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ABSTRACT 

In this thesis, the speed control 6f a 3-phase in­

duction motor by electronic circuitry is investigated 

and compared ,-{ith alternative method's used in industry . 

. ,' The design of the control unit to synthesise a 3-

,phase stepped waveform and the following' power amplifiers 

is described and the experimental results are c!=,mpared 

'with the the6retical values. 



lZET 

Bu tez call~maslnda eiektrc~ik devreler vasltasiyle 

denetlenebilen 3 fazll asenkron motor hlZ kontrolu ince­

lenmi!;/ bee uygulamada kullanllan diger yontemlerle kal""':;l-:-

Denetleyicinin 
, 

/-, 

tasar'J.."!ll, uygulanmasl ve denemesi 

yapllarak kuramsal: ve deneysel sonuclar verilmi$tir·, 

Ayrlca deneysel netice lerle teorik neticeler kan;ala:;;-
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INTRODUCTION 

The three-phase induction motor is probably the most 

important prime mover ~or integral-horsepm'Jer: industrial 

applications! For the same weight, the rating of a~single­

phase induction motor is C?nly about 60% that of the p~ly­

p'hase machine. Both efficiency "lild power factor are 

lower in single-phase motors. ~owever,the three-phase 

induction motor has often exasperated the application.of 

sIJeed control and can only be provided by ·the.\\'ow:d-rotor· 

types,.. but the,range i~ not competitive with that avail­

able from dc motors. "If only Ke could .vary the applied 

frequency," \\'as a remark often made iIi the era before 

solid state. Of ocurse, in some implementations" the ., 

freque~cy 'was made variable by the use of another motor / 

al te Tnator' set. Such strate gy is obvious ly not econ omica!. 

The design of an adjustable-frequency, three-phase 

gard to wave-shape. Although a square wave wpuld result 

iII high eddy-current and hysteresis losses, it is still 

not necessary ~o synthesize a true sine wave. A:step~ed 

'1aveform.consisting of six segm~nts can be created by 

mixing logic pulses. Such a waveform will have relatively 

I 
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low third-h~rmonic energy- the chief culprit in eddr~ 
)' 

arrent and hystersis dissipation. ,The use of digital 

logic provides great 'simplificati'on because Ie modules 

displace complex discrete circuits in all three pha~es. 

/ 

Another aspect of variable-frequency control is the 

necessity of changing the motor voltage by the same per-

centage as the frequency change. If voltage and frequency 

change by the same amount, then, there will be no cr:ange 

in no-load current or motor flux. - In small motors, ~his 

basic requirement can be circumvented, by inserting resis-, 

tances in each motor lead. However, such a technique 

would not be allo~able with large motors unless the speed 

vari at ion we re re s tr ict.ed. The use of such res is tance 

also degrades the speed regulation of the motor. 

In this thesi~, the design, the construction of a 
'--

sp~ed control circuitry is described in which considera-

tion is given to the points mentioned in the aboye para-

graphs. 

) 

The three-phase wave synthesis imparted by the ~igi-

tal logic modules commences with a pulse train. Six 

'pmver channels prol'ide the, required sequence of vol t:::.ge 

steps needed to develop the quasi-sine wave. This se-

quence is repeated at 120 degree intervals in order ~o 

supply three phase energy to the motor. Harmonic anc.lysis 
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of the resulting waveform is carried out and it is shown 

that there exists no .. evenharmonics, neither do the third 

and multiples of the third harmon-ics. The current and 

voltage waveforms are obtained and is seen that as the' 

goes up, current waveform approaches to a sine wave. 

When the d.c. supply is adjusted for 220 vol~s, 

the motor receives three-phase power at 50 Hz. With 20 

volt~ from dc s~pPly, the three-phase powcr-suppiie~ to 

the motor has a -frequency 'of 5 Hz. -The speeq. r;mge cor:­

responding to ~och a voltage reductiori is approximately 

1420 r~m to 142 rpm, for four poles induction motor. 
I 

Due to the voltage rating of the transistor use~ 

(SOV) speed conir61 could be checked only between 5 

and 1S Hz. Bel 0\\' 5 Hz, the starting torque was not suf­

ficient as is explained in th-e thesis .. Wi thin the quoted 

range very smooth control of speed was possible. If the 

pm,'e l' output trans istors are replaced by higher vol tcge 

rated ones, the set will be suitable for speed control 

of up to ~.O HI=' ~not.ors in 1: 10 speed range. 

The thesis concludes 'vith remarKS on further P055ib~e 
j 

work for closed loop operation. 



CHAPTER 1 

INDUCTION MOTOR CONTROL 

. Direct current motors are widely used for the appli-

cation of adjustable speed drives in indust~y. But it 
\ 

st.i 11 has its age - old commuta tor arcing and maintanen~e 

problems. The dc motor is also expensive a~d the failure 

rate is more than the induction motor. These advantages 

m~ke the induction motor more attractive for the control-

lable source of mechanical rotating power in industry. 

1.1. TYPES OF A~C. MOTORS 

In general, tOTCl.Ue and the resulting rotation or 

linear motion in electric motors results from interaction 

of two magnetic fields. One of these fields may be pro-

vided by a permanent magnet b~t more often both are pro-

duced by electric C 1.i}'re;"!'::., The n8 . .ture of the curn.'l1,t 

supplied to electric motors and the manner in which their 
. . . 

windings and mangetic structures are arranged glve rlse 

to a w~de variety of designs. Of all electric motors 

manufactured for industry the three-phase induction motor 
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with a cage rotor has for three-quarters of a century 

been the type which, for one or more of the fo110~ing 

reasons, has been produced in the' greatest numbers. 

(~) Since the majority of motors are required to 

produce steady rotation and the rotating magnetic field , 
eliminates many of'the design problems associated Kith 

providing continuous toique, the polyphase-induction 

motor is eminently suitable for approximately. constant 

speed application. Only small modifications can make it 

synchronous, which on public electricity supplies means 

absolutely constant speed over its full operating range. 

(b) Three-phase alternating current supplies have 
I 

been adopted univeisally for distribution of electrical 

energy, and there. is a considerable measure of stanclari-

zation. In such supplies the ~hree phases peak sequen­

tially in time at intervals equal to one-third of the 

~ystem periodicity. -By arranging the three~phase Kindings 

around the,airgap so that the pol~s generated are also 

in space-sequence, a rotating field is set up. 

ec) The rotor draws power by transformer action from 

the stationary windings distributed in the stator slots 

and. converts it irtto mechanical power. 

(d) The .absence of brushes makes it possible to 

operate induction motors with cage or solid rotors under 

..; 

I 

.~ 
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ver,Y adverse conditions and ensure considerable reliabi-

lity. 

1.2. ROTATING fIELDS 
\. 

Figure 1.1 shoHs how· a symmetrical three-phase 

winding when supplied from f balanceq three -phase pOi·:er 

supply produces a rotating field. Each phase is r~pre-
~ 

sented by two turns spanning one pol~~ pitch of :a t\\'o -pole 

motor. The arro\\' sho\\'s the direction of the current in 

phase A at the instant \\'hen it has maximum positive ¥alue. 

In the phasor diagram_it is represented by lA' IB and Ie 

are the other t'jO phase currents at 120 u0gree interyals._ 

I f the phas or diagram is no\\'. imagined to rotate in an 

anticlock\\'ise direction at supply frequency the variation 

of current or- field magnitude· K-ith time may-be ·considered. 

One complete rotation or one cycle is completed in l/f 

seconds, so that for a 50 Hz alternating current the 30 

degree steps·occur at one six-hundteth second.inter¥als. 

If the instantaneous value of each phase current is TIOW 

shown in it correct spat-al posit.ion under the developed 

\\'indings it can be seen that the m.m.f produced by the 

stator is also sinusoidally distributed~ Successive dia-

grams sho,,, the field distribution at the above-mentioned 

time intervals and illustrate hOi,' the field ,\'ave tra¥els 

across the-winding face, whtch in a cylindrical airgap 

means rotation. In the synchionoustwo-pole motor the 
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FIGURE 1.1. Symmetrical Three-Phase Winding Supplied from 
a Balanced .Three-Phase Power Supply. 
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rotor will have turned through 120 ~echanical degre~s or-
I / 

one-third of a revolution. The synchronous- speed .. of two-

pole inductiQn motors is, therefore, f rcvls or 60f rev/ 

min. If a motor is now wound to produc~ p pol~ pairs the 

m.m.f. wave will now move only lip degrees and .the syn­

chronous speed becomes 

60f 
P 

rev/min (1.1) 

For 50 Hz motors.4, 6, 8 and 10 pole synchronous spee~s 

are therefore l5aO, 1000, 750 and 600 rev/min respective-

ly. 

1.3 .. SPEEDS OF A.C. MOTORS 

The speed of an induction motor is 

. 
n = ns(l-s) (1. 2) 

where ns is the synchronous speed, and, s is the slip 

at that speed. The synchronous speed, n s ' is (from 1.1) 

. whe re 

60f n s p 

f - supplj frequency 

p - number of pole pairs 
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Equations (1.1) ahd Cli2) gives 

'60f 
n= p (l-s) :' (1.3) 

. ' ... , . 

Equa t ion' , (1.3) shows c that'. the speed 'of an, induc tionmotor 

can be controlled by: , c ' •• 

1. increasing slip 

2. changing the numper of ,poles 

3. varying supply frequency and voltage 

The speed control method of induction motors are hased 

upon tliese possibilities. 

There are two kinds of induc~ion motors. One is the 

squirrel-cage and the other is the wound-rotor. In the': 

former the rotor circuit ,is shortcircui ted, and "in ,the 

latter there are 3 slil2::rings'on, the same sha,ft which 

are connected to the rotor circuit~ 
/ 

Special, design of cage rotors can match motor and 

load chara~teristic~ and so reduce the size of the motor 

required. More torque per ampere 6f starting 'current' 

can also save on control: equipment and generally increase 

the flexibility of the drive. 

If the cage is replaced by a winding brought out to 

collector-(slip-) ,rings the rotor, resistance can be,Ya-

ried ext'e-rnally and provides not only' improved start~ng 
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charad:eris tics but a me~i~ure of speed coritrol~ Such 

control is-achieved by dissipating power as heat in the 

external resistances so ,that this method, can prove not 

only inconvenient but costly for large 'po\vers. Special 

auxiliary machines' ~ ... hich can convert power at' slip fre - , 

quency and return it to ihe s~pply':aTe now superseded 

by commutator m'otors and' electronic" controllers which 

are able to provide a wide range of continuously variable 

speeds. 
,; j 

. ,I 

Speed ~ontr~l of the'in~uction motor by changing the 

number of poles is generally applied to the squirrel-

cage type. For this type of coritrol the ~tatoi winding 

has to be desgined so that by simple chan'ges, in coil con­

nections the numbe'r of 'poles can be changed in the ratio 

2 to 1. Either of t\vosynchr~nou~ spee'd~ c~m be ~elected. 
"--

If a 'vound rotor is used additional complications are 
.--

'introduced because the rotor winding also must be reCir­

ranged for po~e changing. 

