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1. t Importance of Statical] Controlled Induction Motor Drives 

The field of static control, and conversion of electric 
power has been revolutionized with the development of solid 

state s siconductor devices (such as silicon controlled 
rectifiers,, power diodes and power transistors etc.). Also 
the fast developments in Power Electronics have opened up new 
vistas in the field of static control of electric drives that 
are gaining more and more popularly. An electric drive basi-
cally consists of an electric eachine associated with a control 
equipment (that may include a frequency converter rectifier 
eta.) to convert electrical energy into a mechanical energy 
and thereby to provide a versatile control of speed,, torque 
etc. `.,of the electric machine. 

Moorral1y., among the statically controlled electric 
drives, a doe* motor operated an a variable speed drive by a 

static power controller is a popular choice. But the min 
draw backs of a dec. motor are I- 

(1) Increase In cost and decrease in power/weight ratio because 

et to bo7ai mechanical commutator. 
(ii) Accentuated sparking at high currents and speeds. 

(iii) A limited armature voltage rating inherent in d.c. 
machines. 

(iv) A limited armature current# because of oommitation 
probl e+. 



Because of the above drawbacks of a d.c. motor, a 
suggested alternative is to use a cage rotor induction motor., 
or a synchronous motor or a reluctance aotor ; operating at 
variable frequency and supplied from a static frequency 
converter. The use of a cage rotor-induction motor has the 
advantage that a 

(1) Th. cost of induction motor is only about one sixth 
for the d.c. motor of the same speed and power rating. 

(ii) The lower/v.ight ratio of the squirrel cages I.M. i9 
twice that of a d.c. machine. 

In general, a solid state inv.rtar red induction motor 
drive, is an efficient, and robust$  drive systems  having an 
application in fields where an extremely precise speed control 
or speed matching is required. Thus, the static frequency 
convertors provide,  a wide range variable speed drive with 
control accuracies upto .001 Y., since the solid state frequency 
conva ers/inv.rtsrs provide output frequencies that are precise 
and stable. The Initial capital cost of such drives Is very 
high and discourages the application of such drives for general 
purpose application. However the fast decline In the cost at 
solid state devices and electronic components#  and an added 
advantages obtainable in such drives 'hose are bound to replace 
d.c. drives into Co... 

1.2 Variable ?r uano Inverter P'ad Induction Motor Drives 

A cage-rotor induction motor rod with a variable 
frequency supply provides a versatile and wide range speed 



controlled drive. The variable frequency supply that alters 
the synchronous speed of the induction motor$  can be Obtained 
through a static frequency converter. For opti*a motor perfor-
mance and effective utilization of core matarialg  the air gap 
flux of the induction motor should be maintained constant. The 
air Cap flux can be maintained approximately constant by 
keeping a constant volts/Us ratio I... varying the supply 
voltage proportionately an the frequency is varied. serer 
with constant v/f operation, the performance of the motor 
deteriorates at low frequencies because at low frequencies the 
influence of stator rssistanoe is increased and consequently 
the air Cap flux reduces to sola extent. Hence , in order to 
improve the low frequency characteristic, the terminal voltage 
should be increased more than the proportionate value. The 
required boost actually depends upon the design and size of 
the machine. A constant volts 	operation gives the following 
characteristic features to a variable frequency drives

U) The starting currant,power factor and also the starting 
torque are i roved 

(i1) The pull-out torque remains approximately constant, 
(111) SNtffioi ently high torque can be achieved tb gh-cut 

the entire range of spear! control. 

Tier* are two mode of operation of a variable frequency 
induction motor drives,, such as ,I'.Constant Flux operation ; 

(1Z Conetant Current operation. 
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1.2.1 Constant Flux Operations- In order to maintain a high torque 

throughout the entire speed rang*#, It is essential to maintain 
the flux constant. This can be aohiaved if the air gap e.n.f. 
si „ Instead of terminal voltage Is pried linearly with the 
frequency and a proper boost in Zt  is given at low frequencies 
in order to compensate for the increased effect of stator 
winding resistance* Further'it can be shown that ] the 
electromagnetic torque is proportional to square of F.1/f1  or 
air Cap flux, at a given rotor frequency f2• Consequently if 

/f1  or air gap flux to maintained constant, the torque is 
solely determined by the absolute rotor frequency "f 2  and is 
independent of supply frequency,, fi  ". 

Thus a control scheme in which the rotor-slip frequency 
is directly controlled while maintaining the constant air gap 
flux or r1/t1 , the drive can exhibit a precise control and 
adjustment of torque at any speed. 

1.202 C ate4Lt Curr.ntp.ratJons. Practically*  high torque under 
constant flux operation can be obtained only at the cost of 
increased stator current. ,gain It has been shovnt ', that 
the stator current Z,, is independent of the supply frequency, 
f it  when the air-gap flux is constant,, but depends upon the 
rotor slip frequsnayf  f2. Thus the air Cap flux of the motor 
can be indirectly determined by the stator current and rotor 
slip frequency t2. Further, the torque can be expressed In 
terms of stator current and rotor frequency01. Therefore in 



second mode of operation the stator current lII  as well as 

rotor frequency i'2  are controlled in order to maintain the 
air gap flux constant and consequently the high torque through- 
out the entire range of speed control . The basic advantage 

of constant-current operation is that there is no necessity 
of largo ovorcurrent capacity of the inverter since there 
are no current surges and thus the Inverter design is economical. 

Normally variable frequency drives are closed loop 
drives and the simplest scheme is the controlled, Slip drive♦  

in which the slip frequency is contineously controlled so as 
to ensure that operation is always at small slip. This owes 
a high developed torque at high paver factor with low losses. 

The overall characteristics of the drive can be adjusted so. 
as to suit the particular application and two basic types of 

characteristics i.e. as 'constant torque' and `constant horse 
power' characteristics can be achieved in the following ways - 

.2.3 Ct'nstant Tc rS u1_Oper icn  Y• (Below and upto one per unit sped). 

It can be obtained by increasing the terminal voltage linearly 
with the supply frequency and to provide a suitable boost in 
terminal voltage at low frequencies in order to maintain a 
constant air gap flux. This gives a high torque through-out 
the speed range. However the speed range can be increased 
above the I p.u, speed by keeping the terminal voltage constant 
and increasing the fundamental frequency above the normal 

rated supply frequency. But in this case the torque goes 
on reducing as speed is increased above one per unit because of 

decrease in air gap flux. 



Ome. Guess 
*2#4 ps4nt o 	Fort• d a 	on _ (Abov, and upto, p ►raunit sp bed ) 

If the 'requency . is increased linearly with `, for a constant 
stator voltage then it can be shown that torque is inversly 
proportional to the supply frequency.. Since i a x • 2 f2 or 

K Ro (,V /f )2 x 

This means that the torque varies inversly with the 
speed ie s. a constant horse power characteristic in obtained. 

I.2.5 Constant iorsa Power Operation =- (At low speeds in gub* 
yncnronous r.; on). 
Foy a fexewe valise Ob 'f~ 2 A t " can be obtained by varying (v1 ) proportional to 
yl i, In this case torque varies inversly proportional to 
and a constant hours a power output is obtained ins a 

a K" ' f2 a 02 ofV j2/f j2). 

Constant horse power operation over a wide speed range 
is required for Taction purpose and for that methods describe 
above under section 1.2.1+ and 1.2.5 can be conveniently used. 

I.3 T, .s--.P ' 	Used 
	hi. 

The variable frequency operation of an Induction motor 
is obtained by the use of Frequency Converter. A frequency 
convertor Is a machine or equipment that can generate or 
convert the input supply to a supply of variable frequency 
and amplitude. The rotating type of frequency converters have 
been used In past but now a da. s are out-dated and are replaced 
by the skiid state frequency converters. State: frequency 
conversion ha.eth. following advantage*' - 
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of the output voltage to a sine wave=  particularly at low 
frequsnctes,, since th• output wave Is fabricated from the 
ugm nts of the input supply waveforms. 

In general for wide range speed control and where 
regeneration braking Is not essential a d.c. link converter 
tad induction motor is the beat choice. In actual practice 
for drive applications, a d.c. link converter Is required to 
provide an output of variable frequency as well as variable 
voltage. Based upon the above requirements$, the rectifier. 
inverters (frequency converters) are divided Into the following 
two groupa:-» 

(A) A.V.I. (Adjustable Voltage Input) inverter. 
(B) P.W.K. (Pulse tddth Modulat+od) inverter. 
(C) Current Source Inverter. 

t * . t  Ad astable V'alta e In ut Inverter t - The A.V.I. in ►ert er , 
basically consists of three major aircuitas a phase controlled 
bridge, or a chopper controller for voltage controls  an Inverter 
for frequency centrol and a fixed d.c. bus to provide constant 
commutating capability. 

In phase controlled bridge rectifiers, a'phase control' 
technique (in which delayed firing of thyri story normally 
connected in three phase bridge configuration) Is 	lcyed in 
order to control the d.c. voltage input to the static •inverter. 
Basically, in phase controlled rectifiers, the displace*eut 
power factor varies linearly with the output voltage and at low 
output voltage,, the power factor is low which is a disad ntage1 
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The pulse width modulated Inverters have the following 
advantages!«. 

1. btzan the pulse width is sinuectdal).y modulated with high 
frequency triangular waves the output voltage and current 
have stall harmonic contents. This reduces the undesira-
ble torque pulsation which are usually associated with 
low frequency static ase. drives 

2. A high pulsing frequency reduces the lower order harmonics 
content and eases the filter requiresents. 

3. Maines interference and distortion are also minimized 
because of an uncontrolled rectifier and high pulse rape-
tition frequency in the inverter. 

1. The P. U.t4 . system requires a minimum of auxiliary equip - 
m~ tt# since the only apparatus required$ in addition to 
inverter* is an inexpensive bridge ratifier. 

5. Good pow r factor to a.c. line and excellent dynamic 
response. 

6. " l load speed range of 2011 is obtainable, 

1#.3.3 current t' a 1jm.rt r#" Most of the solid state Inverters 
used in variable frequency a.c. drives are of variable voltage 
and frequency type. Recently, current source vnverterst 3 

have been developed in which the magnitude of current at any 
point is always controlled by the regulated current source. 
The current source inverters are becoming more popular and 
ideally suited for s.c. drives requiring a constant torque 
output. In a current source ,lnxerter fed induction motor dries, 



the average d.a. voltage at the input terminals of the inverter 
varies with the power demand of the motor. For .example, if the 
motor is unloaded, the d.o« voltage wtfl be near zero, while it 
will be at some maximum positive value when supplying rated H.P. 
If the motor load is overhauling, the d.o* voltage reverses in 
polarity and the power Will be r.turn l to a.c. through the 
controlled rectifiers i.e. regeneration takes place. However 
the circuit and indaetion motor parameters effect. the perfor-
mance of current source f nv ert a 31. The current source inver -
ters have the following specific advantages over the voltage 
fed inv.rterssw 

1. t1ap1,* configuration and non.1nverter grace thyristors 
can be used. 

2. CuwmAation o pability is load currant dependent. 
3. Ability to ride through commulation failure and also to 

recover from momentary short circuit failure. Hence 
thyristors re uire ninimsi protection and MI current 
handling capacity can be utilised. 

t. Regeneration capability,, makes those ideally suited for 
drives requiring frequent acceleration and decoct. tion. 

5. Low cost. 

1, 	rcial Features of a Three Phe se Solidi tat 

in 	s  

Normallyw  P.W.M. inverters employ thyristors, having 
fast turn off time of the order of 20 micro-s:ec. but the 
eaammutation difficulties and commutation circuit time constant 
limit the switching frequency. o In a sinusoidal P.W.M. with 

triangular wave a Modulation Ratio (Ratio of triangular carrier 



frequency to the frequency of reference sine wave) upto 20 
can be achieved and may give aft Inverter stotor drive with 
substantially a good perfortesnoc for norsal application of 
speed control. But for some specialized applications ; such 
synthetic fiber manufacturing*  paper tanutaoturing and other 
continuous processing plants+  a very precise, vide range, stable 
and coordinated speed control of su.timotor driven system is 
the specific roquiretsnt and K.V,A. ratings are in the range 
of upto 20 K.V.A. For such applications$  a solid state P.W.M. 
inverter (employing Power Transistors as a switching element) 
Fed Swuirrel Cage induction Motor Drive i s the best choice 
because of the following rsasonss•. 

(a) A power Transistor employed as a solid stats switching  
element rquiru only one signal to switch it ON and tt 

turns OFF automatically, when the switching ON signal 

is absent. Hence the P.W.M. Inserter .eploring Power,* 
Transistors, do not require any Ootsiutation circuitry 
and the problems associated with con utatic*t in the 
Thyristore are over. Further the control circuitry Is 
much simplified. 

(b) Power Transistor being a fast switching d+ ice, having 
a turn ON and turn OFF times of the order of I miorc- 
second 	the inverter can be operated at high 
switching frequencies and thus high modulation ratios, 
(even upto 100) can be eahieved. Therefore an output 
ware of low harmonic content can be generated , with all 
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the harmonies that effect the motor perfor+eanOe, being reduced 

to einis . 

The ready availability and fast relucticn in the cost 

of high rating switching power transistors (e.g. 800,1 30 Amp) 
have resulted in a possible alternative to use power transistors 
In place of thyriators, with this view a Three Phase Solid State 
Inverter is designed and fabricated ; the practical feasibility 

been 
of this alternative havo triad and the results are reported In 
this thesis. The P.W.M. inverter designed and fabricated have 
the following speaifi.cations'- 

(a) Output K.V.A. flrittng *- 0.5 KVA' (50V*  10 Asp, 3  Phase). 

(b) Operating Frequency Raafo t 5 Hz to 100 Hz. 

(a) Faculty to control the voltage and frequency of the output 
with soper►ate control signaleg  In order to provide constant 

V/F operation. 
(4) Modulation Actio '- Two codas of operation are poesiblel- 

Fixed Modulation Ratio (M.$. 6, 12 or 24). 
(ii) Variable Modulation Actio MR. Varying 20 to 100 

with the variation of fundamental frequency from 
50 to5Hz) 

The rating of th• developed inverter is luted to 
0.5 1V& because the only power transistors available were 

23055 (60V 9  10 Amp). The invertor rating can be extended 
upto 10 KVA by using the power transistors of rating 80OV, 30A ; 
with the saga control and power unit) . 

0 



105 'Brief Sscri tion of he Work Pr anted in This Thesis 

In chapter 29  the review of various pulse width modula-

tic techniques is presented and some P,► W. . inverter fed 

induction motor drives are discussed. The third chapter desoribea 
the control schemefor the Three Phase F.W.M. Irw iter, designed 
and fabricated as a part of this dissertation. Design. consider 
ations that are of vital importaance in design are fully discussed 
and design of various blocks is given. Th. design of Power knit 
is also presented In the same t&bbiou in fourth chapter. In the 
last chapter (Chapter V) the practical observations of F.W.M. 
inverter and conclusions are presented. 
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.0 Revifv of Pulse WidtbModttign?.oPmiu.s 

It Is vtdeatt fro* the discussion of section 1.3.2. that 
a P.W.M. tnvsrtsr can inherently perform & dual fiction of vary- 
ing the frequency as well. as the magnitude of the output voltage. 
The voltage control is basically achieved by Pulse Width Modula-
tion which may be defined as the control of average level or a 
quantity (Voltage#, currant, flux etc.) by applying or driving 
that quantity in discrete intervals or pulses. The most ooiaonly 
used t 	ques or pulse width modulation are s» 

1, cls Pulse Width Modulation or Quasi. Square Modulation. 
2. Multiple Pulse Width Modulation. 
3. Sinusoidal Punas Width Modulation. 
4. P.W.M. in six-stop ve* 

2.1 Sin le Pulse Modulation, or c; si Square Modulation 

This type of modulation 1a characterized as one whose 
polarity reverses twice per cycle. This is the most simple type 
of modulation technique employed to control the amplitude of 
fundamental component of the wave br varying the li t` to apace 
ratio as shown In Pig.2.1. The analysis of such a wave form 
gives the r.ss. s. value of the nth coefficient as 

.: `s 'angs- (p1 aC~ coo n I)) x 100 	 (2.1 ) VB 



and the total r.a. s voltage of the way.for, including all the 
harao tion, Is give by 

(2.2) 
8 

Equations (2.1) and (2.2) are derived in and noa.arical resets 
are given In Ref. (4),, table- 9,1 « The greatest disadvantage of 
the q si-sguara or single pulse modulation is that the normal 
voltage control range is limited only 30 to 90 Y. bcauss allow 
voltage w rit us harmonies have amplitude almost equal to that 
of ftmdainentalf 

2,2 Multi la Pulie Modulation 

In this typo of modulation polarity reverses more than 
twice per cycle and harmonic content at lower output voltages 
can ha significantly reduced by using several. pulses in each 
half cycle. This type of modulation can be further su d.evid.d 
into following groups'- 

I-(e) Two Pulse .-directional Way* Modulation* 
X-(b) Two Pulse Ri*-directional Wave Modulation. 

II-(a) Md-directional P.W.M. With ire Wave. 
Il-(b) 81-directional P.W*M. with bra Wale. 

2.2.1 Two Pulse tI j'directional Wave Modulatt '- In two pulse, uni-
directional wave modulatio s  two pulses of either polarity 
+ or - are generated in each half of the cycle as shown In 
Fig.2.2. The word unidirectional means that all the pulses 
In a given hair cycle, have either a positive s gnitud• cs'*b 
Or a negative magnnitude with respect to ground or sero level 
and the wave may assume zero level for some timer. As shown in 



?ig.2.2, it B = .. 	and w 	then the nth fourier 
coefficient Is given by 

8V 	
(.3) 

Here by proper selection of '13' as shown in . .2.2, the P44 
harmonic can be eliminated, if the following condition is satis -
fi ed i.e. Sin PB a O or 0 a 'w/' * Also by uatntaining this value 
of 'B' andrM the width ' ', the effective voltage  can be 
varied while the Pth harmonic still remains abaent. From equation 
(2.3) the r.m.s values of the path harmonics and the total harms- 
nic content is given by '/ r.m,s(n) 

Sin 	0  ,► n wI x 100 	(2.1+) 
B 

and 

iafoot(A2
)1/2 

 1 

ine* the harmonics of the o rr P is abeent from the output, 
this technique is also called "Selected harmonic +ltidnation" 
technique. It can be observed In this case that even though 
lower harmonics are eliminated1  the total harmonic contt is 
large and the most serious disadvantage is that the fundamental 
(mar), 'obtainabl, is 75.1 %, 62.2 % or 33.3  'A # of the d.cf 
accord!ng to ihetber 3rd, 5th or 7th, harmonic is eliminated. 

x 	 * ws t 	i 	7J ,L_111. • 

etional modulation the output voltage have Thal polarity pulses, 
laving a symmetry over a cycle, as shown in .g.2.3(a). Roars  
again 3 and W can be selected to eliminate a particular harmonic 



and to vary ► the fundarnntsl Voltage and are gives by 
3 (A + *2)12  and W (A, - A2)/2. Th. voltage components  
In this case are given by 

' 	a 	(t •i sin nB sin nw] 	(2.6) 
H 

Nov it is possibly to combine*  two phase shifted bisdirectional 
waveforms of g«3.2(*), This combination results in a quasi. 
square wave.« To example, if two phase shifted bi-directional 
square waves are combined together, then they produce a q i-
square waveform as shown in F,..3. ( 

The combination of two  phase'shifted, two pulse bt 
directional waveform would give a aodif.tsd r. .. e. value of nth 

harmonic as 1 

an rØ sin nwl Co* nD 	(2.7) 
3 

and total harmonic content as 

where .) is the phase shift between the two waveforms. 

Nov,, there are three control variables w,8, and Div  out of that 
w and I can be used to eliminate any two harmonios#  ale 9 
controls the magnitud. of fundamental voltage. Therefore a 
selct ed harmonic elimination for any two harmonics (say P1  and 
P2) can be acbisv * it the following conation is satisfied. 
i.e. 1• h sin (P B). s (P1  w) a 0 and 1k4+ sin (P23). 

sin( 2W) a 0 	 (2*9) 



Fri an analysis of thu. results It can be aba•rved( 
that:- 

(a) rd*aenta], output (max) voltag, is more than that 
obtainable from unidirectional wave particularly when 
higher bare as are eliminated 

(b) Total harmonic content to Ian than that obtained with 
-directional wave. 

(o) The amplitude of har toniG increases with the harmonic 
b e.g. 9th is the largest when 3rd and 5th are 

eliminated, where as when 3rd and 7th are eliminated 
11th predominates, while others also exist but with 
lessor amplitude. 

(d) Only two chosen harmonics are eliminated while in the 
case of uni-directional wave, an odd multiple of the 
harmonic being eliminated are also absent from the output. 

(s) l' a : ally harmonic elimination causes the rueatnirtg iarmo' 
nice to be of objectionably larger amplitudes. 

