘interface.' This would give the flexibility of
being able to perform the countdown under software control if necessary
or of being eble to use the external counter.

A diagram of the extension to the interface is shown in Figure 18.

.
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clock counter

trigger pulsé
& - gensratoar

P
from orassnyer detectnrs

steering
network '

shift pulse

I generator

B}

counter

memory

FIGURE 18

Block diagram of extension to-the interface

It consists chiefly of two binary counters, a memory buffer and
a clock plus control logic. The elock runs continuously, the counters
being started and stopped by switches, The counters are started
alternately by means of a steering device which changes state at the
end of each interrupt pulse, -Uhan the counter reaches zero, the switch
controlling the clock pulses is automatically opesned and, provided there
is no shift pulse present, a triggser pulse is generated which is
supplied to the interface and also opens the gates between the memory
buffer and the counter alloﬁing tﬁa latter to be.resat. A '"true' signal
must also be present from the computor before tha trigger pulse can be

supplied to the interfaca.

If a crossover pulse occurs while ona of the counters is on, the
shift pulse generator dslivers a pulse to tha interface at the same time

inhibiting any trigger pulses which might occur while the address is
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beﬁng shifted. The memory buffer receivss its information from and
is controlled by the computer. Its output is svailable to the counters

so0 that they may be reset to & velue determined by the computor,

The binary counters mentioned above have eight bits, this valus
being chosen ss it gasve 258 discrete states corresponding to 2 maximum
spesd change of 6 rpm. for a machiﬁe nominally rated at 1500rpm..
fhis corresponds to a change of 0,4% which would be just detectable

with thg instruments availablsa.

THE PROGHAN:

-

Tha basic open and closed loop conirol p%egramﬁ were retsined
while the supervisory program was changed., - Initistion of ths sxecution
of the program was transferred From the interrupt facility to the real
time clock., The mechanism of operation is very similar to that of tha
-interrupt, In the computor is a variable frequency sgquare wave
osecillater, which, under program Fontrol, gan be paussd to generats an
interrupt after 8 predetarmined number of integral cycles. In this
application it was programmed to give an interrupt every 40 ms.,
corregsponding to & frequency of 25-82 since the computor was no lenger
in direct control of the interfacs, it was decided to bring a digital
control signal from the computor to the interface thus returning
absolute control to ths computor. This line was controlled from ths
computor consocls but could alsoc be under program control. For axample,
if a2 current level detector was incorporated in the system, the computor
could causs a system shutdown wsing this facility, if ﬂérreﬁk Consunp=

-

tion became sxcessive.

At the time that these egxperiments were started, there was no
hardware available on the computor by which digital data could bs trans-
ferred to extarnal-equipment in parallel form, i.e. no harduware by means
of which 'n® bits of data could be trensferred simulteneously on 'n?
data lines. Thus the External Control (EXC) lines were used, The state
of eight lines was sequentialiy set sccording to a binary number
corresponding to the delay calculeted by the computor. A ninth line
was used to clock this dsta into the local memory of ths interface,

after which the lines were reset under program control. (See Appendix 6).



CHAPTER VIIT

ANALOGUE SIMULATION OF THE SYSTEM

When the system was set up and tried out in the laboratory with
the extension to the interface, it was found that there was smooth
control of the voltage, the jump at the half delay having bzen

eliminated.

fihen the system was changed to closed loop controli it was found
that the limit cycle mentioned previously still occurredywith the new
system. At this stage it was decided to try and simulate the operation
of the motor and computor. As the computor operated in a discrete time
manner, it was thought that analysis would be facilitated by the use of
the Z-transform. However, in developing the theory of this transform
in the book by Gupta7, the frequency content of the pre-sampled and
post-sampled control signals of a discrate time system is axamined.
It is shown that, if the fregquency spectrum of the pre-sampled signal
can be represented by U(jw), then the frequency spectrum of the post-

sampled signal. can be represented by"
k=co

< 1 NT . <
ux(je) = < D, Ui+ jo k)
k=0
vhere @ = sampling freguency

The spectrum of the pre-sampled control signal U(j ) is shown in

Figure 19a.

35;
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FIGURE 19 .

The spectrum of the pre-sampled signal is shoun in (a) while that of
the post-sampled signal is shown in Figure 19(b)

From this it can bé seen that the new spectrum contains that of the
original plus an infinite number of side components the lowest of

which is squal toupr -w, mh%reusc is the highest freguency component
of the original control signal. In the computor control system just
described it would be safe to assume e would not be greater than

10 rad/sec while the sampling frequency . used uas approximately

160 rad/sec. Thus the lowsst frequency side component likely to be
introduced into the system would be about 150 rad/sec. From Appendix

4 it can be seen that the response of the motor would be approximately -
60 dB doun from the flat response in this frequency region. 1In view
of this it was decided to try and examine ths system on the analogue
computor simulating the sampler as a pure gain and to uss continuous

time system compensation techniques.
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To obtzin the transfer function of the motor, a transient test
was performed by causing an abrupt change in the firing delay of thse
thyristor bridge. This caused a voltage step toc be applied to the
armature circuit of the DC motcr.‘ The response is shown in Figure 20.
tsing the curves and eguations given in Clark?, the transfer function

of the motor and series inductance was found to be:-
) 1
6(s) = I-s+(l,5+j5,{]5)J [§+(1,5-j5,05)]

Uhen this was simulated on the analogus computor, these values had to

be adjusted slightly to give ‘
1 ) -+

G(s) = [s+(1,7+j3,52$J [s+(1,7-j3,62f|

as the simulated response was too fast with the damping being less

than that of the actual system.

The next stage was to simulate the complete system, i.e. to find the
analogue computor equivalent circuit of the digital computor and to
simulate the non linearity introduced by the voltage control of the

thyristor bridge.

The digital computor program was written such that it noted the
control set point, compared it with the actual speed of the machine
and modified the firing delay to bring about a reduction in the srror
batween actual and desired speeds. Thus if a constant speed error
existed, the firing delay time would change at a linear rate. Thus
the computor program could be fepresented by the block diagram shouwn

in Figure 21,

xh-

FIGURE 21

Bleck diagram of the equivalent of the digital computor
program
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This can be easily simulated on the analogue computor.

For a fixed A.C. voltage the relatioﬁship between D.C. ocutput
voltage and firing delay angle of the thyristor bridge is not linear

but can be represented by the following equations:-

T
Far B<G<T *
Ege = 3v3 cos
mw
o . :
and for -—§—<m<2 it ’ : P
3 -
Ege = 3vV3E  (1+ cosa - V3 sina)
w 2 2
where Edc = average DC output voltage
E = peak AC voltage.

This can be easily represented on the anélogue computor with the
aid of the variable diode function generator. Thus the complete -block
diagram of thé‘system is shoun in Figure 22a, while the analogue

computor setup derived from it is shown in Figure 22b.
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FIGURE 22

The block diagram of the system is shown in (a) whils eguivalent

/

analogue computor setup is shown in (b)

16

15

39.
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-

Values can be calculated for the block diagram eguivalent of the
computor pragram as follows. In the program, the maximum rate of ghamge
of the trigger dslay number Is 12 digits per sampling instant in the
range betwsen O and 256 corresponding to the D.C, voltagse varying beiwassn’
220V and 0V, This modification of the delay number is derived directly
from the srror betwsen the condrol setpoint snd tachogensrator voltags.
Thus an error of 12 digits or more betwsen these tuo readings results
in the maximum rate of ahangg af D.C. voltage which is

oy
MY .

max, change of delay number/sample
max. value of delay number '
max. D.C. voltage in voltis
sampling interval in seconds .

whers n

L

i

wd €l B

Now n = 12, N = 2856, V = 220V and T = 40ms.

Therefore the maximom rabte of change is

12 x 220 -
256 » 40 w» 10

= 196 ¥/sse.