The synchronous ~peed of an induction motor is di-

rectly pioportional to the applied frequency. Speed con-

trol of induction motor is obtained by supplying the 

stator electrical power from an adjustable-fr~quency 

solid-state inverter or using a wound-rotor induction 

motor as a frequency changer. The induction motor Kill 

follow the frequency within the slip frequency; Such a 
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control. method' is efficient and can.be made highly accu-

rate. 

- ." 

.Insome. apglicationssuch as grinding spindles, por~,' 

table,tools, and woodworking machinery high speeds are 
'-

require~ or the weigh~ must be as small as possible. To 

achieve a highpower~to:weight~ratio the ,speed must b~ 

increased subs tan ti?-lly >1vhich;' for, induction motors , 

means higher frequencies such as '2 SO:·and 400 Hz which, 

in the case of two-pole windings, gives synchrotious 

peeds of ISOOQ and 24000 rev/min re~pettively; 

For aircraft and military applications mainly AOo.,:' 

Hz TQotors are,:!sed and·th~se.may.be useful in industry 

where their cost and the ;.provision·of a suitable frequency 

changer for groups of motors .can be economically justi-

fied. 

The speed of induction motors'canbecontrolled 

electronically either by controlling~the power input 

(varying the firing angle of the thyris~ors) ,or ·by con-

neeting them to inverters, or cycloconverters (fre~uency 
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1.4. ELECTRONIC SPEED CONTRbL SYSTEMS 

The speed control of inductton motor can.be a~hiev~d 

either by power transistors or by thyristo!s, or by 

triacs. 

(a) SINGLE PHASE SWITCHING: The method of speed 

control for any polyphase machine is based here on the 

idea of rotating an alternating field in.a machine, as 

oppossed to .rotating a field . '''hich is C'Ollstant in ampli-

tude. A variety of circuits and switching systems can 

be devised to achieve this. Such a realization is d~s~ 

cribed in Reference ~~ in which a 3-phase winding is fed 

from a single-phase supply, rotation of. the magnetic 

field being ensured by seq~ential switching of the triacs. 

This is shown in Figure·l.2a. 

The single-phase supply is, in effect rotated around 

the 3-phase winding by the switching elements 1 to 6. 

Either of the two supply terminals, x and y, can be con-

nected to anyone or more of the winding terminals A, B 

and C .. The switching sequence listed in Table 1 gives 

6-step anticlocbdse rotation of tIle single-phase supply 

around the stator winding. 

It is clear that this method of s,.;i tching produces 
\ 

a result '''hich is similar to the anticlockwise rotation 
.- ,., 
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of asingle'win~ing fed from a single-phase ~upply as 

shown in Figure 1. 2b. The n6~rmal forward (c,~ockwise) 

rotation of the rotor in any conv'entional machine which 

is capable of single~ph~se op~r~ti~~ will be'reduc~d in 

speed according to the swit~hing iat~·w. If the swit-
.' m'" . 

ching sequence is reversed~'there will be a corresponding 

increase in the forwa'rd speed of the rotor. 

A 
. 

, ' x 

Y 
y 

x 

\ 

TABLE 1 

6-Step Switching Sequence for the Triat' 

Bridge System Shown in Figure 1 

C B . Tl T2' T3 T4: 

Y 1 0 0 0 

x Y 0 0 1 0 

x 0 1 1 0 

x 0 1 0 0 

Y x 0 0 0 1 

Y 1 0 0' 1 

T5 T6 

0 1 

o . 1 

0 0 

1 0 

1 0 

0 0 

If the sing1e~phase a.c. supply in Figure 1.2 is 

replaced by a d.c. supply, ~nd if the swiiching elements 

were thyristors, normal d.c. link inverter operation is 

obtained. The rotating ~ie1d is then substantially con-
~ , ", 

stant in amplitude. The important practical difference' 

is that, ~"herea~ the d. c. supply has to be forcibly swi t­

chedoff between steps, the single phase a.c. supply can 

be allowed to switch off naturally at current zeros. The 

. 
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'( 

FIGURE 1.2a. 3-Phase Winding Fed From a Single-Phase 
Supply. 

5 

FIGURE 1.2b. Anticlock1dse Rotation .of a Single Winding 
Fed From a Sirigl~-Phase Supply. 

switching elements have to be capable of conducting in 

ither direction, and, therefor~, assolid~st~te devices 

these have to be triacs, as shown in Figure 1!2a, or in-

verse parallel thyristo~s. 



- 15 -

In practice", the current in anyone phase \\finding 

may not fall to zero b~fore an~xt phase \\finding is con­

nected in the circui t. Thus, at ceriain 'cS-step s,d tChi'ng 

is, in effect, transfo~medto a higher numlie~'of steps, 

up to a maximum of,,12 ,by, virtue, of the natural COJ1Uiluta­

tion of the system. 

(b)THREE:-PHASE INDUC-TJON MOTOR CONTROL BY THYRISTOR: 

Ideally the thyristor is a s\\fitch. It is on or it is 

off. If the supply were direct current and neglecting 
/ 

C and L switching transients, a thyristor in the line 

would produce a rectangular voltage Kave across ~he load. 

For a three-phase loa,d such as an induction motor, r'Khose 

three windings are displaced in space by 120 electrical 

degrees, it is necessary to have a sKi tching configuration 

--,to produce three-pha.se line voltages Khich are also dis­

placed by 120 0
, butjn this case with respect to time., 

~ ;' ' 

The basic arrangement i~ displayed in Figure 1.4. 

By triggering the thyristbrs cyclically without or 

with varyi~g degrees of overlap a quasi three-phase sup­

ply is produced. The winding voltages with the triggering 

pulses are indicated in Figure 1.:; foy no' voltage o\"erlap. 

Figure 1.6 illustrates the behavior of the mmf pat-

tern in the air-gap of the motor as a function of time. 

Over interval 0 to 1 (in Figure 1.5) current flows in 
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FIGURE 1. 4. Half Wave Btidge Inverter. 
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FIGURE 1. 5. Load Voltage Waveform and Triggering Sequence. 



phase R and produces an mmf as in Figure 1.6a. During 

the next interval 1 tOe2, only phase Y conducts and as 

',seen in Figure L 6b, the mmf retains the same magnitude 

although its di!ection hascharig~4 through a step of 120 

electrical degrees. During the interval 2 to 3 the mmf 

changes through another 120 0 until interval 3 to 4 \.,.hen 

it is back to its original direction having rotated thru 

360 electrical degrees and-completed a cycle. This 

stepping mmf produces a quasi rotating magnetic flux 

which is required for the induciion motor operation. Al-

teration of the magni tude of the sequential time inter'-

vals will alter the frequency and hence the spefd of the 

machine. 

There are a number of ways to provide a stepped and 

rotating mmf patte'rn. ,For example, current flo\,-ing thru , 
Rand B together, then thr6ugh Band Y of Figure ):4 

uses the windings more efficien~li and produces a higher 

mmf although the step is still 120 0
• At the other end 

of the scale, without the star connection and with cur-

rent flowing in either, ditectio~ through each winding a 

300 step is possible. This entails a switching arrange-

ment (+R), (-B) and (-Y) fo110\\-:2J by (+R) and (-Y), etc. 

as in'Figure 1.7. The, magnitud~s of the mmf alternate 

with each 30 0 step so there is imbalance: For the most 

efficient use of the windings and following as' close as 

possible to a sinusoidal ~upply, a full three pha~~ 
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bridge is used so that the current can -alternate in the 

\vindings.Figure- i. 8'sh6\~'s' the gene:-al arrangement at 

the bridge without any d~tails of the commutation CIr­

cuits. Figure 1.9 showsthe·winding voltages and Figure 

1.10 shows the mmf pattern for the.60 0 st~pped rotation. 

+ 

FIGURE 1. 7. 

I 
-+ 

. (d.) . 
( b) 

mmf~ hDb
: y.SD I 

o . 
A 30 mmf Step Change Ca) Current thro~gh 
+R, -B, -Y; Cb) current through +R, -Yo 

The rectangular voltage wave proiuces an ideal 

steady current, which is nevertheless bidirectional an 

so the mmf is stepped: However, a ha:-monic analysis 

will produce a stro~g fundamental sine wave plus hig~er 

harmonics of lesser magnitude. It is the fundamental 

wave who~e energy does us~ful work an2 the higher create 
. . '. "\ ~ 

losses. Neglecting the higher harmonics the fundame~tal 

wave will produce the mmf which rotates at this constant 
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TH::I "TH3 ,H5 
x R 

u B 

~ Y 

TH!l '--7 TH4 ';" TIf6. ~ 
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I' -1 J WINDIN6 

FI GURE 1. 8. Three Phase Bridge Inverter. 

speed around the air-gap o~ the motor. That speed is 

under the contiol of the thyristor circuits and they a~e 

under a programmable control, either in open or closed 

loop d~pending on what regulation is required. 

The induction motor line voltages shown in Figure 

1.9 are not f~r from sine waves. There is no even harmo-

nics because of positive and negative half cycle symrnetr~. 

There are no third or multiples of the third harmonic be-
o . 

cause of the 60 dwell between the positive and negative 

waves. There are, how~ver, fifth, seventh, eleventh, etc. 

haTmonics which produce energy loss and torque ripples, 

although the mechanical dynamics will not respond to the 

eleventh and higher harmonic torques. 
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Also in Figure l.~ the ~urn-on, turn-off period of 

anyone thyristor is shown to~e one whole hal£ cycle 

each. In practice, switching wo~ld occur every 1/6th 

of ~·period .. That is, starting at THI in Figure l.~, 

THl,4,S would be turned on. At the end of 1/6th of a 

pe~iod THl,4,S would be turned-off. As soon as this is 

accomplished, THl,4,6 would be turned on. They would be 

on::for 1/6th of· a period before being extinguished so 

thatTHl,3,6 could all conduct. This would continue as 

in the time 'and space sequential steps of Figure 1.10. 

Lower harmoriicsare reduced a little this way. 

PUl-5E ~ 1-/0 £Tc 

T~ :2.,3,5 
I'IME 271 r~' 

~:s:,:.: ETC 7 t 
-rfME 7f {9- T ..... , 

...... 
..... 

