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~ ABSTRACT

In this thesis, the speed control of a 3-phase in-
duction mdtoriby electfonic'circuitry is invéstigated

and compared with alternative methods 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 compared

with the theoretical values.
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- INTRODUCTION.

!

The]three—phase iﬁduction motof is probably the most
important prime mover for integral-horsepqwgrLindustrial
applications. For the’samé weight,vthé'rating bfiadsingle-
phase induction motor is only about 60% that of the poly-
_phase machihe. Beth efficiency gnd_powervfaétor,are,?
1owerAin singlejphase.motors. However, .the thfee—phase
induction motof has often exasperated the application of
speed control ‘and can only be provided by‘fhejwqupd—rotor'
tfpgs;.but;the,rangg,i§ not competitive with that avail-
able from dc motors. "If only we could vary the applied
frequency," was a remark often made_in‘the‘xeré be fore
soiid state. Of ocurse, in some implementat;ons,<the_.>
frequency wés made variable by_the«use.of.apopﬁer motor/

alternator set. Such strategy is obviously not economical.

The design cf an adjustable-frequency, three-phase
supply.is mor difficult if a,comprdmiée is made with. ro-
gard to wave-shape. Although a square wave would result
ip;high‘eddy—curfent and. hysteresis losses, it is still
not necesséry’to synthesize a.true sine wave. A:stepped
Wavgfprm;consisting of six segments can be created by

‘mixing logic pulses. Such a waveform will have relatively

1
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‘low third-harmonic energy- the chief culprit in eddy-
urrenf‘and hystersis dissipation. The use of digital
logic provides great simplification because 1IC modules

displace complex discrete circuits in all three.phaées.
, , : v

Another aspect of variable;freqﬁency control is the
necessity of changing the motor voltage by the same per-
centage as the frequency change. If voltage and freguency
chéngé by the same amount, thén, there will be no chznge
in no-load current or motor flux.- In small mbtors,'zhis
basic requirement can be circumvented,by»inserting fesis—‘
tances in each'mdtor»lead. waever,,such a techniqus
would not be allowable with large motors unless the speed
variation were restricted. - The use of such resistance
also degrades thé speed regulation of the motor.

p

In this thesis, the design, the construction of a -
.sﬁéed‘control circuitry is destribéd-in~which considera?'
‘tion is given to the points mentioned in the above pzra-

~graphs.

The three-phase wave synthesis impartea by the cigi-
tal logic modules commences’ with z pulse train. Six
“power channels provide tﬁe.fequired seQuence‘of voltege
steps needed to dévelop the quasi-sine wave. This se-
quence is'repeated at 120 degree intervals in order o

supply three phase energy‘to the motor. Harmonic anzlysis



~of the resulting waveform is carried out and it is shown

that there exists nmo _even harmonics, neither do the third

and multiples of the third harmonics. The current and

voltage waveforms are obtained and is seen that as the’

\.

goes up, current waveform apprecaches to a sine wave.

When the d.c. supply is aajusted/for 220 volts,
the mokor receives three-phase power at 50 Hz. With 20
volts from dc suppiy, the three—phaée(pOwér‘Suppiied to
the motor has a'fréquency-ofls Hz. The spéed'rsﬁge corr
responding to SUCh‘abvoltagé feductioh is épproximétely

1420 vpm to 142 rpm, for four poles induction motor.

_ﬁﬁe tb‘the voltage rating of the tfanéistdr ﬁs;i‘
(80V) speedjconfr¢14cou1d be checked bhly betweéﬁbs 27
and 18 Hz. Below 5 Hz, the startihg forque was not suf-
ficienf as is eiplaiﬁéd in the thesis. - Within the guoted

range very smooth control of speed was possible. 1If the
.

(o3
(=]

power output transistors are replaced by higher voltz

rated ones, the set will be suitable for spesed control

bt

(o]

I
HE

of up to P motors in 1:10 speed range.

The thesis concludes with remarks on further possible
S : J R
work for clcsed loop operation.

;



| | CHAPTER 1 e

INDUCTION I‘OTOR CONTROL

'Direct current motors are widely used for the appli-
cation of'adjustable Epeed'drives in. industry. But.it |
still has its age—old commutator arcing.aﬂd méintanen&e
problems. The dc motoxr is also expensive and fhe‘failure
rafe is more than the induction mofer. These advantages

make the induction motor more aLtractlve for the control-

lable source of mechanlcal rotating power in 1ndu<tr)

1.1. TYPES OF A.C. MOTORS .

In general, torQue and»the resuifing rotation or
linear motion in electric motors results from intefaction
of two magnetic fields, One of these fields may be pfo-
vided by a permanent magnet but more often both are pro-
duced by electric currenty.  The nature of the current
supplied to electric motors and the manner in which their
windings and mangetic structures are arrangeﬁ give rise
te a wide variety of deéigns. Of all electric motors

“manufactured for industry the three-phase induction motor



with a'cage,rotor has for three-quarters of a century -
been the type which, for one or more of the following

reasons, has been produced in the'éreatest numbers.

(a) Since the majority of motors are required to
produce steady rotation and the rotating‘magnétic field
eliminates many of the désign problems associated with
providing continuous torqﬁe; the»polyphése-induction'
motor is eminently'suitabie-forrapproximatelyaconstant
speed applicatioﬁ. Only small modifications can make it
synchronous, which on public electricity supplies means
absolutely constant‘speéa over its full operating range..

" (b) Three-phase altefhating current. supplies havé
been adopted uhivefsally for distribution of electrical - é
energy, -and there.is a considerable measure of standari-
zation. In such supplies thefkhfee phases peak sequen-\
tially in time at intervals equal.fo‘one—third of the |
system periodicity. "By arranging the three-phase windings
around the.airgap so that the poles generated are also 3

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

(c) The rotor draws power by transformer action from
the stationary windings distributed in the stator slots
and. converts it into mechanical power.

~

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

operate induction motors with cage or solid rotors under
’ | . E : ;



very adverse conditions and ensure considerable reliabi-

’lity.
1.2. ROTATING FIELDS

Figu:e 1.1 shows how;a’symmeprical thre§4phase
ﬁinding when.supp1ied ffom F‘balaﬁééq,thféé-phaée pover
supply‘produces a rotating fieid.i Each,phase-is'répre—
sented by two fgrﬁs}spanﬁihg_one pole pitch ofla twé-pole
motor. The arrow showsbfhe di;ection of the cuyrenf in
phase A at the instant when iﬁ has maximum pbsitive Valﬁe.
In éhe‘phasor diagramﬁit 1s represented By IA?«IB and Ic
are the other two phase cﬁfrents;at 129 degfeé intervals..
If the phasorvaiagram is now:imaginedhtp rétate in an
ant;clockwise direction atfsﬁpply frequency the variation
of curfqnfior fie1d~magnitﬁde‘kith‘time may‘be;cbnsidered.
One complete rdtgtion or one cy;le ié~éompie£éd in 1/£f
.‘se;onds, so thét,for a 50 Hzféiterhating current the 30
degree steps- occur at one éix-hundreth sécond,intervals.

If the instantaheoﬁs value of ezch phasé‘cgrreﬁt is now
shown in it correct spat—éi poSitiOn undef the developed
Xwindings it can be seen thatfthe m.m{f produced by the
étator 1s also sinusoidéllf/distribute&:' Successive dia-
grams show the‘fiéld diétributioﬂ at the éﬂove-mentioned
time interfals‘and illustrate‘hQW~the field wave travéls
across the'winding facg, %hich‘in a cylindrical airgap

means rotation. - In the synchronous-two-pole motor the
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rotor wiill have turned through 12d mechanicai degrees or-
ohé-;hird of ;‘révolutidn. ‘Thé synch;onoué’speedﬁof-two?~
bole'induction moto;s is, the;éfo;e, f rcv/s 6r QQf rev/
min. . If é motor is now wound té prodbcezp polé pairsvthe
m.m.f. wave will now move only 1/p deglees and the svn-'

-

chronous speed becomes,

o NS = rev/m;n ” o (1.1)
For 50 Hz motors‘4, 6, 8 and 10 pole synchronous speeds

are therefore 1500, 1000, 750 and 600 rev/min respective-

1y.

1.3.. SPEEDS OF A.C. MOTORS

The speed of an induction_mofor~is

n=n,(l-s) (1.2)
where n. is_ the synchrondus speed, and, s 1s the siip
at that speed. The éynchronous spéed, n, is (from 1.1)
_ 60f
n . = s r———
S P ‘
" where
£ - supply freﬁuéhcy'
p - number of pole pairs

ok



Equations (1.1) and (1.2) gives

e

T ::" n.=~99£<(1-s).;5.j,73~7 . -¢¥nfl;3)

_ : - P : :
Equation . (1.3) shows. that.the speed:of an:induction motor
can be controlled by: |

l..:increasing slip

C2. changing the number of poles

3. varying supply frequency and Voltagé'

The speed control method of induction motors are hased

‘upon these possibilities.

There are two kinds of induction motors. Ohe,ié;the
squirrel-cagé“and.the bther'iS'the woundfrotor; In the--
formér the rotor circuit is short circuited, and in the.
latter there are 3 siig;ringsfon;fhe same shaft which .
are connected to the rotor circuit: |

_ , : T

‘Specialﬂdesignvof~cage rotors can match motor and
load charaéteristicé and so>reduce the size of the motor
required. More torque~pei ampere of starting.current-
can also. save on control: equipment and generally increase

the flexibility of the drive.

. If the cage is replaced by a2 winding brought out to
collector-(slip-).rings the rotor resistance can be va-

ried externally and provides not only improved: starting .



