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ABSTRACT 

4~ r 
The dissertation deals /\ the design, analysis and 

experimantal studies of a line commutated inverter fed induc-

tion motor drive. In this scheme, a three phase a.c. supply 

is converted into a variable d.c. supply using a combina-

tion of three phase uncontrolled bridge converter and an 

auto transformer. The commutation of thyristors of line 

commutated inverter is achieved using three phase capacitor 

bank which are charged by the back e.m.f. of motor. 

The whole work of dissertation broadly has been 

categorized as literature survey, design and fabrication 

of firing and power circuits 9 theoretical prediction of steady 

state performance of induction motor and experimental studies. 

The literature survey at the begining of dissertation 

reveals the progress made in the field of line commutated 

inverter for variable frequency output and solid state 

converters fed variable frequency operation of cage I.M. 

In chapter-II the details of experimental setup in which 

system discription and design of power and firing circuits 

are discussed. 

The starting methods and detailed experimental 

investigations to study the feasibility of the system as 

well as to obtain performance of motor under varied 

operating conditions are given in chapter-III. In 

( iv) 



(v) 

chapter-IV steady state analysis and performance of the 

system has been predicted analytically using equivalent 

circuit approach as well as digital simulation along-

with experimental results to establish the validity of 

predicted results. 

The feasibility of the line commutated inverter 

fed induction motor system to operate as a variable fre-

quency source and as a group drive are described in 

chapter-V and VI, respectively., Lastly the main con-

clusions and suggestions for further work are given. 



NONENCL ATURE 

The detailed list of the symbols used in the present 

work is given below: 

C 	: capacitance 

Em 	peak value of phase voltage 

F 	: p.u. frequency 

I2 	: rotor current referred to stator 

Id 	o d.c. link current 

Im,II  . motor and inverter current respectively 

P 	: number of poles 

Pfm,Pfl: power factors of motor and inverter respectively 

P0,PI  : motor and inverter outputs respectively 

PL,PDC  : input power to static load and d.c. link power 

respectively 

R 	: total resistance of motor per phase referred to 

stator 

R2 	. rotor resistance per phase referred to stator 

equivalent to load on motor 

Rm 	: p.u. core loss resistance 

s 	: slip 

T 	: motor torque 

TL 	load torque 

TR 	: turn ratio of transf ormer 

V 	: a.c. side inverter voltage 

VC 	: control voltage 

Vd 	: d.c. link voltage 

(vi) 



Wo 	: base synchronous speed of motor 

X 	: total leakage reactance of motor per phase 

referred to stator 

Xc 	: p.u. reactance of capacitor at rated frequency 

Xm 	: p.u. magnetising reactance 

firing angle 

inverter angle of advance 

ns 	; overall system efficiency 

rim 	: motor efficiency 



ABBREVIATIONS 

a.c. alternating 	current 

CSI 	: current source inverter 

d.c. 	: direct current 

e.m.f. 	: electromotive force 

F H.P. 	: fraction ho,,rse  Hower 

H.P. 	: horse power 

Hz 	: hertz 

I.M. induction 	motor :. 

KVA 	: kilo volt 	ampere 

L.C.I. 	:: line commutated 	inverter 

p.f. 	: power factor 

PTV 	: peak inverse 	voltage 

P'IV 	: pulse 	width 	modulation 

SCI 	: self 	commutated inverter 

SCR 	: 	silicon controlled rectifier 

suffix : 	direct and quadrature axis quantities 
d 9 q 
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CHAPTER - I 

INTRODUCTION 

1.1 General 

Presently, the d.c. motor and d.c. controller combination 

is the dominent electric vehicle drive system ~.~arifa.;gurat.i-an, with 

only a few vehicles using an a.c. system. However, recent 

studies comparing various electric vehicle propulsion system 

approaches have concluded that most promising drive system for 

electric vehicle use is the a.c. induction motor drive [ 1,2 , 

The modern trend in industries is towards the replacement 

of d.c. drives by a.c. drives in many applications because of 

comparative advantages of a.c, motors in general and induction 

motor in particular [ 3 J. The squirrel cage induction motor 

are known to have higher power to weight ratio, robust physical 

structure, lesser maintenance requirements and above all, the 

lower cost. The d.c. machine has the following drawbacks: 

(i) increased cost per KVA and decreased power per 

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. 

-1- 



The above deficiencies obviously canot be tolerated 

in many industrial applications. A suggested alternative is 

to use a cage I.M., operating at variable frequency supplied 

from a static frequency converter.' he use of a cage I.M. 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 perweight ratio is about twice that 

of d.c. motor. 

Although the cage I.M. has the above advantages, the 

cost of control equipment is considerably higher and the cont-

rol techniques are very complex. The research and development 

efforts in a.c. drives technology have been focused recently 

on solving the above problems. As a result of availability 

of improved voltage and current rating SCRs and the trend 

of their prices to come down day by day in the recent years, 

people have shown considerable interest in variable speed 

I.N. drives and in the recent years, many new techniques, 

suitable for speed control of I.M. have been developed. 

Mainly phase control and static frequency converters 

are used for the speed control of three phase squirrel cage 

I.M. phase control 13,L usually is limited to small capacity 

of motors particularly to those loads where load increases 

with speed as in case of fans drives. 
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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 

very 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 of 

fixed voltage and frequency to an a.c, supply of variable 

frequency and variable voltage. The rotating type of fre-

quency converters were used previously but now they 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 cycloconverter: [5] converts a.c. supply of fixed 

frequency to a lower output frequency through a one step 

conversion process. 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 cycloconverter contains 

complex harmonic patterns, However, one advantage of cyclo- 
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converter drives is that regeneration is simple and the system 

can be easily designed for four quadrant operation of cage 

I.M. The cyclo--converter drives are normally used in very 

large power applications. The cost and complexity of power 

and control circuits make them uncompetitive with other 

classes of drives in general applications. 

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

in which power from the a.c. network 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 

of a.c. drives. The voltage source inverters [6,7] use either 

a controlled rectifier or a d.c. chopper to have a variable 

voltage d.c. link. Which is fed to a three phase forced 

commutated bridge inverter and v/f control is used to maintain 

maximum value of torque constant in wide range of speed 

control. In these circuits, the commutating capacitor is 

usually charged by the d.c. link voltage and hence the com~nu.-

tation capability deteriorates under the low speed operation 

when d.c. link voltage decreases. Moreover, these inverters 

generate a three phase square wave valtage with high values 

of low order harmonics, These drawbacks can be minimized 

upto certain extent by using pulse -.width modulated inver-

tars f8]. The harmonic losses of the machine are reduced 

significantly in P. , ;1.M. inverters, but the inverter 

efficiency is reduced because of the higher rate of the 

commutation. In addition to this, the P.W.N. circuits 
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require sophisticated trigger control schemes to achieve 

the desired level of performance. A current source iner-

ter [9,10] unlike the voltage source inverter s  works with 

a stiff d.c. current source. Though the CSI has merits, 

it suffers from certain limitations also. The frequency 

range of the 0SI is low. It cannot operate on no load as a 

certain minimum value of the load current is necessary. for 

entering the satisfactory commutation of the inverter. 

The response of the drive fed from the CSI is sluggish and 

tends to give stability problem while running at lower speeds 

with light loads. The CSI have a limited scope in the mul-

timotor drive applications.. 

A. Nabae et al [1 1 	have proposed a method of flux 

control technique of I.M. for its variable frequency opera-

tion. Which is capable of controlling with quick field. 

weakening and superior response and stability. This method 

is to control the stator current as a vector quantity on 

the basis of slip frequency control. More specifically, it 

is designed to calculate the commanded stator current of the 

induction motor by corresponding to flux and torque commands 

on the basis of motor constants and use the calculated 

commands to control the stator current. However, the con- 

trol/'converting technique are complicated in nature and 

cost of system is also higher. 

It is possible to overcome some of the difficulties 

associated with cyclo-converter and forced commutated 
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inverter circuits by using the line commutated inverter 

[12) . The absence of the forced commutation circuits makes  

the operation of the LCI simple, reliable and more effi- 
 

~'CPJ~ r 

cient. The converter grade SCRs can be used for the LCI 

and its use results in saving in cost. The trigger cir- 

cuit requirements of this scheme are simple as compared 

to cyclo-  converter or forced commutated inverter circuits. 

Another novel features of this scheme is that the voltage 

and current wave shapes are sinusoidal as the LCI operates 

from the mains. A need is, therefore, felt to make use of 

the advantages of line commutation in the development of the 

alternative variable frequency source from which a simple 

I.M. or a group of induction motors can be fed.. With this 

view, an attempt has been made in this investigation to 

design and develop a d.c. link line commutated inverter for 

an I.M. derive. 

1.2 Literature Review 

In the recent past, numerous attempts have been made 

for using LCI synchronous machine system in the commutator 

less d.c.  motor mode. Tadakuma, Tamura and Tanaka [ 13) have 

described the driving characteristics of commutator less 

motor controlled by induced voltage detector. Rosa (14] 

has described the utilization and rating of machine commu-

tated inverter synchronous motor drives. In which be 

analyzed a d.c. link type variable frequency inverter 

synchronous motor drive, the relationship between the 
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operation of the machine commutated thyristor inverter and 

the characteristics of the synchronous motor. 

Brockhurst (151 published his work on performance 

equation for d.c. commutatorless motor using salient pole 

type synchronous machines. In which, the development of 

design oriented algebric expression of machine performance 

measures in terms of machine inductance is described. 

Tokeda, Morimoto and Hirasa [161 have discussed 

the generalised analysis for steady state characteristics 

of d.c. commutatorless motors. The variation of commutation 

angle, shift angle and demagnetisation due to armature 

reaction, safety margin angle, average torque and speed 

with mean input current are examined quantitatively for 

windings and saliency. 

Rangandhachari et al [17,181 proposed the synch-

ronous machine alongwith such inverter as a commutator-

less shunt motor and variable frequency source to feed I.M. 

This scheme has the disadvantage of using an extra syn-

chronous machine which not only affects the systems effi-

ciency and cost but also demands a separate d.c. source 

for its excitation. However, Tasuchiya et al [19] and 

Ajay Kumar et al [20] have reported that the LCI alongwith 

synchronous machine may give the performance like d.c. 

series motor and is called -as eeies d.c. commutatorless 

motor. But the scheme suffers from the disadvantage of 

commutation failure due to increase in overlap angle of 



LCI and/or armature reaction of synchronous motor speci-

ally at higher loads. 