..... ..... 
GoO .. ' , .. ." 

, , .. 
y '4 

PULSE 2,iETc ~ .. : 
1"1-1 1,3J~ 
TIME -rr!3 

K I 
I 
I 

I 
'\j/ 

PULSE 1,? ~TC 
TH 1,1-1,6 
71ME 71 /6 

:;-f 

PULSE 5, -1 { ETc 

. T 1-1- 2,4,5 
"TIME 571/6" 

TR./66/E/2.. PULSE 

. 0,6 ETC. 

. THYRISToRS 1,'-1,5 
TIME 0 

FIGURE 1.10. Stepped mmfAxes : mmf in Sp~ce with. Resl?ect . 
to the Windings and the Thyrlstor SWltchlng 
Sequence. The six Steps are Displaced in 
Space and Time by TI/3 Radians Ci.e., e and 
wt). Th~ Frequency is l/TI. 
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(c) THE CYCLOCONVERTER: The cyc1oconversion prin-

cip1e provides means of efficiently varying the frequency 

of the pOKer applied to an ac moto"r. A cycloconverter 

circui t is shown in Figure 1.11a. The equiv~lent circuit 

FIGURE LIla. A Single-Phase to Single-Phase Cyclocon­
Verter. 

" b; Equivalent Circuit to 'a. 

LOAD is 
SW/TC.J.lJ£O AT 
(z.' IZ.ATE 

J' 
I 
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ln Figure l.llb is useful in analyzing the operation of 

cycloconverters. It will be noted tha ttHof,requencies ' 

are applied to the system. One of these is f l , \.,,-hich is 

often obtained from .the ac po\\'er line.Freque~cy fl can 

be considered a "carrier" modulated by the' second fre-
. J.. _. 

quency, f 2 . The output frequency is .also at f 2 "and 

does not appear to have a waveshapedesirable .for motor 

op~ration. _Howe~er,.the inductive reactance of ac motors 

is suffient to convert the current wave into a fairly good 

sinusoid. This js particularly"true \\'hen. operation is' 

from a three-phase line.' A simplified.schematic diagram 

of a three-phase to a single-phase cycloconverter, is shown 

in Fi~ure 1.12. The ratio of line frequency tomodu~atio~ 

fiequency c~nbe as low as two in polyphase sistems . 

. THR.J:E-PHASE l-INE 

1 

. POSITIVE SWITCl-liE-5 

oS INGLE -PHAS£ INOUcTlON MDTOR 

FIGURE 1 .. 12. A 3-Phase to Single-Phase Cycloconverter. 
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With the cycloc.onverter an induc_tion motor can be 
. .' '. -. ~ .. 

operated from zero speed to one~~ third, and in some cases 

one-half, the speed that would- otl1ey\,-ise be obtained 

from the power-line frequency. In addition to providing 

efficient and continuous speed control, the cycloconver­

tel' enables an induction motor to develop maximum torque 

at slow speeds. It is fortunate that induction motors 

develop maximum torque at a certain slip speed, regard­
.J 

less of the actual speed of the rotor. Thus, if maximum 

torque corresponds to ~ slip speed of 50 rpm when the 

rotor is turning at 1740 rpm, the maximum torque is avail-

able when the rotor turns at a much slower speed. This 

is achieved wh~n the stator is fed with a frequency which 

makes the difference between the rotating magnetic field 

and the rotor speed equal to 50 rpm. The significance of 

this is that the induction motor can be caused to simu-

late the powerfu~ tructional effort of de series mot6r. 

but without its commutation problems and maintenance. 

Therefore, even though the ;cycloconverter technique has 

been known for a long time, do not be surprised to find 

that it has been rediscovered for use in electric vehicles. 

Cd) THREE-PHASE Ii\DUCTION MOTOR CONTROL BY PO\\"ER 

TRANSISTORS: In power applications the transistor is 

always used as a switch with a voltage drop l,to 2V when 

conducting full current. In static power convertors, 

the waveform is often a square or quasi-square wave. This 

BOGAZiCi UNNERSHES\ K01GPHANES\ 
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can be generated by transistors." The scheme used in 

this thesis is based on this principle and will be ex­

plained in detail in the ne~t cha~tei. 



CHPPTER2 
,j 

,POHER TRANSISTORS IN VARIABLE SPEED DRIVES 

Since the mid-1960ts~~hyristors have become esta-

b Ii shed a~ the pO\\'er con trol e lemen t in app 1 ic,at ions from 

~omestic lighting andwashing~rnachine controllers to d.c. 

rplling-mill drives, and inverters for ~lternator starting, 

with ratings up to;~t least 10 MW. During this period, 
~~ . 

transistors were also evolving into types suitable for 

power control. Today, , British-developed ~OOV 300A tran­

sistors are being applied to d.c. servo drives and in-

verters for multiple-unit traction drives~ In applica~ion 
! i, 

to boxh a.c.- and d.c.-motor drives, the fast switc~ing 

capabi~i ty 9f trans istoTs can have advantage s over thy­

ristors, and we shall see it gro\\' as an al ternativepO\\'e~' 

controller. 

c· 

2 . 1. POWER TRA\JSI STORS 1:\. SPEED CONTROL SYSTEi'-1S 

TraI1sistors are generally considered' as amplifier 

components for radio and other signals, oscillato! or 

logic elements" and,increasingly, as the building blocks 

27 
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fo~ integrated circuitry and microprocessors. For power 

applications, the hi-fi-amplifier output stages comes to 

mind rather tha~ irid~itrial driv~~~ how~ver, when one 
'" .. ~. , 

cOl1sid~rs ear-crippling sound of certain estab.1ishments, 

it is apparent that simultaneous heat, light and pOKer 

ought,to be possible I 

Industrial'ly useful transistors '~'ere produced be­

cau~e of the need to replace the line-output valves of 

television sets by transistors, which had already dis­

placed valves from th~ rest of the set by about 1968. 

The resulting 400V 10A,t,ransistol' was 'realized to have 

other applications. 

In power applications the transistor is always used 

as a switch with a voltage drop of'l to 2V when conducting 

full current as shown in Figure 2.1 '.- ' If" the ba'se current 

of the VX26014 is le~sthan 10A~ it will' com~ out of'sa­

turationat some lO\\'~r current, e.g., 60A: 'any increase 

in load wiil c~use e~cessi~e dissipation ~nd piobably, 

damage. At 110A and 1.8V the transistor will still ,need 

substial heatsink, and also, to decrease base d~ive, it 

is usually used in a Darlington connection with a cuirent 

gain of at least times 100. "'When sWlt~hed, off, the tran­

~istorhas a thermally d~~endent ieakagecurrent that'in-
, ' , 

creases exponeritly,with temperature, and may be a fe,,' 

milliamperes at 2S oc in a 50A in device. 
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FIGURE 2 .1. Ic and Vc Characteristics of Power Transistors. 

In operation, the transistor sKitches between "on" 

and 110ff" s ta tes, and for thi s type of ope rat ion a 5 Gfe-

operating-area diagram is provided. In Figure 2.2 region 

A defines the range of collector current and voltage for 

continuous working with its boundaries as indicated. 

Khen the transistial time is decreased, the switching locus 

can mo\,( iii"CO ::;. ana pass into the extren!ely - high dissi-

pation' corner if the sKitching is c~mplete in a few sicro-

seconds. The maximum peak collector curr~nt is usually 
I 

only some 25% greater than the continuous maximum current 

I giving much less margin than thyristors. c,max 
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Ie, max t---_ 

A 

c.onl:..i71u.ouS 
operal:io71 

rt!!]i071 

c 

t t 
Vce.9 Vas 

FIGURE 2.2. Typical Safe Operation Area (s.o.a.r.) 
Diagram. 

Industriall~, the squirrel-cage induction motor .lS 

the most ,dd'ely used drive, ~U1mlng; with a regulation of 

from 5 to IO%from no load to full load. Since its speed 

derives from a rotating field of angular frequency deter­

mined by the supply, it follows that a variable frequen~ 

supply is rieeded for a wide range of motor speed. If the 

frequency is reduce~ beloK the nominal 50 Hz, the magnetic 

circuit will maintain full flux for less supply voltage 

and cohv~rsely an increase in frequency above SD Hz Kill 

req~ire extra voltage to sustain full flux and full torque 

r~ting. Corisequently, for operation over a wide speed 

ra~~e,both motor voltagea~d frequency' aie contr61led. In 

small motors, this basic requi'yement' can be circum-
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ventedb9 inserting resistances in each motor lead. How­

ever, such a technique ,\'ould not be allowable with large 
, , 

motors unle~s the speed variation were restricted. The 

use of such resistance also ~egrades the speed regulation 

of the motor. 

Figun~ 2.3 is the block diagram of the variable-
4 • • • ~.. ,e," -. 

frequency inverter implemented. in this thesis up to 5H 

three -phase induction motor. Six pO\·:er _channels provide 

the required sequente of vOltage steps needed to develop 

the quasi-sine wave. This sequence is repeated at 120-

degree intervals in order" to supply tJ1ree-phase energy 

to the motor. 

The three-phase wave ~ynthesis imp~rted by ihe di-

gital logic modules commences ,dth the eLi pulse train. 

The subsequent ~odifications m~de to these pu~ses, to­

gether with various cOilibining' techniques, are illus~rated 

in the logic-timing sequence shown in Figure 2.4. It is 
well, to note that a basic three-phase wave already exists 

with respect to waves A, Band C. 3C logic operates as 
-

a 3-bit shift register. It should be noted that the 

shift register provides complement wa¥es A', B' and C' 

aswel1. The complement \\'ayes are used in the building­

block to modify the original ABC three-phase waves.' One 

desired modification is a reduction iri the half-wave 

duty cycle to 165 degrees from the normal 180 degrees. 

This prevents simultaneous 'conduction of power output 
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FIGURE 2.3. 
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Block Diagram of a Variable-Freq~ency invert~r for Speed Control: of a ~-Phase 
motD~S. . .. 
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FIGURE 2.4. Logic Ti~ing .Sequence for Variable-Frequency 
Inverter. 
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stages that arealternating.their condu~tion states. 

The other d~sirea modification is a ve~y rough simulation 

of a sine Hav.e. The CLI and CL 2 .,,,ayeS are also used 

here. (AI though the/s tepped wave s I A.A' , - I BB ·, .ana ~CC' " 

Hltlmately delivered to the motor could ne~er.actually 

be ~istaken for sine Haves, they are nearly as suitable 

for· operation of the motor as a true sine wave. Their 

salient features are the ease with which they are pro-

d~ced in logit circuits and their reasonably low third­

harmoic content;) 

The basic frequency generated by the voltage· control-

led oscillator·is 24 times higher than that ultimately 

delivered to the motor. This is a useful technique of 

logic synthesis. A lm,,-frequency \\'a,"e can be constructed 

from higher-frequency "building blocks". Although sug-. 

gestive of Fourier synthesis, the .method is this, that 

simpler-rectangular pulses are manipulated and combined 

to produce the desired waveform. The pulse synthesis is 

accomplished in the 30 logic function block of Figure 2.3. 