‘characterlstlcs but a-measure of speed control fSuch
control is- achleved by d1551pat1ng power as heat in the
ﬁe\ternal re51stances so that th1s method can prove not -
only 1nconven1ent but costly for large powers. Spec1al
aux111ary machlnes wh1ch can convert power at 511p fre-
quency and return 1t to the supply are now superseded
by commutator motors and electronlc controllers Wthh

are able to prov1de a w1de range of contlnuously variable

.,i'

speeds.

SpeediCOntrol of‘the:inductionhnotor’bY'changing the
number of poles is generally applied to the squirrel-/
cage type. For'this:type of control‘the stator nlnding
'has to be desglned so that by 51mple changes in c01l con-
nectlons the number of poles can be changed in the Tath

2 to 1. Elther of two synchronous_speeds can be selected.

If a wound rotor is used additlonal complications are

—

Ve

1ntroduced because the rotor w1nd1ng also must be rear-

ranged f01 pole changlng

The synchronous;speeddofian inductiondnotor is di-
rectly proportional to the applied frequency. Speed con-
trol of induction motor is obtained by supplying the
stator electrical power from an adjustable-frequency
solid-state inverter or using a nound-rotor induction
motor as a frequency changer. The induction motor willv

follow the frequency within the slip frequency. Such a



control method is efficient and can:be made highly accu-

rate.

,;H;11n~somexapplications,éuch as grinding_spindiesé pofff
tab1é¢tools, and woodworking'machiqgry high speeds are
required or the weight must be as small‘as’possiblé. To
achieve a highﬂpoweretbgweight}rétio the -speed must be
increased,substantiallyswhiCh;ifor;induction;motors,z—
means -higher frequencies;such‘as’ZSOﬁand 400*Hz which,
in- the case of two-pole"windiﬁgs,}gives“synchronous'
:peeds of 15000 and 24000 -rev/min respectively. =
For.aircréft'and military applicainnerainly"400»?
Hz motors;are-gsed_andfthgse_may.be,usefulfin:industry
where £heir cost.and the.provision :of ‘a suitable:frequency
changer for groups of motors .can be economi;ally justi-

fied. _ o

The speed. of induction7motors-can‘begcontrolled
electronically:either by controlling-the power‘ihput‘

(varying the firing angle of the thyristors), or by con-

necting them to inverters, or cycloconverters (frequency

~
T e A @ . - N . B I
Nddchal e S D0 : ) : oL ; .

TS



1.4. ELECTRONIC SPEED. CONTROL SYSTEMS N

The speed control of induction motor. can.be achieved
either by power transistors or by thyristors, or by
triacs. -

——

(a) SINGLE PHASE SWITCHING: The method of speed
control for any polyphase machine 1is basedrhere on the
idea of rotating aﬁ alfernating field in. a machine, as
6ppossed to rotating a field’which;iS‘c;nstaﬁt in émpli-

tude. A variety of circuits and SWitching systems can
~be devisedAto achieve this. Such a realization is des-
cribed in Reference Z{-in_which a 3-phase winding is fed
. from a single-phasé.supply, rotation of. the magnetic
field being ensured‘by sequeﬁtiai switching of the triacs.

This‘is shown in Figure 1.2a.

'The single-phase supply is, in effect rotated:around
the S-phase winding‘by the switching elements 1 to 6.
Either of thé two gupply terminals, X and vy, can>be con-
nected to any one or more of the Mlndlng terminals A, B
and C. The switching sequence 115ted in Table 1 gives
6-step anticlockwise rotathn of tﬂC\SL ngle-phase supply

around the stator winding.

It is clear that thlS method of sultchlng produces

a result Wthh is 51m11ar to the ant1c10ckw1se rotatlon



~«\13v-,v

of a’single'windihé féémfgom.a single-phase Sprly as

shown in Figure 1.2b. Thé,@é}ﬁal %orward (éloékwise)‘
rotation of the fotﬁr inTEny‘convégtional maéhine which
is capable of single:phésé”§péféti6ﬁ will be-reduced in

speed according to the switching rate w

mg;flf the.swit—

ching sequence is reversed;?there will be a corresponding

increase in thé forward speed of the rotor.

TABLE 1
6—S£éﬁ)Switching-Sedueﬁée for the Triac
Bridge System Shown in Figure 1

A C B ‘71 | T2 | T3 | T4 | TS | T6
x y 1 0 0 0 0 1
x| v 0 0 | 1 0 0 1
y X 0 1| 1.1 0 0 )
y 0 1 | .0 | o 1 0
T v 0 0 0 1 1 0
X y 1 0 o | 1 0 0

If tﬁe single;phase‘a.c. supply 1in Figure 1.2 is
replaced by a d.c. SUpply,'ahd‘if-the switching elements
were thyristors, normal d.c. link inverter operation is
obtained. The rotating field is then substantially con-
étant in,amplitﬁde._ Th¢ imﬁ;rtant practical’aifferénce‘
is;that; whereas, the d.C.:Supply has to be_for;ibly swit-

ched off 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.Z2a. 3-Phase Wlndlng Fed From a Slnole Phase
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FIGURE 1.2b. Anticlockwise Rotation of a Sln01e Winding
‘ : Fed From a Slngle Phase cupply

switching elements have to be cépable of conducting in
ether direction, and,\thereforé, as solid-state devices
these havé to be triacs, as shown in Figure 1,2a, or in-

verse parallel‘thyriSths.-'



In practice, the current in an) one phase w1nd1ng
may not fall to zero before a next phase w1nd1ng is con-
dnected in the circuit. Thus, at certaln G- step sn1tch1ng
is, in effect, transformed to a higher number of steps,
up to..a maximum ofw12,ibyAV1rtuewofvtne natural commuta-

tion of the system.

:(b)A»THREE;?HASE“INDUGTION‘MQTOR_CONTROL BY THYRISTOR:

Ideally the thyristor is a switch. It is on or it is
off. If the supply were direct current and neglecting
Cand L switching transients; a thyristor in the line
would produce a rectangular voltage wave across the load.
l'For’a three-phase 1oad>such as an induction motor,fwhose_
;Jthree windings areJdisplaced in épaéévbykizo electrical
degrees, it is necessary to have a switching configuration
;ito produce three4phase line voltages which are also dis-
;placed by 120 » but 1n this case with respect to tlm |
.The basic arrangement 1s dlsplayed in Flgure 1. 4 |

By triggering the thyristbrs cyclically-without‘or
with Varying degrees-of overlap a guesi three-phase sup-
~ply is produced. The winding'voltages‘with'the\triggering
‘pulses are indicated in Figure 1.5 for no voltage overlap.

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) currentkflows,in
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phase R and produces gh”mmf as iﬁ Figufe 1.6a. During
:the next interval 1 téxz,.only phase Y‘conduéés and as
-seen in FigureAlﬁ6b,‘tﬁe mmf’%etaihs the samé”mégﬁitude
although ité direction‘has_changéd through a Step of 1Zd
electrical degrées."Duriné’the interval Z.to.S the mmf
chénges through anéther ;20O uhtil interval 3 to 4 when
it 1s back to its original direction having rotated thru
360 electrical degrees:and\completed a cycle. This
étepbing'mmf prpduces'a>QUasi rotating magnetic flux
~which is reduiréd for tbe induction motofvopération. Al-
teration of the magnitude of the sequeﬁtial tiﬁé intefF>
vals willyalter the frequency and hence the speéd{of-the

machine.

There are a number of ways to provide a stepped and
rotating mmf pattern.  -For example, current floﬁiﬁg thru
N L

R and B together, then through B and Y of Figure(if4‘/:

uses the windings more efficiently and produces a higher

mmf although the step is still 120°. At the other end
of the scale, without the star connection and with cur-
rent flowing in either direction through each winding a

° step is possible. This entzils a switching arrange-

30
ment (+R), (-B) and (-Y)dfollowed by (*R) and {(-Y), etc.
as in Figure 1.7. The magnitudes Qf the»mmf alternate
with each 30° step Sso there is imbalance. For the most
efficient use of the windings and following as'close ?S-

possible to a sinusoidal supply, a full three phase:
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FIGURE 1.6. Mmf Pattern. (a) mmf interval 0 to 1; (b)
mmf interval 1 to 2; (c) mmf interval 2 to
3; (d) mmf phase relation for .each interval.



~

brldge is used so that the current can alternate in the
w1nd1ngs , Flgure 1.8 shows the general arrangement at
the bridge without any details of the commutation cir-
cuits. .Figurevl:Q showsothe-winding voltages and Figure

~1.10 shows the mmf pattern‘for‘thepéoopstepped rotation;

(b

FIGURE 1.7. A 30° mmf Step Change (a) Current through
' +R, -B, -Y; (b) current through +R, -Y.

"”The rectangnlar Voltage‘nére proiuces an ideal
steadv eurrent Wthh is neveltheless oldlrectlonal zn
so the mmf is stepped However a ha:monlc apa1y51\
w111 ploduce a strong fundamental 51ne wave plus th er
harmonlcs of lesser magnltude. It 1s the fundamenta;
wave whose energy does useful nork anc the hloher create

1osses.‘ NeOlectlng the hlgher harmonﬂcs the fundamental

wave will produce the mmf whlch rotates at this constant = |

—~
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speed around the air—gapvof‘phe motor. That speed is
under the control of the thyristor circuits and they are
under a programmable control, either in open or closed

loop depending on what regulation is required.

