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ABSTRACT

Two msjor developments were noticed in the
recent yeare in the topic of control of elec-
tric machines, The first was the extensive
use of thyristors, Control of cage motore,st-
ipring motors, synchronous machines and 4.c.
motors are smong many aprlications of thyls-
tore. Puture trend shall continuetc show fur-
ther applicaffions of thyristors in control of
machines,

The eecopfl development was in the computer
applicatione. Micropreceesqrs and pro A
ble controllers are showing the begimiygof o
dramatic change in mesne and methode oI con-
110l of electric machine whether as a sepera-
te unit or as a part of a plant or a mroceses.

Aditional to the above two major develop—
ments, the recent yeare have shown some pro-—
gress in investigations and developments of
new machines and progress in incressing sis-
es of exieting machines, New control compon-—
enta have seen A progess too.

1. INTRODUCTION

Mors than a csntury haas pamsmed einca the
starting of motion of the first rotating ele-
ctrie machine, Imporvmants snd slow devalop—
ments of rotating machines continued all th~
rough thome ysars.Cage induction motor for
instance is still the prime mover providing
motive power and absorbing around 3 of slea-
ctricity in some countries.

Improvment of the performance of many mech-
ines is progtesming Generally attention is di-
rectad towards inereasing efficiencies, relia-
bilitiea, and power factors, In other words
the target ie optimisation of performance in
general, Thie is additional to some progresss
in developments of some new machines,

It would be impossible to survey all aspe-
cts of recent trends in machine control., Hen-
ce only main aspects are going to be discuased
in this paper,

Thyristor control is definitely one of the
major developments in mmchines control, Its
application to various types of machines ie
going to 4l scuassed,{1-23) Wicroproces=ors and
programmable controllers ars the second major
develomments (24-28) , Some aspects of their
applications are going to be dimcuseed,

Tha paper shall contain some other aspects
of control of machines also (25-33).

2. THYRISTOR CONTROL CF
MACHINES

Since the sixtien, thyristors heve shown
increasing number of applicationa in power
enginesaring, in general, and in controlof ele-
ctric machines in specific., Larger and larger
sires of $hristors are being constructed, Now

elements withstanding 30004 and 4000V are in
use (14), The general use of thyristor in mo=
tor controllers ie for sped#d adjustment, alt-
hough other uses are also available.

The topic of thyristor control of motors
ie known as "Adjustable or Varliable speed
Drives", fince the method of speed adjustment
devpend; on the motor type, drives for diffare
nt typea of motors are going to e discussed,
The discussion below shall be explained by
some examples which are just for clerifica-
tions and by no means the only available me—

thode. X
2.1, Drivees for s=lip ring motors.(1’4'5’6’34‘
Wound rotor motor's spsed is regulated by
controlling the roter current throggh chang=
ing the extermal rotor impedance, ie impe=
dance usually im a rheontat or a set of res-
istor banks with switchee for their removal
step by atep. At low speedm, afficiencywill
be low and s large smount of power is lost
in the external resimtance. Low spaede are
not only encountered at starting conditions
but alwmo when the motor ie run 2t a speed wh-
ich is a small fraction of the working mpead.
Using the thyristor =lip recovery eystem shown
in figure (1), it i= possible to rectify the
rotor current at slip fregquency,rezulating
the d.c. output and then inverting it to a.c.
using an invertar, When the resulted freque-
ncy i= the same ae the supply frequency it
may be fed back to the main supply directly.
Such cireuit ueually suffer from low power
factor . Henece the use of p.f. corrscting
network becomes necessary. Compensation net-
work mey be as simple as a single capacitive
bank or some more complicated circuit. Tige-
ering of the thyristor gates may be performed
through externmal signals or through simmalg
fad from tachometer along the motor shaft or
{(and) from a eignal proportional to the tor—
que, It may be noticed here thét the d.c. cu-
rent between the rectifier inverter circuit
is proportional to the torque.