An important aspect of the Haveshape produced by the 

logic circuitry is the zero-voltage step. As a conse-

quence of this step, the duration of half cycles applied 

to the motor is 165 degrees, rather than the u~ual 180 

degrees. 

The function block that produces this zero-voltage 
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step is the 30 logic delay in Figure 2.3. Pho'tocouplers 

provide electrical isolation ben,'een the three-pha~e logic 

circuitry and the motor-drive cir2ufts. 

The Darlington output blocks generate 30 currents" 

that arc delivered to the motor. There is much repeti­

tion in the circuit configuration. Not only are all cir­

cuits for each of the three phases identical, but each 

of the six power channels contain five Darlington output 

amplifiers connected in paralle. 

The external dc power supply should have a c~rrent 

capabili ty of about 60 amperes and should permi t· varia-

tion of its output voltage from 0 to 300 volts. Such 

requirements are best served by a voltage-regulated swit-

ching supply which minimizes power dissipation. An alter~ 

native is a simple full-wave power supply ~ith autotrans-

f6rmer control in the power line. A single phase power 

line can bci used for dc supply, but three-phase, 60 or 

50 Hz power lwuld probal: 1)' be more' practical. When the 

':C' '~"')l,l'" i -:: ~c11·1J,~t.C'd For 7';" \~olts. the moLor receiYes _ -\....tlA/.~./ ____ ... ... ' ~ ..A. _ .... 1..- ~ 

,1};'cce-ph3se l~'Cn.'er at 50 Hz. \\'ith 20 volts from dc supply, 

rhe three-p~~se power supplied to the motor has a fre-

f- - .' 
~~Ue}lC);- 0-' ~l t:.:. The speed range corresponding to such a 

voltage reduction is a~proximately 1420 rpm to 142 rpm 

for four poles motor. The design, the implementation 

and the characteristics of each block are explained in 

detail In the following section. 
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2.2. A UNIJUNCTION TRANSfsTOR PULSE GENERATOR CIRCUIT 

AND WAVE SHAFER 

The block diagram of Voltage Controlled Oscillator 

and Wave ShapeI' is shown in figure 2.Sa. A simple pulse 

generator using a unijunction transistor is shown in 

Figure 2.Sb. The typical waveforms are shown in Figure 

2.Sc. Assuming that the capacitor is initially uncharced, 

the voltage at point X begins to rise in an exponenti&l 

manner until it reaches the peak~point voltage of the 

U.J.T. At this instant of time, the U.J.T. switches to 

its low resistance conducting mode ~nd thertapacitor is 

discharged through the resisto~ Rl causing a positive 

going pulse to be generated <l:t Y. The pulse 'repetatinTI 

rate is controlled by the value of R, since this controls 

the time constant RC of the capacitor charging circuit, 

and the pulse width by Rl since this affects the discharge 

time constant. 

Assuming that the capaciotr is initially uncharged, 

then Tl,c volL<.:,i:': at point X prio[ to breakdmm is giYE'n 

, C,,-t/RC) Vx = ~BB ~ - E' . 

where RC is the charging Time .constant of the resistor 

capacitor circuit, and t is the time from the commencement 

of the waveform. Discharge occurs~hen Vx is equ~l to 
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FIGURE 2.5. (a) The Block Diagram of V.C~O and Wave 
Shaper; (b) A Simple Pulse Generator Using 
a U.J;T.; (e) ·The Typical Waveforms. 
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~he peak-point voltage, which is taken to be equal to . 

nVBB (where ri' is the intrinsic~pff ratio of the U,J. T., 

and VBE,is the supply vOltage). That is when 

~ - tiRe) 

Hence, the periodic time is given approximately by 

t - RC In l/(l-n) = 2.3 RC 19 l/(l-n) 

A typical value for n is 0.55, giving a periodic time of 

approximately 0.8 RCs. 

The function of resistorR2 is to provide tempera­

ture stability, otherwise it has little effect upori the 

performance of the circuit. However, 2S a result of this 

resistor, a negative pulse is generated at base-two and 

can be used for other coritrol purposes. 

The pulse \\Thich is generated at point Y is of short 

R ~~ 100 kIt 

R. = 560 rl 
.1. 

C = 0.05 fJF 

R-
J 

R2 

= 220 }~r2 

= 220s: 
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The circuit was calibrated such that at 220V dc in-

put, the output frequency is ·1--200 Hz corresponding to a 

final 30 output yoJtage of 50 Hz. As the supply.voltage 

is decreased the output frequehcy' decreasesline~rlydown. 

to 168 Hz at 30 Volts. In this wave the requirement that 

V/f stays constant is achieved. (See Section 3.2) 

Wave Shaper:Figure 2.6 shows the Wave Shapero 

The'transistor amplifies the pulses \.;hich are generated 

by U.J.T, and then these pulses are applied to a J-K type 

Flip-Flop. The inputs of Flip-Flop are such that J:1, 

K:l, R:O, S:O. In this way at Q outptit of the J-K flip­

. flop the clock signal for ihe rest of the circuitry is 

obtained. The frequency of thecclock is half of thaL of 

the U.J.T. output. 

o· .... If 

.;::..~N\A,'\·--
", 
4~4"om U.1J.;-
, . . I 

_.L • .... ;: f7,Cl i 

FI GURE 2.6. Wave Shaper. 

q I---f---
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2.3. 30 LOGIC. 

-
30 logic operates as three-bit shift register. Fi-

gure 2.7 shows three phase shift register. The circuit 

accepts information from some input squrce and then shifts 

this information along the chain of flip-flops, moving the 

information one flip-flop each time whenever a positive-

going clock signal occurs. 

0 \9 FFI, 9 fF2 q A '.': .-
FF5 c' .FF4 tt· 

c. 

I<. -/5 cLz 6 
R. 1 R. -{51 ... f;(. 

10 C1 q> d Q .( 10 tj c.y .:> 0 ~ i-;'T> 1":'- --=- ~ 
-(3. c j s ~ 

.,.. , B 
c c ... "'" L<1 ... 

1 -1{ I.t. P- - ::2- -If - 44 S - 2 B 
Jc. 4> k G' "" Q rr 

~ J s s oS S 

-fa. 4 A' 12- C 4' 

0_ -l+-{;----
1 J 1 .J I 

"-, ,~ , 14-1-r:--- ___ _ 
-L ________________ ·_ 

___ .--..11 
1 

J 

. Fi g1.lYE' 
.., 7 
~ " I • 

30 Logic (Three-Bit Shifi Register) . 

Figure 2.8 also shows a typical sequence of input-

1 . th three-bit 5hif~ rerris-signals and flip-flop signa s ln e ~ 
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ter. It is assumed that all flip-fl~ps are initially in 

their ° states. We apply J,: 1, C:, first 'clock of CL l , 

K:l, S:O, R:O l of FFI. Then Q of'FFI goes to the I 

state. (See Appendix 2, Truth Table of J-K Flip Flcp·.) 

When the second positive going clock C~l signal is applied 

to·the FFI, then FFI will change the sta~e and Q of FFl 

goes to 0 state. This process continues, and we get CL 2 

wave form on the output of FFI. 

mIen the first positive-going clock signal of CL 2 is 

applied to FF2, the inputs of FF2 are such that: J:O, 

C:cP] of CL 2 , K:O, S:O, R:O, then Q of FF2 goes to 1 state. 

Let us denote this waveform by A. The second positi¥e-

going clQck signal of CL 2 will be applied tq J of and 

A ~ill not change. Hence, the inputs of FF3 are, J:~, 

C ' ,..,.) '? 
• \.., 1 '-' of CL 2 , K:O, S:O, R:O, and Q of FF3 goes to l 5Tate, 

and Q of FF3 goes to ° state. Let G of FF3 be C, an~ 

thele is not change in the waveform of A again. 

The third po~itive-going clock signal of CL 2 is ap-

plied to fF4, then the inputs of FF4 are as follows: J:l, 

C:CP3 of CL 2 , K;O. R:O, S:O, and Q of FF4 goes to 1 state. 

l-l!C: ·\·;aveform at the Q output of FF4 is denoted by th-2 

symbol B, and this process continues so that we get -::1'e 

wavef6rms, A,B~C as shown in Figure 2.8b. We see that 

the waveforms A,B ,C are shifte~l 120 degrees. 
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FIGUf;.E 2.8a .. Truth Table 3-Hit Shift Registel'. 
(t : Present State, *: ~ext State) 
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FIGURE 2.8b.The Waveforms of Three-Bit Shift Register. 
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It should be noted that the iift register also pro­

~ides complement waveforms A', B' , C' . These complement 

waves a~e used in the building-blbck process to modify 

the original ABC three-phase waves. The NAND gates. in­

hibit forbidden-state operation of the shift register. 

2.4. 30 LOGIC DELAY 

30 Logic Delay is used to modify the original ABC 

three-phase waves, This modification is a reduction in 

the half-wave duty-cycle to 165 degrees from the normal 

180 degrees. An important aspect of the wavE shape pro-. 

duced by the logic circuitry is the zero-voltage step. 

ASH consequence of this step, the duratiop of half cy­

cles applied to the" motor is 165 degrees, rather than 

the usual 180 degrees. This prevents conducTion overlap 

between prower-output stages that are turning o~f and 

those that are turning. on. The function block That pro­

duces this zero-voltage step is 30 Logic Delay in F~gure 

2.3. The vvaveforms of 30 Logic are shOl\11 in Figure 2.9 

and the truth table of 30 logic delay is shown in Figure 

2.10. Photocouplers provide electrical isolation between 

the three-phase logic circuitry and the motor-drive cir-_ 

cuits .. D type Flip-Flops are used in 30 logic circuit 

and the clock pulses ~re CLio 
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FIGURE 2.9. The Waveforms of 30 Logic Delay. 

2.5. DARLINGTON OUTPUT 

The DCilington output contains six power channels. 

The sign~l of 30 logic delay 0A, 0A', 0B, 0B', 0C, 0C' 

trigger the Darlington Transistor~. The circuit configu-

ration for various motors with different power r~tings is 

basically the same. The number of Darlington transistors 
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required is determined by the rating of the motor whose 

speed is to be controlled. The circuit configuration for 

each one of the three phases fs a1.so j dentical. 1n the 

implementation for th~s thesis 3 Dar] ngton transistors 

CBD(99) were used in each one of 6 channels having a 

rating of 80 volts, 5Ampers. However, the construction 

is such that these can easily be replaced by 400 Volts 

transistors to enable outputs of greater than 50 Hz. 

