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ABSTRACT 

This dissertation concerns an induction motor 

drive feel from a constant current source realized by a 

3d,~* full controlled rectifier feeding a 30 inverter. It 

describes the analytical and experimental studies of the 

drive in the steadyp•s tale operating condition. 

The wort in the begining describes the progress 
f 

made in the field of current source inverter. fed induction 

motor drives so far. The various configurations of currentS-

source inverter are discussed in Chapter II alongwith 

the current source inverter operation in auto-  sequential 

mode, 

The requirement of firing pulses for auto•~seque• 

:'tial current source inverter ar~ discussed in Chapter III. 

In this chapter a suitable firing circuit which fulfills 

the above requirement is also developed. The design of 

the different blocks of firing circuit is given and oscill--' 

ograms of firing circuit are discussed. The guide lines 

for the selection of 'various components of the drive are 

presented in Chapter IV. 

In Chapter V, the system equations i.n oncordia's 

per unit system are developed and a suitable .mathematical 

model is formulated for steady•-state analysis of the drive. 

Chapter VI deals with the steadv°state analysis of the 
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drive. The system equations are written for stead T--s tate 

operation and solved with the help of computer to obtain 

the steady—state performance of the drive with slip as 

independent parameter at different p.u. operating f.requ•--

encies and d.c. l.in1 currents, results of this analysis 

are plotted and discussed. 

The results of experimental investigation of 

he fabricated system are presented in Chapter VII. 

These incorporate the experimental_ observations and 

oscillograms of current source inverter at resistive and 

induction motor load. The observations at induction 

motor load are obtained at different operating frequencies 

and d.c. link currents. 

The experimental oscillograms incorporate the 

oscillograms of line voltage, line current and of voltage 

drop at different points of inverter circuit. 

The oscillograms of line voltage and line 

current are compared with the ideal one and causes of 

discrepancies between the two are discussed. The effect 

of change of load and operating frequency on voltage and 

current waveforms is also shown with the help of oscil..lo-- 

grams and discussed. 
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LIST OF SYMBOIS 

H 	inertia constant of induction motor in second 

G 	'aced power output of induction motor 

I 	current in d.c. link 

J 	polar moment of inertia 

P 	number of poles 

lar 	d.c. link inductor resistance 

T e 	electromagnetic torque 
c 

TL 	load torque 

Vas'VbsSVcs induction motor phase voltages 

VI 	inverter input voltage 

VR 	output voltage of controlled rectifier 

xCO 	commutating reactance 

inductive reactance of d.c. link inductor 

Xm 	mutual reactance at base frequency 

`,r 	rotor self reactance at base frequency 

XS 	stator self reactance of induction motor at base 

frequency 

f b 	base frequency in Hertz 

ias,ibs,icsstator phase currents 

rr 	rotor resistance per phase 
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rS •stator resistance per phase a 

t time in seconds 

VI  input voltage to inverter 

a firing angle of controlled .rectifier 

angular position of synchronous reference fr me 

e angular position of rotor 

wb  base angular frequency 

6)r  rotor speed 

Wsl slip speed of induction motor 

s slip of induction motor 

suffix 0 represents variables in steady-state operation 

suffix b represents base quantities 

suffix d, q direct and quadrature, axis quantities 

suffix r rotor quantity 

suffix s stator quantity 
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CHAPTER I 

INTRODUCTION 

1.1. LITER\TURE REVIEW 

The aggregate of electric motor, the energy 

transmitting shaft and the control equipment by which the 

motor characteristics are adjusted and their operating 

conditions with respect to mechanical load varied to suit 

particular requirements, is called an electric drive. The 

drive together with the load constitutes the drive system. 

From the very begining, d. c. motors have been 
V 

considered workhorses in industry for variable speed appli•- 

cations. Though the control principle and the converter 

equipment are somewhat simple, the dI.c. machine has the 

following drawbacks. [17] 

(i) increased cost for KVA and decreased power/weight 

ratio as compared to their a.c. counterpart 

due to commutator, 

(ii) accentuated sparking at high currents and speeds, 

(iii) limited armature voltage rating, 

(iv) limited armature current rating due to commutation 

problem, 

(v)' 	unsuitable to operate in dusty and explosive 

environment and require frequent maintenance, 
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The above deficiencies obviously cannot be 

tolerated in many industrial applications. A. suggested 

alternative is to use a cage induction motor, operating 

at variable frequency and supplied from a static frequency 

converter, ~ The use of'a cage induction motor has the 

following advantages: 

(i) Its construction is simple and robust 

(ii) Comparatively less cost per KVA, as compared to 

d.c. counterpart 

(iii) The power/weight ratio is about twice that of 

d.c. motor 

Although the cage induction motor has the above 

advantages, the cost of control equipment is considerably 

higher and the control to c1Tniques are very complex. The 

research and development efforts in a c. drives technology 

has been focused recently on solving the above problems. 

As a result of availability of improved voltage and current 

rating thyristors and the trend of their prices to come 

down day by day in the rscent years, people have shown 

considerable interest in variable speed induction motor 

drives and in the recent years, many new techniques, suit-

able for speed control of induction motor have been developed. 

The basic well knoirrri techniques through which 

efforts are made to obtain a suitable variable speed 

induction motor drive are, 
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(a) Stator voltage/current and frequency control 

(b) Rotor power control 

(c) Stator voltage control. 

(d) Rotor impedance control 

Among all the above control techniques only 

(a) and (c) are applicable in case of cage induction motor. 

At steady-state, an induction motor may be 

characterised by a transformer equivalent circuit and the 

following approximate performance expressions can be derived. 

(VS/we)wsl 
N 

Is 	Ir 	(r2 +.1lLlr)lf2 	 ...(l.l) 

Here cis 1 = 

N 3P (Vs )2 ~sl Rr 

T̀  u 	2v  We 	~2 + r  sl lr  ...(~.2) 

r.~ 

PoN 3 12 R(vie -1) 	 ...(1.3) 
sl 

V 
K ''g 	e 	 ... (1.) 

Where all the symbols are in standard notation. 

From (1.1) and (1.2) torque per ampere may be expressed as, 

T 	Vs 	R e N 3P 	r 

is 2 ~e (R + Usl L)2/2 



The various speed control techniques are now 

reviewed in brief, 

Stator voltage control technique provide a 

simple and economical method of speed control of cage type 

induction motors. The drive system characteristics are shown 

in Fig. (l.l) with variable stator voltage but at constant 

supply frequency along with a load torque curve of a pump 

or blower type load. The motor with high rotor resistance 

is normally used in this method of speed control, which 

correspondingly, causes higher copper loss in the machine. 

This may' be expanded as below [5].  - Assuming 

sinusoidally varying quantities, the average torque produced 

by the stator field reecting with rotor current is given by, 

12 p 

TN 	 r = 	s r 	 ..,(1.6) 

where TM is the motor developed torque. 

Neglecting the magnetising current associated 

with the stator winding, the input current (Is) is propor-

tional to the rotor current. Consideration of how the rotor 

current varies with slip will therefore indicate how the 

rotor and stator I2R losses may vary. 

12 R 
s r _> T~,I 

Considering a fan load, the load torque will be 

proportional to the square of the motor speed. This 



1 	Speed control range 

0.' 

d 0. 

0. 

Speed (p.u.) 

Fig.1.1_ Variable voltage torque - speed curves . 
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proportionality gives, 

TL a (rotor speed)2 a (1 _ s)2 

where TL is the load torque. 

T'\Tow- at the steady operating condition the motor 

and load torques will be equal. Therefore combining the 

equations (1.7) and (1.8) we get, 

I a 	
s) /' 

S /Ftr . . . (1.9) 

The equation (1.9) points at the following two 

conclusions; 

(i) The input current increases as speed is reduced 

and becomes maximum for fan type load when s = 1/3. 

(ii) 	The input current is inversely proportional to 

(rotor resistance)112 i.e. Is a 
✓~l_ 

Fig. (l.2) has been drawn to illustrate the 

increase to be expected in the input currents of fan motors 

controlled by varying the supply voltage. Using the curve 

in fig. (1.2), it is seaan, for example, that a motor with 

a normal full load slip of 12 percent will have a maximum 

iaput current about 25 percent greater than the normal 

full load cu.ccrent. It can also be noted that rotor and 

stater losses will increase by about 56 percent. 
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The conclusions to be drawn from the foregoing 

theory can be summarized as follows. If the rotor resistance 

is low and motor full load slip is also low, then heating 

problems of the stator winding may be expected as the 

speed is reduced because of the large increase of input 

current. The best practical solution to this problem is to 

use the machines with high resistance rotors. 

One of the methods to accomplish above said type 

of control is the variablekvoltage control by thyristors 

[2, 3] used for sybsynchronous speed control. In this 

scheme, normally one pair of SCRs  connected in inverse 

parallel are inserted in each of the three phases of stator 

winding and the effective voltage delivered to the motor 

can be varied from zero to full supply voltage by contr-- 

oiling the conduction periods of the SCRs. The motor is 

subjected to a chopped sine•-,,rave voltage and the supply 

currents also have a high harmonic current, but satisf ac•• 

tort' operation has been achieved with small and medium 

sized induction motors up to 100 h.p., or more. Stator 

voltage control is cheaper to install but operating efficiency 

is poor, and de•-•rating is necessary at low speeds to avoid 

over heating due to excessive current and reduced vent*.l-.-

ation. Therefore this technique is normally used for 

fractional horsepower drives, and also for a. c. 	powered 

cranes and hoists where large torque at high slip is 

only demanded for intermittent portions of the duty cycle. 
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The most versatile method giving efficient wider,  

range speed control is the variable frequency control of 

induction motor L2, ii].  The variable frequency supply 

alters the synchronous speed of the induction motor. 

Induction motors used in the static variable 

frequency drive systems have the operating characteristics 

and features which meet the requirements of modern variable 

speed drive systems. Some of these are the capability of 

operation at ver;T high and low speeds, at high torque and 

overloads, in a constant power or torque mode, and in the 

negative torque region for dynamic braking. 

The variable frequency operation of an induction 

motor is obtained by the use of frequency converter. A 

frequency converter is a device that can convert the input 

supply to an a. c. supply of variable frequency and variable 

voltage. The rotating type of frequency converters were 

used previously but now they are "bsoleto and are replaced 

by the solid-state frequency converters. 

The static frequency converters are divided 

into two categories; 

(i) Cyclo converters 

(ii) D,C; link converters 

A cyclo converter converts a, c. supply of fixed 

frequency to a lower output frequency through a one step 
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conversion process. It can be programmed to generate 

variable voltage 9  variable frequency power to drive an 

induction motor. The output frequency range is limited 

to one third of the supply frequency and therefore the 

drives employing cyclo--  converters are suitable only for 

operation at low frequency. The output voltage of cyclo-

converter contains complex harmonic patterns. However one 

advantage of cyclo--converter drive is that regeneration 

is mZple and the system can be easily designed for four-

quadrant operation. The cyclorconverter drives are normally 

used in very large power applications. The cost and 

complexity of power and control circuits make them uncomp- 

etitive with other classes of drives in general applications. 

A d.c, link converter is a two stage conversion 

drvice in which power from the a. c•  network work is first 

rectified to d.c. and then inverted to obtain a, c. voltage 

at variable frequency. This type of inverter can operate 

over a large frequency range and is suitable for wide-

range speed control drives. However this type of inverter 

employing thyristors requires additional commutation circuits 

and is, therefore, complicated. Also for regeneration 

capability, it requires additional circuits and hence, the 

cost and complexity are increased. 

In general for wide range speed control where 

regenerative braking is not essential a d.c. link conver-

ter fed induction motor is the best choice. 



If the stator supply frequency is increased to 

increase speed of the machine, the airgap flux is reduced 

which correspondingly reduces the developed torque of the 

machine. If speed control is desired with full torque capab-

ility , the rated airgap flux must be maintained (as in a d. c . 

shunt motor) , i.e., the supply voltage should increase propo.-

rtional to the frequency. :fin advantage in rated airgap flux 

mode of speed control is that the torque sensitivitt,r per ampere 

of current is maximum which permits fast transient response 

of the system. The torque-aspeed curves of induction motor with 

variable voltage, variable frequencies are shown in Fig. (1.3). 

The :motor used in this type of drive has low slip character-,  

istic which results in improved efficiency. Below the base 

speed (1.0 .U,) the region is defined as constant torque 

region, where rated firgap flux is maintained by a constant 

volts/hertz ratio resulting in constant pull out torque 

capability. At very low frequency, the stator ,resistance 

dominates over the leakage reactance, and therefore, additional 

voltage is impressed to maintain the flux. At base speed, 

the full motor voltage is applied, and beyond this point, as 

frequency is increased, the torque diminishes due to loss of 

the . aigrap flux. In this region the machine is said to 

operate in constant power :,Mode. 

Thus a control scheme in which the rotor slip 

frequency is directly controlled while maintaining the 

constant air--gap flux, the drive can exhibit a precise 

control and adjustment of torque at any speed. in a 



Constant torque region ----  Constant power region--~ 

Load torque 
(constant) 

j"~( ,Maximum torque envelop 

• • 

0. 

Torque-speed curve 
with reduced qI9 

1.0 

Speed (p. u. ) 

Load torque 
(varies with speed ) 

1.25 

Steady state 
points 

Fig.1.3... Torque - speed curves of induction motor 
with variable- voltage variable frequency 
supply. 
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closed loop system in which rotor slip frequency air--gap 

flux and stator current are, held constant the drive develops 

a constant torque at all motor speeds 1-2, fix. Thus with 

a control strategy in which the stator current as well as 

rotor frequency are controlled in order to maintain the 

air-dgap flux constant, high torque can be obtained through'- 

out the entire range of speed control. 

Nearly all static.a.c. drives built today can 

be described as voltage source converters, since the output 

terminal voltage is essentially independent of current. 

Recently, however, the useful features of inverters in which 

the current rather than voltage appears essentially as the 

independent variable have been recognized. In case of 

voltage source converters, we set the voltage and frequency 

which is applied to the motor. The motor is then free to 

respond within. its speed/torque parameters as the application 

dictates. Unusual load variations can, and often do, 

push the motor to its breakdown point or cause regeneration 

to occur in the converter by overhauling the motor. In 

either case, an untimely shut•-doswrn or damage to the motor 

or convertor results. In this respect current source 

converter appears to have inherent advantages. These 

advantages are [18,  32], 

(i) 	Converter grade S.C.Rs can be used. 

.:V(ii) 	Inverter can :recover from a direct short circuit 

across any two of its output terminals. 
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(iii) The inverter can also recover from occasional 

commutation failure. 

(iv) any fault on the inverter side causes slow rise 

of fault current which can be cleared by suppre-

ssing rectifier gates. 

(v) The ability of the drive to continue to operate 

in spite of the aforementioned conditions in many 

cases allows the operator to repair a component 

failure in the unit at some later, more conven-

ient time. 

(vi) The commutation capability of the inverter is 

load current dependent. 

(vii) The inverter•-•cccnverter arrangement is capable 

✓'of power regeneration. 

(viii) 	The control circuit is simpler and more reliable. 

In spite of several merits as mentioned aobve, 

the current fed inverter drive has also several limitations. 

These limitations are, 

\\(i) 	The frquency range of the inverter is somewhat 

lower, 

(ii) 	It is difficult to operate at no load since 

the commutation capability is load current 

dependent. 

m 
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(iii) The largo size of the d. c . link inductp.r and 

the commutation capacitors make the inverter 

somewhat bulky and expensive 

(iv) The commutation is dependent on machine sub- 

transient reactance which adds large transient 

over•-voltage at the machine terminal. 