An srror of 12 digits cvorresponds to an srror voltege of 12 » %,.8my
= 117 mwy, whera the 9.,8mY is the resclution of the anslogus io digital
convertopr., Thus, assuming the integrator of the sguivalent block diagram

has a gain of ene, there s a itobtal gain of 195 109 = 1700
: 1

approximztely in thes forward loon of the control system.

This gain is not constant beceuse, iF the error incresses beyond
twelvs, the rate of change of the delay number is unaltéred, Thus the
program is simulating the sffect of saturation in an aﬂalagueAsystem,
giving the full gain for small serrors but exhibiting a2 variable gain
once the maximum rate of changs of the delsy number supplied to tha

interface is raached., This is illustratsd in Figure 23,
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FIGURE 23

Variable gain characteristic of computor program

Uhen the probles had been set uyp on the analogue compuior, the gain wae
adjusted to give the corrsct maximum rate of charge of the outpul of
the integrator simuleting the digital compubtor program, for the sams

percentage srror at the summsr.

This simulation was trisd and producsd a responss as shown in
Figure 24,, which glossly resembles the behaviour of the actual system
shown in Figure 25, The analogue system could be very easily stabilized
by reducing the gain constant of the sguivelent computor program fo i,
This could only bs done in the actual system by reducing the sampling
fregquency by a Tector of 300 giving 3 samplihg interval of 12 seconds

which is highly impractical.

The circuit sas then resiorsd to the original gein snd & dead band

was introduced $o see if this would suppress Lthe oscillations around

+

the set point. 8 large dead band of 6% stabilized the system.
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As this obviously introduces a.large sisady stste error, it wes
decided to reclsce this dead band zone with s zone of reducsd gain.
This produced the desired effect as can be ssen in Figure 2%.
Figure 26 showe the response with the 6% dead zone, while Figurs 28
shows how the dead zone and reduced bailn zons were sffacted on tha

analogue compulor.

FIGURE 28

Petching on analagua conputor to achisve the dead zone

and reduced gain characteristiocs

This reduced gain zone could be implemsnted in the digital computor
program by sllowing thes firing delay number to be modified aspproxi-
mately svery tenth sampling instant and limiting the amount by which

it may be modifisd to aboubt a guarter of that in the high gain zons.
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EHADTER 1x

THE FINAlL EXPERIMENTAL RUNS

A new digiteal computor prmgraﬁ was writien for the control of
the D.U, msehine esmbodying the principlss sutlined at tha end of the
last chapter. A dead band of - %% was =lso introduced. Limits on
the maximum rate&m? shange of the delay number were again imposed for

the following rsasons

4

The B.L, motor used for the test :ﬁng has 2 rating of 534, As ths
maximufi current the bridgs rectifier can handle was 33#; it wss necessary
to impose a limit in the program on the maximum rate of changs of

firing delay nf‘ths thyristor bridge in order to control the meximum

current flowing in the power ecircuitl,

‘ The program was written in such a2 manner that iths constents
controlling the bshaviour of the sysiem could be readily adiusted fo
nbtain any desired performasnce. This was loaded into the computor and
test runs were taken, the resulis being described in ths following

paragrabphs.

Fiopures 29 - 52 show response curves of ithe syster teo step inpul,

the melor running initially ab 3100 rpm and Finally seitling % 750 rom,
Excapt as stated the peramsters for these curves are as Followss~

Max. rate of changs of delay per sample: § bits per sampling ;nstant.

Absoluts dead bond: 39 ‘ -

Sampl ing raté in reduced gelin reglon: svery 108h ssmpling interval.

The first five figures show vesponses under no load conditions for

reduced gain zones ss Followsie
Figure No. ra: B 30 31 32 33

Reduced gasin zons widbh,

% of Full delsy ranas 53,5 47,6 37,5 30,0 25,0

percent overshoot a0 Co 5% 10 15

Figures 34 - 3B show rs&ponsé for the matarﬂﬁriving a generator
with a 1k lead at 750 rpm. The reduced gein zone widbths ars ss

follows:-
Figure No. 34 35 36 37 38

Reduced gain zonz widih,

% of full delay rangs 40,0 57,5 23,8 15,7 9,4

percent overshoot oo Lo 5 10 i5
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Figures 54 and 55 show plots of overshoot agsinst reduced gain
zone width for mo load and a kY load on the gensrator. The no load

curve is hyperbolic in nature and oheys the sguation.’
{1 4 0,65 = 47,6

whare 5 = overshook, %
i

i

reduced gain zons widbh, %

The 1k load curve also appears io be hyperbolic in neture, the
load causing the reduced gain width to dacresss, but ¢hse spread in

the readings is too grealt to Find a meaningful amuaﬁiﬂmg

After the previocus trisls, the mechine was run with no Iocad and
the program constants adjustgd to give critical damping. The number
of sampling instants hetween which corrective action was taken in the
reduced gain region, wss then varied. The affects can be compared inm

Figures 30, 39 and 40, the variable being %abulated ss followsi-

Figure Hdo. 54 -39 40
Redured sampling gvary 10ith gvery 20th svery Sth
rate gsample sample sampls

From these it osn be gsean that thes reduced ssmpling rate is
fairly writical. Too fast a sampling rate tends to meke the sysism-
oseillatory while too slow 2 rate tends to produce s result similar

to thalt of an overdsmped sempled date svstam,

Figures 41 » éé show the effects of verying tha‘ﬁamsiing.xaigg
In sach case the sampling time was doubled, as wass the maximum change
" of delay number per sample, while the number of samples bstueen which
the delay was modified in the rsduced gain rogion was halved, to
maintain the sams rate of changs per unit time. The reduced gain zons
width was sdjosted to give & critically demped responss in each oasse
excepiing the last. Considering that the reduced gain zons widths are
within 3% of sach other, it can be. deducsd that tha‘syatam is Independant
- of the sampling frequancy above 6,25 Hz (T = 160 m sec}. The system is

s5till controllable with longer periods but the regpaﬁﬁe is diffsrent.
Ths date For the gurves ares-

Figure No. a1 42 43 44
sampling interval m,seco, 40 g0 160 320

flax. change of delay

per sample 5 in 28 440

Mo. of samples between :
modification of delay in - 10 5 2 1
reduced gain zons

Reduced gzin zone widih percent 37,5 &0,2 37,5 37,5
The generator had a 500 w load =t 750 ropm. '
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Figures 45 = 4B show respanse‘tc a step load of 1 kW applied to the
generator for differsni ssmpling intervals, the parsmeters for each
sampling inter?al baing the same as in the previocus set of curpves,

It can be sssn thst ths di?feé&nce batwsen the curve is negligible,

and shows that ths responsse is sdegusie for loat holding.

4

Figures 49 - 31 show ths responss of the system o a8 friangular
input voltsbe of peask te pesk amplitude 2,4V, Figure 49 shows the
raspanée to a wave of period 100 sec. The srror is slusys within ths
reduced gsin zone so it is smeooth and linear., When 'the pericd is
reducsed to 0,20 sen., the errvor alternates beiwsen the g@w and high
‘gain zopes giving a response as shown in Figurs 50. Figure 51 shows
the response to triznguler wave of period 2 sec. Hers thas change

betweern the two gain zones is so frequent that it eannot be noticed.

This last sei of figures was obtained with the program paramsiers
adjusted 4o give = criticelly damped response with the gensrator
supplying 500 ¥ to 2 resistive load. fArmature current fiow of tha
potor was continuous when these curves wers &ékaﬂa Although not

perfect, the fesponss is sdegusie.

Rasponse of ithe mobtor o a downward step of fFrom 750 rpm b0 375

rpm was satisfactory a8s cen be seen in Figure.52.