2. .3 2#-d1la r 	1 P.M. 	 t e of 
modulation several equally spaced unidirectional pulses ev 
halt cycle$ are generated, by feeding a high frequency carrier 
triangular wawa and a low frequency reference square wave into 
a comparator. The resulting output waveform is shown in Pig.2, 4, 
and swings between VB and aero and the width of the pulses are 
determined by the ratio Asq, and the number of pulses per 
cycle,, by the ratio of fT/fq~ The harmonic voltages are given 
by: 



* z r (Cos nx(M) - Cos uxO4+1) 3 	(2,10) 
AU0,024 

a 100( 

	

	(o) 	(1)f h 	 (2.11) 
4 

iters M a Modulation Ratio a AsgAT 

The analysis of equations (2.10) and MOO for various values 
of t",~,/' 'S indicate, that t oo 

(a) Lower 'harmonies are considerably reduced$ although total 
hartonie eo t+w at inoreaues with pulse number. 

( The third harmonic  at hi *h pulse :number varies almost 
linearly with the fundamental. 

(a) The xi u* fundamental roses voltages is 90h of d.c. 
(d) AU siren harmonics are absent from the output. 

2.2,1* fljdietiorial P.W,M. with S4uar1 w o $- Several egnispaced 
bidirectional pulses can be generated as shown in Pig .5` by 
mid a triangular and square wave through a comparator.This 
output waveform with this typo of todulation contains odd and 
even harmonics. Ther nthharmonic component is given 3 y(41 

? .~. 	* 	x 1 (1-*as n X(0)+E Coos n 	+i ) cos u '( +2) ) 

Z icos a X( ) aoe n *( +t ) fl 	 (2.12) 

	

where H Is the Modulation Ratio a 	 A , and r0 , c, ,0x2 ,a are 
the points. of intersection of triangular and squarMwave. 

This type of modulation gives the following charester1sticst4- 
(a) 'Even harmonics except those of the order (f `fS) and 

3CfT/ts1 are abs!rnt e.g. for !~/fs a 4 only 1*tb and 12th 
even harmonics are present. 



a2t 

(b) The haraonic with number equal to r /f3  has the largest 

amplitude. 
Ca) The content of lower order harmonics is 3.øe than that 

obtained with unidirectional. switching. 
Cd) The odd harmonic cont t genera y tncressu as the 

operating frequency is increased, while reverse is true 

in the aria of unidirectional switching, 

  ; 

$inüsoidal pulse width modulation is obtained by module.  

ting the refar+aiaa sine wave with triangular wave. This type 

or modulation is also termed as eubharmonic method of control, 
and otters the advantage of reducing the harmonics to a tolerable 
limit in the voltage and current and consequently 	 torque 
in P.W.M.  inverter fed drives). In speed control of induction 

motors using P.W.M. inverters (employing sinusoidal pulse width 
modulation)g  there is a production of sinusoidal Haan unitage 
from a square alternating voltage with different positive and 
negative voltage time arias. Also the flux varies according to 
the mom voltage of this alternating square voltage* 

Basically, a voltage with sinusoidal mean value contains 
two types of harmonics e.g. 

Ci) Three-phase harmonics that dorms a rotating field. 
(ii) The harmonies that are In phase and drive a current in 

the neutral. Practically, the in phase harmonics can 
be easily eliminated by outing the neutral. 
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There are two types of Sinusoidal Pulse Width ModaattonE5 
**homes: (') Two Level or Bidirectional P,W*M. and (2) Three 
L+ si of unidirectional P.. W.M, 

bidirsotion pulse lod atton I$ shown in Fig.2.6, where 
Q3,. T A ...8~ are the points of intersection of triangular carrier 
ware f1 (e) and the modulating wave f2(e ).where 

(a -3 j) 	 (2.13) 

there $ti*Q; 0 $Iw1'2N 

. 3 a # 3 ii /2N 	43i/21 

3 	2 ; 3ir/2N , , 0 , , 5ir/2N 

3 a t; US- i)'/N10. (US+ I) /N 

and t2(e) & Y Gin 0 ;, her* N a ?r equ .oy Rutio x f , ' 's and 
a Modulation Inlet (Patio of amplitude of sins way, to that 

of triangular wave. Pros Ftg.2.6(e) we got a = (N + 1), 
0, a0and ► a1randalso 1T1j* 

The R.M.S. value of the nth harmonic -Voltage of two Xsvól or 
-directional P.W.M. waveform froii unit DC, link voltage Ia 

given [ 51 

2' n = 	Cm Co of 4?I ) + 210** ! $2 *► oo 'n 	+0 . 0 0 f 0 0 0 

......+(-t) «acs n ON - (.t)' cos 	(2.114) 

The solution of the equation (2.1") for four values of N a 
are given In Tables 9-20 to 9.23. It is soon frOis those 	

~7 



tables that the harmonics with largest amplitude is that which 
occurs at the member given by f /f 8  

for example when operating at "T, S̀  * 6, the sixth 
harmonic; at f1, rs  a 10, the 10th harmonics and at 	fs* 20 
the 20th harmonics, have the largest amplitude. For zero 
modulation Index the output is a eqare wave at the frequency  
fit. fa  and the fundamental is Coro• Also the amplitude Of the 

fs  harmonics has a value 90 % of the dace amply. As the 
Modulation Index incr *sirs the fundaaental also inorensea in 
value and the L f3  #s one reduces where as adjacent even 
harmonics increase In valve,* 

2.3.2 wee Le 	idir.tional Sinusoldal t- 

A three level. ?.W«M. ware for m as shown in g.2.6(b) 
can be synthesized by subtracting a twoa.LsTel ?.W,M.. v•f 
with a Modulation Index of (*') from a similar two ilevel P.W.M. 
waveform with a Modulation Index of C'Y) as shown in ig 4,7.. 

	

Lot ?i'i..s the frequency ratio of t .elev 	idir ct 
ional P.W,M. waveform. The 'ig.2,7 shows that ' a 2W, hem* 
the r«m. s, value, of the nth` harmonic voltage of a three level 
P.W.14. with a frequenay ratio of ' is given by 51 

(2V+Y, ic) -W av (.;ii)) 

where 2 (+Y,N) represents the r.a. s value of the nth harmonic 
voltage of a two level. P.W.M. waveform with a modulation ( ) 
and frequency No 



This concept of synthesizing a thro*-Iev3. P.W.M. 
waveform simplifies computation of harmonic components, since 
the same algorithm can be used for computation, in both the 
cases* The Nevtono hpsou method can be, used to compute the 
intersection points 0i  „.. * # * to an accuracy of !(0 radians. 

The maximum valu. of the modulation index (A9/A,) is 
limited to 0.98 rather than unity to prevent adjacent pulse* 
from merging Into .aob other. 

In this type of modulation it can be nottoad that#- 
(1) The harmonic number having the largest amplitude 

**ours at f ,/ S̀  , I S For example with f is = lot, . 

the harmonies are largest at the 9th and 11th. This is 
logical also since the l tb ha ruoule is the carrier 

TO Itself and no att.mpt is made to eliminat, It. 
(it) The higher the ratio of `, /f'q  the more effeottys this 

system becomes.  
( iii) qua* of matrical output way, all the oven 

harmonies are eliminated. 

iaweverp there are following disadvaata u in the 
echo*** of sinusoidal P . W»M..: 

(a) The higher inverter frequency required to give affective 
lower-harmonic reduction leads to lower efficiencies. 

(b) The maximum fundamental output is app x. 70 % of d.c. 
In caf. of two level or bidirectional and 73 Y. of d.c, 
for three-level or a it ctton*i P,,LK. ibr xim 
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value of Modulation Ratio C f f  'fS  * 20) and Modulation 
Index (W a 0.98). This +ax. value of fundamental 
output is well below that of a square wave modulation 
that is about 90 "/. of d..c: 

(a) There is a characteristic increase In the total. harmonies 
contents with higher operating frequencies* However  ftoveve.r this 
to not a serious drawback since the higher harmonica can 
be more easily filtered out than lower order harks. 

frGVCJ (i 
2.4 some Control Sche es F So id tnt 	P. . 	r 

In this section some selected scheuias for induction 
Motor drives , employing P. W. M, Invertere ore diecsød.Theft, 
control schemes and special features are also reviewed and. 

discuseid In brief, so as to give a different control actions, 
type of protections and code of operations possible with a 
P.W.M. l utt 4lotor 	es 'Those s+h . arai- 

:. 	c- + P.W.i, inverter Fed t,14« 	R. D. dime and R. 
POx(610, hays discussed a basic pulse width modulated atxstsp 
inverter fed induction totor drive, wher. the following three 
modulation schemes are adopt ed$ (1.) Fixed Ratio Modulation 

(ii) Variable Ratio Modulation (111) Adaptive Ratio Modulation. 

The basic 'Notch Width' or pulse width zodulated. ix' 
step BYSb08 is shown in g.2.8. in this system a variable 
doe. reference signal is Used for (1) a voltage to frequency" 
converter (Y. ".0 ), which in turn controls the inverter output 
fr.query and also the carrier freque cy.(2) Carrier frequency 
g.nerator. (3) Output voltage level control through a voltage 
regulator, 



It can be observed. in this scheme that the modified 
version of this reference voltage is compared with carrier wave 
through a ccompa tor#  the output of which is a "Watch width * 
modulated ase Train* These pulses are used to modulate a 
,"phew output of ring a nter#  through a modulation circuit and 
the three phase modulated ring counter output Is obtained as 
shown in Fig. (. ) * This  output to Used to drive a Thyrtstor 
Firing Sequence Controller, that produces sequential . puls s to 
turw ON or turn OF? (through Commutation Circuit) the th3rr stors 
in a particular sequence, in order to produce. a three-phase 
pulse width modulated wave at the output of Power bridge and 
thus to control t e speed of the induction motor. 

stcally, in the fixed ratio systes the ratio of carrier 
to fundamental frequency (denoted ° fir fi01t) remains constant over  
the operating range of the inverter. Where as In the variable 
ratio ssb s the ratio ,/t is varied along with the fundamental 
frequency in sequential steps, so as to produce only higher order 
harmonics In the output wave, that all easily filtered out, 

+waver, tern is a limit In the i sr :ee of modulation ratio 
/f or  " the notch width" because of the switching capability 

of the power thyri store * The Min: 	value Of ' to+ ch Width'(a) 
as well as Wiens value of pulse width are lis ted by the 
combination Of t yTi stor switching and recovery times. It can 
be observed that a typical 300 tx ►; + operating tiaa produces 
the following r.sult s 1 w- 

(a) The maxiena voltage that can be obtained for a given 
fi0/f varies tnv.rsty with operating frequency. 
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(b) A minimumoutput voltages oust be intainad for a 
particular" Ir and operating frequency. This ein aua 
output voltage increases with the inverter output frequency 

The bast* probl with Fixed/Variable ratio modulation 
is that a provision is to be mad* for a 'Notch Width wo I that 
operates an Cooreference level, which will not pe it notch 
width (o) to became less than 300 do -sae. In the adaptive 
ratio toohniqua the carrier ratio R0/f is autonattcally sd3usted 
to take care or all possible limiting combinations of the pulse 
width, notch width and the carrier frectuency and 	to s cons., 
tartly a high carrier frequency through out the entire operating 
range. Thus the adaptive ratio technique optimize* the operating 
charact4ristto of the eodulated sixmst.p inn er. 

k.2 it t "r R 	ett R 'fila ion With P.W.M. Zn rt! ' 	~n 

sically current regulation plays an important role in 
the protection of solid agate drives' operating from stiff 
voltage *ourc.. The P.W.M. inverters, however are not suitable 
for peek or average current regulation with motor loading. For 
$tablet average snd peek current regulation., the control S ►stem 
'ust limit the rata of Inverter output reduction. A varisbl e 
frequency, non-regenerative reversible drive, with average 
current and overload protection is shown in ng*2*1O.. Here the 
control provides a dual policy plc currant limit and a frequency 
control loop Is used to r cover the rotor from pull-out t4 a& the, 
rotes frequency is not allowed to increase (or spmd to decrease) 
eors than rotor break down frequency at which break down torque 



.0 

occurs, The dual policy substantially extends the range of 
Induction motor over loads# that do not exceeds the Inv er 
colnutation capability. Thus the transient pE!torIIance of the 
drive for rapidly applied motor overloads is substantially 
improved and practically a load stop ate* of 3-p.u. and max. 
pesk load currant of t -p.u. are easily obt+v * 

2.4.,E rlr.ct- lux and Torque Regulation  3n a P*W*M* Invert Induction 
aLZ*a- 
. Almost all the methods of induction motors torque 

regulation assumed that the motor ilux levo. In proportional to 
the applied voltage divided by the frequency and the torque Is 
then proportional to the road. component of stator current. In 
this technique inaccuracy in torque regulation occurs due to 
source voltage ogee, load changes, and cable and motor 
internal voltage mss. An alternative method of torque, regula~► 
tion is sensing the slip frequency and real component of stator 
current to allow regulation of both flux and torque if the 
rotor resistance is constant and known., 

The method of torque and flux regulation described 
allows direct regulation of flux without depending upon the 
invoria c, Of the motor parameters and also provides sutontati~► 
oa .ly and electrically isolated feedback signal. A simple 
calculation of motor torque that is not affected by time 
harmonics of stator voltage and current can be mad* using the 
flux signals and a measurement of stator current. A system is 
describedin which Inverter is sinusoidally pulse width modulated 
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apt low frequencies so as to shape the *.0* voltage waveform. 
At higher speed square wave operation is used for maximum  
etfiaisnc . An internediste transition made of P.W. lg that Is 
not etnuaotdal is used for smooth transition for P.W.14, sod* 
to squar.wsv. mode. The system In block diagram and desired 
motor operating conditions are shy in ?ig.2.11. Th. flux 
and torque masuremant Is done by sensing the flux through 
flux sensing coils paned in the motor winding In which the 
voltage generated represents the flux. The level of the flux 
In the motor is always chosen to be regulated at the 	t 	In 
order to minimize the time for Bch the inv. ter is P,W.')4.  
and maintaining the operation of the inverter at the minimum  
possible frequency. flowever, it should be noticed that this 
scheme does not require the use of tachometer. 

2.4.4 A Precu 	pe Control  of Induction Motor jkir Phase  

Th. particular application of an electric dative#  baeicalll 
determines the degree of speed control required. In sone appli 
cations a simple open loop speed control of A.C. actor operating 
with solid state variable frequency irv.rter may be sufficient, 
rile In some oases feedback control Is essential In order to 
achieve better perforce. In olos.400p systems#  corivantionall 
an sn log'servo feedback system is used In which any change In 
speed is sensed by a tachometer and is compared with a fixed 
ref.reee voltage and gives a corrective signal. Rowvsr In some 
ap licsticns , where an excellent speed regulation and fast 
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dysmQ response are req .reds  even analog-servo systems a" 
not satiefactovy. Those feature can be achieved by using digital 
phar* looked loop control system. 

In a phase looked loop method* motor epsed is c rerbwd 

to a digital, pulse train which is synchronized with a refer • 
digital pulse train* In this way by locking into the reference 

frequenc a  precise spm control of motor speed is acbtevod*Tho 
block cLtagram of an induction motor drive with pha*e' to *d loop 

in the feedback network is shown in Jig*2,1 ,, where a speed 

control accuracy upto 0.002 '/« can be achieved* 

The phase locked loop control system is desired where 
motors must be synchronized to each other such as paper dill; 
textile mill drive, or drives used for manufacturing of synthetic 
fiber. 

2.1 	A Cometel Autoa*io De$ s 1- I. B. LSI i'3 U11 !3 

has described a completely automatic control system for wide 
range speed control of three phase squirrel cage induction motor 
using static converter. The block diagram of the control system 
Is shown in ig.2.13. The speed and the active Current of the 

motor (that is proportional to torque for a given value of flux) 
are controlled in a cascaded manner. This system  also ensurer an 

independent control of sr gap flux by maintaining constant V/f 

operation in subsynohronous region and operation at Constant 

rated voltage with In the frequency range above synchronous. 
The change over of from one control to other is acro .p]ishad by 
a gate circuit. The autres current during overloads or transient 



process is llidted by the current control loop* Actually the 
1 ttng value of the active current Is determined by the maxima 
value of the speed controller output voltage* A logical change 
over swit*b,, which processes logically the preset speed and the 

measured speed v ►u•#  provides 4 reverse operation. The logical 
*mss over $witch actuates the control device of converter, a 
short circuiting device and the start and protection d*rics* e 
short circuiting device always short circuits one of the speed 

controller ortpttt XRS  or X! s 	C either in phase or antto 
phase with respect to Wit) according to the tutor direction 
of rotation so that sign I  = Sian (jn - m l ). The stri a C. 
indicate the preset parameters and without astri () as the 
measured one, 

e 
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caA EUTA «► III 

ri 'r 4IJ,  

3.0 Descri ti O of the Contra Seheo 

A solid state three phase P.W.M. incerterg used for 

speed control of Induction eotor basically performs the 
following two functtons1- 

(a) It delivers a Three Phase i usoidal Pulse Width 
Modulated output voltage of variable amplitude. 

(b) It controls the frequency of sinusoidal three phase 
output. 

Based upt the above two basic requirements, esfd: th 

ap1 s tr~eler.w r of A Solid State Three Phase P, W.M , Inverter 
employes Power Transistor as a switching elem.nt(ds discussed 
(under section 1.4), 	is designed and fabricated in this 
thesis. For simplicity the design and fabrication of P.W.M. 
Inverter is devided into two pats* 

I • The design and fabrication of Control fit, the design 
of which is presented in this chapter. 

II • The design and fabrication of Power Unit, the design 

of which is pressed the next chapter i.e. chapter XV. 
The basis control scheme used for control unit is 

depicted In the for* of block diagram in 1tg • 3«1. The design 
considerations and the basic design of each individual block 
is presented in the subsequent part of this chapter (i.e. from 

sections 3.1 to 3.4). 
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As shown In block*odiagrst: (Fig.3.t ), the control scheme 
.*ploy two control signals Vt  and V2., The d.c. signal V, 
controls the fund ental frequency of the output sinusoidal, 
P.W.M. wave, while the signal V2  controls the s tplittrds of this 
P.W.M. output ware. Further as shown in block*-diagran (Fig.3.1) 
the signal V1  is fed to a voltage to frequency converter (V.F.C, ) 
that generates the pulses directly proportional to this signal. 
The pulses from V,P.G. are divided through a binary counter in 
order to maintain a fixed frequency ratio of the sinusoidal 
reference wave to the triangular carrier wave (that is required 
to be generated). A proper « oduiation ►tiog, deioted as 
N a fT/fs  where fT  a frequency of triangular wave and 
'a  = frequency of reference sine wave can be selected through 

a Modulation Ratio Selector Witch (ft. Vit. S. ); such as N m 6,12 
or 24. 

In the next stag. a threerst exp ring counter to which 
the pulses are fed after a proper ?4.R. section" generate 
three aspirate sequential square pulses, Ao, Bog  Co„ as shown 
in 3 ,g.(3,1). These pulses on further division by a factor of 
four (sotually divided by a factor of two in 2-►stages) and 
with proper inversion generate three square pulses that are at 
120 degree phase displacement (i.e. Rsq" YsQ„ and B). 'These, 
square pulses are unidirectional pulses and are converted to 
bi-dirsotional square waves R, Y and BSQ  through uni-
directional square pulse to Si-directional square pulse 
Converters. 
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Sinusoidal Pulse Width Modulation is achieved through the 
comparator circuits. A P.W.M. circuit receives at Its input, 
the amplitude controlled reference sine wave (Rd  or Ys" or 
and a triangular carrier wave ', or tT ',p and generates a train 
of width*modulated pulses that are generated at the cross-
over points of reference sins wave and the triangular carrier 
vayss. Basically, there are two schemes of Pulse Width Modula' 
tions* 

(I) 	Mod*1e4ortt rte► Hors the ratio of trangu1ar 
wave to sinusoidal wave is kept constant and is achieved 
by proper division of pulses after V.'?+C. as shown in 
?ig.3.1 • 

(1I)  wawriab1„q 	;,3, ;tio 	$» Rare the ratio of triangular 
wave to sinusoidal waves 	varies inversely as the 
frequency of the reference sine waves is varied i.e. 
the M.U. 'T' ') increases as the frequency of sine 
waves is reduced, and the value of )I.f. is aaxtsm when 
the frequency of sin* ways is minimum. 

The Pulse Width Modulated Waves (Rd, Y and Ham ) are 
now required to be transferred to the Power Control Wit#  
ensuring proper circuit isolation and retaining the Asa widths. 