`v) 	The response of th CSI fed drive is somewhat 

sluggish and tends to give a stability, problem 

at the light load high speed conditions. 

The cur:cont--source ,-,inve rters are used in single 

motor drives in medium to high horse power range. Although 

the multi:Motor oporatio.n is somewhat difficult, receT.zcly 

it is receiving considerable attention, 

The current-source inverts,: was first introduced 

round about 19641.32], and as shown in Fig. (1.4), is a J.C. 

link system. T h`nafterwards in 1972, Phillips, for the 

first time described in his paper _2I_ , a combination of 

power and control techniques for cul,='ent fey' induction motor 

drive which achieve x. c, drive features not available untill~ 

then, The current saurce inverter described in his paper 

is slip regulate.' for both speed and torque control. Iie 

has shown that the current • source/slip- .r ;ogulato. invertor 

(CS/SR) concept controls operation Cf the a. c. motor at 

its optimum torque/ampere rating point while maintaining 



13 

and enhancing its rugged simplicity to achieve torque 

limit, fast response, regeneration, and wide speed range. 

In 1973, Farrer and Miskin Is] showed that if 

a cage induction motor is fed with a quasi—square sine.-wave 

current, the motor terminal voltage is approximately 

sinousoidal under normal operating conditions. A simple 

analytical approach based on the assumption that the motor 

resistances and reactances do not change with frequency, 

is also shown to describe adequately th4 terminal voltage. 

They have also cdiscussed the numerous advantages of current-• 

source-i overter over the voltage- source--inverter. 

State variable steady state anal~rsis of ccltro-•• 

lled current induction motor drive was first attempted by Lipo 

and Cornell is 1975 [141. They derived the exact equations 

refining steady.--state operation of a controlled current 

induction motor _'.rive systen by solving the system state 

equations in the stationar - reference frame. They included 

the effects of saturation in tn:aQe analvrs;.s by using the sloe 

ratio method. They computed the electromagnetic torque 

and current pulsations for various load conditions and 

varified them ; ,cporiment,'lly. Ther have also discussed the 

similarties and differences between the torque slip char-

acteristic 01' current and voltage source inverters. They 

have s hni-,i that normal open loop operation occurs on the 

unstable side of the torque slip characteristic, if motor 

is to remain unsaturated. This necessiat`s the use of feed 

back control for stable operation. 
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Aftelc Lipo and Connell have shown that open 

loon operatiOe of current•••source •-inverter fed induction motor 

is not preferred Nelscn and Radomski attempted a simple 

closed loop s~ncame in the same year [is], Their control 

scheme uses two .feedbacl:k loops to control motor slip f.requ•-

en7cy and torque, First loop known as slip control loop 

measures rotor speed, adds in slip fregnency and provides the 

invertor with the correct s %nchr onous frequency to maintain 

constant slip. This loop enables the motor to operate at 

constant power factor over whatever load range is desired. 

The second loop known as torque control loop monitors current 

in the d. c. link, compares it to a reference input, and 

controls the rectifier bridge to maintain constant, current. 

Since motor -torque is proportional to current squared, this 

loop effectively regulates muto.r torque which is determined 

by the reference input. The above control scheme was 

simulated on an analog co. puler and simultJneously a 100 H.P. 

systeni was built and tested lathe laboratory. :hie to the 

excellent agreement between computer and laboratory resul ins, 

the above paper demonstrates computer simulation as an 

effective method for designing current-- source inverter 

fed induction motor drives. 

In 1977, Revan'. ae and Bashi:' {221 deiscussed 

tho effect of commutating capacitor fee r~ • nductance and 

the induction motor parameters on the curl ent•-source 

inverter-' operation and presented the guide lines foe 
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suitable choice of components. They have also given the 

monograms to evaluate the component ratings. 

In the same yea- Corill and Lipo (Lf] presented 

a paper in which they emphasised on -the modelling and design 

of CSI fed induction motor drives. They have shown that 

open loop operation is unstable for most operating condit-

ions, and control loops must be added to realize feasible 

operating points. The have verified the results obtained 

by Nelson and,. .dadomski 17 that injependent current 

magnitude and slip frequency control is capable of s tabiii 

zing the rive system for all operating points i.n the motor 

ing and regenerating modes of operation. They have developed 

a thTnarnic model for current. ccntrolled induction motor 

drives, and a transfer function approach to the transient 

response investigation is formulated by means of d--q 

variables in the synchronously rotating reference frame. 

They have also presented an analytical design technique for 

finding the transfer function between a specific input 

command and a controlled output variable based on small 

sinai linearization. The frequency response corresponding 

to the ap-propriate transfer function is compared to bhe 

actual frequency response meusured on a laboratory bread-

board and also on a hybrid cor.puter simulation of the 

system. The re suits demonstrate that transfer function 

techniques can be reliably used to synthesize the necessar,T 

slipfrequency/current and speed control strategies. 
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In the schemes, system slip.•• frequency is forced to respond. 

to changes in current magnitude in order to maintain 

constant flux in the air gap during both steady-state 

and transient conditions. The two principle aJvantage of 

this cons craint are that motor performance is optimized 

and operation in the saturated rectifier voltage condition 

is possible (rectifier full on) because the slip f_^equencr 

channel coupled ;;o d. c. link current provides <a stabilizing 

mechanism for the sy=stem. 

In 1979, Lipo developed a novel simulation of 

a current. sourrce--inverter £15] which retains the effects of 

commutation but minimizes the number of analog computer 

co-,nponeents. IIe has also compared the simulation traces 

with tested results on actual systems. 

In 1980, Yuvrajan developed in his paper C,3] 
a mathematical mode.. of 3c5 induction motor fed from a CS1 

using the actual phase variables of the machine on a 

digital computer. Using the simuD.tion, the performance 

of the inverter and the induction motor are obtained. 

Simulation is also excended to the closed loop control 

of induction motor and the effect of variation, of parameters 

suclh, as the slip, fregluencf on the transient performance 

of the drive is studied. Waveforms of the voltage, current 

torque and also waveforms across different components 

of the drive are given as obtained from the computer. 
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The results of the conventional analysis of 

the steady-state operation of an a, c. drive using a current- 

source inverter and a cage I.M.  (W'hen compared with experi• , 

mental results show a large error in the predicted and 

observed values of the peak commutation capacitor voltage 

and the commutation angles. Therefore in 1981, Joshi and 

De.wan presented a modified analysis [10], which takes into 

account the following factors that are neglected in the 

previous conventional analysis,. 

(ii 	the variation of the aoc. back EMF of the 

induction motor during the commutation interval 

ii) 	the phase shift of the fundamental component 

of the line current due to the finite commutation 

interval 

The peal,  commutation voltage and commutation 

intervals, as predicted by the modified analysis, are closer 

to the experimental .results than those predicted by the 

conventional analysis. I-t is also shown that a further 

improvement in the predicted results can be obtained if 

the effective value of the leakage inductance in the 

induction motor model is measured by a blocked rotor 

test using square--wave current from the inverter. The 

results pfedicteda by using the effective leakage induct-

ance are in close agreement with the experimental 

re sults 
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They have also mentioned that at frequencies 

higher than a critical value, the series diodes are fo7ward,-- 

biased for a short interval other than the usual conduction 

period of 2  radian. The conduction of diodes shunts a 

part of the input current through'the inverter leg without 

passing through the machine. The above paper also gives a 

method of predicting the critical frequency by computing 

the anode to cathode voltage across the series diodes. 

The heart of the current- source--inverter is 

the current source, A very large feed inductor in pleries 
i 

with a voltage source can simulate such a current source. 

' 	Larger is the inductor better is the current source but 

large feed inductor will make the system costly and the 

system response slower. Thus th . design of the inductor is 

critical. The aim of the piper presented b',T Revankar and 

Filial [24] is to investigate the effect of feed inductance 

on circuit operation and evolve design criterion for the 

c..::;ice of the feed inductaa.ce, 

The upr _Frequency limit of the CST operation 

is decided by the commutation period of the SCRs. Large 

commutation periods in a CSI circuit can cause overlap 

between successive comrmlutatigns limiting the frequency of 

operation. _teva.nk.er and Pil:!.ai in 1932 suggested .26.1 that a 

local discharge loop can be provided for the commutating 

capacitors to quicken the commutating process. They have 

also presented the analysis of new commutation circuit 



19 

and its effect on circuit operation. The resuli.s are 

compared with the convey.. tional commutation circuit and are 

experimentally verified. 

~.'fhen an induction motor is driven by a variable 

frequency supply, ties motor current and losses increase 

as a direct result of the harmonics in the supply. The 

methods of de fermi;,?ing these effects have been given by 

Douglas Sch.olSV [6]. VenkG.tesan and Lindsay [31] have 

calculated the losses in a cage induction motor fed from 

six step voltage and current source inverters and compared 

the efficiencies of the motor when supplied from these 

sources. The equivaienc circuit that takes into account 

the effect of space harmonics and the skin effect in rotor 

bars is used fo_o the calculation of main and stra;% copper 

losses. They have shown chat for reduced torque outputs, 

the motor efficiency is higher when supplied from a current- 

source inverter whereas for torque outputs greater than 

the rated torque, operation from the voltage source inverter  

is more efficient. 

In the same rear, Manju 'Jaffe [12j working on a 

CSI fed I.M. drive have shown that open loop mode of 

operation exhibits instability in almost entire operating 

range. She attempted to stabilise the drive over ver-,.r 

wide range of operating speeds by using controlled slip 

constant flux control scheme as suggested by Philips and 

Lipo _21, 4]. She developed system characteristic equation 
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by employing the theory of small displacement and used 

D .partitioning technique for proper coordination of the 

controller parameters. She has also presented a method 

for predicting the drive performance as affected by the 

sixth order harmonics of stator current. S. th-j end, she 

has discussed the transient performance of the drive under 

various ' operating conditions of the drive—starting, sudden 

speed changes in both up and down direction and reversal 

in the direction of rotation of the motor, 

in contrast to controlled slip constant flux 

control scheme suggested by Lipo and Phillips, a new 

controlled slip variable flux drive scheme for CSI fed 

induction motor c.-.ras proposed by Ravankar and Havanur in 

1982,. The scheme [273 is based on the simple and direct 

relations that exist between flux, slip frequency, to.77Ue 

and stator current components resolved along the airgap 

-flux and in quadrature, It provides separate and independent 

control of f_1.L1x and torque in the motor. They also discu-

ssed the advantages of this schemes as compared to previous 

ones. Experimental results using the now scheme are also' 

areser_' ed and discussed in. the above 

With regard to less expenditure, fewer losses, 

and less Freight, the d.c. choke in the link of current 

source inverters must be small. The performance of the 

d.c. link and special control.. methods for minimizing 

the link inductance are presented by Friedrich and Mueller 

in 198 3 ~. 9j. 
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The commutation of current in a current-source 

inverter fed induction motor was analysed by Farren and 

Miskin [8] using simplified mode1s. Their models provide 

sufficiently accurate resu.ts when the frequency of 

operation is high. At low frequencies the results are 

found to be lass accurate because the assumption of sinusoi•--

dal. back e .m. f . is not valid. Subratmanyam in 1904 tackled 

this problem and developed a simplified model C3°] which 

provides accurate results at all operating frequencies with 

least computational effort and is useful in the analysis 

and design of CSI fed induction motor drives. 

in the same year s F el;e to and S zent-ir mai developed 

an automatically operated 4-quadrant drive to provide 

variable motor speed and torque both in motor and genera-

tor actions 7J. The main attraction of the above paper 

is the details of the firing scheme to obtain the L~--•quadrant 

operation. 

It is generally believed that the current-

source inverter adjustable frequency controller with 

auto--sequential commutation cannot be easil.,r tested 

without  a load motor connected. But Osman have shown that 

the above inverter can easi.l\% be tested without a load 

motor b\\T adding some sim~-;le circuits in both the regulator 

and power circuits and by following step by step test 

procedure x.20 . He has also sho',-,gj that the simplest form 

of the power circuit is not well suited to high frequency 
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operation at light load, because the duration of commut-- 

ation is inversely proportional to the d.c. link current. 

He has described an improved diode ring-up circuit that 

accelerates commutation in the auto••-sequential current-

source--inverter. 

One of the limitations of conventional auto- 

sequential current source inverter for high power induction 

motor drives is the high voltage that is produced in the 

commutation capacitors during the current commutation from 

one phase to another. Since the capacitor voltage appears 

directly across the semi. conductor components, it increases 

their required voltage ratings. The high voltage spikes 

generated at the motor terminals may also cause damage 

to the motor insulation. Recently 'asappa presented the 

solution of the above problem. In his paper [251 he has 

given a brief review of the literature on limiting the 

capacitor voltage and clamping the voltage spikes. He has 

also proposed two circuits suitable for achieving the 

above goal. The analysis and the results of digital 

computer simulation of the proposed circuits are also given 

in his paper. 

1.2 SCOPE 07 PRESENT  TTO K. 

The author considered a cage induction motor 

fed from a currentf~source'Oinverter. The mathematical model 

of the drive in per unit system is first developed and 
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steady-'tale performance is analysed such as power output,. 

power factor, stator voltage, efficiency, total losses e. t. c. 

as affected by variation in slip at different p.u. d.c. 

link currents and operating frequencies. 

A. simple firing scheme for operating the current-- 

source-inverter in auto--sequential mode has been developed 

along with the power circl.:it of the drive. 

The performance of the current-source•--inverter 

is investigated at resistive and induction motor loads. 

The load test is carried out at different operating frequencies • 
and d.c. link currents on induction motor and steady-state 

performance of the drive is obtained experimentally. The 

experimental results have been compared with the theoreti--- 

cal ones and the discrepancies between the two are discussed. 

The oscillograms of line voltage, line current 

at the input of induction motor and of voltage drop across

•  different components of the invertei circuit have been 

recorded and discussed. Some of the above oscillograms 

are also recorded at resistive load to study the effect 

of nature of load. 

The effects of change of operating frequency 

and load on the line voltage and line current waveforms 

have also been studied. 
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CUR Z,. NIT SUUROE INVERT}.;R 

2.1 I.NTRU)UC'TION 

Inverters are used for generating variable 

frequency poly phase supply from a d.c. source. The voltage 

source inverters are voltage driven i.e. the input is a 

stiff d.c. voltage source with negligible input impedance. 

On the other hand, current--source inverter is current driven 

i.e.  -the input is a stiff d.c. current source with inf_ initel;T 

large input impedance. Fig. 2. 1) shows a schematic diagram 

of current°fed inverter drive. A phase-=ccntrolled rectifier 

generates variable d.c. voltage which is converted to a 

current source by connecting a large inductor in series. 

A diode rectifier followed by a d.c. chopper can also 

constitute the variable voltage d.c. source. The thyristors 

of the inverter steer the source current Id symmetrically 

to the three phases of the machine to generate a variable 

frequency, six stepped current wave. Since the source is 

considered stiff, the wave • is not affected by the nature of 

• the load, i.e., it is dual to voltage wave of a voltage-

fed inverter, 

During the last several years, there has been 

a wide interest in the controlled current inverter drives 

due to its greater simplicity, better controllability, higher 

regenerative capability and ease of protection. 



I 
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2.2 V JI LIOUS COi,Z IGU ATIONTS OF CUR NT SOURCE I \?V.~RT.~ 

Since the induction motor constitutes a lagging 

power factor load, the thyristors of the inverter need forced 

commutation. Three of the forced commutated inverter types 

are shown in Figures (2.2), (2.3 ) y and (2,4)•. 