Very recently 	attempt [21,22.1 has been made on 

the LCI for the variable speed operation of only a. fraction 

horse power I.N. and it was limited to the feasibility of 

the system. 

1.3 Scope z of present _Work 

The exhaustive literature survey reveals that little 

research work has been reported on the performance of a LCI 

fed I.M. Therefore, a need is felt to investigate the vari-

able speed operation as well as the analysis and performance 

of integral horse power rating cage motor using LCI. 

An attempt has been made in the investigation to study 

the steady state performance of a 3-phase .I.M, fed from 

an LCI. In this scheme a three:-phase a.c. supply of fixed 

frequency and voltage is converted into a variable vol-

tage d.c. supply to feed LCI using a combination of three 

phase uncontrolled bridge converter and an auto transfor-

mer. The commutation of thyristors of LCI is achieved using 

three-phase capacitor bank which are charged by the back 

e.m.f, of motor. 

The objectives of the proposed work were the follow- 

ings 

1. To develop a simple firing scheme for operating 



the LCI alongwith the power circuit of the drive. 

2. To develop a general equivalent circuit of the 

overall scheme being applicable to loaded as 

well as unloaded conditions. 

3. To simulate the whole system on a digital compu-

ter arid to predict the performance using suitable 
numerical technique. This is to be used to see 

the validity of the proposed equivalent circuit 

approach. 

4. To study the feasibility of the system as a 
variable frequency source and as a group drive. 

V~ 
The whole scheme has been fabricated in,Aa laboratory 

and the performance of the motor is obtained practically 

to verify the results analytically predicted. The feasi-

bility of LCI I.M. system as a variable frequency source 

to feed different types of load and as a group drive is 

also studied. 

Outline of Chapters 

In chapter II, the details of experimental setup has 

been described. Starting methods and detailed experimental 

investigations to study the feasibility of the system are 

discussed in chapter III. Analysis and performance of LCI 

fed I.M. is described in chapter IV. The variable frequency 

source and as a group drive of the system is described in 

chapter V and chapter VI respectively. In the last chapter 
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the main conclusions and suggestions for further work 

are enlisted. The details of machines used and the 

listing of developed computer program for analysis 

are given in the Appendices. 



CHAPTER - II 

JY TAILS OF EXPERIMENTAL SETUP 

2.1 General 

In this investigation the LCI is used to achieve wide 

speed control of three phase I.N, To obtain the variable fre-

quency operation of such inverter, a suitable firing cir-

cuit capable to operate over a wide range of frequency should 

be developed. A large number of firing circuits have been 

reported in the literature 123 26] based on fixed frequ-

ency supply. A variable frequency firing scheme [27) though 

uses minimum number of components, it introduces complicated 

delay scheme to produce the pulses. The firing scheme 

described in [28) uses large number of components and also 

the tachogenerator signal is used as a reference voltage 

and therefore needs an extra device. 

In the present chapter details of power .circuit and a 

simple firing scheme suitable for variable frequency 

operation of a three phase thyristor bridge :inverter are 

described. The proposed firing circuit is suitable to operate 

at the frequencies much higher from the maim fre.q.uency to 

as low as few --ertzes. The trigger  scheme uses cosine 

wave crossing technique to generate firing pulses and many 

of the drawbacks mentioned above are eliminated. 

die 
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2,2 Description of Experimental Setup? 

Fig. 2.1 shows the block diagram of the system used 

in this work. The system consists of three phase auto 

transformer uncontrolled bridge rectifier, d.c. link filter 

choke;  line commutating inverter;  stop up transformer, 

capacitor bank and a three phase squirrel cage I.M. 

The three phase auto transformer alongwith ..- uncon-

trolled rectifier provides a variabl voltage d.c. source. 

The d.c. link inductor smoothes out the lillk current ripples 

and keeps the current continuous in the circuit. rhe LCI 

supplies the active power from the d.c. link to the I.M. he 

flow of power to the motor can be controlled by adjusting 

the d.c.  link voltage and the inverter firing angle.. .. The 

step up transformer serves the purpose of isolation and ste-

pping up the inverter voltage. The lagging reactive power 

needed for inverter ,transformer and I.M. is provided by 

capacitor bank connected at the motor terminals. The ter-

minal voltage of the motor is decided by the d.c. link 

voltage and inverter firing angle. The speed of motor or 

output frequency of the inverter can be varied by controll-

ing the d.c. link voltage, the value of terminal capacitor 

bank and the inverter firing angle. The magnetic circuit 

of the motor and the transformer due to saturation provides 

an approximately constant voltage to frequency ratio or 

output flux thus resulting full utilization of motor 

capacity. 



 

u 

O Ix 
W W 

J 
0.- 

c-) 
r W 
z ap 
o W 
u~ 
Z o 

m 

y 
w 

Ln 
} 
N 

IY 
O 
0 

z 
0 
I--
U 
D 
O z 
0 
LJ t 
U 

cr 
0 
U- 

W 

U U 
Q ~ 

1  O m N 



-13— 

In the proposed power circuit the following two blocks 

have been designed and fabricated. 

(i) Uncontrolled Six Pulse Bridge Rectifier - 

For electing the diodes for uncontrolled six 

pulse bridge rectifier, the supply voltage input to 

the uncontrolled bridge rectifier is 400 volts 9 50 Hz 

line to line a.c., therefore, the peak inverse voltage 

(PIV) across each arm of the bridge will be given by , 

P iv = -Ir . Vd 

where 	Vd = 	`--~• V 0 	L-L 

Vd o = 

Therefor` PIV = 

L x 400 
71 

u«..., x 540.2 

= 540.2 Volts 

= 566 Volts 

Allowing a safety factor of about 2.0, so that the 

diode can easily take a reasonable transient over 

voltage, diode with 1200 volts, PIV rating ar" used. 

Therefore, the diodes selected for uncontrolled bridge 

rectifier are of 16 ampere and 1200 volts. 

(ii) Three Phase 3ridge Inverter 

Fig. 2,2 shows the diagram of a three phase 

fully controlled SCR bridge alongwith voltage wave-

forms and firing sequence of thyristors [5). The 

bridge can be operated as a converter or inverter 

depending upon the delay angle bei* g less than or 

above 900. One SCR each in upper and lower portions 
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of the bridge conducts at a time for 120°  duration and is 

turned OFF only when the next SCR of the same portion in 

sequence is gated. SCRo are switched ON in sequence at 

every 60°  angle thus the gate pulses should have a frequency 

six times than the source frequency. 

The voltage rating of the SCRs is decided by the maxi-

mum voltage developed across the device. For the present 

work, since the maximum output 	a.c. voltage of LCI is 

240 volt rms line to line so the SCR of 800 volts rating 

can be used after taking a safety factor of 2.0. As the 

thyristors of bridge inverter are commutated by the stator 

induced e . m. f . of the motor a sufficient time is availa-

ble for the commutation of thyristors even at high values of 

super synchronous speed of the motor. Therefore converter 

grade thyristors may be used. The corrent rating of SCR 

is to be decided on the basis of d.c. link current. In the 

present LCI the d.c. link current is expected to have a 

maximum value of 15A. Therefore the thyristor of 800 PIV 9  

16A converter grades are used for LCI with the proper pro-

tection for all elements of circuit. 

2.3 Requirements of a Trigger Scheme 

As described earlier in section 2.2 9  that in the 

bridge inverter, SCRs are switched ON in sequence at every 

60°  angle 9  thus the frequency of gate pulse needed is six 

times the frequency of the motor operation. Moreover to 
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keep each SCR ON for 120° duration either each gate pulse 

should be of more than 60° duration or each SCR should be 

gated twice at the interval of 600 by short gate pulses. 

The large duration of pulse not only increases gate circuit 

losses but also needs carrier frequency ADDING to reduce 

saturation in pulse transformers still the size of pulse 

transformer is to be larger'. In the proposed scheme later 

technicaue is used. 

For the proper operation of system, it is desirable 

that the power amplifier should exhibit a linear output 

input characteristics. In a three phase fully controlled 

bridge, the terminal voltage is expressed in the following 

,,,Jay , 62~ , 30I o 

315 Dm 
cos r , 	 (2.1) 

If the firing angle bears linear relation with con-

trol voltage, Vc, the power amplifier processes a non-

linear characteristics. 

On the other hand, if cosine wave crossing technique 

is used, the control voltage is related with delay angle in 

the following manner, 

KVc = Cosmo 	 (2.2) 

The equation (2.1) now can be written in the follow-

ing way, 

3J3K °V 	 (2.3) 
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Equation (2.3) results in a linear characteristic. 

The proposed scheme uses same cosine wave crossing tech-

nique to make the power circuit suitable for open loop as 

well as closed loop operation. 

2.4 Proposed Trigger Scheme 

The block diagram of the scheme is shown in Fig. 2.3(a) 

The relevant wave forms at different points of firing cir-

cuit are shown in Fig. 2.3(b). The scheme consists of step 

down transformer, comparator, differentiator, monostable 

rmlultivibrator,, OR gate and power amplifier blocks. A 

stage by stage description alongwith design features is  

given below. The detailed wiring diagram is shown in 

Fig. 2.4. 

step Down Transformer 

'Three single phase transformer with centre tapped 

secondary winding have been used. The primary windings 

being arranged in delta are connected a.c. side of thyris-

tor bridge while secondary windings are arranged to have 

six phase configuration to produce six channels. Each 

channel generates a firing pulse to trigger a SCR. 

Comparator 

The secondary voltage of the transformer is compared 

with a d.c. reference signal using a 741 Op.Amp. Compara-

tor to produce alternating rectangular waveform of variable 
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pulse width. To avoid the possibility of varying the delay 

angle due to change in inverter output terminal voltage, 

the d.c. reference voltage is generated by rectifying the 

secondary voltages of transformers and using a capacitance 

filter. This also eliminates the possibility of collaps-

ing the generation of firing pulses as d.c. reference vola 

tage can never be greater than the pear, value of the secon-

dary voltage. 

Differentiator 

A simple R - C differentiator is used to differen-

tiate the rectangular voltage waveform. As it is planned 

to operate system from 5 Hz to 100 Hz, the values of elements 

R and C are decided to have proper differentiation in the 

whole range, For proper differentiation RC (TK1. 

The elements R and C are selected as 10 K ohm and 

0.01.. .F respectively. 

Monoshot 

Nonoshot block produces an output pulse of 0.5 m sec. 

using negative edge trigging to produce delay angle between 

900  and 180°  suitable for inverter operation. A higher 

pulse width is chosen due to highly inductive nature of 

induction machine at light load. The positive spike of 

differentiator is blocked by a reverse connected diode. 