Buffer drives amplify the current of 0A, 0A', 0B, 

0B', 0C, 0C' to trigger the Darlington Transistors. 

The Darlington tr.ansistors can be considered 35 

switches 0A, 0A', 0B~ 0B', 0C, 0C' as shown in Figure 2.12. 

In Figure 2.11 the operation of the Darlington transistors 

is explained and in Figure 2.12 a resistive load is as-

sumed to simplify the analysis.. When the load is an in.:. 

ductive one, the phase \'oltages take. the form shoKn in 

Figure 2.13. 

The hlock diagram of the Darlington outputs and the 

\\'2)' they are connected to the motor is shown in Figu:re 

2.14. 
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FIGURE 2.11. The Operation of Darlington Outputs. 
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CHAPTER 3 

A~C, MOTOR OPERATION WITH NON-SINUSOIDAL SUPPLY 

HAVEFOR~1S P\ND VARIPBLE-FREQUENCY OPERATION OF 

INDUCTION MOTORS 

Most frequency inverters and static frequency con­

.verters generate an output voltage waveform with a sig­

nificant harmonic content. In this chapter, the motor 

performance with non sinusoidal sUFPly voltages is C0m­

pared with normal sine-wave operation. 

The most versatile and reliable variable-speed drive 

consists of a cage-rotor induction motor which is speed­

controlled by variation of the stator frequency. The 

operat ion of the induc tion motor on a variable - frequency 

supply is also. examined in this chapter. It will be sho~n 

that the presence of harmonics in the supply voltage us­

ually has only a minoT influence on the motor performance. 

3.1. HARMONIC BEHAVIOR OF A.C, MOTORS 

When an a.c. motor is opersted on non-sinusoidal 

supply, the stator voltage can be analysed into a funda-

51 
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mental component and a series of harmonics. If magnetic 

sat~ration is neglected, the motor may be regarded as a 

linear device, and the principle of superpos.l Lion can 

be applied. This means that the motor behavior can be. 

analysed independen tly for the fundamental· voltage, and 

for each harmonic term. The overall response to the non-

sinusoidal voltage is then obtained as a sum~ation of the 

responses to the individual components .. Thus; the net 

motor current or torque is equal to the sum of the cur­

rent ortoyque contributions of each voltage component 

in the supply waveform. It is convenient to express the 

:motor current and torque ln per-unit or normaliled form, 

that is, the actual values of current and torque aye ex-

. pressed as fractions of the rated current and tOTque of 

the motoT. 

HaTmonic Equivalent Circuits: The conventional 

equivalent ciTcuit for one phase of an induction motor 

on a sinusoidal supp]y is shO\m in Figure 3.1a and is de-

rjved in Appendix 3. In this circ~it) the core losses 

and saturation effects aTe neglected, and Xl and X2 are 

the stator and rotor leakage reactances at the supply 

frequency. X is the cOTTesponding magnetizing reac~ance. m 

Th~ rotor slip Kith respect to the fundamental rotating 

field is denoted by Sl~ and hence 

(3 .. 1) 
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where n l is the synchronous speed of the ro~ating field, 

and n is the actual rotor speed. 

Qik: k)(J R1 X1 
~6u6f. 

Y1 

co 

> 

~i~)('t71 tzz. ?f 
k}(", 

f?z.k 

I 
S" 

J "I<: Sk. 

(a) (bj 

FIGURE 3.1. Induction Motor Equivalent Circuit Diagrams: 
(a) fundamental-frequency equivalent circuit, 
(b) equivalent circuit for thekth time 
harmonic (positive and negative sequence). 

The kth harmonic in the phase currents produces a 

time harmonic m.m.f. rotating forwards or backwards at a 

speed k!\. The rotor slip in a forward-rotating harmonic 

field is 

(3.2) 

and for a backward-rotating field 

(3.3) 

in general, therefore, 



-. 54 -

(3.4) 

where the negative slgn is valid for positive-se~uence 

harmonics and the positive sign applies to negative-

sequence harmonics. 

The harmonic slip, Sk' is expressed in terms of 81 

by substituting for n from Equation (3.1). This gives 

(k+l) + S - 1 

k 
(3.5) 

The fundamental equivalent circuit of Figur~ 3~la 

.may be adapted for the kth harmonic voltage and current 

in Figure 3.1b. The harmonic slip, Sk' is substituted 

for the fundamental slip, Sl' artd all inductive reactances 

are increased by a factor k. The stator and rotor resis-

tance~ are also larger due to skin effect at the harmonic 

frequency. Sirictly speaking, the rotor leakage induc-

tance is also modified by the skin effect, and this must 

be taken into consideration in precise calculations. 

It may be verified by means of Equation (3;5) that 

th~re is very little variation in Sk for normal opeTatio~. 

If the motor speed varies from synchronous speed to stand-

still, the fundamental slip, Sl' varies from 0 to 1, but 
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the fifth harmonic slip,S5' only varies from 1.2 to 1. 

The.corresponding variation in.~7 is 0.857 to 1, and for 

higher harmonic Sk is eyert closer to unity. If we make 
/ 

Fourier Analysis (see Appendix 4) of six-step voltage 

supply waveform we see that there are no even harmonics 

because of positive and negative half cycle symmetry, 
.... ;. 

and there are no third or multiples of the third harmonic 

because of the 60 0 dwell between the positive and.negative 

waves. 

The harmonic equivalent circuit of Figure 3.1b can 

be s impl ied as sh.oh'11in Figure 3. 2a by removing the res is-

t~nces .. This is juitified by the fact that the inductive 

reactances increase linea.rly "Tith frequency, ,det"le the 

increase in rotor resistance with frequency due to skin 

effect is less than linear. Since Sk is approximately 

unity, the circuit resistance can be neglected in compari-

son with the reactance at the harmonic frequencies. Fur-

ther simplification is possible as in Figure 3.2b, since 

the shunt rnangetizing reactance is much greater than the 

rotor leakage reactance, and may be omitted. The motor 

impedance pre~ented ~o harmonic current is, therefore, 

. t ~ l' "\" .r) 1 X d X} d apprOXllTlfl elY .(lx1+XZ , .. 'l:ere. 1 an' -2 are t1e statoT an 

rotor leakage reactances' at the fundamental supply fre-

quency. 

The zero-sequence stator current harmonics are in 
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kX., k ( x-{+ )(.z.) 

---',?, 

(b) 

FIGURE 3.2. Approxima te Equi val.ent Ci rcui ts for Harmonic 
Current Calculations. 

time phase) .. and consequently do not produce fundamental 

rotating m.m.f. wave. However, the zero-sequence cur-

rents may establish pulsating space haTmoni~ m.m.f.waves 

in the air gap, 'and each pulsating ",aye can be resol'.'e~ 

into a forward and backward-travelling ~i~e, as ShOhll in 

Table 1. These flux waves induce unequal harmonic cur-

rents in the moving rotor, and hence the presence of 

zero-sequence stator currents can affect the motor torque. 

The reactance presented to the flow of the kth zero-

s~quence harmonic is kX o ' where Xo is the stator zero-

sequence reactance at fundamental frequency. 

small and the applied voltage has a large zero-sequence 

component, the resulting zero-sequence currents may cause 

a significant stator coppex loss, and seriously reduce 
./ 

the motor efficiency. However; zero-sequence currents 

can only flow in a star-connected system having a neutral 

connection between source and load, as otherwise there is 
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TABLE 1 

M.M.F. Components of a Three-Phase Armature Winding 
.-. • 0 __ 

Order of Order of Time Barnlonic, k 
space 

harmonic 1 3 5 11 7 9 11 13 

1 +1 - ··5 +7 ~ - -11 +13 

3 - +1 - - ... 7 - -'oJ '-. 
5 1 +1 7 +.!l. 13 -5 - -5 - -5 5 

7 +.l 5 +1 11 +13 - -7 - -7 r 7 i 

9 1 +1 I - +- - - - --·3 -
1 r- 7 13 11 -IT - +~ -IT - + 1 -IT 11 

13 .1 5 .l.7 

\- ~~ 1 i "1'13 - -IT '13 - + 

\ ~ 
+.l 3 I 15 - - - +-

1 
--5 -s 

no return path for the in-phase zero-sequence currents. 

In practice, most inverter circuits do not generate zerc-

sequence voltages, but if these components are present 

the)· are offered an infinite zero-sequence impedance by 

isolating the neutral connection. 

Th9 fundamental equivalent circuit of Figure 3.1a 

only applies to the polyphase induction motor, but the 

subsequent harmonic circuit are ~lso valid for the har-

monic behavior of the reluctance or synchronous motor, 

since these mac~in~s operate asynchronously with re~pect 

to time harmonic m.m.f; waves. When analysing motor ope-
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ration at very low supplyfrequen6ies, the approximate 

harmonic eguivalent circuit of Figure 3.2 may not be 

valid, since the winding resii~an~e can he a signifjcant 

factor at the )O\\, harmonic frequencies. The simplifica-

tions are usuallv justified, however, if the fundamental , ' 
frequency exceeds about 10 Hz. 

Harmonic Currents: Since Sk is nearly wlityat all 

motor speeds from standstill to synchronism, the harmonic 

equivalent circuit of Figure 3.lb is practically inde-

pendent of motor speed, and this is emphasized by the 

approximate circuits derived from it. Thus, the harmonic 

currents, remain constant for all operating conditi0ns of . 

the motor from no-load to full-load, and even down to 

standstill. The fundamental stator current is determined 

by the motor loading and, as a result, the relative ha1'-

nonic content of the machine current is considerably 

greater for light-load operation than for full-load or 

starting conditions. This causes a significant increase 

in the no-load losses of the machine compared ,,'ith normal 

sine-wave operation. However, the full-load efficiency 

is usually not redticed excessively. 

The approximate equivalent. circuit of Figure 3.2b is 

similar to that used for normal sine-wave calculations 

on a locked-rotor induction motor, when the motor CHi-rent 

is also limited by the leakage reactance (Xl+XZ)' 'The 
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standstill or starting behavior o~ the induction motor 

on a sine-wave s~pply is, therefore, a measure of its 

harmonic performance. If the 'mOTor draws a large star-

tin& current, it will also draw large harmonic c~rrents 

on non-sinusoidal supplies. The leakage reactance of a 
r 

reluctance or synchronous motor also determines its har-

monic current flow. If the motor has a very low leakage 

reac~ance, it should be used with caution on non-sinu-

soidal supplies, since excessive harmonis currents may 

flow and overheat the motor. 