The auto•.segyuentiall~r commutated inverter ( CSI), 

as shown in Fig. (2.2), is veru commonly used with induction 

motor load. The sig: capacitors and six diodes constitute 

the forced commutation circuit. The diodes tend to isolate 

the capacitors from the load and help store energy for comm-• 

utation, The commutation process causes transient over•• 

voltages at the machine terminals, The designed. capacitance 

value depends on the compromise of transient overvoltage 

and highest operating frequency of the i_Zve 'te.r. 

Fig. (2,3) shows an inverter with individual 

auxiliary commutation. Isere , an auxiliary thyristor bridge 

with the help of three capacitors permits independent comm-

utation of each trh.yristor of the inverter. Since the 

coma utat on takes place through the auxiliary device, the 

duration of commutation tends to widen causing significant 

torque reduction at higher frequency.  That is why, this 

configuration is seldom used for induction motor drive, 

Fig. (2.4) shows the simplest commutation circuit 

where a capacitor is con,:ected between the neutral of the 
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Fig.2:&. Current inverter with fourth leg commutation. 
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machine and the fourth leg of the inverter. The auxiliary 

thyristor A is responsible for commutation of the upper half 

of the bridge , whereas B commutates the lower half of the 

bridge. In a full cycle of operation, the capacitor voltage 

alternates six times and that is why this circuit is called 

third harmonic commutated inverter. The circuit, though 

simple is not normally used for induction motor drive because 

torque reduction d1le to commutation is substantial at higher 

frequencies. 

2.3 O RATION 0 CIJRINT SOURCE IN ER , IN AUTO. SEQUENTIAL 

MOT 

The configuration of current-source inverter in 

auto~-seq_uential commutation mode[Fig. (2.1) ]is used in the 

present 'Work. In order to describe the automatic process 

of commutation transfer of current from phase A co phase B 

is discussed. The current transfer process is divided 

into three time intervals F i . (2.5)1, The approximate 

equivalent circuits for each interval are shown in Fig.[2.6(a)] 

to Fig. ! - 2.6(dill. It is assumed that all the semiconductor 

devices are ideal switches 9 commutation overlaps do not occur 

and the d. c . link current is constant and ripple free. 

The begin with it is assumed that the SCR T1 

and T2 are conducting and T3 is fired to commutate current 

from Tl to T3 and ultimately from phase A to B. The cap--

acitar C15 between SCR Tl and T3 will be charged with the 



Fig.2.5_ Capacitor voltage and machine currents 
during commutation . 



Ko 

W 
N 
0 

O 
U 

w 
0 
L 
d 

E 
O 

ru 

C 
O 

0 
-.J 

E 
E 
O 
U  

C c) 
`— 

m 

Fm 	a N 
Li. 



, 27 

polarity shown. In this case current Id will flow through 

SCR T1 , diode Dl, motor phase A, motor phase C, diode B2, 

SCR T2  and back to supp1. Fig. 2.6(a)] After SCR T3 is 

fired the commutation is complete in three stages r ig. (2.5)1. 

1. In the first stage the ci..ir'ent is commutated 

from the SCR Tl to T3 as the voltage of C13 

acts as reverse voltage to SCR Tl. The transfer 

of current from Tl to T3 can be taken to be 

instantaneous. The load current path is shown 

in Fig. 2.6(b)j, 

2. In this stage of commutation the diode B3 has 

a reverse voltage across it and therefore current 

flowing through T3  cannot flow through D3. This 

current divides itself, and flows through the 

capacitors (C13 parallel to the series combin-

ation of C15  and C35) Fig, (2;2)]. she current 

through the capacitors modifies the voltage 

across them, Capacitor C1,3 gets discharged 

linearly, the voltage across it being zero at 

t = tc. The period to  t 	is generally greater 

than the recover- time of the SCR, so that it 

remains in the blocked state even though the SCR 

gets positive voltage as the capacitor voltage 

reverses after t = t̀ , . The diode D3  is still 

in blocked condition. The link current flowing 
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through the capacitors further modifies the 

capacitor voltages. At the instant t = t diode 

D3 gets forward biased and starts conducting. 

During t( td only capacitor voltages change but 

the machine currents remain the same. 

3. 	The third stage of commutation starts at the 

instant td when the diode :)3 starts conducting. 

The current divides between Dl and D3IFig. 2.6(c)], 

The diode current (Di) flows through the capaci-  

tors which are now charged in the reverse direction. 

The current in D1 falls gradually to zero while 

the current in D3 simultaneously increases to 

d.c. link current. The commutation is complete 

when the current is comnrletel.r transferred from 

phase A to phase. B (Fig. 2 6(d)J. 

Table (2.1) illustrates the operation of the 

auto--sequential-•current•--source. , inverter for one complete cycle. 

It is clear that SCRs must be fired in the sequence 1 •-- 2 - 3 --

/4 •- 5 -- 6 -•• 1 for the correct operation. 

2.4 CO]`TCLUSION 

In the present chapter, current`-u••source•-inverter- 
_j 

is shown as a dual to voltage-source~inverter. The three 

configurations of current--•source--inverter are discussed and 

the commutation process in the most commonly used configu-

ration (=SCSI) is explained. 
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CERA PTL:,. III 

j: V LGP -)E. T OF F T LII\TG SCIiiiE FOR CU ".010 SOU. iCi INV T R 

3,1 I 'TT.TODUCTIOM 

A simple firing scheme for realizing the 

firing requirements of an autosequentia i.ly commutated 

current source inverter is developed. The scheme uses 

Johnson Counter as the basic unit fog' generati.n, the ,three 

phase variable frequency square wave supply. The outputs 

of the Johnson Counter are combined to produce sir set of 

firing pulses with a phase difference of 600  from one 

another. 

3,2 	QUI: i"9E,.NTS OF FIRiNG CI. LCUIT 

The current source inverter is mostly used in 

1200  mode of operation which means that each thyristo , 

conducts for 120°  during each cycle. The firing pulses 

requirements of the thy.c is cors for this mode of operation are 

as follows [Fig. (3.1)] : 

10 	 The fining -pulses to the thyristors of upper 

cow i .e. 1, 3 9  5 should be 1-2G0  apart, 

2e 	The firing pulses to the thyristors 1 and 4, 

3 and 6, 5 and 2 should be 120°  apart. 

3. 	In order to ensure firing of thyristors for 

all type o.f loads, pulses should be wide, 



Firing 

pulses 

of 
SCR 1 

SCR 2 

SCR 3 

SCR 4 

SCR 5 

SCR 6 

Fiq.3.1 _ Firing sequence of the CSI . 

Pulse 
width 
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preferably as wide as the total sonduction 

period of the thyristor to be fired i.e. 120°. 

4, 	Each th'ristor should get sufficient time to 

turn off. 

3 3 di.LIZAIICJ C;F' TT-ii JT ITJ\Tf'. SCHIIE 

Fig. (3,2) ShOWS the firing scheme which fulfills 

all the four conditions s;ated above. Block 1 is a Johnson 

Counter whose input is clock pulses (Block 2) and output 

is a three phase square wave as is clear from Table (3,1) 

which indicates the state (high or low) of each outpub pin 

and,its time diagram[ig. (3.3). The frequency of the 

three phase square wave will be one sixth of the frequency 

of the clock pulses, 
FA 

When the output of the Johnson Counter are 

AI\TDEJJ as In block 5 of Fig. (.2) with one another in a 

particular way [refer also Table (3.2)11,six  pulses of 

120°  duration but shifted by 60°  from one another are 

ohtained LFig. 	Then these 120°  duration square pulses 

are ATI-MED with high frequency' pulses obtained from the 

oscii1aor (Block 4) we get continuous pulses for 1200 

duration [Fig . (3.5)11. 

In order to fulfill condition (4) there should 

be a delay in the begining of each pulse. This delay 

should be of the order of the turn—off time of the th\rriS bar, 
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Fig. 3.2. Block diagram of firing scheme for current source 
inverter. 



CLK 

R I I t 
Wt 

RI  ~~ 
wt 

vi 
wt 

Y 

6 
W t 

Bl  
Wt 

Fig.3.3_ Output of Johnson counter. 

CLKLnnnnnnnnnnnnnr - _wt 
R•Y 1 	1 cwt 

•R 1 	I 	I I cwt 

B'Y i I 1 wt 

B Y I  I  1  pi. wt 
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TaBr! (3.1) 

PULSE NUMBER R Y Y B B 

1 1 0 0 1 1 0 

2 1 0 0 1 0 1 

3 1 0 1 0 0 1 

4 0 1 1 0 0 1 

5 .0 1 1 0 1 0 

0 0 1 0 1 1 0 

TABLE (3.2) 

PULSE NU1JB E . B. B.R LY Y 0  IT.B 13,7 

1 1 0 0 0 0 1 

2 1 1 0 0 0 0 

3 0 1 1 0 0 0 

4 0 0 1 10 0 

5 .0 0 0 1 1 0 

6 0 0 0 0 1 1 
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It is clear from the time diagram [Fig. (3.6) ] that if we 

AND the pulses H with each of Fig. (3.5) , we will get the 

desired .delay in the begining of each pulse. To obtain H we 

trigger a mono-shot at the falling edge of' each clock pulse 

and then invert it [Block (3) , Fig. (3.2)]. 

Now we amplify the pulses as shown in Fig. (3.2) with 

the help of pulse amplifiers (Block 6) . 

3.4 DESIGN OF FLUNG CIRCUIT 

The firing circuit consists of Johnson Counter, oscill-

ator, mono~shot, inverter, 4-input AND gates and the pulse 

amplifiers. The description of these components is as follows: 

3.4.1 Joitiso~~Counter 

Johnson Counter is realised using IC 7476 which is 

dual master-salve JK flip-flop. The pin details of IC 7476 

are given in Appendix W. 

3.4.2 Oscillator 

IC 555 has been used as an oscillator. The details 

of IC 555 are given in Appendix r .: 

The connections are shown in Appendix V. . 

The external capacitor CT charges through RA and IAB 

and discharges through TSR only. Thus the duty cycle may 

be set precisely by the ratio of these two resistan.as. 
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In free running mode of operation the capacitor 

charges and discharges between 3 VCC and 3 VCC, The 

charging and discharging time and hence, the frequency is 

independent of the supply voltage, The charging time 

(outpui, high) is given by, 

t = 0 a 693 (pH. a 1~3 ) c T 

The discharging time (output low) is given by, 

t2 - 0 693 R3 CT 

Thus the total time period is given by, 

T = tl + t2 = 0.693 (,, 	2:;B )CT 

Frequency of oscillation is therefore, 

1 	1.44 :L = 	= 	t,R,: ;-2RB `CT 

Por, the inverter frequency from 20Hz to 100Hz 

the frequency of the clock pulses should be 120Hz to 

600 Hz. 

for f = 120 Hz 

A = 1 K , CT = 0,1/u_f , RB 	60K 

for f _ 600 Hz 

RA =1K,  C,l = 0.1 ,af , LB 	12K 
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Therefore .y~ is taken as 1004, C as 0.1/if 

and 100K pot 	is used for '.1 to adjust the desired fr'quency 

accurately. 

For high freque,acv- pulses, oscil_lator frequency 

is selected as 500 :iz. For this frequency ".A, RB and C 

are selected as 1.OK ohms, 6.80K ohms and 0,02/oF resrectively. 

3.Z4.3 'ANDT'w 

The 1600 duration outputs of Johnson counter are 

A f2D with one another _ Table (i.2)]  a_nd with '1i Fig. (3.6) 

and high frequenc\,T pulses using 4 input AND gates in order 

to get 1200 continuous pulses with small amount of initial_ 

delay. IC 7421 is used for this purpose which is dual 4-input 

=SND gate. The pin details of IC 7421 are given in Appendix' 

.) . 4.4 MONO SHI -T 

IC 74121 has been used as mono--shot. The pin 

details of IC 74121 are given in Appendix ':2'.. In order 

to trigger the mono shot at negative going edge of clock 

pulse, the circuit is connected as shown in Appendix 'B', 

The .duration of the output pulse is determined by the 

timing resistor Rex, connected between pin 14 and 11. The 

timing resistance Rex, must be in the range of 1.4K ohm 

to 40K ohm. The maximum allowable value of timing capacitor 

is 1000/ut. The duration of the output pulse in seconds 

is given by, 

TON = 0.7 Rex Ce•r 
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TON is selected as 350/.a Sec (approximately) 

so that reliable turning off time for thyristor is assured. 

He nce, 

o 	R 	= 350x710-6 = 500 1i 1.0- 6 ex ex 	0 
 

Therafo.00,-values of Re ti and Cex selected are 4-.7K ohm and 

0.1 cif re sne ctive l..y . 

3.4.5 INV..,,..V .~... t 

LC 7404 has been used as inverter, The details 

of IC 7404 which is hex-•invorter chip are given in Appendix 

3.4.6 PULSE AMPLIFIER 

The pulse output from AdD gate ma\r not be strong 

enough to turn Cd thyristor. Therefore, the Output of 

AND gate is amplified through an amplifier as shown in 

Fig. '3.7) , A transistor SL 100 is used for this purpose. 

The load resistance 7'.c is .-ce.kee as 10 ohm and base resistance 

Zbas as 1K to achieve the desired amplification. The gate e 
and cathode terminals are at higher potentials of the power 

circuit, therefore the control circuit should not be di_re•-

ctly connected to the power circuit. A pulse transformer 

is used for electrical isolation between control circ. it 

and power circuit, 4 diode IIN? 4001 is connected across 

. and pulse transformer '11 e p:ri:mar'r winding to avoid the 
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Fig.3.7_ Firing scheme for current source inverter. 
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saturation of pulse transformer core. !, diode IN 4001 is 

connected in series with secondary of pulse transformer 

to block the negative pulses. Gate should also be protected. 

against over voltages, This is achieved by connecting a 

diode IN 4001 across gate to cathode, 

A common problem encountered in the SCR circuitary 

is spurious firi_7g of the t-;.-ristors. Trigger pulses may be 

inn.auced at the gates due to turn ON or turn OFF of a 

neighbouring SCI s or terminals in the power circuit. These 

undesirable pulses maST ti•rn ON the thyristor thus causing 

improper operation of the circuit. The SCR gates are 

protected against such spurious signals by connecting a 

capacitor (0.1~k) and. a resistance (1._00 ohm) across the 

gate to cathode to bypass the noise pulses _2~3 

3.5 OSCILLOGR•A.NS OF Ti-Is F I I 'C CI~.CUIT 

The oscillog.ra.ms recorded at the different 

points of Firing circuit Fig. (3.7) are shown in the bi ures 

(3.8) to (3.13). 

Fig. (3.8) shows the input clock pulses of the 

Johnson Counter and one of its three outputs. The 

oscillogram closely matches with the ideal waveform of 

time diagram. Fig. (3.3). It can be seen that the frequency 

of output square wave is one sixth of the frequency of 

clock pulses. 
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Fig. (3,9) shows the R and Y phases of the Johnson 

Counter output. The 12.0°phase diffe:ce.nce between the two 

can be seen clearly. Fig. (3.10) shows the R phase and its 

inverted waveform, Both the oscillograms are identical to 

the ideal waveforms shown is Fig. (3.3). 

Fig. (3.11) shows two continuous pulses of 1200  

duration which form the firing pulses of two co:lsequtive 

S.C.Rs after a minor modification. The phase shift between 

the two is of 6Q°. 