The induction motor line voltages shoﬁn in Figure
1.9 are not far from sine waves. There is no even harmo-
nics because of pbsitive and negative half cycle symﬁetry.
There are no third or multiples of the third harmonic be-
cause of the»600 dwell between the pqsitive and negativé
waves. There are, however, fifth, geventh, eleventh, etc.
harmonics which produée energy loss and tofque ripples,
alfhough the mechanical dynamics will not respond to the

eleventh and higher harmonic torques.
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Also in Figure.l.g the @urn-on; turn-off period of
any oné‘thyfistdr is shbwﬁ to,ﬁe‘one whole half cycle |
eécﬁ;' Ih‘praCtice,‘switching wodla occur every-i/ﬁth
of égpefiod,i‘Thatbis, starting at TH1 in_Pigure 1.8,
TH1,4,5 would be turned on. At the end of 1/6th of a
period TH1,4,5 woﬁld be turned-off. As soon as this is
‘accomﬁiiéhed, TH1,4;6 would be turned on. They would be
on:-for 1/6th Q£;a~period before being'extinguished so
that;fH1,3,6itou1d all éonduct;; This would continue as
iﬁ the time and spacé SequentialA;téﬁs of Figure 1.10.
Lower harmoﬁié;iafedfeduééd a little this wayf‘

 PULSE 4,40 ETc
TH 2,8,5

TIME 27 (3

A

PULSE 3,2 ETC e PULSE 5,44 ETc

TH 2,3,6 Tk 2,45
Tive (2 A 2 T e enfe
' \<\ 6001’, )
TH436 K A o6 ETC
- TIME T3 oy / THYRISTORS 1,45
1 o
T e TIME O ,
PULSE 4,9 ETC
TH -1,4,6
TIME -Tl6

FIGURE 1.10. Stepped mmf Axes: mmf in Spacé with Respect
to the Windings and the Thyristor Switching
Sequence. The six Steps are Displaced in
Space and Time by II/3 Radians (i.e., & and
wt). The Frequency is 1/I. = .
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(;) THE CYCLOCONVERTER: The éyclotonversion‘prin-:

ciple provides means of efficiently varying the frequency

- of the.power.applied to an ac motor. A cycloconverter

circuit is shown in Figure 1.1la. The equivalent circuit

Lohoed)

N

FIGURE 1.11la. A Single-Phase to Single-Phase Cyclocon- .

verter. , ,
- LOAD is
SWITCHED, AT
f; BATE
=3 -
—
£
it —-—>a§ e

'5l5£ 'Eqﬁivaieﬁt Cir;uit to a.
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in Figure 1.lib is useful in analyzing the operation of
cycloconverters. It will be noted fhat~two.£requencies,.
are applied to the_system.vYOne of‘thQSe is fi,vwhich is
of}en obtained from the ac power line. ,Frequegqy fl can
be cqnsidered a ''carrier" modulated by the-second fre-
quency, f2° The output frequency 1is also at_fz,,and,
aoes:not appear to have a,waveshapefdesirableHfor,motqr
bopération _However, the 1nduct1ve reactance of ac motors
is-suffient to‘convert the current wave into a- falrly goodv
sinusoid. This is partlcularly 'true when operation is-
from a three-phase line.” A simplified schematic diagram
of a tﬁree—phase,to a single—phaSe cyc1bconverterris;shown
in Figure 1.12. Thé ratio of line frequency to modulation
frequency can be as low as two in polyphase sistems..

"THREE —PHASE LINE

I
£ -3
AL
ﬁ £
POSITIVE ;W/Tq—{ES . L NEGATIVE .SWITCHES

~SINGLE ~PHASE INODUCTION MOTOR

FIGURﬁ 1}12. A 3-Phase to Single-PﬁaSe"CYClocdnﬁérter.



With the‘pyclocpn§erter, an indugxion motor  can be
operated from zero speed ﬁ§ one:thifd, andtin,somelcases.-
one-half, the speed that would.othérwise be obtained
from the power-line frequency. In-addition to providing
efficient‘and continuous speed control, the cycloconver-
ter enables an induction motor to develop maximum torque
-kat slow speeds. 1t is fortunate that induction motors
Jdevelop maximum tdrque-at a certain slip épeed, regard-
less of the actuél specd of the rotor. Thus, if maximuﬁ
torque corresponds to é’élip speed of 50 rpm when the
rotor is turning at 1740 rpm, the méximum'torque is avail-
able when the rotor turns at a much.sloﬁer speed. This
is achieved when the stator is fed Wlhh a frequency which
makes the dlfference betheen the rotatlng magnetlc 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 powerful tructional effort of dc.series>mot0r.
but without its commutation probiems and maintenance.
Therefore, even though the:cycloconverter téchniqﬁe has
been known for a long time, do not be surprised to find

that it has been rediscovered for use in electric vehicles.

(d) THREE-PHASE INDUCTION MOTOR CONTROL BY POWER
TRANSISTORS: In power applicationsrthe transistor is-
always uséd as a switch wiﬁh'a voltage drép 1.to 2V when
conducting full current. In static power converfors,
themWaveform is often a square or quasi-square wave. This

SAzic] ONVERSITES! KUTOPHANES!



can be generated by transistors.. The scheme used in
this thesis is based on thislprinciple and will be ex-

plained in detail in the next chapter.



 CHAPTER 2

POWER TRANSISTORS IN VARIABLE SPEED DRIVES

~ Since the mid;1960f§;.;hyrisiofs have_bgcoﬁe esta-
bliéhéd as the power control glement in apbiications from
domestic 1ighting and‘washingvmachine contrgllers_toba.c.
| rplling-mill'drivéslandiinverter§ for gltérnator starting,
with ratings up to at least 10 MW. quing“this period,
‘transistors were also evolving into types suitable for
power control. Today,\British-deve;opedv§00V 300A tran-
-sistors afe,bging applied to d.c.‘servo‘drive§ and in-
Vertefs for multiple-unit traction driv§§;VH1n application
to .both a.c,; and d.c.fmotgradrives, the.fastVSQitcbing

-

capability of transistors ¢an have advantages over thy-

ristors, and we shall see it grow as an alternative power

controller.

2.1. POWER TRANSISTORS IN,SPEED CONTROL SYSTEMS

compongnts for radio_ah@ other‘sigpals, QSci11ato; or .

~logic elements, and, increasingly, as. the building bilocks

27

Transistors are generally considered as amplifier



for integrated circuitry and microprocessors. bFor power
~applications, the hi- fl ampllfler output stages comes to
mind- rather than 1ndustr1a1 drives; however, when one
con51ders ear- crlppllng sound of certaln establlshments
it rs appalent that simultaneous heat, light and power
ought - .to be possiblel
4u'1hdustriali&’uSéfuihtranéistora were produced be- °

cause of'the need to replace the line-output valves of
telévision sets by transistors- which had already dis-
placed valves from the rest of the set by about 1968.
The resultlno 400V-10A- tran51st01 was - reallzed to hav*

other applications.

In power applications the transistor is always used
as a switch with a voltage drop of 1 to 2V hhen conducting
full CUrrent”as shown in'Figure'Z,l?"If’the base current
of the VX26014 is 1es< than 10A; it will comé out of sa-
turation at some lower CUrréﬁt; e.g., 60A: “any increase
in load wiii cause ékoessiﬁejdissipatiOn and probably;“'
damage. At 110A and 1.8V the transistor will still need

" substial heatsink, and also, to decrease base drive, it
is usually used in a Darliugton'connectiou'with a current
gain of at least times 100. "When switohéd_off; the tran-

'éistorjhas”a“thermaliy'déﬁehdeﬁt leakage current that?inf
oréases'exponeﬁtlyQWith‘témﬁérature,'and may be a few -

_uilliamperes at 25°C in a 50A in device. """ -
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FIGURE 2.1. IC and VCvCharacteristiés‘of PowériTransistors.

In operatlon, fﬁe transistoi switches between ”dh"»
vand "off" states and fof %his typé of operatioh»a szfe-
operatlng area dlagram is prov1ded Ih‘Figﬁfe‘2>2:rebi;h
- A deflnes the range of collector currant ‘and volLage for
continuous working with 1ts boundarles as 1nd1catedf 
Wﬁen ﬁhe transistiq{time is decreased; the\éwitching.ldcps
ﬁanrﬁovc inta’ﬁ_and pass ihfo the éifréwely’ hiéh dicsi;
patlon corner 1f the sultchlng is comﬂlete in a few ~iéro-
‘seconds The maximum peak collector carrentlls usually
only some 25% greater than the contlnuous maximum current

Icmax g1v1ng much 1ess margln than thvrlstors, .
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FIGURE 2.2. Typical Safe Operatlon Area (s.o.a. r )
Dlagram .

Induerlally, the squ1rre1 cage 1ndnct10n‘motor is
the most nldely used drlve runnlng hlch a regulatlon of
from 5 to 10% f1om no load to full lOad Slnce its speed
derlves from a rotatlng fleld of angular frequency deter—
mlned by the suppl}, it follows that a varlable freqceng
supplx is needed for a wide range of motor speed Iz the
Irequencyzls reduced below the nominal 50 H7 the magnetic
- circuit will maintain full flux for 1e ss supp1v~voltuge
and conversely an increase in frequenC\ above 50 Hz hlll
requ1re extra voltaoe to sustain full J’lu>\ and full torque
‘ratlng.' Consequently for operatlon over a wide speed
,renge,'both motor voltage and frequenC} are controlleu. In

small motors, this basic requirement can be circum-




vented by inserting resistances in each motor lead. = How-
~ever, such a technique would net be allowable With'lafge
motors unless the speed variation were restricted. The

-~ use of such res1stance also degrades the speed regulatlon'

of the ‘motor.