;.' If Vk denotes the kth harmonic component of t.he 

supply voltagei the corresponding stator current harmonic 

is Ik = Vk/Z k , where Zk is the "lth harmonic input impe-

dance. For positive-and negative-sequence harmonics, 

the approximate equivalent circuit of Figure 3.2b is 

Thus, 

For z'eroc..sequence harmonics} Zl~ -- kX o ' and 

1- == 
k 

(3.6) 

(3.7) 



- 60-

These formulae permit rapid evaluation of the har-

monic currents due to a"non-sinuso~dal voltage waveform 

whose harmonic content is known. Usually.there are no 

zero-sequence harmonics and no even numberid harmonLcs; 

and hence the total r.m.s. h~rmonic current is given by 

00 

.; [1.: 11) (3.8) 
5 

If II is the fundamental r.m.s. current of the motpr, 

the total r.m.s. stator current, including the funda-

(3.9) 

For a glven voltage waveform, the relative harmonic 

content'of the stator current is closely related to the 

pel"-unit l'eactance of the motor, Xpu This is the leak-

age reictance at fundamental frequency, expressed as a 

fraction of the base reactance, Xbase~VR/IFL' where ¥R is 

the rated sine-wave phase voltage,. and IpL i-s the rated 

full-load current. 
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Thus, 

ex1 +X2) . I IFL 
X == == (Xl +X~) FL == sin0s pu X - . V,., IS base h 

(3.J.0) 

where IS is the fundamental standstill current of the 

motor and 0$ is the motor power factor angle at stand­

still. 

For the usual 'six-step and t,,,,elve-step voltage \\'ave-

forms, the magnitude of the harmonic voltage is inversely 

proportional to the order of" the harmoriic. Thus Vk=V1/k, 

and Equation (3.6) gives the harmonic current 

V k 
(3~11) 

If the fundamental phase voltage, VI' is equal to 

the rated sine-wave voltage, VR , then EquatIon (3.10) 

gives 

= V R 

= 

I-::;L 
== eX,+X'l) ~ 

.L L. X 
pu 

(3.12) 

where I kpu is the per-uni t harmonic current on the' rated 
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full load current. 

Using Equations (3.8) and (~3·.12), the\total r.m.s. 

per-unit harmonic current with a six-step voltage supply 

is evaluated as 0.046/X . Similar calculations on a . . pu 

twelve-step supply give a value of 0.0105/X . Thus the pu 

harmonic current is inversely proportional to the per-

unit reactance. The total r.m.s. stator current at full­

load on a per-unit basis is 1[1+(0.046/Xpu)2] for a six­

step voltage \\'aveform and / [1+(0.0105/Xpu)2] with a 

twelve-step supply. In Figure 3.3, the total r.m.s. sta-

tor current is plotted as a function of the per-unit 

reactance.- The increase in r.m.s.·current is almost ne-

gligible withe twelve-step supply but the six-step vol-

tage waveform can produce a significant increase, parti-

cularly when the per-unit reactance is small. This occurs 

principally with reluctance motors which may have a pey-

unit reactance as low as 0.05, resulting in a 35 percent 

increase in the r.m.s. full load current. The polyphase· 

induction motor has a per-unit reactance in the range 

O.1_tO-O.2, and the total r.m.s. current at full-load on 

2 six-step voltage supply is from 2 to 10 percent greater 

than fundamental current. 

Figure 3.4a shows a typical stator phase current wave-

fOTm for an a.c. motor with a six-step voltage supply. 

This waveform was caluclated for a per-unit of 0.1, as-



- 63 -

o ~~ ____ ~ ______ ~-L ________ ~ ______ --J 

0,15 

FIGURE 3.3. R.M.S, . Stator Current as a Function of the 
Per-Unit ,Leakage Reactance of the MotOl'. 

suming th~t the fundamental current lags the fundamental 

voltage bi60 0
. This fundamental phase angIe is detcy-, . 

miTIed by the ldading conditions and, in the present case, 
t .'. • • j' 

it corresponds to a fundamental p01ve,r factor of 0.5. The 
i 

corresponding curi~nt waveform ~ith a twelve-step supply 

is shown in Figure. 3" 4b . The, harmonic dis tortion not only 

inc:!.'e 3 ses the r.m ;5. value of thesta'toy' curren 1:. bn'!:. 

'also p"'oduccs l31'ge currerit peaks 1\'hichincreas'e 'die com-

mut3tlng duty imposed on the static inverter. In Figure 

3.5 the ratio of the peak inverter current to the pe~k fun-

damental full-load current is plotted as a function of the 

per-unit rea~tance. These characteristics were derived 

theoretically, assuming a fundamental power factor or dis­

placement factor of o. 5,- l\~iih lo\\'erdisptac~ment factors, 
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FIGURE 3.4~ (a) Stator Voltage and current \\'aveforms 
for·a.c. Motor.with a Six-step Voltage Supply, 
(b)' Stator voltage an.d current waveforms for 
a.c. motor with a twelve-step voltage supply. 
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the peak inve:rtercurrents are somewhat :,larger . For an 

a.c.motor operating. on ~ six-step supply with a funda-

mental pOKer factor)of 0.4, thep-eak currents are not 

more than 4 percent greater than the values indicated in 

Figure 3.5. 

3,O,-------r-----,-----.,..-----, 

a,5~------~~------r_------_r------~ 

1,'5 

{o ~ ______ ~ ______ ~~ ________ ~ ______ _J 

o 0,05 0/(0 0,-15 0,20 

.FIGURE 3.5. Peak Inverter Cprrent as a Function of the 
Per-uni t Leakage' Reactance of the Motor. 

3.:2. STEADY -STATE PERFORM.Li..NCE AT CONSTANT VOLTS/HZ 

The steady-state performance of theindu~tiori motor 

is read.ily analysed by means of the fundanientai equi veilent 

circuit of Figure 3.la! For normal sine-wave operation, 

the skin effect is us~ally negiected, and henc~ the resis­

tances are independent of frequency, Khile the reactances 
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a,re proportion,al to \frequency'. The rot,ating flux 'wave 

intheairgap;induce~ a coDnier 'e.rn.f. El in th~ stator 

winding: Thise.rn.f. IS lessthah, the ~ppljed voltage 

VI due to the voltage ,drop in (Rl+jX l ), the· stator'leaL-· 

age .impedan cc . Since the pres6ncc of spaceharmonicm.ffi.f. 

\\'aves is ignored, ,the rotatingfJux wave has a sinusoi-

dal spate distribution, arid the flux lirtking'eich stator 

turn has' a s,inusoidal :time varia tiori. If 0 denotes the 

fJ.ux per pol~ of th~ rotating field, the instantaneous 

flux linking acfull-span stator'turD is 

where w 
1 = 2TIf l , the angular frequency of the supply vo]-

~age. The induced ~errn.f. per turn IS therefore' 

and the LlTI.S.' phase e.m.Lis given by 

E, = w 0k ~ /1 2 = 4.44k f N 0 
~ lw 1 w 1 1 (3.13) 

where ,1\1 is the number of, series turns per phase and k", 

is the winding factor. If .the \dnding fac tOT i.s uni ty, 

the usual transformer e.m.f. equation is obtained and, 

h~nce, for a motor or transformer, 0, is proportional to 
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:,' "~ Fo~ effective. utilization, the air-gap flux of the 

induction motor must be sustained at all frequencies. A 

constant air gap flux., is obtained' when the ratio '[l/f l 

is constant, but if the stator leakage imped,ance is slllull, 

then VI and [1 are. approximately equal. Conseqt;ent1y; 

the air-gap flux is nearly constant when the ratio V,/f,. 
J. 1 

has a fixed value. This is the constant volt/Hz mode' 
, , 

of operation. The linear output voltage-frequency chardc-

teristic'is provided by the static inverter or cyclocon-

verter, using the voltage control t~chniques. Unfortu-

nately, the motor performance deteriorates 'at 10\\' fT2c{1lC"n-

cies \<]hen the air-gap flux decreases. This is sho\\T! In 

the follO\\"ing section. 

Torque tharacteristics: From the equivalent cir-
., . , 

cuit of Figure 3.1a, the following phas6r equations rnay 

be obtained:', 

~ y "T - I ) 
-' ~\."Y\, \.. ~ 1 'i 

Jr' i... • 

RZ 
+ (-,- + J 

s 

By de fin i t ion, the l' 0 tor s 1 i p, 1 5 .; i ve n bY 

(3.14) 

(3;15) 

wher~ f is the variable stator irequency, and f2 ,is the , ,1 
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corres~onding rotor freqtiencYi 

In J\ppendJ.x 3, them6tor tor-quei"s derived as 

pm1 : R 
T = r 2 .-1.. (3.17) "-i-- 2 ' s 

2n f 1 
, " 

where,TIl l is the number of stator phases, and p is the 

number of pole-pairs. 
\ 

On combining Equations (3.14), (3.15) and (3.17), 

the torque can be expressed in terms of the applied vol-

tage VI and the frequencies ,fl and f 2 . The Tesultir:g 
.'.' 

expression IS 

T 
pml~r1-1:2 f? X2/R\ , ~ m ... 

2IT i L If· 
~ lJ [R+-, _2_(X 2_X . X )] 

1· ·m ·11 ?? ,- f 1 R2 ' .. '. .,.-

2 
(3.]S) 

""here X1l=X1+Xm,. the total stator reactance at the supply 

L"c,:.:'_;;:;lCY f" and X';l')=X')-!-X , the total rotor reactaEce at 
.1. .. '-'" ... m 

t.he senne fTequency'. 

For fi:xed volts/Hz operat.ion, the quantity V1/£1 in 

Equation (3.18) is constant,and the torque characteris­

tj c.s can be' evaluated\dl~Jl 'th~ ma:chine pinameters a::::e 

knO\\11. In Figure 3.6 ,the torque is plotted againsT rotor 

£requ~ncy, £2' fora number os stator frequencies. The 
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torque .is again. expressed in per-unI t form, using the 

rated torque of the motor as. a base. value. These re-

sults sho\,' that . the. induction. mot-OT' torque . d'e c 1~ cas e s 

. tap~dly as thc 'stator frcquency is. reduced. 11his is, 

~~used by the rcduction in air-gap flux at low frequency 

due:.to. the. increased influence of the stator resistance. 

The stator.resistance voltage drop at rated current has 

the same magnitude at all frequencies, and it .therefore 

constitutes a considerably higher fraction~Qf the· supply 

voltage at low. frequency than at rated frequency, when 

it may often be neglected. 