These pulses are obtained b,,T AN  DING JI' CT 120°  square 

pulses of Fig. (3,4) with high frequency oscillator pulses 

cBloc i \5 ),Fig. ( . 2)],  These waveforms orms are in close agreement 

with that of Fig. (3,5). 

Fig. (3.12) shows the output of the mono-shot 

T??_ock (3)'  ' ig. (3.2)j and its inverted waveform (i). Fig. (3.13) 
shows the inverted output of monoshot (Fl) and one of the 

1200  continuous pulses of Fig. (3.11). It can be understood 

from the Fig. (3.13) and Fig.  (3.6) that the JN  DING of two 

waveforms will result in a very small time delay equal to the 

duration of mono --shot out?Jut in the begining of 1200  cont••• 

in.uous pulse. 

3.6 CONCLUSION 

The Fig. (3.7) shows the complete firing scheme 

of Fig. X f 
 
3.2 in terms of actual pin connections and 
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component values. This firing scheme has been found satis-

factory for operating currentysource--inverter made of 16A., 

1200 PIV rating S.C..ts, feeding a 3ç cage induction motor 

of 3'75 ;J att size. 



CHAPTER IV 

SELECTION Of VARIOUS COMPONENTS OF THE DRIVE 

4.1 INTRO JUC T ION 

In this chapter, the crit ria for the selection 

of various components of the drive is presented. This 

includes selection of motor, d.c. link inductor, commuL-ating 

capacitors, diodes and thyristors. 

4.2 SELECTION,! OF MOT0 L AND TH`" LOADING ARA IGEN'.',,TT 

The criteria for selecting the motor for the 

present work was to go for a 3--phase cage induction motor 

of small rating to enable use of inductor: , capacitors, 

diodes and thyristors of .moderato rating. The motor with 

following specifications was selected; 

5—phase, 50 Hz cage induction motor 

No S.L. 50 

.gated Power 375 Watts 

dated Voltage 220 Volts 

Rate Current 2.0 Ampere 

No load Current 	1.1 Ampere 

S \Tnchronou s speed 	1500 RPM 

The loading arrangement comprises of a d. C. 

machine which is coupled with the above induction motor. 

This d.c. machine has been used as a separately excited 

generator for loading purpose. The specifications of this 

machine are 
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No S. L. 	51 

pQTR OUTPUT 300 W 

R.TED VOLTAGE 125 V 

RATED SP'ED 1725 RPM 

CML,3 SLLCTION OF SCR FOR 	 TROLLiD  iOTIFIgR 

The SCRs of the control-led rectifier must be 

able to withstand th.e maxiiium voltage coming across them 

and carry maximum current cort'esponding to any operating 

condition. 

SCR Voltage  Voltagc Rating  

The supply voltage input to the controlled 

rectifier is 220 volts, line to line a. c. , therefore, the 

peak inverse voltage (Ply) across each arm of the SCR 

bridge will be given by, 

PI[V= a V 
3 do 

where do = 	VIL 

=x 220 
71 

293 Volts 

Therefore PIV 	21  x 293 

308 Volts. 
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Allowing a safety factor of about 2.0 so that 

the SCR can easily take a reasonable transient over voltage, 

SCR with 600 Volts PIV rating are used. 

SCR Current Rating; 

The full load current of tho induction motor is 

2.0 amperes. 

Therefore current in the. d. c. link corresponding 

to full load cur:'ent of the motor will be, 

I :_ —x20 
2J 

= 1.81 am-oe re , 

Allowing a safety factor of about 2.0, SCRs of 

5 amperes rating can easily take the motor full load 

current. The F Czs used are of 10 amperes current rating. 

The SCRs selected for controlled rectifier have 

following specif..ications'. 

3CR Type 	OE 1006 

Current Rating 10A 

	

NVax,imum Reverse Repetitive Voltage 	600 Volts 

These SCRs have been mounted firml ,r on heat 

sinks because the heat developed, caused almost entirely 

by forward current and forward voltage drop, greatly 
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exceeds what the device can itself dissipate at normal 

working temperature. SCR bridge is protected against over 

current by providing proper fuses in its circuit. 

4.4 S±E LEC TIOJ O i:;, C . LI.NK INDUCTOR 

The analysis of the current source inverter is 

arried out on the basis of constant -current--sourco at 

its input. A very large inductor in series with a d. c. 

voltage source can simulate such a current source, but such 

a inductor will make the system response slower, Edith 

regard to less expenditure, fewer losses and less weight 

also the inductor should be kept small. A rlediu . size, 

inductor with a current loop will ideally suit to our system. 

For the present work an inductor of 800mH is used in the 

d. c. link, 

4,5 SELECTIO:d OF C0iUTATING CAPACITORS 

In the CST fed. drives 9  high voltage is developed 

across the commutating capacitors during th current 

commutation from one phase to another. Since the capacitor 

voltage appears directlz. on the semiconductor components, 

the commutating capacitors are designed to limit peak 

voltage on devices rather than to provide adequate turn-

off time for the SCr,.s. It has been found C18, .30.,E that 

the voltage developed across the capacitor is inversely 

proportional to the square root of the commutating 
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capacitance. Consequently the commutating capacitors should 

be selected large enough to enable use of SCRs and diodes 

of moderate voltage r Itin . 

In the present work, variable capacitors are 

used and hest per.f o :malice 01 the s.\rstem is obtained at 

C=3C'. 

4 . V S:.J ]_dC ICN C ,  SORE .1_ O..L C i. LJZ:iN 1.. 3OV.: lVJ 	 V  I. .LJFL 

Since the cov.u)nutating capacitors are sufficiently 

large, the turn o `'f time available is sufficient to permit 

the use of normal SCRs instead of special fast turn-off 

SCRs. 

5CRR Vol tae Rating 

The voltage rating of the SCRs is decided by 

the maximum voltage developed across the commutating capaci-

tors during the current commutation. This voltage is 

directly proportional to the ,d,c, link current and inversely 

proportional to the square root of the commutating capacitance 

For the present work, since the d. c. link 

current is verc.,  small and the commutating capacitors selected 

are quite large, therefore SCRs with 1200 PIV rating are 
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SCR Current- Rating  

Since the d.c. link current alone is steered by 

the SCRs symmetrically to the three phase, therefore 

current rating of the inverter SCRs is also decided by the 

d.c. link current. Allowing a safety factor of 2.0, SCRs 

with 5 amperes rating can easily carry the fril load current. 

The SCRs used with 1200 FIV are of 16 amperes rating. 

The SCRs selected for current-source inverter 

have following specifications 

SCR 'Type 	SS 1012 

Current Rat-inc 	16 A 

Maximum Reverse Repetitive Voltage 1200 V 

Similarly to the SCRs of controlled rectifier, 

these have also been mounted on heat sinks but instead of 

snubber circuit, a sr1l value of inductance in series with 

each 5CR to limit di/dt to a safe value is used. 

4.7 $ELECTIOId Q DI0S FOR C11 	ITT SOURCE DWERTER 

The function of diodes is to isolate the capaci--  

tors from the load and thus to prevent their discharging. 

The criteria for the voltage rating of the diodes is also 

the maximum voltage developed across the commutating 

capacitors. Since these diodes are used in series with 

SCRs therefore their current rating should be same as 

that of SCR, 
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For the present work diodes with the following 

specifications are selected. 

Diode Type 	SPR 16 PB 

Current rating 	16 Ampere 

Maximum Reverse Repetitive Voltage 1200 V 

These diodes are also mounted on tha heab sinks 

for the proper heat dissipation. 

4.8 CONCLUSION  

The guide lines for the selection of various 

components of the power circuit are discuèsed and the 

power circuit is designed for the speed control of 375 Watts 

cage induction motor.. 
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DEVELOPMENT OF i ATt;E'M',TICAL NOEL 

5.1 INT 'Z0DUCT ION 

An a, c. employing current source inverter consists 

of controlled rectifier, a d.c. link inductor and a current 

ino 'e inverter. The controlled rectifier and d.c, link inductor 

combine to form a ; i. c. current source which supplies a regu-

lated d.c. current to the current mode inve rater. A rectifier 

controlled constant current source inver cer fed induction 

motor drive is considered here. The induction motor is 

mathematically modelled in its synchronousltr rotating 

reference frame. The mathematical equations of whole drive 

are systerzatically developed in concordia's per unit system. 

5.2 S TSTEI. STUDIED 

The system schematic diagram for a rectifier 

controlled constant current source inverter fed induction 

motor is shown in fig. (i . ). The system comprises of a 

three phase controlled rectifier bridge, a d.c. link smooth 

inm inductor, a current--controlled inverter and a three 

phase squirrel cage induction motor. The loading arrangement 

comprises of a se narately excited d. c. generator which is 

coupled to I.M. The current, source—inverter is typically the 

auto•~sequential type described earlier in Chapter 2. The 

output voltage of controlled rectifier is controlled by 
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proportion]. controller working on the d, c. link current 

error, J.C.' 	link current reference is set by adjusting the 

firing angle ini tiall\r . 

5.) SYS .2 EC'b/ T_l0''iS (I11 ':.r .s. 	ST N I 

5.3.1.  Induction I7o to.r 

The induction motor can be modelled using a two 

axis represen-i,acio;:i developed, from the generalized, machine 

theory. 	every-r.. assum^tions are required in order to use 

this representation. These assumptions are as followsa 

(i) The three phase stator winding of the motor are 

balanced and sinusoidalJ_y distributed in space. 

(ii) YLectifie r output voltage is pure d. c. 

(i;_i_ j 	No saturation occurs and thus si_lper position is 

applicable. 

(iv) The switching transients in the inverter are igno: ed 

i.e. the commutation period is negligible. 

(v) There are no core losses in the induction machine 

and all solid -state devices are assumed to be 

losses free, 

Ne. will describe the i;h ee phase squirrel cage 

induction motor in the s~.~nch_~onousJ_;r rotating reference ence 

frame with the angular rc7 ationship between the n."a;>is 

and the magnetic axis of the stator and rotor phases is $o 

selected that these axis coincide at time i, = 0 Pig. (5.2)], 



Fig. 5.2_ Reference frames. 



e1S 	pM 

coe Ls r5+pL) 0 eM 

Based on the above assumptions, the motor can 

then be described b bhe following fourth order matrix 

ecuation. 

ds1 

V 
qs 

0 

	

eM 	[ds 

pM. 	qs 

	

Pik -(L)]J"I r T r) sl 	dr 

 siLr (r~]2L1) qr 

(5l) 

Here 	denotes the angular velocity of the 

synchronously rotating reference frame and is equal to the 

fundamental comperent of applied voltage. 

5.15.2 Curcentource Inverter 

V'hen a squirrel cage induction motor is supplied 

fro a current•source invertr, the motor phase currents m  

are not sin esoidai bub are rectangular in nature for star 

connected nobot{Fj. (5,3)J. The current flows for only 120 

egrees of each. haf .crcle (glecting commutation effects). 

ILLO ally only 	two rhase conduct at- 	5fl7 ins .,ant of time 

.resulting in six distinct modes Of op::rabicn of the inverter. 

The stepped cuenbs Shown in ig.5.3) exciting the 

three s bator phases can be represeed b the fourier 

series expansions as given below 
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ias = 	I„ [cos wet -- cos 5 we t + 7 cos 7 we t 

cos 11 we t + 

	

[ --~ - lcos 	w t 2 'hs = 	Iq cos ,we 	 5 	- ~~ 	5 	e 	3 

+ 7 cos (7 o t .. 	 ) -- 1]_ cos (17.. wet - 3 ) ... i 

2,G 	1 ics = 	IR [cos (t +  	5 cos (5 wet •- 3 ) 

	

1 	2~c  -r 7 cos (7 ~)e t + 	) 3 	... , ; 

......(5.2) 

The above phase currents expressions can be 

transformed to a d--q reference frame running at synchronous 

electrical angular velocity of the fundamental component of  
0 

the current applied to the induction machine stator. 

The q--axis of the 'eference frame is assumed to 
( 2) , coincide with the stator a--phase axis ,as at t=Q F'~.y, 	,,. 

This condition gives the following equations of t_i^ansforrn--- 

atioil 

iqs = 	[iscos6 + 1bs cos (_ •.- 'r) + ics cos (e+ 2 ) 

2 	 ~ 
_ 	 as si-nC + ibs min (G 3 .) + ;_cs si~1 (O F ) l 

los 
_ 
- J [1as + 1'Os + ics j 

... (5.3) 

where 6 =we t . 



Substitution of iasq ibs and ics  from equations 

(5.2) in equations (.3' rie1ds, 

jos = 0 

-qs = 	 cos 6 (t 	cos 12 (t ...-55 

2 	 24 
1cls 	- 	sin 6 	t 	sin 12 ct 

LcLuations (5/4 ) nar also be,  written as 

where, 

i= 	I.-, 
CF 	-c qs 

ids 	RodS ,. (5.5) 

gqs = [i 	cos 6 (t - 	cos 12 c 3t 0.J 

C 
2 
Sin 6 ()t 	5111 12 wet 

if it is assumed that no power is lost in the 

inverter t]ta, 

V1  I -- 	as 'as 	bs 'bs 	 cs cs 

= 	(Vq 'qS + VdS 1ds' 
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Substituting the values of 1qs, ids from 

equations 5.4) in equation (5.7) the inverter voltage can 

be expressed. as, 

3 
VI - T  -Uqs gqs  Vds gds  ..i5.) 

The differential equation for the d. c. link is 

given by, 

V = VI + (R. + p) I 	 (5.9 ) 

The output of the ccetroll_ed rectifier is 

given by, 

V~ = 	V Cosa T S 	I Co  

wher e  

V = pea?, phase voltage 
s 

= commutating ceactance in ohms 
YCo 

a = firing  angle 

def ining, 

IC VS 
Vs Cos ti = Vryr 

Then, 

_ 
V Jt {`co 1.J\. .. , (5.10) 

substituting the expression of V„ from equation 

(5.9) in equation (5.10)9 we get, 

V. = V1 + ~r .,, + ; 	co + P 7 > 1  
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The electromagnetic torque of the inductioV. 

moto is given by the expression, 

3P 	~` 	Ei 	i 	- i 	i ] 	 ... (5.12) T 
	2 • 2 	-1?_ 	qs dr 	ds qr 

where P = number of poles. 

5.4 EQUATION'NS IN CONCORDIA. 9S PER UNIT SYSTEM 

From equation (5.2), the expression of the line 

current is given as, 

as = J IR [cos Wet - 5 cos 5 coet + 1 cos 7 wet 

- i1 cos 11 Owet ... ] 

Let the r.m.s. value of base current on machine 

side be Ib amperes per phase. The maximum value of this 

base current will be .~ . Ib amperes. We define 1.0 p.u, d. c. 

link current (IIb) as one which gives 1.0 p.u. machine phase 

currents. 

Thus from the above equation, 

/  I  b - it 	lb 

=> I~T' Ih 	I b 	 ...(5.13) 

Unit power on inverter side (PI) VIb IIb 

Unit power on machine side (P1,,7 ) 	3 Vb Ib (under unit p.f. 

condition). 

where Vb = machine base voltage. 
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Equating power on inverber side to power on 

machine side to find out inverter base voltage, 

lb 11h - V 1bb 

3T 
ob Hence 	V1, = 

	'lb 	 ,..;5.14) 

The nvorter has been assumed. loss less. 

Substituting th. expression for I 	from equation 

(5.13) in ecuation (51L), 

3V1 	0 	 - 

Ib = b b 2 	= 	V, 

Base impedance on machine side 

V 
= = Zb o!ins per phase .,.(516) 

T Tb Ease impedance on inverter side = 
Ib 

= 	TC h 	=J ' 	ohms. 