Floule 2.3 is the block dlagram of ‘the variable-
frequency inverter 1mp1emented 1n thls the51s up to 5H
three~phase 1nduct10n motor. Slk poxer channels pr0V1de
the requlred Qequence of voltage steps needed to develop
the qu351-51ne wave. Thls.sequence isrrepeated at 120-
degree 1ntervals in’ order'to supply tbree-phase energy

to the motor

The three—phesewwave‘Synthesis imperfed by the die
gital 1ogicwmedﬁles commences.wifh the-CLi pulse train.
The subsequent modlflcatlons made to these pulses, to-
gether with varlous comblnlng technloues, are 111u<trated
in the loglc-tlmlng sequence shown in Figure 2.4. It is
well to note fhat'a besic'three-phase wave already exists
with respect to waves A;_B and C. 53¢ 1ogic operates as
‘a 3-bit shift }egiséef. flfdshouldibe nefed that the i
shift register provides/cemplement waves A", B' and C'
as well. The complement waves are used in»the'buildingjh
Block to modify the original ABC three-phase waves.’ One
desired modification is a reduction imn the helf-weve
duty cycle to 165 degrees from the normal 180 degrees.:

This prevents simultaneous ‘conduction of power output
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»stages that are alternatlng thelr conductlon states
‘The other de51red modlflcatlon is a very rough 51mu1at10n

of a 51ne wave. lhe CL1 and CL,'wa\es are also used

'here. (Although the stepped waves 1 .and I :

AAre - 1ppe .cc!
: ultimately dellvered to the motor could never actually
'be mlstaken for sine waves, they are nearly as sultable
ifor operatlon of the motor as a true sine wave., VThelr :
‘sallent features are the ease- Wlth uhlch they are pro-'

duced in loglc c1rcu1ts and 1he1r reasonably 1ow thlrd-

harm01c content )

The basic frequency generated by the voltage-control-
led OSC111ator is 24 tlmes hlgher than that ultlmately
rdellvered to the motor This is a useful technlque of
}10g1C synthe51s. A 1ow frequency wave can be constructed
Afrom higher—frequency ”bu11d1ng blocks" Although sug-.
.gestlve of Fou11er synthe51s, the method 1s thls that
'51mp1er rectangular pulses are manlnulated and combwned

to produce the d651red waveform The pulse synthe51s 1is

accompllshed‘ln the 3@ 1og1c function block of -‘Figure 2.3.

Anknmportant aspect of the waves hape produced by the
1og1c "1rcu1tr) is the zero-voltage stepr As a conse-
quence of this step, the duratlon of half C)cles applled
. to the motor 1s 165 degrees, rather thanlthe usualngO

degrees.

The function block that produces this zero-voltage




step is the 3¢ logic delay in Figure 2.3. Photocouplers
provide electrical isolation between the three-phase logic

circuitry and the motor-drive circuits.

“The Darlington output blocks generate 3@ currents,,
that are 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, bu£ each
of the six power channels contain five‘Darlington output

amplifiers connected in paralle.

The external dc power supply should have a current
capability of about 60 amperes and should permit'variﬁ—
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 poker supply with autotrans-
former control in the power line, A single phase power
lihe caﬁ be used for dc supply, but three-phase, 60 or
50 Hz power would probahly be more practical. When the
dc supply is adjusted for 2I0 wvolts, the motur receives
Tiree-phase ﬁswer at 50 Hz, With 20 volts from dc supply,

e power suppiled to the motor has a fre-

o)

oy

rhe three-ph
quency of & Hz. The speed range correspoﬁding to such a
voltage reduction is approximately 1420 rpm to 142 rpm
for four poles motor. The aesign, the implementation
‘éﬁ& the characteristics of each block are ekplainéd in

detail in the following section.



2.2. A UNIJUNCTION TRANSISTOR PULSE GENERATOR CIRCUIT
AND WAVE SHAPER o

': The block diagram of letagegcbnfrolled Oscillétbr‘
and Wave Shaper is shown‘ih Figure 2.5a. A simple pulée
generator using.a unijunctibn transistor is shown in
Figure 2.5b. The typical waveforms are shown iﬁ Figure
2.5c. Assuming that fhe capacitor is initially uncharged,
the voltage at point X begins to . rise in an exponential
manner until it reaches thevpeak?point voltage of the
U.J.T. At this instant of time, the U.J,T. switches to

_ ité low resistance. conducting mode gnd the cepacitor 1is
discharged through the resistbr.Rl‘cgusing a positive
going pulse to be generated at Y;';Thé pulse repetationn
rate 1is ;ontrolleduby the value of R, since this controls
~the timec constant RC of the capacitor charging circuit,
and the pulse width by Rlvéin¢¢_this affects the discharge

time constant.

Assuming that the capaciotr is initially uncharged, .

then the voliwge at point X prior to breakdown is given

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 when Vy is equal to
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'the Deak p01nt Voltage, whlch 15 taken to be equal to '
n\BB (hhere n-is the 1ntr1n51c off ratio of the U J T.,
and . Vpp-is the suupl) voltage) Tha; is when
~t/RC..

MWpp = Vyp(l - e o)

Hence, the pefiodic time is given approximately by
t = RC 1n 1/(1-n) = 2.3 RC 1lg 1/(1-n)

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

approximately 0.8 RCs.

The functionAofxresistor R2 is te prov1de tempe*a—
ture stability, otherwise it has little effect upon the
performance of the circuit. However, as a result of this
resistor, a negatiye,pulse is generated at base-two and \

can be used for other control purposes.

The pulse which is generated at point Y is of short
Cduvaticn, being typically 10 us to 15 us, and may be

o
=

ectly to the wave shaper of the circuit. Hence,

woo oo .sin these values for our circuwit (see Appendix 1)
»
R = 100 k& R. = 220 k@&
: 3
R. = 560Q R, = 220¢
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The circuit was calibrated.such that atVZZOV dc in-
put, thé output frequency is -1200 Hz corresponding to a
final 30 outpuf voltage of 50 Hz. As the supply.voltage
is decfeased.the-output frequency decreases :linearly down.
to 168 Hz at 30 Volts. In this wave the»reqﬁirement'that

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

Wave Shaper: Figure 2.6 shows the Wave Shaper.
The  transistor amplifies the pulses which 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 éﬁch,that J:1,
K:1, R:0, S:0. 1In this Qay'ét Qioutpﬁtudf the J-K flip-
ig

-flop the clock signal for the rest of the circuitry
obtained. The frequency of thecclock is half of that of

"~ the U.J.T. output.

e oA

LI

| FIGURE 2.6. Wave Shaper.
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3@ logic
gure 2
accepts

.7 shows three phase shift regisfer.
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3¢ LOGIC.

operates as three-bit shift register.

Fi-
The circuit

information from some input source 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.

AQ?V

flip-flop signals in the three-bit shizft

4 / 5
N - A 5] o
{j'GB P2 CLy g | &1 4 c2 1
2 -6 g
o . |
FFi 1 g FF2 | A . Fes lg ¢! fra
: p C
R cL R R - R
13 P 13 Ti-
cle 1 ] _ , _ .
K B ° 5ll,< e ot 181k 5P
S S ¢ S l S
12 14 Al 12 < 4
o et 4 €
%i )
3
- 14
Figure 2.7. 3@ Logic (Three-Bit Shift Register).
- Figure 2.8 also shows a typical sequence of input-
'signals and regis-




ﬁer._ It ié assumed that alljflip-'fl’opq are'initia17v in
theirVO states. We apply J 1, C: f1r<t ‘clock of CL1,

K:1, S:0, R:Oi
state. (See Appendix 2, Truth Table of J-K Flip Flcp.)

of - FF1, Then Q of F:l goes to the 1

When the second positive going clock CLq signal is applied
‘to the FF1, then FF1 will change the state and Q of FF1
goes to 0 state. This process continues,‘and we get CL2

wave form on the output of FFl.

When the first positive-going clock signal of CL 2 }s
a?plied to FFZ,'the inputs of FF2 are such that: J:0,
C:CP1 of CL2, K:0, S:0, R:0, then Q of FF2 goes to 1 state.
Let Qs denote this waveform by A. The second positive-
going_qlock signél of CL, will be appliéd to J of FFS,”éhd
A Will‘not change. Hence, the inputs of FF3 are, J:1,
C:CP2 of CLZ’
~and Q of FF3 gbes to 0 state. Let C of FF3 be C, anc

K:0, S:0, R:0, and Q of FF3 goes to i state,
there is not change in the waveform of A again.

The third positive-going clock signal of CL, is ap-
plied to I'F4, then the inputs of FF4 are as follows: J:1,
C:CP3 of CL,, K:0, R:0, S:0, and Q of FF4 goes to 1 state.
ine waveform at the Q output of FF4 ié'denbféd by the
symbol B, and this procesé continues éo that we gef The
 waveforms, A,B,C as shown in Figﬁre 2.8b. We see that

the waveforms A,B,C are shifted 120 degrees.
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Tt should be noted that the sift registef also pro-
vides complemenf waveforms A', B',FC'. These comﬁlement
waves are used in the building;blbék process to modify

the original ABC threerhasé waves. The NAND gates. in-

hibit forbidden-state operation of the shift register.
2.4. 3¢ LOGIC DELAY

30 Logic Delay is used to.modify the original ABC
,three-phase waves., ThisAmodification is a réduction in
thé half-wave duty-cycle to 165 degrees from the norma}
(180 degrees.’ An important aspect of the waveéhape'prOn
duced by the logic circuitry is the zero-voltage step.
As--a consequence of this stép, the duratior of half cy;
cles applied to the motor is 165 degrees, rather than

the usual 180 degreés. This prevents conduction overlap
between prower-output stages that are turning off and
those thaf are turning on. The function block that pro-
duces this zero-voltage step is 3¢ Logic Delay in Figure
2.3. The waveforms of 3¢ Logic are shown in Figure 2.9
and the truth table of 3@ 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 iogic circuit

and the clock pulses are CLi.
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2.5, DARLINGTON OUTPUT

The Dalington output contains six power channels.
The signal of.SQ logic delay @A, @A', @B, @B', @C, QC‘
trigger the Darlington Transistors. The circuit configu-
ration for various motors with differeﬁt power ratings is

basically the same. The number of Darlington transistors
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required'is determined byvthe rating of the motor whose
épeed‘is to be controlled. The'circuit configuration for
ecach one of the three phasés is aléo jdenticai. in the
implementation for this thésis 3 Dar]'ngtdn transistors
(BD699) were used in each one of 6 chénnels having a
rating of 80 volts, SAmpers; Jowever, 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 QA, QA', £3,

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

The Darlington tran§i§tpfs can be'considered as
swi;chés @A, QA', @B, @B', -@C, @C' as shown in Figure 2.12.
In Figure 2.11 the operation of the Darlington f;ansistofs
is explained and in!Figure‘Z.lz a resistive load 1s as-
sumed tc simplify the analysis. When the load is an in-
duétive one, the phase voltagesrtake_thgnform shown in
Figure 2.13.