b},'_/b " it SLM

——— -

FiG 1 SLIP RECOVARY SYSTEM
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Motors of more than 11 ¥ are now driven us-

ing much drives.
A pscond type of slip ring recovery system t~-
hat has been introduced is cslled the ¥ Doub-
lw-Eangs Scherbius™ and involves the use of a
osyeloconverter in the secondary circuit ins-
t:;d of the seperate rectifier inverter cir-
eudt,

There has been many other developments in
the mpeed contral of elip ring through the u-
e of thyristors in thes rotor circuita, One
example is the bang-bang control with three
thyristors connected in delta and controlled
by triggering signal from tachometers (34).

2.2 Cage induction motor variable epeed dri-
ves,

Cage induction motore are rigid in struc—
ture, sfficient in operation { ueually T70-90
£, iable and cheap in general. Ite main
weakneffe liea in the difficulty in adjuating
its epeed, In general, cags motors were uased
in the past at nearly, conetsnt speeds, The
change of spsed ( when neceesary ) used to be
done ori the account of substantial reduction
of efficiency. There has been many attempts
in the early years of the use of thyristors
to control cage motors by thyristors in simple
ways, However the most common epeed control
of cage motors mow is the varlable spesd met=
hod using thes converter=fed drives, This dri=-
va had been developed by the late mixties.
Recently there has been decisive improvements
particularly in increasing power ranges, fre-
quency and speed as well an design optimisa-
tion. The effect of curent harmonices on the
power system and on the motor temperature at
high power was subetantially reduced by means
of the mo called " high=pulse converter circu-—
its", By using high=power thyristors and by
gimplifying the electronic control system, it
was possible to considerably reduce the number
of ecompowents, and conmguently the asize and
price of the squipment also, The relimbili-
1ity of the compomente was alao incrsased to
a very high level, thus opening the door to
more intensive employment of this equipment,
The main advantages of the variable mpeed th-
ree-phape drives are their high efficiency,
reduced gearing. exact spedd control, high
operating security, reduced stress on power
asystem, rugged deeign of moter, minimum mal-
ntenance of motor nd some other adwantages-
Figure {2) showe an a.c. motor drive produc-
ing guasimguare wave output voltage.

3¢ Maiyy Laput Varmble a.m Oy
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PFIG 2 CAGE_MQOTDR DRIVE
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Voltage control of the output im achieved by
inverting the direct voltage into the inver—
ter section and the sutput freguency is det—
armined by controlling the switching rate of
+the thyristors in the inverter ewitching un-
its. By controlling the wvoltage and fuequency
in the slectronic oircuity, a great desl of
fAexibility can be obtained bacauss full vol-
tage can be cbtained at any frequency .

The lowsr frequency limit at which a guas-.
isquare drive can operate satisfactorily is
about SHZ when driving a etandard 4-pole, 50
HZ motor. This is because 6th-harmgic torgue
pulsations are produced causing speed variti-
one at the motor shaft, The upper frequency
limit is govermed by the inverter design and
can be up to P00HZ. Thie imylles a shaft speed
of 120 000 r/min for s 2-vole machine (9).

The optimum performance of the a,c. vari=-
able speecd drive is obtained by continuousely
operating the motor close to ite synchronous
speed, Application of a simple current limi-
ting device to the drive cbtains a constant
torque performance with minimum drive costs,

he a,c. adjustable drive is similor to
the circuit used as an unintterupted power
suprly ( UBS ) with a standby battery set
connected at the d.c., link and with the put-
put frequency ae the reyuired one { may be the
same B8 the input }.

Induction motors may be fed also from =
d.c., supply via a self=commuteting thyristor
invertar with an exciting capacitor. Speed and
frequency can be varied by varying the cops-
eitor, d,c. voltage amnd inverter control ang-
le, This type suffere from the ability to 8t=
art itmelf, ince it neads & driving starter;
but latsr it ie possible to vary the spesed
while it is on load, Self starting methodears
under study (10}.