If the supply is disconnscted From a 0.0, shunt smolor, & volizge
dues to the back E.N.F, of the motor will bs maintained in ihe motor
circult, gradumlly falling as the motor spesd drops. With a thyristor
dfiue it is desirable that the voltage at the output of the controlled
bridge rectifier should cleossly follow ihis back F M.F., vpliage, if =
smooth response is to be expected from the system on a downward step
of the sstpoint ﬁﬂltaga; Unléss sneciel preceubtions sre taken ths
rectifior voltege will decreasse much more rapidly than that due to
the back £.0.F. of the motor and probably fall to zero as & result of
negative Feedback. Uhsn the motor has slowed Lo near the finsl value,
“the rectifier vwolteogs will have to First incresse from zero snd then

speed up the motor which, of course, has continued to siow down.

It can be seen that this form of compensation gives a readily
centrolliable sysiem, Any degres of dewmping osn bs obizined Tor a
step input to the system. When a ramp vollage 3s spplied to the input,
Lhere are no signs of instability although gnx cartain retes of rise

of input voltasgs, the system response is erratic.
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CHABTER ¥

EONCLUSIONS

The objects of this thesis se set put in the introduction are
(i)"tn design and build an interface betwsen a computor and =
thyristay bridge rectifise, {(ii) to writs & suitable program,
enahlin@ the ﬁampuﬁo% to provide closed loop spesd control 40 .a
D.C. machine and {iii) to investicaste the compaiability of various
. types of tachogensrators with the analogue to digitai{manvartax af

the computor.

The final muﬁi?iad interface provided what was at first
(thought to be complete control of ths rectifier but ss tan ba seen
on most of the curves from Figures 29 - 52, a slight discontinuity
reveals itself st sbout 300 rpm. This is caused by 2 loss of the
trigoer pulss whan it immediately follcws the ahifi pulse for the
longer delays  Its behaviour is very esrratic and its axact cause
was never traced. Thus an iﬁterfaca using three binary counters
pffars = much nesiter solution to the problem, aveiding the method

of address shifting used in the present interface.

Whan the original interface was vused, tha analﬁguaﬂﬁalay for
the thyristor was provided by thes computor, necsssitating 1%
gervicing ithe interzface 300 times 2 sscond, Depending an the
length of delay, it could spend up to 95% of its time.in a count-
down loep providing this delay. The modifisd interface allowed
the computer to run ssynchronously with it, teking less than 2%
of the computor time, This frees the computor to do other tasks,
such as controlling more mechinery for entire system control,
data logging and general calculations. It is even possible to
“use this intsrface Tor sampled dets control, the longest sampling

interval being limited only by the sysitem being controlled,

The compensation roublines developed for ths computor, while
parhaps not gliving optimal performance For any ena'iypéhﬁ? input
. oontroel volbtags, do produce s system which is stsble at 2811 times
ang provides s satisfaestory r&sbamsa to load tréﬁsiaﬁﬁs, It is
unlikely thet the general performance of the system can be
improved but response to any particular set b? circumstances can
be imﬁrnve& at ihe sxpanse of the resporse Yo other input wave-

forms.

The spesd of rosponse of the system is slow bul zen be

46,
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improved if.a thyristor bridge of greastsr current handling

capability were used.

Digital systems aré genarally less affected by noise then
their snalogue counterparts, however, the digital compuior iz =
tremendously compliceted piece of eguipment and it appsars from
its behaviour in bthe test runs on the machines to be more
suscaptible o noise than a simpler analogue conbroller.  Hhen
it is affected by nolse It wsually means thal the program is
partiaslliy destroved resuiting in the computor completely losing
gontrol of the machine which usually aiéhar stops or runs up Lo
maximum speed. This is probsbly the most ssriocus drswback of
the system though-iﬁ should not be insurmountable. Industrially,
minicomputor control, although not as clossly linked with the

machings as here, seems to be enjoving incressing popularity,

Failure of thes computor as used iﬁ the system desveloped In
this thesis would mean manual, open loop control of the motor by
hand setting of. the delay number for the thyristor bridgs. This
is tedious but it cen he done in e case of emergancy. The
computor used for the axperimental setup has never had a failure
af the type that would render computor control of the aystem

impossible,

3

f tigpita!l computor hass to digitize 3ll anslogue srror in
praéeasas which will alwsys resull in & guantizetion error in
both input and putput. If this quentization noise is not to
affect the systam, the analogue to digital, and dinitel to
enalogue conversion must slways be performed with grester acouracy
than that reguired. This was found to be so with the tacho-
pensrator voltege that wass fed back to the compuitor. The ripple
in this signal wes alwavs sufficient to cause the analogus to
digital convertor outpubt te vary by a2t least ore bibt, but the
situstion frequently arose where the tacho voltzge waes such that the
same amouni of ripple caused the convertor output to vepry by tuc
bits, resulting in the D.C. motor hunting. This was eliminatsd by

increasing the width of the dead beand,

Feonemivally, tompuior control of one machine is not justified.
Thiszs svetem was mainly developed to ﬁimpl%?y those systems where @
computor weould normslly be usad, This system sliminates the nead
for digital to anzlopus convertors of the conventional tyﬁeramd
eliminates the need for ihe expensive anzlogue control gsar normally

used., If this sysiem wsre used with a digital tachogensrsior, thse



cost of interfacing the computor would be less than RICD.

Yarious types of tschoganerators wéra tested. There was
no great difference betwsen these and it was possible to uss
any of the vsriocus types provided thast they were of reasonably
high guality. If extremely high amnéraﬁy is reguired, the
permanent magnet motor A.0. tacho of graatgr than 32 ooles would

probably give the most satisfactory signal.

48.
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APPENDTIX T

THE COMBUTOR

The ﬁmmpuiaé vsed For this Thesis is a VYarien 622/1
which has 8 kilo-uwprds of memméy, sach word consisting
of 18 hitﬁa‘ Sofitwave input and ocubtput is by wmeans of
taiaprint&x‘kgybaard and pags printer as well égoa:

high spsed paper tape reader and punch.

This computor has & very simple input-output svstem
where sll the peripherals are controlled and accessad
through a single input-output bus, which consists of
sightesn parallel dats lines and seven méﬁtrﬁl lines,
This works on the party line aystﬂm'wherg all the peri-

pherals are connected in parallsl.

Each device has an adﬁregs number associsted with it by
meang of which it may be interrogeied. Legic which is
physically located in the computer on what is ecalled s
peripheral deavice control card, performs this address
gegoding, es well sz the decoding of instructions and
genseration of the responses to the‘mmmpmtmr$ Hormally
all communicaltions are initisted by the computor, D
except in the case of the Interrupt and Direct Wemory

Access Facilitiss,

The input-output instructions in which all information
transfer is performed by the computor, can be divided

intoc three groups.

{2} Contirol Instruﬁtiaﬁs; Thess ayre called Cxtarnal

Control Commands by the computor manufactursy
and are vsuslly ussd to start or stop the peri-
pheral device or fto set the device in readiness
for 2 pariicular operation. In this thesis, the
instrdotion was uvsed in conjunction with =
spacial ﬁdﬁ%réi card which allows 2 set of
eightsen flip-flops to be controlled by means of
these instructions. This wes used to nenerats
the triguar and shift pulses for the firsti intear~
Face and For the dats transfer in ihe modified

interface.
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{b} Device St%tuﬁ Senggllhstructicﬂsa Thesd instructions
" are used %o enable the computor to asecartain the
status of 'a pericheral device preparziory to the
interchange of informaiian.
flost periphersl devices incorpoysie some mechanical
process in their operation with thes result that they
are ususlly much slower than the compulor In operation.
Thus, if the computor is transferving information
sontinususly to » peripberal deviece, it must first
use the sense instruction to ascertalin if the device

is ready to transfer information,

On the spscial control card mentiocnsd earlierp, tharse
are also sightssn sense lines which are svailabls

for externzl comnsction. Thus the sitatus of sxternal
devices can be assecertainsd using thess lines. Forx
gxample, if one of these lines could monitor a current
level detector, slight overloads could be detscisd by
"tha,eamputcr allowing it fo taks corrective action
befors ssvere pverlioads or failure of components

pould ooour.