The circuit isolation is normally achieved through optical 
isolators that employ Light Emitting Diodes and Photo-transis-
tore. But there are two main problems in employing optical 
isolators 1- (i) The output signal of Photo-transistor is very 
week In strength and requires,larga amplification. 
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(it) Some spurious pulsesrasy be generated because of ground 
noise or supply transients. In the scheme presented in this 
dissertation a new technique has been used for circuit 
isolation in which the width modulated pulses are first 

modulated with a high frequency (say '. Kflz or more) • The 
high frequency modulated pulses are fed to the primary  primar3r of 
pulse transformers. The pulse transformers transfers The 
N.?, modulated pulse at their secondaries with proper circuit 
Isolation. The high frequency superimposed width modulated 
pulses transferred at the secondaries of pulse transformers, 
are demodulated and produces at exact replica of pulse width 

modulated pulses i a. 1 j, T and 

The width modulated pulses (after d dulation) are 

amplified in current strength through Preamplif. ar/Drirar and 

then fed to Power Control Thiit. The pulses after driver stage 
are sufficient in current strength to drive the Power Transistors 

in Powe Control Tdt at full ratit 	. The three phase power 

control unit delivers at its output a three phase P. W. 14. 
supply to control the speed of induction motors With proper 
coordination of two control signals V1  and V29  It is possible 
to operate the inverted fed induction motor drive in constant 

Volt node* 

The design and development of the control scheme as 
described above Is devided into the following groups :- 

Ci) G neration of Three Phase Variable Frequenoy, 
(constant amplitude) reference sine wades and Triangular 

carrier wanes* 



(ii) Amplitude Control of Three Phase rtes crenae sits 
waves With a control, signal '2• 

(iii) Pulse Width Modulation of amplitud, controlled sin* 
raves with the triangular wave. 

(iv) Circuit isolation. 

anular Carrier Waves 
■M~irI~M 	~w4~Mll inlOi4i~i~~lilMMlrilpliuOYlA~lli+yam 

As described In section 3.1 1 the Three Phase sine 
wave is generated by converting the control signal. to pulses 

coves ti'"~,' 
of proportional frequency through VPC and thinAthese pulses to 
three-sequential, pulses through a 3-step Ring Counter. These 
pulses are thorn converted to three phase square, triangular 
and finally to sine waves through square wave, triangular wave 
and sine wave convertors. Similarly triangular waver are 
generated either by suitable division end integration or by a 
sep.rat. circuit* Hence the actual design can be further sub_ 
divided Into Following sobgroupst- . 

(1) Design of voltage to frequency converter. 
(2) DesIgn of Three-step Ping Counter, 
(3) Design of Square-Pules to Square Wave Converter. 
(4) Design of Square wave to Triangular Wave Converter. 
(5) Design of Triangular Wave to Sans Wave Converter. 

3.1.1 sip of voita a to 	urn Convertert- 

(a) Criterion for Selection of Proper Voltage to 'req. Converter:, 
A voltage to frequency converter produces) output 

frequencies that are proportional to an input. The selection 



of a particular typo of V ',C depends upon the following 
factors$— 

(a) flDut r "~+ 	.t...~'~ " 
(1) Input signal for full scale`f'out (Voltage 

and Currant mito ). 
(ii) Whether input signal is sings, a ended or 

differential. 
(iii) Mont nal input ttpedenGe of Y.F.C. 
(iv) Circuit input off got voltage and off set 

currant. 

(w) Input supply and power# 
(b) Output available 1. 

(i) output frequency range for full range of Input 
signal* 

(ii) Nonlinearity in voltage to frequency 
conversion. 

(iii) Output pulse width (MinIMaz). 
(IV) Full Scalo-t p coefficient •C,* p p 	`°C Max). 
(T) Conversion time. 

Out of the above factors$, the accuracy and conversion 
time are the most Important factors,, that must be given due 

U t as( 
considerations for the selection of a particular VJ.0 a 	it 
or Integrated circuit. 

Presently,, very precise (highly accurate and linear) 
and high frequency hangs* voltage to frequency convertors are 



available in integrated circuit chip form. We may have Y,F.0 
with frequ+ noy range from 10 KHx to 5 1411* and linearity ranging 
from I X to .005% . Thzt these v.P.0 chips are vary costly. 

Tb. precisou V J.0 chips are not readily available in 
India. The only rowdily available chip is 5661, that has 

ueW rhe of 10 ICNz and linearity of only I ' . 

For our purpose where 10 KHs frequency is suffice, out 
and I % linearity is tolerable,, the 566 chip seems to be a 
good selection and we could have used it no doubt but in some 
more precise variable speed drives we nay require a better  
linearity. In view of this fact vs have selected a voltage 
to ?roquomcy Conrter circuit ll' that ploy only two 
general purpose operational amplifiers and some discrete 
components. This circuit has low cost end a good linearity 
of the order of .05 

Basic Design of Volta o to F`r uan 	anvartir $* 

The basic oirouit of a VJ.0 is shown In flg.3.2 and 
consists of an integrator and a comparator, When an input 
signal of constant amplitude is applied to the int.gratorlit 
charges the capacitor C1  at the rate 4.ftnod by the time 
constant set by R C,1  combination and causes the output of 
the integrator to increase linearly with time* The comparator 
oaploys a aaeor diode to control the high threshold and has 
hysteresis to provide low threshold. In this circuit a 
negative input voltage causes the output of the integrator 
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The Ncnpttnesrity error is introduced by the discharge time t D 
and the limited gain of A, and is given by 

n(VV+V ) 
Afff a f. [f'.tT? # 	A t~ 0 3 

* ltonlineartty. 

(3.2) 

The slow rate of the op-amp or the ',axi 	current of 
have 

th• discharge switch +~1, which ever to more limiting effect 
determines the reset time t ► Normally the gain error is 
governed by the tolerance variation of Ri s C, R2, nfl2, Df and 
'S • 

A technique to achieve better linenrity witi,° hi her trec uency :- 

The operating frequency limits of a VJ. C. are governed 
by two fsctors 

Ce) The conversion time# that places a limit on the mini 

operating frequency and for practical conversion times not 
exceeding 1-sea. ! the minimum usable converted , frequency is I Hz. 
(b) The resetting time of the integrator capacitor limits high 

frequency operation,, 

Also the non-linearity error is introduced by the reset time 
and to reduce this error to' .O! '/. , the reset ti ae est be no 
more tt 	.01 7. of the minimum signal period i... 10-n-sec for 
10 Kifa range. Practically it is very difficult to achieve such 
short reset intervals and even if achieved they produce sharp 
pulses of such a small pulse width that they are absorbed by 
th• lint capacitance itself. Hence a technique is employed to 



supply to the integrating capacitor,, a controlled amount of 

resetting charge]  rather than a fixed reset voltage in order 

to extend dynamic range for improved precision. 

The principle of operation of a V.F.C. employing 
controlled charge reset circuit is depicted in Fig.3.3, In 

this circuit the reset charge is supplied each time„ the input 
signal charges the integrating capacitor to a reference icv.l 

Br  at a rats determined by the current It  from an input signal. 

At the reference level the discharge current I,  discharges the 

capacitor for a period t0 , As the process repasts the charging 
and discharging voltages are equal and opposite since 

Qn  ti  t0 	QC  a 1D  tD  0 

*mere I 0  a Discharga currant ; t0  is the discharge time 

ii  is the input charging current and to  is the charging 

tine. Also t, and Q. are the amount of charges that 

prcide charging and discharging respectively. 

The frequency of oscillation is given by f * ! /t  

if l, and t C  are constant we can clearly observe that ' &x ei  . 

A Precision Volta a to Frequeáay Converter I- 

The circuit of a precision VFC employing controlled 
reset charged reset technique is shown in ?it.3*4# similar to 
comparator controlled reset circuit as shown in ?d.3.2,, this 

circuit also contain, an integrator and a comparator. But the 
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comparator in this precision circuit provides a controlled 

discharged currant In and a fixed discharge time and thus 

ensures a constant reset charge of QD = • ID.tp * A fixed 

voltage across the saner diode feeds a controlled discharge 
current through a swing resi, star R6 . The Input signal is 
coupled to the comparator in order to produce a fixed discharge 
time$ rather than a fixed voltage. 

If we apply a negative signal V, < 0, than the output 
of the comparator is posittvo This positive output conducts 

a current through .B 	D. and T e Now a voltage of Va 'vf6"Vfl 
is established across the resistor 	and creates a discharge 
current of 1 D a 'fin/ since 'j.6 a ~' .I . Also the currant 
I p > Ii and causes a negative plug ramp at the output of the. 
integrator 1'1 • This ramp continues to the tat trip point of 
the comparator. The first trip point of the comparator is 
set only by *i because the diode D, disconnects than positive 
feedback for positive moues of th. comparator and is given by 
% = V,/ where K2 w 1/(13 + %). ' When the negative going 
ramp voltage at the non-inverting pin of 1-2 comparator reaches 
this trip point,, the output of the comparator swings from 
positive to negative voltage. This negative voltage applies 
rovers* bias at thi diode D1 and stops discharging. The current 
li now starts charging the capacitor till the second trip point 
of the comparator is reached, 

The second trip point of the comparator is decided by 
ai and the positive feedback of the comparator, since the diode 
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couiaoand mo tion of Values of tt + C p0nte for 
'dolt.. to Frequency Convert .it 

It Is evident from the block diagram that the max-ratio 
between the frequency of voltage to frequency converter and the 
frequency of throe phase reference sine waves (f(V,F.C« )/f5 ) 

is 96. Hence when the reference sine waves have a 	I 	rare 
qui of 100 fls, the YJ.C. output would have a maximum f'requ : 
of 9.6 fla at a max. contros1gnal of -10V. V.F C. employ the 
operational amply,f'ters 7s1 for 11  and 12  as shown In Fig, .'+ and 
because of Its gain band width limitation it can not give a good 
linearity above 5 Vic. It in therefore recommended to operate 
VJ.C, in two ranges (i) 5.z to 50 hz and (U) 50 Hz to 100 
if the modulation ratio is to be selected as 2+. ?or amodula- 
tion ratio of 12 or 6 the rang* (1) itself can be used for 
frequency range, of 5 to 100 HA9  since V.F.C, would operate 
at a max* fraq. of 5  KHz in these 4* cases. 

As shown in equation (,3) the output frequency Of the 
V.F.C. is given by f * . /( CK, V5  ). Nov selecting fi1  100 K ; 
KI  a 1 (such that Kt  . b a 2.2 K.obm + I 'ohm preset and 

b is 3*  3' *-ohms) ; Vy  2 9.1 Volts and operating frequency 5  
Khls for ,r = ..I0V, we get the value of capacitor as 

C 	
Si 10 x10 x I103 xl x9.1 

too# C 	x U0 a 0#022 iF. 

The value of B5 it selected to be 500 ohm,#  so that It 
gives a sufficient rebating currant to saner when #0  is 
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ostinoo Tho aioGG.:. o c 	cat  
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.1.2 Design„ of Three  Count *- The output from voltage to 

fr.quency converter is in the form of pulses. 	This is converted 
to square wax• with the help of a binary counter 7i93 by divid-
ing by two. The square wave is further divided by the same 
factor in next two steps. As shown in g.3 t  this division 
can be obtained at the outputs QA V  t 2  and QC  of IC ?+93 (I.3) . 
These outputs are connected to a Modulation Patio Selector 
Switch which can select any number 'N' = Frequency of Triangular 
Carrier/frequency of sine wa e. The pole of the sel.ator switch 
is con noctrd to the 3-step ring counter. 

The 3-►step ring co;znt•r gives 4 pulse at each stop of 
counting through a digital counter 1C-749 0 (l-fir) a The truth 
table for a counting sequence of I to 3 is given ba .ow:- 

Counting Sequence 
	Outputs 

U 'G gB '%A 

	

0 	0 	0 	0 	0 

	

1 	0 	0 	0 	1 

	

2 	Q 	0 	1 	a 

	

3 
	6 0 1/0 1/0 

	

The output QA 9  Qf  , 	pr qp  are at low level, ( 0.8V1) for 
stat! 0 and at high level ( 3.5V) for state 1. Now if the 

Output QA  and Q9  are connected to 'Reset to Zero'%  inputs 
C Rol  and 2  of the 74900 than the counter will reset at every 

third pulse. In order to obtain a separate pulse at each step ; 
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1sto fed to a t .nor Inputa:Of gnto to got a puico at 
l of otc 	and t ,3 to accoad I OR g Q to Cot a p ao at 2nd 
otca and ~!'a and Q3 to third L OI gato to a a pubo at 3d 
t3 ; C7 a t; io Gl Casal f3QA 0 ~ 13 310 acid o rod b a  
7k t> (1«5) and t011 opeat1ono thzoagh a Ttp1 o 3-kz t !O1 
g t o? 27 (1-6)o 	Z to alatput o 	a 3 ota cG nto 	co thioo 

03l3 	.r 	t 	1 DQ t 	3}r 	tc 0 a 	} 	X004 
t►riroo D2 n,2o are woe to gcnc .to ttwoo oquao p€1oo fav1ng  
a ptiaco c i oplaecm t of 420 dogi'oco. 2i10 Is athtciod by 
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triangular and sins waves. Symmetrical bidirectional 
shape of the square pulses is necessary for the generation 
of sine wave output having a synnetry with respect to 
ground. 

(b) Since the signals Rsq  I  Ysq  and 8sq  do not reach at zero 
voltage at low states. There is always a d.c. level 
carried over to the next stage that causes a d.c. off set 
in the output of next stags i.e.  this bidi,r sots anal square 
wave. Hence the circuit should be designed properly to 
sUa .nat s this sours. of error. 

(c) The square wave can be shaped to a triangular ware by 
using an Integrator. wit the main draw-back (discussed 
in detail in section 31 .+) 1s that the amplitude of the 
trangular wave would be frequency dependent and would 
decrease with increase of frequency. Further, the 
frequency is to be varied over a wide range say 10 Hz to 
100 Hs. Therefore It is required that the amp .itude of 
triangular wave remain constant with respect to the 
variation of frequency in order to produce the sins waves 
of constant amplitude thro h triangular wave to sine 
wave converters. 

Therefore it is needed to design a circuit that would 
convert the square (unidirectional) pulses Raq  Taq  B54 to 
bi•directional square waves Rg, $ 'SQ  and 8Sq  , without any d.c. 
off set and with their amplitudes increasing proportional to the 
frequaney. The circuit used to achieve the above perforaance 
is shown In Fig.3.7. 



50 

The supply voltage V1 ' for transistors Q1 $ Q , y snd 
Q5 is proportional to the frequency control signal V1 and 
therefore the amplitudes of the signals Xf 9 X and % at 
the collectors of Q1 9 9 , and Q5 (as shown in Fig.3.?) are 
proportional to the frequency. The presets P , P and P6 are 
used to adjust the syrnetz3r of the square waves R., ,I, 'BBQ and 
8SQ at the outputs of the operational anpli t"!. erg► (11 0 I l 1 
and I12) respectively* The operational amplifier 113 provides 
a supply V1̀ and # (i • e. frequency control signal) for the 
transistors Q1 , c , and Qs after suitable amplifications 

adjustable through P3 and R1, • 

The signals Q  A0,2 	0t2 end 	012 are  
used to generate Quenching or Besot pulses for the integrator 
every cycle, in order to remove any does off-set existing either 
because of input square wave or because of the operational 
amplifier used in the integrator circuit. The square waves 
AsQ ,, T and B9Q %ith their magnitude being proportional to V1 
(or the frequency) are Converted to triangular waves by using 
an an*log"integratora. The basic design and some design toner 
derations for an analog-integrator is discussed in the next 
section (i.e. section 3.1.$). Selection of components values 
for square pulses to square wave co ion circuit t a ,fv&Eaws :- 

The supply voltage for the transistors Q1 9, Q, and Q5 

1.s precisely controlled through presets or potentiometers PA ' 
Ps and P3 ,# as shown in Tig.3.7. The preset PA gives a control 
signal Y,~ for V.F.C. and presets P$ and P3 through operational 

/7606' 
IEMTIAL LIR ART lNIYFRS1TT OF RO RKE! 

kQORK1 
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amplifier 1.13# dive a precise proportional control of V1  
Ci... produces V, ' and V2) and modulates the amplitudes of 
the square waves. and the amplitude control ranges from 1.0 volts 
to 10 Volts for a frequency variation from 5 o/s to 50 c/s. 
Thus the amplitude of triangular wave (generated by integration 
of the amplitude modulated square waves) rarm ins constant by 
the variation of frequency. The proper choice of presets PA  :I  
PB  and P3  are 10 K, IR and 100 K ohms respectively, while the 
feedback rosistanosd Rn  Is taken as 100 K. The resistance R9  

and P10, ar• taken as 10 K ohms, taking Into consideration that 
sufficient bias current flows through C-) terminal of the 

operational amplifier  1-13 (i.e. 0.1 mA.. at I Volt input across 
a9  • P3). Transistors Q1  9  „ and Q.5  (BC 107/30 t0+)  act as 
switching transistors and therefore 2  9  3  ' send 32  +esn 'be 
safely assumed equal to IR ohms while R13  * R24 and B30  a 10 K. 

The collector voltages of these transistors are fed to the non- 
inverting terminals of I., 1-15 and 1.16'  through fi 	fito 
B33  _ 10 K ohms,, taking into consideration that the proper 
bias-currents is available at the non inverting terminals, at 
the lowest possible voltages appearing at the collector* of 
the transistors* The feedback resistances 818 # 8 , B35 are  
suitably selected equal to 22 K-ohms, so as to give a unity gain 
after the operational amplifiers I I I, , X 5 and 1 	The 

resistances R, R16 # B17 and P , are used to rare the d.a. 

off set and to maintain symmetry with respect to ground for 
the output wave R ,, and have the value of 10 K-ohm each. 
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Similar values are chosen for f 5 ,1 Rte, , H29 , 113 0 R3 '1 H36 
5 and P6 9 respectively for generation of YSQ and H . Tra-

nsistors, Q2 and +~3 acts as inverters operating in switching 
mode, h s fi 9 *R 	IX and "21 'm R2 0 lOIC can be chosen. 

f . A 

 

Dssign of 	ro-vava to ' 	ar-verve Converters 

Basic Design Considerations'-- The square nave can be converted Mrrirrwr~rifr~ri 	r~rrnrr!•rrilrlrwwrirrrrl4r 

into a triangular rare by using an analogi.integratoru12 . As 
shown in Fig.3.8 an analog integrator r Integrates the signal e1 
at its input with, respect to time, and employs an operational 
amplifier in inverting configuration. if the operational a*.p3i-
fier is assumed to be Ideal having a gain #A' then the, equations 
for operation as an integrator can be derived as followst- 

* i } a2 a' *0 	r jdt * r f (+fir- e2) dt. and .2?  

where !,~ F Input signal ;, *2 a Signal value at Inverting ('" ) 
terminal of op. amp. so ' Output signal and H and C 
are, the components deciding the, time for integration 

since for an ideal integrator A cO therefore •2 
t 

and + * j. 5s1 dt. Basically in an Inverting amplifier 
0 

the sum point ( ) is hold at a virtual ground level because 
of high *'„n of the, amplifier and since no current can flow Into 
the Input terminals of the ariplifisr, all the current i * el /RI 
is forced to Char#s the Capacitor and this charging voltage 
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in a ramp fashion#  produces a ramp voltage at the output, 
similar to that joroduo d by off-set voltage* 

The overall effect of the off-set voltage and input 
bias current to to produce a ramp voltage that continue to 
increase untlll the amplifier reaches a Saturation Voltage or 
may produce a d,c. off* -set In integrated output signal. The 
continuous charging effect of these errors, (i.e. 908  and I$  

actually sets a Veit on the naxinum time of integration or the 

lowest frequency of operatic,. l'loriaUy a largo input oft set 
causes saturation at the output of integrator and fail* It to 
operate. Hence the reductionof the effect of input offset 
and bias current to a mitis is most essential for satisfactory 
and reliable operation of an integrator , especially at low 
frequency. 

The adverse effect due to bias current can be minimized 
by  I 

(3) Increasing the value of capacitance and decreasing the 
value of resistance for a particular value of time 
constant fl C. The lover value of R being a et by o rr.nt 
limit and loading of the input signal 

(ii) The Insertion of a Compensating resistance between the . 
on-inverting input of the amplifier and the ground, 

equalizes the resistance of the two inputs i.e. at 
Inverting and non-inverting inputs and thus reduces the 
effect of input bias current to that an off-set (differan 

currant.. 
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The effect of off-sot that is determined by the off-set' 
voltage of the operational amplifier employed and also on the 
time constant can be minimized by z- 

(a) By selecting an operational amplifier having the 
minimum off-set voltage and temperature drift. 

(b) By providing an otf-set '4U at non*inverting input, 
(a) By quenching (discharging or resetting) the capacitor 

every time the output crosses the ground (zero level) . 
This technique provides a perfect and linear integration 
of the input signal at the lowest operating frequency. 
The quenching , removes any off-set present either at 
starting or at the tim* of zero level crossing and thus 
starts a fresh integration every cycle. 

(11) Effect of Volt . Gain &r an int rate I 

Zn the design of an integrator the most important 
factors are the finite (Closed loop) gain and the band width of 
the operational amplifier being used in integrator. Both of 
those factors make the voltage gain of the amplifier and aonse-
qu.ntly the integrator as frequency dependent, that is the gain 
goes on reducing as the operating frequency increases. When a 
constant amplitude of the integrated signal Is required over 
the entire operating range of frequency* This problem becomes 
serious and require some modiff'cstions in the basic integrator 
circuit in order to counter acct the above problem. One of the 
technique, that vo have employed is to increase the amplitude 
of the Input signal (i.e. square wave) proportionately as the 
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frequency is increased so as to maintain the amplitude of the 
integrated output (triangular wave) constant, irrespective of 
the frequency change. 