A 74123 dual mono--stable multivibrator is used for this 

purpose. The elements R and C of the pulse forming circuit 
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are selected as 8.2 K ohms and 0.1 F respectively. 

OR Gate 

As operation of bridge inverter requires conduction 

of each SCR for two consecutive modes of 600  duration, the 

scheme uses gating of each SCR twice at the interval of 

60°. This avoids the possibility of failure of inverter 

operation in the presence of discontinuous conduction. 

This is achieved using OR operation of two required pulses. 

A quad 7432 OR Gate IC has been used for this purpose. 

Power Amplifier 

The required strength to the pulse is given by the 

power amplifier to trigger a SCR SL 100 is used as a 

medium power switch and the isolation of firing circuit to 

the rower circuit is achieved using pulse transformer. 

The detail pin diagrams of different integrated 

circuits used are given in Appendix - A. 

2.5 Results and Discussions 

The proposed power circuit and trigger circuit were 

fabricated and tested for LCI induction motor system over 

a large frequency range. The waveforms at the different 

points of firing circuit are recorded using storage CRO and 

shown in Fig. 2.5(a). The waveform are identical to the 

theoretical waveforms. The operation of the scheme has 

been found to be highly stable when control voltage and 



FIG. a5 b Experimental waveform 
of inverter output voltages 

Vc (Volts) ---~ 

G.2.5fa)Experimental waveforms at 
different points of firing 
circuit. 

FlG.2,.G Direct voltage versus 
control voltage charac- 
teristic. 
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operating frequency were varied simultaneously. The vol-

tage waveforms at the output of a LCI are shown in Fig. 

2.5(b). The notches shown on the voltage waveforms indi-

cate the commutation overlap and also show the triggering 

of 3CR of. that mode. The d.c. link voltage versus control 

voltage characteristic to achieve inverter operation is 

obtained experimentally and is shown in Fig. 2.6.' This 

characteristic is observed almost linear. 

2.6 Conclusions 

The complete design detailes of power circuit and 

firing circuit for LCI system are described. Based on 

these the power module and control scheme are fabricated 

and tested. For the firing circuit a cosine wave crossing 

method is used to generate firing pulses to result LCI 

as linear Hower amplifier. The developed scheme is found 

to be suitable for speed control of polyphase induction 

motors using d.c. link LCI. The scheme may also be used 

for closed loop operation of I.i.. The triggering of 

thyristors using pulses of short width reduces gate circuit 

losses and also reduces the size of pulse transformers. 



CHAPT IR - III 

EXPERIMENTAL INVSTIGATIONS ON STEADY ST~T'E 
PERFORMANCE OF THE SYS TEP" 

3.1 General 

An exhaustive survey of published literature given in 

chapter-I reveals that a large wore has been reported on the 

performance of the LOI fed synchronous machines covering wide 

aspects of its operation. On the other hand a little inves-

tigation has been carried out to study the performance of 

LCI fed I.M. [21,22], No work has so far been done on this 

aspect for the motors of integral horse power ratings which 

are widely used in the industries. A. need is therefore felt to 

investigate the feasibility of LCI fed induction motor for 

its variable speed operation. In this work, the steady state 

performance of the LCI fed three phase cage induction motor 

is obtained experimentally at no load as well as loaded condi-

tions„ The effects of d.c. link voltage and terminal capaci- 

for have been studied to vary the speed of motor. The speed 

versus torque characteristics and performance in terms 

of the efficiency, power factor and currents of motor and 

inverter have been obtained for various combinations of d.c 9 

link voltage and terminal capacitor values. Various tests 

have been carried out on a 4 H .P. semi squirrel cage I.N. 

3.2 Starting 1.iethods 

As described in section 2.2 the system consists of three 

-20- 
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phase auto transformer, uncontrolled bridge rectifier, sraoo-

thing inductor, lire commutated bridge inverter, three 

phase step up transformer, a set of three phase capacitor 

banks and a three phase squirrel cage I.M. A three phase 

supply alongwith a three phase auto transformer and three 

phase uncontrolled rectifier .provides a variable d.c. vol-

tage input to the bridge inverter. Since sources is variable 

d.c. voltage s  it cannot supply lagging reactive power needed 

for the magnetization of magnetic circuit of the I.M. There- 
fore, the T._"=, cannot be started directly by this source. 

The capacitor banks connected at the terminals of motor are 

charged due to induced e.m.f. of I.i'l. and hence supplies the 

required lagging reactive power. This shows 	that if the 

I.M. is brought to some speed by any means enough to provide 

magnetization as well as to commutate thyristors of the 

bridge inverter, the system will start working and draw active 

power from.d.c. source while reactive power from capacitor 

banks 

Following two methods can be used to start the I.M. 

3.2.1 Starting by 	cou a 	le 	motor p 

Fig. 3.1 shows the detailed circuit diagram of the 

system. In this method, the I.N, is brought at the proper 

speed by a coupled d.c. machine operating as a motor and the 

terminal capacitor bank is connected which results self exci-

tation in the induction machine. The trigger signals for the 

inverter circuit are derived from the induced e,m.f. of the 
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stator of I.e. by the voltage sensor. Using fully controlled 

bridge, the inverter operation is achieved when firing angle 

exceeds 900. If a d.c. source of proper polarity and magni-

tude is connected on the d.c. side of the inverter, the active 

power flows, from the d.c. source to the mator. The power 

fed by d.c. machine is reduced slowly while d.c. link power 

is increased b~i ad justi.ng d.c. link voltage and the induction 

machine changes its mode of operation gradually from genera-

ting to motoring at a frequency which is set itself. When 

power sup-r)lied by d.c. machine becomes negligible it may be 

switched off. 

The main objective of this experimental investigation 

is to study the stability of the system, that is, to see 

whether induction machine will run as a motor stably if the 

d.c. machine is switched off. Surprisingly, it is observed 

that the machine run quite stably when driving machine is 

switched off. It is due to the fact that at the instant of 

switching off, the induction motor was operating at no load 

and the required losses were supplied by d.c. link and the 

driving machine. 	As soon as the d.c. machine is switched 

off, the speed of the induction motor falls slightly due to 

insufficient " active power available. This reduces the motor 

induced e.m.f. The d.c. link voltage becomes greater than 

the reflected d.c. voltage of the inverter thus permits more 

current and power flow to the motor. As fall in speed in 

associated with more input of active power to the motor, 

the stable motoring operation is achieved. During stable 
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operation the motor draws active power from d.c6 link and 

the lagging reactive power requirement of the motor, the 

transformer and the inverter is supplied by terminal capaci.- 

tor bank. This method can only be used for starting of the 

I,I'vi. at no load. 

3.2.2 Starting by a three phase supply 

Fig. 3.2 shows a circuit diagram if starting of the 

I.M. is to be achieved by a normal three phase supply. To 

start the operation of the syste;nx, first of all the motor is 

initially connected to a three phase supply and is brought 

speed . 	 capacitors is up to no load ..p~.ed. Th . 	ltabl value of capacitor 	i 

connected at the motor terminals and with the help of variable. 

d.c. link voltage, the power flow through inverter is establi-

shed. It is observed that, with the increase in d.c. link 

power output, the power drawn from the 3-phase supply decrea-

ses, When active power fed from the 3.phase source become 

negligible, it is switched off. The cage machine is continued 

to run taking its no load losses from d.c. link through inver-

ter and its terminal voltage and frequency are decided by the 

d.c. link voltage, the value of terminal capacitor and the 

firing angle of inverter. 

3.3 Results and Discussions 

To obtain the experimental performance of the I.A. 

at varied loading conditions, the motor is loaded with the help 

of coupled d.c. machine running as separately excited d.c. 
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generator. The details of motor generator set are given in 

Appendix-B. Various experimental data were obtained by ins--

truments located at appropriate points in the circuit as 

shown in Fig. 3.1. The test curves pertaining to the perfor-

mance of the I.M. at no load and loaded conditions are shown 

in Fig. 3.3 to Fig. 3>5. The osciliogrames of the inverter 

output voltage and current ;. motor terminal voltage and current 

are recorded on a storage oscilloscope at no load and loaded 

conditions and are shown in Fig. 3.6. 

The following salient features may be observed from 

the experimental results. 

1. It can be observed from Fig. 3.3(a) that the speed 

of the I.M. reduces at no load with the increase in the value 

of terminal capacitors because of decrease in frequency. 

Similarly, it is observed from the experiments that by removal 

of terminal capacitors, the speed rises resulting increase i_i 

frequency. The speed of the motor is seen to be highly Sensi-

tive with the variation of capacitor in the higher speed 

range. 

2. Fig. 3.3(b) shows the effect of d.c. link voltage 

on the no load sr)e ed of the motor for fixed value of terminal 

capacitors, The speed of the motor rises almost linearly 

with the increase in d.c. link voltage.~Iith the proper 

selection of terminal capacitors and d.c. link voltage, a 

wide range of speed control can be achieved, On the selected 

machine, the range of speed control is observed from 30% to 



5 	240 

O 

"'moo 
2 

3 	4 

I 

j 300i 
tL 
t 

W 
U 
4 200 

U 

a 
U 

100 

Plot Vd(Vottc 

1 60 
2 100 
3 160 
4 200 

it 

0 

400 

300 	500 	700 	900 	1100 	1300 	1500 	1 

SPEED (r.p.m.) -~ 

1 
FIG.3.3( )~ARIATION)OF CAPACITANCE WITH SPEED AT NO LOAD. 

4 	5 

SPEED (r.p.m.) -0 

F1.3.3 Cb) VARIATION OF Vd WITH SPEED AT NO LOAD. 



9 

7 

E 

~ 5 
c 
M 

E 

3 

3* 

2 

4* 

20T 	O---O---&---0 With normal supply 

With CCI 

16—  5 4 

7  6 
_12 	 ~ •~ 
E 
z 

~8 

0 

Q 

Plot Vd (volts) C(µF) 

1 220 .50 

2 200 50 

3 180 50 
4ii 160 100 

2 5 140 100 
3 6 120 100 

7 120 250 
8 100 250 
9 80 250 

i` III I!! 2 
300 	500 	700 	90'u 	1100 	1300 	1500 	1700 

SPEED (r.p.m.) 	- 

 l G • 3.4(a)Torque - speed characteristics of a LCI fed induction motor . 

11E 

1,3&5 for Im 
2,4$6 for II 

Dt Vd(vo(ts) C(MF) 

220 50 
220 50 
180 50 
180 50 
120 250 
120 250 

1 

0 
0 	2 	4 	6 	8 	1 	12 	14 

Id ( Amp.) --• 

FICA. 3.4(b) Variation of motor(I) and inverter(II) currents with d.c. link current(Id). 