The torque characteristics may be extended into 

the induction. generator reglon as in F.igure 3.6. In this 

\' 

.3 

- 9- IA: ~ r...: t" r-. 
-.....;; 
~ iDO .' f 2S 
~ A l-'H~ H, 5~ r--~' 

i lIE I-k ! 
l i __ ~ __ J_._ C 

I i (.::-;[ 50 Lto so 20 10 0 !O .2.0 '5C -to fJl> 60 . ' l ! I i 

l _ .. '_--l 
1 _i I I I ~'h.., 

l'O:;c~~ ) .wd'Nt- !-"';:~,,", ; ~ 

I r'~~~~{A -.::>. 

A~ I/S . ~_-to 
.::. Ha Ha It 

FIGURE 3.6. Torque Characteristics for Variable-Frequency 
Operation of the Induction Motor at Constant 
Volts/Hz, 
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region, the machine operates \dth a'reversed po\ver flo\\1 

and reversed statbr voltage drop, resulting in increased 
(,-, 

e.m.f. El , and increased air-gap ~lux. Consequently, 

large gene ra tor torques a re produced, part icu1 ar1 y at 10h' 

frequcnc~Ei.;s,..' These bra~ing, tp.~ques .~l,ar ca,use mechanical 

damage, unless current limiting is e'mpl;oyed'.:,: ' However, 
, , - -. .. ,"' , 

the chal~act'el~ist'ics ofFigul~'e'~3:6',are based on the linear 
,. . I 

equivalentcirucit of Figur.e3 .. 1a,' in ,;,.hich ,magnetic 

saturation is negle~ted. 1rr prac~{~e; 's~tu~atio~ ef~ 

fects will ca~se the b'~~a~ing'torcllles'i:r('t'hegenerato:r 

regi'onto be less than the ,theoretlcalvalues indicated 

in Figure' 3.6.; 

In Figure·3. 7 the ·hnfakdOl\'l1: and starting torques arC' 

plotted against supply frequency. The breakdown torque 

is determined by maximizing the torque expression of 

Equation (3.18) and the starting torque is evaluatedrby 

putting £1 and f2 in Equation (3.18). The serious reduc­

tibn in both these torques at frequericies less than 10Hz 

is (,v.Ldent. To improve the Ib\\·..;frequency characteristics, 

t.he terninaJ voltage should be increased considerably 

-above its frequency-proportional v~lue. This is not pos-

sib 1 e \,,11 ens yn c h l' 0 n 0 usa 1 tern a tor s are use d, but i s 

readily provided by means of static converters or inver-

ters which permit independent adjustment of output vol-

tage and frequency: 
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FIGURE 3.7. Stal,ting:and Breakdown Torques for-Variable': 
Frequency Operation of the Induction Notor 
at Constant Volts/Hz. 
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.. EXPERH1EIHP.L RESULTS Ai~D CONCLUSIONS 

4.1. EXPERIMENTAL RESULTS 

Along the lines that were indicated in Chapter 2, 

the speed control curcuitry Kas designed and built. The 

complete diagram of the system is sho~n in Appendix 6. 

In order to make the system completely independent, a 

sirigle phase bridge rectifier Kas included in the input 

to provide the,d.c. voltage. 

The system\ \';as tested on different induction machines 

and it was seen that smbothcb~trol of spee~, wa~ possible. 

The highest operating frequency had to be limited to 10 
\ 

~2 d~e to the rating of the Darlington transistors used. 

The relation between input voltage and the output 

freq~ency is shown in Figure 4~1. It can be seen that it 

is a linear relati6n~hip as expected. The same linearity 

of the U.J.T. output was checked up to 400 volts corrc-

spo~ding to 90 Hz. 

72 
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'1
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<l.l m 30 
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10 

"',4 tl.,'E 4,2 5;6 'f 8,4 9,8 
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(H~ 

FIGURE .4.1. T6e Input Voltage to Output Fre~uency 
ella rac teri stic'; , 

, , 

Figures 4.2, 4.3, 4.4, 4.5 and 4.6 show typical 

waveforms of phase voltage and phase current fbr 70V 

and 40 V inputs. 'As can be seen, these are the same as 

the theoretical waveforms shown in Figure 3.4aand b. 

Fieure 4.7 shows the speed output as a function of 

input \'01 -rage. 

It is observed that at low values of input voltage 

the r:;achine 'is not able to pick up speed. This is to be 

expected from Figure 3.7, f-rom which it can be seen that 

the starting torque is considerably reduced at low supply 
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, 
./ 

FIGURE 4.2 .. The Phase Voltage 1<;aveform .at 70 Volts. 

FIGURE 4.3. The Phase Current 1\"aveform at 70 Volts . 

. FIGURE 4.4. The Phase Voltage 1\aveform at 40 Volts. 
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FI GURE 4.5. The Phase Current-Waveform at 40 V61ts~ 

FIGURE 4.6. The Wave forms of Phase Vol tage ".M I and "BB' . 
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10 20 30 40 50 60 70 
Input Yo1tage 

(vol tage) 

FIGURE 4.7. The Input Voltage to the Speed Output 
Characteristics. 

:' 

fre quencies. As was sugges ted be fore, this prob lerr~ can 

be overcome, if the low spe~d operation is a must, by 

increasing the supply voltage considerably above its 

value proporti~na1 to freque~c)',., 

4.2. CONCLUSIONS AND SUGGESTIONS 

In This thesis it was demonstrated that the synthesis 
, .; 

of a sine-wave is possible by logic circuit. The three-

ph~se output so obtalned can be used to smoothly co=tro1 

the speed of an induction machine. in a 10-1 range~ 

If a closed loop operation is desired, it can be 

achieved with minor modifications as explained be1o~. 
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.. 4.3. CLOSED.,LOOP OPERATION 

-
The motor and its ~peed control gear can be consi-

dered for most purpose~ to be a single unit ~ith an elec­

trical control signal inpui and a me~hanical output in 

the form of a rotating shaft. It can be represented as 

shmm in Figure 4.8 ; 

Power- in 

FIGURE 4.8. Basic Cohtr'ol System .. , 

The input to output characteristic is ideally as 

thai ShOMl in Figure 4.9. However, o~ing to loading on 

the motoy, the motor speed ~ill decrease with increased 

load. 

In order to be able to keep Vlf a constant, a control-

able rectifier should.be used at the input, the error vol-

tage acting on the firing angle. of the bridge converter. 

Figure 4.10 shows a possible realization. 
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FIGURE 4.9. Ideal Input/Output Characteristic of Figure 
4 • 8 • 
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FIGURE -4.10. Basic Control System ,.,.,ith Error Feedbac~. 
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The operation of the system can be explained as foI­

lows: I f the speed output is m-ore than the se t val ue, . 

the gate control circuitry retards the firing angle to 

result in decreased bridge output voltage, whic~ is theri 

converted into a 30 output voltage. of lower frequency. 

The output is. thus reduced. Similar argument holds if 

the/ output speed is less than the desired value. 

i --
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APPENDIX 1 

MEASUREMENTS OF THE COMPONENTS Y,C,O, 

... ·0· 

·ehoQsen: R = R+R3 = 220 + 110 = 330 kQ 

.. 1\1 = 560 Q. 

R2 = 220 Q 

-220 -+ 50 Hz, 30 V 7 Hz th-en; 
~",. 

-+ 

f ~ust be 7 Hz for 30 V, then; f = 7xl4 = 168Hz for U.J.T. 

! (f ~ f6 8 Hz for 30 V ,f = 12 0 0 Hz for 2 2 0 V in V. e . O. ) 

t = ~ .= 1~8 = 0.005952381 5 

; 30 V -+ 0, Q 05 9 5 2 3 8.1 s; _ 12 V -+ 0,0 14 8 S 07 5; 

e t _ 0.0148807 = 
0.8R - 0.8.330 

Ie = 0.05 flFo 

0.0000563 F. 

n = 0.55 
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APPEND I X 2--

TRUTH TABLES OF J-K P.ND D TYPE FLIP-FLOPS 

Truth Table of J-K Type Flip-Flop 

Inputs Outputs;'; 

C
t '- Q# J K S R 'Qn+i Qn +1 c n 

f 1 X 0 '0 0 
I 

1 
., 

0 

J X 0 O' 0 ,1 1 0,· , 

..r '0 x. 0 0 0 0 1 .. 

J x 1 0 0 1 0 I 

'- X X 0 0 x ", ~. 

Q~ Qn 
x X~ X' I , 0 X :1 0 

'. 
X X X 0 .; 1 X 0 1 .-

X X X 1 1 X 1 1 
il 

Truth Table o~ D,T~Ee Flip-Flop 

Inputs '- - Outputs 
Clock 

T 
Data", Reset Set Q Q 

..r 0 0 " 0 0 1 

..r 1 0 0 1 0 

""' X 0 0 Q ~ '- No change 
X .. X 1 0 0 I 

X X 0 I. I 0 -

X X 1 1 1 I 

X - Don't Care t,= Level Change 
# = Present State * = ~ext State 
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APPENDIX 3 

EQUIVALENT DIAGRAM OF THE POLYPHP,SE INDUCTION r~OTOR 

The equivalEmti,'circult,,'of: the induction motor' is 

very similar to the usual transformer equivalent circuit, 

since the induction motor is essentially a transformer 

Wl th a rotating secondary winding; As in astatic trans­

former, the prima~y 6rstat6r c~~reni e~tabliifiei a mu-

tual flux ~hich links ,the secondary or rotor winding, and 

also a leakage flux which links o~ly the primary winding. 