The effect of voltage gain in integrator is depicted in 
Fig.3.9. Vo can observe the open loop frequency response se of the 
amplifier to approxi ted by a single pole located at IA0 and 
low frequency  gain A© . It can also be noted that the response 

of real integrator departs from that of ideal ones, at lox 
frequencies duo to finite gain of the amplifier and at high 
frequencies due to finite band width of the amplifier. 

(ii!) The Effect of Qew Rate in an i t rato 

The slow rate of an operational amplifier that is defined 
as the maximum rate of rise of output voltage at a stop input, 
normally leads to a distortion of output at high frequencies. 
The time required for the amplifier to RUL" ' to initial condition: 
or starting sero voltage levels, is limited by R.C. time constant 
of the RFa T/QCENCHINO network and by the slow rate available in 
the closed loop circuit. 

(IV) Selection of Prop er C 	sot$ 

In order to realise the best performance out of an 
integrator,, the choice and selection of proper component is 
most important and for that folly ng considerations are useful'- 

(i) The integration time and the accuracy generally specifies 
the particular type of the operational amplifier to be 
used. For long tern integration or vent low frequency 
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(below I f to 10 l ) chopper stabilized amplifier is 
the best choice, sine* it has a superior long tam 
stability. For m.diuw' l eogth integration (say i Kl{z to 
100 THs?, F1~T amplifiers are used because of their low 
bias current. 

(ii) The best performance of an integrator can also be 
achieved by selecting a feedback capacitor with its 
dielectric leakage current less than the bias current 
of an operational amplifier. Normally,, for the ultimate 
long term integrates accuracy Teflon or Polystyrene 
capacitors are used and for high speed Integration 
MyQaar or Silver-mica , apaottors are used. 

Design of Wide-flet • Int rator$ 

The basic circuit of a wide fraganoy range analog 
int.grstortl3),. that can be employed to convert square wave to 
4 trangular wave, is shown in g.3.1Q. The design of this 
basic eircuit is as f oliowss• 

The value of R1 is chosen on the basis of Input bias 
current# the voltage drop across .1 and to produce realistic 
values for C. and C1 . For sa et r let us assume R, * 10K. 

The time constant R. CF combination must be substantially 
large; than the A~ C7 combination. For this reason the values 
of 124 and Aa11 are approximately 10 time the values of N = 100K. 

With values of 1tt set, the value of C2 is determined by 
the low frequency limit of the integrator (?req A) as given by 
the equation 
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C2 - (2/6.26 x `rsq A )/R 	 (3.i) 

Nov assueing the lover frequency an 

i Has c2 	X t ~ 	" 30 µF 

WIth the values of f1 	set, the value of is determined 
by the high. frequency licit of Integrator (Fr.q W and the gain 
desired at this frequency. Assizntng the Fr.q C s 100 Hz and 
gain to be unity, the value of 

C? ` +aIn F q 'z6. 	F, 
t3. 

Again with the value of B1 sets, the value of 01 is 
d.tertdned by the intermediate frequency of integrator (Fr.q B). 
Normally the frequency B l a approximately one decade above 
Freq A. Let us assume ?rad. B = 10 c/e, then the value of GI is 
app rozimat sly 

01 '~ h.. a , *".,"" x "' a M xiu 10,0 	2 P' (3. 

The effect of otf set voltage, and bias current discussesd 
in section (3.1'./i) can be reduced by associating with the 
Integrator the following two additional features l- 

(a) The off-sot Null balance,, providing a suitable nulling 
vultag, at the nc inv+ Sting terminal of the operational 
amplifier, through a preset arrangement as shown In 
P1g.3.ti. 
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) Aj Cumchi g or r000t circuit that quoneho9 o rCXot or 

dgocuro tho capacitor to ground o avery cyclo at Ciao 
D~ cnt tho output or00000 the ground loyal. dao cny 
rooldlial ohargo contained In the capacitor to ioohargcd 
or rc o ed ovory oyolo. `x"ho docian of a q!acncthin circuit 
2o rocc ib d t 0 o, 

''-bo dcojr _ f UC Ohi at1ou t a- For thio a aq vo pU1oo of 
half tho 'rcquency of the ocuare w ►vo to to ped oat fro!i tho 
dtvidi 	.ntorated circuit (-109 I 1 and 112) as ohoun in 
PiQ.3 ?. a'aooe quaro pulaoo Q 9 QY and Q,3 are inverted through 
~elotvro Q6 , 	.nit ~Q6 " to ,910 Qn' C r' and Qi3" that afar 

differentiation gtvoo the positive and negative oharp putoes at 
the ruing and lovoriM odgo of each avo. The positive pul000 

are clty►-pcd through tho dioclea Di 1 9 .~ ' and A~, "and rotains 
only the matte pul000. h000 negative pul000 ovitchoo the 
tranoi otor ( $ 0,„7 ' and Q7" to generate  -3 Volts to ground 
pul000 at chair ao loatoro. ainco th000 pubes are ponorafiod 

tho oquaro pub000 of half the froqucrtoy of tho square 
uavoo t 	'C and f (required to be into ratcd), therefore 
the nogatit o to ground going pul000 of very owll notch rl.dth 
are generated otaetly at the t iddlo of the oquaro e avo Input, to 
the integratope. 

Thurso robot or quenching pulses are usod to a fob on 

the :. 'o Q 9 (k and Q 3 (2i 4393)• Th000 t nototoP are 
placed acroso the iatogr t2.ng oa acitoro (CIO C40 $o C1o'q a~ai2 
providoo the vory high lapodanco (A 1t1 0h2) acr000 thc for 
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co o 100 c'c1 ccojt at tho point of coosiir tho rind 
1O7O tIIOn a 3 	rkcjatiVG to ground going pulcoa cera c ciortc . 

coo Q1) pTr3oD u?o appUod to tho Caton of tho f'iold offcot 
not sto'c ad -mlz oo thca Ofl ( , o. in tho conduct is r o) and 
thea d .oci.azgoo tho c n,actto o c cnt rily Tho o ' 'o z'o usod 
altho *in pine off o cutoff zc„ic n or in noz't1 cocuotion  
ti do. Ao ohotn In L. r' 3, R 4 o  roc o and d atn t omir io as o 
cozutcotod c 3O tho of 	rating c acitO o, ouch that ccai'c o is 
conncctcd to tho in? in3 point an4 d in at tho tpnt to i.» 
naa of Opoitiona. atip1tftoo. tnco tho invo tin points arc 
a1G a "ialntatnccl at around Iovaip  hcaco tho voltago lcvol at 
the gate tor. Io of the "o ohou]►d be about -3V to pinch off 
the 	 'o and zoo to put thci In conducttc mode, in pinch off 
cotattion FL'o provtdo a high x'oistanco across the intcgatin  
eaprioitorn and all o tho norr 1 charaiag of the cap cit o as 
p o' the ogaai' o taro Input a. 

o1oç,f the iu0001eoncrto for QucnchinCircutts 

AD aboun In .8,3. 11 o  the qucnehintj pizloo (R  is applied 
to the baso of + ;% (a npn tranaiotor ooy 1C 107) through 113,7o 

Tbto trnotator acts an 3. uc rtor uhilo operating in otritching  
odo. '̀ O rooiotoro fl 7  and R%ft can be convinicntr ch000cn as 

I (-oboa cod. 10K'c ao, oepcutiveiy. Tho capacitor C3  and 
resistance 9  forz a dtfforntiat2w circuit that pioducos 
oirp pooltivo anG nc3ativc puloco at the rio n and failing 
0430 of oq iaro u avo Qn  a Tho Anvercion of On thovjh Q p 'oduc co 
nc atipo coirtg nharp puloo o tact at the raiddlo of oquaro vivo 
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RSQ. The time constant of differentiating circuit is gives 
by t a 0.7 % . It R39  z 1K and C a 1000 pf thent * 7 micro 
seconds. The positive going sharp pulse is clasped through 

while only negative going pulse switches the p-npp transistor 
Q7(say BC 178 or SF tO#). The resistances k2  and 43  are 
eslected in such a way that a negative pulse of amplitude -3V 
and pulse width of about 5 mtcaro-sao is applied at the gate of 
field effect transistor QF1. The values of 	and B,3  are 

selected as lOX and 3«3K ohms respectively and the value of ►1 
as I.5K-ohms that gives a proper switching of the transistor Q7. 

3.1 .5 .Desi n of 'aria ular to Sine Wave Converter*w 

The triangular waves are converted to sine waves[141  
via the circuit shown in Fig.3.12. Circuits of this type are 
capable of producing funations such as sine fictions whose slope 
decreases as the input increases. The circuit relies on the 
values of zanor voltages of the zener diodes ZD1  * ZD2 and ZD3. 
By arranging, the diodes 1)iN,  029  03,and % to form a full wave 
bridge rectifier a shown,, the circuit will shape bipolariuput 
voltages. The detailed operation of the circuit Is as follows' 

tr en Vin( ,' T  or BT) is low,, all zener diodes will be 
cut=off. The gain of the amplifier is therefore Witte When 

the voltage across 	tries to increase above VZ1  plus 2 VP  
(for two diodes), it will be clamped by ZD1, The amplifier 
incremental gain will then be 
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D Vs.,, tnerc3soQ Star hor tho vo taao 51tll bo cla' ipcd 
ouccoiFio17 by Z and finally 03. Tho Final 2ncrcacntal Gain 
to 

(3,3) 

It in citatcd ab►ouo in thio acotion that Initially u'ici non of 
the zctc dio ,o cc lust o tho gain to Cticicn by N0/ractically 
the amplitude of trianu .ar wavy► uao found to be constant at 
2.5 Volts tc3k to pca. r ou in order to have the mazitwa 

cunpl.ttudo of output to bo 1 i ttcd to 2 Volts pcft to pcal q so 
vottva d- g. } v 

that the zcnor of ►a ttu1,\could be egulatod , a ,cairn of appro i 
t o holy 90 In rc quirc 	ruff if wo octic5t tho input Poaiotanca 

1 UIC«-oiia 0 the raluo of O oo: oo out to be 4 OO appro ,- 
nat oly a I7tirthor the ialuo of r 	OtC.Ot09 %, `~ C69% ohms 
and 	33K*oh'na arcs chosen to rccuiato the ac.n- c n 
►iJ~ 

 
32 Volta 	, Volta and ZD3 3,2 Volta. 

Tian vottatjo acroma I O s~iooa lith a olopo dctoincd by 
too Gain a '~ = 440 t.hca this voltarjo aoa to such a loyal 
that at zc op ZD1 is. ca aripad then the alopo Is giv 	the 

£kGUtf creta 	conducts the olopo Is do ez'Eincd by the gain 
gtic byiQ 
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AMd +ie r-al1y -11crt Z c onduo V o 

caln ajivcn 	c a' 1.z itioi 	

1~ tho olopo io d o ►inc by ho 

9 Ott  	 ,`'" 
* 1) co 	£3 	L 1 t t 33 z 

p{~ ►F✓  circuit is V0r3J oi! pio but cq ror a co--istnnY 

itt do t icn u1 ua o9 D.oic vc2 it can acct ct £cuctcy. 
ao atao unvo output caflt3in3 	iri oiz 5 'A total filar is 

r za tvo to realitu io of ' O Volta pctz to pc. 

sr 

 

co ouo itis itioa., ctotito aro uuc to acaorato throo 

ahnoo 2ofc c oo oino c.*avoo fi3 9 YO, r n l 03 4 	 co- t, tho 
oc 	cat layout for CquarQ ;avo to trianalar t ►vo a 2 tvicin ule 
tiro to Nino vavo for Pbnoo f c* and P rnoo L Fic ,3 1'+ do-icto 
tho tzo Qiee'ars .fox' 3'otc, aomcntial piiaoø to oqu xro cavo 
cqt ro t ,zo to trig alar c:aao and t ion uir~w vmva 'to no t;avo 
c'o ~?ozoic , 
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(0) cdo O ttl aacic claw, . be c ac 7 anic~cnianto 

o ci.. itdo+ t 	of the ro cro cano t-wo tc 	o 
toil c ' c tee. CI . 1 en bo o' 'anincd t the 	to 

E J ' ., a a0 r'i .a :" 2ce 	to ci a 	y , 1 c 
EJ] U3a e n~ .C3 "y 	.plic as 
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Q r' cid os ?C 	C+^ 17O UOCi Cfl a 



09 
J 0 e 

2 

ID 
mA 

-I 

U:) 
10 

15 
20 

2.5 

_2v x /l I I 
05 03 0.1 0.1 0.3 0.5 

VDS VOLT 

Fig. 3.15 

€ 5 	2i 	D o S 
O 	IoK . 	R3 • 4 

I00 R2 IooK 

= 	IOO K 
O 	 R, 

0--- 
ec 

Fig. 3.17 

X- INPUT 
6 	 3 

7 AD 530 	4 -  Y- INPUT 

I 10 5 	9 2 

 ADJ SK ZERO X 
SCALE 
FACTOR ZERO Y I 75K 

20K 
POTS 

v 	v + 
Vs 	Vs 

ANALOG- MULTIPLIER 

3~1~ 

1.0 	3.0 	5.0 VOLTA 

CONTROL — VOLTAGE C 

Fig 3.1B 

ein 	 R2 R I 
R 

eC 	R 	VDS RL 
3 	GS-A 

Fig, 3..1,7 

15K 

R 

eo 
A~ 

Eo - XY 
I0 



S o a icy cci VOMI3 o V of to vT a c g 	,co 10 a1 c1 
col oo no 	C « 'C o ' Q In 10 ofd cho v 2p thci no c no: 
17cotc3aa (.e. f) can D4 o f 1.c i t n 00 2 ot21 

~* C P 1- aoz oc Q thio to cc* ' o o 	!1 o 	MO %20 

act ao c c31tto oUc c ota o cal fo' cj c 11 1uoz 
rt la) of 7 and ' 0 Hca tzto o a 	Its 

a t 1cnc2 oo 	caA;oIO ?c3i o Z'C1ano'o aiia. 

U.3.1 c1C OtQ tho O3 ' oontato of a *%* T In tho a - c 

(nc1? 3c%) vc3,cr 10 Lo iLt oin bo oo: c' 'c i f aq co- 
.*co 2o  0 cca off'oct vol cjo1*04 D m0 fog S7 	C 

(IL) Iz' cU 	u  of d ~, a c . t 0  
c 	c a a 	o 	or.7 Inc 

(w) o 2ociocnoo og ooi Cn 0` 	) ea bo 
OiICi 	tho 	to .c o ' 03 

tct t 11. ► tho Val= of "143 for 'OG = 0 and `m a 0 1a 
oa11+i MO fl(t)Z) baa coo a  'a icIuo at v"cz1atanoo 'ht's 

7. ' czn 0ffc7 Ibo p otic v-,21MOa 	saga rr-7 I to 10 i o 
0 at tho ct 9 4.` e fo ocant toc I t- . 1 u. 

44o Fi2 toc ao a v v bba aoi oto' o 12 to 	o't- 
C ' ' ocs 	C Ia ablo cwao az2 can) I. cL'c' 

to tinvo co ita1a 	I ana XXX ( drarita an eta Lriw3,19,, 
o € o t:o ^pro to app an alts ,atInj volt.-6400 ao ao tho 3ran t 

O tc2.t31O Q113 Q0+ .5 Otral s M 7a 3O C3 Cato co cru'oc 
A. OC? to CO Lt P)1 t .lv a $WWut o of tho o ao to It la Mor C 

oa c3cc t l for tho 	`o Co bo uoc o to taro a cctat 
30`2$ 

 

ctcaZ  



   O(Vinocla xj)$ 1Q Q co" , o 

1a [;2c2 tJ 

bb 

7 

VP 

(3.) 

tcX?O 	O2' 7Qa c o (V at tf ob ot • oI opcio c1 

o0 'c o to 	9000.blo tori ota oo s7 oo tho &2a to cc woo 

=urea o:' ?o ► 3 OOff' 	too c ,o7czt cz 

~erc sa Cal v 1a ► lin t ucom VR3 .o iii no cc 	c3 

o Q1O S ZQQL3OQ 	O617cab 

~ 	 7 

 

(3•) 

t z . IA 1 w £'3) 	~' Ivr / 2 I s" (goc?  

" 	a+i to o c a that tzr1c7c2 fl oi bo vt c 	t 

e2r3O La , O iso ot3t3 .3 CI()_, , t2 no V03 rap 	C r o Tlp a ► ba 

xcra o o r.!o Oj" 0tM a 057 	2 	O (fCt. 

	

c C3 1O otmm c3venom to 'co o ' ow! l to W$ 9 • 	c 
RDs 

' t 

 

c; to of.la $ n "~t£' 	!► `SHOO 	",~:`"~RL)i 	to atc" 7 .! wo 

OL? thO i uoe 
C to var' vit"Is ] @2 2 GC'. (2 10 Qodcic1 

• a vr4mtIC o? V-3 b 1utco 7:a it t .+ a o2 V;1 mo GO pt , 



6? 

o? tho o.0 ,29 A 	cozTo a c t y 017 r 2'o s r~ cc 09 
c 	a accc 	tt . t ti~1r - no 	c 5 	cz ) 

oo '-ut.t In I'x * ..ncz .t r m c 113 	c, oto C 
ansa bo boci c co 2l cc by 0 flca.2,cr0 '0C3t3c a ~* c 	. 

	

 no c.; ~w c(3.at 	to coca ttit 19' a o2cz. 0! c ,W' 

tu10 	1a :"oatac to trio Cato the tho va3la t~ 2 0 06► 
21C Q3 	 0 

o F r".30?c Ct O CSL 	3 	fl thCt1a n a pro 
a.~e~ua: fioz 

octQZ ao c ie7c co ettaa t1 tr31toco ccr 	$e2  

Z. o a3 to oc2 to tit ' ari2 	ava ' o Ccpx2 c th 
o othcr oo1 a o o 	a f t) the Zf 3 9 0 

a .rral V3. .̀ to 'c, t o! In porion t4th c t oa iotcova 
7 a ob * ' :. /'a and ttio do can as 'tea co 

(3.9) a C3. O} 

• 1Gj go *- V,) and 3. 	( 	,) 

:Loci M') C1 tho 3l ► O CArj octo 	Ci at'o c as O # " £'1cJ379 

t=aa C G' 	C 1 CS O OOO Dg tho Q 1ttl4o O %w oauo G v'o 

t-I a trot u .C~ 0 app .ial at t~~. (a) i.o. no Colo 
A.' 

 
tho 	o c toL o a Un pc .c►ir l `'+C a 

&o . Q o? annitttlo o tho e* t 	tho T'oaio 3.3 r3O2ntc 
C2IO 	t O c c uauo c dera c p ,O? to &oa t o  

(a) V ,.i as bo c 	o, r q, t c' OJ co 	10 o `cot 

	

'woo,"" # ''~ C 	' cco 	fol 	.'1 .  