0 re 

.O' 

w 
i 

50' ' i 
6*' 

0 

C 
4 C 

m 
E 
C 

3 

0.8 

0.6 

ii 
4 v 

C 

E 0.4 
Cr, 

0.2 

2 	60' 

3d 

1,34 5 for Pfm 
2,4&6 for Pfj 

Plot Vd (volts) C(AF ) 

1 220 50 
.2 220 50 
3 180 50 
4 180 50 
5 120 250 
6 120 250 

me- 

1,3& 5 for nm 
2,4&6 for ns 

Plot Vd(volts) C(,uF) 
1 220 50 
2 220 50 
3 180 50 
L 180 50 
5 120 250 
6 120 250 

0 	2 	4 	6 	8 	10 	12 	14 
td (Amp.) 

F9.3 .4cc) Variat ion of motor (nm ) and system (ns ).efficiencies with d.c. link current (1d) 

0.0 
2 	4 	6 	8 	10 	12 	.14 

td (Amp.) -----~ 

F1.7 3.4 (4) Variation of motor (Pfm) and inverter (Pf1) with d.c. link current 



C>-_-0-_ -C----0 With normal supply 

_ -( With LCI 
20(` 

3 2, 

E 
SPEED (r. P. m.) --a► 

I12'. 

E 
z 

w 
D 8 0 
0 

4 

n 

r~ 

I1 7 

a 
E 
a 

— 5 
C 
M 

a 

3 

1,345 for Irn 
?,4&6 for IT 

?lot Vd(votts) C(F) 

1 220 50 
2 220 50 
3 220 70 
4 220 70 
5 80 250 

6 80 250 

FL9.3.5(a)Torque- speed characteristics of a LCI fed induction motor . 

G 

I --_._i __-__1  
4 	6 	8 	10 	12 	14 

Id (volts) --a► 

Ft 9.3.5(b)Voriation of motor (Im ) and inverter (II) currents with d C. link current (I j) . 



1007 

80h— O 	'~ 	O ~• 	 x .~'7` 
5 

2,4b6 for nS 
C  i 2  J 

// 6U Plot 	Vd(volts) C(juF) 

0̀ 40 3 1 	220 50 
E r 4~ 2 	220 50 

3 	220 70 
4  220 70 
5  80 250 

20!— 6 	80 250 

4  6 
 

4 
Id (Amp.) -- 

Ft9.3.5(c)Variation of motor (nm)and system (ns )efficiencies with d.c.link current(Id). 

6  ' 
~ I 

0.6 
0 

_ 

// 

'~ 1,3&5 for Pfm 

2,4&6 for PfI 

0.41 Plot Vd(votts) C(AF) 

E /  ' 
; 

1 220 50 
a //L1 2 220 50 

220 70 3 

0.2~  4 •220 70 
5 80 250 

1 6  80 250 

0.01 
0 

 1 	I 	L...._.._ 	I .....,._ I 
12 	14 2 	4 	6 	8 10 

Id (Amp.) 

Fig 3.5(d)Variation of motor (Pfm) and inverter (Pf1)with d.c link current (Id) . 



Fi.3,3.64(i) 
	

Ftb:3.G a( ii) 

F193.6 b(ii) 

Ft9.3'6 VOLTAGE (U) ANG CUF.RENT (I) UAUEFOF'MS OF (a) INUEPT 
(i) AT NO LOA[. (ii) AT LOAC , (b) MOTOR (i) AT NC LOA 
(ii) AT LOAD. 



-25- 

110%. 

It may be suggested here that during high speed region, 

the speed control should be obtained by varying value of termi-

nal capacitor. While d.c. link voltage should be se]ected on 

the basis of loading of the motor. At low speeds, it would 

be preferable to vary d.c. link voltage while keeping terminal 

capacitor fixed. 

3. It can be seen from experimental data under loaded 

condition of motor shown in Fig. 3.4(a) that there is a 

little fall in the speed of the motor with the load and is 

much lesser than that of the case when motor is fed by nor-

mal three phase supply. This is due to the fact that the 

system frequency increases with the increase of load. It mi 

might be due to extra lagging reactive power requirement with 

the increase in load which can only be met if terminal vol-

tage or frequency of the motor is increased. It is observed 

experimentally that the frequency of the system increases 

slightly as the load is increased on the motor. For most of 

the purpose, the LCI fed induction motor can be treated as 

constant speed drive. 

4. From Figs. 3.4(a) and 3.5(a), it can be observed that 

motor current is almost constant with load. It is due to 

the power factor of motor which is very poor at no load and 

rises with load as evident from Figs. 3,4(d) and 3.5(d). 

However, the inverter current increases with load as 

shown in Fig. 3.4(b) and 3.5(b). It is due to that the power 
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factor of incerter is almost constant as again shown in Fig. 

3.4(d) and 3.5(d). This constancy in inverter power factor 

is also due to that inverter was operating at a firing angle 

very near to 1800  causing very small requirement of reactive 

power by inverter 

5. Fig. 3.4(c) and 3.5(c) shows the variation of effici-

ency of motor as well as of system. It is observed from these 

figs, that motor efficiency rises with load. It is due to 

constant losses of induction motor from no load to loaded 

condition caused by constant stator current and constant 

flux in the machine. However s  the overall efficiency of the 

system is also rises but with reduced rate. It is because of 

increased losses in transformer (step--up) and inverter with 

increased current in those elements under loaded conditions. 

7Ya.e motor and system efficiencies decreases at increased d.c. 

link voltage at constant value of capacitor due to rise of 

motor current which is constant at different loads. 

6. Fig. 3.6 shows the waveforms of inverter output vol-

tage and current alongwith motor voltage and current at 

no load as well as loaded conditions. It is observed that 

the voltage waveforms are almost sinusoidal and free from 

harmonics. However, the small notches related to overlap 

during commutation process may be observed in inverter vol-

tage waveforms. The current waveforms are rich in harmonics 

at no load. 
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3.4 Conclusions 

The various starting methods of the system are discussed 

in detail which may be adopted for satisfactory starting 

of motor under no load as well as loaded conditions. The per-

formance of motor under no load as well as loaded consitiori 

fed from LCI for its variable frequency operation is studied 

in detail.U3der loaded condition an interesting features 

of the system is observed that the speed of motor remains 

constant irrespective of load. However, the speed may be 

increased by increasing the d.c. link voltage or by decrea-

sing the value of capacitance. It is concluded that at 

the higher speed range the system is very sensitive to the 

capacitance, therefore the speed control at higher speeds 

may be obtained by varying the capacitance and at lower 

speed range it may be controlled by varying the d.c. link 

voltage. 
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CHAPTER - IV 

ANALYSIS AND PERFORMANCE OF A L INE CO*1vR,'IUTATLD 

INVERTER FED INDUCTION MOTOR 

4.1 General 

The L.C.I. is widely used for the speed control of 

synchronous motor. :NJatson [21 9223 has also attempted to 

use this inverter for the speed control of three phase I.M. 

of 1i .H . P. rating. An approximate eq uivale l%t circuit was 

used to predict the performance of the motor at no load. 

No attempt has been made so far, to analyse the performance 

of the motor at loaded conditions. 

In this chanter, an attempt has been made to present 

the steady state analysis of an integral horse power rating 

squirrel cage I,M. using L.C.I. The analytical models for 

no load as well as loaded conditions of the motor are developed 

using equivalent circuit approach and are simulated on a digi-

tal computer to obtain the steady state performance in terms 

of torque speed characteristics, efficiency, power factor, 

motor and inverter currents with respect to d.c. link current. 

The effects of terminal capacitor and d.c. link voltage are 

studied to obtain wide range of speed control. The corres-

ponding test results on a 4 H.P. induction motor (details 

are given in Appendix- B) are presented alongwith computed 

results to justify the validity of developed model. 

-28- 
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4.2 Analysis 

The analysis is carried out separately for no load and 

loaded conditions of the motor., the following '.simplifying 

assumptions are considered. 

(i) The forward drop of thyr is tors and their circuit 

losses are neglected. 

(ii) The overlap angle is neglected as it was also 

observed very small for the system. 

(iii) The effects of space and time harmonics are 

ignored. 

(iv) Leakage inductances and winding resistances of 

motor and transformer are assumed constant. 

(v) The transformer and motor parameters are lumped 

together. 

(vi) The losses in capacitor banks are assumed negligible. 

Fig. 4.1 shows the approximate equivalent circuit of 

the system at any per unit operating frequency 'F' and slip 

'S'. The no load branch parameters Rm  and Xm  are p.u0 core 

loss resistance and magnetising reactance and include the 

corresponding quantities for both induction motor and transW- 

_former. 	R and X are p.u. total resistance (excluding 

rotor resistance R2  of motor referred to stator side) and 

leakage reactances of transformer windings and stator of 

motor. 	All parameters are normalised on the base of motor 

rated per phase quantities. 
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4.2.1 Analytical Model 

For a given d.c. link voltage (Vd) and inverter firing 

angle (c), the a.c. side inverter voltage (v) per phase may 

be calculated and is referred to the motor stator side by 

turn ratio of transformer and is as follows. 

V 	- 	.Vd__..T.... 	(~ . 1 ) 
(3j Cost 

:here TR = Turn ratio of transformer 

and 	_ (1800 - f~f ) 

Where 	is known as inverter angle of advance, 

In tnis circuit for a given capacitance 'C' (Xc with 

p.u. reactance at rated frequency), the p.u. freque;ncy IF' 

is the unknown variable to be determined. The no load 

-parameters (Rm, Xm) depend on voltage to frequency ratio 

(V/F). To obtain these parameters, the n.o load test on the 

combination of transformer and motor is carried out at rated 

frequency (i.e. F = 1) and at various values of supply 

voltage. The variation of Rm and Xin with (V/F) is obtained 

using these experimental data and is shown in Fig. 4.2, To 

simplify the analysis, these c,zaracteristics are linearized 

in the following way 

Xm = K1 - K2 (V/F) 
	

(4,2a) 

Rm = K3 + KL (V/ F ) 	 - _. ... _~ d _ (4.2b) 

To obtain an expression being function of frequency, 

the active and reactive power balance of the whole system 
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is carried out. 