Base torque( 	m) = £base = 27t fb/P12  

wh.nre 10  is base freC4UCnCy in Hz, 

ewrit lag equation  

VïHr = VI  + 	 + p1) ± 
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We will define all the reactances at base frequency. 

So the above equation becomes, 

( 	s 	) V i =VI + R~, +,~,~.~CO 	F+~X 	IR ...(5.19) 

Dividing both sides of equation (5.19) by VIb, 

_ _ 	Ib _ 
Ib ~ VIb + (rl + T xco + 0b 1F) IIb * VIb 

or VZX =  	+ (R +. 	+ p xF ) I 	 ... (5.20) 

where operator p - d~ and p = dt 

since T is defined as cab. t , therefore d'i = 

_~ p = 	dt d , ~.~. d 	_ P.. 	 ... (5.21) dT wb. - cab 

In equation (5.19) dash shows various quantities 

in p.u. 	Considering equation (5.2), 

i as 	IR [cos wet - 1 cos 5 wct + j cos 7 Wet ... ] 

Dividing both sides by J2 'b , 

ìmss = 	. I 	-- [cos c~t -- 5 cos 5 cuet + 7 cos 7 coct ..j 1b 	b 

ias = I/ [cos cep — 5 cos 5 cot + 7 cos 7 mot ... ] 
... (5.?2) 



V1, qs 

d 

Vds 

0 

❑~ 
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'Similarly other equations can be written in p.u. 

and are as follows: 

VI = Vqs gqs + Vds gds 	 9.. (5.23) 

	

1qs 
= 1R gqs 	 ...(5.24) 

Ids 	IR gds 	 ... 

L is ~pAs 	e ys P XM We ~m 

, 	I  
~-t~e Xa 	(r5 +pXs) --cue >m p 

/ 	 i 	I 	/ 4 / 	 11 

p X 	Wsl Xm (rr±pX.~ ) COsl Xr 

i 	/ 	/ 	 ,r i (r i +pX / 

—0 X  - 
	

) 
sl m  p m  ~sl 'r r r 

...(5.26) 

in the equation (5.26), all reactances are defined 

ac base frequency i.e. f and p _ 	- . Now considering 
equation (5.12), 

' 2 ' wb Xm 1qs 'dr — 'ds 'qr~ 

3V Ib 

Dividing both sides by Tbase, i.e• -̀nfb P 2 

qs 

lds 

1qr 

'dr 

T` = XmLigs idr — ids iqr]  (5.27) 



LA 

55 

5.5 Qi-TIO OF MOTION 

8quation of motion is given by the following 

expression (in M.K.S. unit) 

2J d 	T 	T P 	= 	e 	L 	 . . . (5. 28) 

wi:lefe T = ilecLro.criagnetic torous in N 	m. 

TL = Load torque in 

J)ividiug both sides of equation 5.28) b\r Tbase 

equation s. i3)], 
2i f b d 

p2/4 	G 	 1L 	...5.29) 

where T and T are in p. u. 

The inertia constant of the machine i-I in seconds 

is given by-, 

N 	
J (h//2) 

pIy _ 

(0 0 
	 0 
= 2,fL 1,= base ancyls.r speed in electrical 

radians per sac, 

dewriting c1uCt1Oii ,5.2 9) 

0 '2 J/2 
G 	at 

or 
/ 	 / 

f H 	 T 	 •.(5.50) 
(A) 

Wile re (pA) 	= r 
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From here onwards, tha star on the operator p and the dashes used 

in the equations (5,20). to (5.30) to . dif f ere=ntiate between p . u. 

system and M.K.S. system quantities will be dropped out for 

the sake of notational convenience and it will be rememb- 

ered that all equations are in p.u. system with motoring 

convention. 

Now combining the equations derived above, we 

will develop the model of the whole drive shown in Fig. (5.1). 

It is well known that machine stability is deter-~• 

mined primarily by the fundamental component of machine 

variables. Therefore we will neglect •the effect of harmonics. 

Thus only fundamental component of a. c. is considered. 

Therefore from equations (5.6) , 

gds = 0 y gqs = 1 	 ...(5.31) 

Vqs 

V ds 

0 

0 

Rewriting equation (5.26), 

(r +pX ) 	c~ X 	p X 	co s 	s 	e s 	m 	e m 

—COe C. Xs 	(rs+pXs ) ((, fm) p Xm 

p `'m 	~sl X 	(rr±pXr ) Wsl Xr 

__W sl xm 	p Xm_Wsl X r (rr+pXr ) 

lqs 

i ds 

iqr 

'dr' 
...(5.32), 
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Substituting values of gds  and gqs  from equation 

(5.31) in equation (5.32) to (5.25) yields, 

VI  = Vqs  

i 	_ 
qs 	It 

ids  _ 
...(5.33) 

Now we rewrite equation (5.31) after omitting 

the ds equation since ids  is identically zero. 

Vqs 	(rs+pxs) 	p Xm 	We 	1qs  

.T 	 ZT 0 	p Xm 	(rr+PXr) 	Ws1  11r 	 'qr 

0 
	

sl 1,in 	-Wsl "r 	(rr±pXr) 	'dr ...(5.34) 

Rewriting equation (5.20), 

V , r= VT ' (!_et  '+" X 
Co 

 + pX.y
-1)  'R  

Substituting the values of VI  and IR  from 

equation (5.34),the above equation results in, 

V 	+ ( l, + oco  + pX) iqs 	 ...(5.36) 

Substituting the expression for Vqs  from 

equation (5.3t-J)in equation (5.32) and rearranging the terms 

we get, 
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r5+?~X00+p(X5+X ) } 
	

P X 	(Li
e Xm 	-qs 

+pX.,) (Osi X 	1qr 

C 
- 	 sl A 	 °s1 X1 	r±PXr) i-dr 

Now the 2qudtion of motion is cewriften, 

47, .f]J(c) = I' 	 S 

F'rom equation (5.27), 

(fl 	•,r . 

"qs id, ids 'qr; 

Substituting the values Of ids from 5,33) into 

(5.39) we get, 

T e 	m -qs 1dr 	
00 

(5.IQ) 

Substituting values of T from (5,40) into 

ecIuat1o.TI (53) gives, 

(LC 	H p 	= (Xm 'qs i-dr) 	:TL)(Sl)r 

5 .6 CONCLUSION 

The mathematical model comprising of equations 

(5.37) and (5.41) completely represents the cur ent-source-

inverter fed variable speed induction motor drive shown in 
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figure (5.1). The induction motor equations are written 

in synchronously rotating reference frame under quasi-

steady state conditions in its stator circuit. 

Using this mathematical model, the steady-state 

performance of the. drive is investigated in the following 

Chapter. 



CHAPTE.: t VI 

STEA Dir-yS TATE ANNT&LYSIS OF THE DRIVE 

6.1 INTRO DUCTION 

In this chapter the steady-state equations of 

the s~Tsteln are derived using the mathematical model 

developed in the previous chapter. They are simulated on 

a digital computer co compute steady state performance for 

several values of stator frequency and d.c. link current. 

The results, so obtained, are discussed, 

6.2 ST A.DY---STr.TE EQUATIONS 

Under steady—state conditions, the machine 

variables in q•• °d reference frame and d.c. link variables 

are constants. Hence in this case, substituting differential 

terms as zero and using relations (5.33), equations (5.35) 

and (5.37) and (5.41) can be expressed in the following 

_form, 

Y qtr 	
Vgso  	x0 ) IRO  

-9 

V o 	(rs+RF,+XCO ) 	0 	c,3e Xm 	qso 

0 	_ 	0 	rr 	S101 	 qro 
...(6.2) 

0 	_WS1o  s 11m 	-c,~ l 
o
1:m rr 	id o 



61 

Te = Xm 1gso idro = TL 	 ...(6.3) 

Subscript o is used to define steady-state 

variables. cue is the ratio of applied electrical frequency, 

to the base frequency, It can be interpreted as per unit 

operating frequenc,T. 

From equation (6.2) 

f ~ O = rs + u~, 1 Xco ligso + ~e Xm 'dro  

0 	rr 1gro + 0sio Xr 'dro  

slo 'm igso 	°'~slo Xr 'qro ~ rr 1dro 	. . (6.6) 

From equation (6.5), 

()s1 xr . 
'qro = 	r 	1dro 	...(6.7) 

Y' 

Substituting value Of 1 	from equation (6.7) a1~ o 	equation 

 (6.6)  and solving for idra , 

(Oslo P:M rr 
dro - 	 r 2 	2 qso  

c,)sl x) + (rr ) 0 

Substituting the value of V.:~X0 from equation 
(6.4) in equation (6.1), 

Vgso = rs igso + 0e ylm idro 	 ...(6.9) 
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Substitution of the expression for idro from 

equation (6.8) in equation (6.9), (6.3), and (6.7) respec--- 

tively, gives the following.; 

r e Sip rr 
qso _  s  

qso ..(6.10) 
`Oslo < r1 + tr ) 

T = 	 sio \Xm)2 r 	 2 
e 	 ('qso) 	. . (6.11) 

xr )2 + (rr )2 

(0)s1 o ) x r ~'m i _ .~  
1gso ....6.12) q

ro 
 

LS1O Xr)2 + (.rr)2 	
t 

 

Rewriting equation for V 	from equation (5.321 

	

C~.SO 	 9 

Vdso = 	e s qso 	e r-n qro  

Substituting the value of igro from equation 

"6.12) in (6.13) 

we r~~sl .A. 	1~m 2 
V 	G~ !i + 	qso (  2 	)2 c  I.lSO 	 C 	s 	

\ S~ liY~) 	+ (rrJ 	1 e . . (6.14)   

Sinco the q--axis is assumed to coincide with 

a •phase at t = 0, referring fig. (5.2), 

C =cvt 
e 	e 

G 
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Also, 

as W 1qso cosCe 

Vas ` Vgso cosEe + Vdso sinGe 

Vas I cos (Oe + the ) 

where 

lV I= [(V 	)2+ (V 	)2]1/2 
as 	qso 	dso  

V 
Power factor (lagging) = cos,_tan-1(-Vdso ) ] 	•..(6.16) qso 

Rewriting equation (6.1) , 

T 
V ~Xo = Vgso + (RF + cc) 'qso 	 . , . (6.17) 

since igso = 

Copper losses of the drive 

Copper losses in induction motor stator 

rs (igso) 2 

Copper losses in induction motor rotor 

= rr',(idro)2 + (igro)2] ...(6.19) 
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Substituting ' expression for 'qro from equation 

(6.12) and expression for idro from ecuation (6.8) in 

equation (6.19), 

2 	2 
.L 

Copperlosses in rotor = 	
510 - \'qsoi 

2 + 	)2 
( 	 •, . (6.20) 

S1 r 	r 

Losses ii the d.c. line = ft 

Since I =i Ro 	qso 9 

Losses in d.c. li:k 
= 	-(So 	 ...(6,21) 

ignoring the iron, friction and windage losses, 

total losses are determined as follows 

Total Losses in 	ive = Losses in induction motor stator 

± Losses in induction motor rotor 

Losses in d.c. link inductor 

•, 	2-2 
J,, 	i;) slo 	i A. 

=Jr ~p 	 2 

LS 	( 51 x,)2 + 'r2 	
.. (6,22) 

Lowcr output = T x mro 	e 	e e 

Poer outnut 2f[icioncy of the drive 
= Power OutUt + Total Losses in the 

drive 
T0 (CO

10 Efficiency 	T ' 	 - Total losses in the drive 0 e s1 	
•..(6.24) 
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6 . 3 ANLYTIC.L RLS ULTB A.ND DISCUSSIONS 

In this sect-ion, the equations developed in 

the -Previous sections in terms of d -- q variables of the 

motor have been used -to determine the steadystate beha-

viour of the curr'eritsource inverter fed induction motor 

drive. F.U. parameters of the machine used in the investi-

gations are given in the Appeadix'E. 

The torqueslin curve of the induction motor 

foci from currenb source at rated current (I 	1.0 P.U.) 

and ratod frequency (f = 1,0 P.U.) is shown in Fig. (6.1). 

This curve is compared with the torques up curve of the 

same motor fed from voltage source at rated voltage 

(V = 1.0 P.U.) and rabed frequency (f = 1.0 P,U.). The 

build up of induction motor stator voltage (for current 

source oprition) and stator current (for voltage source 

operation) with respect to sl.iu are shown in Fig. (6.2). 

Comparison of torque-slip curves of voltage.--fed and 

current-fed induction motor shows that, for current-

source operabion,sbarting as well as maximum developed 

torque are very low, also the slips at which maximum torque 

occurs in both case are ouitce different. The difference 

in the level of flux i both cases of operation is 

mainly responsible for the above difference. As  is 

clear from Fig, (6,2) that, for rated current operation, 

stator terminal Voltage will be very low in the 
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starting (s = 1.0) due to low machine impedance resulting 

in very low airgap flux (since frequency is constant) and 

hence the torque. ',s the speed increases, the machine 

terminal voltage rises, re sulting in the increase of air--

gap flux and hence the torque. in the absence of sutura 

tion in the machine,the torque rises to very high values. 

In a practical machine, however, the saturation will limit 

the developed torque. For voltage .source operation terminal 

voltage always remains constant at 1.0 P.U. {Fig. (.2)]  

resulting in the cons cant (rated) airgap flux in the machine 

for all the slips. Therefore starting torque is very 

large and since full saturation never occurs, maximum 

torque is also quite large. 

For determining the steady- -state performance of 

the current•--source -invertter.-fed induction motor drive, 

the values of stator voltage, power output, efficiency, 

torque, total losses, power factor are calculated in the 

full range of the slip i.e. s = 0.0 to 1.0) for different 

values of d. c, licil: current and operating frequencies. 

The flow chart and the computer program for calculating 

the steal .-state performance are given in Appendix C 

and D;  Cvspectivel\. 

All the theoretical results of steady•..state 

performance are plotted with respect to slip as well as 

speed with the help of calcomp plotter and discussed. 
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6.3.1 Torque-Slip Characteristics 

The torque-•slip curves of the drive at different 

d. c. link currents and operating frequencies are shown 

in Fig. i_6.3(a)l and _6.3(b)'. It is noted from the 

curves that developed torque at starting (s - 1.0) is 

low. As the speed increases, the 'torque rises to high 

value near synchronous speed and after attaining the 

maximum value decreases to zero with steel? slope at 

synchronous speed. The variable flux level in the machine 

is responsible for the above nature of the curve, as 

explained earlier. 

The examination of characteristics of Fig. (6.1) 

for current source operation indicates two regions of 

operation - one on positive slope and the other on nega-r 

five slope of the curve. The positive slope region is 

well known as unstable. However, the steadyr---state operat•- 

ing point will occur in both the regions for the same 

torque demand. For example machine can be operated at 

point A or B [Fig. (6.1)] for th.e same torque demand. 

Slip corresponding to point A is higher than B, which 

moans that mlchine impedance corresponding to point A 

will be lower than B. Since machine is being fed from 

a constant current source therefore stator voltage and 

flux level in the machine will be higher at point B than 

A [Fig. (6.2)], resulting in partial saturation with 
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higher iron loss and torque pulsation effect at B. The 

stator copper losses i,%ril_l be same at A and B but the 

rotor copper losses will be somewhat higher at A on account 

of increase in rotor current. Point A,  being point of 

intersection of Vs  = 1.0 and Is  = 1.0 curves, corresponds 

to normal flux level in the machine, therefore operation 

should be preferred at A, However A lies in the unstable 

zone of operation therefore closed loop operation is 

mandatory. 