(t) C?c, 	,U c&o bo c2. 	? O ' 7Q) (c 	c , 

Co) c Q bo o orjor) ^ o`'70i. -1 o 

(ri) 	 s c 	to that €~ o Z'cscci v, 	0 

:mow . o 	of? t co 	co o tt o too trio 

1.1 .t c 	coo r~. at 	vo n o 	tle r,.  

x 2,006 
(0) 	cc1ta cm c1atacci otco cci'D 	cci  

!o cz n VIC930' r thio P a 	o0 	at  
a VO1t 0 o? t b +G Q►O 7 	utti Cwt np t t G ]2, 0` I C7 L, c± 

to E) 0 ; : 200 x& to cC... a t cro Qom► aotn b 2 cot-
o .. o o2n10 tho ono to art So aarr►UUo to cbo "o c2 1(4 ). 
fo o Oo :l o £:~, 	c2dc o tho n. `a xa n c 'ofoc 2bao r 
In *2c to a lovo a Ircw otvol cil o czatab2.o 
015taanb tho 1300 02 o o t o 1 a to a, * 

t o olroc no acoeciab o to 'gym to to ca ' ioi 
aO Cw^~Urri IW ISlrIPl,FO 341G*  C+ t 	fI 	L4SG 1,I•.! i., IQ,,.i : C.+411'~t3i..i1 

Q'S1,11 a t t- o t3occi to cont 2 io a Al too o? too 3co r'c?cam 

COW t VOO ` G 1 G4t3 a v 	+CC"z so . O32 ( ,)  

o'io c3 vm+ la~aUy Unt to atplitua o o.' Mio C tt3Uc;2 o ..o 
t Vcc QCµ O ci f ci'c OZ? a iciG t?ol cacml =-I mtraa r 70 

v'aa an c.zm An 
 

tho onzw 	0 	' co C1tth Q  
or + 	o 	 to tho ci c?cz23c3 tho 

Oocot0o 0 i` tbo L ~ ~ e► 't3 	,O; 'C'i =.'~ 1 t10 10'10 ":.:?` C3 A9 h( 



'-moo cI fn Co a JXX3.O. tw %o CO Q . O C , . . ► CO 
cz f 1 , 3 3 o notc3c1c2 'oo cto o 	zo 

	

,* Q ctia o o2 tZavcc j ioo clr o pro, 	9 o 
r Titu2o c cacti * oo oto to c tro c 1 I,alccij, 
two CCC 	EOL Q13  1O oa $O a.3 C3 10310 

A W COC) SEC1t Z0 cp atwio C t 0 00 14 '00 ioo 

v c:?C4 L..; 0 o 4?' o C: ' l co C 11(3 0 r0 o. a } 	r C 	*"r o ( `a 	r f 

C:.3 Ix) Q a Ec~., 	 o r 	 co 8' 
czn r C c. 	J c tco (tcoQ. *4 	coy) DC7 
3 	c:t o In 	 =dlt camp Rom-$ ' to 'a flint" avo 

O 	 C3 	C( 2'o 	"ado ccn  

cc 
(c33o7 RU 	o) 

g0 	o4 

r AD 531 	b: 6 z g.Q % 750 tt1zi 
O*~ D 5,s' ! .f: 	a 	C + 0-3 *4 12tUUy all* 	c 

~ 	.. UA 795 	LOU Coot ZOi1 	tsplIC7 0 
Cc 30 	/3f3. 7acb10 	nonocaoo 

50 ~ v! •' 

69 



	

oDCS+Qa► 	c Qc o AJr3O  

C1L O0 t C;? Qt'o 7OZ' D1~1a to G 2at0 3L2 	O ~ 	9 

c 3 a 	o .t AJ 5 a 

', O 	0 ' Cla Ciput 	0X CE3 02 
r ~ ~ 

 

73ri i o tAC1 	 to aa 

tzcco ac  	'.aoo 0 o'3 	tC '` "t : ;BCW,";to c 	ottci 

?'oz c o ttho 	3o "C 'o'obzn 	o actot 	3C'..3 to " 	` to 

t 	cel 	A 0 

 

tccc1 cz to occ of tho a ,cix t' t o a 

oL. o t- c o cI' o f cnu1ai too UO to [#cztodo o 1oc3 
z7 It 	2 tl# a' tc 	3o tmnol awao ca F tlo o o,' ` " 	'' t v0 
(a3 n i tn,o) to o o to (ogovcw o) to tocc no 	.c c 
.nc.00 	o noj ccci 	o So s, roi to Tro an . oo 

POOGI to c0 that to otao t. va ry bo rop"2zac3a to cit,ut 
ti'W,4 .C33 G .QtO .0 w- 	'COO oozcao, 	t IO 

t tto 1cciGo )C t O foiotn oa- 

	

+D;~ZDZ 	Ofl3 	ct tI QIthOt to 
cooooCoto tx2o1j aaara at1 

(2) `: o aonao 	tho matt oy1rt o tho ac.-,. rats'. 
(3) o p l oa0 of Vntoo tooia 	ot3tt that G 	. c 

tho 	txi icoi c 1 fi 0` tho p.00 t t o to .dict 

a " 'till lu-jgta :aq 
 

ay cia, oma . 

	

33 9&t aoo t at 	to tt 	co nco oL0 c3clro ; 



71 

U'i) tISMA Oo u .~►tia► _ ►t S 1' In this case the frequency ratio 
of triangular wave to sine wave is saintatned fixed by 
taking the square pulses froe the output of VFC after 
suitable division as shown In Mock agra* Eg.3. t * The 
possible ratios are fT/ta a 6 ; 12 and 2i. This ratio 
reasins fixed as the frequency of returuioa sine wave is 
chaged with a control signal V1. liere the frequency of 
the triangular wave varies proportionately with the frequency 
or sine wave. 

(ii) ' 41Mqdu.atj.9n RatiO $ ' . Zn this case the frequency of 
the triangular wave reasine constant,,, while the sine wave 
reference wave frequency varies* Thus the, Mc*zla ion ratio 

~u nolry~.T r2 
vary with the variation of theArr u.ncy sine wave, For 
example if vs keep the triangular ware at I Kflz and vary the 
sine 	 e frequency from 50 	to Ha the nodulation  ratio 

• will vary from 20 o 200. The basic advantage of this schwas 
is that the low order harionics even upto 20 or more are 
drastically reduced and the perfornanee of the P,b.M. inv+ +i 
( esplo3Fing this technique) feat induction Motor is suffictent] 
Improved, øpecially specially at 30w speeds.  

R~► * Design + f ' tar wave 0eneratorsø As qxplained in 3.3.1(t), 

for a fixed modulation ratio ache; a variable frequency trite 
fir wave of constant asplitude is required to be generated in 
such a way that the frequency of this triangular ire bars a 
constant ratio with the frequency of mine wave generated as 
shown in block diagram Pig,3.1 « The triangular wave can be 
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generated by a square wave to triangular wave converter tan 

a clog integrator). The square pulses (that are converted to 

square viva through a square pulse to square wave generator) 

are derived from pun number 12 of divider ii-34 The divider 13  
divide, by two, the Vii .0 output at its pan No.12, as shown in 
Jig.3.20, 

The design of square pulse to square wave converter 
and square wave to tris alar wave converter is already discussed 
in sections 3.1..3 and 3.1.+ respectively and the same values 
cosponents are used for them* two converters as ehow in Ptg.3*2 
except for the analog-integrator time constant i.e. 	and I. 

.3.3 	sic. 	6WidMt 	 t- There are two main methods 
for pulse width modulation using triangular carrier way.tor,J 1 61,  
The principal features of the*e two me ds and the associated  
load terminal voltages are illustrated in Fig. 3.21.  In the tet 
method the load terminal voltage is switched betvaeflPVd  and 
In the second method this voltage to switched either between 
+'fid  to zero or between -V'd  to zero, according to current direction 
Period* of zero load voltages are achieved by clow circuiting  
the load through one diode and one transistor* The second  
method in more complex x. but the switch frequKy harmonics 
appearing in the output are much reduced. 

Mode of erationt The first method described above, is a pl red 
in our scheme not only to minimize control circuit complexity 

it also to avoid circulating currents induced by triansform.r 
action in the threeephase machine load. Further, with the 
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carrier frequency employed th• output components at carrier 
frequency and sbovs are negligible so that there Is no mel. 
ad tag, using the more complex system. The operation of the 
modulation Circuit may be desórib.d In general fir as f'ollowst 
Referrer to Fig. 3.21'a and 3,2 2, transistor  
hirer ~ ' plods B and C, the current is carried by 'f,~ and 
T , during A periods# by diodes X32 and D during B periods* by 

and L during C periods and by3 an T during periods.  
although there is no need to driv, any transistor during the 
2 and C periods, if this Is dons It +rnahi•s simpler switching 
logic to be employed and allows current reversal to occur without 
deformation of the current waveforms. 

In thyrtetor inverters it is often perdesib s to trigger 
6 switch before the other switch In the same sus owl+ s .y 
00matat sd. This is unacceptable In transistor inverters. To 
avoid short circuiting the supply it is necessary to provide s 
dead band during which neither transistor in any given arm 
conducts. The duration at this dead bend eaust exceed the sum 
of the transistor storage and fell times (a If i.) and must be 
included to each period (a '0 i. $) of the switch frequency. 
Airing these safety intervals the currant `lows through the 
diodes and the voltage of reverse polarity is applied aorOss 
the load. It oWtous that short pulses would be more effected 
than the longer pulses and so ie waveform distortion would occur. 
To minimise  this distortion the shortest possible dead '#an4«. 
period must be played* 
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To overcomethe difficulties mentioned abova, a modified 
switching sad* is ad©pted [16)* In this node, during period A 

transistors T t  and T11, are driven as before. Daring periods B 
and C, all transistors are in  ' off" state and ding D period 
transistors T3  and T2  are driven. With this system It is ess 
tial, to provide logical. signals allowing either ', and T , or T3  
and TT  to be, driven. Those aignale depends on the direction of 
load current flow,, rather than upon the signal voltage. If the 
voltage signal is used in high power factor le d##  a reasonable 
current waveform will be obtained. Per low power factor load 

noticeable deformation occurs when s the voltage ad current 
direction are Opposed. Assume TI  and Ti have been conducting 
and drive is now transferred to T and ?2., Fo correct operation 
T3  and T2  should conduct during MARK and 	and D1  during SPACE. 
With a lagging power factor, the currant wifl flow via %'0 ! 

Just after cross»over and the output waveform to therefore not 
controlled, The lodulator circuit that we have used overcome 
this difficulty by employing a combination of voltag, and output 
current current control,. The circuit diagram of the Vis* 
144th Modulator circuit is shown in Fig.3..23 and the waveform 
at the different points In the circuit are shy in g.3.2 . 

The operation of the modulator circuit nay be explained 
as follows. 	Th. voltage reference signal Is coipared with the 
carrier triangular wave by the oo'parstor IC (71O) Z 0  

providing a logic output signal C. A second signal A is derived 
from the combination cif reference voltage the load current si'gnali 
A dolayed inverted version of eignai A is formed by aeons of 
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(1) ifigh sp.a optical isolators. 
(2) Pulse Transformers eutploying high frequency Modulation/ 

Resod lotion Technique* 

.c 	Is .ator$-  Thu  This is the most coioniy uxsed technique in 
mach a Aght eeitting source and photo sensing devios is caupl C 
together to tore an opta«isolation. Th. signals produce corr.s-
ponding currents I.n the light *sitt ng de c, and the intensity 
of light is sensed through a photo transistor whiøh dstivar the 
current as an !cact replica of input signal,* !ally ,ttaal' 
Isolator is available as a cc tposit• device and are cheaply 
available. 

The. basic advantage of optical Isolator are$-. 

(a) A high speed isolation (upto 10 K cg's or sore) is possible 
(b) Zeoletion is perfect (of the cedar of several hundred 

N aaohes). 

Uovevr there are few limitation of using these 4 .cec $- 

1 The isolators are quite sensitive spurious noises of 
high frequency. Hence require the noise free signals. 
Also the supply transients gives spurious switching pulses. 

(2) ' ►e output signal generated are vary weak in strength and 
require sufficient sett aisphtfioation. 

lse ?r*nsfor* r Jpe  isolatoreswZn this case the pulse 

transforeers capable of operating at bi.gh frequencies say upto 
00 K cola or more employingferrite cores are used to t s*itt 

the width Ondulatsd pulses and to provide proper circuit isolatioi 



qi' Q3 and Ci . A delayed uninvart sd version *2 is produced by 
msszts of Qr , and e2. Thee. signals and the, signal. C are 
coabin.d in gates N~ and 9'2 to produce the required drive 
signals Ai c snc~ A mVhCh ultimately cart rol the power units 

,I ,T and r3, t2 respectively. This circuit thus allows control 
by the current feedback signal when the magnitude of current 
exceeds threshold (.4A) and control by th. voltage signal at 
all lower current  lev s.. 

1...o i 	tIo tl1oris-' In pulse width modulation, as discussed in 
section (3.3.3), the width eodulated pulses A1C and 	(?:8.3.24; 
are generated to switch the power transistors In Power Control 
Wit« These pulses can not be fed directly to switch the trans 
sitars because Of the foUoving two reasons 14. 

(a) The pulses are g nsrated through a low voltage (,; 1V 
and 	C) systsn, while the power control unit is 
operating at high voltage, hence circuit isolation to 
necessary.. 

(b) The pulses to the transistor$ are to be fed With a 
correct polarity* Also as per circuit configuration it 
is *►apt essential to isolate the pulses fes to individual 
transistors. 

Hence It Is quite vtd.nt, that the pulse width modulated signals 
*ust be fed to a high speed isolator which provides the necessary 
control isolation between logic circuits and power inverter, with 
a faithful reproduction of exact wave shop* (with sinisue distor- 
tion). 

Thor* are two alternative choice for pulse Isoletonat«. 

7 
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Mors the width modu ated pulse required to be transferred are 
modulated by a high frequency say a K ' /s. These high frequency 
*ndulstsd pulses are fed to pulse transformers that transfer the 
signals at the secondary, at which those signals are dsisodulat+rd 
i.e. the high frequency component being filtered onto, giving 
there by the exact replica of Input width modulated pulses. In 
this case the output 3s of sufficient strength said require less 
current amplification as compared to opt .solator but the spied 
of operation is limited b.caus r of demodulator circuit. However 
the speed of operation can be increased by using a higher carrier  
modulating frequency say of the order of 100 X a/s or more and 
also improving the demodulator ator circuit. 

The, baste circuit diagram employing pulse-transformer 
type isolation is depleted In `ig.3.2,5. There are six pulse 
transformers a used to transfer the width modulated pulse of 
each half cycle of the throe phases. The simple free running  
multiv tbrator i.e used to generate a , IC c/s carrier squ*rs" nave. 
The width modulated pulses are gated with high frequency carrier 
through WAND gates and inverters. 'has* h.f. modulated pulses 
are fed to pulse transformers  th r h switching transistors. 
Each pulss'transformsr is having two windings in order to provide 
isolated driving pulses to Individual transistors operating at a 
tim. The values of resistance and capacitance in the demodu-
lating circuit are so chosen to avoid any waveform deforemtion 
and to prsvids complete demodulation. Th. pulse trsn.sfOritsrs 
are designed at eerie= operating (modulating) frequency that Is 



comoo_etwr5 LIST 
i c 5 '1811 =7i0o 	7I=14t oLl 

TRANSISTORS T,,T'1zG6lots 

T3 To 78= SLIOO 

DI to Dib 	oE 1001 

CI=C2 =_I oob+ 
 DIODES. 

C,iPACITOR 
C3 to CS  

RESISTgNCES R(= R4 =If; ;Rt-R3=33K 
'%' R,=  
P (2 = R 5:p7  =_Rzo = 821. `W 

K7=1 
	
:1 3 =R1Q=ISn- 

2z t6A27= 5oeJL 

EO-V' G Mo DU! 
	 mo D LA.T6R 

yam■--~ ~S 

j; L '' 

G, +R R''CY'BB 11')'l' 	A 2 Ya.' 13 3' 3' 

PONENT LAYOUT OF CIRCUIT ISOLATION SCHEME 

Fig 3 26 



choosen to be 40 K 0* and the voltage levels of the signals 
appearing across the primary windings of the pulse transformers 
that is t2 Volts, magnitude. 

It is clear from the waveforms of modulating circuit 
Ptg.3.2 that the outputs Ai  c and A 'v represent the width 
nodulated pulses for each halt of a cycle and for proper opus-
tion of the intsrter are to be supplied in a isolated .way. 
fierce for each phase two pulse transformers are required athl  
thus in all six. pulse transformers are needed. Further since 
each transistor in a phase (?'I  to T ,) need pulses of positive 
polarity with respect to the a itter to base and also to be 
applied in an isolated ways  the pulse transformers should have 
two secondary windings for a Particular output train of pulses 
A1C or A IO 

The cc pl ete circuit diagram and tho ' cou po ennt layout 
are shown in Fig.3.2 and 7ig.3.26 respectively. 

F#P*I Designof 'u s• firans arrnert Pulse transformer is basically 
used to interfac, between low paver, sensitive emtrol circi4ts 
and high voltage, high power circuits and usually need a high 
jnterwinding dielectric strength. The primary requiresont of a 
puls. transformer is ent% t' efficiency and reliable and faithful 
transmission of pulses applied to it* 

P.otors tfecttng the Pulse i"r star 	D.s 	I 
(1 ) Primary magnetizing Inductance should be high enough so 

that the magnetizing current is low in comparision with 
pulse current during pulse time. This can be achieved by 
using high permeability material for core, 
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(2) Core saturation must be avoided. 
(3) Coupling between the prireary and secondary circuit should 

be tight. And the insulation between the windings should 
be ad+ uata for the appUioati . 

(4) Usually int.rwinding capacitance is In significant but 
it may be a path of undesirable stray signals at high 
frequencies. 

, R1etion Q1 Co. Mat.r#,4  I in principles when an + actric 
current flows through a conductor a magnetic potential Is 
establighsd and the isagnetosotive force that have thdr source 
In olectric currents and links with the magnetic circuit In bh* 
form of a Coil is given by inn  a Li, where 2 O of turns and 
I a flow oi' current and snetio potential H z  '?m, (.p,tu 	s/ 
meter). This magnetizing force causes a magnetic field to 
surround the current and the magnetic flux density B is given 
by B a ufi. where i -a permeability of the magnetic material 

. 	7 srQfl for the selection of Ia 2- The value of u of the, 
magnetic material is of importance in pulse ttansfor sr design 
and normal values are (1) 5000 for terribes (it) 10,000 *• 20,000  
for i osteela 

The permeability may however vary with the flux density 
'n', that may vary some times linearly or some times invereiy 
with the flux density. The effect of this wAinearity can be 
reduced by Inclusion of an air gap to the magnetic circuit. 



so 

bC'iIt.rtoZ1 is the øelectlon of 'B' $ It is given as 
F!rrit es Saturates at 0.3 to 0.5 web !+ Sq. meter. 
Nickel Iron at 0.6 to 0.8 web / Sq. meter. 
silicon stool at 1.2  to I t`R web / Sq. meter.  

r34 Criterton is the a $ This is also 
an important consideration in the choice of isaterta3 for s 
transformercore. Coro lase consists of In the form of core 
beating. This heating in addition to the winding Copper losses 
determinesd.tratnes the temperature rise of TX and this to a determining 
factor in the lit, or transformer. 

In pulse transformers SOFT .Atex are used, which 
retains Its nagnetism so long the influencing fX d exists and 
does not retain it ks it is Term. Central Ioatrcnic Limited 
(C E ), India, is wmfsoturtng a« variety of grades of ferrites 
for various applications. Out of those we have selected Torotd 
Coral of size (17.5 x 35 x 10) *.ue and material grade IW 4. 
Since the saturation flux density is 0.35 web /me. Leat us assume 
an operating flux density to be d'o't w /tat. Now, depending  
upon this fluz density the mbar or turns, can be calculated 
from the relation 

44, 
The operating frequency 25 X Hz. and woltage is 12 V hence 

12 = 4«1+ z4 x f t x N x '` 	r to x 	e  or ** 	turns. 

For the maintenance of above flux density the value of H may be 
taken as 2.0 Oersted, Th. value of required current can be 
calculated ed from a in  



leer* 3* r 2 30 x 1 O-3 a 0 r, Igot e 

3 ~i •A 
r 1 0 	= 8 • For this current we ! may choose 

wire six* of 30 W.0, s►tely. 
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WM VR - 	ux 

w.1 .Jseen. of paws 	it i't r A ' irs+r Phas oU4 Stats P.W,L 

The basic function or Power unit is to da er*te a 
Three ph&** Pulse Width Mated supply of variable voltage 
and fr.qusswy, both being controlled through control unit. The 
power wit d.vulopsd and fabricated in this thesis +ploy power 
transistors as svttehing elements Instead of tb ristors because 
of the x'scns discussed in Chapter - X, section 1,4* 

The power unit receives a three-phase P.W.M. signal 
that is a set of three phase width eod lstsd square pulses. 
These pulses are gar ,srted in and derived from the control unit 
after proper circuit isolation and d. io lation (as discussed 
in sections 3.3.3 and 3.4). it pulses, before driving the 
power transistors in power unit, are to be asplifi ed in current 
strength through Preasipii. sr or *user. The priasphtfier or 
driver stage is used to supply the sufficient bass current to 
the power transistor in order to pro Vide the perfect switching  
at maxima load current,  std form an integral part at the  
power unit. The power unit therefore can be divided into two 
pe so (1) Pulsepli er/ re. plifer or Driver Stage and 
(It) Power Control 'fit. 

The basic circuit disgzus of Pre-amplifier and the 
Power Control Unttq  are shown in "Ties* O..!) and i.2) respecti- 
vel y. 