The block diagram of the Darlington outputs and the
way thev are connected to the motor is shown in Figure

2.14.
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CHAPTER 3

ALC, MOTOR OPERATION WITH NON-SINUSOIDAL SUPPLY
WAVEFORMS AND VARIABLE-FREQUENCY OPERATION OF
| INDUCTION MOTORS

Most frequency inverters and static frequency con-
.verters generate an output voltége waveform with a sig-
= ﬁificant harmonic cogtent.‘ In this chapter, Ehe motor
-pericrmance with non sinusoidal Sﬁpply voltages is com-

pared with normal sine-wave operation.

The most versatile and reliable'variable-speed4drive
consists of a cage-rotor induction motor which iSAspeed—
controlled by variation of the stator frequency. The
operation bf the induction motor on a variable-frequency
supply is also. examined in this chapter. It will be shown

that the presence of harmonics in the supply voltage us-

ually has oniy a minor influence on thevmotor performance.
3.1. HARMONIC REHAVIOR OF A.C,. MOTORS

When an a.c. motor i1s operzted on non-sinusoidal

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

51



mental component and a series of'harmonics.. If magnetic
saturation is neglected, the motor may be regarded as a
'1inéar device, and the principie of superposiiion can

be appiied. This means that the motor behavior can be.
analysed independently for the fundamentai-voltage}and
qu each harmonic term. The overall response to the non-
sinusoidal voltagebisvthen obtained as a sumﬁation of the
responses to the individual components.  Thus, fhe net
motor current or torque is equal to the sum of the cur-
rent or torque contributions of each voltage component
in the supply waveform. It is convenient to express the
’émotor current and torque 1n per—ﬁnit or normélized form,
- that is, the actual values of current and torque are ex-
.pressed as fractions of the rated current and torque of

the motor.

Harmonic Equivalent Circuits: The conventional

equivalent circuit for one phaée of an induction mbtor

on a sinusoidal supply is shown in Figure 3.la and is de-
rived in Appendix 3. In thiS.CiTCUit; the cbre losses
and saturation effects are neglected, and X4 and X, are
the stator and rotor leakage reactances at the supply
frequ¢ncy. X, is the corresponiing magnetizing reactance. -
The rotor slip with respect to the fundamental rotating

field is denoted By S and hence

1’

nl-n

y
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where ni is the synchronous speed of the rotating field,

and n is the actual rotor spéed.

-

- L4 - Xq | Xz v .ka kX kK2
e AAAN—— (T e FOH6N— A WVVTTEN SEGHB
Lo _ f. L ‘ X —-i'——'? o
k
~ S R 57| B, éf
[V{ : 'E'f %’X?‘n Sy /& Vk I<>{m§ S;‘k T
@) (b)

~ FIGURE 3.1. 1Induction Motor Equivalent Circuit Diagrams:
. (a) fundamental-frequency equivalent circuit,
(b) equivalent circuit for the kth time
harmonic (positive and negative sequence).

The kth harmonic in the phase currents produces z

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

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

field is

an
jon}
ja®
tdy
b
-

ot a backward-rotating field

kn

in general, therefore,

~
w
B
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S = —— S (3.4)

- where the negative sign is valid for positive-sequence

harmonics and the positive sign applies to negative-

‘sequence harmonics.
The harmonic Sllp, Sk’ is expressed in terms of Sq '
by substltutlng for n from Equatlon (3.1). This gives

(k31) + s,

K

The fundamental equivalent circuit Qf Figure 3.la
.may be adapted fof the kth harmonic voltage and ﬁurrent

in Figure 3.1b. The harmonic slip, sk; isrsubstitﬁted

for the fundamental Sllk, Sl’ and all inductive reactances
are increased by a factor K. The stator and rotor resis-
tances are also larger due to skin effect at the harmonic
fréquenty, Strictly 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
there is very little variation in Sk for normal operation.
If the motor speed varies from synchronous speed to stand-

still, the fundamental slip, Sl’ varies from 0 to 1, but



the fifth harmoni; slip;‘ss, onlylvaries from 1.2 ﬁo 1.
The.corresponding-Variation in S7 is- 0.857 to 1, and for
higher harmonic Sk is gyen,cloéér-to unity. if we make
Fourier'AnalySis (séé Appendix 4) of six-step voltage
supply waveform.we see that there are no evén harmonics
because‘of positive and negative half cycle symmetry,
and>the}e are no third or multiples of the third harmonic

because of the 60° dwell betWeen the positive and negative

waves.,

The harmonic equivalent circuit of Figure 3.1b can
befsimplied as shpwﬁ'&ﬁ Figure 3.2a by removing the resis-
tantes..:This is justified by the fact that the inductive
‘reactances increase lineériy with frequency, wliiie the
increase in rotor resistance with frequency due to skin
-effect 1s less than linear. Since Sy 1s approximately
unity, the circuit resistance can be neglected in compari-
son with the reactance at the harmonic frequencies. TFur-
ther simplification is possible as in Figure 3.2b, since
the shunt maagetizing reactance is much greaier than the
.age veactance, and may be omitted. The motor
impedance presented to harmonic current is, therefore,

approximately R{X1+X2) where X, and X, are the stator and

1
rotor leakage reactances at the fundamental supply fre-
quency.

The zero-sequence stator current harmonics are in
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FIGURE 3.2. Approxlmate Equivalent C1rcu1ts 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 harmonic m.m.f.waves -

in the air gap, 'and each pulsating wave can be resolived

".D

into a forward and'backward—traVelling wave, as shown 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 ﬁresented to the fliow of the kth zéro-
sequence harmonic is kXO, where X, is the stator zevo-
sequence reactance at fundamental £reqﬁency. If X, is
small and the applied voltage has a 1arge.zero-sequence
component, tie resulting‘zero—sequengé Currénts may cause
a 51gn1f1can stator'copper loss, and seriously reduce
the’motor ef*1c1cncy However; zero-sequence currents

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

connection between source and load, as otherwise there is



TABLE 1

M.M.F. Components of a Three-Phase Armature Winding

-

Order of Order of Time Harmonic, k
space : ’
hargonlg 1 3 . 7 9 11 13
R O Y - S 2 I S RO S ¥
3 S S| - - | 23 - -
1 ] 7 _ 11 | 13
> 5 i N
1 1.5 ' : 11 13
7 +7 | 7. +1 .7__ +j—
9 - %._17 - - +1 - -
¥z 7
1 5 7 . 13
11 11 IT | T o )
- 1 s | L7 ) 11
15 13 13| 13 | R
- 1 3 i
15 R

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

In practice, most inverter circuits do not generate zers-

wn

equence voltages, but if these components are present

ot

hey are offered an infinite zero-sequence impedance by

isolating the neutral connection.

The fundamental equivalent circuit of Figure 3.1z
oniy zpplies to the polyphase inductipn motor, but the
subsequent harmonic circuit are also valid for the.har-
monic behavier of the reluctance or synéhrénous'motor,
since these.machinés operate aéynchroﬁously with respect

to time harmonic m.m.f. waves. When analysing motor ope-



ration at very low suppiy‘fréquenéies, the approximate
harmonic equivalent circuit of Figure 3.2 may not be
valid, since theAwinding regigtanté can be a significant
factor at the low harmonic fréquencies. Tﬁe simplifica-
tions are usually justified, however, if the fundamental

frequency exceeds about 10 Hz.

Harmonic Currents: Since Sk is nearly unity at a]l_
motor - speeds from standstill tc synchronism, the harmonic
equivalent circuit of Figure 3.1b is practically inde-
pendent of motor speed, and this is emphaSized by the
approximate circuits derived ffom it. Thus, fhe harmonic
currents- remain constant for all operating conditicns of . .
the motor from ﬁd-load to full-ibad, and even down to
standstill. The fundamental stator current is determined
" by the motor loading and, as a result, the relative har-
nonic content of the machine current is considerably
greater for light-load operation»tﬁan for full-load or
starting conditions.. This causes a significant increase
in the no-load losses of the machine compared with normal
-wave operation. However, the full-load efficiency

is usually not rveduced excessively.,

The approximate equivalent. circuit of Figure 3.2b is
similar to that used for normal sine-wave calculations
on a locked-rotor induction motcr, when the motor current

is also limited by the leakage reactance (X1+X2). "The



standstill or starting behavior Of‘the indﬁctiqn motor
on a sine-wave supply is,vtherefore, a measufe of its
harmonic performance. If_the'ﬁotbf draws a laige star-
‘ting‘curreﬁt, it will alsb}draw 1arée harmonic currents
on non-sinusoidal supglies. The leakage reactance of a
reluctance or synchronous motor alsb determines its ha:-
monic current flow. If the mqtor has.a vefy low leakage
reac{ance;vit should be uéed with caution on non-sinh»
soidal supplies,vsince excessivé harmonig‘cﬁrrents may

flow and overheat the motor.

e If V, denotes the kth harmonic component of the

- supply voltage, the corresponding stator current harmonic
is Ikv?ka/zk, where ZL is the.kth hafmonic input impe-
dance. For positive-and negative-sequence harmonics,
the approximate equivalent circuit of Figure 3.2b is

valid, and 2, = k(X +X,).