{e} Data Transfer Instructions., Thess instrucktions

cause the aciuasl transfer of date betwesn the compuior

and 2 peripheral device, Thase instructions usually

follow 2 sense instruction; ensuring that valid data

is aboul te be fransferred. It is possible to trans-
" fey data directly betuween thes peripheral device and

mamory or the ascoumnulator.

There are two more fecilities svaeilable which ars connected
to the input-output bus. There sre the Interrupi ang

Direct Memory Access {D.M.A.) facilities.

The Interrupt flodule offers a2 facility whersby it is
possible to interrupt the computor in the program that
it is executing and cause it to jump to another progrew

o service that interrupt.

The interrupt can be genersted in t%e pomputor by placing
a logical nought on one of eight lines connected to the
interrupt causing the computor to jump to a specific
location in memory where it will find the program that
services that interrupt. The module is sp designed that

line 0 will heve highest priority, while lins 1 will
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genarate an interrupt provided line 0 is not generating

an intayrupt, ete,.

The D.M.A. iz = facility such that it is possible to
entar information direcily into the memory of the
pomputor without the program cu?rentiy being sxsculad
taking any part in the process. The data transfer is

initisted and controlled by the external devica.

Hhen it is reguirsd that dats be fransfsrred, ths psri-
pheral device signals the computer which iﬁen conplates
the esxscution of ite current instruction, %rams%éra ong
word of data beotwsen memory and peripheral device and
then continues with its program until it recsives

anpther signal from the peripheral device.

The interrupt and D.H.A, facilities are the only two
wheraby it is possible fTor exiternal devices to control
the operstion seguence of ths compulor, greaily enhancing
the ﬁiaxibiiit% of thisz maechine, It is pessible to
influsnce the compputoy by means of the sense Lines,
sither directly or indirectly by causing it to waii for

a certain status of an axternal device, but it has to
wait in a program loop continually tssting the line until

the response is ftrue.

In the case of these iast two fecilities, the computor

ie laft free to perform other functions until the

gxternal sguipment is pready to é;mmunimata with the computor.
Computor response is aiso faster as it cen tsks asction
immedisiely sn instruction cyole is completsd. In ths

cese where the sense lines are used, it can only check

ance avary btime it goss through the proorsm loop which

will involve three or four instructions,
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“APPENDTIX 2 .

THE ANALOGUE TD DIGITAL CUNUtRTDRS

The first analogue to digital convertor used was manu-

‘factured by Redcor Modules. The complete convertor

input
chann

sysiem consisted of the analogue to digital cnnuértor,
a sample and ﬁold, a 10 channel multiplexer and a 10v
ref, sourece, a3ll supplisd with plus and minus 22,5Y

-

D.C. as shown in Figure RAl."

10 analogue
els ; | ¢channel sample to To
multi- digital
d
: plexer an convertor Computor
—_— hold
10v
referenc
: FIGURE A1

Block diagram of analogue-to-digital convertor

The convertor has a bipolar input of 10V, It is a 12
bit convertor giving 2 resclution of 4,8 mV per bit and
works on the principle of successive approximation giving

an average conversion time of 44 sec,

The frequeney bandwidth of this convertor is severely
Limited if its full accuracy is to be realized since the
input voltage must not change by more than half a least
significant bit in its conversion time. Assuming a sine
wave of 10v amplitude the maximum frequency can be

calculated as follows:-
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Maximum rate m?'éhahge of wvolisge ig:-

Aousn St a,e e qpmd

sonversion time. 5 dE w 1o~ T 94,5 ¥/sen.

Rate u? change of volisge of a sine wave =
[ . A . . ‘.

- . Ve oose b

where Y = amplitude of wsve

«w = angular freguency .
S ) E = time . . .
. . Maximum rate of ghange = ¥ = 10 = 54,5 U/sec.

P
P

e = 5,45 rad/sec.

#

@;; ¥ 0,87 HZ
Howsvar, tha frequaﬁay'rasnoﬁsa cen be greatiy enhanced
by the sddition of a sawmple and hold wodula, This is
ponnacted betwean the incoming signal and ths analogue
to digital.CQﬁvartara Hhen this devieces iz in the sample
modae, its ouigut Fallows the input, but in the hold mode
the output is Tized al 2 value corrvesponding Lo the input
at appraximetely that time when the szmple mode signel is
removed. Thsre is a delay, typically 5ins bstwsen the
time when the signel is removed and when the device
actually clamps its output. There is also a certzin
ampunt of unoertainty or jitter in this device, 1In the
sampls and held used thisvjittar is Bns-which gives an
uncertainty of lmv in sampling a signel shoss slew rats
is 0,2%/s. "Assuming the signal is sinuscidal and has an
amplitude of 10V, the maximum frequency the device can
handle is

0,2 x 106

2Wx 10

= 31,8kHz

A ten channe}l multiplexer is added in front of the sample
and hold to increpse bthe usefulness of the convertor.

Yith this it is possible to have wup to ten anmlogue devices
connacted to the sonverfor, the aaméétﬁr selecting the

ghannel thst is to be sampled before initiating the conversion.

The ten wvoll reference source is used by the analoqgue to
digital convertor sgeinst which it compares ths input signal

fFor purpeses of conversion,
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During the courss ﬁ? this ﬁheéisg the convertor Failed
g8 a rasult of Faulty operstion of its powayr supply,
Conseqguanily, another anslogus %q digital convertor was
wped, This was manufagtufadAh§'&naimgua Davices limited
and is 2 10 bit emmvar?ﬁf with & bipolar input of % By
gi?ing é resolution af‘apﬁrdximately 8;8 ﬁﬁw its con-
version bime is apprﬁxiﬁately 25 BEE,

it aam~§e saém:?ram the foregoing that this type of
convertor, having s Fairly high Freguensy capability, is
rather susceptibles ts noiss. Thus the leads iﬁwﬁhe
convertor from the tachogenerstor, and the setpoint control
had to be screened and low pass filters included in the

girouit reasonably near to the canvertor,

As npise from the tsghogenerators, which is mainly brush
noise or ripple Prom the AC tacho, and ripple caused by
shaft eccentricities could not be reduced below about 15wV,
jitter was always present in the tachogensrator readings.
Thus é small deasdband region slways had to be incorporeisd,

in the computor program to allow for this.

H
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APBDENDTITX 3

TtTeT T TACHOGENERATORS

‘Tﬁis appendii'ﬁreifly lists the- specifications of the
tachometers used and some of the output obtained from
them, =~ e

a0+

£.C. TACHOMETERS:

+ .

The first tachometer tried was a 32 pole permanent
magnet rotor type.with nameplate spacificatinns*és
follows:- L
Type -~ Mawdsley T.G. 210

Output woltage/1000 r.p.m. 20,1 RNS

. maximum:Current g,3%a \

The uutput'uolﬁage waveform is shown in Figure AL,
This signal was rectified and smoothed by the circuit

shown in figure A2,

= 4 pfd

— 40 ufd
“from

tachogenerator

“FIGURE AZ

Cireuit of rectifier and,smdothing circuit used for
fawdsley tachogenerator

the output waveform being shown in Figure A6,

The effect of rotor misalignment can be clearly seen

in this figure.

The second A.C. tachometer tried was a magslips with

the following specifications:-

Type — RMuirhead, Magslip ~ 2" Induction Genarator No.l Mk I
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Input; 50Va lEU Hz -~ Power Consumption: 7w

ﬁutput; 7u/iﬁﬂﬂ r;p.m..in.lD—K load

éourge inpedance 315, o

To obtain 2 D.C. signal from this tacho with an accept-
) able rippie voltage, the filter time constant would be
much greater than one tenth of the 400 ms time constant
of the motor first used for the test runs, so it was
daqided tﬁ suﬁply the tacho from a 400 Hz §upply. This
nave an output voltage of 3v/1000 rpm inte a 10 k load.
This signal required amplification, rectificatiéa and
‘smoothing before being applied to the analogues to

digital convertor.