Another iype of static veriable freguency
drive for induction motors is the syptem inv—
olving pluse width modulation ( PWM) sectien.,
Such system ars characterised by the ability
to provides continupus variable frequency and
variatle voltage control in & single power
stage. It has a constant commutating ability
irrespective of frequency metting. Conirol
strategzy can be programmed to eliminate the
significant harmonics in voltage output,
However more complex control and circuit con-
figuration is needed. There are different cir-
puits for implementation of this technique;
all of them are high frequency constant amp-—
litude pulse train ( carrisr), Pulase duration
of which are then modulated to apecific mod-
ulation law [ trapizoidal or simumecidal ) {15}

It has besn repcorted recently that trian-
gulation sehemes employing synchronous modul=
ation are known to be capable of excellent low
speed performance (13).

A 2:1 spesd ~ range was developed using a
3=phase modulated supply in which quite acec—
urate prediction of torque/spsed performgce
vae realised with symmetrical component tec-
Mmiques (14).

In ordsr to design a proper variable fregu=-
ancy etetic drive, detailsd consideration of
+he machine performance and waveform distor-
tion levels must be excersised if the moat
expenditous choice for carrier frequency is
to ba made (13).
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2.3 4,0, Drivea for synchronous motors

The unlque characterietic of synchromous
machine im ite constant apeed at the synchro~
nous speed. The machine can overate as 8 mot=
or and a gensratoy. Its construction is more
complicated than a cage motor, It ghares the
neceasity of brushes with slip ring motors.

By the use of thyristor on the rotating part

{ exciter), it ie possidble to operate fthe ma-
chine as a brushless machine, By feeding the
stator through an inverter, it would be poss=-
ible to induce an zlterating voltage in an au-
xiliary winding in the rotor. Wken this s,c.
voltage is rectified, it produce the neceseary
excitetion on the rotor.

Figure (3% showe a simple diagram of this arr-
angement ( 1, 17, 18, 19),

CONVERTER.- FED #
Sy NC HROMOUS
MOTOR

The commutation from one phaee to another
phane of the inverter takes vlace with the aid
of the terminsl voltage of the synchronous na-
chine, whichie operated with overexcitation.
The forced commutation often regquired for mte-
tic freguency convertsr can be used. The ecir-
cuit 1is suitable for operation and braking
in either direetions, =nd iz employed for ma-
ximum power and for freguency up to approxi=
mately 12CHZ, The main application of this
arrangement is in pumpe compressors with pre-
cision control, Some modified arranzements a-
re often found with two diodes in the rotor
eide ( on two phases ). Thid arrangement pro-
ved to have a combined effective smlisncy and
very good synchronous performance (19). Rotor
position may often be fed back to trigger the
inverter thyristors (18). The good performance
of the motor at low speed and very high =matu-
ntion has provided a bamis for their demigm
for use traction mectore.

Cycloconverters are often used to drive
synchronous motors for high ratinge with high
gtarting torque and fraguencies up to approx-
imately 25HZ, Power up to 10MW for gearless
cement wmill drives can be met with much drive
ea, It is mostly suited t¢ application of la.
rge d.c., drives where d.c. motor can be no lo-—
nger be used because prevailing ambient cond-
itions, cost pr power limitations.

As shown in figure (4), esch motor phase
ie ¢comnected to the feeding power system vim
two etatic converters arrangement in an anti-
parallel 3~-phape bridge network, A low Tfregue-
ncy output voltege is delivered by the conve-
rtera using phase sngle control. With thie
arrangement, four quadrant operation, i.e,
reversal of the dirsction of rotation and re-
generative braking is voseible without addition
to the power section of the static freguency
convertsr or to the machine, Thus the aystem
corresnonds in full to a four~guadrant d.c.
drive
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FIG 4 CYCLOCONVERTOR