CENTRAL LIBBL;RY UNIVERSITY OF ROo,q,.Ep 



4.1 	cPiDtton of Prfi.rLD4v.r State'- The preamplifier 
as shore, in 	basically produce a not of four isolated 
width modulated pulses for each power transistors (Ti to T1,) 
used in a phase that is *,Ct(t - 1')/(+ w ')1 for transistors 
?~ and T'4 and X12 1` (( -P 2'W(3e- 3')i  for transistors CT2 and 
T3). The pulses A1C and !2" ' are generated in electronto control 
unit as discussed In section (3.3.3) through a pulse width 
modulator circuit as shown in flgs.3.23 and 3.21 and are received 
in the pre-asplifIsr after proper circuit isolation and d oduu 
lation as discussed in section 3.4 through a pUleimisolitton  
seh+as as shown in Figs.,. S and 3. w., Th. pulse tram AC or 
A 'V is applied to the base of the transistor Q j ., that generate 
an inverted  pulse train at its Collector. 	no., the strath 
of this puts* train ASC or A (derived after d Asti ..) is 
not sufficient to drive or switch on the power transistors 
(I... only 5 ► approx.), toss signals at the collector of 

are amplified In current strath, decided by the current 
gain of the transistor Q. Practically tts current gain 
obtainable at the first stag• again Is not sufficient to 
supply the proper 'base current t to the power transistor, duo 
to limitations of current gain and current carr sspasfty 
of Q1. Ptbsr, tho pulses *relaysrted. also hence a second 
stage is provided by the use of transistor 9 that again 
inverts the pulses and produce the as*s pul s s train A1C or A2 
at Its collector. Also the second transistor Q2 provide s 
suttieiant current gain* basruse the gains of (11 and Q2 are 
multiplied. 	For ssSurplS If a nominal gain of 20 is assua d 

ri • 
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for each transistor (Q1  and Q2) that actual carr snt gain of 
00 osn be easily achieved. Thus a two-stage pre- lifter 

can easily provide the width modulated pulse train (A1C or 
4 ) of driving cspscity. i pto 2 As and can provide an 

efficient switching of the power transistors employed to power 
control unit#  since the invert developed In this thesis have, 
the rets ourrsut capacity of 10 asp only, 

chert  ttrr all the four switching pulse trains are 
to be isolated from each other for tbs proper switching of 
transistors, t,1,T 2̀,T and T for a p +►s+*f as shy in 	...2. 
This fists .tial sines * any transistor can be s tcb,d on 
only whom the pulse train app&i ed at its bass is positive 
going with resp t to the eidtter terminal and trema as per 

circuit configuration o.f the power control  unite  the same pulse 

train (e.g. A1C t(t-! )) can not be aiwiltansously applid 
across the Transistors Tt  and T. The transistors f, and T4 

co*e in series with the load (i.e. the winding of phas. of. 

the rotor), and therefore are required to be switched an 
sixultansously and with the same shape of pulses to s. A1C. 
The pais £jC are applied for a period of half cycle as shown 

in fl.g.3.24. For the next halt Cycle the pulse train A2*6 
vis the tra tsist s T 2̀  and ' . but in. a Isolated fir. 

For proper isolation of switching pulses, the insulated 
dost* supply voltages of 5 volts are provided In the pre-a ii* 
Fier by the employ a main* transformer and rectifier-filter 
eirouits as shown In tg. ►.f . In all 12 s. of such d sc. 
supplies are provided for providing isolated switching pulses 
for all the three phases,* 
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diagram of a threea phase power control unit is shown In 
ftg.4.2. All the tbrephases have similar eirouitar and 
identical eoipon,nta, In this section the description of the 
power trntt is confiasd to one phase Ci a. ti'phsss) only and 
for others follows s larly. The power Unit employ power 
transistors T, to T, as switching decent* . Since the power 
transistors have low value of current gain, the transistors 
T to f , are basically darli Conn pair of two transistors in 
order to have a sufficient gain (e.g! ~ consists of two trane 

i store ' , and ' ' connected d In darUngton pair. configuration) • 
The darlington pair configuration of power transistors provide 
a high gain that in turn riles the current 	.city require- 
seat of the preasplifier or drive?. 

As described in the previous section (14 • .1), the 
a train of width sadulated pulses AI or 	is applied to the 
Transistors T1 and 14 or f~ and ?~ sissxltan+e ely, for a period 
of half *role of f dae tal frequency. The pulses provides 
the switch of paver transistors, For ons- t cit of the cycle 
With the application Of pulp. train A10 to T1 and ?'4 -the motor 
winding (it, - R2) or load is Connected ,.lams*  the 4.c. supply 
to the inverterpover Wit, aonncting tonal to + And 
82 to w► tersinsi of d.*« supply. This way►+, shape of voltage 
appearing aOross the load depends upon the V►yefora of the 
switching pulses. For second half,. wh 	 I. applied to 
' 2 and T30 the motor winding teratnal 	Is oonnaoted to 
positive and 	to negative terminal of the d«c supply end 
thus the load pulses polarity Is r~rverssd# 
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Thus for a s strips]. pals. width modulation in both 
half of the fundamental cycles Ci.,. when £10 and A22 are 
s;y et cal), tha power  a txol unit +Toying a circuit 
contigurattcn as shown in ns.4,2 hay, the following basic 
advantages s *► 

1.) The reversal of polarity across th. load in each cycle, 
produces as an output having aaaxiam poss4bl a peak or roots*  

.lues depending a the *odulstion ratio* 
s for every matching tttsi ^ two transistors  (such 

as T1 and 4orT and ~) that cam. in. series 	 h the 

load tines the do** supply voltage rating can be Inc-
reased or for a give supply voltage, the transistors of 

lwar voltsge ratiflgs can be ssployed. lbvever for 
series operation of two power transistors the follow 
factors are of great ieportano• and should be given due 
consideration before eaploying then'- C t) The switching 
pt$lcas must be perfectly identical. (ii) Them, should 
be no phase shift in switching pulses. (iii) Protection 
against be voltage transients should be provided, 

C 3) 10 doe* cop ant in the output r*ve~ hence the possi-
bitity of saturation in the a.o* motor is avoided. This 
3s due to the sy.try of the output wave with respect 
to zsro-lw .. Pirther when the modulation .patio to 
z rr a the out is a train of square pulses alternating  

polarity after every half cycle and thus the, s li-
tud. of sinusoidal output wave in the motor is also zero. 
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i) Idintical circuit for sash phase,, gives a A le circuit 
configuration and gives a flexibility to use the throe 
phase inverter as t rsswdtffsrsnt single phase inverters. 
With this flexibihtt7 the sea. unit can be used to control 
the speed of throe ditfsrsat single p s* s.c. actors, 
which is an added advantage,. 

Further with the idanttcsl circuitry employ in slsoto» 
resat control unit, the speed control of three diffe rant single 
phase sotors can be obtained sit er in'dspandntl7 and stauido 
taneortis, with slight adJustnzsnt in control circuitry. 

The diodes D1; , , and „, as shown in fls*4#2#, save 

the purpose of free wh+ + .thg diode. it we consider the switching 
of Transistors T1 and T4 through gh A C f, the transistors conducts 
for the intervals, the pulses or aoduls d puts. train . ,~C are 
prasant *nd for the intervals these passe are sbssnt*ct the 
transistors are switched off* The induced s.a. f. (of the 
inductive load i. s. mor winding of reverse polarity circulate 
the currant through D1 and , and therefor* a fr rs eslt g 
action tska place during the period the Pulses are sbsrnt« 
The currant through transistors Ti .?2,T3 and ?~ ding r srss 
recovery ti*e of 	a, and , is hatted by than inclusion of 
I aterou41an.17 inductors L 1,2I3 and l. The siibbsr circuit 
d1 I 	4~. mo. provide protection again voltage tis ants. 

The arubb.r circuits jai sti or  cap*oitors C1 t end 
diodes d to y, (with t resists • fi in pa ll ) are also provided 
for protection agatnet secondary break down that occurs when the 
reverse collsetor►to" saitt.r voltage exceeds the primary break 
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down voltage of the transistor. The reverse calleCtor. t©* 
+ tt.r voltage is applied during the revers, recovery time 
of the fres.i ha►..ing diodes and in Inductive loads this 
rax+ n* voltage appliedacross coU.c t t+ ► tter motion 
may be s `ficiently hig t. The scondarybresk down or a curr 
mtsV&ilanOhe that 3s most likdy to occur In Inductive loads, 
forts a hot spot and utivatey destroys the pover.transistor. 

Daring switohingoff erattoz#  current Is diverted 
from the transistor to the associated capacitor. bian the 
transistor Is turned oft t►he capacitor is chsrged0  the load 
current will flow throuti the associated f1rse*-wh•sl diode* 

*p.2 ass 	n   

As discussed under section «1.1 • The pr. 	Ii fl et 

has to provide a set of four Isolated pulse trains for etch 
phase and thus is required to provide the pr.aeptUisr a 
set of 12 Isolated +5V supplies*  a part of which Is depicted 
to g.s.2. The design of transformer and the rectifier 
fitter part is not taken into consideration in this sration 
because It is quite el+ssentry.. Only the design at actual 
pr.0 a* Ufisr is dealt wi h#  in this section. The pulses 
AIC 	` are applied at the base of Qjj  that after a!pUfi. 
cation at Its colic for are applied to the base of Q . The 
transistor Q2  Is selected to be L 100 with current capacity  
of I Ash► and for that a current Coin of 20 can be sa t4y 
. ss _ed. 	,ne. in the power unit two transistors 2N 3051 and 

NWS are used in d*rlington pair configuration for thew a 



ptcriajfsiay of 10 each i.e.  a combined gain of 400 can be 
assua.d. Thus for s az. load current of 10 Asp the base 
drive or eurrant required to switch the dsrlington pair is 
100 **. In order tosupply 100 sA bass gent to power tram 
SIatOr* t is Chosen to be 50 ohn!, 2W. Now for the twisters 
Q2  S 100 a gain of 20 to aas red, therefor* the collector 
drain of % would be only sA. The collector riliatanas of 
Q, is therefore selected as 1K In order to supply sufficient 
currant of 5' sA. to the base of Q2. The transistor 9, would 
required at its base *pproxi'mat4y 0.2 m A Sys that can be 
easily suppli+d through the dwiodulating circuit. 

In the design of porar control tit that cloy power 
transistors as switching dwica#  it is quite evident that the 
selection of proper switching device (its characteristic, 
specificatIon and rating) p2Ays an Importen s role in order to 
have a good partor zce and reliability of the overall Wit. 
Before selecting the particular t nsistor#  it Is very . e ntia1 
for a design engineer to have a basic under standing of trans-
istor acting as a switch, Its time Constants and switching 
tins* and also that of the practical design considerations and 
design trade oft', to be safe, rather than be sorry when used 
practically. 

In design of power unit$  next follows th. design and 
selection of cc ponents for the protection of transistors and 
also the dsai ►n or selection of proper host sink in Order to 
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obtain the most efficient and reliable operation of the power 
unit. The design of pow unit is therefor. divided Into the 
tot lo ng sub -section' - 

4* 3. t s .erO.retton I 9wttc4n 	s c 	of PowTnsptoi 

The transistor acting as a switch asatae two stable 
stats e.g.. one in cutpff and other in saturation region and is 
Most often, used in a Comork tittrr configuration# since paver 
gain Is . highest in this conttgurati.on. ' • basic switching 
oharaet1istto of a transistor Is shorn, in flg. ..3. bihen there 
Is no sib, applied to the 'fir-to-rr,  itt.r, the transistor is 
In O ' state and offer a high resistance (in -ohm range) but 

~tG 
sppUUcstivn of stop voltage or signal of suitable amplitude 

 apIsds the operating point switch over From t to t, as 
shown In flg.4,3 and reaches In saturation region. In satura- 
tib region the transistor Is to ed as turnedON end offers 
a low resistance (less than one ohm)* The c p+ratl.on retrace  
back to O7 stats when signal is removed. 

Basically$ the switching characteristic of a transistor 
depends upon the switching nim r constant (i) that characterizes 
tb. variation of collector gent and may be calculated using 
transistor parar eters* Normally, the build up time of collector 
current (that reduces with Increase. of base current) to given 
by Over Liv# f►atcr *0' a 191'%,$1 1 1 where I to the ccntrollin 
bans elu'r ►t *d 13' is the base current b longing to saturation 
limit (point B'. Thi base and collector current and the hole, 
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der itty in base region are shown in P'ig.1h2'b and r.2,wa respec-
tively. Similarly the tall at collector currant depends upon 
the storage time constant 	; which is proportional to the 
duration of saturation stats; Also the rats of decay of 
collector currant as well as storage tins are governed by the 
reverse bias currant I. Hanes a factor called Depletion 
'astcr is defined as 'a ` # I `1,, ' where X, Is the actual. 

depletion or reveres bias current and Z1" ' is the bass current t 
at saturation limit. 

witehtng Tin* of the Transistors 

It in very essential to provide switching times data 
for a transistor Witch as shown in ; *4.4.,which is most 
helpful in estimating the switch.ng losses and design of power 
controller employing power transistors In twitching aoda. AS 

shy in g.)*,it, ; tri  a rise tiesl, is  a storage time and 
* rale tins while switch ON and OFF times are gtvan by 

toy a bd  + t and to?? a bay + t  f* 

In general transistor catalog normally provide the 
switching tins constants T and 1C 4  (the storage time constant). 
The switching times .y be expressed in terms of over drive 
and depletion tactorh1  ' as f lovsi- Rise Ties I 
t 	tai 	21 1 	sac . r.  
1 AU tier t * o : 	+. 	 ('.1) 

?ig,'.! represents the logritheic Miens ocauring in the 
expressions of the switching tines vs the over drive `0' and 

9 



d.plsotict facto '0'. 

I.3.2 Rs . 	fid* Of and PractIc ►i Considerations for Using Power 
Zr 	a# stq 	s - . jwttot4nr Devic1 

Normally data sheat of s, power trsrsistor provides a 
data curve that gives a ~' rf. Operati 	es (8.O.A*) curve. 
But ,cls should be c e, Sino• the curve is usus Zy drawn for a 
*ase to"Orature Of 2500 and =st be darat ed to get the practical 
values o Although 25°C is the Bast universal standard, it is 
eo plst+ r unrealistic temperature for the power sealconductors. 
In a typical power asssmbl3r#, A sbient tsaperature can seedy run 
to 8O c 0 cons*gi tly the ease teaperature Is quite high. 

"One of the soot eai eon nis'understanding of design 
engineers is to believe that tis ratings are practical 
normal, operating ju.. x̀ (181. For emopls If a transistor
sp+ ifte ation sheet o3*las 115 Watts dessispati (such as 
a O5) at 2500 case temperature it should not be concluded luded 
ieudiat ply that transistor can really be used to dissipate 
the total 115 watts. .Hence it is ssstnttal to dr is the, 
2 C rating to .get a practical value, that depends upon the 
sebient tsaperatur . . 	hs ,, it should be noticed that the, 
derating factor (gtvst byr dersting curve) as 10 V of 2500 
rating still do not provide 4 good safety faøto. For !pl• 
if cess to &*bl t thersal resist ac. for the unit rated at 
1 I ' is 1 O°C/w and 3unctton to case is 1.5°C , Then for only 
10 W dissipation In an arbiamt of 80°C, the case, tamiperatur. 
risers to 180°. Also the transistor junction t sper.ture rises 
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to 19 C,, which is perilously c ►os• to the limit of 200°C for 
silicon sasdcanduator d*vtcuS in soul can• 

m'hs axtetn allowable rating of a trRnsistor(1 1  *est 
not exceed mazj.i prescribed for a given ambient it tam and 
given aonnaation, either in sbaad3r state or transient operation. 
The analysis of the electric and thermal loads on a switching 
transistor required the knowledge Of the currant and voltage, 
waveforms in the transistor during switching process. Actually 
th• supply voltage and the nature of load (pu*. resistance, 
industansa or capacitance deteretne the range of operating 
displacement of that transistor with in acre operation arse, 
provided the dissipation In th+ transistor* do not heat the 
ary►sta.l above maximum allowable temperature.. The displacement 
of operating point In a switching transistor under series R'1 
load is shown in fg.4.6, which indicates that the switching off 
of an inductive load generate Ov.r'voltagee that *►fir wmeed the 
supply voltage several time and may attain the break down voltage 
of the transistor and ultimately destroy it* The av woltaga 
protection or that transi star may be provided by putting a diode, 
in parallel with the load, the switch off than takes place 
along the stra►igit vertical line as shown In g. .6. The other 
rating parameters,, which many design engineers femi to appr+a 
Mate ares- 

(i) The maximum value or ... defined with I. between 10 
and 200 mA. Design trade off are that for high currents 
and particularly In inductive suitching spplicationa,wone 
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should choose, a device based upon lower T'eec rating. 
(it) Reverse bias secondary break down Eating that is a caasure of 

the energy (in joules) that can be safa r absorbed when coil.-
etor currant avalanches or reduced to aero value under reverse 
bias condition and secondary break down occurs as explained in 
section h.4.2. 

(iii) Utaot of ?Urn off time (t)s. In switching applications a 
major portion of vbwer transistor losses occurs int t, 
the collector voltage is 90 `6 of the supply voltage or higher 
and the collector currant falls from 90 1 of Its saximum to 
10 V.. Consequently a substantial power t s dissipated during 
toff. 10cc time* the losses is tail, that ext ends 10 ' to 2 V. 
of the collector currant are also comparable. 

(iv) zffsot of base-drive on fail time of power transistor t - 
Th. fall time i• normally reduced by apply a reverse biose 
currant l. Although high tom; oft.►driye currant (i 2) short an 
t , , an .xaossiye tiarn*en base drive (la ) lengthens it. Purther 
to re re turn-on time 181 must be large. Therefore in switch-
Ingapplications,, the base drive should be just aaftght to 
drive the transistor Into saturation even st maxtm value of 
collector currant. However the over drive reduces the current 
Coin and fall times, hence a suitable sircuit as shown in 
`ig. '.7 can be er loved to prevent the transistor from operatIng 

In saturation region despite of the over drive i.*,# large base 
currants used to switch on the transistor. 

4.3.3 Criterion and Justification for the tsleation of rcper Power 

The following are the criterion for the Selection of a 



particular power transistor to be employed as a switching dsvic.1 
(a) The transistor should hai ie.xist safe, opratioa area 

La. opt is um collector to emitter sustaining voltage 
vc a  and continuous collector current t. 

Cb) ahould have low-saturationvoltages.. 
Cc) High dissipati rates. 
(d) High a urrett gain at sax, 	operating frequency or- 

aitnimua switching tiaa. 
(.) Highly resistant to secondary brk down over- a wld* 

raft* of operating conditions. 

In view of trb. above rq :ramentp the power transistor 
2$ 3055 (3 -mac•) .s chosen#  since this transistor Was rsad*ly 
available# It is a silicon n.►p-a transistor for a wide variety 
of high pover*pplicstion one of which is the power switching 
circuits. The data•shost of 2$ 3055 gives Lha following 
maziemis rating of this power transistors (that are of practical 
iaportan e.) t 	lam, 

(1) Collector to fitter sustaining voltage Cv ,) * 601. 
(2) Continuous collector current EIC  * 15 Amp* 
(3) Transistor dissipation (Case temp of 25°C) a 115 Watts. 

(At ease tiporator*s above 250C ?ig.1,2 and 4 can be 
referred). 

0.) lei,, 	sa. a Operation area shown  ahoin in g, 2. 
(5) D.C. forward cur-rent transfer ratio (h ) given for 

' ' and pulse duration (300 a OO) + duty factor 
i.8 '/. as 5 for I w 10 Amp and 20 to 70 for tC  a 5 Amp. 
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►) mc construction of this devioc render It highly 
resistant to secondary break dawn over a wide ranger of 

operating conditions. 

The transistor 2N 3055 is used i a porter unit in 

order to provide the switching of D.C. supply to Inverter 
according to the pulse train Ata or . g and to provide pulse 
width sodulat*,(wava across the load (motor winding) as shown 
in ?ig.Qt.1). The d.c. supply to the i 	power unit can 
ass►• a eaxiwa voltage of 100 Volts since two transistor are 
connected in series, every time the switching takes place. Now 
from sod as operating area for those transistors (Ftg.2) C 191, 
it is evident that the transistors can safety handle 15 Asp 
curret# since, in switching '©N' condition v is only chant 
1.0 -VOlts. It thould be noted that them* ratings are gtven at 
2500 case tetp eratur. and the derating depending upon the 
ambient t mp erature as ctbscri b*d in section, 4.3.2. Nov from 
current derating curve of 2 055 i.*. Fi,~*' 930 it is clear  
that for Current capacity of 10 Asp 1.., about 66 % of rated 
value,, the ease taperature should be Limited to about 75°C. 
Assuming an ambient tecpraturs of 3O C (sex) and a thermal 
resistance of about 100C/'W for the beat sink (of 1.5 ri.a. 
biao'keed aluMnlua with area of 25 Sq.amapprox.) then the 
t asistor would be able dissipate only i«j W while operating 
at about 50V and delivering a P. W.14, load current of 10 Asp. 