It is soon from the curves Fig. 6.3(a)] that 

increment in the d.c. link current results in the increased 

torques resulting in upward shift of the whole character-

istic, This is because the motor torque is proportional 

to square of the d.c. link current. The slip at which 

maximum torque occurs remains almost unchanged. 

As the operating frequency increases, developed 

torque remains the sa.rie for the given value of d. c. link 

current but slits corresponding to :maximum torque prop 

r`ssiveltr decreases, as shown in Fig. ,6.3(b) . 

6.3.2 P oT"rer Output Vs Slip 

The power output variation with slip for 

different d.c. link currents (f = 1.0 P,U.) and different 

operating frequencies (I-, = 1.0 P.U,) are shown in 

Fig. i_6.L.(a)., and. 6.' (b). Power output is zero at 

s = 0.0 and 1.0 and its variation between these extremes 
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follows the pattern observed in the case of corresponding 

torque--slip curves. The points A, B corresponding to 

same torque demand, as in previous case , are also marked. 

It is seen that power developed at point B is higher 

than at A. This is only because B belongs to higher speed 

than A, 

Maximum power output increases with increase 

in operating frequencies Fig. 6.4 (b) ] . Power output 

also increases with increase in d. c. link current due to 

increased,  torque resulting in upward shift of the charac•-

teristic. L ig. 6.4(a)], 

6.3.3 Total Losses Vs Slip 

These characteristics are shown in Fig. [6.5(a)3  

and [6.5(b)] for variation in d.c. link current and frequ-

ency, respectively. The mathematical model accounts 

only for copper loss in the d.c. link inductor, stator 

and rotor of the motor. The characteristics show that 

the total losses in the drive are nearly constant for 

a very largo range of operating slips. At a given d.c. 

link current, stator copper loss and d.c. link inductor 

coper loss are constant irrespective of slip. Rotor 

copper loss are proportional to square of rotor current 

which is very nearly equal_ to stator curre::zt at all 

slips except near 0.0, wht3r e it dec.ceases sharply, 

becoming zero at s = 0.0, The points of operation 
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A and B corresponding to ,.Fig. (6.1)] are also marked 

here. It is seen that losses are higher at point A than 

B on account of higher rotor copper losses at A. The 

losses at s = 0.0 are therefore d.c. link and stator 

copper losses only. 

The increase in d.c. link current also results 

in the increase of total losses at afl slips because copper 

losses are directl°T 	verne 	it   ID 	d bar i s 	j     

The increment in the operating frequency 

increase marginally the amount of copper losses in the 

drive but slope of the drocping part becomes more and more 

sharp as the frequency'' increases. This shows that rotor 

current and hence rotor copper loss start decreasing 

at higher slip when frequency is reduced, 

6.3.4 Efficiency_ Vs Slip, 

The relevent curves are shown in Fig. C6.6(a)) 

and 16.6(b): for different sets of operating conditions. 

It is evident from t ho curves that the efficiency is 

independent of the value of d. c. link current. This is 

so because both power input to induction motor and total 

losses of induction motor are function of square of 

d.c. link current. Thus ratio of motor losses and 

input power becomes independent of d.c. link current 

and so is the efficiency. The efficiency is zero 
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at s = 1.0 and s = 0.0 since power output is zero at 

these slips. As the motor picks up speed, efficiency 

increases and after attaining a maximum value near s~rnch-

ronous speed _halls to zero at synchronous speed. Point 

A, and B of Fig. (6.1) are also marked here on the curve 

CFig. 6.6(a)1. The efficiency is little higher at point 

13 as compared to A, as copper losses are more at A. 

The efficiency increases with increase, in the 

p. u. operating frequency Fig. 6.6(b)]. It happens 

because for a given d.c. link current and slip, power 

input increases with supply frequency whereas losses in 

the rotor remain unchanged. 

6.3.5 Power Factor VsS1p 

The relationship between pourer factor and slip 

for the above said set of operating conditions are 

shown in Fig.[6.7(a)] and [6.7(b)]. Like the efficiency 

curve, power factor is also independent of the d.c. 

link current under the present assumptions CFig. 6.7(a), 

The power factor curve starts from a finite value at 

standstill condition (slip = 1.0) . It improves as the 

speed increases and after reaching the maximum value 

it starts decreasing with minimum value at synchronous 

Spee.:!. Points A and B are marked on the curve Fig. [6.7 (a) l . 

It is noted that power factor at point A, is ar better 

than at point B. It is so because motor is being fed 
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from a constant current source. At point A slip is 

higher therefore Vdso component (equation 6.14) reduces 

whereas Vgso component (equation 6.10) increases at A 

with respect to B, resulting in improvement in power factor 

(equation 6,16). 

The variation in power factor with variation 

in supply f.requenc.\,r is shown in Fig. [6.7 (b)) . It may be 

noted that as supply frequency increases, power factor 

improves near s ncbronous speed region but decreases 

progressively as slip approaches standstill value. 

Voltage 6. .6 Stator 3 	 ~~. Vs Slip 

" The stator voltage Vs slip characteristics of 

the induction motor for different p.u. d. c. link current 

and operating frequencies are shown in Fig. [6.8(a)] and 

[6.8(b)]. At lowspeeds  (high slips) the stator voltage 

is very low and as the speed increases (slip decreases) 

stator voltage rises slowly. 'hen motor approaches synch-• 

ronous speed stator voltage rises sharply and assumes very 

high value. The above nature of the characteristic is 

due to variable flux level in the motor at different 

slips. At low speeds (high slips) motor impedance will 

be low resulting in lower flux and hence the lower 

stator voltage. As the machine picks up speed, the 

machine impedance increases giving rise to higher flux 

and hence the higher stator voltage. 
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The points A and B which corresponds to the 

same developed torque are also marked in the present 

characteristic (Fig. 6.8(a)]. It seems from the chara. 

cteristic that operation at B will give rise to dangerously 

high stator voltage while operation at A will not. Hover 

in practical machine: saturation limits the rise of stator 

voltage beyond a certain limit. Therefore if open loop 

operation is attempted, stator voltage will never rise to 

such high values but :motor will run in a highly saturated 

condition resulting in high iron losses and poor power 

factor. This is why operation is always preferred at A. 

Since A lies in the unstable zone of torque Vs slip 

ch.aracteristic,therefore closed looi-) is a must. 

As d.c. link current is increased, the voltage 

Vs slip characteristic shifts to upper side resulting 

in even higher stator voltage [Fig. 6.8(a)J. It shows 

that flux level in the machine is directly governed by 

the d.c. link current. 

Fig. [6.8 (b )3 shows that higher operating 

frequency results in the higher stator voltage, as for 

a given d.c. link current and slip, machine impedance 

increases with frequency. 

6. 4 C O NIC LUS 10 N 

An analytical method for determining the steady•„  

state performance of the constant•-current source inverter 
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fed induction motor drive has been set forth in this 

chapter. The mo toy,  performance at rated operating 

frequency and rated d. c. link current are shown with 

respect to slip in Fig,f6.9(a)i  and with respect to 

torque in rig. [6.9(b)1 which summarises the complete motor 

performance studied so far. 

The torque Vs slip characteristic can be divided 

into two zones, one with a positive slope and the other 

with a negative slope. The positive sloped zone is known 

to be unstable therefor; operation in this zone is possi-

ble only with the help of feed back loop. However the 

negative sloped zone is inherently stable and machine can 

operate in this zone without any feed backs. Since the 

maximum torque occurs at very small_ slips, the negative 

sloped zone IS very small. 

We can always find two operating points, (A and B), 

one in each zone for the same torque demand. The various 

characteristics show that in stable zone (point B), power 

output will be more, losses will be less and efficiency 

w1  .l be bet cer as compared to operation in the unstable 

7ono. However power' factor will be poor and stator 

voltage will be dangerously high while opel ating in the 

stable zone. Since the flux level in the machine will 

be very high when operating in the stable zone therefore 

saturation is bound to play an important role in the 
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motor performance which is neglected in the present 

analysis. Thus it is apparant that above results of 

operation in stable zone are highly in error because 

saturation effect is not properly accounted for. In the 

practical case operation in stable zone "point B) will 

result in higher iron losses, poor power factor, poor 

efficiency and torque pulsations due to excessive satu-

ration. Therefore it IS never advisable to operate in 

the stable zone. On the other hand operation in unstable 

zone (point A) corresponds to normal flux level in the 

machine, resulting in a much improved performance. This is 

why, operation in the unstable zone with the help of feed-

back loops is always preferred. 



CIPTE . VII 

E-°"PE'UMENTAL INVESTIGAT ION 

7.1 INTRODUCTION ION 

The performance of constant current source 

inverter fed induction motor is investigated exnei-imen tally 

in this chapter. 

The observations of the load test on induction 

motor at different d. c. link currents and operating frequen-

cies are presented. Results of the steady -state analysis 

obtained from the above observations are plotted with respect 

to load -torque and discussed. 

The oscillograms of line voltage , line current 

and voltage drops across different components of power 

circuit at resistive and I.M. load are presented and discussed. 

The effect of change of load and frequency on line voltage 

and line current waveforms is also studied. 

7.2 E"P iZINIIN`.FAL ST- UP 

The schematic diagram of the experimental 

drive is shown in Fig. (5.1) . A 3ç delta connected cage 

induction motor coupled with a separately--excited d. c. 

generator, which acts as load., is fed from a constant 

current•-source•-.inverter. The current-•source is realized 

by connecting an inductor in series with a 30 controlled 
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bridge rectifier. The firing pulses for the 36 converter 

are obtained from a three phase six SCR converter Bridge 

Firing Unit. For keeping the current in the d.c. link 

constant, a current loop is used. The current loop monitors 

current in tho d.c. link through a sampling resistor, 

compares it to a reference input, and controls the rectifier 

bridge triggers to maintain constant currant. The contro" 

b lcr used in the current loop is of proportional typo and 

is inbuilt in the firing unit. Reference input to current 

loop is obtainedfrcm a 5 volt supply through a potentiometer. 

The firing circuit for the auto--sequential 

current--source -inverter has been already discussed in chap-

ter III, It uses Johnson Counter as the basic unit, output 

of which are combined to produce six sets of firing pulses. 

All the components of the power circuit are 

mounted on the heat sinks for proper heat dissipation. 

Snubber circuit is used for the protection of converter 

SCRs against high 	and a small value of inductance is 

used in series with each SCR of inverter to limit at to a 
safe value. In addition to above protections, H.R.C. fuses 

are also provided in the d.c. link and the converter input. 

The complete experimental_ set up is shown in 

Fig. (7.1) to Fig. (7.4). Fig. (7.1) shows the controlled 

rectifier, current---source••-inverter and their .tiring circuits. 

Fig. (7.2) shows the resistance in the d.c. link which. 
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monitors d.c. link current and the auto--transformer whose 

one winding is used as d.c. link inductor. Fig. (7.3) and 

(7.4) show the 3t  cage induction motor coupled to a separately 

e ,cit`d d.c. generator and its loading arrangement. 

7.3 EXXPER_IP-1ENTAL OBSE .WA'PIONS OF CU? SIE. ,TT.,.SOURCE..-IW\TVERTER 

Having successfully tested the control circuit, 

the cur rent--source •- inver b r is tested. In first instance, 

it is ensured. that the pulses obtained from the control 

circuit are capable of triggering the SCRs used in the 

inverter. The CSI configuration is now tested in a circuit 

similar to that of Fig 	a difference that controlled 

rectifier is replaced by a constant d. c. source and induction 

motor is replaced by a 3c' variable resistance. 

The auto-••sequential commutation process of the 

configuration Fig. (2.2)] is checked as follows: 

1. Pulses are given to SCRs and SCR -2 and voltage 

across capacitor 013  is checked. 

2. Capacitor:' C13  is found to be charged with the 

polarity shown in Fig. [2.6(a)1. 

3. Now SC t 5 is turned ON by giving pulse at its 

gate and voltage ,across C13  i_s checked again. 

4. Polarity of voltage across capacitor 013  is 

reversed but the, magnitude remains almost 

same(Fig. 2.6(d)]. 
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This confirms that SCR Tl  is automatically 

commutated as soon as SCR T3  is triggered. Similarly all 

the possible combinations of three SCRs are checked for 

automatic commutation. 

7.3. J_ Elcnerimentai Obsery xt ions At Resistive Load 

First of all d.c. voltage source is replaced by 

a controlled rectifier. Now the pulses are applied to all 

the SCRs and waveforms of current and voltage at different 

points of the circuit are checked. These waveforms are 
747 	'► ,5Z 

shown in Fig. (` ) to ( 	). Now resistances in all the 

three phases are increased in small steps and performance 

of the inverter is found to be affected as follows *. 

1. 	A.s the resistances in all the three phases are 

increased, the d.c. link current nearly remains 

constant initially but falls sharply as the 

resistance is progressively increased. On the 

other hand voltage at the input of the inverter 

goes on increasing. 

2, 	The distortion in the line current waveform 

increases with increase in load resistance. 

If we go on increasing the resistance then at 

a particular value, the commutation is lost 

and CSI stops functioning. 
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4. 	The critical value of resistance at which cornm• 

utation is lost, is found proportional to the 

d.c. link current. 

7.3.2 Experimental Observations At induction lIotor Load in 

Open Loop 

BEEfore replacing  the resistive load by induction 

motor, 100 K pot in the circuit of clock pulse generator 

[Fig. (3.7)],which is a 1.0 turn potentiometer with a dial 

is calibrated in terms of f requencc,r Table (7.1)]. Now 

resistive load is replaced by a 3  cage induction motor 

and sunplies to the control circuit and controlled rectifier 

are switched cn with the current in the d.c. link set at 

minimum value. As we de re ase the firing angio of controlled 

rectifier, current in the d.c. link increases. Torque 

developed in the motor with 1 p.u, current in the d.c. link 

is not sufficient to start the motor at no load. As the d.c. 

link current is increased to 1,5 p.u., motor starts and 

settles at speed corresponding to operating frequency. Once 

motor attains ste..di -state, d.c. link current is decreased 

and adjusted around 1.0 p.u. Now waveforms of motor line 

current and voltage are obse v od with the help of an 

oscilloscope and found to be matching with the theoretical 

waveforms shown side by side, These waveforms are shown 

in the Figs. (7.11) and (7.12) . Now motor is operated 

without a current loop in d.c. link at different frequencies 
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and different d. c. link currents and following investigat•-- 

ions are made. 

1, 	Inductiol motor running only with inertia 'load 

of d.c. generator and of itself is stable in open 

loop, although small., torque pulsations are there. 

2. Motor response to change in operating frequency 

is very good. It adjusts its speed corresponding 

to operating frequency quickly. 

3. The frequency range in which CSJ works satisfac-• 

toril.\= is found to be 10 to 47 Iiz. As we cross 

the upper frequency limit, computation is lost 

and motor stops. 

4. As we try to Toad the motor in open loop with 

rated current flowing in the motor lines, d.c. 

link current falls sharply and so is the motor 

line current and motor becomes unstable instantwa 

aneously and stops. 

5. Th on the motor line currents are adjusted to 

about 1.5 p.u. ,then motor is stable at ver\r 

light loads but it becomes unstable as soon as 

the load Ls increased. 
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6, 	All other conditions same as in (5) but at 

lower operating frequencies, motor is able to 

carry a little more load. 

	

7. 	Motor becomes hot very soon even when motor is 

operating at no load with rated current. 