(i) Active Power Balance 

Power supplied by inverter PI = 	VI Co s,,t - - 

Power required by the combination of motor and trans- 

former to meet their no load losses, 

V2 
mT 	Rm 

Power fed to the load, PL = VI2 Cos Q2 	_ - -_ (4.5) 

zere 9 I2 = V/[(R. + R22 + (FX)2 j 1/2. 	_ _ w (4.6) 

and 	Cos 2 = ( 	R7/3)/[(R + R2/3)2 + (FX)2 j.1 2- (47 

Equating active power supplied to the consumed value, 

2 
VI Cos 	= 	+ V12 Cos t~2 	- 	- (4.8) 

m 

(ii) Reactive Power Balance 

Reactive power needed by inverter for its operation, 

QI = VI Sink 	 - - - 	(4.9) 

Reactive power required by motor and transformer, 

QM T = V2/(FX) 	 - - - - - 	(4.10) 

Reactive power required to load, 0L = VI2 Sin 2-(4.11 ) 

Reactive power supplied by capacitor, Qc 	V2 F/Xc-(4.12) 

The reactive power !balance equation is 

(V2F/Xc ) = (V2/FXm ) + VI Sint, + VI2 Sin 2 	-- 	 4.13) 
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To obtain a generalized formulation suitable to no 

load and loaded conditions a binary variable N is introduced 

in equation (4.8) and (4.13) which assumes value either 0 or 

1 to decide, the state of operation. As the rotor current 

I2 is negligible at no load and increases with load; the mul-- 

tiplication of N with 12 will provide information regarding 

the state of operation. A '0' indicates no load operation 

while '1 ° stands for loaded condition. The equation (4.8) 

and (4.13) are rewritten in the following way, 

VI Cos, _ (V2 /Rm ) + U V 12 	2 	- - 	(4 .14) 

(V2F/Xc ) _ (V- /FXm ) + VI Sing + N VI2 Sin ~2 - (4.15) 

Eliminating; I in equations (4.14) and (4.15), one may 

get, 

V2F/Xc = V2 / (FX) + (V2 tan; l /Rm ) :°  

+ N V I2 (tang Cos 2 + 	in ~2 ) 	- - (4.16) 

Using equation (4.2), (4.6) and (4,7), the equation 

(4.16) gets simplified in the following way, 

3 	2 NXX c 	o (.831 F +_32_ 	3 
+ (FX) ( A 1 F + A2 F + A F + A4 ) _ 	_ ,. 	 .._ f(R1+82/3)2 	.2I..s - -1 

4 ( 	7) 

Vnere , 

Al = K1 K3 

A2 = (K1 K4 --K2 K3 )v - Xc K 1 tank 

A3 = K2 Xc tangy? V - K2 K4 V2 - Xc K3 

A4 = - Xc K4 V 
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~1 = A1 (R1+R2/S) tank - (K2K4 .a K1 K7 ) VX 

B2 = - (' 2K4 - K1K3) (R1-R2/S)V tan„ - k2K4V2 X 

33 = - (R1+R2/3) K2K4 V2 tang 

At no load, N = 0, hence ecivation (4.17) is reduced 

to a polynomial 

go(F) =A1 I13 +A2F2 +A3F +A4 = 0 	- - - (4.18) 

During loading conditions, N = 1 and equation (4.17) 

is simplified in the following way, 

g1 (F) = D1 F5 i- D2F4 + D3F3 -►- D4'12 + D5F + D6 = 

- -  	(4.19) 

where, 
R 2 

D1 = Al X2 9 D2 = A2X2' D3 = A3X2 + (R1 t 2) Al 

04 = (r~1 + 
R
2') 2 A2 + A4X2 - XXc D1 

R2 2 
D5 = ( R +. 	 ) A3 _ XXc B2 

R2 2 
( R 1 + s --) A4 - X1,c 3 

The equations (4,18) and (4.19) are nonlinear alge-

bric equations and a suitable numerical technique is to be 

used to compute the value of 'F' (p.u. frequency) for the 

given values of d.c. link voltage (Vd), inverter firing 

angle (#), capacitor bank (Xe) and 'S9 during loading con-

ditions. In this investigation, 'Newton Raphson' method 

[31] has been found suitable for obtaining one real root 

of equation (4.18) and (4.19). This method requires an 
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initial guess of the unknown variable, say, Fo. Since at 

the instant of disconnection of the motor from normal supply, 

F = 1 and later on it is adjusted according to controlling 

parameters. Therefore in the solution of equation (4.18) 

the initial value of 'F' is considered as Fo  = 1. ho-WN 

g0  = g0  (Fo) ' 0. 

At the end of first iteration, F will be modified 

as F +4 F where F is obtained in the following way, 

Ti, = - go  (F0 ) / go y  (Fo) 	- - - - (4.20) 

where, go (F) is the partial derivative of function go(F) 

with resrject to F. 

The iterative process may continue till the conver-

gence criterion is not satisfied (the desired accuracy is 

reached) i.e. when 	g0(F) ( 	where ç is very small quantity 

as for desired accuracy. 

To obtain the solution of equation (4.19), the 

initial guess can be taken as the frequency at no load 

corresponding to the specified parameters at which loaded 

performance is to be evaluated as the change in frequency 

from no load to full load is very small. The rest procedure 

is identical as used for the solution of equation (4.18). 

Using equivalent circuit of Fig. 4.1, the d.c. 

link current (Id) is given as 

Id  = PI/Vd 	 - - - - (4,21) 



-35-- 

The motor torque (T) as 

T = 3I2 R2  / (F SWo) 	 (4.22) 

where wo  is the base synchronous speed of motor 

The motor output 	Po  = 3(1-S)I2 R2/S 	(4.23) 

and the overall system efficiency ( '#s  ) is given by 

rs = (Po / 2I) x 100 	 (4,24) 

4.3 Digital _Simulation 

The equation presented for motor operation fed from 

LCI System at no load and loaded conditions are complex for 

different values of d.c. link voltage, inverter delay angle 

and capacitance. A general computer algorithm has been 

developed for no load and loaded conditions of motor and the 

flow chart is shown in Fig. 4.3. The listing of computer 

programs is given in Appendix-C. 

Using the developed computer programme based on 

presented algorithm for' no load and loaded conditions of 

motor, performance is simulated on a DEC-20 digital compu-

ter. The digital simulation of motor performance requires 

very small computational time and memory storage on digital 

computer. 

The computed results for a motor (whose para-

meters are given in Appendix-B) for no load operation 

are presented in Fig. 4.4 for different values of d.c. 



El.  4:3: FLOW CHART OF COMPUTER PROGRAMME. 



t 

2 

6 

Vd (Volts) Test results Computed 
60 1 2 

100 3 4 
160 5 6 
240 7 8 

-Test results 
- Computed results 

8 7 

400 

OL 
3 
	

0 
Speed (r.p.m.) 

F.4•4  (a?VARIATIQN OF CAPACITANCE WITH SPEED AT NO LOAD. 

240 

20C 

s 
6 

160 

rn 

120 
Y C_ 
-J 
U 
° 80 

40 

Speed (r.p.m.) 

F14.44 (6)VARIATION OF DC LINK VOLTAGE WITH SPEED AT NO LOAD. 



-36- 

link voltage and capacitance. The motor performance at load 

are given in Fig. 4.5 in terms of torque speed, current, 

of the system. 

4.4 Discussion of Results 

The performance of an induction motor fed frog line 

commutated inverter has been discussed in terms of various 

computed and experimental results shown in Figs.4 i4-4.5,'Fur- 

ther,, certain general observations on the basis of outcome 

of this attempt, has also been given mentioning the merits 

and attractive features of this system. 

It may be observed from~ig. 4.4(a) that the value 

of capacitor also affects the speed of motor much at no 

load specially at higher speeds. It is also observed experi-

mentally that with addition of more value of terminal capa-

citors speed falls down while on the other hand, speed rises 

by removal of the part of capacitor banks. However, it may 

be seen from Fig. 4.4(b), that the speed of motor is very 

much affected by d.c. link voltage and approximately varies 

linearly with d.c. link voltage. It is due to that with 

increase in d.c. link voltage, the terminal voltage at motor 

terminals and frequency are bound to increase because the 

system will try to maintain constant voltage to frequency 

ratio for stability of operation. It may also be observed 

from Fig. 4.4 that the computed results show the good corre-

lation with experimental ones thus establishing the validity 

of model for no load operation. A little deviation in the 
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results is seen at high speeds and particularly where value 

of capacitor is small. It is because that the capacitor 

is not ideal and its effective value may be slightly diff-

erent from the value considered in computation. 

Fig. 4.5(a) shows the torque speed characteristics 

at different values of capacitance and d.c. link voltage. 

It is very interesting to note that the system provides that 

approximately constant speed on different torques. However, 

it may be observed from test results that there is a little 

fall in speed with loads and it is much lesser than that 

the case when motor is fed from normal 3-phase supply. 

The close correlation between experimental and computed 

results may be observed from Fig. 4.5(a). In computed results 

speed rises, it is due to increased requirements of reactive 

power in the motor and which may be met by increasing the 

frequency at constant voltage and terminal capacitance. In 

computed results it is more due to that in computation lea-

kage reactances are assumed constant while in practice it 

will not remain constant at different loads. Fig. 4.5(b) 

shows the overall efficiency, inverter output current and 

inverter power factor, From these figures it may be observed 

that computed results of inverter power factor have diffe-

rence from test results it is due to that the effect of 

source impedance, overlap angle, thyristors drop and ripples 

in d.c. link voltage and currents are neglected in the 

analysis. The difference in magnitude of system effici-

ency and inverter current are also observed however, the 



nature of these computed and test curves are identical. 

4.5 Conclusions 

A complete performance study computed and experimen-

tal of a variable speed cage induction motor drive fed from 

line commutated inverter has been studied. The developed 

analytical techniques for the no load and loaded operation 

of motor, which use equivalent circuit and Newton Raphson 

method were found suitable to compute the no load and on 

load performance in terms of speed torque, efficiency, power 

factor and currents for different values of d.c. link vol-

tage and terminal capacitance. The test results shows the 

good correlation with computed ones. Moreover the developed 

analytical technique requires little computational time 

and small memory storage. It is also concluded that the 

desired range of speed control may be achieved using sui-

table values of terminal capacitance and d.c. link voltage. 



CHAPTER - V 

EXPERIMENTAL INVESTIGATIONS ON SYSTEM AS A 

VARIABLE FREQUENCY SOURCE 

5.1 General 

Variable frequency source is greatly needed in the 

industries to feed static resistive and inductive loads. 

Besides, it is also used to obtain wide speed control opera-

tion of three phase I.N. A large number of static frequency 

converter has been developed using thyristors and transistors. 