There sre other typee to be used with synch-
ronous motora, such as the synchrosil drive
(8) shownin figure (5). It is a Bpeed control
system for synchronous motors. The converter
section im a standard one, To generate maxi-
mun torque from the eychronous motor this su-
rrent is switched into the metor etator wind-
ings a2t the correct phase position with res—
vect to rotor anglular position sensor, by an
inverter bridge. When running above about 5%
of full apeed, the back smf generated by thas
ayachronous motoer ie sufficient to commutate
the current into the next arm of the inverter,

Sowith vy Closke
£‘ I“ - i" ¥~ i—- P
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Fig 5 SYNCHROSIL DRIVE

2.4 Thyristor chopver for D.C. Motora

There has been axtensive research sfforts
for develoyment of chopper circuitm. Many of
these circuits were designed for feeding ser-
ies wound d.c. traction motors. FigurenfS) B
hows a baesic circuit for rescnant wower cont-
roller. Power here is converted from constant
d.c. voltage to a variable d.vm. voltage, The-
ge controllers coneist of thyristor and reas—
onant LC circuit. Resonance is initiasted by
the thyristor which is subseguently turned off
by the veoltage develored in the resonant cir-
cuit, The energzy stored on the capacitor ie
then allowd to discharege in the e¢ircuit.
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The powsr flow is determingd by the repetition
rate of the tr ggering of the thyristor. Many
developments on thia e¢ircuit end others have

been rerorted in published litratures ( 20 ),

E volts

0 valts

Fg 6 CHOPPER cIRCUT

Thiglajor Aifficuliy with chopper circuits
uged im 4.¢c. tractiog drives im their inter—
feronce with conmuniéation eystems,

A lot of effort hag been concentrated on the
reduction of euch interference to minimum

( 21, 33 ).

2.5 Further thyristor control of machines

Thyristor control had entered the machines
aprlicatione other than those mentioned ahove
too,

Transformera control by thyristor is perfor—
imed mccording to the regulating tranaformer
booater., & voltage regulator selecte part of
the supply voltage waveform by means of phase
controlled switchem angd thue provides fast g~
nd phaee controlled regulating booster ( 23 ),

Fig 7 TRANSFORMER BOOSTER

The d.c, 1link mentioned above for cage mo-—
tor control end other applications, finds its
uze for econtrol of induetion genermtor also,
Self = excited induetion geénerator controll-
ed rectifier units eliminates the problems
of voltage and frequency wariations inherent
in self excited induction machines,

The induction generator can be operated in
the liner region of the magnetisation curve
while feeding a vsriable d.c. load at cons~
tant voltage, The unit can be used to feegd
controllable power inte existing a,c. nete
?o§k through a d.c. link (16). See figurs

5 L]

suppl
system
rectifier inverter

Fig B INOUCTION GENERATOR UNIT

Superconducting turbogenerators has seen the
introduction of thyristor control glgo. Since
the field winding of such machine hae n neg-
ligitle resistance, the field time constant
is exceptionally largs ( 300-800 Be0). Hence
obtaining Yoltage regulation will te diffiecy-

3« COMPUTER CONTROL OF MACHINES

The use of computers to control industr.
izl processes Btarted in the early sixties,
Recentily many complete plants are operated
by central computers with very little human
interference, Nearly all industrial Process—
ee contain one kind of machine / or another,
Hence in general machines are contrelled by
compuiers ag par{ of a plant rather than =
atand - alone unit « Machine contyol by comp=
uter, in general, may consist of gpeed cont-
rol, protection system, interlocks ( fequence
of events ) with other unite, connection wi-
th messuring ang recording equipment eto,

Large industrial plants now are controlled
by ceniral computer { or computers } and sopme