7.3.3 Experimental Observations at Induction Motor Load 

Sith,__Current__ poop 

After examining the open loop :erformance of the 

drive, a current loop is incorporated in the system as shown 

in Fig. (5.1). This current loop monitors current in the 

d. c. link through a sampling resistor and adjusts the firing 

angle of the controlled rectifier such as to maintain constant 

current in the d.c. link.. Motor is started. as in the o;Do n 

loop case and current in the d.c. link is adjusted so as 

to keep the current in the motor lines at rated value::, Then 

d.c. generator, coup.!_c,  to induction motor, is separately 

oxcit d to give rated voltage at its a: matur` terminals. 

Afterwards load connected to armature of the d. c. generator 

is increased in steps and the observations of motor line 

current, motor line voltage, -input power to motor, d.c. 

link current, operating frequency, armature current and 

voltage of d.c. generator arc recorded at each step. The 

same are tabulated in Table (7.2) . The same exercise is 

repeated for different sets of d.c. link currents and 

operating frequencies. From the observations of 3_oad test 
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[Table (7.2) to (7.7)], motor performance is calculated at 

different sets of operating conditions and are plotted in 

Fid;. (7.13) to Fig. (7.46) with respect to load torque. 

In order to investigate the speed control of 

induction motor with curront--source-inverter, a particular 

value of load.; on induction motor is fixed dnd operating 

frequency is varied gradually by adjusting 100 K potentio-

meter [Fig.  (3. 7 )],For every value of operating frequency 

speed is recorded. These observations are tabulated in 

Table. (7.8) . 	1 

The osciilograms of motor voltage and current 

are first recorded at no load for two different frequencies 

and then at a fix load. These' are compared in Figs. (7.61) 

to (7.68). Along with these, oscillograms of the voltage 

across different components of the power circuit are also 

recorded and are given in Figs. (7.5~-) to (7.56). 

7,L. :DISCUSSION 0i CSI PF0R1NC_ 

7.4.1 	five Load 

If at the input of i n.vorter there has been an 

ideal current sour cc, then current in all the three phases 

of load resistance remains same all the time,  independent 

of magnitude of resistance • But in present case, current 

source is not an ideal one because its input impedance is 

not infinite. This is why, the current in the d.c. link 



TAB,LE  (7..8) 

0P± :.AT 1110 FREQUENCY 	 M0T0 SPED 
(Hz) 	 .(RP.M.) 

j0Lf. 	 250 
12.8 	 310 

13.8 	 350 
16.0 	 400 

18.9 485 
21.4 550 

24.5 645 

27.7 750 
32.0 900 

34.7 1000 
30,4 1100 

	

41.6 	 115C 

	

46.2 	 1290 
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its well as in all the three phases of load resistance 

falls sharply as their magnitudes are increased. 

The capacitors used in the configuration of 

CSI play the main role in the commutation process of all 

the six SCRs. The charging of these capacitors is dependent 

on the load current which in. fact is affected by the load 

resistance. Thus it is clear that the commutation capabi-

lity of the CSI configuration is load current dependent. 

This is the reason for the distortion of current waveform 

at higher value of load resistance and loss of commutation 

at a critical value of load resistance. 

7.4.2 CSI Fed IN without Current Feedback 

From the torque-slip characteristics shown in Fig, 
[6.3(a)] andr 6.3 (b)1, it is clear that starting torque in 
current source inverter fed. induction motor is very low. 

This is why, induction motor can not be normallystarted. 

even with 1 p.u. currant i c the sae  c, link. As soon as 

We inCr ease th;:e currc. 	in the d. c.linin to 1 1.5 p.u. for 

short ti:^ e, motor start and picks up speed because the 

torque bei_n, proportional_ to square of d, c, link current also 

increases sufficiently to start the motor. This can also 

be sen in to above theoretical curves. 

The operating frequency range in the present 

else is found to be 10 47 Hz. They upper frequency limit 
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is fixed by the time for which the outgoing thyristor is 

to be kept reverse biased. This upper limit can be incre.-

ased by decreasing the value of commutating capacitance, 

which in turn requires the use of high-voltage th'rristors . 

To enable use of available thyristors, capacitors are so 

selected that upper limit of operating frequency is 47 Hz. 

It can also be noted from the theoretical 

curves of ig. 6.3b.]trxat  ::►s the operating frequency increases, 

stable zone: decreases and its slope becomes more and more 

sharp making operation of induction motor difficult. The 

lower limit of operating frequency is fixed by the permissible 

torque pulsations. These are produced by the interaction 

between harmonics of stator and rotor flux linkages. At 

low frequencies the amplitude of pulsating torque is more 

because of the harmonics in the rotor flux linkages at low 

frequencies. As we try to load the motor with current 

in the d.c. link adjusted to 1.0 p.u., d.c. link current 

decreases because current source itself is not able to 

maintain current constant. As •a result motor torque being 

proportional to square of d.c. link current decreases very 

much and motor becomes unstable coming to almost stand-

still_. Vhen the current in the d.c. link is increased 

(> 1.5 p.u.) then at light loads d.c. link current fixes 

itself to about 1.0 p.u, and motor is stable. A.t  low 

frequencies, stable zone of torque-slip characteristic 

I'ig.6,3(b)] is less steep and thus has better operating 
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slip range. This is why at lower frequencies motor is 

able to take a little more load. 

The quick heating of the motor can be explained 

because of harmonics and higher losses due to excessive 

saturation in the machine. 

7./43. CSI Fed I ri.Writh Current Feedback 

From the observation tables (7.2) to (7.7) . of 

the load test, it can be seen that current in the d.c. 

link remains strictly constant at the set value independent 

of the' loading of the motor which shows the effectiven:ss 

of the current loop. 

In Chapter 5, we have seen that motor line 

current is directly proportional to the d.c. link current. 

Therefore motor line current, should also be constant but 

observation tables sho-r that for lo~ve_r frequencies motor 

line current remains nearly constant and at higher frequen._.. 

cios motor line current; starts decreasing slowly as we 

increase the load on she ,rotor. . The explanation for this 

discrepancy is given by Josh. and Dewan [10].  They have 

shown that at frequencies higher than a critical value, 

the series diodes are forward biased for a short interval 

other than the usual conduction period of 21c/3 radian. 

The conduction of diodes shunts a part of the input current 

through the inverter leg without passing -through they machin, 
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7.4.3.1 Stator Voltage Vs Power Output 

It can be seen from the observation tables 

[ (7.2) to (7.7)1that as the motor is loaded from no load 

to maximum possible extent-, stator voltage remains through-

out constant, which is contr=ary to the theoretical charact ris°-

tic[Iiig.6.t(a)], where wide changes take place in the 

stable zone. The discrepancy arises from the fact that 

saturation has been neglected in the analysis. The magnet-- 

ising reactance which has been used for the calculation 

was a saturated value obtained from a conventional no load 

test at nominal voltage. This value was then maintained con••-

stant in the analysis. . Although the assumption of o, 

constant (saturated) magnetising reactance is reasonable 

when the motor is excited from a voltage source. In case 

of current source, operation with a fixed magnitude current 

results in operation over a wide range of flux conditions. 

Hence the magnetising reactance changes widely and plays 

a more dominant role in motor behaviour. 

7.4.3.2 peod Vs Power Output 

The characteristics for a particular d. c. link 

current at different operating frequencies are shown in 

Fig. (7.13). The characteristics have a very small slope 

and agree very well with the stable zone of their theoro-- 

tical countcrpart[F ig. 6.4]. Since the change in speed 

with increase in load is too small to record it correctly, 



Power output 

Fig. 7.13_ Speed vs. power output characteristics . 
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therefore motor performance like power factor, efficiency, 

total losses, stator voltage are plotted against power 

output instead of slip. 

7.4.3.3 Total Losses Vs Power Output 

The characteristics are shown in Fig. (7.14) 

to Fig. (7.25) for different sets of operating frequency 

and d.c. link currents. The characteristics start from a 

finite value at no load and then increases slowly as we 

increase the load on the motor. Since we are always oper--

ating in the stable zone of torque--slip characteristic 

therefore machine is operating under highly saturated cond.i.-

tion. Total losses in the drive consist of mainly iron 

losses copper losses and friction and windage losses. At 

no load, total losses mainly consists of iron and friction 

and windage losses which remains more or less constant for 

a given frequency and d.c. link current. As we increase 

the lead on the ,rotor, rotor copper losses increase on 

account of decreased value of r2/s which explains the 

rising nature of characteristic with load. Total losses 

are more for higher d. C. link currents at a fix power 

output and operating frequency. This is because stator 

and rotor copper losses being proportional to square of 

current increases rapidly resulting in a upward shift of 

the characteristic. 
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For a given power output and d.c. link current, 

total losses are higher for higher frequencies because 

iron losses being proportional to frequency increase sharply. 

As the operating frequency is increased, the characteristic 

becomes more . and more flat and, even bond downward for a 

particular d. c. link current and operating frequency 

(IR  5.0 Ampere, f = 38.4 Hz). At higher frequencies iron 

losses being proportional to frequency increases consider --
ably. On the other hand, at largo frequencies rotor 

reactance will be more theref ore rotor induced currents 

will be less resulting in decreased rotor copper losses. 

As a result of combined effect of both factors, proportion 

of iron losses as compared to other losses increase in the 

total losses resulting in, relatively flat characteristics. 

7.Li.3.4 Efficiency Vs Power Output 

The relevant curves are shown in Fig. (7.26) 

to Fig. (7.31) for different sets of d.c. link currents 

and operating frequencies. It can be seen from the curves 

that efficiency increases with increase in the power 

output and after reaching a maximum value efficiency starts 

decreasing because of increased losses. For the same 

power output, efficiency is higher for lower value of d.c. 

link current because total losses are less with less 

d.c. link curront[Fig. (7.14' to Fig. (7.25)1. Since total 

losses increase substantially with increase in frequency 
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[Fig. (7.14) to Fig. (7.25)),t1iis is why for the same 

power output and d. c. link current, efficiency decreases 

with increase in frequency. 

7.4.3.5  Power Input Vs Power Output 

The characteristics shown in Fig. (7.32) to 

Fig. (7.37) stats from a finite value Y-axis which equals 

the no load losses of the drive. As power output increases, 

power input also increases almost linearly. The above 

linearity is lost at low frequencies and higher power 

outputs. For the same power output, power input is more 

for higher d. c. link currents because total losses are 

higher. For same r.'. c. link current and power output, power 

input increases as frequency increases because of jy1cr ease d 

losses. 

7.4.3.6  Load Torque- Vs Power Output 

The relevant curves are shown in Fig. (7.38) 

and Fig. (7.39) , As we have soon in Speed Vs Power output 

characteristic that variation in speed with change in 

lea;' is very very small. This is why Load torque Vs Power 

output characteristics are straight lines. As expected, 

power output is more for a given electrical torque at 

higher frequency of operation. The change in the ci. c. 

link current does not have any effect on the above chara-

cteristic, 
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7.4.3.7  Power Factor Vs Power Output 

The relationship between power factor and power 

output is shown in Fig. (7.40) to Fig. (7.45). It can be 

seen from the characteristics that at no load the power 

factor is worst but it improves with increase in the power 

output. At no load power factor is better for larger d. c. link 

current because of higher losses in the machine. The c%nange 

in the operating frequency does not seern to have any specific 

effect. 

7.4, 3.8  Spee:i Vs Frequency 

The characteristic is shown in Fig. (7.46) for 

a particular ;'. c. link current and load. The character-

istic is almost linear as expected and shows effectiveness 

of speed control from 250 to 1350 R.P.M. 

7.5 EXPERIMENTAL OSCILLOGFAMS 

The various oseillograms which are shown in 

Fig. (7.47) to (7.68) consist of four sets. The first set 

of oscill.og.rams[Fig. (7.47) to Fig. (7.52)]are at resistive 

load while the rest three are at induction motor load. 

The first  sot c'::•risists of waveforms of phase current, 

line current, rI. C.  link current and inverter input voltage. 

The effect of . increase of resistance on line current and 

line voltage waveforms is also shown. 
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The second set Fig. (7.53) to (7.58) consists 

of motor line current and line voltage waveforms alongwith 

the waveforms of voltage drop across different components 

of the inverter at no load condition of the motor with the 

(I. c. link current and frequency so adjusted as to give the 

best motor performance. 

For the third set[Fig. (7,59) to (7.64)] .c. 

link current is kept constant but operating frequency is 

almost doubled. and the oscillograms of motor line current 

and line voltage are recorded to study the effect of change 

of operating frequency on voltage and current waveforms. 

For the fourth set of cscillograms[Fig. (7.65) 

to (7.68)]il.c. lint current and operating frequency are 

maintained same as in the third set but load is now applied 

to the motor and again line voltage and line current 

oscillograms are recorded to study the effect of loading 

on voltage and current waveforms. 

7.5.1  Oscillogram s At R.eSIStivo Load 

Oscill:egram (l)[Fig. (7.47)]shows the phase 

current an:' (2)[Fig. (7.48)] shows the line current wave-. 

forms for small value of load! resistance . Both the wave-

forms are of six stop and closely match with the ideal 

one shown by the side of the oscillogram. 
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Oscillogram (3)[Fig. (2.49)]shows the line to 

line voltage waveform for delta connectedi load which is 

same as phase current since load is of resistive nature. 

Oscillogram (4) and (5) I F ig . (7.50) and. 

(7. i)J shows the waveform of _i, c. link current and 

inverter input voltage. Large harmonics are present in the 

C.C. link current because the inductor in d.c1 link is not 

very high. 

~•5za 	~.szb 
Oscillogram (6) anal (7) [Figs. Figs. ( 	) and ( 	) j 

shows the distortion in line current and line voltage 

waveforms when the load resistance is increased. 

7.5.2 .0scillograms at No Load Aeration of Induction Motor 

All the oscillogramsJ9ig. (7.53) to Fig. (7.66)1 

are subjected to the following operating conditions of the 

motor: 

INDUCTION MOTOR. a NO LOAD 

Ti\1V&12E .~. INPUT - 38 VOLTS 

I ,M. LINE TO LINE VOLTAGE 	60 VOLTS 

D.C. LINK CURRENT ~► 3.4 AMPS1ES 

INDUCTION MOTOR LINE CURRENT a 2.85 AMPERES 

3-0 Power - 84 Watts 

SPEED = 470 .RFN, FREQUENCY = 16.66 Hz. 
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Os cillograrn (8)Fig. (7.53) ]shows the waveform 

of the d. c. link current which is rich in harmonics. These 

harmonics are present because of small d.c.  link choke. 

Oscillogram (9)[Fig. (7.54)]shows the waveform 

of the voltage at the input terminals of the inverter 

which on the average is d.c. The voltage spike on the 

negative side is due to commutation transient. 

Oscillogram (10) [Fig. (7.55)]shows the waveform 

of the voltage drop across the SCR NO 6IFig. (5.l)] of 

negative group. From the oscillogram it can be seen that 

the SCR conducts only for 120°  during: each cycle. In the 

oscillogram, voltage spikes duo to commutation transient 

can be seen at the begining and midway of 1200  condluction 

period. The slight difference in the voltage level of 

two 600  conduction periost is due to small unbalancing in 

the capacitors of the negative group. 

Oscillogram (11, [Fig. ;7.56 shags the waveform :rm. 

of the voltage across the commutation capacitor NO 6 

[Fig. (5.1)] of negative group. In each cycle capacitor 

remains charged for 1200  only. For the first 60°, capacitor 

remains charge ! in one direction ana for the next 600  in 

other direction. The charging and die charging of the 

capacitor depends upon the RC  time constant where R mainly 

consists of the stator winding resistance. Since R is 

very small therefore time constant is very small and  
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charging and reversal of the charge takes place almost 

instantaneously. This explains the almost vertical 

nature of charging and discharging portions of the osci.--  

liogram 

Oscillogram (12) LFig. (7.57) shows the line 

current waveform of the induction motor. The weveform 

is six step quasi.--square but rich in harmonics. These 

harmonics are present as a result of harmonics in the 

d. c. link current and commutation transients. 