Recently, the use of LCI has been extended to convert a 

synchronous machine as a variable frequency source [16] to 

feed static resistive-, inductive as well as I.M. dynamic 

load. This system has the drawbacks of employing a synch-

ronous machine which not only affects the system efficiency 

and cost but also requires a separate d.c. source for exci-

tation. However, these drawbacks may be overcome by using 

small cage induction machine with terminal capacitors for 

reactive power requirement of the system, but no single attempt 

is made on this aspect. A need is therefore felt to inves-

tigate the feasibility of line commutating inverter with 

small cage induction machine as a variable frequency source. 

In the present chapter, an attempt has been made 

to employ the LCI with a small cage I.N. as a variable 

frequency source to feed static resistive, inductive and 

dynamic three phase I.M. loads. The capacitor bank at 

-39- 
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the terminals of the motor is used to meet the requirement 

of lagging reactive power for the system. The performance 

of system (inverter as well as load) is studied using 

experimental data. The effects of terminal capacitors 

and d.c. link voltage have also b _,en investigated tm achieve 

wide range of frequency control. A 0.5 H.P. (details are 

given in Appendix••B) cage induction machine has been used 

in conjunction with the inverter to feed a 3 H.P. cage I.M. 

load and also static resistive and inductive loads. 

5.2 Experimental Setup and Procedure 

The block diagram of the system, used in this inves-

tigation is shown in Fig. 5.1. The system consists of three 

phase autotransformer uncontrolled bridge rectifier, d.c. 

link filter choke, line commutating inverter, step up trans-

former, capacitor bank, small cage induction machine and 

static (R -L) as well as dynamic 3-phase induction motor 

load. 

The auto transformer in combination with uncontrolled 

bridge rectifier gives a variable voltage d.c. supply. The 

d.c. filter choke smoothes out the link current ripples and 

maintains the current continuous in d.c. link. The natu•- 

rally commutated inverter feeds the active power from the 

d.c. link to the load, at variable frequencies. This flow 

of power may be controlled either by the d.c. link voltage 

or the delay angle of inverter. The output transformer 
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provides the isolation and stepping up the voltage of vari-

able frequency supply. The lagging reactive power required 

for inverter step up transformer, small cage induction machine 

and load is met by connecting a capacitor bank at transformer 

output terminals. The output terminal voltage and frequency 

may be controlled over a wide range by varying the d.c. link 

voltage, terminal capacitor and delay angle of inverter. 

As the inverter is of naturally commutated nature, a small 

3-phase squirrel cage induction machine is proved to give 

stator induced e,m.f, for natural commutation of inverter 

elements. This small cage induction machine operates in 

motoring mode and it may also be loaded up to its capacity 

and even then it is capable of serving the purpose of 

natural_ commutation. The wide range of speed control is 

obtained by varying d.c. link voltage and terminal capacitors. 

Using the method in section 3.2,system can be started at no 

load as well as at loaded conditions. Now this variable 

frequency and variable voltage output of LCI I.N. system 

is used as a variable frequency source from the machine ter-

minals. The static loads (R and RL) have been connected in 

gradually increasing manner' without any stability problem. 

In case of dynamic load (induction motor) due to its star-

ting inrush current;  it was started satisfactorily by an 

auto transformer and at final speed the auto transformer was 

disconnected from the system. Then the induction motor was 

loaded with the help of a separately excited d.c. generator 

as shown in Fig. 5.2. Various experimental data have been 
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obtained by instruments located at appropriate points in 

the circuit. 

The test curves pertaining to the frequency control 

of the system at no load as a function of no load speed of 

small cage induction motor are shown in Fig. 5.3 . The 

various performance characteristics of the system on static 

load at different frequencies are given in Fig. 5.4. Per-

formance at dynamic load (induction motor) is shown in 

Fig. 5.5. The oscillograms of the voltage and current wave-

form for inverter and load were recorded with the help of 

storage oscilloscope and are shown in Figs. 5.6 -- 5.7. 

5.3 Discussion of Results 

Based on experimental results given in Fig. 5.3 -

5.7, the following observations may be made on the perfor-

mance of LCI I.IV7, system as a variable frequency source. 

1. 	It is found from Fig. 5.3 that SCI I.i. system works 

quite satisfactorily at no load. The frequency range obtai- 

ned in this scheme is from 10 Hz to 45 Hz. The frequency 

range may be more extended by varying d.c. link voltage, the 

value of terminal capacitor and the firing angle of inver-

ter. However, with the increase in d.c. link voltage the 

frequency of the system increases. It is due to the fact 

that the increase in d.c. link voltage results in increasing 

inverter output voltage as well as motor terminal voltage. 

This increase the reactive power demand of the whole system. 
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With the fixed value of terminal capacitor, this reactive 

power balance is obtained by increasing automatically the 

system frequency thus maintaining the ratio of terminal vol- 

tage to frequency almost constant, Similarly, it is also 

observed that with increasing the value of capacitaioe, the 

frequency reduces it is because that with this reactive power 

supplied by capacitor increases which system can not absorb, 

therefore, the reactive power is balanced by reducing the 

self adjusted frequency of the system. 

2. The performance of the system at static (R and R-L) 

load may be observed from Fig. 5.4. It is evident from 

Fig. 5.4(a) that for pure resistive load, system is capable 

of supplying active power (PL) many times than the rating 

and power input to induction machine (0.5 LI,?.) used in the 

system. Inverter output and load power linearly varies with 

d.c. link current and the no load input to small cage motor 

is almost constant. The system efficiency (PL/PDC) rises 

sharply with load, it is because of constant no load losses 

of small induction machine (Fig. 5.4(b)). The power factor 

at inverter output is also almost constant and very little 

rise with increase in load may be seen from Fig. 5.4(b). 

3. Tith pure inductive load, it is observed that the 

frequency of system rises whereas voltage slightly reduces, 

The increase in system frequency is due to increase in lagging 

reactive power requirement and which further may be fulfilled 

by increasing the frequency of the system, 	Ihile the 
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terminal voltage at load reduces very slightly due to drop 

in transformer. 

4. For resistive inductive (R -- L) load again the 

system is capable of supplying active power (PL) much 

greater than the input power and rating of small cage induc-

tion machine as it may be seen from Fig. 5.4(c). The inver-

ter output power is also increases with increase in d.c. 

link current. the power factor of inverter remains almost 

constant. Fig. 5.4(d) shows the system efficiency, which 

rises with load, It is because of constancy of small machine 

no load losses at different system loading conditions. 

5. It may be observed from .Fig, 5.5 that the system is 

capable of supplying the dynamic load i.e. the induction 

motor (3 H.P.) and its speed control is achieved over a  

large range from 300 r,p,m. to 1400 r..p.m. by varying the 

d.c. link voltage and t Efnal- capacitors. It may also be 
seen from Fig. 5.5(a) and Fig. 5.5.(b) that by connecting 

the dynamic load at system output, the frequency of system 

rises. It is because the additional lagging reactive power 

requirement of load and which may be met only by increasing 

the frequency at fixed value of d.c. link voltage and terminal 

capacitor. 

6. Fig. 5.5(c; shows the torque speed characteristics 

of 3 H.P. cage induction motor fed from SCI I.N. system. 

It is found that speed of motor remains constant at diffe-

rent loads and speed fall is much lesser than the case when 
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motor is fed from normal 3-phase supply. It is due to fact 

that the system frequency increases with increase of load 

on motor as in the earlier cases of static (n, -L) load. 

7. Fig. 5.5(d) shows the inverter and motor (3 H.P.) 

power factors. 	The motor power factor rises with 7 oad in 

usual manner. However, the inverter power factor first 

it rises and then it decreases with load. The overall system 

and motor (3H.P.) efficiencies (Fig. 5.5(d)), both rises 

with load and overall system efficiency is always less 

than the motor efficiency. It is due to additional losses 

in inverter, transformer and small induction machine. 

8. One of the important aspect of this system with dyna- 

mic load (i.e. induction motor) is observed that the motor 

may be operated at any flux conditions. It means that the 

motor may be successfully operated in unsaturated condition. 

However, if only one induction machine is on the output 

terminals of system, it is to be operated in saturated con-

dition for stable operation of the system.  

9. The inverter output voltage and current waveforms 

at no load and at different types of load are shown in 

Fig. 5.6. The overlap notches may be clearly observed from 

these oscillograms. Inverter voltage waveforms are almost 

sinusoidal and free from harmonics. However, the inverter 

current waveforms are rich in harmonics specially at no 

load and are improved at loads, 	The load terminal vol- 

tage and current waveforms are shown in Fig. 5.7 voltage 
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waveform at load terminals are sinusoidal at no load but 

it is slightly distorted with different types of load. 

The LCI I.M. system as the variable frequency 

source to feed static and dynamic load, presented in this 

chapter has the following positive features, 

1. The system is simple, economic and more reliable 

due to elimination of commutating elements. 

2. Converter grade thyristors may be used in the 

system. 

3. The scheme provides the wide range of frequency 

and it may be further extended by selecting 

proper system parameters. 

4. Induction motor (dynamic load) gives the cons-

tant speed characteristic at loads. 

5. Induction motor may be operated at any flux 

condition which may be important aspect for 

optimum energy utilization at different loads. 

5.4 Conclusions 
u 

The feasibility of line commutating inverter induc-

ticn machine system as a variabl: frequency source to feed 

static k'R-L) and dynamic (I.N.) load is dernonstratud through 

experimental results. The wide range of frequency and vole 

gage control is obtained by varying the value of terminal 

capacitors and d.c. link voltage. The output voltage and 

load currents waveforms are free from harmonic with 
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these novel features, it is concluded that the proposed 

scheme will provide the cheap, reliable and efficient 

source of variable frequency and voltage to feed 

static loads and a.c, motors for their wide range 

speed control in various industrial applications. 



CHAPTER - VI 

EXPERI14ENTAL INVESTIGATIONS ON SYSTEM AS 

A GROUP DRIVE 

6.1 General 

Polyphase squirrel cage induction motors are widely 

used in industries due to their numerous advantages such 

as robust construction, simple, maintenance, free operation 

and above all the low cost. In modern industries, usually 

it is needed to operate more than one motor from the same 

source. In such operations, it is desired that the incoming 

and outgoing of any motor to the system should not affect 

the performance of other drives connected to the same source. 

A variable voltage solid state frequency converter find wide 

applications for the speed control of I.M. 