Thus,
\\]’ .
k _
I = ———— (3.6)
~ +'\r
k(Xy AZ)
For zero-seguence harmonics, Z; = kX, and
V..
I, = — ’ (3.7)



 These'formﬁ1ae-permiﬁ'répid efai@étioh:of the'har—
.__monic ctrfénts due to a-non-sinusoidal Voltagé wavéform’
whose héfmonic content ‘is knbwgl .Usually.thefe afe no

Zéro-sequence harmonicsfand no even numbered harmonics;
‘and hence the total r.m.s. harmonié current is given by

: = JrT2 2 2 4712 '2 := o 2
I ar )(15+I7+111+113+..7.+11+...) v [g Ik] (3.8)

If I1 is the fundamental r.m.s. current of the motor,

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

V(IFIEHIZTE +T v If+ L) =

T.m.S. 5 77 711 "13

N
W™
w

—

/ 2,72 :
" (1 1far]

For a given voltage waveform, the relative harmonic
content of the stator current is closely related to the
per-unit reactance 6f the motor, Xpu' This is the leak-
~age reactance at fundamental frequency, ekpressed as a

£ 1 ) Y =V \4 " i
fraction of the base reactance, kbase'\R/IFL’ where \R is

the rated sine-wave phase'voltage,,and’IFL

is the rated

full-load current.



Thus, v
(X,+%,) . o 1. 1 v
X_o= A2 x,ex,) k= ELoging. (5.10)
base o R S

“where IS is the fundamental standstill current of the
motor and Qq is the motor power factor angle at stand-

still.

For the usual six-step and twelve-step voltage wave -
forms, the magnitude of the harmonic voltage is inversely
proportional to the order of the harmonic. Thus VR=V173,

and Equation (3.6) gives the harmonic current

pod
et

If the fundamental phase voltage, V., is eqgual to

the rated sine-wave voltagc, Vq, then Equation (3.10)
gives
I
. . , FL
V, = V, = (X,*X
R ( 1 2) .
pu
and substituting this expression in (3.11) gives
I
1, =R 2 (5.12)
“kpu Zs, -
* 1 kX
FL pu

where Ikpu is the per-unit harmonic current on the rated



fﬁll load current.

U51ng Equatlons (3. 8) and Cb 121 the“total r;m;s.
per- unit harmonic current with a six- step Voltage bupply
is evaluated as 0:046/Xpﬁ. Slmllar calculatlons on a
tweive-step supply give a value Qf 0.0lOS/Xpu. VThus the
harmonic current is inversely proportional to the per-
unit reactance.v;The total r.m.s{ Stétor current at full-
1oéd on a per-unit basis}is /[1+(0.046/Xpu)2]_£0r a six-
step voltage waveform and v [1+(0.0105/Xpu)%] with a
twelve—step supply. In Figure 3.3, the total T.m.s. sta-
tor current ié plotted as a function' of the per-unit
reactance.. The increase in r.m.S$.:current is almost ne-
gligible with.a.tWelve—step supply but the six-step vol-
tage waveform can produce é significant inérease, parti-
cularly when the per-uﬁit reactance 1s small. This occurs
principally with reluctance motors which may have a per-
unit reactance as low as 0.05, resulting in a 35 percent
increase in the r.m.s. full load current. The polyphase 
induction motér has a per-unit reactance in the range
0.1_to-0.2, and the total r.m.s. current at full-load on

& »ix-step volitage supply is from 2 to 10 percont greater

than fundamental current.

Figure 3.42 shows a typical stator phase current wave-
form for an a.c. motor with a six-step voltage suppily.

This waveform was caluclated for a per-unit of 0.1, as-
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FIGURE 3.3. R.M.S.;Stator Curreﬁtiasfa Function of the
L Per-Unit-.Leakage Reactance of the Motor.

suming'thét'the fundamental current lags the fundamental

Voltagé py”600. This fundamental phase angle is deter-

3

mined bx“fhe loading conditions and, in the present case
it corresponds to a fundamental power factor of 0.5. The
corresponding current waveform with a twelve-step supply

is shown in Figure 3.4b. The harmonic distortion not only

increases the r.m.s. value of the stator current. but

l also produces large current peaks which ‘increase the com-

mutzting duty imposed on the static inverter. In Figure
3.5 the ratio of the peak inverter current to the pezk fun--

damental full-load current is plotted as a function of the
per-unit reactance. These characteristics were derived

theoretically, assuming a fundamental power factor or dis-

placement factor of 0.5- 'Wifh!loﬁér di$pIéCémént fécfors, '
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the peak inverter-currents are somewhat larger. For an
a.c. motor operating. on aMsix-step;supply,With a funda-

mental power factorsof 0.4, the peak currents are not

more than 4 percent greater than the values indicated in

Figure‘ses.
3,0 "
l':;5
20 , Slx-siep
N Volkage
Supp%f
15 — :
o ~ Twelve- steg™~~—___|
~$5\~\\§\:Eié§gesempeg
© 0,05 040 o5 0,20

FIGURE 3.5. Peak Inverter Current as a Function of the
- ' " Per-unit Leakage Reactance of the Motor.

3.2. STEADY-STATE PERFORMANCE AT CONSTANT VOLTS/HZ

The Steadv-staee performance of the induction motor
:Qs readllv anal)sed by means of the fundamental equ1v lent
fc1rcu1t of Flgure 3. la F01 normal sine-wave operation,
the skin effect is usuallv neglected and hence the resis-

tances are independent of frequency, while the reactances
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“are pfoportional to frequency. The rotatiﬁg'flux”wave

in-the:air:gap.induces.

winding. 'ThiS”e;m.f.
Vq duc to«the~voltagé
ageﬁimpédance? .Since
waves is ignoredg‘the

dal spacc dlstrzbutlon

a cotnter‘e.m.f. " Eiﬁin the stater

-

is less than:the applied voltage
wdrop in (Rl+jX1),'thé‘Statorfleak--~W
the presence of space harmonic m.m.f.

rotating -flux wave has a sinusoi-

~and the flﬁxllinking'eéCh?stator

turn has-a . sinusoidal.itime wvariation.  If P:denotes the

flux per pole of the rotating field,:the instantancous

fluxrlinkingvaifu11~span'stator'turn”ls‘”' - o

Psinw.t

1

where wy = ZHfl, the angular frequency of the Supply vol-

tage. The induced ie.m

ey = d@g/dt

-and the r.m.s. phase e.

. Bl N /
u“ilm\,w‘\l/'

where N; is the number

is the winding factor.

.f. per turn is therefore

wIQCoswlt

m.f. -is given by

()
11

4.44% fN,0 (3.13)

of series turns per phase and kg

If the winding factor is unity,

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

hence, for a motor or transformer, @, is proportional to

Ei1/5



;qu,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;El/fl

is constant, but if the stator-leakage impedance is small,

then V1 and El are. approxlmatelv equai. Consequently;
“the air-gap flux is nearly,constant when the ratio V., /.
4 i

"has a fixed value. ThlS is the constant vo]t/H7 mede

of'oﬁeration. The 11near output Volta"e fre QUGHLV charac:
teristic is Drovided by the static inverter or cyclocon-
verter, uSJng the voltage control techulquec. ‘Unfortu~
natéivm the mot01 perfornance deterlorates at 1ou fr.j}en—
cies when the air- gap fIU\ decreases. ThlS i\ shown in

'the £olloh1n0 sectlon

Torque Characteristics: TFrom the equivalent cir-

cuit of Figure 3.1la, the f011011ng pb“"Ol equatlonc may

be obtained:

Vo= (RpHIXDIL ¢ (R G X)), (5.14)
'R7
Th (1, = (—— =+ T (3:15
N, 12) (S jX )12 (3:15)
By‘de nition, the rotor slip is given by
s.= f£,/%4 R S (3.16)

where f, is the variable stator‘frequency;'and”fzwis the
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~corresponding rotor frequency.-

-

In Aprendix 3, the moétor torqueis derived as

=

pu, .
T =17 IE,EQ: R (3.17)

uhere m1 is the number of stator phases and p is the
numbcr of pole palrs.

On comblnlng Equatlons (3. 14), (3.15).and (3.17)

b

the to:que can be expressed in terms of the applied vol-

-~

tage Vl‘and the frequencies fl and f£,. The rebultwng

expression 1is

VoG E £. X2/R;
T = E]-ni\—ll 2 /\" (3.185
21 £, £, troo e R, X,, 7 "
| 2 i 22'1
- iJ[Rl ﬂ (\2 77)3 +[ 11 —

i

where X]llefxm; tne total stato* reactance at the supply

£,, and X7;=A7+X , the total 1otor reactance at
S22772 My -

the same freguency

bor
o]
s
b ‘h

ixed volts/H" opelat1on the»ouantitv A /fl in

3.18) 1s constant ~and. the t01que characteris-

fri
Ko
po
-

r-F
‘.J
o
ot

VamalY

tics can be evaluaLed hdyn the ma hineipérameters are
known. In Figure'3.67the'tcrque is plotted ;against rotor

frequency, f,, for .a number os stator frequencies. The



torquefis;againyexpfessed‘in perruniﬁ-form,?using tﬁ¢3
rated torque of the motor_as;a base;valué,q These re-
“sults show that1the;induction;matbfxtdrque;décreascé
5rapjdly;as'therstafor-erQﬁencyfisiréduced; This ié:
‘céused'by.the reducfionlinfair-gap flux at low frequency
due;tb]fhe,increasédvinfluence bfxthevstator resistance.
The stator,fesisténce'voltage'drop-at rated current has
theisame‘magnitude at all frequenciés,'and,itAtherefore
constitutes a considerably higher fraction:.of the:supply
voltage-at low frequency than at ;ated-frequency,,when

it may often be neglected.