An operatibnai“ampfifier being basically.an instrument
amplifier has insufficient curfent drive to supply =
capacitive input filter. When a low pass RC filter is
ysed, the output is significantly less than the 10w
maximum that the operational amplifier is capable of
supplying. Thus it was necessary to use two operational

amplifiers 2s shown in Figure A3.

33k

10k 180 10k

10k

FIGURE A3

Circuit used to smoeth and zmplify the
signal from the magslip

e
r

D.C. TACHOGENERATORS:

The first type of D.C. tachogenerator tfied was the
conventional type with permanent magnet field and wound

armature, The generator was of the cheaper type normally
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used for 1nd1cat10n purpases.. (It was Fourd this type .
suFFered From a, large amuunt cnmmutatlcn n01sa, maklngl‘;
the signal totally unsu1tahle for the analogue to

'dlgltal conuertor of the computor. After the nther

types of tachogenerator mentloned in thls appendlx N
were tested, ‘a high quallty tachogeneratnr of the type
Just descrlbad was purchased and tested.  This was

found to give satlsfactnry results as shnmﬂ in Flgures
A? A8, A9. o . S ) _

The divider and filter circuit is shown in"FigL%erné.

' 1

4,7

I

410 — 50 pfd

FIGURE A4

Didider and smoothing circuit used for
Hubner 0.C., tachogenerator

The specifications for the tachogenerator are as follows:-

Type: Hubner TDP 0,2 - 4
Output voltage 60v/1000 r.p.m.

Maximum curreht 67 mA

Another type of D.C. tachﬁ tried was the homopolar tacho.
These types have small outpﬁt voltages and current
collecting brushes but no commutators., It was hoped that
the output signal would be relatively noise free.

Two variations of this type of tachogenerator were tried.

The first one tried was one similar to that supgested by

14, This consisted of a disc psrmanent magnet

Ramshauw
magnetised axially with single polarities at the faces.
A brass disc was fixed in contact with this and the two

rotated as one unit.
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The Field from the magnet could be regarded as ‘staticnary,
with the disc acting as one continuous conduster rotating
in.the field. The advantages of this system are that no
iron clreuit. is required.and that any vibretions in the
shaft do not cause éﬁurious uai%agas to be introduced

intn tha\autput.signal begause the field and conductor
mOVe aslﬁﬁeg éeeﬁitinghin noe relative mm%amantrbetwaeﬁ
%hesa two. ?hé'bié drawvhank is thaé the output wvoliags

is extremely small - about 1uV/1600 ©.p.m.) s, that the
neise introduced by low noise brushes is still a' few order

i

of magnitudes higger than the signal itself.

The second type of homopolar tachometer also has a brass
disc and brushes at the centrs and pariphery but it has
a stationary energised field with an iron circuit. With
tha field fully energised this produced sbout 0,07v/1000
rpm, the percentage noise volisgs being lsss than that
gncountersed from the other tashogenerators, This signel
maul&dreauir& srplification before being epplied to the
anaslogue to digital convertor. The output wevsform is

shown in Figure ALID.

From the sbove it can be seen that the pesrmanent magnet
rotor A.C, tacho and permanent magnet fisld, wvound armaturs
DL twcho prgwide the simplest means for obimining an
analogue sﬁééd indicaticn which will provide a signal

capable of being read to an accdracy of better than * 0,02%.

For greater precision the magslip or a higher quality

homopoler techometer than the type tested would §yavid8

cleanar and mors accurate signals which could be processed

with grester facility by the computor, Thess tacho-

gemeratérﬁ would, however, require stable power suppliss.
RATE OF CHANGE OF TACHODEMERATOR VOLTALE

UPON ADPEL ICATION BF Full LOAD T4 AN
UNLOADED MACHIRE .

The average unloaded D.C. shunt motor will show approxi-
mately & 5% reduction in speed as it is leosded %o Full load,
If this is applied suddenly, the cate of change of speed

#will be less than that of an sxponenti=zl.

The First machine used had a caloulsted motor time constant
of 379 m sec. This bsing a 1500 ppm motor, the loaded

maching would run at approximataly 1425 rom, Thus a step
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ioad planed on the machine would resull in 2 rvesponse
slowsr then indicated by the‘f&llﬁéing anuabion:

s = 1500 - 750 (1 - @ "0:379%

where 8 = mnotor speed, rpm.

= time, seconds.

The sampling interval of the original svstem was 3,3 ms,
thus the initizl change of tachogenersior voltage in this
time Is as follows:-

EH

0,379 % 3,3 » 1g-9

¥ = 10 = 10 x 1500 - 750 {1 - & , ' )
1500 S
= 8,3 mY
whara ¥ = change in tachogensrator voliage

This is cowmperable with the noise present in ths tacho-
penerator signal and sop 1% would be impossible o detsct
the true rate of changs of volizge which would slways be

less than this.

The method of operation of the analogue to digital convsrior
genarally makses the computor more susceptible io noise in

ite speliogue input bscause the sample and hold module is
commanded to hold its output at any arbityrary instant

relative o the inpubt waveform., This may ococur st the

instant 2 noise spiks is present on the input signsl

regsuliing in the digitisation of 8 voliage that is considsrably

in error of the true input signsal.
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load piacad on the machine would result in a TESPONSE

slowar than indicated by tha‘fullu&ing aguation:

1500 ~ 750 (1 - s ~S9378%

motor apagd, THm.

&

i

whare S

it

= time, seconds.

The sampling intervel of the original svstem was 3,3 ms,
thus the initizl changs of teachogenserstor volitage in this

time im as follows:- "

¥

)

ig -3
Y = 10 = 10 x 1500 - 750 {1 - g 02079 ¥ 3,3 % 10

1500
= 4,3 mVy

where ¥ = change in tzchogenerator voltage

This iz comparable with the noise present in the tacho-
generater signal and so it weuld be impossiblie to detant
tha frue rate of changs of voliage which would aiways be

lass than this.

The method of operation of the asnalogue tp digital convertor
ganerally makss the computor more suscepbible Lo noise in

its snalogue Iinput because the sampls asnd hold module is
pommandsd to hold its cutput at any arbitrsry instant

relative to the input waveform., This may ococur 2t the

instent a2 noiss spike is present on ths input signal

resulting in the digitisation of & volbtage thelt is considsrably

in error of the true input signal.

It



FIGURE AB

Wavaform of A.L.
permanant magnet rotor

tachogenerator.

i

ims/div
10V/div

Spgele: x

Y

1

EIGURE &7

Mlaveform of output of
Hubner D.C. tacho-
genarator.

bottom line of graticule
is OV. '

Segale: x = 10ms/div
Y = 10V/div

b

FIGURE AB

Dutput of smoothing circuit

connected to Hubner D.C.

tachogenerator.
Scale: % = l0ms/div
Y = lomy/div

EIGURE A6

Waveform of ocutput of
amoothing circuit from

4.0C. tachogsnerator

Scale: %

1

Ems/div
10my/div

it

EIGURE A8

HNoise of putput of
Hukner D.C. tacho-

generator.

1ams/div
0,5V/div

Scale: ¥
Y

i

H

FIGURE AlQ

butput signal of energised

field homopolar tacho.

bottom line of graticule
is OV.

Scale: X% = 1l0ms/div

10my/div

1
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- APPENDTIX &

- THE POWER CIRCYUIT AND MOTOR
‘CHARACTERISTICS

The power circuvit is shown in detail in-Figure Al(.

| . N AL
JAN I\

A~ A R

150 150

FIGURE A1D

Diagram showing circuit associated with D.C. machine

Power comes from the three phase A.C. supply through a
2:1 stepdown delta-star isolation transformer which also
provides the commutation reactance for the three phase
fully controlled thyristor switch. The bridge consists
of six R.C.A. 2N3899 thyristors which gives it a maximum
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continuous current cepahility of 334, Spike suppression
for the thyristors is provided by 8 small three phase

diods bridge driuiﬂg on R.L, network which has sn sxtremely
low dynamic impesdanee. This gives protection malinly
against spikes originating slsewherse in the mains supply
and gives only limited protection asgainst voliage spikes
gensrated in the bridge itself. This is no serious draw-
back =3 voltzge spikss which sould bs demaging to the
thyristors ars nob normally generatsd in this §mrt ef

piroulb. _ <

Immediately after the bridge rectifisr is the centre
tapped bleeder resistor necessary for reliable operation
of thae thyristors. The circuit is theon completed by ths
series Inductor end lhe srmature vlreuil of the D.CO.

shunt motor.