Oscillogram (13) [Fig. (7.5B)" shows the 

waveform of line to line voltage at bhe input of induc 

tion motor. The voltaic waveform is almost sinusoidal 

With transient over voltage spikes superimposed uon 

it. The slight distortion in the voltage waveform is 

caused by stator resistance drop. The transient over-

voltage spikes are formed as a result of resonant over 

lap angle in the current waveform Fig.7.58( 	which is 

determined by the magnitude of d.c. link current, cOnirn-

utation capacitance and subtransient inductance of the 

ma chine 

7.5.3 Effect of Change of Frequency on Motor Current and  

Voltage vefo 

Oscillcgrams (14) and (15) Fig. (7.59) and (7,60)j 
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show the output of the Johnson Counter. Oscillogram (14) 

represents 16.66 Hz while (15) represents 33.32 Hz. 

Oscillograms (16) and (17)[Fig.  (7.61) to (7.63) ] 

an,' Oscillograms (18) an:' (19) [Fig. (7.62) to (7.64)] show 

the waveforms of line current and line voltage of induction 

motor running at no lead arL 1 at the above two operating 

frequonoie S. 

It is noted from the oscillogram (16) and 

(17) that at lower frequency (16.66 Hz) the commutating 

transients are predominant resulting in the over current 

spikes at each instant of commutation. A very small value 

of inductance must be used in series with each thyristor 

to limit l̀i  t,1 a safe value. At large frequency (32 .32 'Hz). 
,1t 

the commutation transients are present only at the instant 

of the reversal of the current. The waveform at large 

frequency is more near to the ideal one which is shown 

side by side, except for. 	dip in between the 1200  conduc- 

tion neriod which is also duo to commutation. 

After comparing escili._ogram (18) and (19) we 

find that over voltage spikes due to commutation transient 

are present at lc-wr as well as high - frequencgy but 

distortion of the voltage waveform due to these transients 

is more at .hig he frequency. 
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7.5.4 Effect of Change of Loa,-' on Motor Current and Voltage 

Waveforms 

Oscillograms (20) and (21) lFig. (7.65) anc=. (7,67)]  

an" (22) an (23) [Fid;. (7.66) and (7.68 )]show the wave-

forms of line current an.:1 line voltage at no load and at 

moderate load respectively. 

After comparison we find that line current 

waveform improves at load because the lip in between the 

1200  conduction period decreases. The voltage waveform at 

load is also better than at no load because over voltage 

spikes due to commutation transients are suppressed to a•

large extent. 

7.6 CONCLUSION 

In the present chapter, the performance of 

the constant curront-source inverter at resistive and d c age 

induction motor load is investig_ate -1 experimentally. The 

current in the d. c. link is kept constant with the help of 

current loop. 

The observations at resistive lead show that 

current--sc,urce--inverter is not suitable for resistive loads 

because commutation is dependent on load current which is 

affected by increase in resistive load. 

The induction motor was operate: in the stable 

zone of torque--slip characteristic with the help of current 



Effect Of Chane Of Load-  On  Motor Current and Voita e 

Waveform 

20 

F1 ig. 7.65 	 Fig. 7.67 

1?- 	 Z3 

Fig.  7.66 	 `'i9. 7.68 
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loop and load test was performed at different operating 

frequencies and d.c. link currents, The observations,  

of the leas' test are tabulated in tables (7.2) to (7.7). 

The operating frequency range for the satisfac••-- 

tory operation of the drive is found to be between 10 to 

47 Hz. The upper limit of operating frequency is fixed 

by the choice of capacitance which in turn is based on 

the rating of the SCR voltage. The lower limit is fixe 

by the permissible torque pulsations. The observation 

tables also show that loading capability of the motor iflc--

reases with the d.c. link current. The slight decrement 

in the motor line current at higher frequencies because of 

the phase shift of the fundamental component of the line 

current due to finite commutation interval can also be 

noticed from the observations. 

Th performance of the drive as obtaine cl from 

the observations is show-,m as a function of load torque in 

Figs. (7.13) to (7.46). 

The experimental curves show that losses in the 

--_rive are high, power.-fact'oor and efficiency are poor. 

This is sc because induction motor is always operating; 

in the,  highly saturated stable zone of torque-slip charact-

eristic. Total losses which mainly consist of iron and  

copper losses increase sharply with increase in d.c. link 

current an -I operating frequency resulting in more power 
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input and hence in the poor efficiency of the drive. The 

effect of change of d. c. lini current on power---factor is 

very peculiar. At light loris power-«f actor is better with 

high ~''. c. link current while at high leads power--factor 

is better with low ,1. c. lizv current. The operating frequ-

ency does not seem to have any specific effect on power 

factor. The Loa:; torque Vs Power output curve is linear 

because of very small change in speed with loac?. It is 

also seen'. that for a fix power output, loa .tcrque is more 

at higher frequencies. The speed regulation of the drive 

is very z;oodrFig. (7.13) » The speed control by change 

in operating frequency is :almost linear as is clear from 

Speed Vs Frequency plcct[Fig. (7.46)]. 

The line current and phase current oscillograms 

at resistive iced are found very much similar to the ideal 

one shown sire by sideLFir,. (7.47) an-,1 (7.48)]. The oscill--

o ;rams of line volt age, line current and of voltage drop 

across different components of inverter circuit at induction 

motor load closely matches wit's. those given in different 

papers 115, 18, 301, The change of operating frequency 

end load are also fount to have impact on the line current 

and line voltage waveforms. 
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CONGLUSION 

This dissertation concerns steady-state analysis 

of current--source inverter fed induction motor drive. The 

configuration of current--source inverter in auto-sequential 

commutation mode is selected. The constant current source 

is realized with the help of a reactor connected in series 

with a controlled rectifier and a current loop which cont-

inuously monitors the current in the d.c. lime, compares 

it with a reference input and adjusts the firing angles 

of the SCRs so as to maintain constant current. The guide 

lines for the selectionof the ratings of various components 

of inverter are. presented and discussed, which form a basis 

for the design of the inverter. The inverter designed 

on the above guide lines is fablicated and satisfactory 

performance realised. 

For the auto-sequential current--sourc` inverter, 

a suitable firing scheme is developed using Johnson counter 

as the basic block for generating three phase variable 

frequency square wave pulses, The outputs of the Johnson 

counter are manipulated to produce six sets of continuous 

firing pulses of 120°  duration with a phase difference 

of 600  from ono anoth.eer. This firing circuit satisfactorily 

operated the current-source inverter made of 16A, 1200 PIV 

rating .SCRs feeding a 30 cage induction motor of 375 'r size. 
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The commutation process in the inverter is 

divided into three stages. In the first stage the current 

transfer takes place from one SCR to the other. In the 

second, currant modifies the capacitor voltages. The. 

machine currents do not change in these two stages. The 

current transfer from one phase to the other takes place 

in the third stage . The tr~--Lnsfer is also affected by the 

machine resistance, inductance and commutating capacitance 

of the inverter, 

A. mathematical modal which. completely represents 

the used drive scheme is developed in p.u. and an annly~ 

tical method for determining s tendy-state performance has 

been sot forth. The analytical results of the stoady--statc 

performance of the drive are presented as a function of 

slip. Complete performance is also summarised in the form 

of curves as a function of load torque. 

The experimental results of the steady—state 

performance of the drive were obtained by performing load 

test under five sots of operating co::n.ditions. The 

observations of the load test are given, and performance 

curves plotted as a functi nn of roarer output. 

The inal j tical results show that the torque-- 

slip characteristic consists of two zones, one with a positive'. 

slope and the other With a negative slope. The niegativo 

Sloped zcnC is unstable. The negative sloped ze_ne is 
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comparatively very small and has a very steep slope. The 

slabl` and unstable zones cOn also be identified in other 

characteristics with the help of torque-,slip characteristic. 

The machine can be operated either in the stable zone or 

in the unstable zone for the semo torque demand. However 

when operating in the unstable zone, feud backs rre 

necessary. 

The analytical results show that operation in 

the stoble zone will result in more power output, less 

losses and better efficiency than the unstable zone. 

However power•=-fOctcr will be poor and stator voltage will 

be da.angerousl r high. On the other hand the experimental 

results which are obtained only for operation in the stable 

zone show that losses in the drive are high, efficiency 

and power•-factor are poor which results in the reduction 

of the loading capacity of the machine by a considerable 

amount. The stator voltages are also not found high while 

'ting 1 n the stable' zone . . operating 	 ~.~n~ 

The big difference between the theoretical 

and experimental results is only because co_(' saturation 

which is neglected in the analysis. Since the flux level 

in the machine Will be very high while operating in the 

stable zone the ce.f ore saturatic.n must be properly accounted 

for in the analysis. 
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The oper:atinn in th.. unstable zone corresponds 

to normal flux level in the machine and theref ore will 

result in better performance as compared to stabl3 zone 

in practical case. Though operation in unstable zone 

requires st'lbilising feed ba.cks,even then it should always 

be preferred. 

The speed. regulation of the present drive is 

found to be very good. The speed can be smoothly controlled 

from 250 R.P.M. to 1350 R.P.M. by changing operating fre-

quency. The effect of the phase shift of th;: fundamental 

component cf the line current duo to finite commutation 

interval resulting in slight decrease in the motor line 

current at higher frequencies is also noticed. 

The various oscillograms are found to compare 

very well with the standard one s g  available in the literature, 

The oyer _ting frequency and load are seen to have an effect 

on line voltage and current waveforms. 

8.2 SCOPi OF FUM111,  R 'JORK 

Further work can be done cn this topic under 

following aspects; 

(I) %k rectifier inverter source has been considered 

hero to food variable current and frequency 
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supply to the induction motor. An altornat 

form of the supply source like the inverter 

operating in the pulse width modulation mode, may 

be coonsi..dered. 

in this dissertation drive oper.ata. -n in sub—

synchronous speed rang: only has been studied, 

Drive operation in supo:.r-synchronous speed range 

can also be studied. 

The present work ignores commutation time of the 

inverter. Invertor with finite commutation time 

should be considered and its effect on drive 

performance may also be studied. 

(iv) The present fabrication work has only the torque, 

control loop (current loop) which keeps the current 

in the a 0  c, link constant. in the future work, 

slit.; control  1::cp (speed loop) should be incor-

porated. The -lbov,. two loops may also be combined 

-to yield sped reference as a single variable. 

(v) The firing circuit developed in the present work 

is suitable for two quadrant operation of the drive, 

The firing circuit capable of four quadrant operation 

of the drive should be dcvelon= d.-'- in future work. 
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(vi) In the present work only steady—state performance 

has been obtained theoretic.ally neglecting satu-

ration and all the harmonics. The effect of 

harmonics (6th and 12th) and the saturation on 

the stee ady---sta tc performance of the ;?;c for should 

be studied in future. 

(vii) Thu `£_sects of variation of parameters on the 

perfr;nanco of the system should also be studied 

so that `i proper choice of thyristcrs and co?nnut - 

ating elements can be made. 

(viii) Since in the current--source—invorter fed drives 

stability is the main problem, therefore stability 

studies should be carried out to design the system 

so that system is not only stable but possesses 

a certain minimus: degree of stability. 
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PAGE: 
PROGRAM NO 6 

C 

C 
	

STEADY STATE ANALYSIS OF CSI FED SO.CAGE INDUCTION MOTOR 

C 

C 
	

WE = OPERATING FREQUENCY IN P.U. 

C 
	

FIDS D.C. LINK CURRENT IN P.U. 

C 
	WSL 	SLIP. SPEED IN R.P.M. 

C 
	

Li = SLIP SPEED IN P.U. 

C 	'IB = SYNCHRONOUS SPEED OF INDUCTION MOTOR IN R.P.M. 

C 
	

AT BASE FREQUENCY 

C 
	

RS = PER PHASE STATOR RESISTANCE IN P.11. 

C 
	

RR = PER PHASE ROTOR RESJSTANC  IN P.U. 

C 
	

Is = PER PHASE STATOR SELF INDUCTANCE IN P.O. 

C 
	

XR = PER PHASE ROTOR SEIF INDUCTANCE IN P.U. 

C 
	

Xi  IiTUAL INDUCTANCE b ETWEE ful STATOR AND ROTOR INP.U. 

C 
	

RF = D.C. LINK INDUCTOR RESISTANCE IN P.U. 

C 
	

XCD COMMUTATING REACTANCE IN P,U, 

C 
	

**** 

DIMENSION WE(4),F'IQS(8),WSL(1('#-0),U(1(,10) 

OPEN(UTJITI ,DEVICE'DSN',OIAL,DG) 

OP(UIT12,FIL='TS1.DAT',DEVICE='DK') 

OPEN(UNIT4,FILE'TS2.DAT',J)EVICE'DSK') 

OP(UNIT3,FE'S3.DAT',DEVICE'DSK') 

OPEN (UNIT2 , FILE 'T35 .DAT', DEVICE '[)SK') 
OPEi(UNIT7,FILE'TS6.DAT',f)EVICF'DS1c') 

O(U1T=8,FILE='TS4.DAT',DE;VICE='OSK') 

RE1I)C1,),J, Fl, N 

READ( 1,) , (FIUS(L) ,l1,M) 

RtAD(1,*),RS,RR,XS,XH,XM,HF,XCO,Wi 

PRIiAT*,J,M,N 

PRIPET*, (FLOS(b) ,L=1,M) 
PRINT*,RS,RR,XS,XR,XM,RF,XCO,VIB 

AXR*XR 

BRRRR 

C X X M 

D051=1 ,J 

READ(1,*) WE(), (O(K) ,K=1 ,N) 

PRI1\T*,WE(I) , CO(K) ,K1 ,U) 
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TXM*t."IcS () *F)DR 

T L F I Q S (L ) F I ( (Li) ' (H S + R F + C) C RH / ) 

pIJT(WEU)-WSL(K)) 

F.FFPO/(PCJ+T14 

VQ$(R5+WfrCI)W(K)*CR/)*FZQS) 

V!)SWE(I)IQSCJP(XS+C*D*XR/E) 

PFAATAN(VDS/VQS) 

pFCOS(PFA) 

V SQRT ( VQS* VQS+ V DS* VDS) 

ZPU+TL 

PIN V t S F I OS (Li) 

WRITE(12,) ,$i,IP,FF 

WRITE(4,*),SLIP,PU 

WiTE(3,fl,SLP,T 

WRITE(8,*),SLIP,TL 

WRITE(2,*) ,SrJIP,V 

WITE(7,k) ,SLdP,PF 

C  PRINT, SLIP,T,PO,TL,EFF,V,PF,C,PiN,X 

5  PRI4T*,SLIP PPO,V ,PF,VQS,Z,P114 

STOP 

END 
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APFE\TDIX 

Measured Values of P.U. Parameters of the I.H. and D.C. Link 

Inductor 

R 	Stator resistance per phase 	= 0.049s  
Rotor resistance per phase 	0.0656 

s 
	Stator self reactance per phase 	= 1.913 

X 	Thtor self reactance per phase 	= 1.913r  
X,. 	Naneising reactance per phase 	= 1.84 

I
PI D.C. link inductor resistance 	= 0.025 

711 	D.C. link inductor reactance 	= •95 
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