A large number of attempts [12-20,28] have been made 

by its use to convert a synchronous machine either as a commu-

tatorless d.c. machine or as a variable frequency source to 

feed induction motors. 	The later scheme, to use, LCI 

synchronous machine system as a variable frequency source, 

has the drawbacks of employing an extra synchronous machine 

which not only lowers the system efficiency but also increa-

ses the cost and requires a separate d.c. source for its 

excitation. Recently Watson [21, 221 has reported the 

feasibility of LCI for the variable speed operation of 

I.M. but it was limited to fractional horse power cage I.M. 
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It was confirmed from exhaustive literature survey that no 

single attempt is made on this type of system to feed induc-

tion motor group drive. Therefore, a need is felt to inves-

tigate the feasibility of LCI to feed not only one T.M. but 

a group of motors for their variable frequency operation as 

per desired in some applications. 

In this schapter studies are made on steady state 

performance of the LCI fed a group of three phase induction 

motors experimentally at no load as well as at loaded con-

ditions. The variable speed operation of single and group 

of induction motors fed from LCI is obtained by varying the 

d.c. link voltage and terminal capacitors. The speed torque 

characteristics of motor and other performance parameters 

such as efficiency, currents, power factors of motors and 

inverter have been presented for various values of termi-

nal capacitors and d.c. link voltage. For the sake of 

knowledge of harmonics in voltages and currents at d.c. 

link inverter and motor, the various oscillograms have 

also been given. 

6.2 Experimental Setup and Procedure 

Fig, 6.1 shows the block diagram of the system 

considered in this work. The system consists of 3-phase 

auto transformer, uncontrolled diode bridge rectifier, d.c. 

link filter choke, LCI, its control circuitry, step up trans-

former, variable capacitor bank and the group of induction 

motors. 
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The 3-phase auto transformer alongwith uncontrolled 

bridge rectifier provides a variable voltage d.c. supply. 

The ct.c. link inductor smoothes out the link current 

ripples and makes it continuous in d.c. link. The inver-

ter (LCI) supplies the active :_power from d.c. link to 

motors at variable frequency. The transformer at inverter 

output terminals provides the isolation and stepping up 

the voltage for motor terminals. The lagging reactive power 

required for inverter, step up transformer and motors is 

fulfilled by connecting a variable 3-phase capacitor bank 

at output terminals. A detailed circuit diagram of experi-

mental setup is shown in Fig. 6.2.' 

For the starting of the system atleastone I.M. out 

of group of motors 9  may be initially started by any one 

method of starting given in section 3.2. The I.M. was 

continued to run at a speed corresponding to self adjusted 

frequency and taking no load losses of motor from d.c. link 

through inverter. The output terminal voltage and self 

adjusted frequency are decided by the magnitudes of d.c. 

link voltage, the capacitor and the firing angle of inverter. 

Now to connect other induction motors, due to their starting 

inrush currents of these were started satisfactorily by 

an auto transformer and when these attain their final speed, 

the auto transformer was disconnected from the system. The 

I.M. was loaded with the help of coupled separately excited 

d.c. generator. Different combinations of three cage 
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induction motors of different ratings were considered to 

form a group drive to load the system. Various experiman-

tal data were obtained by instruments located at appropri-

ate places in the circuit. 

The test curves pertaining to variable speed opera-

tion of I.M., effect of capacitance and d.c. link voltage 

on the speed of motor are shown in Fig. 6.3 for different 

combinations of three motors at no load. The torque speed 

characteristics are shown in Fig. 6.4(a), 6.5(a) and 6.6(a) 

for combination of machines. The variation of other perfor-

mance parameters such as power factor, currents and effi-

ciency with d.c. link current are shown in Fig. 6.4(b), 

6.5(b) and 6.6(b). The current and voltage oscillograms of 

d.c. link, inverter and motors'were recorded with the help 

of storage oscilloscope and are shown in Fig. 6.7. 

6.3 Discussion of Results 

Based on experimental results obtained (Fig. 6.3 - 

6.7), the following salient features on the performance 

of (LCI - I.M.) group drive for its variable speed operation 

may be noted, 

1. 	it may be observed from Fig. 6.3(a) that in general 

at no load by increasing the terminal capacitor speed of 

I.M. decreases and by removal of part of capacitor speed 

rises. It may also be observed from the same figure that by 

connecting another I.N. at same d.c. link voltage and termi- 
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nal capacitor speed or frequency of system rises. It is 

because of additional requirement of lagging reactive power 

by the new motor and which may only be met by increasing 

the frequency. It is also interesting to note that frequ--

ency is much sensitive with capacitor at higher frequency 

range. 

2. 	The effect of d.c. link voltage on no load speed 

for different combinations of motors are shown in Fig. 6.3(b). 

For the fixed value of capacitor, the speed or frequency of 

motor rises with the increase of d.c. link voltage. It is 

because with the rises of d.c. link voltage, the output 

voltage magnitude rises and the requirement of lagging power 

by motors is, increased which is fulfilled by increasing 

the system frequency and try to maintain voltage to frequ-

ency ratio constant. The no load speed of motors rises 

linearly with the increase in d.c. link voltage. From 

these curves again it is confirmed that by adding the other 

motors on output the frequency of output rises due to addi-

tional requirement of reactive power to be met by increas-

ing the system frequency. 

3. 	Fig, 6.4(a), 6.5(a) and 6.6(a.) show the torque 

speed characteristics of 3 H.P. and 4 H.P. induction 

motors for different group of motors. It is found that 

the system provides constant speed characteristics and 

fall in speed is even less than compared to a case when 

it is fed from normal 3-phase supply. It is due to the 
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fact that the system frequency rises slightly with the 

increase of load caused by extra requirement of lagging 

reactive power by inverter and motor and which may only 

be fulfilled by increasing the frequency. 

4. From Figs. 6.4(b), 6.5(b) and 6.6(b) it may be 
observed that the power factor of LCI is almost constant 

in all the cases. It is because the delay angle is constant 

and is very near to 1800  thus resulting higher power factor 

of LCI. However, the power factor of motor improves with 

increased load. 4ith the result, LCI current rises linearly 

with load and motor current is almost constant because poor 

power factor at no load and rise in it with load as may 

be seen from Figs. 6.4(b), 6.5(b) and 6.6(b). 

5. Figs. 6.4(b), 6.5(b) and 6.6(b) also show the 

variations of efficiencies of system and motor for diffe-

rent groups of motors. It may be observed from these curves 
that the efficiency of motor rises with the increase in 

load as in usual manner. The efficiency of overall system 
also rises with load but at reduced rate and is always less 
than the efficiency of motor due to increased losses in 

other elements of system such as LCI, transformer etc. 

6. The oscillograms of voltage and current waveforms for 

for d.c. link, inverter and motors are shown in Fig. 6.7. 

The ripples in d.c. link voltage and current due to thyris-

tor switching are clearly visible and current waveforms 

improves with load. 	The inverter voltage and current 
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waveforms for different group of motors are shown in 

Fig. 6.7(b). The inverter output voltage is almost sinu-

soidal and free from harmonics. However, the small notches 

related to overlap during commutation process may be obser-

ved from waveforms. The current waveforms seems to be rich 

in harmonic under different conditions. 

7. 	The voltage and current waveforms at motor terminals 

are shown in Fig. 6.7(c) . The voltage waveforms are 

sinusoidal and free from harmonics but the motor currents 

are rich in harmonics due to operation in saturation condi-

tion. However, the current waveforms for the 3 H.P. motor 

is observed sinusoidal because it is operated in :unsatu-

rated conditions. 

6.4 Conclusions 

The line commutated inverter system for wide range 

speed control of group of induction motors works satisfac-

torily at no load as well as at loaded conditions. The 

system provides the simple, economic and reliable variable 

frequency source for groups of cage induction motors due 

to elimination of commutating elements and converter grades 

thyristors may be used because of their natural commutation. 

Further, scheme provides attractive features such as it 

gives the constant sped of I.M. and it may be operated 

for any flux conditions, With this it is anticipated that 
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a cheap 9  reliable and efficient method of speed control 

of group drives consisting of a number of induction 

motors would be available and will find good applica-

tions in various industries. 



CHAPTER - VII 

CONCLUSIONS AND SUGGESTIONS FOR 

FURTHER WORK 

7.1 General 

The main objectives of this investigation were to 

fabricate the whole scheme in a laboratory and also to 

obtain the performance of motor practically under varied 

conditions of operations and to varify the results analyti-

cally obtained. The results of the investigation reported 

in preceeding chapters shown that these objectives have 

been realized. This investigation will hopefully open 

up a number of possible developments in future on the 

LCI fed I.M. 

7.2 Main Conclusions 

The main conclusions of this investigation are 

summarised as follows; 

(i) The system modules i.e. power circuits and firing 

circuit have been developed. The recorded waveforms 

at the different points of firing circuit are 

observed identical to the theoretical ones. The 

cosine wave crossing technique results the LCI 

as a linear amplifier. 

(ii) From the experimental investigation on LCI sys-

tem Q  it is observed that the system is stable 

-56- 
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at no load as well as loaded conditions. It is 

concluded that a desired range of speed control 
with specified loading may be achieved using 

appropriate values of terminal capacitor and d.c. 

link voltage. An interesting feature of the system is 

observed that the motor speed remains constant 

irrespective of load and results its operation 

at constant flux condition over a wide speed . 

range, 

(iii) The computed results under loaded as well as no 

load condition of motor shows the good corre-

lation with test results, thus establishing the 

validity of developed analytical model. Moreover 

the developed analytical technique based on . 

equivalent circuit approach and Newton - Raphson. 

method requires small computational time and mar-

ginal memory storage. 

(iv) The LCI - I.M. system provides the stable opera-

tion as a variable frequency source for feeding 

static (resistive inductive) and dynamic (I.M.) 

loads. The wide range of output frequency and vol-

tage may be obtained by varying the value of 

terminal capacitor and d.c. link voltage. 

(v) From the experimental results on LCI system, it 

is concluded that the system is capable for 

feeding simultaneously to group of induction 

motors satisfactorily. 

(vi) The oscillograms of voltage and current at 

load terminals contain less amount of harmonics 

and are close to sinusoidal. However, the vol-

tage and current waveforms at LCI output con-

tain the much amount of harmonics. 
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The system provides the cheap, reliable, efficient 

source of variable frequency and efficient method of speed 

control of single as well as group drives and will find 

good applications in various industries. 

7.3 Sug'gestions f_or Further Work 

Although the basic objectives of this dissertation 

has been brought to a successful conclusion, certain 

problems have arisen during the course of investigation 

which would require further investigation. 'These problems 

are listed here for further investigations, 

(i) Since as such LCI - I.P. system is not self start 

for desired frequency, hence it is an important 

need to develop cheap starting method for the 

system to start initially at required frequency. 