The saries inducter alliows conbinuous current flow inm

“the motor srmature cireuit and reduces the ripple voltage
prasent in the armature circuiit. The wvelue of the inductor
was chosen using the formulae and curves given in a paper

by Bingleyla, talking p' = 6, cos x = {, Id = 3a,

The freguency responss is shown in the lowsr curve of
Figure All. This was oblained indirecgily by taking the
frequency response of the motor and en $.C0.R. control

unit (upper curve, figure All). The freguency response

af the controller was then nbtaiﬁsd and the motor response

deduced from these tuwo,

The transient responss of the motor was also taken using
the computor and bridge rectifier built for this thesis.

Tha response is shown in Figure 20.

"
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APPENDTIX 5

THE INTERFACE

The original interface is deseribsd in deiaill in the
wain text and will neot be described further hers. A
1ist of semiconductors and integrated circuiils is,
however, given below in Table I and a detailed eircuit

P

disgram is niven In Figure ALZ,

A

JABLE 1

{ist of semiconductors ussed in original interface.

SECTION DEVICE TYBE DUANTITY

LTOSSNURYD diode IN4LE4 6
detectors transistor BC1O7C 6

R T T T - T T Ry

crossover

mpnostabls transistor BLigvc 12
multivibrator
iooal memory and J-¥ fiip flop e Iosop 3

tontrol logic cusde2 input

e 7E4p 4
pate .
triple-.3 input Ne 792p 1
gate
dual-4 input
buffer gata me 788P 1
dual buffer me Tean i
trigger control
mongstable transistor BL 107C 12
multivibrator
trigpgeyr ocireull transistor BC 107C
injunction SNDEAE
transistor

G Es ws ak W we mm oW W e @R R e am Gw aa SF S% MW WR @A &R &m me  SP aw me ae g aw

8 brief description of the operation of the extension to
the interface is given in the wmain text with a block disgram.
i few further delails are given heré with 2 cirsuit diasgranm

in Figure Al3, and 2 list of integrsted circuits in Table 2.

The binary counters consist of D-flip flops. These are
different from the 3-K flip flops in that they havs only

one datz input and that the cutpul changes state on the
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positive going edge of the clock pulss., In the con-
figuration in which they are wired in Figure AB and
assuming pegitivawiﬁgimy the Flip flops form a8 douwn
gounter, this being what is required. Unfortunatsly,
to set thess Flip flops hefore the count starts,the

present inputs would have to be used.

If the Sﬁata of one flip flop is té remain unchangad
while the one preceding is to be reset, the first flip
flop would change state when ths suiput of the previous
gne went frem 0 to 1, resulting in s chaln reaclion

with the following counters being set to 1.

This difficuliy would be avoided if the clesr inpuls
were used, Dutput would be taken from the complemented
putputs with the counter now bghaving as an up-counier,
This will provide satisfactory operation If the comple-
mented ﬁﬁtpﬁts of the buffer memory ers Ted to the

vounters.

The putput of the gate which detects ths zero state of
the counter is olocked with the mein oscillator in order
to sveid smbiguous trensitional states of the ripple

counteyr giving false zeyo indications.

There are two interlocks on the trigger pulse genersior.
The first is in conjunction with the erossover ﬁatectﬁfs
from the original interface, As soon as a creésever pules
arrives, the trigper pulse from the generator is inhibited,
zliowing the interfece to store the address of the next
thyristor to be friggered. The irigger pulse s sufflicient-
1y long for a pulss to be deliversd to the interfsce sfter
the crossover pulse has ococurred. The sscond Interiock
dayives From bthe shifb pulse generator. This Iinhibits the
Eriguer pulse generator whils s shift pulse iz beling
deliverad. If the binary counter reachss zero whils this
pulse is present, the counter meintasins this state until

it is possible for the trigger pulse to be delivered.
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memory buffer

v e mE dm me wm A dm am e

gounters and
psontrel logic

W ws e  wm @ G am W ww

-5hift pulss
generator

Al5

TABLE 2

DEVICE

gusd latoch

“m  am aw wm e mR e BB ME mw AR AR aB A Am e mw a8 A e

D fldp flop

tripls 3 input
gate

guad 2 input
agate

e ww e we ww wwm o wm A sw  ww aw M am f oam am ew aw

monostable
multivibrator

guad 2 input
gate

TYpE
SNT4TH

SHTATE
SNT7ALD

GNTA00
SHT440

SN74121

SN7400

BUANTITY
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A-PPENDTX 6

THE COMBUTOR PROGRAMS

This appandix contains the flow diagrams and programs used for the
original interface., A program used for data legging the firing
delay number is also included although no chart is given as this

is used in conjunction with the second control program.

interrupt
enter

is
delay
value betupeen
‘ 0 and

400

YES

is
delay
value between
401 and
GCg

YES

-

is
delay
value betwsen

call
Routine
to deliver
shift pulse
to interface

call Routine to
deliver shift call 5
pulse ‘to interface delay

: routine

subtrzct time for
calculation from

END
delay number.

Call delav routine
1

£




read tacho and
set voltages
through A/D

" has
setpoint YESH call delay
voltage time calculation
program
modify
delay
number
register ] '
zere load X
with
aon
decrement subtrect
X tacho resding . o
: from setpoint
reoister reading

difference
greater than
12

limit .
to 12

subtract
dif ference from
delay
number.




real time
clock interrupt
enter

open
or closad loop

BPEN

control

CLOSED

find error
betweaen

actual speed

end seipoint

YES

call:
delay time
calculation
program

it greater
than 10

load X |l
with 10
modify
decrement delay number
X by 12

-

output dslay
number - to
Interface

END
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*MACHINE BY DETERMINING FIRING ANGLE OF *
*THYRI STORS %
* HeFele a4/,12/70 %

ke ok ok o ok sk ok ok e ok sk ok sk ok sk sk ok ok ki ok ok ok ok sk ok ok skk ok e ok ok skok ok ok sk ok ke sk sk ok ok
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» BCC
s HACCe
» 45

20847
P FLAG
+ 1.0G

P

P

»

» SAVE

» SAVE+ ]
s BAVE+S
» §6344

» FRET
ks B

s 050
pEET

» 0B0
s PELT

+LIMT
+ ADDR

#1

RTC INSTR.

MAIN CINTROL PRUG.