The torque characteristics may be extended into

the induction.generator ‘region.as in Figure: 3.6..  In this

’

N
-~ . 3
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FIGURE 3.6. Torque Characteristics for Variable-Frequency
: Operation of the Induction Motor at Constant
Volts/Hz. '



 region, the maéhiné opefates with a reversed power flow
and revefsed stator voltage drop, reSuiting‘in increased
e!mjf. El’ and increased air-géﬁ fiux; Conscquently,
”1argé gencrator torquéé aré producéd, particularly at low-

}frequénciés,“ Thesc‘braking torque. may cause mechanical
damaqe ‘uﬂlccq cu1rent llmltlng 15 employed Howeve1

the charéctellstlcs of Flgu1e 3.6 are baqed on the linear
equ1va1ent C11uc1t of }1gure 3. la,‘ln Wh;chimagnetlc
satu1at10n is neglectcd jln prdctlce satu1at10n ef-
fectq w111 cause the b1ai1ng to1ques 1n thevgcnela
reglon to be less than the theoretlcal values indicated

in Tlgure 3 6.g

In Figuré;3;7 the -bréakdown’ and starting torques arc
plotted against supply frequency. Tﬁe breakdown torgue
is détermined by maximizing the torque expression of
Equation (3.18) and the starting torqué is evaluated by
putting f; and f, in Equation (3.18). The serious reduc-
tion in both these torques at frequenc1es 1ess than 10'Hz
is evident. To 1mprove the 1ou—frequency cha13cter1<t1c<
the terminal voltage should be increased considerably
~above its frequency-proportional value. This 1s not pos-
sible when synchronous alternators are used, but is
readily provided by means of static converters or inver-
teré,which permit iﬁdependenf gdjustmént of output vol-

tage and frequency.
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CHAPTER 4

~ EXPERIFENTAL RESULTS AHD CONCLUSIONS

4.1. EXPERIMENTAL RESULTS

Aiéng tﬂe iiﬁe§.£ﬁéf ﬁéréiindiéated:iﬁ Chaﬁfer Z,
the speed controi curcuitry was designed and bui&t. The
compléte diagram of the system is shbwn in Appendix 6. -
In order to make the S)stem cowuletel} 1ndependeht a |

single phase bridge rectlfler was included in the input

to provide. the d.c. voltage.

The system was tested on different induction machines
and it was seen that smooth.control of speed was possible.
The highest operating frequency had to be limited to 10

\
Hz dee to the rating of the Darlington transistors used.

Thie relation between input voltage and the output
frequency is shown in Figure 4.1. It can'beuseen that it
1s a llne'”,rela;idnghip as expescted. The séme linearity
of .the U.J.T. output was checked’up to 400 volts corre-

sponding to 90 Hz.
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Chalacterlctlc

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

waveforms of phase voltage and phase‘current for 70V

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

the Lhe01et1cal haveformq shovn in Floure 3 44 and b.

Figure 4.7 shows the speed output as a function of

input voltage.

It is observed that'at‘low values of 1nput voltage

the mzchine "is not able to pick up speed. This is to be

expected from Figure 3.7, from which it can be seen that

the starting torque is considerably reduced at low supply



_FIGURE 4.4. The Phase Voltage Waveform at 40 Volts.



FIGURE 4.6.
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FIGURE 4.7. The Input Voltage to the Speed Output
' Characterlstlcs ) .

frequencies. As was suggestéd before, this problem can
be overcome, if the low speed operation is a must, by
increasing the supply voitage,considerably above its

value proportional to frequency. .

4.2, CONCLUSTIONS AND SUGGESTIONS

In thlS thecls 1t was demonst1ated that the synithesis
»of a sine-wave 1is p0551b1e by 1og1c Clrcult The tnree—
phase output so obtalned;can be used to smoothly comtrol

the speed of an induction machineiip a 10-1 range.:

If a closed 1oop operatlon is de51red it can be

achleved hlth m1n01 modlflcatlons as explalned belom.



. 4.3. CLOSED-LOOP OPERATION

The'meter and its speed contfol'gear can be consi-
dered for most purposes'to‘be a single unit with an elec-
trical. cont101 51gna1 1nput and a mechanlcal output 1in
»the form of a rotatlng shaft It can be represented as

shown in Flgure-4,8."

Powerm
. : Contre,l | o
Nim unit /L. ( ‘ Mechonical
~S.——_%F—_—— X ' c>qﬂouif
ignial Motor |-~ o 0T |

"FIGURE 4.8. Basic Control System...
- The input to output characteristic is ideally as
that shewn in Figure 4.9. However, owing to loading on
the motor, the motor speed will decrease with increased

load.

In order to be able to keep V/f 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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G dég » . d,c_ Wol ve ; : N
Control Dk 55ﬂ£ hes| Cdrl  m : T
Circuit e ~

Filter

FIGURE -4.10. Basic Control System with Error Feedback.



The operation of the system can be expléined‘as fol-
1ows:' If theAspeed‘outputwis«more~than the setuualue,.
- the gate control circuitrr‘retarde the fdring angle to
result 1n decreased brldge output voltage, nhlch is then
converted into a 3@ output voltage of lowe1 frequency
The output is. thus reduced Sllllar argument holds if

the output speed is less than Lhe de51red value
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APPENDIX. 1

FEASUREMENTS OF THE COMPONENTS V.C.O0,

/

Choosen: R = R+R; = 220, + 110 = 330 ko -

A3
"

1 ;_$6qi9m;

—_

2 0
220+ 50 Hz, 30V » 7 Hz then; =

f must be .7 Hz for~30.V5v then; f = 7x24- = 168Hz for U.J.T.

[(f = 168 Hz for 30V, £ = 1200 Hz for 220V in V.C.0.)

30,V » 0,005952381 s; 12 V » 0,0148807 s; n = 0.55

"=U0.8RC (R = ko, t:s, C:F)

ot 0.0148807 . oo
C = ooy - osey. = 0-0000563 F

i '

So0swE



APPENDIX 2 -

* TRUTH TABLES OF J-K AND D TYPE FLIP-FLOPS

Truth Table of J-K Type Flip-Flop

Inputs

“Qutputs®

e
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X s

~

ol

=]

ot

:v\:_Q‘E

QL

n+l

o}
o+
et

i

Ml=lopmlo

t

oOlolo|w]| -
- lo|o

~.No change

B

|l | | of

> | e

ARSI

LR R B B B

“:F—‘OHOO'OOO'
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i |ololo|olole

S Ry

= O O

Truth Table of D Type Flip-Flop -

¢ Inputs.

- Outputs

c1

=
ock | Data- | Reset |,

Set

Q

olm| o

o [N

‘><><>‘<><r—do

—lolmlololo

~lmlololole

o lol-|o

o j= o
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G

~Don't Care
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1

Level Change
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wpENDIX 3

FQUIVALENT DIAGRAM OF THE POLYPHASE INDUCTION MOTOR

- The eQuivaléhtﬁEii@Uit76flthe induction motor is =
very similar to the uﬁﬁal f?ansformer equivalent circuit,
since the induction motor is éssentialiy a transformer
with a rdtatihg*setbndary winaingk As in a static tréns-‘
former, the primafyfor'stafbr"Cﬁ%rent establishes a ﬁu-
ﬁua11f1UX which 1inks-the‘éecondary or rotor windiﬁg; and
also a leakage flux which links bnly the primary winding.
This 1eakagé“fluxLinduCeS”a'pfimary5é.m;ff‘ﬁhich is‘pro-‘
portional to the rate of change Of:pfimary current, and
its effect m;y bé'représéntéd,'injﬁhé ﬁéuai'manner, by a
series leakage réactapCe*Xi’ih each stator phase. R1”i§'
the stator resistance per phase and*(R14jX1)'is éerméd o
the stator leakage impedance.- The mutual flux in the air
gap ‘induces slip frequency e.m.f.s in the rotor and supply
frequency‘e;m;f.s;inithe stator. The'volﬁégé dfop across
the~stator‘1eakage'impedanCe=caUsesfthé’stator e.m.f. per

phase, E;, and mpfuél'flux per pole, @, to decrease

17
slightly as load is applied to the motor. The resultant
stator Curfeﬁt“il is composed ‘of the ‘exciting current,

‘and the load component of the stator current which .cancel



o

Singlé—Phasé Equivalent Circuit of the Polyphase Induction
' Motor. :

2

the m.m.£f: due to the rotor current.. The exciting curreﬁt
Ib»consisté of the,magnetizing;ané,;ore-lbss-cdhponénts,
I. and 1 respectively. |
;7In-deriving*£he3rbtor’equivalent circuit, ‘the actual
phasefwound,Orﬂsguirfei-cagejrotorAwinding'is‘cbnsidered‘
to be replaced by an equivaleﬁt short-circuited rotor
winding having the same number of:turns and the same win-
dingiarrangemént'assihé;stator, - This is‘equivalent,to:the
usual: transformer-procedure of réferring'secondary quan-
tities~to the primary.- At standstill, the induced e.m.f.
per. phase in:the equivalent rotor is equal to the stator
e;m.f.,fEl, and the rotor frequency equélsithgzsupply
;frequency,vfl.» When¢the motornruns_witﬁ a-slip‘s,:the
rotor e.m.f. E2=5E1,'and”the rotor frequency f2=sfi; If
>,R2 is the equivalént rotof resistance per phase, and Xy

is ithe rotor leakage: reactance per phase atjstandstill,



-then the rotor current is. given by “ .