3+t Programmable controllers

Programmable controllers hes been recently
a wide range of applications in power engin-
eering and process control. They are replacing
" herd wire " control systems. Installation
coxt are coneiderably leag than hard wire 8y—
stems. They mre easy to program. And i+ is=
sasy to.modify their Programs,
Input and output may conaist both of analog
or digital mignals or both depending on the
units to be operated upon, Such controllers
may contein several handereder of input and

covering a wide range of assignments for the
control of industrial Processes,

3.2. Microprocessor control of apeed angd
voltage

Microprocesaors are now used for speed regu=

latore ang voliage control in power svatems,

of control options ang medifications are eg-
rried by microprocessors. Multivariable con.
trollers for turbogenerators ars also opera-
ted by such units for optimisation of operg—
tion of such big unit ( 26 + Many other app-
lications are now in eperation,

3.3 Microprocessor eontrol of thyriator

drives,

Mieroprocessor contrel of power electio-
nie eguiment offars the peesibllity of 1 p—-
Trovements in manufactures, reliability, maio
ntenmance and servicing, and increassd control
Tlexibility, Pulse with modulation technique
used in thyrimtor drive meed a complicated
triggering 8ignelling, Control of 8uch drives,
Microprocessor makes life easier, Below ig t=
he hierarchy of the poeeibility of implemen.
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tation of Microproseseor control of much
aystem ( 3, 27 ?.
Micro processor Control Fun ctions
¥ }5 L] v
Syetem Torque/Speed M Monitoring
Management Characteristics Control
Pro‘b;ction Magﬁoatic %elf
‘ interv-
ogatory
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Shutdow deceleration
reversing
¥ ) 1 ¥ ¥ i
Yephase Aréque- Minimum yulee Switching v/P PRy
geners~ fney control Strategy Control quasieguare
tion fratic -
#*
L
L ] 'i LA
Optimlsed Natural Regular
Stratagiea Sampled Samyled
T Software bassd
Hardware Softwars
hased based
ring

4, FUTURE TRENDS IN POWER ELECTRONICS

Inepite of large expension in the applicatio-
ns of thyristor, new semiconductor devices are
under serious invemtigations, some of thesae
are the Gate Turn off switches ( GTO} am® Bw=
tehing slemsnte, D=MOS ( power MOSFET), BIP-
M0S ( hybrid with BOS drive and pipolar oub=-
put) etc, The fastest device and the one wi-
th the moet rapid growth prospect ie the po-
way MOSFET, ¥hie comprises many small trang=-
istor sells cognectsd in paralled as many as
100 000 per em“, Each cell beoomes & restlve
th through the crystal when & blae is hpp-
ied to ite gate terminal, GTOS arse now sho-
wing some use in motor-dontrol applicatlons
and in switching circuits up to 35KHZ(31).

Power transistor of 400V and 350A now én
use with "ON"™ and Voff" time less than 107
controlled #rom a ba se current less fhan
0,1 A. They are now used for conndeting AC
supply source to the load without dirsct co—
nection to solid state device, They offer 1-
imited harmonic generation and reflection on
supply circuite, Time losd conirol is not
required.

Controllers ueing transistors now find

a wide range of applications in slip/metor,
control of reduced voltage mtarting of lamge
motora distribution tranaformers, a,.e. load
switching, energy conservation system and the
future will show some ssriscus compatition to
thyristors,

5, PUTGRE TRENDS IN NACHINES CONTROL

Future trends in machines conestruction wi-
11 continue to show larger und larger siges
of machines, So0llid state compomants develop—
ment ehall see an accelersted progress and
shall be implemented in machines control with
more complicatione in circuits, Energy saving
controllers to improve sfficiency and reliabi-
lity are going to sxpand, Computer contreolled
{ Central and distributed ) machines are goi-
ng to be/wide use. Futher joint combinations
of machines and electronice in many applice-
tion are going to be noticslin the future more
frequen$ky even to the extent of implanting
electroniec eircuits inside the machines.

Investigationa into new mechines fields
such ze large trubo generators, superconduc—
tion machines magneto hydrodynamics, Wind ge-
neratora and other typee of machines shall
need exteneive regearch into their various
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agpects of operation and control.
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