This leakage flux~indutesapiiciarY"~.m.f:which 'is pro­

portionalto the rate of change of primary current, and 

its'effect ~ay b~ repre~ented, in th~ usual manner, by a 
, . 

series leakage re actante ' ~Xliri. each s ta tor' phase. Rl is 

the stator resistance per phase and' (Rl +jXl ) is termed 

the .. stator leakage impedance. The 'mutual flux i'n the air 

gap induces slip frequency e.m.f.s in the rotbr and supply 

frequency e.m. f.sin the stator. The voltage drop across 

the stator leakage impedance'causes,the stator e.m.f. per 

phase, 13 1 , and mutua'! flux per pole" 0, to decrease 

slightly as load is ap~liedto the motor. the resultant 

s:ta t:or current 11 is composed ~o£ C theexci t-ing' current, 
. " 

and the load'componentofthe stator 'current which ,cancel 
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Single-Phase Equivalent Circuit of the_Polyphase Induction 
:Motor. 

the m. ITI. f. due to the rotor current. The exciting C',lrrent 

16 consists of the magnetizing_and.core-loss components, 

1- and 1 respectively. m ,~ 

-In deriving the rotor equivalent circuit, the actual 

phase-wound cr,s.quirrel-cage-rotor winding is considered 

to be replaced by an equivalent short-circuited rotor 

Kinding having the same number of turns and the same win~ 

ding arrangement as-the $tator. This is equivalent to the 

usuaL trans_former- procedure of referring secondary quan-

titiesto the primary. At standstill, the induced e.m.f. 

per phase in the equivalent rotor is equal to the stator 

e. m.f., El , and the rotor , frequency equal,s th~ supply 

fre quenc)'-, £1' When.the motor runs Kith a -s lip s, the 

.Totor e.m.f. EZ=sE l , and the rotor frequency fZ=sf l . If 

RZ 1S the equiv-alent rotor resistance per phase, and Xz 
is the ,rotor .1e,akage reactance per phase at", standstill, 
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-then the rotor current is_ given by 
,. ; 

E SE l ··· 
I Z 

Z = = CA.3.l) 
R +j sX? Z _ RZ:jsX Z 

and l1ence 

CA. 3. Z) 

In Equation (A.5,l), all rotor quantities are at 

slip frequency, but in Equation (A.3.Z) they are at sup-

ply frequency~ This shows that the rotor current 17 is 

unaltered in magnitude if the-rotor is brought, to stand-

still arid the re&~stance incr~ased fromR Z to RZ/s. The 

rotor equivalent circuit may therefore be joined directly 

to the statorcircu~t,_asin Figure. ,: to give· the 

complete equivalent circuit for one phaseof·the motor; 

Torque Equation: At-a slip s, the rotor loss in the 

equivalent circuit is I~Rzjs watts per phase, whereas in 

the actual machine the rotor copper loss is I~R2_watts 

per phase. The additional power loss in the equivalent 

cuircuit is the electrical equivalent of the mechanical 

power output of the motor. If P h denotes the gross mec -_ 

mechanical power output including windage and friction 

losses ;'theri 

P .- = m' [(I2R Is) -CIZ2RZ-)] = mlI2zRzCls-'S) mech 1 Z.Z 

\ 
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where ml lS the number of stator phases. 

If w is the mechanical angular velocity of the rotor 

and T is the electromagnetic torque 

and 
2 

m.IIZRZ I . 
T = (~) s w 

This is the internal motor torque which is greater 

than the useful shaft torque by the amount required to 

overcome the windage and friction torques. 

Since the synchronous angular velocity is, given by 

wI = w/(l-s) = ZTIfl/p, the torque equation can be re~rit­

ten as 

, 2 

T 
mlIZRZ = (A.'3.3) 

SWI 

~ 

or 

T 
pml (I z) 2 

Rz = --
2TIfl s 

(A. 3.4) 

Power Division in the Rotor: It can be seen from 

the equivalent circuit ihat the total electrical po~er 

input to the rotor across th~ air-gap from the stator is 
,/ 
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(A.-3.5) 

This is.divided between ihe mechanical power o~tput, 

Pmech '_ and th~ rbtor copper ~oss, PZ' 

Thus, 

p + p 
mech 2 

where 

P = Tw mech 

and 

Combining Equations (A:3.4) and (A.3.Sj gives 

(A.3.6) 

and hence the total electrical power input to the rotor 

is equal to the internal mechanical torque multiplied 

by the synchrOnous angular velo.ci ty. 
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fl.PPEND I X 4 

FOURIER ANALYSIS OF NON-SINUSOIDAL WAVEFORM 

'\ 

" 
, 

1.k I- --
~ 

~ 

o -
-4 ~T 

"S -. 6" -
~ 

~T G"T :,- _'T T 
G b 

-K· ---:--------
I 9-1< ---------------

v (t) 
1 . 2 . 3 

Ku(t) + l(u(t-6"T) - Ku(t-(;T) - 2Ku(t-(;T) 

Kuet-iT) + KU(t-~T) + Ku(t-T) 

\\,he re ln the above equation KU(t-T) is defined as: 

K- t > T 

KU(t-T) -

0 t < T 

Let F denote the periQdic extension of v to the entire X 
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. 17 
;1' 

. 

~K 
-. t--_. 

I 
I .. 

K 

, 
r t 

-J.C. 

J ____ I 
r--

-2.k 

Fro~ the above figure it is obvious that F is an odd 

function of time. J 

The Fourier series expansi_on of the function vet) 

will be of the. form: 

vet) = 
a 

o + 
00 

2 

2nw~" 2nwt L [ak'Cos( __ L) + b ·Sin(-" -)i 
n=l. . T k T-

2 T 
a = T J v(t)Cos(n t)dt k 

0 

and 
") T 

bk 
t- r vet) Sinen t)dt = T 

; 

0 

Using the fact that: 
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f ~F(t)Cos(nwt)dt 
o 
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'T 
= f. v(i)Cos(nwt)dt 

o 

-
and that F(t) -is an odd function of tim'e; we conclude the 

i~portant result that all the a coeffici~nts are identi-. n 

cally equal to ~~ro. 

F(t)'Cos(nwt) = ODD FUNCTION 

C odd) • (even) 

~ T 
f ODD FUNCTION· dt = 0 
o 

Therefore it is only necessary to compute the b n 

coefficients: 

T 
bn f-.r v(t)SinC2~IT t)dt 

o 

T 
bn = f[ f K SinC2~IT.t)dt + 

T 
f ,K 

1:.T 

. 2nII' 
SlnC----r"t)dt 

o 
A 6 B 

T 
SinC 2nIT t)dt 

T 
SinC 2nIT t) dt f K - f 2K 

.£T 
T 3T 

T 
6 C 6 D 

T 
Sin(2~ITt)dt 

T 
KSinC 2nIT t)dt f. K + f 

±T 5 : . T .' 
E F 

6 6" 

T 
Sinc2~ITt)dtJ + f K 

T 
G 
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T 
KSin(2nTI. t )dt KT 

T 
= J = 2nTI 

Cos (2nTIt) \ 
T T . 

0 ._.' 0 

KT . . 
2·nTI- Cos 0

0
) 0 = - -2-. (Cos = n . 

T 
KSin(2nTI t )dt KT 2nTI IT = J = 2nTI Cos (-ort) 

IT 
T 

!T 6 6 

KT 
(Cos2nTI Cos 

nn = -
2nTI 

- -) 
3 

KT (1 . - Cos nn) = -
2nTI 3 

T 
KSin(2~TIt}dt KT' (1 2nTI) = J = - Cos 

~T 
2nTI 3 

6 

T 
2KSin(2~TIt)dt 2KT - J = 

2nIT 
(1 - Cos nTI) 

~T 
6 

T i.,.....n KT 4nTI) - J KSin(~t)dt = 
2nTI 

(1 - Cos 

.!T 
T 3 

6 

T 
KSin(2nTI t )dt KT 5nTI) . = J = 2nTI (1 - Cos 

~T 
. T 3 

6 

T 
KSin(2~TIt) dt = .r = 0 

T 

2 
T ~ [-K(I-Cos~TI)_ + K(1-Cos2~TI) + ZK(I-CosnTI) 

2nTI .) ..) 

+ K(I-Cos4~TI) - K(I-Cos5~TI)J = 1 [( -K+K+2K+K-K) 
nIT 

+ KC 
nTI os- -
3 

KC6s zn3TI - 2KCosnTI. - KCos 4nTI + KCos 5~TIi 
3 . .) -
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bn ::: n~ [2K (1- CosnTI) + K (cos~TI + Cos 5~TI) 

4nTI 
{Cos-r- + C 2nTI1] os _ , 

~ 

U~ing the identity:' 

and 

then 

A+B / A-B 
CosA + CosB ::: 2Cos(~)Cos(--2-) 

Cosn~ + cos5~TI ::: 2CosnTI . cos 212 TI 
~ 

Cos 412TI + Cos 2nTI ::: 2CosnTI 
~ 3 

C 
nn os -;:;-­
.) . 

1 [ '. C 2nTI bn nrr 2K(1-:CosnTI) + K(2Cosnn. os~ - 2CosnTI . 

Using the identity: 

CosA CosB ::: -2Sin(A~B) SinCu.;B) 
... -

The above expression for bn can be further simplified: 

b 1 [2K(1 . ) 4 . nTIS' nTI-n ::: nTI -cosnn + KCosnTISlnz ln6'~-J 
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Cos nTI = 1 

nTI 
Sin r 0 

b -, = 0 if n = even. 
n 

If n = a multiple of 3,i.e.,'n = 6, 12, 18 '.' since it 

,also even b n = 0 

If n = 3, 9, 15 ... Cos(nTI) = -1 

HOwe\Oe.r, if S:innTI -
2 

and if s. nn 1nZ = - 1 

i fn = 3, 9, 15, 

- .' nTI 
Siner) = + 1 and Sin(nTI) = + 1 

6 

+ '" 1. then S· nn 1n6 = - 1 

then S·nn = + 1 1n-' 6 

o. 

TheF~urier series expansion of the function vet) 

has only the fo11owirig te'rms: 

n 1,5,.7,11, .. 13,17,19, ... 

l,.,rhere bn = ~TI [2K (1- CosnTI) +4KCosnTI· Sin~n. Sin~TIJ 

and Kis the step voltage. 
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P.PPEND I X. ···5 

tOSTEVALUATION. 

The components used in the experiment and their 

costs are as f6llows: 

1. . 5~ (2x12Y, l5W) Power. Supply Transformer 

2.lx(25A,300V) Bridge 

3. 2x(402?IC) Dual ·j-K Flip-Flop 

4; 3x(4013IC) Dual Type D Flip-Flop 

5. lx(40l1IC) Quad 2-Input "NANDI! Gate 

·6. lx(4050IC) Hex Buffers. 

7. 4x(3A,50V) Dio.d 

S. 10x(lA,SOV) :Dl0d , ...... . 

9: lx(BSV51-J'U.-J.T. 

10 . 2 x (B C - lOT) T r an s is tor . 

11. ix (Me q!?~!2) 12V Regulator 

12. 5x(2200WF,50V) Capatitor 

.13. ,6x(0.5WF,250V) Capacitor 

14. lx(250~F,400V) Capaci~or 

. 15. 6x (BDS 75) Darlington Transi s tor 

···16. lSx(BD699) Darlington Transistor 

1 7 . 1 2 x ( 1 0 S1", 11 \V) Res 1. 5 to! 

l~. lx(250V,6A) Single-phase Switch 

19. lx(400V,4A) Three-phase Switch 

·20. lx(6A) Fuse 

21. lx(300V) Voltmeter 

22. The box protection 

23. Th~ other components 

TOTAL 

3750.-TL 
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l5870.-TL 
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