. E SsE. . -
A 2. i . o (A.3.1)

: R’2+35>\2' . ,Rz'fJ.S.”XZ

and hence

) By S ‘
1, = — ‘ (A.3.2)
(Ry/s) + 13X, '

In Equation'(A.S.l), all rotor quantities are at
slip frequency, but in Equétion (A.3.2) they are at sup-b
ply frequency,.‘This shows that the_rotor,current~12‘is
unaltered in1magnitude if,the‘rotor is brought. to stand-
still and the resistance increased ffom,R2 to Rz/s. Thefr
rotor equivalent circuit may therefore be joined directly
to the‘stator;circuLt,was,ih Figure> 'i,;to give ‘the

complete equivalent circuit for one phase of-the motor:

Torque Equation: At.a slip s, the rotor loss in the
/ equivalent circuilt is‘ing/s watts per phase, whereas in
the actual machine the Totor copper loss is IjR, watts
per phase. The additional power loss in the equivalent
cuircuit is the electricalveqUivalent of the mechanical:

power output of the motor. If P denotes the gross

mech

. . ’ \
mechanical power output including windage and friction
losses; ‘then =

/

. .. _ "” .", : 2 . ".A":_L: 2 _3 - ‘=. ) ] 2 __‘l-.s . .
P = my [(I5R;/s) = (I3R,)] = myI5R, (5=

mech



wherevml is the number of stator phases.

-

If w 1% the mechanlcal angular ve10c1ty of the rotor
O : . A

and T is the electromagnetlc to1que

_ 2 1-5s.
Tw = mllsz(fg—)

.and'

I2R s

1 272 .1-

T (&=
‘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

wy = w/(1-g8) = Zﬁfl/p, the torque equation can be‘reﬁritr

ten as
m 12 R
T =2 (A.3.3)
qwl’
or ’
m R
T=21 (1?2 : (A.5.4)
ZHfl [

Power Division in -the Rotor: It can be seen from
the equivalent circuit that the total electrical power

input to the rotor across the air-gap from the stator is



D87 -

ag

=. 2 ' : o (A3
P mIIZRZ/S ‘ A _(Afo.S)

This is.divided between the mechanical power output,

Pmech,Qapdbthef;pﬁor.éqppey }oss, PZ'
Thus, ,
ag ~ “mech ” )
where \
Pmech = T
and
- 2
Py = mizRy

Combining Equations (A.3.4) and (A.3.5) gives

P. = Tuw 4 (A.3.6)

ag 1

and hence the total electrical power input to the rotor

is equal to the internal mechanical torque multiplied

by the synchrdhous angular Velocity.-
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APPENDIX 4

FOURIER ANALYSIS OF NON-SINUSOIDAL WAVEFORM

=
A
2K F-- k
K
e " . . i . s——é_
o 4 2. |34 611
GT GT gT-gT—é—
.__"K"'"", --------
~OKmrm e
' = ¥ - 1 S 2 . 3
v(t) = Ku(t) + Ku(t-gT) - Ku(t-gT) - 2Ku(t-£T)

- Ku(t-gT) + Ku(t-2T) + Ku(t-T)

where in the abové equation Ku(t-1) is defined as:
K- t >

Ku(t-1) =

Let F denote the periodic extension of v to the entire X




axis. SR . R L

"g_K R

-K

———--2K

From the above figure it is obvious that F is an odd

function of time. )

The Fourier series expansion'of the function v(t)

will be of the. form: -

ao o - an* - prt
v(t) = =+ T [a +Cos(=—=) + by +Sin(T)]
2 n=1_~ T T
where
. 5 ‘T
ay = % ;) v(t)Cos(n t)dt
and
2 T '
bk = T-é y(t)Sin(n t)dt

‘Using the fact that:



- 90 -
T' : - 'T

J -F(t)Cos(nwt)dt = f;'v(tBCos(nwt)dt
o) 0

and that F(t) -is an odd flnction of time; wercdnclude the

impdrtantvresult that all the a, coefficiénts are identi-

cally equal to zéro.

F(t)+Cos(nwt) = ODD FUNCTION
(odd) + (even) |
T

S ODD FUNCTION « dt = 0
o ,

Therefore it is only necessary to compute the b,

coefficients:
T -
_ 2 . 2nll R -
vbn = T é \(t)Sln( t)dt
_ “’T : T Ti'i‘ S -
b = 2L /K si n(EEE tydt + £k sin(32L-v)ae
| 1
A ol B
T T '
- 5K si (:Eﬂt)dt - 72k sln(ZBﬂt)dt
2 3
57 C 5L D
K T
- 7K sln(gﬂﬂt)dt . hsln(ZEEt)dt
4 . 5 .
ST
+ [ X Sln(zgﬂt)dt]
T

G



T e T
A= 7 xsin(BBlvyar = - A1 cos(2lt)
i o“ ) : 7 ""' . v . o
;_'K‘Tv:, - R oy _
= o .(Cos Znll CQS 07) 0
T | ' | T
. 7 r f)
B = f KSin(i%ﬂt)dt = - %%ﬁ cOs(:%ﬂt)J»
1y . , 1
5 R E
_ KT Lo nll
= Uil .(CQSZnH | Co‘s T
_ KT . poe nl
© 2nld (1. COSS)
C=- ksin (22 tyar = X1 - cos 220
£T
T UL 2T . .
D =-17 2}\Sln(——T—t)dt = m (1 - Cos nH)
3T - |
6 : i
E__fT sin (2o g o KT g 4nll,
-4 ln(‘Tt)t—-ﬁ(.—Cos ——3-—)
6! -
R ksin(2tydr = - S1o (1 - cos 2oy
5l ]
T
G = f KSin(g{}—Ht)dt =0
-
I A, . ... . 2nl ; _
h =7 " sy LK(1-Cosz=) + h(l_-Cos-—g—) + 2K(1-Cosni)
o 4nl, o Salae 1 oot v
* K(1-Cos—==) - I\(l-Cos—g—)] = =5 [(-K+K#2K+K-K)
+ KCOS%—H— - KCOSEZ,—H - 2KCosnIl, - KCOS4I31H + KCos:t’-r;—nz
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1

92

“nl

'

Using'the‘idehtity{;

and

then

_A-B

" . PR 7 5nli
5 M2K(1-Cosnll) + K(Cosz— + Cos™3™)
. . - ’ ’) '
- cosiI L cos22iing
S » 3

CosA + CosB = ZCQS(A%E)COS(—i—J
' . E 2 S
Cosr—l—Il + Cosizf-E = 2Cosnl Cos"—‘—z.]-E
3 3 ) 3
kas4§H +'Cosg%£ = 2Cosnll - Cos%2

Hﬁ’[2k(17Coan) + h(ZCognﬁ

"~ nll 1 o e
.Cosg—j = ﬁﬁiph(l—Coan) + 2KCosnll(Cos

 Using'the ideﬁtity:"

CosA - CosB

A+

2
-

B

-ZSiq( ) Sin (=

.

A-B

Cosz%z'— 2Cosnll

2nll.

3

)

The above expression for bn can be further simplified:

b

n

1 ‘e ~an T - . ‘7
5 [Zh(l~Coan) + 4kCoan51n

nil ..
§-Sljl

nil--
6



even Cos nl

Ifn = =1
Sin %E é 0
If n = a multiple of 3, i.e.

bx =0 .if n = even.

~

T 6,'12, 18 ... since it

\alsq-even bn.= 0

4Cos(nﬂ) - 1

.éin(%ﬂ = + 1 and s;n(%ﬂ =¥
Hdﬁevér{ 1f SIH%E = %1 ‘then Sln%£'=‘- 1
and 1f Slngn #r-i}jtheg Sin%ﬂ =t 1
ifn = 3,19, 15,:if.'£hen”bn = 0.

-

The Fourier series expansion of the function v(t)

has only the following terms:

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

" and v(t)”=»blsint;+fb58in5t + b,Sin7t + b

where b = %ﬁ‘[ZK(;4Cosnﬁ)+4KCoanjSinnn

and K is the step voltage.

19,
7 11Slnllt + .
. Nl
2——' Sln’é—-]



APPENDI. 5

-~ COST EVALUATION

‘The components used in the exper

costs are as follows:

o .
o

“16.

23,

The other components

iment and their

1.- 5x(2x12V, ISW) Power Supply Transformer 3750.
2. lx(ZSA 300V) Bridge , 65G.
“w3.172k(4027IC) Dual J-K Fllp Flop 300.
4. 3x(40131C) Dual Type D Flip-Flop 450,
5. 1x(40111C) Quad’ 2- Input "NAND"'Gate - 150,
6. 1x(40501C) Hex Buffers. ‘ 150,
7. 4x(3A,50V) Diod © 200
8. 10x (1A,50V) - DlOd 150.
9. 1x(‘BSV5‘?-).U.J.T.V | 75,

). 2x(BC-107) Transistor 30,
11. 1x(MCT§42) 12V Regulator 250,
12, 5\(2700uF 50V) Capac1tor 625.
'13. \6x(0.5pF,250V) Capacitor 300,
“14. 1x(250uF, 400V) Capacitor 750.
'~15€f 6x(BD875) Darllngton Tran51sho1 240.
| | 18x(BD699) Darlington Transistor. 1800,
17. 12x(102,11W) Resistor ' 300,
'18 " 1x(250V,6A) Single-phase Switch 250.
19. 1x(400V,4A) Thlee phase Switch 500.
-20.  1x(6A) Fuse B ‘ 150,
21}:.1X(JOOV) Voltmetér ? 1500.
22.  The box protection 3000.
300.

TOTAL  15870.

-TL

-TL
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