(ii) The analytical model may be developed based on 

exact equivalent circuit and in time domain by 

considering the harmonics presents in the system. 

Further the model must be developed in genera-

lized form to study the steady state and dynamic 

behaviour of the system. 

(iii) For the reliable operation of LCI system a 

variable leading reactive power source is 

required to feed for the lagging reactive power 

of inverter and load. Therefore, a cheap and 

efficient lagging reactive power source may 

be developed. 
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(iv) The entire work was in open loop form, however, 
for fast response better stability, the close 

loop control may be deviced for LCI system. 

(v) In the present system, the analog control scheme 

was used, which may be improved by digital cont-

rol scheme for more accuracy and flexibility 

using the cheap available digital I.Cs inclu-
ding microprocessors. 
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APPENDIX- A 

PIN DETAILS AND CONNECTION DIAGRAMS OF 

DIFFERF-NT I.C. CHIPS 
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APPENDIX - B 

DETAILS AND PARAMETERS OF MACHINES USED 

1. Details of Machine Used 

(a) (i) 	Induction Motor 1: 0.5 H.P., 220V,' 2.1~A, 

Star connected, 4 pole, 50 Hz, cage o or. 

(ii) D.C.Machine coupled to I.M. 1: 0.5 H.P., 

125V, 1300 r.p.m. 

(b) (i) 	Induction Motor 2: 4 H.P.; 	240V, A0.2A. delta 

connected, 4ole9 4p ole, 50 Hz setnicage rotor. 

(ii) D.C.Machine coupled in I.M. 2 > 3 H.P., 200/ 

240V, 1500 r.p.m. 

(c) (i) 	Induction Motor 3: 3 H.P., 40OV, .5 , delta 

connected, 4 pole, 50 Hz, cage rotor. 

(ii) DD, C.Machine coupled to I.M. 3: 4 H.P., 220V, 

1500 r.p.m. 

2. Parameters of Machine ba) 

R (Total resistance of circuit per phase referred 

to stator excluding rotor resistance) =4.62 ohms. 

X (Total leakage reactance of circuit per phase 

referred to stator) = 10.57 ohms 

R2 (Rotor resistance per phase referred to stator) 

= 2.35 ohms 
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APPENDIX: C 1 
 

PAGE; 1 

10100 C NO LOAD PERFORMANCE OF 1.M.FED FROM LCI SYTFM 

0200 PRINT 11 

0300 11 FORMAT  (25X, 'NO LOAD PF[ffOMANCE OF I.M,FEI) 

0400 1 FROM SCI SYSTEM') 

05500 VL=24(). 

10600 AIB1O.3/SORT(3,) 

O7OO ZE=VB/AIF 

0800 PB!3O, 

10900 B=15. 

11000 P1=22,/i, 

it 104) DO  1() IVO80,240,20 

i2QO DO  10 1c45,7O,25 

13O VDIVD 

11400 CIC 

15(?O 

i6O() VP2.*PI*VD/(3,*COMD(B)*5(4RT(2.))/1,2 

WOO VVp/V 

.t8OO F1. 

19OO 

2OOO 22 VPF=V/F 

)2100 

220Q IV(VPF.GT,P.5)  GO TO  15 

p2300 AK1=4.875;AK2=3,125;AK3=2.42;AK4=7,14 

)2400 GO TO 17 

2500 15 AKi4.95;AK22.5;A3-2.79;AK417,54 

2600 GO TO 17 

2700 17 A1=AK1*AK3 

28Q0 A2=(AI1*AK4..AK2*Mc3)*V(SINO()fCrJsD(1)) 

)2900 j*XC*Mcl 
3000 A3=(AK2*AK4*v**2+XCAK3XC*AK2*v*sIND(F)/ 

)3100 2COSD(i)) 

)3200 

)300 

)3400 FWp3.*A1*F**2,+2 ,*A2*F+A3 

)3500 

)3600 

)3700 IF  (K.GT eSO)  GO TO 20 
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03800 IF 	(AI S(FW),I,T'..00A1) 	GO 	TO 	20 
03900 GO TO 22 

04000 20  

04100 W=2.*RI*F1 
04200 AN=30. *r l 

04300 XM=AK1-AK2 VPF 
04400 ROP=AFc3+AK4*VPPF 
04500 PRINT 	*, C, VD, Fj, , Afi, VP, F", W , E:~ 
0461)0 PRINT* r K, V, VPF, X~1, RQP, FWD , E'W 
047 0 10 CONTINUE 
04800 STOP 
04900 END 

PAGE; 
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00100 C APPROX.ANALYSTS OF SELF CClMMUTA'T1NG INVERTER P'EO TM 

00200 PRINT 22 

00300 22 FORMAT 	(25X,'APPROX:ANALYS OF SELF CON 	INV FED IM') 

00400 OPEN ([INIT=1, DEVICI =' I~SK' , FifiE=' B, DAT' ) 

00500 REAP(1,*)R1,R2,XII,P,B 
04f600 PRINT44,R1,R2,XI+,P,B 
00700 44 FORMAT  (2X,'Rl=',F5.2,2X,'R2=',F5.2,2X,'XG=', 

00800 1F5.2,2X,'P=',F4,t,2X,'VU=',E'5..t,2X,'C=',E"5.1,2X, 
00900 2' F~=' , F' 5.1) 

01000 VI 	240. Q 
01100 ATI3=10.3/SORT(3.o) 
012.00 FB=50.0 

01300 PIE: 22./7.0 

01400 tin 	to 	IC=250, 25o 

01500 DI) 	10 	1Vt0= 120, 120 

01600 F=0.43 

01700 DO 	to 	1S=5, iO4?, 5 

01800 CIC 

01900 VO 	IVC) 

02000 $=lS*.001 

02100 V=2.0I*VOD*PIE/(3,O*1,2*COSD(H)*SQR'_r(2,v)) 
0221) 
Q2300  
02400 ZR: VB/AIf3 
02500 R1P-K1/ZB 
02600 R2P=R2/ZB 
0270o XLP=XL/ZIP 
02800 XCP=10.0** , /(2,0 * PiE * F" R*C*Zt ) 
02900 VP=V/VR 
03000 J=0 
03100 15 VPF'=VP/F 
03200 IF 	(VPF.GT.1.0) 	GO TO 	16 
03300 IF 	(VPF.CT.0.5) GO TU 17 
03400 XMP=4.87S-3.125*vpI 

o 350 Rop=7.14*VPv+2.42 
0360 (art 	TO 	18 
03700 1 6 XMI'=4.95-2.5*VPF 
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03800 H011 15.0 

03900 GO TO  I. 

04000 17 XMP=4,952..5*VPp 

04100 R0P=17,$4*VpF279 

04200 18 CONTINUE 

04300 A(xt,p**2*XMp/xcp) 

04400 

04500 E=C(XMP*(1p+R2p/S)**2/XCP)1XLP**2XLP1XMP) 

04600 GXMP*SIND(H,R0p*CUS[)(B) )* (U P+R2P/S) **2+XMP 

04700 1*(R1p+R2P/S)*(SjND(f3)/COD(B)) 

04800 H(RiP+R2P/S)**2 

04900 F W z A * ' * *4  f) * 1. * *3 + E4 	* *2  G *- f'  H 
950000 F0=W0/(2,Q*PXE) 

05 04 FWj= 4*:  A *r * * 3  3 * D * F* *  4-  * E*: F'G 
05200 OF=-FW/FWD 

05300 FF+DE 

05400 IF(ALS(FW)14E0,0001)  GO TO  20 

05500 LJj+1 

05600 IF  (J.(;T.RD0)  Go TO  20 

05700 GO TO 15  

O5300 20 PRINT45,F,DF,F,FWD,Wfl,FO,I,i,C 

0590045 FORMAT  (2x,'',r8.4,2X,'E',5.11,2X,W=,Fi5, 

06000 2U,2X,'FWD,F15,ii,2X,'0',F8.4,2X,FQ', 

06100 8.4,2X,I',I4,2X,'J,I5,2X,'C',F6.i) 

06200 

06300 W2*PIE*p1 

064u0 AXL4/(2*PIE*FH) 

06500 R0R0P*ZH 

06600 XMXMP*ZR 

06700 AI2V/(sQRT((Ri+R2/s)**2+(w*Ar1)**2)) 

06P00 AI1=V/(R0*COSD() )+(AI2/COSDU) )*(Ri+R2/) 

06900  

07000 PO3,0*(1,Qs5)*AI2*AI2*H2/S 

O7loo 

07200 PFICOSD() 

07300 AIPPI/VP 

07400 EFIEP0/PI 
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75()0 

7 600 

7700 

7 00 

7900 

`0000 

3100 

3200 

33oo 

3400 

3500 

3600 46 

3700 

9 000 

a00o 25 

i00 	
f~ x200 

3300 ,0 

400 

450€ 

RERI#XM/ (XI,//.O+XM) 
All All*1.7321 

XE=XJ /2.a*XM/(XL/2.0+XM) 

XC= (Xr,/2.0+XE) 

VF=V*XM/ (Xri/2.0+XM) 

Ara=F1*120* (i.O-S) /i' 
AKT: 3*P*VIS;**2/ (4*RIF'*F1 ) 
SMMTzR2/SORT (RF**24 XC**2 ) 
TEM=AKT/(2.0*(HE.+SORT(RF**2+XC**2) )) 
T 3*P/(4*PIF:*F 1)*AI2*AT2*R2/8 
PRINT 4f1,Al2,AII,Ai!,',RO,XM,V,SMT,TEM,PFI 
FnRNtAT(2X,'AIf=',F'$,4,2X,'A.11=',~'R.4,2X,'Aira=',F'8.4, 
42X,'120.:',F9.3,2X,'XN=',F'i3 „3,2X,'V ',FH..3,2X,'S,MMT=', 
.~F9.5f2Xf'7.EM=',F'R. 3t2X, '4'~''I ' fFB,6) 
PRINT 25, S, EF'lE, F I ,AN, T, P0, PI, VP F, v ) 
FORMAT(tX,'8-' ~F7.4,2X,'EFIE=', 7.3,2X, IPREU=',F7..3. 
12X,'AN.:',F7.2,2X, "T=',F7.3,2X,'PQ=',F'10.2,2X, 
2RPI=',F 0=.2,2X,'VPF,F6.3,2X,'Vn=',Fb.2a 
CONTINUE 
STOP 
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