Hence it should be vari fi ed that total losses in the 
switching devia• do not increase more than 4 W. This is 
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vmrjti.d by the following 
Th* power loss in the transistor while operating in switching 
mode un be ssti sting by the b.at g eraterd during a heir of 
tundaattsl cyel r. The heat generated can be deterdn.dv.rai 
go power Vzl handled during half of the operating  eral. t • a. a 
period of 10 sac ale operating at 50 Hz and 0.1 see Wil • 
operating at 5 Hz. The power losses can be estimated in the 
following two artap 

(a) The losses occuring in the (function while tullr conduct- 
!ate for a period of 10-m s.c to 0«1 sea for an optt t 

condition when in the pulse width modulation the Zi• 
tude of sin* wave and carrier triangular wave are equal 
and a sq re way* is generatad. Airing this period the 
voltage drop across callsctor.s ,tt s r junction (i.e. 
Vest 1.I V) and Current Is 10 Aap. The losses are 
therefore W1(,, ►) a 1.1 x 10 x 10` 3  * 0.11 watts to 

1# E) a  l e t x 10 Z 0.1 	1.1 watts. 
(b) Th. losses in transistor during switching Orr (the losses 

during switching ON being nagleoted since turn on time 
of th. transistor is norsalej Tory small. *2 u. s.a) . 
These losses actually dep ds p (1) turn off time 
that governed by inductive load and be safely &*owed 
as 100 uasc for an inductive load of 200 ON and (it) 
number of switchings taxiing pl ca during the cyeI.. 
under consideration that Is 12 for a aaxi*za modulatto  
ratio of 24. Sher during turn off the voltage  and 
durrent can be assumed as 50Y and ,IQA. Now the losses 



are W2() = 	z t o x 12 x # Q4 x 1 60 0.6 vatte a WC ) 
fore fixed *odu3.ati ratio (i.e. 	`fd * ). But for a 
variable• *odulation ratio sch a where saxiat vaina or *oduui 
latton ratio is 100 that Is there are 50 switchings per half 
cycl. the losses are 2iW a 50 x 10 x 50 z 100 7► x i O 	',~ 2.5 
Vatts 	 r 

Fos the above calculation It can be observed that 
total losses for (l) ?ix Mod. Ratio are WC ) so 0.11 + 0.6 a 
0.7 V to W(t*x) * 1.1 + 0.6 a 1.7 Watts and for (i1) variable 
Modulation Patio are W(min) = 0.11 • 2.5 to 2.61 W to W( r) a 
1.1 + 2.5 a 3.6 We Thus It can be yarified that the transistor 
switching losses In P.W.fl. are vUI within the prtdssibt. 
range of ►.5 W. as ast ►ted & r*,# assuming an ambient tampra-
t a of 30°C and thermal resistance from case to aabt t 
(itth C"IL * i 0°+ 	). 

For the selection of power transistor next paraa.ter of 
consideration is the current game. fls parameter of great 
practical taportana, since the Preatpliftar or Drive age 
capacity Is detsrainr~d with this parameter. The Forward Currant 
Transfer Ratio or Gurrant gain basically depends upon two f*at s 
(.) the switching equ y (it) case tea +. For the power 
transistor operating in P.W,M. switching mode with modulation of 
20 at 50 c/a, the minIta notch width may be of 0.05 aa.a dura- 
tin t• a. corresponding to 20 KEz frequancy. From ga a d 
width product aurv., Fid • 9th , it can be seen that for 

' and IC a 10 Amp the operating frequency may be upto 
100 UUS Or 0.1 MRs. Again from Fig.10 I.e. typical. 'beta-- 



characteristic (a curve b.tween h and IC for a given 
'SCF * tV and ease twig of 25°C to 125°C)  it is can be observed 
that for X 1 C Mp at '~C * tV at 75°C case t+ , a typical 
b 	of eurrint gain to 10 approx. Thus the nc 	]. gain of 
10 for 2ff 3055, as se 	earlier in section 1,2 is 3uatifisd. 
Again in section *.2 to clear that for power switching at high 
gain two transistors 2R 3055 and MR 055 (50?, 5 Amp) are used 
in derlinttom pair configuration. For X 00, an assumed 
nominal gain 10 can also be justified as dtecussed &boy* for 
f 3055 because the two transistors have almost similar chars 

oteristics* "Thus an oversU gain of 100 can be conveniently 
assumed for a darlingtou pair of 2 3055 and :KS 055. 

*3A Power x2a .ithi 	t/1riington  
trliion Configuration Of Ponce Transistors"  

en constructing the power section of a static power 
patroller, normally the following two basic building block 

principles are incorporated"' 
(a) Package Translator fps* Mounted on the coi, Strips 

in direct proxIsity to each other, to the comean pro -
attoc m.thodlm, The chips are, inter-connected as a 
power darlington with a oowon drive stag*. Practically  
this technique has already been tried for autornatic 
ignition systems in which transistor chip* for 500 
integrated power swito3 ag were used and mass production 
of these, devices In quantities of millions every year 
mads it possible to dramatically improve transistor 
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performance and a high reliability of these packaged transistor 
chips on a seal* never before aohieved by high 'voltage trasis-
tora. 

(a) Advanced power monolithic circuit (PMC) chips: have been dsre-
loped recently with a circuit configuration as show in Pig.+,8. 
PNC basically is a coaposite chip comprising that entire darling' 
ton power circuit. The integral base steering natiork as shown 
In Pig.f+.8, Increases the bass to saitter voltage when the 
refer t. p rature increases at high collector cent. Asn 
the device is turned OX#  the equivalent int network of PMC 
can be represented by a resistance rb with two forward biased 
diodes in series. Now beating of P. .C. at high current density, 
results in a positive temperature, coefficient of the series 
resistance. This phenomenon assures an absolute corrective 
feedback seohaniml, against overloading of single chip and 
this a thermal run away is eliminated by *ntoroing current 
sharing for each device in parallel configuration. 

Further, the basic advantage of the darltngton c Cigu= 
ration is that positive, 'bast current requirement for the pover-
stsgs , is eiffioiently reduced to less than 1* for power trap 
sister ratings upto 100 Amps* thing toff, the fast reaoval 
of the stored bass charge of the output transistor, is provided 
by a diode D, across the bass*w mitter Junotion, of the taut 
transistor.: The diode 	across the .mitterooll.ctor junction 
provides protection against secondary break down (as explained 
in section ..1.2) that Is most likely to occur in inductive 
loads* The coniplet. circuitry as shown in lg. +.8 is fabricated 
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on * singe chip and such power monolith c circuit chips are 
presently employed in aU the, present day static power control 
equipments, aeplayingemploying these devices as switching e].esents. 

Although a dariington, configuration of power transistors 
gives a dgniriaant1y Improve current gain as a ooipared to a 
single power transistor (such as a gain of 100 can be achieved) 
and thus require a lesser 'pas drive but as compared to thyristol 
this gain is quite low. For sx*ssrplo a thyristor (typs261, 
Wsstighous Make) can switch forward current or 200 Asps with 
a gates trigger  gent of 1 O mA oni and thus hay, a gain of 
about 1300 Is achieved. The thyrietor, however have a great 
problem of turningotf i.e. eoniautatton is required that is 
a great problem in *ost of the applications. —~- "~ ~ v~ky- (1 ) 
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In this thesis a novel (alternative) Idea is suggested 
to seploy switching power transistors is 'High Gain Triple 
arlington' oonfig%LrattOfl. This idea was first of all suggested 
by 'uric wren' (211 and have the specific advantage that a 
very high current  gain and a saturation voltage ual to that 
of two 	 be achieved* Practically this configu- 
ration is trisd[211, for switching resistive load giant of 
2A at 20 Volts and a gain of 250,000 is achieved. It is not 
however tried for high voltage,# largo current switching appli-
cation and is a new field of research in efficient power it" 
ching. It to therefore suggested to try this idea in power 
switching and it is expected that if perfect switching (at 
larg. currents) is possible in this configuration a nominal 
current gain of about 1000 or acre can be easily obtained. 
Thus aesplWAng ace sftI Rich gain triple dariington  
power transistor switch, a perfect sdtchtng can be obtained 
with base drives approaching to that of trigger current in a 
thyristor and the field of efficient solid state switching  
using power translators can be revolutionized. 

f► -+~•~"~ f~•~ iY1i 	1~ 	r.l' P.i~ 	tom'+ tiSi  	iLt 

In the power vet aim with power transistors song 
circuits and components are also provided in order to provide 
a proper operation of the inverter and to provide the protection  
of power transistors (the rain c onant) used in the invert.r. 
The design and selection of these omits and darts is 
presented in th. follow sub-*sotiona*, 
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,4.t d.. ion of Prop.! Astiflg for Free WheelingOlodsst- As oxpla-
tned in section +.1.2 and shown in Fig.+.2,, the free wheeling 
diodes carry the load currants during off intervals of the 
switching pulses. The value of applied induced ..a.f. and the 
Load current determine the rating of Fri .41he 1M diodes. 
Convantionally, the rating of these diodes is selected to be 
equal to the rating of swttcbing elements i.e. Power Tranaistors, 
The power unit fabricated in this thesis is designd so an to 
deliver an output of 400Y and 10 Amp, in eta. the high voltag • 
and currant (e.g. 800V, t 0*) rating power transistors are 
avallabisl, as discussed in eectlom 1 .4 of chapter I« Hanc. the 
free wheeling diodes are selected having 800 volts P4.1, and 
*0 Amp current rating. 

r.4.2 Design of Air Core Inductors (L1 to LQsMV The currents through 

'transistors Ti to T)4 during reverse r+[covery times or free 
wheeling diodes P1 to D„ are i. tt ed by the inclusion of Indu- 
ctors L,~ to 	of 1 UR. The Inductor of such a small value can 
be easily fabricated by f ►r turns of copper wire . that form an 
air core Inductor* However the choice of number of turns 
require the understanding of designing an air core* The indu' 
etor inducta a of a airwohok. or Inductor Is a function or 
the coil geometry Ci... shape and sIxa)1 ],p and can be cal-
cu atMrd from the +empirical formula t 0 N2fl * x i o. ll+ , y; 
where Ik a Mean diameter of col. in C4 0 * form factor and 
* * lumbar' or turns. 

In table at ?ig s 6.8 t J, we can read off the factor 
0,, where the coil geometry parameters are p * a/i and r/l)x. 
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Hera b to the height of coil and p is the radial thickness, If 
we farm a coil of single layer Using cOnductas of diameter O,2 an 
(that can easily carry the load current of 10 Amp), the coil 
diamet or 	w 2 Cif► aAd h eight 	l engtb of` 	thm Q 2,► 5 

and P * 0.O+. For these value  of ,A end a from table as ref + 
cad above # the value of # a 3.2 Nov we can calculate the 
number of turns froi the s*rical forte as 1 x 1 4  N2x 
2* 3.25 x 10" or N a f 4 turns (appy x).. 

".3 Doi . cad Circe. !°' 	o 	3 	! , 	 :.. 

Voltage transients are considered to be those voltage 
levels which exceed the normal repetitive peak voltage applied 
to the power transi stop. Any switched energy storage s st s 
(such as inductive load or sotor winding) is a potential source 
of over'voltage. Because of profound. influence of voltage 
transiants on successful operation of the translator circuits; 
an understanding of sources of transient voltages and the means 
of reducing thea is essential. 

+r voltage tanstent suppression throe basic approaches 
can be s ployed such as# Ci) Series suppression (ii) Shunt 
suppression. (lit) Combination of (i) and (ii). Functionally the 
series transient suppressors eats as a series impedance which 
varies fros low resistance under normal oparatio to high 
resistance when a transient appears. 'Where as a shunt trans'  
iant suppressor appears as an open circuit under nornal condi-
tions and becoass * low Imp nae shunt path dui transients. 
The shunt type suppressor that basically consists of a series 
resistor and a capacitor is called a ' bbsr Circuit'. The 



basic snubber circuitsconsisting of capacitors C1  a %# 
resistor 8 and diodes d1  I► , are shown in 'ig. +.2 and are 
connected across the switching power transistors (f, to 
The basic function of this snubber circuit is to protect the 
power transistors from secondary break down that is most likely 
to occur because of excessive reverse voltage applied across 
the coil eotOr to emitter junction ding off- period of switch-
ing pulse. This r v.rse bias voltage is basically the induced 
voltage (e.m. f.) generated in motor winding that depends upon 
the inductance of the motor winding and the operating frequency. 
.ice the switching transistors connects the winding to one 
polarityfor a tit cycle, the 	tw frequency at which e.iu.f. 
(reverse bias) will be applied would be 5O HZ when the Inverter 
to operating at 100 Hz and switching wave is a square wave 
(under worst case is,. M.t 1). Hence the following design 
factors can be ass ed(231; for the design of snubber circuit 
that will by pas$ the current from the transistor to the 
capacitor 01  when transistor is off and a transient of reverse 
bias voltage is applied#- 

1. Peak witching voltage (d * c. voltage) a 230V (max).  
2. Operating frequency a 0 Hz. 
3. Rat* of rise of voltage across collectorrasiitt.r is to 

be limited to 1OOVIM see 

i. Ohoose 6 a 0*.6 for a controlled voltage overshoot of 

approximately tey 0 V. 

Now refer the nomagraph (such as shown in ftg.16.16 
through 16,i9 2'33  to determines. 



(a) The required tier constant of the s bbsr,, referring 
g.%#17 and is by connecting two point specified by 

point 'A' 0  (dv/dt) / 	* 100/230 a 0, s b and point 'B 	a 

0 0 0,65. Thus A.0 ties -constant Is evaluated as 3.5 u- sea, 
(b) Th. value of R, rotor ?ig «16.16 and locate (Ip. ) 5* 0.63. 

If I p  25 Amp than f ffi (230 x .63)/2$ * 50 ohms. 

(a) From 	a 3*5 x 10 we have C 0 (3.5/50)z 10 6  a 0.07 uP 
or 0.1 uP (approx) . 

Thus we have R z 50 omits and C a 0.1 uP as designed 
values for snubber circuit for proper dissipation the rating 
of B is taken as 5W. 

frsrarxsnt Erotsction axud ,rill-Curr+ t T4eittngCharacter 
tstiCs o Static Power 22M U s' 

Baaus. of relative] y low thervaal capacity of seed' 
conductor devices such as Transistors or SCR,S, protection 
against ovorcurrants is often more critical than for other 
type of electrical ooipononts. Since t ►e transistor do not 

have any overload capacity, the selection of proper currant 
limit and circuit protection *chose plays an Important role 

for the efficient and reliable operation of the dace. There 
are two basic reasons for incorporating the proper Current 
limit and circuit protection $ (1) To protect the unit itself 
and (2) to protect the circuit or system It is controller. 

Daring normal operation, the pover dissipated in the 
switching transistor is hold to a minimum, by providing a proper 
base drive current to *nus*,, the transistor to saturate and 
thus incur a small voltage drop. kUl s,, during over-load, 
short circuit or voltage transient, there, is a tendency for 
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the load currant to tnorease, that causes the transistor to fall 
out of saturation inoreased^its power dissipation.. Since the 
Input voltage can not be controlled by this device, west 
limiting g enet be provided to hold power dissipation within 
. mite and prevent the semiconductor junction from rising above 

the rated value when the max#.mum voltage is applied on the 
but and the output is shorted to ground. A current flatting  
characteristi. specified for the d.c* power controllers 111  Is 
shown In Fig.4.8. From this figure it can be observed that for 
a rated voltage (29V doe*) and normal loading conditions (R load/ 
Ti rated ,S 0.667 ), the current is permitted  to be limited to 100 U. 
for short circuit at the output while for (Ti load/fl rated 0.,667 
the current limit is set at 130 % for an overload. Thee* limit 
characteristics are called as "told back's  and are incorporated 
to provide current values !rester than rated for starting surges  
and also allow currant reduction to protect the switching tree 
eiitor during the action of circuit protection (i.e. currant 
limit and trip out). 

However,, it wou3,d be impractical to design the power 
controller to dissipate, such a largo ami of power on a conti-
nuous basis#  hence a trip out circuit is incorporated to turn-
off the power switch If the overload or short circuit conditions 
prentls for a long tin** Also an indication should also be 
provided for this tripping. A trip characteristic for short 
circuit and/or ov'erroltage for the do** power controllers is 
show, In ' g,*  4. f. It should be noted from t this figure that a 
miniwa to max. trip time oft to 3 seas is provided at 29 V 



1v 

for short circuit or o erload which is practically justiti.d 
because this ti *e gust be long enough to prevent nuisance. 
tripping ;use 1 by transients of very very wall durations. 

+. rw j rlts 	► ' 	iO!_ LSIflPUt of W.M. Inverter I,  

Normally the direct current absorbed by the inverter 
trot its supply source is not quite smooth* Wither If the 
voltag, regulation is incorp at ed within the inverter i.t r+sl f 
and the load is inductive ; the went in the supply source 
is either alternating or oiipp.dt2 1  as shown in Fig.4*1O. 
B sically the power absorbed by the nvert.r from the supply 
source is equal to the product of the mean caret and the 
supply voltage. Dat the r.m. s, value of the supply current is 
n©r* than mean value and the losses cur g in the internal 

resistance depends upon the ,r*m,►s* due. Rema to reduce 
these losses filtering at the Input of the Inverter is essential. 
The filtering at the input of Inverter is p rovid+rd normafly by 
a L"C filter. That capacitor absorb the &*a. owipou.bt of the 
Input currant. ale across th. inductance, the &*a. voltage 
is only bsea,us. of a.c. component of current being absorbed 
by this capacitor, which is substantially szaU. However, If 
the voltage control is achieved by puls, width modulation, the 
value of capacitor reduces. Dat, for an inductive load the 
energy of the inductance is to be absorbed by the capacitor in 
any case which Is sufficiently large. How* if a t-+C filter is 
incorporated with a P.W.K. inverter feeding an inductive load 
such as motor, th,. energy required to be stored in the capacitor 



gold be significantly large and consequently a larger &.a. 
voltage will appear across the inductor that would lower tha 
regulation and also reduce the efficiency of P.W,W. inverter 

"oma 
fed induction drive• Hence for a P.W.M. inverter operating on 
stiff dre« a pply ,# only capacitor is used for filtering ft 

regulation of energy stored in the inductive load. 

Pirtber for the P.W.I.. inr t * ted with reotit1 , 
a capacitor at the input side is indispensable, since r.c tim,  

tier pests no current reversal. 
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5*1 v.for~ts Observed at Various Points In Ccntr 1-.%1 

In this s.otion, the Various vay.forees observed paraCti-
eally at different paints in the circuits blues of the control 
unit *, are shown in .g.3.1 i« (Chapter II through photographs 
Cl 3 to (71. The . -diagras of the control unit is depicted 
in g*3,.t ~ (Chapter"►I. The description and coamants of the, 
waveforms and photographs are as follows $ . 

The waveform at the output of voltage to frequency 
converter Is depicted in Fig.3.)+ CbaptsriI (as qO vs t) and the 
tringu .ar charging and discharging of the integrator 1-1 is bow 
as (sa vs t). As observed In waveform#, vs t, the discharge 
two to is small as compared to charging time tO -p hence. the 
output is not a square wave, but train at sharp pulses, 

Those sharp pulses are convert ad to square pulses and 
then to a sort or three sequential pulses A0,1Q CO, through a 
thro ►stop counter (as shown In block-diagram Ftg.3.1). The 
Pulses A0 to So to C, appear in succession one after another 
and are shown at (1 , 1 ' and 63 in " g3,14. Also a set of two 
such pulses observed practically,, 3s shown photographed in 
Photo E41. It is Clear from this photo that 30 (lower trees) 
follows in succession with tt0 (upper trace) . Now ,g.3. i 4 
shows the ways forms QB a /`2 and q at Qand() respectively 
that are the square pulses and generate a square wave R for 



A.' 

III 

phase It at (. Again these square pulses for phase Y,  
and ., are shown it Q and 63 and square wave " at Q resp.-
attvdy. The square pulses f~4 and s̀q that generate square 
waves for phase a► R and phase • Y. are shown in Photo t21, as 
photographed practically. Froi this photo it can be clearly 
observed that these sequars pulses have a phase o► displaceaabt 
of 1200. Th.s* pulse* are used to generate to sq .re pulses fl 
and T$Q having again a phase displacvseit of 12O. 

The wavefo s at Q and ® Pig. 3. t t show the generation 
of sip quenching pulses as required for an analog integrator 
(Fjg.3.1 ) employed to convert the square wave R Q to a triane  
gular ►.ve N shown at M. The similar type of quenching pulses, 
generated for an integrator required for p a+"!O are shams at 

" and (3 in 8.3.14. Further the triangular waves i ani YT 
are converted to sins warts R5 and YS thresh triangular to 
sin* wave to sine wave conv sr (Pig. .13) and shown attend 
8' in flg.3.t. ftg.3.11i also depute the various waysforns for 
the generation sin* uses for Phase-8. Pbotograpb 3), shows 
sine waves gtner t.d for R-Phase and Y'Phase respectively at 
50 Iz. This photograph shows cl.arry that there Is a phase 
shift of 1200 between B5 (the wave start;!ng fro* point below 
the zero line In the photograph) and YS(tho wave starting, 

a point above the zero line), Stuilaly Pboto 4ti 
depicts the sins waves as and 8a at about i c/s. Again this 
photo 	s that there is a phase shift of 240 between 
and 3$ where 9 In the wave starting from a point above, the 



PHOTO- [5) WIDTH MODULATED PMgg 
RA 	A#  

M.I. 	O.(Approx. ) 
M.R. = 24 
fs  = 50 HZ. 

PHOTO- [ 6)  'WI DTH  MO WLAPE D_ PMS 
TRAINS (A, C/A27) 
.I. 	.2(Approx») 

M.H. =- 2; 
fs 	25Hz 

PHOTO- (7 ]  H OH FQS  sUPP ERIM '0 $SD 

TRAIN 
M.I. = 0.8 (Approx) 
M.R. = 2'# 
fs  = 50 Hz 

x 
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zero tine and. H3 Is the war• starting from a point ba ow the 
zero line. 