ENABLE INTERFALE



PAGE 000002

oodlan QL0154 : 2 STA +FLAG

Oo0143  0L0I50 sL.DA s SAVE

o00l44 020151 +LDR 5 SAVE+]

DUDIAS 030152 sLIK > SAVE+D

po0l4a6 001000 2 MPR L CALC

000147 100116 R

QORISR0 SAVE »BS85 »4

oo0is54  0OOOD0 FLAG »DATA o0

o00155 +BSS 55

on0o16s AT SB35 55
e e 3 e e e o o o oo e b o ode e o ol ode e e sl i e o ol e ol e ol el e el e e e
* SPEED CONTROL PROGRAM ’ *

Bk ko ook o okl dokk R ok ook ok R kokok b ok ok

000167 (O0CO0O0 PELT »ENTR -
000170 002000 2 CALL »UPDA

000171 000337 R

Goo172 002000 # CALL - SPOD

00173 004364 R

0o0i74 Q01200 " 2 JSEE s+ T

QoDI7S 000203 R

GOOLYe Q20046 # GALL » DLY

CO0LI¥Y 000257 R

Go0200 050162 » 5T8 =000

GOO201 Q01000 s JMPE 5 PELT
., B00202 100157 R

0o0203 002000 » UALL 2 ERR

BOB204 Q00430 R

0ooa0s 001000 2 JMPER 2 PELT

000208 100167 R

OiGa0Y +BES 5
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* SUBROUTINE TO LIMIT MaX RATE OF CHANRE OF DLY #*
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poo214 000000 LIMT -ENTR » -
000215 010162 +LDA sACC LATEST DELAY

opo2ie 140163 » SUB 2 ACCH ] FPREVICUS DELAY
ooo2iT 601004 rod BN a%+8
CoO2E0 000227 R

0Oo2E1 006140 #5UBY 12
QOORZE 000014

gooBe2 LIMI »BES 0
GLRORRZ CRI0G4a s BN S OUT
QoonzZza DO0R46 H i

QnoezEsx 001000 #JMF  LINMP
0002286 OGO240 R

pogaay 120252 2 ADD HSLIME
000230 001002 +JABF L GUT
Qo231 QG0R4AG B

000232 010163 DA 2ATC+]
000233 1403352 + 5UB SLIMZ
oO0234 050163 £ 5TH  ALCH]

0O0R35 050162 #5TA 24800
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- 000236
000237
000240
00G241
000242
000243
-000244
00245
000246
000247
000250
Q0251
000252

000257
000260
000261
000262
000263
000264
000265
000266
000267
000270
000271
ogo272
000273
000274
000275
000276
000277
000300
000301
000302
000303
000304
000305
000306
000307
000310
000311
000312
000313
600314
000315
000316
000317
000320
000321
000322
000323

00003

001000
100214 R
010163
120222
350163
050162
001000
100214 R
010162
050163
001000

100214 R

000000
010332
006140
000071
001004
000277 R
006140
000615
001004
000307 R
006010
000777
140332
004301
001000
100257 R
006010
000071 -
140332
004301
006120
000716
001000
100257 R
006010
000707
140332
050323
004343
050324
010323
140324
006120
000163
001000
100257 R

» JJMPx LLIMT

LIMP ,LDA ,ACC+)
»ADD SLIM1
»STA sACC+1
»STA SACC
» JJMP% LLIMT

OouT LLDA JACC
»+STA ,ACC+)
s JMPx SLIMT

LIM2 »BS5S 5
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*CALCULATION OF DELAY FOR SPECIFIED SPEED UNDER *
* NO LOAD : *
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DLY »ENTR

sLDA »DES

»SUBI  »57

» JAN » DNE
»5UBI ,397

» JAN » TV
+LDAI 5511

» SUB »DES
+ASRA 1
»JMPx L, DLY

ONE »LDAI 257
» SUB » DES
sASRA 1}
+ADDEI s 462
2JMPx S DLY
TWO »LDAI , 455

» SUB » DES
»5TA » TEMP
“"2LSRA »3 SUB 0.125 FROM VALUE
»STA > TEMP+1 TGO ALTER SLOPE
+LDA » TEMP

# SUB » TEMP+1
+ADDI 5115
»JMPx  , DLY

TEMP +BSS 7
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000342 103155
000343 005000
000344 005000
000345 100155
0006346 101155
000347 O0OO0D353 R
000350 005000
000351 001000
000352 000346 R
000353 102055
000354 000332 R
000355 001000
000356 100337 R-
000357
000364 000000
000365 006010
000366 000001
000367 103155
Cc00370 005000
000371 005000
000372 100155
000373 101155
000374 000377 R
000375 001000
000376 000372 R
000377 102055
000400 000403 R
000401 001000
000402 100364 R
000403 :
000427 000011
000430 000000
000431 010403
000432 140332

- 000433 001004
000434 000444 R
000435 006140 @
000436 000034
000436
000437 001004

000004

DES +BSS 55 .
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*READING IN OF DESIRED SPEED FROM ADC CHANNEL O %
e s e ke o o s e ke e ok o ok sfe s o e ok sk sk e ke e ok sk e e ok ok sk sk ok ok sk ke sk ke o ok ook o ok sk ok ok ok

UPDA LENTR »
+LDAI 0
+» DAR » 055
+NOP )
+NGP s ,
+EXC » 0155
2 SEN ° »01555,%+5
2NOP >
» JMP 2%=3
2 IME » 055, DES
»JMPx  H,UPDA
» BSS 25
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% READING IN OF ACTUAL SPEED FROM ADC CHANNEL 1 *
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SPOD LENTR »

+LDATI  ,01

+» DAR » 055

JNDOP >

+NOP »

»EXC 20155

» SEN »20155,%+4

» JMP 2%=3

-

» IME » 055, SPED

» JMPx  » SPOD

SPED »BSS » 20

NUM s DATA »9
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* COMPENSATION ROUTINE %*
e 3 o o e ok ok ok ok ok sk sk e ok ko e o s e ok o ok e ok ok ki ke ok ok ko
ERR JENTR »
sLDA 5 SPED
»SUB ,»DES
»JAN L %+9

»SUBI »28

DED »BES

»JAN

0
»DZN1
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000454
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001000
000450
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001002
000507
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650162
001000
100430
070541
030542
001040
000463
040542
001060
100430
120436
006140
0000602

001004
100430
006140
000005

001002
000477
120471
001000
000500
010471
005000
006020
777766

060542
030541
001000
000450
070541
030542
001040
000515
040542
001000
100430
140436
120465
001002
100430
120471

MODb

bzN1

DOD

LID

ATTN

DZN2

2 ADD
» JMP

» ADD
2 JAP

» SUB
» ADD
» 5TA
» JMP¥

» STX
SLDX
s JXZ

»INR
» JMP%

2 ADD .
» SUBI

»BES
2 JAN®

» SUBI

» BES
» JAP

2ADD
> JMP

+LDA
sNOP
»sLDBEX

+BES
+5TR
LI
»JMP

» STX
JLIX
2 JXZ

+INR
» JMP*

s SUB
2 ADD
> JAP*

+ ADD

» DED
»%k+6

+DED
+ DZN2

» DED
»ACC
+ACC
+ERR

»INTE
»INTE+ 1}
2 %+5

s INTE+ 1
» ERR

» DED

2

+0
+ERR

25

20
»2%¥+5

+LID
»2%+3

+LID
>

+~10

s 0
»INTE+1
+INTE
+MOD

»INTE
»INTE+1
2%+ 4

+INTE+1
+ERR

»DED
»DOD
sERR

sLID

e
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000523
Bo0524
GOO525
ppos526
ooosarT
QU050
poos3t
000532
a30533
400534
GOO535
400536
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000546
000547
000550
0O0551
000552
000553
ODOS54
000555
005586
OOO5S7

000560

Q00561
000562
000563
000564
000565
000568
000567
000570
000571
000572
Q00573
£00574
po0s75
DoOs76
Do0s7Y
000600
000601
ooo60z
000603
000604
GO06e05
QODE06
060607
QO0EL0

000006 .

- p01004
000530 R
140471

- 901000
Q00533
010471
005211
gusiil
Q95000
020502
aeGs42
030541
001000

000450 R

600000
070655
006030
TTTT71
010162
001004
000564 R
050654
006140
0U0400
001002
000567 R
001000

goos70 R

Q05001
001000
004570
010656
050652
005002
0051061
004541,
004441
D50653
150658
Qo100
Go0&603 R
QGEODD

ORo064s R

010647
006120
QooI00
050647
001040
QL0615 R

2 I8N

+ SUUR
de?

#1008
+ CPA
+ L AR
SNOP
+LDB
£ 85TH

s LI .