The, there phase sine wave Is odulat.d with a triangula 
wave with a trequ y ratio or Mod tion li,tto (R * ', I 
2 or 12 or 6). The pulse width modulatio&_ is achieved 	a 
circuit as shown in Fig.323. The Fig.3. 24 shows that A1C or 
► are the width modulated pull. trains, for each half of.- a. 
cycle. 	Actually , A1C is a Width modulated,pulae train for 
positive halt of a cycle of ret rei a~. sin* wave. This pulse 
train AC with a Modulation Index 04.1 a 	iA. 	where A. a 
Amplitude  of ref orw t sine wave and AT a Amplitude of trig 
lar carrier wars) of 0.6 (approximately) and LR. * 24 is 
shown photographed In Photo4 3 at reference sin v• frequencyr 
of 50 Hz. Also Photo.C61 depicts the both of width modulated 
pulse trains (A1C and A2  " # flj.3.24) for a ' .I * 0.2 and M.R  

2+ at refero. sine wave ft.quency of 25 fl* (approx.) 

'toner width modulated pulses are transferred from 
4ectronie control unit discussed In Chapter III to Power t,t 

( pt -I `) * through a Pulse Isolation  $ehme# shown in Fig. 
3.25. As described In section 3.40 , k 	a very high frequency 
carrier (us compared to width modulated pulses) Is raper imposed 
on th• width modulated pulses *, C or A. . These high frequency 
width modulated pulses art transferred from control unit to 
power unit through pulse transformers. Photo-VtI, shows a 
high frequency (about 	K(S) superimposed width modulated 
pulse, train (A1C), &&phase appearing at the, collector of Q8. 



PHOTO-[81 INVERTER OUTPUT ACROSS 
RESISTIVE IL©AD 

10 ohms M.I. = Q. ~F (Approx.) M.R. = 2f 
t9 = 25 

PHOTO- (9) INVERTER OUTPUTAC R~O S_ 
-NDUCTIV .ORAD = 1 o ohms 0 L -= 50 nH. 
14.1. = 0.5# M. R. 	2tf 
f_ - 50 Hz. 



In this case sins wave of 50 lis is aodulat.d with M. R a 2+ 
and K,X a 0.8. 	. `th. widthmodulatedulses Air filled. 

40 
with a high frequency of about Ella s i~ aap4-

tz*M ebown in p t » C?) whore the high frequency carrier 
is not clearly visible but the pulse width modulation is clearly"  
visible. 

5#2 !ttoras ad Tat R+rsuits at P+at • 	# W. , 	a 	a~ 

As described in Chapt.r' IV, the power unit delivers a 
three phase pulse width modulated supply of variable fundamental 
operating fretjuncy and variable arsplitude. A sinusoidal seem 
voltage I s produced when this supply is fed to an inductive load 
cueb as induction motor. lasically the power unit epXoy power 
transistors that are switched on or off as per the wavefors 
(A10 or A1 ) driving the transistors T to T , for a phaa R. 
The output across the load (or motor winding) Is t pulse width 
modulated ware alternating in polarity ev. cycle (because of 
the power circuit configuration and driving pulse train as 
shown in Pig.+.1 and ng.3..21). 

Photograph-1819 show the inverter output wavefor* across 
a pure read stand• load of amt 10 cis in a phss 'fi i.e.  across 
3 rR2. The D.C. input to the power control urttAnv*rt er is 20V 
and is obtained after a rectification through a thr* phas. 
bridge r.eti 'i.r and a L.0 filter consisting of an Inductor of 
about 0.15 	and a capacitor of $000 ` and are calculated 

QS 
from the mp erical forsula t '2- 5 3,) ( ripple a (1 .33)/f,C for a 

three phase 50 c/a supply fed bridge rectifier, where, in 
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Hanery, C In pF• Than L for 2 7 ripple is givst by 2 (1.33) / 
Lx5000a0.13388or15alO. 

[Power supplies for 1lootronics Equipments by J.fl. rioki] 
This recUiflor/fjltsr supply Ries a correct -value of 2 % ripple 
when loaded upto 5 Asp 4tb a, resistive lo*►d* 

Photo (8], depicts an inverter output voltage across a 
r esi stiv. load for a LR. of 21+ and K I a O.# %'**p roz) . Eros 
this photo It is clear that the output wavefors is similar to 
the wayei,ris of switching pulses ti.. a width *odulat ed pulse 
train Ai  c  or A2  . The amplitude, of pules trains (width s duly -
tsd as per' 4 * A1C or A1  ` appearing for each half cycle 

alternates ib polarity ovary c ycsls and have a value of about 
19 V to zero and zero to -m 19 V respectively. lurth•r it can 

be observed that s- Ci) The top level ( . peak or -ve peak) 
widths and zero level widths of the ppulses# are straight lines, 
because of the filter circuit being prided at the input of 
the purer control Wit, (ii) There Is a reduction in peak value 
of amplitudes of the pulses* The peak values are 19 V and 
thus, a drop of about IV occurs on each polarity that is due 
to the pulsating voltage of *bout I Volt appearing continuously 
(during invert.r operation) across the inductor used in 10C  
filter. The pulsating voltage of IV.p 'p  appearing across the 
inductor Is because or the pulsating current dra ia. by the 
resistive, load conn ed across the 1nvert.r output (i.e. R'1" 
R) r ,d Is also Justified from the calculation that Is as p* 
follows#- Let us assume the pulse train of ay.rsg. frequency  
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of i xiis (i.e.  2 + times to 50 Es which Is the fundamental 
operating frequency of the invortir ). Then for a currant with 
a total r.a. s value of approz.1 r 0 amp and total i.* s s voltag s of 

* Ut 10 Volts (as observed through dynamometr typo, a et or 
and voiteetar); the voltage appearing across the Victor L 
Co*25 ) to V 0 WL.i(r«m;s) a 2r*#QOO z 0#15 x 1O"3 2 1 a 

1.0V(spp x)..-) The value of total. r.*,s s** voltage 
appecring across the load of 14*1 * 0.5 and with Lit a 24 as 
read by a dynaniotaet.r type voltmeter is 10 volts. Now It can 
be vari 'i.d from the table 9.12 pp.219C1+ ,(that gives the 
harmonic content of a sins modulated unidirectional wave) that 
for a M.I *0,1, and 14. R a 20, total harmonic cent ant Is 
50.2 'A of the d.c supply. fie* a dynamaseter type, of instru. 
rents read * total r.n. s value of an electrical quantity 
(i.e. er r t, voltag, or watts) * 1s the, inverter output vs i 
tax* read by a dynamometertype voltaeter in this case (where 
a M,.1t * 21, and 144. a 004 Is rile add) to a mess ur* of total 
harmonis eontent. This Voltage, is read as IOV Which 1s 50 "/. 
of the d.c .input and is almost equal to the value given by that 
total harmonic content in the case of a Stn* modUlat od. (~ 
directional rave ', /3'i, a 20 or 141% a20 and As /AT 0,1+ a 14,1, 
This equivalency leads to an Important conclusion that the 
sin. !iodulatod wave appearing across th. load in the P.W.M. 
Inverter dsrslap +ed and fabricated In this thesis produces an 
output rave that shall hope a harmonic pattern equivalent to 
that of a sine, modulated wd..dir.otional wart. This couclusi- 
on is further supported by the following discussions- 



It should be observed from ?ig. 3.2r(u) of pule width 18o 
dulator in electronic control unit, that the pals• width modu 
lation of bt' di..ractioonal or two level typeftn every half cycle 
of a fundamental operating frequency) La achieved by modulating 
a reference sine way with a bidirectional tbiangular carrier 
wave as described In section 3.33C ptsr III. These width 

modulated pulses A1C or A IU Uc lovel btd.rsational P.W.M. 
nature are used to drive the power transistor T1 to T in such 
a way that the puts* width modulated output of Inverter altar- 
nates in the polarity every crass. Thus even though the pulses 
in every halt cycle have their widths ftlated as per two- 
lav*l/bisdirscttonal modulation but because of the alternating 
(vv. to sero ar zero to -v.) nature of tb. output wave, the 
output shall have a harmonic pattern equivalent to that of a 
unidir.cttonal or threw level type of P. W.14, X ;gala It can 
s observed c t e dab .a 9.1 ~ gives (harmonic content of 

sins modulated unidirectional wave with tT /tS*2Q) and table 
9.23 (that also gives the harmonic content of a *Int modulated 
bi-directional wave, with f t 2O); that(,. 

.) The harmonies I to 20th are present is output in the came 
of bidirectional or two legal modulation while in case 
of uni*d1r,eti l P►W.M. all the even harmonics are 
absent and others are present.. 

(i1) The amplitude of all the harmonics I to i !' (as shown in 
table 943 for bidirectional P.W.M. wave) are smaller 
then the a rlitud es of the corresponding harmonics in 
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case of unidirectional P.W.11.(as shown in tables 9.12). 

H+ma s it is concluded from the above dtsussion discussionand 
covzperisian that the output wave of the P.W.M. inverter 
(develop ed and fabricated In this thesis) have utilized both 
the advantages of a undi.roctional and bidirectional P.W,M. and 
are$+0 

(1) that all the even harmonics are eliminated from the 
output wave.. The elimination of even harmonics is 
mainly due the u idirectional nature of the output 
wave. 

(2) that all the harmonic present in the output (except even 
harmonics that are dittinat.deliminated as stated above) have the 
sr .lest posse • amplitudes. This is due to the bi. 
directional type of pulse width moduletian being adopted 
to generate the width *odulatsd pulses such as AtC  or 
Ali as shown in rig. 	0 

Photo [91 dapiats the► output waveform when the Inverter 
is fess a 14-L load. The load consists of an Inductor Of the 

'value of 50 m.1i and a parallel resistance of 2 Ohms. The 
waveform shows that: 

(1) The top Or bottom Widths of the pulse &as in a halt 
of the Cycle are, almost at the San* voltage -leve. as In 
the case of resistive load„ (as shown in Photo-(8)), 
but are wary In nature instead of straight line,as is 
the case of resistive load. This is because of the 
reason that only condenser is connected across the out-
put of rectified supply and the rea r nature Is because 



of the 'fipple presented in the supply when inverter Is 
feeding the load. 

(2) The zero line width are shown shifted downward in one 

halt and upward in the other half* This shift in zero-
.ins widths is due to inductive hature of the load.The 

magnitude of this shift actually depends upon the value 
of inductance of the load. Larger the Inductance#  more 
would be the bhift In zero line width. 

(3) The shift In zero-line widths#  basically indicate the 
flyback action or the application a reverse voltage 
appearing across the load because of stored energy in 
the Inductor or the any other inductive Load such as 
winding of a.c. motor# The fly-back action actually 
takes place during off-period of switching pulses that 
is when non of the transistor is in conduction and the 
load Is removed from the supply. The atoracen.rgy in 
the Inductor or the em.f of a motor winding thea circulate 
the current  through fres-wh.eling diodes during this 
period (i.e. the period in which Transistors Tiand T , 
or T2  and T3  are not conducting) and thus apply a 
reverse-voltage across the load* 

.2.t Itwerte Operation on Load'- in this section the performance 
of ThreePhase  PNW.1. Inverter developed and fabrtcated (in 
this thesis), is observed by operating the inverter with a 
variable resistance* An experiment nt was performed with the 
observations as follows 

Ii 



ii 9 

(a) aonditiox~aI- 

(i) Modulation Ratio f /f3 ca 24-W) Operating 
fr.qulNtoy of inverter * 50 Hz (iii) Modulation Index 

(A3/ J) a 0.8 (iv) Input Supply Inverter a 20 V.D.C. 
( Input supply is filtered through #f C Filter; with 
L a 0.15 m3. and C a 5000 uP) (v) Resistive load 50 ohm,, 
$A `Variable). 

(b) Observations on Resistance Load'- 

The inverter was found to operat satisfactorily on 
resistive loads with a loading current upto 5' 	(marc. ) 
in all the three phases* A load test performed on. phase 
.» R is tabulated baby in Table►'A', 

1.  20 0 15 40 0 

2.  20 1.3 13.5  *0 0.5 
3.  20 w 1.4 13.5 -0 1.0 
4A 19.5 21,0 1.85 1.8 12.8 14.0 2.0 
5.  20.5 21.0 2.75 2.6 12.5 13.0 3.0• 
6.  20 22.5 302 3.15 10.5 13.25 4..0 
7• 22 23.5 4.3 440 10.5 12.5 5.0 

The following infersices can be drawn from the tablo'A't- 
T i) It is possiblea to load the inverter upto 5 Amp giving 

proper operation. 
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(ii) The observation of 'ado reveals that voltage fall* 
on loading after 2 Amp.. The reason for this is that the current 
drawn from D.G. supply Is pulsating at about 1200 Ms at . which 
drop across the inductor in filter circuit goes on increasing 
with the load. If we observe the input supply D.0 voltage on 
C.R.O. it can be seen that on no load or loads upto about I Amp 
the supply r emains pure d.o but after 1 amp say 2 Amp to 5 Amp 

there is a modulated weave super imposed the D.0 supply. This 
super imposed wave have the waveshape as that of the switching 
pulses and there is a dip in the d.* voltage during the period 
the load current flows. This dip causes the average d.o value 
to be decreases as show'ifor V 1 No.4 in the table "" A". . Hence 
in order to compensate a slight boost in d.o voltage is required 
so as to maintain average d.*. supply voltage constant. Actually 
the values Vda 0 are obtained after compensating for such dips 
by increasing the d.c. supply slightly and observing on Cpfi 0. 
the wave shape of d.Q. supply. ' The d.o* supply is adjusted 
In such a way that average d.a. rnaina substantially constant. 

Cilli) On observation r of Vac and Tao' it it evident that 
the voltage. across the load remains substantially constant and 
there 13 only I Volts difference between ~tao 13.5 and 
12.5 at 5 Amp. Thus the regulation of the inverter is quite 
good that is about $ % from a load of 0,.5 Amp to 5 Amps. 

5.2.2 Pictorial Vies at Electronic Control t it and Power Control titI 

Photo E101 and (11 11 give the pietortal views of itsots 
nic control unit (described in Chapter III and acct* Power Control 



ibit (described In Chapter IV) Photo[103 clearly dsrpitts the, 
printed circuits cards * fabricated and mounted on plus-in 
printed eard convectors for better reliability, easyness In 
testing,, repair and interconnection of different cards. The 
card No.! from front panels contains the circ tary for V`C and 
3-step ring counters card N'o.2 and No.3 for square pulse to squ-
ars wave to sine wave converters$ The ith, 5th and 6th cards 
contain the circuitarr for Pulse Width modulation,, while card 
7th (last from rear panel) contains a dhvider (to obtain proper) 
modulation ratio and a triangular carrier generator and is 
shown lying flat and connected to its connector In the cabinet 
through a card connecting chord. Th. big printed circuit card 
No. 	 the, rear of sora 	

G[/L6GC L~07 
~ 	 ~f'~~ ~3o2'~t~i !~ the total  

for circuit Isolation and there are 6 pulse transformers 	in- 
ted on the bottom of this card,* 

Photo. It gives the, complete view of parer control unit 
employing power transistors with a act of two power transistors 
connected in darlington pair and mounted on the same heat sink. 
The heat sinks for power transistors are mounted with flat face 
(vertical) and tour horizontal fins to give sufficient area for 
cooling the power transistors which are the main source of heat 
generation while switching ON and OFF. On the flat face of these 
heat sinks, the power transistor are mounted with proper thermal 
contact with the sink. Finned type beat sinks are used for free 
wheeling diodes Th ► snubber citeuits and fuses are provided in 
the space loft between the mountings of power transistors. 



12 *Y -k 

The air core choke coil niade of spiral shape coil of coppe 
wire with a resistances and a diode connected across it es a4o 

The preamplifier or drivYia also clearly visible that 

consists of a transformer as shown in Photo and a not of three 
equivalent cards used for providing sufficient bus* drive to 
the power transistors. 
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CHAPR v1 

Pros the toot results it is clear that practically it 

is Possible to run a ; i i ov, 0.5 JCVA, 3 0't, Induction motor with 

the Three Phase solid state P.W.M. Inverter ( cloying power 
transistors as edtchtng device) . it Is also possiblea to vary 
the Speed of the induction motor by supplying  a '0 V. D,C. to 
the Inverter and maintaining a M.R = 24 (f./f 8 ) and M,,X = 0.8,, 
simply by varying  the fundamental frequency of operation i.e. 
f'. through the variation of a d. c . control. sigma V1 . The 
variation of d.o. control signal basically varies the frequency 
ofVJ. C. and consequently the fundamental frequency. Since 
th• speed of an induct .on motor can be varied by the variation of 
frequency of the 30 supply•  hence it is possible to vary the 
t3p*od of the induction motors  from 10 ''4 to t Gtr "l of the 
rated no-load speed by variation of P.W.M. supply frequency 
from 5 Es to 50 Hz. The speed variation is observed to be 
quit* smooth through out this speed range• 

However It could not be possible to operate the Inverter 
motor-drive at P.W.)4. supply voltage of more ttaan tO Volts 
because of the lower voltage ratings of the power transistors 
but th• motor could b4 loaded upto 4 Amp. The loading of 
motor at a fixed frequency and proportional fixed voltage of 
Inverter output, t i. a. 35V at 25 ib.) however could not be 
performed because of the large impedance of the motor winding 
and consequently a substantial voltage drop occuring In the 
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Winding imp sdano. and therefore reducing a available air-gap 
power ur torque on the rotor* Hama the load test on the invert M 
motor drive, operating In open loop configuration but fed with 
constant I'/f condition could not be performed and thus motor-► 
characteristics while operating an the P,W.)4. Inverter could 
not be evaluated. With the availability of the high voltage, 
large current rating power transistors (such as 800V,, 30 Amp) 
it would be practically feasible to control the apsed of oonvewo. 
tional 	'P, No  Squirrel cage Induction motor upto 10 IVVA or 
more#  b employing the San* power unit simply r by replacing this 
existing power transistors (2N 305) by high voltage and current 
rating power transistors and also the same electronic control 
unit to control the speed of the induction motor f'ro* 10 '/.  

. to 100 "h of the rated speeds 

in order to obtain a constant T/f operati of the 
induction motor drive • employing a solid state P.W. 14, inverter 
developed in this thesis$  some modifications In the, electronics 
control sobome are required such aa$ 
(1) The amplitude control of the reference sine wave R,„T5  or 

BSO  that in the presont case is achieved through three pot* 
cuti s ern (one in each phase), should be replaced by 
amplitude control empigying  Analog Multipliers (chip 
reoorniended in section 3.2.Z). The employment  of analog 
multipliers for amplitude control of three phase reference 
sine waves if re o endod because of the M reasons$- that 
it would pr .de a , 	+ linear smooth amplitude control 
of constant amplitude,, 30` sine waves  simultaneously with a 
**tea control sill V2, that Is the basic requirement for 
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obtaining the constant V/f operation of an inv r er and 
d.~:aved 

practically could not he zaWftod in this thesis mainly 
because of noz availobility of Analog Multipliers ham 
a good linearly (of the order of OJ %). A good linearity 
is the basic requirement to have a precis, control of arnpli' 

tuds through a control signal V2 i.e.. 0 to IOV signal for the 
amplitude control from zero to sax. of I OV. 

C 
(2) So*s control circuits are required to be disi fined afld 

developed for the following purposesi- 
(a) A oirouitary► to provide an overload/short circuit 

protection eraploying a current fssdbook. A voltage 
proportional to they current can be used to provide this 
protection as well as to reduce the d.formation in the 
currant wav,t3 ) as shown in Fig.3.21 that norMU7 
occur at low p.r'. loads* 

Ch) A phasersysr cirouitsry to provide a counter currant 
braking (plugging) Condition. 

Cc) A circuitry to maintain a definite ratio between the 
two control signals V1 and V20 such that the frequency
varies with a direct proportion to the amplitude is. 
a constant V/f condition. 

(3) If a completely automtic speed regulating system (as 
shown in Rig.2.13) required. The following circuits are 
required to be d®relopodt 
(a) (i)speed controller (ii) Aotir. current controller. 

(iii) Start Protection Device (.v) Flux controller, 
that compares voltage and flux sensed through voltage 
and flux transducers. 



(b) A processing unit that continuously Observed the the 
ab v. parameters (v, fp RST  and N.) and process then 
to give the control action and the s+ itching pulses to 
the power unit or inverter. 

Thus in this thesis the practical fbasbiltty of 
eaploying the power transistors In place of th istoz (as 
switching dunce),  in Solid Stats inverters is observed, , h. 
esploya+nt of power transistors results in rai:ativOly simple 
control schema to obtain a constant V/f operatIon as compared 
to thyristor which reqtires Comparatively more complicate 
control schema because comutation is to be provided for every 
switching. Thyristors also require the hul y►.en.rgy storage 
circuits for commutation purposes and thus increases the bulk, 
rate weight and complexity of the statically cont ll ed equipm t . 
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