%+ 5

LID
PR 2 35t

sL.ID
EJ
»
>

s BTTN
s INTE+L
s INTE

»oJMP

INTE »BSS

5

2HMED
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% SCALING AND ADDRESS DECODING OF DLY *%
e o sic o s e e s e e e e s o o o ofe o ol o ke ol oo o e sl ol sl ol ol e sl e ol e e e ok

ADDR ENTRH »

» 5TX
sLIXI

#L.DA
20N

2 5TA
s BUBI

#JOHP

2 JMP

2 TZA =

» JMP

sL.DA
+ STA
+TZB
2 INCR
+LLSRE
+ LI AL
» 5TA
» ANA
2347

s LALL

2 LDA
# ADDT

» STH
#JEZ

v

» DUD
+=7

+ ACCT
PE T3t

2 COM
» D400

s+ F

PR £

e+ 3

» CON

L UNUS
F

2%

s1
P

s MASK
» UNUS
ER 2 X1

s EX L1

s EXC
» 01068

SERC
PE £ 3



FAGE 000007

000611 005144 + IXR ®
000612 010653 LDA +MASK
0oos13 001000 » JMP sE=15
000614 0O0D574 R

0006ls 104150 sEXC2 +0150
Q00616 100150 s EXC 20150
000617 010647 +L.DA 2EXC

000620 006140 £ SUBI 04000
Q00621 004000 -

000621 LOW s BES +0
G00622 050647 + 5TA +EXC
000623 006030 ) sLIKI -7
Donesa 777771 ’
ainers 010647 +LDA +EXC
OOOs2e Q06140 L 5UBL L0100
Q00827 000100 .

- BOOAI0 050647 + 5TA S EEC
00631 002000 2 CALY, SEXC-1
000632 000646 R
000633 001040 s JXZ s E+5
000634 000840 R
O00635 Q005144 :1XR 3
000636 001000 s JJMP s % =8

_0D0637T 000626 R
00640 010847 LDA sEXC
000841 120621 £ ADD +L.0W
000642 050647 »5TA +EXC
000643 030655 sLIK 2 DUG
000644 001000 s JMP¥  ,ADDR
0006845 100546 R
000646 000000 +ENTR -
000647 104051 EXC +DATA 0104051
000650 001000 . sJMP% LEXC-1
DO0651 100646 B
go06s2 UNUE B85 1
GOO653 MASK <BSE %
000654 COM 2 BSS P
300685 pus + BSS s 1

000656 000377 CON + DATA 0377
e s e e sof ok etk s ke skl sk ok ok e ok ko ok ok ok ook ok ke ko
* PF/R SERVICE ROUTINE *
ek e keok ok koo sk ek kool o sk sk ok sk ok ok ok ko ok

000657 000000 PFR HENTR »

000660 050702 +STA 55AVA
000661 060703 sSTB »5AVA+T
000662 070704 »5TX »SAVA+2
000663 000000 JHLT
000664 010657 STRT -LDA ,PFR .
000665 141000 sSUB 01000

000666 001004 sJAN . 20102
000667 000102 '
000670 006010 sLDATI 0377
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000671
0oose72
000673
0oosT4
$00878
go067T6
U7y
GOO7T00
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Boo702
BOOTO3
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DOOTOS

000712
0po713
000714
000715
000716
DoO7TL7
DOOTED
000721
GOOTRE
Qoo7T23
DOOTES
000728
ooo7as
LoO7TEY
000730
0007 31
Q00732
00733

LITERALS

POINTERS

SYMBOLS

oo24ab7
po2147
Qo071
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O06eq
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000656
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Pusd  famk et e pud Gend e fed

000377

g50162
050163
100147
QLOTG2
020703
030704
001000
100657
QooGoo
elslalalate!
£oaGoo

£oooeo
005001
050154
001400
ooo721
golo0o
100712
001040
100712
010162
ga6055
o247
0i0163
06055
o024y
005344
001000
100712
002147
002437
000100

ALE
ACS
1.0G

PFR
CoN
nuo

TmEmTmE®

SAVA
STRT

+ 5TA
2 STA
£ EXC
2 LDA
# .08
s LIK
» M PE

SAVA 5 DATA

2 BSE
deckkf kR gpk

s ACC

s ACC+ 1

2 0147

s SAUA

» SavAr]

» SAVALE
+ PFR

5 s 05 O

25 .
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* PROGRAM TO STORE FIRING DELAY READGS *

LEE X2 ELE TS

LOG ENTR
+TZA
+ 5TA
+J553

» JH PR
pJHL %

s LDA
» S5TAE

#1.D4
+ STAE

s IR
» JUiP*

ACS LEQU
AlS SEQU
sEND

S E LTS L ET T T T b T T 2 P o A g e

F
#

" FLAG

s+ 4
#5005
#1600

2 ACC
s ACS55 1}

s ACCH 1
281 5: 1

#

L 0OG

202147
02457
s 0100
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GO0011
000654 R COM
000653 R MASK
000652 R UNUS
000647 R EXC
000621 R LOW
000546 R ADDR
000541 R INTE
000507 R DZN2

000502 R ATTN
000471 R LID
000465 R DOD
000454 R DZN{
000450 R MOD

. 000436 R DED
000430 B ERR
000427 R NUM
000403 R SPED
000364 R SPOD
000337 R UPDA
000332 R DES
000323 R TEMP
000307 R TUO
000277 R ONE
000257 R DLY
000252 R LIMZ2
000246 R OUT
000240 R LIMP
000222 R LIMI
000214 R LIMT
000167 R _PELT
000162 R ACC
000154 R FLAG
000150 R SAVE
000116 R CALC
000045 R PRST
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002021
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008031
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002035
002036
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002040
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002043
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002047
002050
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008052
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002054
GOBORS
002056

QL2000
02116
06030
G000e2
BOE2000
aazoz2
gozi4a7
002000
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002457
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000100
005344
01000
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000000
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000000
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000012
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% LOG OF FIRING DELAY READINGS IN CONJUNCTION %
* WITH TAPE FOR CONTROL OFMAC WITH De. B ¥
* TAPE DATED 2973772 £
oot e kol s e s o ot e e e sl s o o B o e e e ok e ol e ok o o s ek e sl ok ke o

» GRE
s CALL

s LTI

» CALL
» CALL
+»L.DA

s JAPHM

2 JKZ

s IR
» JHP

BDC  SENTR
» STH
>LIK
2 LD
» BTH
SINR

CoLLIK
» LOBE
SLIDXI

:TZA
+ DIVI

» STAE
J&Xg

. IR
2 JJMP

2 LTI
s LDAE
s DI

» CALL

s 38000
+ ORLF ¢

250

+ BICs ACS
+BDC-,ALS
*MARK
s CRLF

20100

&

2 %=10
2
sINTH
# BLC
s 0§
2%+ 4
+ BDC
£ INTH
PRIFS
22

&£

210
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Y.L 3

&

i

» =2

» STOR+ 2, 1
2 DRG0

» PUN
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SYMBOLS
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001040
0oz064
405144
goigoo
aozosg
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000240
002000
002100
032142
001000
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101537
QGR105
41000
602101
103137
042141
061000
102100

0pooao
006010

000215

002000
0021006
006010

oogziz

002000
002100
006010
TTT671
052141
01000
102116

002000 .

R AIS
R  ALS

PUN

CELF

MARK
INTR
5TOR
ACS
ALS

s JRZ

+IXR
»MP

+L.DAL

s CALL

SLIDX
s JHMPE

+ BES
s ENTR
» SEN

5 JMP

s BAR
#INR
2 JMP%

s+ BSS
+ENTR
sLDAL

s CALL

£LDAI

» CALL

+LDAI

2 BTH
» M P

» BSS
:BSS
+»BES
#B5S
s BSS
#BS5
+END

2%¥+5

2
pE-3

= 0240
s PUN

2INTR
2 BOC f

5
&

s0537s%+ 4
e 23

» 037
2 MARK
» PUN

5
’

2 0215
s PUN
20212
» PUN
+=71

s MARK
» CHLF

25

s 1

s 1

» 4

» 200

» 200

+» 02000
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